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Résumé Detaillé
La conduite à grande vitesse d’une voiture dans des conditions dangereuses, tel un environnement très poussiéreux, est une des situations auxquelles sont confrontés les conducteurs. Dans ce cas, les essuie-glaces doivent fonctionner correctement et nettoyer
efficacement le pare-brise sale pour à la fois assurer la sécurité des passagers et le bon
fonctionnement des différents organes du véhicule. La mise en route des essuie-glaces entraîne l’activation des buses d’injection du liquide nettoyant qui s’atomise et qui se dépose
sur les essuie-glaces et le pare-brise. Une fine couche du liquide se développe sur les surfaces des balais d’essuie-glace. Lorsque l’injection s’arrête et que les essuie-glaces continuent leur mouvement, la fine couche de liquide interagit avec le champ d’écoulement
d’air extérieur. Il en résulte une génération de gouttelettes qui sont emportées par l’air
en s’éloignant des balais d’essuie glace. Une partie de ces gouttelettes impacte le pare
brise avec pour conséquence un nettoyage insuffisant et une mauvaise visibilité pour le
conducteur. Dans cet exemple, les essuie-glaces peuvent à la fois enlever la poussière du
pare brise mais aussi être à l’origine de la formation des gouttelettes et de leur impact
sur le pare brise. Le phénomène d’interaction air-liquide sur les essuie-glaces produisant
une génération de gouttelettes, leur transport et leur impact sur le pare brise est connu
sous le vocable ‘Overspray’ dans le domaine de l’automobile. Il est important de tenir
compte du phénomène d’Overspray pour la conception et la réalisation des essuie-glaces.
Bien que ce phénomène ait été mis en évidence depuis longtemps, les mécanismes qui le
régissent demeurent encore peu connus. C’est pour cette raison que les essuie-glaces ne
parviennent pas à satisfaire tous les critères de qualité liée à leur fonction. Cette thèse
vise à une meilleure compréhension du phénomène de l’Overspray en mettant l’accent
sur les interactions air-liquide pour la génération des gouttelettes, et plus particulièrement
sur les conditions critiques où le film commence à s’atomiser. Cette étude a été réalisée
essentiellement par voie expérimentale à partir de laquelle un modèle a été proposé.
L’étude de l’Overspray sur les essuie-glaces montre que la génération de gouttelettes
se fait selon plusieurs phases. Dans la première phase, Les films minces liquides cisaillés par un champ d’écoulement d’air s’écoulent sur la surface de la paroi. Le début de
l’atomisation du film se produit alors dans une deuxième phase lorsque le film rencontre des changements brusques de géométrie sur son passage. Dans la troisième phase, le
film peut interagir avec le substrat solide. Les films cisaillés et le début de leur atomisation ont fait l’objet de nombreuses études alors que les aspects fondamentaux concernent
les phénomènes de mouillabilité sur les substrats solides. On rencontre les films cisaillés fortement par un écoulement d’air dans beaucoup d’autres applications industrielles
(écoulements annulaires/ondulés, atomiseurs, écoulement internes dans les moteurs etc.).
Des études fondamentales ont été réalisées dans le cas des films minces à l’intérieur de
conduites circulaires et rectangulaires. Les résultats les plus significatifs concernant le
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comportement du champ moyen du film et de ses ondulations sont extraits de ces études.
Les effets de la vitesse de l’air extérieur et du débit du film liquide sur les caractéristiques du film sont reportés. La plupart des films cisaillés étudiés concernent les cas où le
film n’est pas libre de se développer dans le sens transversal à l’intérieur de la conduite.
S’agissant du début de l’atomisation du film rencontrant une marche, qui est la configuration choisie ici, le peu de travaux expérimentaux qui ont été rálisés n’ont donné lieu qu’à
des résultats expérimentaux limités. La plupart des ces travaux examine la masse atomisée du film dans des conditions éloignées des conditions critiques. Ils ne fournissent que
peu de données sur les caractéristiques du film et aucune information sur les ondes qui
se développent à l’interface du film. Les mécanismes décrivant le début de l’atomisation
du film à partir des résultats expérimentaux ne sont pas abordés dans la littérature. C’est
à partir de cette base de données expérimentales peu fournie que les modèles théoriques
pour la prédiction du début de l’atomisation du film au voisinage d’une marche ont été
élaborés. L’étude bibliographique de cette présente étude analyse tous les résultats expérimentaux disponibles et les modèles développés pour le déclenchement de l’atomisation
qui se produit au voisinage de cette rampe. D’autres travaux expérimentaux et théoriques
sont nécessaires pour une meilleure compréhension des ces phènoménes.
Deux campagnes expérimentales ont été entreprises dans ce projet. La première concerne l’étude détaillée du phènoméne d’Overspray sur les essuie-glaces. La deuxième
traite d’une approche à caractère fondamentale qui vise à caractériser le déclenchement
de l’atomisation du film au voisinage d’une rupture soudaine de géométrie. S’agissant de
l’Overspray, un modèle de voiture à échelle 1 a été réalisé et installé dans la soufflerie
subsonique de l’Institut Von Karman (IVK). Des visualisations d’écoulement ont été réalisées à l’aide de deux caméras rapides pour analyser le champ de l’écoulement et de la
technique de film d’huile pour visualiser les lignes pariétales. Les visualisations nous renseignent qualitativement sur comment et pourquoi les gouttelettes sont générées à partir de
la surface des essuie-glaces. S’agissant du film cisaillé, une petite soufflerie a été conçue
réalisée au laboratoire TEMPO de l’université de Valenciennes. Toutes les mesures ont été
réalisées sur une plaque plane qui se termine par une marche descendante. Le film liquide
a été étudié à la fois loin et proche des conditions critiques où l’atomisation se déclenche.
Différentes techniques expérimentales ont été utilisées dans cette étude. L’enregistrement
à grande vitesse des images dans les plans verticaux et horizontaux a été réalisé pour
visualiser l’écoulement et l’atomisation au voisinage de la rupture de la gèomètrie. Des
programmes Matlab ont été écrits pour calculer les caractéristiques des champs moyen
et fluctuant du film. La technique de fluorescence induite laser (PLIF) a été utilisée pour
la dt́ecter l’interface du film et caractériser son épaisseur particulièrement dans les conditions critiques. La pesée des gouttelettes atomisées, la mesure de la largeur du film et
celles obtenues à partir des mesures PLIF ont été combinées pour caractériser la condition critique d’atomisation. Les résultats expérimentaux se sont révélés utiles pour une
description du film liquide dans différentes conditions incluant le début de l’atomisation
du film.
L’étude de l’Overspray faite sur le modèle de voiture a permis d’identifier la position exacte de la génération de gouttelettes pour différents types d’essuie-glaces. Ces
positions, appelées sources, ont été corrélées avec le lieu de l’impact des gouttelettes sur
le pare-brise. Il a été mis en évidence que toutes les sources ne sont pas à l’origine
de l’Overspray. Les lignes de courant pariétales générées par l’écoulement d’air exiv
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térieur autour des essuie-glaces ont été obtenues grâce à la visualisation par film d’huile.
L’écoulement du film liquide a été analysé grâce à des caméras rapides. Les résultats
obtenus à l’aide de ces deux méthodes ont été confrontés pour une meilleure compréhension des mécanismes qui génèrent les gouttelettes. Une interprétation du phénomène a été
proposée. Le liquide éjecté à partir des buses forme une sorte de film liquide sur la surface des essuie-glaces. L’écoulement tridimensionnel complexe cisaille et déplace ce film
le long des surfaces. Deux différentes façons d’arracher le film liquide perturbé ont été
identifiées. La première se produit lorsque le film rencontre une rupture de la géométrie
qui lui impose un changement brusque de la direction. La deuxième a lieu lorsque le film
rencontre un obstacle dont la taille est comparable à celle du film. On pourra distinguer
par la suite deux types de configurations qui génèrent l’atomisation selon la position du
film liquide. Dans le premier cas, le film liquide est situé en amont de l’arête, là où le
courant d’air est intense. Dans l’autre cas, le film liquide se situe sur la base verticale de
la géométrie et son atomisation se fait perpendiculairement à l’arête. L’atomisation qui se
produit au voisinage d’un changement brusque de géométrie peut être la position du film
liquide relativement à l’arête. Il est prouvé que la première est á l’origine du mécanisme
le plus important qui génère les gouttelettes sur la surface de l’essuie-glace. C’est pour
cette raison que le film liquide mince cisaillé par un écoulement d’air et approchant une
arête vive a fait l’objet d’une étude approfondie.
Le comportement des films liquides et leur atomisation sont étudiés pour des conditions différentes de la condition critique. Les vitesses de l’air et du débit de liquide
utilisées ici sont dans les gammes : 14 m/s < ua < 32 m/s ou (160 < WeH < 850), 36 l/h
< V f < 180 l/h ou (90 < Re f < 480) respectivement. L’écoulement d’air a d’abord été
caractérisé par PIV sans le film liquide. Le film liquide, étudié par visualisation sans l’air
extérieur présente les quatre caractéristiques suivantes.
• Le film liquide se développe à l’intérieur de la couche limite de l’air.
• Les liquides utilisés (eau, glycérol, lave-glace) associés au substrat solide (polycarbonate) classent le film dans le régime de mouillabilité partielle. Le rǵime de
mouillabilité partielle est connu pour être sensible au phénomène de démouillabilité.
• les films sont uniformes et libres de se déplacer dans la direction transverse.
• L’atomisation du film est impossible en l’absence de l’écoulement d’air.
Une étude par visualisation des fluctuations du film et de l’atomisation en aval de la
marche a été réalisée pour différentes conditions. Cette étude montre que des ondes 3D,
périodiques se forment sur l’interface du film pour toutes les conditions investiguées ici.
Lorsque les ondes arrivent au niveau de l’arête de la marche, selon les conditions de
l’écoulement, soit elles vont couler le long de la paroi verticale sans être atomisées, ou
elles vont former des ligaments qui se désintègrent en gouttelettes, ou elles vont former
une nappe liquide générant des gouttelettes. Des nombreuses mesures ont été réalisées
pour caractériser le film liquide avant l’arête de la marche en utilisant essentiellement la
caméra rapide et la technique PLIF. Les résultats expérimentaux montrent que le film se
comporte comme un film liquide qui se développe dans les écoulements en conduites.
v
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S’agissant de l’atomisation au niveau de l’arête, basée sur les pesées des quantités atomisées, on peut distinguer trois cas. Loin des conditions critiques, l’atomisation est continue
mais elle se réduit en fonction du temps. Très près de la condition critique, l’atomisation
reste encore continue mais la quantité de masse atomisée reste constante. Lorsque la
condition critique est réalisée, on observe un comportement intermittent sur la quantité
de masse atomisée. La quantité de masse atomisée pour des conditions éloignées de la
condition critique devient fonction du temps parce que la largeur du film augmente avec
le temps. La raison pour laquelle le film s’élargit est attribuée au passage des ondes qui
se forment sur l’interface du film et qui impactent les bords du film. Proche des conditions critiques, les structures sont moins énergétiques et donc moins aptes à élargir le
film. Par conséquent, la masse atomisée reflète un comportement stationnaire dans de
telles conditions. Le phénomène est dćrit en détail dans son ensemble dans cette présente
étude.
Des mesures expérimentales détaillées ont été menées pour détecter les conditions critiques et préciser le comportement du film liquide dans ces conditions. La définition des
conditions critiques a d’abord été donnée. Les conditions critiques sont supposées être les
conditions de l’écoulement dans lesquelles la masse atomisée du film présente un comportement intermittent. Les conditions sous-critiques correspondant à celles où il n’y a
pas d’atomisation, alors que les conditions au-delà des conditions critiques produisent une
atomisation continue. Le mécanisme de génération de gouttelettes est également décrit en
détail. Les gouttelettes sont produites suite à la rotation des structures de l’interface autour de l’arête et de leur transformation simultanée en ligaments. Les conditions critiques
ont été identifiées expérimentalement et les caractéristiques du champ moyen du film ont
été mesurées dans ces conditions. Quant aux caractéristiques du champ fluctuant du film,
seul le RMS de l’épaisseur du film a été mesuré en utilisant la technique PLIF. La vitesse
de convection a été estimée à partir des mesures locales à 1 mm au-dessus de l’interface
du film grâce à la LDA. Les résultats montrent que le champ moyen de l’épaisseur du
film exhibe un comportement différent en comparaison avec le comportement du champ
fluctuant dans les conditions critiques. Les effets de la largeur du film, de la viscosité et
de la tension de surface ont été étudiés par la suite en détail. La largeur du film ne semble
pas influencer le déclenchement de l’atomisation du film. L’augmentation de la viscosité
semble entraver le déclenchement de l’atomisation alors que la diminution de la tension
de surface facilite la désintégration du film. Un modèle empirique est proposé à partir
des résultats expérimentaux pour décrire le début de l’atomisation du film au voisinage
d’une rupture brutale à 90◦ d’une géométrie en fonction des caractéristiques du film et de
l’écoulement d’air. Les résultats expérimentaux sont comparés aux modèles théoriques
existants dans la littérature. La comparaison confirme la remarque stipulée dans la littérature, selon laquelle les modèles sont proposés sans tenir compte des caractéristiques des
ondes interfaciales qui abordent la singularité. De plus, La plupart des modèles ont été
élaborés en supposant de façon implicite que l’écoulement d’air extérieur impose un profil de vitesse linéaire dans le film. Cette hypothèse se révèle être très restrictive limitant
ainsi le domaine de validité des modèles existants.
Finalement, un modèle théorique simplifié est formulé en se basant sur les caractéristiques des ondes juste avant la singularité. Les résultats expérimentaux de cette présente
étude montrent que le début de l’atomisation du film est intimement lié aux caractéristiques des structures qui s’enroulent autour de la marche. Ainsi, l’idée d’un modèle
vi
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capable de prédire si une certaine onde est probablement une source de génération de
gouttelettes a été développée. Ce présent modèle simplifié de l’atomisation (SAM) est
différent des autres modèles parce qu’il tient compte des caractéristiques du champ fluctuant en plus des propriétés du champ moyen du film. On pense que ce modèle décrit de
façon plus fidèle les phénomènes qui se produisent pendant l’atomisation du film, malgré les simplifications qui ont été appliquées. Le modèle simplifié a été confronté aux
résultats expérimentaux de la présente étude. Ce modèle semble prédire avec succès le
début de l’atomisation. Cependant, il est nécessaire d’entreprendre d’autres mesures expérimentales pour enrichir le modèle pour lui permettre d’être plus performant.
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Abstract
Driving the car in hazard conditions, like an environment with a lot of dust, is a case
which is encountered often by the drivers. The wiper blades have to work successfully
and clean the dirty windshield for both the safety of the passengers and the functionality
of the car. Activating the car nozzle jets, washer is ejected from the nozzles towards the
wiper blades and the windshield. A thin layer of liquid is developed on the surfaces of
the wiper blades. When the nozzle jets stop and the wiper blades continue to move, the
thin layer of liquid interacts with the strong external air flow field. The result of the interaction is the generation of droplets which are transported by the air flow far from the
wiper blades. However, a part of those droplets impact on the windshield resulting in an
insufficient cleaning of the screen and the deterioration of the driver’s sight. The wiper
blades may remove the dust from the screen but they will cause the droplet impact on it.
The phenomenon of the air-liquid interaction on the wiper blades involving the droplet
generation, transport and impact on the screen is known as Overspray in the automotive
domain. The Overspray is an important parameter for the design and development of the
wiper blades. Although Overspray has been observed quite early, little is known for the
mechanisms involved in. Thus, the wiper blades still suffer to clean the windshield adequately in such conditions. The current thesis aims to give a deep insight in the Overspray
focusing more on the air-liquid interactions for the droplet generation, especially, the investigation of the critical conditions for the onset of the film atomization from the blade
surfaces. For that reason mainly experimental and theoretical work has been conducted.
The study of the Overspray on the wiper blades revealed that the droplet generation
involves the following phenomena. First, thin films flow on wall surfaces sheared by
a strong external air flow field, second, the onset of the film atomization occurs when
the liquid film encounters sudden changes in its flow path, especially corner geometries,
and third the film interacts also with the solid substrate. Literature has been collected
thoroughly for the shear-driven films and the onset of their atomization in corner geometries, while the fundamentals are given for the wetting phenomena on solid substrates.
Thin films sheared by a strong air flow are encountered in many other industrial applications (annular/wavy flows, prefilming atomizers, internal engines etc.). Fundamental
studies have been conducted for horizontal, thin films inside pipes and rectangular channels. Useful information are extracted from these studies concerning the behavior of the
mean film and the waves. The effect of the external air velocity and the liquid flow rate
on the characteristics of the film flow is reported. The majority of the shear-driven films
concern cases where the film is not free to expand on a spanwise direction inside the pipe
or the channel. Concerning the onset of the film atomization in corner geometries, which
is the most important part of the current study, very few experimental works have been
conducted providing very limited experimental results. The majority of those studies ex-
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amine the atomized mass of the film in conditions far from the critical ones. They provide
few data for the characteristics of the mean film while they do not give any information
concerning the waves developed on the film interface. The mechanism for the onset of
the film atomization based on experimental data is not reported in any study in literature.
Based on that poor experimental database, theoretical models for the prediction of the
onset of the film atomization in a corner have been built. The bibliography in the current
thesis presents all the available experimental results and the models developed for the
onset of the atomization for corner geometries in the open literature. The necessity for
further experimental and theoretical investigation has been understood.
Two experimental campaigns have been conducted in the current project, the one concerns the detailed study of the Overspray phenomenon on the wiper blades and the other
the fundamental research on the onset of the film atomization in a corner geometry. Concerning the Overspray, a car model of scale 1:1 of a real car has been manufactured and
installed inside the low speed wind tunnel L1-A of von Karman Institute. Flow visualization has been carried out performing high speed recording with two high speed cameras
and oil film visualization. The visualization gives qualitative information and explains
how and why the droplets are generated from the wiper blade surfaces. Concerning the
study of the shear-driven films, a small, low speed wind tunnel has been designed and
constructed in the University of Valenciennes. All the experiments have been performed
on a small, horizontal flat plate forming a sharp corner of 90◦ at the end of its length.
The liquid films have been studied far from and at the critical conditions for the onset of
the film atomization. Different methods have been used for their study. First, high speed
recording from both the side and top view to visualize the flow and the atomization at
the corner edge. Using a in-house developed Matlab code, useful information concerning
the characteristics of the mean film and its waves have been extracted. Second, Planar
Laser Induced Fluoresence (PLIF) measurements have been carried out to detect the film
interface and measure the film thickness and the root mean square thickness of the film
at the corner edge mainly for the critical conditions. Measurements of the atomized mass
downstream the corner using a flat collector and the film width using simple photography have been combined with the PLIF measurements. The experimental results give
adequate information for the description of the liquid films for different flow conditions
including the critical ones.
The Overspray study in the car model brought out the exact location of the droplet
generation for different types of wiper blades. Those locations, which are called droplet
sources, have been correlated with the droplet impacts on the windshield. Not all the
sources which generate droplets contribute to the Overspray. The local external air flow
field around the wiper blade has been studied with the oil film visualization while the
liquid film flow has been investigated with the high speed recording. The findings of both
methods have been combined to understand the physics behind the droplets generation.
An explanation to the Overspray has been proposed. Specifically, the liquid from the car
nozzles forms a sort of a thin liquid film on the blade surfaces. The complex, 3D, external
air flow field shears and moves that film along the surfaces. Two different ways have been
identified to cause the detachment of the disturbed liquid film from the wiper blades. First,
when it has to negotiate a corner geometry along its flow path which implies a sudden
change of its flow direction. Second, when it encounters an obstacle of size comparable
with the size of the liquid film. The atomization around a corner can be distinguished
x

Abstract

xi

further based on the location of the liquid film at the corner. In the one case, the liquid
film is located and atomized upstream the corner edge where the strong component of the
air stream blows. In the other case, the liquid film is located downstream the corner and
is atomized perpendicularly at the corner edge by the strong component of the air which
blows upstream the corner. The former is proven to be one of the main mechanism which
causes the droplet generation on wiper blade surfaces. This is the reason why horizontal,
thin liquid films sheared by a strong air flow and approaching a sharp corner have been
studied further in detail.
Initially, the behavior of the liquid films and their atomization are investigated for
conditions mainly far from the critical ones. The range of the external air velocity and
liquid flow rate tested here are 14 m/s < ua < 32 m/s or (160 < WeH < 850), 36 l/h <
V f < 180 l/h or (90 < Re f < 480) respectively. Before the detailed study, the quality of
the air flow has been assessed by performing PIV measurements without the presence of
the films and the quality of the liquid film flow has been verified by visualization without
the external air flow. Four main characteristics depict the films developed in the current
experimental facility.
• They are developed inside the boundary layer of the wall jet formed inside the open
channel of the test section.
• The choice of the liquids (water, glycerol, washer) in combination with the solid
substrate (polycarbonate) indicates that the films flow in the partial wetting regime.
The partial wetting regime is known to be susceptible to dewetting phenomena.
• The films are uniform and free to expand at the spanwise direction.
• The films are unable to get atomized when the external air flow is absent.
A complete visualization study of both the film waves and the atomization downstream
the corner edge has been performed for different conditions. The study shows that 3D,
periodic waves formed on the film interface for all the conditions tested here. When
those waves reach the corner edge, depending on the flow conditions, either they will flow
around without getting atomized or they will form ligaments breaking into droplets or they
will form a liquid sheet generating droplets. A lot of measurements have been conducted
for the properties of the mean film and the waves before the corner edge using mainly
the high speed recording and the PLIF method (for conditions close to the critical ones).
The experimental results reveal that the films depict similar behavior to the behavior of
the liquid films developed in annular/wavy flows inside pipes and rectangular channels.
Concerning the atomization at the corner edge based on the measurements of the atomized
mass, three cases are distinguished. Far from the critical conditions, the atomization
is continuous but it is reduced with the time. Very close to the critical conditions, the
atomization is still continuous but the atomized mass seems to remain constant with time.
At the critical conditions, an intermittent behavior is observed on the atomized mass at
the corner edge. The atomized mass for conditions far from the critical one becomes time
dependent because of the expansion of the film with time on the horizontal flat plate. The
reason why the film is expanded spanwisely, is believed to be the passage of the principal
waves formed on the film interface when impact the side borders of the film. Close to the
critical conditions, the waves are less strong and become unable to expand the liquid film.
xi
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Abstract

Therefore, the atomized mass depicts the steady behavior in such conditions. The whole
phenomenon is reported in detail in the current thesis.
Detailed experiments have been conducted to detect the critical conditions and discover the behavior of the liquid films under such conditions. Firstly, the definition of the
critical conditions for the onset of the film atomization is given. Specifically, critical conditions are considered the flow conditions in which the atomized mass of the film presents
the intermittent behavior. Conditions below the critical ones signify no atomization while
above the critical ones indicate continuous atomization. The mechanism for the generation of the first droplets is described also in detail. Droplets are generated due to the
rotation of the interfacial waves around the corner with their simultaneous transformation into ligaments. The critical conditions have been identified experimentally and the
characteristics of the mean film have been measured under those conditions. Concerning
the wave characteristics under critical conditions, only the RMS of the film thickness has
been measured using the PLIF method. The trend of the wave velocity has been deduced
from LDA measurements of the local air measured approximately 1 mm above the film
interface. The experiments show that the properties of the mean film exhibit different
trends comparing to the characteristics of the waves under critical conditions. Furthermore, the effect of the film width, the viscosity and the surface tension has been studied in
detail. The film width does not seem to influence the onset of the film atomization at the
corner edge. The increase of the viscosity seems to prevent the onset of the film atomization while the decrease of the surface tension facilitates the break up. From the available
experimental results, an empirical model is proposed to describe the onset of the film atomization in a sharp corner of 90◦ as a function of the properties of the mean film and
the external air flow. The experimental results are compared extensively with the existing
theoretical models in the open literature. The comparison confirmed the initial remark
during the literature review that the models are formulated without taking into account
the characteristics of the interfacial waves turning around the corner. Furthermore, the
majority of them have been built considering the external air flow implicitly, by assuming
that the latter imposes a linear velocity profile on the film. None of the models is able to
predict the behavior of the films developed in the current study. The assumptions proves
to be very restrictive limiting the range of validity of the existing models.
Finally, a simplified theoretical model is proposed based on the characteristics of the
waves just before the corner edge. The experimental results of the current study revealed
that the onset of the film atomization is strongly related with the characteristics of the
waves rotating around the sharp corner. Thus, the idea of a model which is able to predict
whether a certain wave is likely to be a source of droplets has been developed. The current simplified atomization model (SAM) is different comparing to the existing models in
the open literature because it takes into account the characteristics of the waves besides
the properties of the mean film. The model is believed to represent better the phenomena occurring during the film atomization, although the significant simplifications being
applied. The simplified atomization model (SAM) has been compared with the current
experimental results. It seems to predict successfully the onset of the atomization for
the current experiments. However, more experiments would be necessary in the future to
reinforce the functionality of the simplified model.
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1 Introduction
Relatively thin liquid films sheared by a strong external air flow field are encountered in
different processes, mostly in the industrial environment than the nature. The performance
of many engineering applications depends on the behavior of such flows. For that reason
the interest of many researchers has been focused on their study. The most important
applications concern the flow in pipes for the cooling of nuclear reactors and the piping
system in regard to the pumping of oil, gas and water from the reservoirs deep in the earth
to the ground. In such applications an annular flow regime inside pipes is usually formed
with the air phase to exert a strong shearing action on the interface of the liquid phase.
Figure 1.1 shows an image from the visualization study performed by Hewitt et al. (1990)
on a horizontal annular flow capturing the disturbed interface of the liquid film. The
systematic investigation of the shear-driven films allows the improvement of the design
of those applications and the development of tools to predict their behavior.

Figure 1.1: Water film sheared by the strong air flow in a horizontal annular flow, Hewitt
et al. (1990)
When the velocity of the external air flow above a liquid film on a solid substrate
exceeds some limits then the shearing is so strong that parts of the film are detached from
it resulting in the generation of droplets. The process is known as primary atomization.
A special characteristic of the liquid films is that the process of the primary atomization
can be initiated in much lower external air velocities if they have to confront a sudden
change in their pathline like to flow around a wall corner geometry. The atomization of
shear-driven liquid films due to sudden changes of the geometry are encountered in many
engineering applications. Their importance lies on the fact that the generating droplets
from such a process driven by the strong external air flow field may have desirable or
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detrimental effect depending on the application. In the cases of the prefilming air blast
atomizers and the port-fuel-injected engines the atomization at the edge of the atomizer
and at the lip of the valve of the engine respectively needs to be increased with the size
of the resulting droplets to be reduced so as to obtain a fine spray for achieving good
combustion in the combustion chamber. On the other hand in engineering applications
like the mist eliminators or separators and the various car parts (wiper blades, chassis,
mirrors) in the automotive domain, the liquid film formed on the wall surfaces should
be avoided to get atomized by the strong external air flow field. The resulting droplets
will cause the separator to stop working properly since the two phases are not separated
any more and for the case of the car parts, the droplets will soil other vital parts of the car
preventing the safe driving and the proper function of the car. The study of the atomization
of shear-driven films becomes very crucial, especially the prediction of the onset of the
film atomization in the previous cases.



 

 

   


  
   



 




(a) Liquid film atomization at the edge of the
valve inside a port-fuel-injected engine.

(b) Liquid film atomization in a prefilming airblast atomizer, Sattelmayer and Wittig (1986a).

Figure 1.2: Industrial applications of the liquid film atomization in sudden changes of the
geometry.
The current work investigates how the behavior of the shear-driven films and their
atomization can affect the proper cleaning of the car windshield with the operation of
the wiper blades under certain driving conditions. The work is mainly experimental.
Specifically, the outline of the rest of the thesis is presented here below:
Chapter 2 introduces the wiper system which is the application working with in this
project. A small presentation of the components comprising the wiper system is given
followed by the description of the Overspray phenomenon based on the existing knowledge gained by earlier work and tests on the same project. The main frame of this study is
defined together with the principal objectives and the methodology for the investigation
of the Overspray phenomenon.
Chapter 3 provides the basics for the two phase flow phenomena encountered in the
current project collected from different studies concerning shear-driven liquid films from
various other applications. Specifically, the behavior of shear driven films on wall surfaces
and their primary atomization for various conditions are reported. Aspects of the wetting
phenomena are introduced. The state of the art on the experimental works concerning the
liquid film detachment from wall sharp edges is depicted. An updated list of theoretical
2
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models for the prediction of film atomization in corner geometries is provided.
Chapter 4 gives information for the experimental facilities and methods used to study
the Overspray phenomenon in the wiper blades and the detachment of the shear-driven
films in corner geometries. Two main facilities have been built for that purpose and several
experimental methods have been utilized to perform measurements on the shear-driven
films.
In chapter 5, the results of the experimental study on the wiper blades are presented.
The Overspray phenomenon is described in detail with the aid of the visualization study.
The location of the droplet sources on the wiper blades and the resulted droplet failures
on the windshield are analyzed. The influence of various parameters is assessed on the
droplet generation. An updated theory for Overspray is given together with the most
important mechanism which drive to the droplet generation on the blade surface.
Chapter 6 contains the experimental results conducted on horizontal, relatively thin,
shear-driven films approaching a sharp corner. The accomplishment of the design requirements of the experimental facility is evaluated. The behavior of the film and their
atomization is studied and compared with the behavior of the films under strong external
shearing encountered in literature for other industrial applications. Due to the special features of the current experimental setup, possible departures of the film behavior from the
one described in literature are discussed in detail.
Chapter 7 presents the experimental results conducted on horizontal, relatively thin,
shear-driven films approaching a sharp corner under critical conditions for film atomization at the corner. The main mechanism responsible for the onset of the film detachment
is analyzed in detail. The behavior of the characteristics of the film is studied in such
conditions. The effect of different parameters on the critical conditions is assessed. An
empirical model based on the film Reynolds number and the aerodynamic Weber number
is proposed to model the onset of the film atomization at the corner edge. The experimental results are compared and discussed extensively with the available models found in the
open literature on the same field.
In chapter 8, a first attempt to model the process of the initiation of the film atomization in a corner geometry has been done. A simplified atomization model (SAM) is
proposed based on both the characteristics of the waves formed on the film interface at the
corner edge and the properties of the mean film. First comparison with the experiments
conducted here show that the model is able to predict successfully the onset of the film
atomization at the corner edge for different conditions.
Finally, 9 summarizes the most important conclusions of the current study together
with few recommendations for future work.

3

2 Application and framework of the
study
The cars often have to deal with unfavorable weather conditions like heavy rain, snow or
hail. In some other cases, they have to steer in a contaminated environment where dust or
grimes deposit on the windshield. Visibility is essential for the safety of the passengers
and the mobility of the car. We can all assess the importance of the wiper systems and
their necessity to operate well in such conditions. Wiper systems are elementary components of the automotive manufacturing used to clean the windshield of the cars. Developing the wiper systems is necessary to improve the quality of the wiping procedure and
consequently to ensure safety in driving in hazard conditions.
Considering the case of the car driving in a contaminated environment, the nozzle jets
in combination with the wiper system are used to clean the windshield. However, at the
end of their operation, the windshield is not always sufficiently cleaned because of the
presence of small droplets deposited on the windshield. Those droplets are generated on
the blade surfaces due to the air-liquid interactions, transported by the air flow and impact
on the windshield. This phenomenon is known as Overspray in the automotive sector.
The current study investigates the Overspray phenomenon. The deep understanding of the
Overspray will help to control and improve the visibility through the windshield. Before
the detailed position of the problem, the wiper system and its basic parts are introduced.

2.1 Wiper System
A wiper system is a multifaceted system consisted of different components which in their
turn may be consisted of several individual parts. The main function of the wiper system
is to clean the windshield of the car. A typical wiper system is shown in Figure 2.1. It is
consisted mainly by the following parts:
• Electrical drive
• Linkage
• Wiper arm
• Wiper blade
The heart of the wiper system is the drive, see Figure 2.1. The drive is the sealed box
placed in the middle of the system containing the electrical motor, the gear ratio and the
electronics of the wiper system. It generates the necessary rotational motion. The motion

6

2 Application and framework of the study

is transmitted to the rest components of the wiper system with a system of rods called the
linkage. Both the drive and the linkage are most of the time located under the hood of the
cars and thus, they are not visible.




 



(a) Sketch of the wiper system.




 

  

 

(b) Windshield with wiper system ready for testing.

Figure 2.1: Wiper system components.
The wiper arm and the wiper blade are the components of the wiper system located
above the windshield. The wiper arm is meant to:
• Apply a force on the wiper blade for the generation of an optimal contact force
between the blade and the glass needed for the wiping process.
• Move the wiper blades on the windshield.
The wiper blade performs the wiping process. Its design is essential for the wiping quality.
A description of the most basic parts of the wiper blade is following in the next section in
6
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order the reader to become familiar with the terminology and gain understanding of the
special features of the geometry of the blade important for the phenomena studied further.

2.2 Wiper blade
Aerotwin wiper blades have been used in this study. They constitute the successor of
the conventional wiper blades and they have been introduced in to the market by Robert
Bosch company in 1999. Figure 2.2 shows the main components holding an Aerotwin
design. The backbone of the blade is formed by two bended Evodium spring strips welded
together and attached at the middle of their length to the adapter of the blade. The strips
act like springs on the windshield surface. They are under tension due to the force exerted
by the wiper arm and in their turn they deliver this force uniformly along their length on
to the windshield. The system of the bended spring strips is called vertebra, visible only
at the region of the adapter.




















 


 















 



Figure 2.2: Exploded view of the Aerotwin wiper blade.
The adapter is the small metallic piece on the vertebra useful for the connection between the wiper arm and the wiper blade. The adapter is covered by a plastic part called
holding spring, which is mainly the interface between the arm and the blade. A classification of the wiper blades can be made by the shape of the adapter which defines the way
the arm ties on the blade. Two main designs are distinguished:
• Top Lock design (TL).
• Side Lock design (SL).
On the first one (TL), the arm is connected on the blade with a clip from the top of the
holding spring of the adapter. On the second one (SL), the arm is fastened at the side
of the adapter. The part of the wiper arm which touches the blade is called Connection
7
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Part (CP, it is not shown in the figure). For the TL design a further classification can be
considered depending on the length of the CP, wipers with short CP and wipers with long
CP. Figure 2.2 shows a TL blade with a holding spring suitable for connection with the
long CP.
Spoilers cover the two bended spring strips in both sides of the adapter giving the characteristic aerodynamic shape to the wiper blade design. It is worth to note that the adapter
region breaks the uniform and smooth aerodynamic shape introduced by the spoilers. The
shape of the spoiler is optimized in order to increase the negative lift force at high car velocities. Thus an added force due to the external air flow field is exerted on the blade and
together with the mechanical pressure of the wiper arm assures the wiping process in high
speeds. The part of the wiper blade in direct contact with the windshield for wiping is the
rubber. A typical rubber profile is shown in Figure 2.2. The shape of the profile is crucial
for the quality of the wiping process. Its shape is also optimized in order to obtain rubber
profiles of high efficiency. During the wiping process the rubber profile bends towards the
windshield. The two small plastic clips at both ends of the blade hold firmly the spoilers
and the rubber in their positions.





  

Figure 2.3: Sketch of the Adapter Region (AR), Outer Circle Region (OCR) and Inner
Circle Region (ICR) drawn on a windshield.
Finally, the wiper blade is divided in three main areas which define also virtual regions
on the windshield. Namely:
• Adapter Region(AR).
• Outer Circle Region (OCR).
• Inner Circle Region (ICR)
Figure 2.2 shows the definition of these areas for the wiper blade and Figure 2.3 their
definition on the windshield. This characterization is useful for describing more precisely
subregions of the wiper blade.
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2.3 Windshield






 

Figure 2.4: Sketch of the ”A-filed” window drawn on a windshield.
Each car model has his unique windshield. The differences concern mainly the size
and the shape of the windshield. Every wiper blade is associated with a unique windshield
and it is designed to show highest wipe ability on that screen. Among various virtual
windows that can be drawn on the windshield, there is one, which is called “A field”. The
“A-field” window represents the sight view of the car driver. This window has always to
be clean. Figure 2.4 depicts the “A-field” window as defined by the European norm EG
661/2009.

2.4 Position of the problem
Different tests are used to evaluate the performance and efficiency of the wiper blades.
Each one involves cases developed under certain driving conditions. The cleaning of the
windshield with washer fluid when the car is moving with high speed is considered as one
of the standard tests. It corresponds to the typical case of driving the car with high speed
in a highway and for the reason of high contaminated environment or dirty windscreen,
the driver activates the wiper system in order to clean it. Unfortunately, the windshield is
not always sufficiently cleaned after the end of the operation of the wiper system. Figure
2.5 shows a typical windshield after the operation of the wiper blades.
Activating the wiper system, the nozzle jets of the car start to spray the washer fluid
towards the wipers and the windscreen. At the same time, the wiper blades are shifted
from the park position (PP) to the reverse position (RP) (the uppermost vertical position
of the blade on the windscreen) and then backwards forming a complete cycle. After a
certain number of complete cycles the nozzles stop to spray washer and only the wiper
blades continue to move for few more wiping cycles to remove the washer remained on
to the windscreen.
9
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Figure 2.5: Typical droplet failures on the windscreen due to the Overspray phenomenon.
A first detailed observation on the cleaning process will reveal that the washer liquid
coming from the spray nozzles is deposited not only on the windshield but also on the
wiper blade surfaces. Due to the strong air flow field, the liquid from the blades is reejected in to the air flow and part of it impacts the windscreen. During the up wiping,
the phenomenon is not apparent because the impact of the droplets happens before the
wiping process. The droplets first impact on the screen and then are wiped by the blade.
However, when the blade is moving back to the park position the droplets stick on the
windscreen after the wiping and the failure of the wiping process is obvious, see Figure
2.5. Three main steps seem to be involved in that process, namely,
1. Ejection of washer liquid from the blade due to air flow interaction
2. Transportation of the liquid droplets by the air flow
3. Impact of these droplets on the windscreen
The result is a not sufficiently cleaned windscreen. Many droplets of the washer fluid
deteriorate the visibility of the driver and the passenger inside the car. In the automotive
sector this phenomenon is known as Overspray. This study concerns the investigation of
the Overspray phenomenon and it is focused mainly on the first step that has to do with
the behavior of the washer fluid on the wiper blade surface and the ejection of droplets
from it. The study of the Overspray is directly related to the design and development of
the wiper blades.

2.5 Existing Knowledge
2.5.1

Available methods for Overspray studies

Useful data for the investigation of Overspray phenomenon are provided by two main
sources in the industrial environment:
10
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• Outdoor tests in high speed tracks
• Tests in industrial wind tunnels
Each method incorporates particular advantages and disadvantages. The combination
of the results from the above mentioned techniques provides useful information for the
description and understanding of Overspray.
The outdoor tests take place in a high speed truck. These tests give information for the
Overspray performance and efficiency of the wiper blades in real driving conditions by
observing the droplet failures on the windscreen. They are used mainly for applications.
They do not give any detailed information on the physics which may take place on the
blade surface since the related phenomena are very fast and not visible from the interior of
a car. Moreover, the tests are performed in real weather conditions which is not possible
to be kept constant and be controlled. A great number of those tests had already been
carried out and a lot of experience had been gained before the start of the current work.
The tests in wind tunnels give an attractive alternative because they overcome the
drawbacks of the outdoor tests concerning the control of the conditions during the test
and the accessibily to the wiper blades. They can give important information concerning
the physics involved during Overspray. Nevertheless, they increase a lot the cost for
accomplishing such tests and they demand specialized and experienced scientific stuff.
For that reason, their number is limited and concern only research projects. The current
work is part of the research project for the investigation of the Overspray.
Finally, numerical simulations comprise a useful and relatively inexpensive method
to study phenomena related to the wiper blades and give an insight to the air flow developed around the blade. Nonetheless, when the study comes to deal with the two phases
(liquid - air) at the same time, the computational cost becomes prohibitive for the industrial time scale. Consequently, only one phase (air) data can be available from the
simulations giving an idea of the external air flow which may cause the droplet ejection
from the blade surfaces.

2.5.2

Parameters influencing Overspray

Overspray is a very complex phenomenon influenced by a number of parameters. The
main parameters having been identified mainly from tests in high speed tracks are:
• The geometry of the car
• The design of the wiper arm
• The design of the wiper blade
• The type of the nozzles
• The type of the washer fluid
• The car speed
• The wiping speed
11
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• The cross wind

Concerning the design of the wiper system, differences have been observed in Overspray
efficiency between the Top Lock (TL) and Side Lock (SL) wiper arm design for the same
blade as well as changes have been reported for the same wiper arm but for different
height of the spoiler of the blade. With regard to the type of the car nozzle jets the change
concerns the characteristics of the ejected liquid spray towards the windshield and the
wiper blades. It is not clear how the characteristics of the liquid spray can act on the
Overspray performance of the blade. Obviously, the tests in the speed tracks help to
monitor the Overspray performance of the blades but they are limited to give any insight
on the phenomena taking place on the blade.

2.5.3

Overspray droplet failures

Previous tests have provided information for the result of the impact of ejected droplets
from the wiper blade on the windshield. The outcome of the droplet impact on the screen
is called droplet failure. The Overspray efficiency of the wiper system is possible by
monitoring the impacts on the screen. A classification has been made according to their
position on the windshield and the characteristics of their print on it. Figure 2.6 presents
the classification defined according to their position while Figure 2.7 in regard to the
shape of their print.


 
   




   
  
 
 

Figure 2.6: Classification of droplet failures according to their position on the windshield.
On the wiping area of the windshield, shown in Figure 2.6, three main types of droplet
failure have been observed:
• The failure in the AR
• The failure in the OCR and ICR
• The hazing
12

2.5 Existing Knowledge

13

The areas AR, OCR, ICR on the windshield have been described in the section 2.2. The
impact on the adapter region is composed by a dense large amount of droplets always
noticeable during the wiping process. The droplet failure in the OCR and ICR is an
accumulation of small droplets. Their print on the windshield is less dense and with
irregular arrival frequency during the wiping process comparing to the droplets of the
adapter region. The last type of droplet impacts has been identified mainly at the OCR
between 25◦ and 65◦ on the screen. It is called hazing and it is composed by a lot but very
small droplets. It should be noticed that the previous droplet patterns may not appear all
at the same time for a tested wiper blade.

(a) Sketch of the top and side view of the
impact of a droplet on the windshield. Discrete droplets.

(b) Sketch of the top and side view of
the impact of a droplet on the windshield.
Straight lines.

Figure 2.7: Classification of droplet failure according to the shape of their print.
Concerning the shape of the impinged droplets on the windshield, discrete droplets
preserving a spherical shape and droplets that look like straight lines were perceived. Of
course their shape is dictated by the flow conditions before the impact. It was concluded
that the first print, Figure 2.7(a), must be produced by droplets which are ejected vertically
to the windshield and thus from a small distance. The second print, Figure 2.7(a), should
be the outcome of droplets which impact the screen in a slant angle and they must travel
longer distance inside the air flow field. The above analysis leads to the conception that
the prints at a specific point on the windshield may be produced in different starting time
of droplet ejections. The last implies initiation of droplet ejection for different positions
of the wiper blade on the screen which finally would produce droplet failures at the same
area on the windshield.
Finally, it should be noticed that the droplets impacting the windshield present a regular failure formation. In other words, the structures described above are preserved when
the wiping process is repeated for the same type of wiper blades, car and weather conditions.

2.5.4

CFD analysis: Local air flow

Numerical simulations of real cars have been performed to reveal the complex, 3D air
flow field around the wiper blades. Figure 2.8 shows the pathlines of the local air flow
field on the blade surface. Having a look on the numerical results, zones of opposing
local air flows or recirculation have been identified and named as “stagnation zones”. The
assumption that liquid may be trapped in those zones and then could be ejected from
the blade has been made. Following this concept, the droplets are generated in specific
places on the wiper blade and mainly in the regions where a “stagnation zone” arises.
13
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Different possible locations on the wiper blade have been proposed to describe the origins
of Overspray droplets. It will be reminded that the numerical simulations are steady state
without taking into account the liquid flow and the wiping motion of the blade.

 

(a) "’Stagnation zone’ created by the
local recirculation.

 

(b) ’Stagnation zone’ created by opposing
local air flows.

Figure 2.8: Pathlines of local air flow on the wiper blade from CFD simulations.

2.5.5

Overspray: First interpretation

An early interpretation has been developed based on the above mentioned experimental
observations and numerical studies to explain the Overspray phenomenon. According to
this theory, liquid coming from the nozzle jets of the car covers the wiper blade surface
and interacts with the external turbulent air flow field. The result of the interaction is
liquid to be driven by the local air flow towards the ’stagnation zones’ identified by the
CFD simulations. The liquid is growing inside those zones and when the amount becomes
high enough then the air flow causes the generation and ejection of droplets. The tests
and the numerical simulations have shown that the droplet ejection positions must be
fixed locations on the blade mainly close to the AR. The generated droplets ejected from
specific locations of the blade travel with the air flow and a part of them impact on the
windshield resulting in the well known droplet failures shown in the section 2.5.3. This
first explanation for Overspray needs to be confirmed.

2.6 Objectives and methodology
Taking into account the existing knowledge, the objectives of the current thesis are the
following:
1. Primary aim is to explain the Overspray phenomenon. The study focuses mainly on
the first stage of the Overspray, see section 2.4, which concerns the liquid flow on
the blade and the droplet ejection from it. The description of the physics underlying
Overspray, the identification of the location of droplet ejection sources on the blade
and the way that different parameters influence Overspray are the most important
goals of this investigation.
14
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2. In terms of fundamental research in two phase flow phenomena, the purpose of this
work is the detailed investigation of liquid films driven by a strong turbulent air flow
and the study of their primary atomization from wall surfaces, especially when they
encounter sudden changes of the wall geometry (corners). Finally, the experimental
and theoretical identification of the critical conditions for liquid atomization from
wall surfaces is intended which is related to the onset of Overspray phenomenon on
the wiper blades.
To achieve the aforementioned goals, mainly experimental work in wind tunnel has
been done. The investigation has been separated in two parts.
1. A car model of scale 1:1 of a real car has been designed and placed inside the
wind tunnel to reproduce the Overspray phenomenon under controlled conditions.
Mainly flow visualization techniques have been applied to understand the physics
of Overspray. The focus is on the identification and description of the dominant
phenomena taking place on the wiper blade surfaces.
2. A small scale wind tunnel has been designed to investigate in detail the two phase
phenomena coming from the first part of this work. The main interest concentrates
on the atomization of liquid films sheared by an external air flow at the edge of
wall surfaces. Measurements of the velocity of the external air flow and the characteristics of the liquid film were combined with flow visualization techniques under
various flow conditions included the critical ones. The aim is to understand the
liquid film behavior, identify the onset of liquid film atomization and finally gain
more insight on predicting the beginning of atomization which is directly related to
the onset of Overspray phenomenon in wiper systems.
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In the previous chapter, it has been introduced the main idea behind the Overspray phenomenon, which involves mainly the motion of relatively thin liquid films on wall surfaces
sheared by an external air flow and their detachment and atomization from sharp corners.
A complete experimental campaign has been conducted to confirm and support this theory
and the results are presented and explained thoroughly in chapter 5. In this chapter, the
literature on the shear-driven liquid films has been reviewed and the state of the art on the
film detachment from the sharp edges of the walls is reported. Below, it follows a short
introduction concerning the organisation of the literature review based on the atomization
model identified and proposed in chapter 5.

3.1 Basic atomization model
The main mechanism for droplet generation on the wiper blade surfaces seems to be
the inability of the thin, shear-driven, liquid film which is formed on them to follow
sudden changes of the geometry encountered on the blade with result the detachment of
the film. The following simplified model has been proposed in chapter 5 to describe this
mechanism and is depicted in Figure 3.1.

 



 


 

  
 








Figure 3.1: Basic atomization model mechanism encountered in wiper blades (Model 1).
Three main areas are distinguished in this atomization model each one of them comprising an active research area in the domain of the atomization and spray systems. The
first one includes the flow of the liquid film driven by the strong external air flow. The
film is displaced on the wall surface approaching the sharp corner. The interaction of
the liquid with the air results in the formation of waves on the free interface of the film,
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which play very important role in the behavior of the film. At the corner, depending on the
flow conditions, the film either can flow around or part of it can be detached generating
droplets. The detachment of the film into droplets is the second area and it is characterized
as the primary breakup (or atomization) of the film. The generated droplets are drifted
by the external air flow far from the corner and may break further into smaller droplets.
This consists the third part of the atomization model and is called the secondary droplet
breakup. The angle of the corner can obtain any value between 0o and 180o representing
the cases of flow around an acute, right and obtuse corner angle with the limiting case of
the flow on a horizontal, flat plate without corners for θ = 180o .
The literature, which follows further in this chapter, is organized in three main topics
corresponding to the first two main areas encountered in the atomization model (Model 1)
above and the basic effects of the wetting when the liquid film flows over the solid surface:
• Shear-driven films
• Onset of primary film atomization
• Wetting phenomena
Concerning the shear-driven films, available data with regard to their characteristics and
behavior under different flow conditions are sought, useful for comparison with the liquid
films developed in this study. The primary film breakup is the generation of droplets from
the bulk of the film. The onset of the primary film breakup is related to the air and liquid
conditions upstream the corner, which result in the initiation of the droplet generation
from the film at the corner. It is the most important part of the bibliography survey. The
state of the art on the detection of the critical conditions for liquid film atomization at
the corner is documented. The secondary breakup of droplets is not investigated in this
work. Current and complete reviews on that topic can be found by Guildenbecher et al.
(2009) and Theofanous (2011). Finally, the film formation on the solid wall surface and
consequently the primary atomization depends, apart from the air-liquid interactions, on
the wetting effects developed between the liquid and the solid phase.
This reference review is limited to the investigation of the liquid films sheared by
an external air flow and their atomization. Thin film flows due to gravity, centrifugal,
thermal, intermolecular forces or films driven by surfactants is out of the scope of this
study. The recent review of Craster and Matar (2009) in the dynamics of thin liquid
films is suggested for additional information on these topics. The review is also limited
to the relatively thin liquid films. Generally, in the engineering applications there is a
great variety of length scales on the developed liquid films. Their range spans from few
micrometers (µm) up to meters (m). In this work, the liquid films, which are mainly
treated, have thickness on the order of 1-2 mm and therefore, films of thickness of less
than 5 mm are mainly reported here. Finally, only horizontal flows are considered in this
chapter.

3.2 Shear-driven liquid films
Shear-driven, thin, liquid films are encountered in many different engineering applications in both external and confined flows. However, two basic applications, the extraction
18
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and transportation of oil and gas through pipes and the pipe design in nuclear reactors
(Hewitt and Hall-Taylor (1970), Ginoux (1978)), have been studied very early and for
several decades in literature due to their industrial and financial significance. Thus, the
fundamental investigation in shear-driven films has been mainly carried out in confined
conditions and specifically in circular and rectangular channels. Besides, those two configurations offer the advantage of easily controlled ambient conditions and the ability to
measure the wall shear stress from variations of the pressure. Information for the behavior
of the shear-driven films are extracted from those studies and they are presented below.

3.2.1

Flow and wave regimes

The main characteristic of the air-liquid film flow on wall surfaces is the formation of
waves on the interface between the two fluids. The waves affect both fluids and comprise
a key parameter for the control of the momentum and mass exchange between the two
phases. For different flow conditions the wave characteristics do not remain the same.
The significance of the waves on air-liquid flows has been realized since the beginning
of their investigation. In the early studies, due to the absence of experimental techniques
to quantify the characteristics of the waves on the film interface, especially for high air
velocities, the researchers approach the films based on the observation that the interface
presents specific pattern formation for a certain range of flow conditions. In that way,
they could overcome the lack of detailed wave description. The characteristic distribution
(pattern) of fluid-fluid interface is termed ’flow regime’. A lot of effort has been put to
determine the flow conditions on which the flow regimes occur and different flow maps
have been proposed. Based on those flow regimes, simplifications or approximations are
feasible for the film, facilitating both the description of the flow and the derivation of
simple models for the prediction of important flow parameters.
For co-current, air-water flow in horizontal pipes, the most commonly employed flow
regime map among the researchers is the empirical one derived by Mandhane et al. (1974)
and supported theoretically by Taitel and Dukler (1976). Figure 3.2 presents this map. The
horizontal and vertical axis are the superficial air and water velocity in the pipe respectively. Six different flow regimes are distinguished, namely, the stratified, the wave, the
annular, the slug (or plug), the elongated bubble and the bubble flow. Important regimes
because of their relevance to this study are the following:
• Stratified flow. The liquid is flowing at the bottom of the pipe and the gas at the top.
The separation of the two phases is complete. Their interface is usually smooth and
undisturbed.
• Wave flow. The gas velocity is increased and large surface waves begin to build up
on the liquid layer. Atomization on the wave crests can also happen.
• Annular flow. The gas velocity is high, a film is formed along the periphery of the
pipe walls while the air flow is moving at the core of the pipe carrying droplets
coming from the film.
A more accurate method to explain the liquid film flow inside pipes is the description of the waves formed on the free interface. The improvement on the experimental,
19
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Figure 3.2: Flow regime map for horizontal pipe of 25mm. Dashed lines: Mandhane et al.
(1974). Solid lines: Taitel and Dukler (1976).
two phase flow techniques permitted to obtain the spatial and temporal signal of waves
developed on the interface. Combining the measured signal of the waves with the flow
visualization, it is possible to depict more precisely the structure of the interface under
various flow conditions. Typical wave signals collected from the literature for horizontal
pipes in the stratified/wavy/annular regime are presented in Figures 3.3.
Maintaining constant the superficial liquid velocity in a pipe and increasing gradually
the superficial air velocity, it is observed the film behavior illustrated in Figure 3.3. Figure 3.3(a) depicts the interface response from zero up to relatively low (up to 10 m/s) air
velocities taken from Lioumbas et al. (2005), while Figure 3.3(b) the response in higher
velocities, from Farias et al. (2011). Lioumbas et al. (2005) performed experiments on
co-current, stratified/wavy, air-water flow in a slightly downward inclined (1◦ ) horizontal pipe (i.d. 24 mm) obtaining the signals of Figure 3.3(a). Initially, the interface is
smooth for zero air velocity. Increasing the air velocity the first solitary waves arise on
the interface. At the same time the interface is covered by small-amplitude 3D waves
called ripples. Raising the air velocity even more the large amplitude/wavelength waves
dominate, merge and produce the 3D waves named roll waves by Hanratty and Hershman
(1961) or disturbance waves by Taylor et al. (1963). In low air velocities, the amplitude of
the waves is growing with increasing air speed. The interface can also depict 2D waves in
20
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(a) Film thickness signal for relatively low superficial air velocities in nearly horizontal pipe (stratified/wavy regime). Lioumbas et al. (2005).



 

 





(b) Film thickness signal for high superficial
air velocities in nearly horizontal pipe (annular
regime). Farias et al. (2011).

Figure 3.3: Temporal film thickness signals for constant liquid superficial velocity.

very low air velocities, especially for films with high viscosity where the small ripples are
suppressed, see Andritsos and Hanratty (1987). However, this regime is not very stable
and soon the 2D waves become 3D again. The experiments of Lioumbas et al. (2005) did
not show such a region covered by 2D waves.
For high air velocities, Farias et al. (2011) performed experiments with water and air
in a horizontal pipe (i.d. 15 mm) in the annular flow regime. They presented few signals
of the film interface as shown in Figure 3.3(b). In high air velocities, 3D waves of large
amplitude appear on the interface. It is the roll or disturbance waves indicated above,
playing very important role on the annular flow regime. However, the flow visualization
study of Hewitt et al. (1990) in annular flows showed that the disturbance waves may be
consisted of several smaller waves (named roll waves from Hewitt et al. (1990), in practice they correspond to the ripples) with the film between two successive waves being
relatively smooth. Increasing further the air velocity, the disturbance waves persist, however, their amplitude is reduced. This is opposite to what has been observed for the case
of low air velocities.
In horizontal rectangular channels similar flow regimes are encountered. Specifically,
the stratified and the wavy flow regime with or without atomization occur. Jurman and
McCready (1989) derived the flow map shown in Figure 3.4 after a campaign of experiments conducted on a co-current flow of air and water-glycerin mixtures in a horizontal
rectangular channel (30×2.54 cm). For constant liquid Reynolds number (ReL ) and increasing gradually the gas Reynolds number (ReG ), the initially smooth interface is dominated by 2D waves which span in the entire width of the channel. Increasing further the
21

22

3 Literature review and state of the art

Figure 3.4: Wave map for Glycerin-water solutions µ ≈ 14 − 20 cP, in horizontal rectangular channel. Jurman and McCready (1989).
ReG the waves begin to show a degree of three dimensionality and for certain flow conditions solitary waves arise at the same time. The solitary waves are not stable and soon
become three dimensional. The developed 3D waves observed by Jurman and McCready
(1989) in the channel show periodicity. Finally, they highlight the fact that the Reynolds
numbers used to represent the wave map may not be the only parameters influencing the
wave behavior.
The initial description of the flow and wave regimes above showed that the topic of
the shear-driven films in pipes and channels is very complex and broad with significant
bibliography on every flow regime. The focus here is concentrated mainly on the behavior
of the liquid films and their waves in the wavy and annular regime, which implies that the
air velocity is already high enough (above 10 m/s), since these flow regimes seem relative
to the films developed in this study. Of course, the published works in two phase flows include, except from information for the films, different results which concern special issues
related to the particular application under study. Those special issues are not discussed in
what follows this literature review.

3.2.2

Film and wave characteristics

The detailed description of the film and wave characteristics in different flow conditions
allow the better understanding of the film behavior and consequently, the development
of more accurate models for the prediction of important flow parameters. Furthermore,
it helps to realize their influence on the atomization of the films. Among the several
studies, which provide information concerning the structure and the behavior of the film
in various conditions, the experimental work of Karabelas and his co-workers (Paras and
Karabelas (1991), Paras et al. (1994), Vlachos et al. (1997)) in circular pipes and the
work of Wittig and his co-workers (Wittig et al. (1992), Gerendas and Wittig (2001)) in
rectangular channel are distinguished. The response of the liquid film in different flow
conditions presents similarities for both pipes and channels flows in all the studies.
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Different experimental methods have been utilized to detect the liquid film interface
and extract useful information concerning the film structure and more precisely the film
thickness. The most important methods are enumerated shortly here, the capacitance
probe, the conductance probe, the light absorption technique (LAT), the planar laser induced fluorescence (PLIF), the interferometry and the laser focus displacement (LFD)
method. Those methods can be divided according to the spatial information that provide
during the measurements in point (capacitance, conductance probes, LFD), line (PLIF)
and surface methods (LAT, PLIF). They can also be distinguished based on their intrusiveness in the flow in intrusive (capacitance, conductance probes) and non-intrusive methods
(LFD, PLIF, LAT, interferometry). The last years, it is observed the domination of the
non-intrusive, optical methods on the film thickness measurements after the significant
developments on the lasers and optics.
The description of the film structure encountered in literature and presented below is
split in two parts. The first one regards the film as a whole providing average properties
for the base film and the waves together, which is called further in this study the mean
film, while the second one deals with the characteristics of the wave structure exclusively.
3.2.2.1 Characteristics of the mean film
In general, the mean thickness of the liquid film in a pipe or a channel increases either
reducing the air velocity or increasing the liquid flow rate. Figure 3.5(a) depicts this trend
for a horizontal pipe of 15 mm from the recent experiments of Farias et al. (2011). They
worked with air-water flow in the annular regime and detected the film interface with a
planar laser induced fluorescence (PLIF) method for two different planes, a longitudinal
and cross-sectional one. On these planes, they measured different film characteristics.
The developed film in their experiments is on the order of 0.5 mm. In Figure 3.5(a),
measurements of the mean film thickness at the bottom of the pipe for the longitudinal
plane are illustrated. The mean film thickness is plotted as a function of the superficial
liquid velocity U sl , which represents the liquid flow rate effect and the superficial air
velocity U sg . Analogous trend for the film thickness is reported in the experimental studies
carried out in rectangular channels where the film expands from one side of the channel
wall to the other (Cohen and Hanratty (1968), Wittig et al. (1992)).
Concerning the mean film velocity, it is an increasing function of both the air velocity
and the liquid flow rate inside the pipe or the channel. This can be realized very easily
with a simple experiment and because of that simplicity there are no published experimental data showing this trend. Figure 3.5(b) presents the mean film velocities calculated
as a function of the film Reynolds number Re f 1 and the superficial gas velocity by the
in-house, numerical code developed by Friedrich et al. (2008). The code has been developed for thin films inside a rectangular channel based on the theoretical and experimental
work of Wittig et al. (1992). Wittig et al. (1992) studied the atomization taking place on
a prefilming airblast atomizer by conducting experiments on a simplified geometry with
the shear-driven films formed on a horizontal flat plate which is mounted in the middle of
a rectangular channel. The film is on the order of 0.5 mm and occupies all the flat plate.
1

Re f = V̇ f ρ f /w f µ f is the film Reynolds number based on the liquid flow rate V̇ f , the film width w f , the
density ρ f and dynamic viscosity µ f of the liquid.
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(a) Experimental results of the mean film thickness at the bottom of a horizontal pipe (i.d.
15 mm). Air-water flow, Farias et al. (2011).
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(b) Numerical results of the mean film velocity in
a horizontal rectangular channel. Air and mixture
of water with Surfynol 465 flow, Friedrich et al.
(2008).

Figure 3.5: Behavior of the properties of the mean film in different flow conditions inside
pipes and channels.
The majority of the studies in the literature investigate liquid films, which occupy
either the whole periphery of the pipe, for example the case of the annular flows or they
expand from one side wall to the other inside a rectangular channel. Thus, the width of
the film it remains always constant and equal to the pipe perimeter or the channel width.
However, there are few experimental studies considering liquid films which do not wet the
whole pipe cross-section or channel and they are free to expand in a spanwise direction.
These cases are discussed below.

(a) Mean film width. Air and mixture of water
with Surfynol 465 flow, Lan et al. (2008).

(b) Mean film thickness. Air and mixture of water
with Surfynol 465 flow, Lan et al. (2008).

Figure 3.6: Experimental results of the properties of the mean film in different flow conditions. The film is free to expand inside a horizontal rectangular channel.
In rectangular channels, Lan et al. (2008) studied experimentally and numerically the
formation of shear-driven, liquid films (order of 0.2 mm) on the bottom of a horizontal
channel without the side borders to restrict their expansion. They worked with a mixture
24
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of water and Surfynol 465 co-flowing with air. The trend depicted in Figure 3.6(a), is
representative for the behavior of the film width inside the channel. The liquid film is
expanding on the plate and consequently the film width increases with increasing both the
air velocity and the liquid flow rate. Both, experimental and numerical data are presented
in the diagrams. An interesting point on the behavior of the liquid film formed in the
study of Lan et al. (2008) is the evolution of the film thickness in different flow conditions for this film without restrictions. The film thickness is illustrated in Figure 3.6(b).
Again numerical and experimental data are presented. Although the researchers conclude
that the film thickness is increased with decreasing air velocity and increasing liquid flow
rate,which implies that the film follows the general trend mentioned above for channels
and pipes, however, their experimental results do not seem to justify completely the suggested trend. Specifically, the film thickness for air velocity equal to Ug = 30m/s follows
the aforementioned trend while the thickness for the case of Ug = 40m/s seems to drop
increasing the liquid flow rate which is opposite to the general trend. At the same time, in
Figure 3.6(a), the film width appears to grow faster for Ug = 40m/s than for Ug = 30m/s,
which would imply that the film for the case of Ug = 40m/s is developing faster in the
spanwise direction than in the normal one. Their experimental results are not enough to
draw final conclusions and more data are necessary. However, for horizontal liquid films
free to expand on a horizontal plate, an increase of the liquid flow rate may not necessarily
signify increase of their film thickness. Wetting phenomena come into play affecting the
final position of the film interface.
In circular pipes, Karabelas and his co-workers (Paras and Karabelas (1991), Paras
et al. (1994), Vlachos et al. (1997)) worked in the wavy regime with low liquid flow rates
just before the annular flow regime occurs in pipes of internal diameter (i.d.) of 24 mm
and 50.8 mm. The working fluids are air and water. The wavy flow regime resulted in a
thin liquid film with a concave interface covering the bottom part of the pipe wall. Their
study revealed that this shear-driven film follows exactly the same trends for the mean film
thickness, velocity and width as described in Figures 3.5(a), 3.5(b), 3.6(a) respectively. A
noteworthy point of the study is the fact that increasing the superficial air velocity the film
increases its width by climbing on the wall towards the top of the pipe overcoming the
gravity. It is similar to the expansion of the liquid film in rectangular channels. This liquid
behavior has been on the focus of the researchers for many decades in an effort to explain
why the film expands, moves towards the circumferential direction and it is maintained
there forming the annular flow regime. Different possible physical mechanisms have been
proposed to explain that, very briefly:
• the secondary gas flow mechanism inside pipes, first proposed by Pletcher and McManus (1965).
• the liquid entrainment and deposition mechanism, first proposed by Russel and
Lamb (1965).
• the wave spreading and mixing mechanism proposed by Butterworth and Pulling
(1972).
• the pumping action due to disturbance wave proposed by Fukano and Ousaka
(1989).
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Although it is not clear yet and controversy still remains on the exact physical mechanism
for this phenomenon, however, the experimental results of Jayanti et al. (1990), Paras and
Karabelas (1991), Paras et al. (1994) and Sutharshan et al. (1995) show that the liquid
film transportation towards the top of the pipe is related strongly to the passage of the
disturbance waves. These large amplitude waves cause the liquid film to climb on the
wall and consequently to increase its width.
3.2.2.2 Wave characteristics
The large amplitude waves formed in the wavy and annular flow regime inside pipes and
channels can be characterized by the properties of the processed liquid interface signal.
The wave characteristics extracted from the interface signal are the root mean square
(RMS) of the film thickness, the dimensionless RMS, the amplitude dh, the wave velocity
Uc , the wave frequency fw and the wave intermittency Iw . The definition of the wave
characteristics has been adopted by the work of Paras and Karabelas (1991) and it is
presented in Figure 3.7(a). The definition is based on the temporal film signal obtained
in one point on the film interface. The film RMS and the wave amplitude represent the
size of the fluctuations developed on the film interface in absolute terms and they are used
with an interchangeable manner in this project. The dimensionless RMS defined as the
ratio of the RMS to the film thickness h f , which expresses the intensity of the fluctuations
developed on the film interface comparing to the film thickness. The intermittency shows
the fraction of the total sampling time corresponding to the passage of large disturbance
waves. It is calculated as the ratio of the wave width to the length of two successive
disturbance waves. There are not so many researchers in the open literature investigating
the wave characteristics experimentally for horizontal flows. The majority of the studies
related to the description of the waves, concern two phase flows in vertical tubes. Here,
only experimental results collected from horizontal pipes and channels are presented.
Useful information are provided concerning the RMS and the amplitude of the waves,
in horizontal circular pipes, by the experimental work of Karabelas and his co-workers
(Paras and Karabelas (1991), Paras et al. (1994), Vlachos et al. (1997)) in the wavy/annular regime and by the recent work of Farias et al. (2011) in the annular regime. Less
information are given for the dimensionless RMS. Figure 3.7(b) demonstrates the behavior of the mean RMS measured at the bottom of the pipe as a function of the superficial
air velocity Ug and the superficial liquid velocity U L , Paras et al. (1994). The mean RMS
is decreasing rising the air velocity while it is increasing with increase of the liquid flow
rate or the liquid superficial velocity. In other words, increasing the air velocity the size
of the waves is becoming smaller, conversely, increasing the liquid flow rate the size of
the waves is growing. This remains true for relatively high air velocities. In the section
3.2.1 describing the wave signal, this behavior corresponds to the signal of Figure 3.3(b)
for high air velocity. On the other hand, the behavior of the waves is changing for low air
velocities (less than 10 m/s), Figure 3.3(a). Increasing the air speed, the mean RMS and
amplitude is continuously increased. The magnitude of the mean wave amplitude follows
exactly the same trend like the mean RMS. Paras and Karabelas (1991) based on their
experimental results propose the following correlation between the mean wave amplitude
and the mean RMS.
√
(3.1)
dh = 2 2(RMS )
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(a) Definition of wave characteristics.

(b) Experimental results of the mean RMS of the
film thickness at the bottom of a horizontal pipe (i.d.
50.8mm). Air-water flow. Paras et al. (1994).

(c) Experimental results of the dimensionless RMS of the
film thickness at the bottom of a horizontal pipe (i.d.
15mm). Air-water flow. Farias et al. (2011).

Figure 3.7: Definitions of wave characteristics, mean RMS and dimensionless RMS in a
horizontal wave/annular flow.
Concerning the dimensionless RMS, the experimental data among few researcher studies
are not very clear and conflict each other. The data presented by Paras and Karabelas
(1991), Paras et al. (1994) show that the intensity of the fluctuations on the interface
increase with the rise of the superficial air velocity and decrease with the grow of the
superficial liquid velocity, while the data of Farias et al. (2011) predict that the fluctuations decrease with increasing either the air or the liquid superficial velocity of the pipe.
In rectangular channels, the early work of Cohen and Hanratty (1968) presents measurements for the behavior of the RMS for water and water-glycerin mixtures with air in the
wavy flow regime. Their data reveal the same trend as explained for the circular pipes.
No information are given for the dimensionless RMS.
Few researchers have measured the velocity and the frequency of the waves in horizontal flows. The early studies concern the works of Jayanti et al. (1990) and Kara27
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(a) Wave velocity of an air-water flow.

(b) Wave frequency of an air-water flow.

Figure 3.8: Experimental data of the wave velocity and frequency in the wavy/annular
regime developed inside a horizontal pipe (i.d. 50.8 mm). Paras et al. (1994)
belas and his co-workers (Paras and Karabelas (1991), Paras et al. (1994), Vlachos et al.
(1997)). The recent ones are of Schubring and Shedd (2008), who built a significant experimental data bank for films in horizontal and vertical annular flows comparing their
data with various empirical correlations documented in literature and Farias et al. (2011).
These studies revealed that the wave velocity depends on both the air velocity and the
liquid film flow rate. Specifically, it grows with rise of the air and the liquid velocity, as
shown in Figure 3.8(a). Concerning the frequency of the disturbance waves on the interface, it depends mainly on the air velocity, increasing the superficial air velocity the wave
frequency is increased, Figure 3.8(b). However, the effect of the the superficial liquid
velocity is ambiguous. The results of Paras and Karabelas (1991) and Farias et al. (2011)
indicate that the wave frequency is mainly reduced increasing the superficial liquid velocity. Both figures are extracted from the work of Paras et al. (1994). In rectangular
horizontal channels, Wittig et al. (1992) and Kang and Kim (1993) performed measurements of the wave velocity on a very thin liquid film under high air velocities and on
a thicker film under very low air velocities respectively. The wave velocity follows the
same behavior as described for the circular pipes for both cases.

3.2.3

Air and liquid velocity flow fields

The simultaneous flow of air and liquid in a pipe or a channel can be laminar or turbulent
depending on the flow and initial conditions of the two phases. Different combinations can
be formed, for example, laminar air flow with laminar liquid flow or turbulent air flow with
laminar liquid flow etc. The region where significant changes of the velocity profiles take
place in a two phase, co-current, horizontal flow comparing to the corresponding profile
of a single phase flow is the interface. The size of the liquid film leaves unaffected the
velocity profile (laminar or turbulent) of the air phase, however, it influences the velocity
profile inside the liquid layer.
There are a lot of studies investigating the air flow field above a liquid flow but very
few concerning the velocity field of the liquid phase, especially when it has the form
of a thin liquid film. This happens because of the technical difficulties to perform mea28
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surements in such thin layers very close to the interface with the available experimental
methods. This study is related mainly with thin liquid films and thus, the velocity profiles
in both the air and the thin films (less than 5 mm) are discussed below.











   

Figure 3.9: Non-dimensional air velocity profile for air-mercury wavy flow, in horizontal
rectangular channel. Akai et al. (1980).
The air flow field above thin films has been measured with different methods, shortly,
hot wire probes, pitot tubes and laser doppler anemometry (LDA) in circular pipes ( Paras
et al. (1998)) and rectangular channels (Akai et al. (1977), Akai et al. (1980), Wittig
et al. (1992), Gerendas and Wittig (2001)). The measurements showed that the air flow
is generally turbulent and the velocity profile depicts the same characteristics for both
configurations. A displacement of the plane of maximum velocity has been noticed destroying the symmetry of the profile inside the duct. There is still controversy if the plane
is shifted upwards or downwards the centerline since experimental results have shown
both trends. Figure 3.9 illustrates the dimensionless air velocity profile measured in two
locations, close to the wall of the horizontal channel and the interface, for different air
Reynolds numbers in an air-mercury wavy flow from Akai et al. (1980). The points following the universal log-law profile for a single flow correspond to the measurements
close to the channel wall while the points deviating the universal profile belong to the
region close to the interface. It is obvious that the air flow far from the interface remains
unaffected of the liquid flow. However, close to the interface, the profile is affected by
the presence of the waves which cause the velocity profile to be shifted almost parallel
away from the universal profile due to the increase of the interfacial shear stress. Energy
is transmitted from the air flow towards the thin film and the vertical component of the air
velocity increases pointing towards the top of the channel.
Concerning the thin liquid layer, the velocity measurements are more elaborate and
difficult to realize them. For shear-driven films in channels and pipes, Plimon (1991),
Paras and Karabelas (1992), Glahn and Wittig (1996) used the laser doppler anemometry
(LDA) while Sutharshan et al. (1995) a photochromic dye activation technique to obtain
velocity measurements inside the film. The particle image velocimetry (PIV) has been
29
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Figure 3.10: Non-dimensional liquid velocity profile for air-water wavy flow, in horizontal pipe (i.d. 50.8 mm). Paras and Karabelas (1992).

used as well but either for thicker liquid flows in literature or for gravity driven films
which is out of the scope of this review. It has been mentioned above that the size of the
film is important for the flow inside the film. For very thin liquid layers (less than 0.1 mm),
the flow seems to be laminar for a great range of air velocities (up to 120 m/s), Wittig et al.
(1992). For thicker films (more than 0.1 mm but less than 5 mm) and high air velocities,
the flow is usually turbulent. Figure 3.10 presents the dimensionless velocity profile inside
the thin water film of 3-7 mm thickness in a circular pipe on the wavy regime from the
measurements of Paras and Karabelas (1992). Although the flow is turbulent, however, the
velocity profile do not follow the universal profile for single phase flow. The interactions
on the interface influence almost all the layer of the film. The turbulent intensity in their
experiments exhibit values greater than the intensity of the turbulent single phase flow.
Energy is transfered from the faster moving air to the liquid, through the interface, which
possibly leads to the formation of coherent structures inside the film characterized by
significant normal and reduced longitudinal velocity components according to Paras and
Karabelas (1992). Similar behavior has been observed for thicker horizontal films on the
stratified/wavy regime inside channels from different researchers. Finally, only very close
to the wall (y+ ≤ 10), the velocity seems to align with the log-law profile.

3.2.4

Interfacial stresses

The majority of the experimental studies related to the determination of the interfacial
stresses have been conducted mainly in vertical annular flows. Hewitt and Hall-Taylor
(1970) provides an overview of the efforts of the researchers to measure and model the
interfacial stresses up to that time. Here, the references of interfacial models which developed based on horizontal flows are presented.
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The general expression of the interfacial stress is the following:
1
τi = fi ρg u2g
(3.2)
2
where τi is the interfacial shear stress, fi the shear friction factor and ug the velocity of
the gas phase assuming that the velocity of the liquid phase is negligible comparing to the
gas. In circular pipe and rectangular channels, the interfacial stress is calculated experimentally by measurements of either the wall shear stress or the pressure along the pipe
or the channel. Based on the experimental results, models of the interfacial stresses are
built. Two different groups of models have been distinguished in literature and discussed
briefly below together with some other models.
The first group is consisted of the empirical models (Henstock and Hanratty (1976),
Andritsos and Hanratty (1987), Vlachos et al. (1997)) tuned to fit the experimental data.
The majority of those models have been extracted for circular pipes. Their characteristic is
the fact that the models have been developed based on the behavior of the film in a specific
flow regime observed inside the pipe and they are applicable only for that regime. The
second group of models is the semi-empirical models which rely on the equivalent sand
roughness caused by the presence of the waves on the liquid interface and are based on
the successful correlation of the equivalent roughness with the characteristics of the flow.
Three types of models are distinguished in this family. First, the single zone models have
been developed on the relationship between the interfacial roughness and the mean film
thickness (Hewitt and Hall-Taylor (1970)), mainly for circular pipes, taking into account
the diameter of the pipe. Second, the more complicated two-zone models (Hurlburt et al.
(2006), Schubring et al. (2010b)) consider the total interfacial stress as the weighted sum
of the interfacial stress coming from the base film and the waves respectively. Finally,
the third type concerns only the characteristics of the wavy interface (Cohen and Hanratty
(1968), Vlachos et al. (1997)).
On that third category, the model of Vlachos et al. (1997) is distinguished due to
its simplicity and its independence on the geometrical characteristics of the pipe. After
experiments on the wavy regime inside horizontal pipes, the interfacial stress is calculated according to the well-known resistance formula for the completely rough regime
(Schlichting and Gersten (2000)) in pipes and the equivalent interfacial roughness is given
from the following correlation:
!
dh 0.17
ks
= 2.85
I
(3.3)
D
D
where k s is the interfacial roughness, D the pipe diameter without influencing the calculation of the roughness, dh the wave amplitude as defined in Figure 3.7(a) and the wave
intermittency I. Figure 3.11 presents the correlation of the interfacial roughness with
the characteristics of the waves. From their experiments, they observed that the ratio of
amplitude to film thickness dh/ho is roughly 1.05 and taking into account intermediate
values for the wave intermittence I = 0.2, they rewrite equation 3.3 in a simpler form as
a function only of the film thickness k s ≈ 2.3ho which agrees also with the correlation
proposed by Hart et al. (1989).
Hanratty and his co-workers (Zilker et al. (1977), Thorsness et al. (1978), Abrams and
Hanratty (1985)) studied the air flow over sinusoidally shaped solid surfaces and investigated the variations of the shear stress on them. The turbulent shear stress resulted from
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Figure 3.11: Apparent interface roughness for air-water wavy flow, in horizontal pipe (i.d.
24 mm, 50.8 mm). Vlachos et al. (1997).

their study can be applied directly for the case of the wavy, two phase flows characterized
by wavelengths and amplitudes on the same order of the wavelengths and amplitudes of
the sinusoidal surface. Comparisons with experiments showed good agreement. Finally,
another interesting model has been developed by Kang and Kim (1992), Kang and Kim
(1993). On their model, the resulted interfacial stress is the sum of the shear stress due
to the increased interfacial area of the liquid and the shear stress due to the turbulence
induced by the wave motion. The major difference of this model comparing to the other
models based on the equivalent rough wall surface is that it takes into account the fact that
the wavy interface is not motionless like a wall but it is moving interacting with the air
phase.

3.3 Onset of primary film atomization
The shear-driven liquid films discussed above may encounter in their flow path a sudden
geometrical change as presented in Figure 3.1. In that case, depending on the flow conditions, the liquid film can be detached and atomized in large relatively droplets at the edge
of the corner. The process is called primary film atomization or primary breakup. In this
study, it is of great interest the identification of the flow conditions for the onset of the
primary atomization, entitled further in the text as critical conditions. The open literature
has been reviewed exhaustively to collect the experimental and theoretical works related
to the prediction of the onset of the film atomization. Although phenomena of primary
atomization, as shown in Figure 3.1, have been observed very early, only recently the
researchers focused their efforts on the systematic study of the inception conditions. Below, experiments and models for the onset of the film breakup are presented for corner
geometries (0◦ ≤ θ < 180◦ ) and the limiting case of a horizontal surface (θ = 180◦ ).
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Corner geometry

To the author’s knowledge, six studies in total have been found in the open literature concerning the critical conditions for the atomization of a liquid film approaching a corner.
Five of them are related with experimental work and four propose a model for the prediction of the critical conditions. The experimental works carried out for the investigation
of the onset of the primary film breakup are presented first. The definition of the critical
conditions, the experimental facilities and methods used to detect them and the description of the phenomena taking place under such conditions are discussed. The state of the
art on the empirical and theoretical modeling of the inception phenomena is presented
afterwards.
3.3.1.1 Experimental studies

(a) Setup of Owen and Ryley (1985).

(b) Setup of Azzopardi and Sanaullah (2002).

Figure 3.12: Experimental configurations for the study of the liquid film atomization
around a corner.
All the experimental studies in the literature with regard to film atomization around
a corner geometry have been conducted in wind tunnels with rectangular cross section
area. A liquid film is formed on a wall surface and a strong air flow shears the film
interface leading it towards the edge of a corner. Slits and rows of holes have been used to
introduce the liquid phase inside the test section. In all the cases, the liquid film is formed
on the wall surface of the test section without covering all the width of the section. This
fact implies that the film is able to expand towards a spanwise direction since it is not
restricted by side walls. Furthermore, all the experimental facilities introduce the film on
a horizontal plane except the one of Azzopardi and Sanaullah (2002) in which the film is
introduced vertically downwards. The facilities used in the experiments are depicted in
Figures 3.12 - 3.13 and their characteristics are summarized in Table 3.1.
The selection of the properties of the working fluids and the characteristics of the corner geometries differ for every study. A summary of them is presented in Table 3.1. Owen
and Ryley (1985), Figure 3.12(a), used steam and water as working fluids and the edge
of a horizontal plate as a corner with radius equal to 1.5 mm. Azzopardi and Sanaullah
(2002) introduced tap water from the top of the channel vertically downwards in the horizontal air flow as shown in Figure 3.12(b). The water forced by the air to flow in a zig-zag
33
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(a) Setup of Maroteaux et al. (2002).

(b) Setup of Steinhaus et al. (2007).

(c) Setup of Friedrich et al. (2008).

Figure 3.13: Experimental configurations for the investigation of the liquid film atomization around a corner.
plate configuration. The angle of the zig-zag plates is not specified. Maroteaux et al.
(2002), Maroteaux et al. (2003), Figure 3.13(a) utilized air and dodecane flowing over
two different step configurations with angle θ = 45◦ . The difference of the two configurations is related to the orientation of the sides of the corner surfaces with the horizontal
plane. Steinhaus et al. (2007) combined air with aromatic mineral spirit (σ = 0.024 N/m)
as working fluids and a corner geometry of θ = 45◦ depicted in Figure 3.13(b). Finally,
Friedrich et al. (2008), Wang et al. (2005b), Wegener et al. (2009) used the following
working fluid combinations, air-water and 0.1% Surfynol (σ = 0.042 N/m), air-water
1% Surfynol (σ = 0.026 N/m), air-aqueous acetic acid (σ = 0.051 N/m, µ = 1 cP), airsolution of glycerol, acetic acid and water (σ = 0.051 N/m, µ = 1.42 cP) and air-mineral
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Reference

Fluids

Test section

Corner

Owen and Ryley
(1985)
Azzopardi
and Sanaullah
(2002)
Maroteaux et al.
(2002)
Steinhaus et al.
(2007)
Friedrich et al.
(2008)

steam-water

channel

air-water

channel

Round,
R = 1.5 mm
zig-zag
plates

air-dodecane

84 × 84 mm channel

Current study

air-aromatic mineral spirit
air-water and 0.1% Surfynol

Sharp,
θ = 45◦
15 × 30 mm channel Sharp,
θ = 45◦
20 × 100 mm channel Sharp,
θ = 60◦

air-water and 1% Surfynol
air-aqueous acetic acid
air-glycerol, acetic acid and
water
air-mineral oil
air-water
50 × 200 mm open Sharp,
channel
θ = 90◦
air-50% water and 50% antifreeze
air-70% water and 30% glycerol

Table 3.1: Summary of configurations and working fluids for the study of the critical
conditions of film atomization.
oil (σ = 0.027 N/m, µ = 1.42 cP). The combinations of working fluids flow over a corner
of θ = 60◦ as shown in Figure 3.13(c). Concerning the quality of the air flow developed
in the experimental facilities, Table 3.2 summarizes some characteristics of the air flow
inside the channels, specifically, the range of the air velocities used in the experiments,
the length before the air reaches the corner and the type of the flow developed inside the
channels. Although, only few information are available in literature, it is observed a great
diversity on the type of the flow formed before the liquid film introduction in which the
researchers choose to work. Some of them prefer to respect the geometry of their initial
application (Azzopardi and Sanaullah (2002)) and work on it while some others choose
a fully developed regime which may not be representative of their application (Friedrich
et al. (2008), Wittig et al. (1992)).
Two different methods have been used by the researchers to detect the critical conditions for the onset of the film breakup at the corner. In the first one, they measured the
liquid introduced in the test section and the liquid remained attached on the wall after the
corner geometry for a constant time interval. The difference between the two measurements gives the atomized mass from the bulk of the film generated at the corner. Critical
conditions are designated when there is no difference between the two mass measurements
before and after the corner. This method has been followed by Friedrich et al. (2008) and
35
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Steinhaus et al. (2007). The second method includes the observation of the liquid film
with a digital camera and the determination of the critical conditions from the inspection
of the videos. For that case, the critical conditions are defined when the first droplets
will be generated after the corner. Azzopardi and Sanaullah (2002) and Maroteaux et al.
(2002) have been utilized this method.
Reference

Entrance
length [m]

ua [m/s] I [%] Flow

Owen and Ryley (1985)

-

-

-

Azzopardi and Sanaullah (2002) -

2-8.4

-

Maroteaux et al. (2002)
Steinhaus et al. (2007)
Friedrich et al. (2008)

1.43

60, 80
70-120
20-45

-

Current study

0.1

10-20

2

No fully developed
flow
No fully developed
flow
Turbulent, fully developed flow
No fully developed
flow (Close to laminar)

Table 3.2: Summary of air flow conditions for film atomization.
The accuracy of the experimental methods applied to detect the critical conditions will
affect the correct detection of these conditions. Friedrich et al. (2008) has noticed that the
method of pulling the liquid after the corner out of the test section becomes inaccurate
and consequently not appropriate when the atomized mass after the corner is reduced
or in other words when the critical conditions are approached. This fact led them to
the conclusion that the experimental determination of the critical conditions appears as
an arbitrary process. Further discussion and comments on the accuracy of this method
are provided in the section 4.3.7. Concerning the second method for the detection of
the critical conditions based on the simple observation, the phenomena involved in the
film breakup are very fast, especially for high air velocities, which poses serious doubts
concerning the accuracy of the method for the correct detection of the critical conditions.
In literature, it is reported that simple or high speed recording has been performed
in the majority of the experimental studies for different flow conditions. Based on those
observations, analytical models have been proposed. However, there is no report and
detailed description of the mechanism taking place during the initiation of the droplet detachment from the bulk of the film based on those observations. Every researcher establishes their own model on a different physical ground, nonetheless, they all recognize the
presence of the corner as the main cause for primary film atomization. Another interesting point is the fact that even though all the experimental studies have been performed to
validate analytical models for the onset of the critical conditions, no experimental results
are presented under these conditions. Specifically, apart from Owen and Ryley (1985) and
Azzopardi and Sanaullah (2002), which report some critical curves for the onset of the
atomization, no one else attempted to determine experimentally the critical conditions.
This can be explained by the fact that the methods used for the detection were not re36
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Reference

Film entrance Film
Initial
film width length [mm]
thickness
[mm]
[mm]

Method for crit- Results unical condition der critical
detection
conditions

Owen
and Ryley
(1985)
Azzopardi
and
Sanaullah
(2002)
Maroteaux
et al. (2002)
Steinhaus
et al. (2007)

-

-

≈ 0.100

-

hf , uf

-

-

≈ 0.500

Visual

h f , ua , V̇ f

1.2

-

≈ 0.020

Visual

-

20

-

≈ 0.040

-

Friedrich
et al. (2008)

75

230

≈ 0.250

Current
study

100, 45

50

≈ 1.5

Collection of
film attached to
the corner wall
Collection of
film attached to
the corner wall
Collection of
atomized mass

-

Complete
study

Table 3.3: Summary of initial film dimensions and results under critical conditions.
liable enough to give accurate results and as Friedrich et al. (2008) stated such kind of
curves would be quite arbitrary. The latter performed only mass measurements for different conditions far from the critical ones. Consequently, there are no experimental results
concerning the behavior of the characteristics of the average liquid film or the behavior of the waves under critical conditions, though their importance on film atomization.
The majority of the studies are limited to present sporadic experimental results for the
characteristics of the mean film far from the critical conditions (Maroteaux et al. (2002),
Azzopardi and Sanaullah (2002),Steinhaus et al. (2007), Friedrich et al. (2008)). Finally,
it should be added the lack of experimental data concerning the detailed description of
the liquid films formed on the wall surfaces which would help to understand better the
parameters involved during the onset of the film breakup. Table 3.3 summarizes the references found in literature with the corresponding characteristics of the films developed
in their experiments and the results obtained on the film atomization under critical conditions. The diversity on the selection of corner configurations, working fluids and the lack
of measurements under critical conditions reveals two things: the necessity for further,
more detailed experimental work and the difficulty to compare the current experimental
data of the existing studies.
3.3.1.2 Models
Four models have been found in the open literature for the prediction of the onset of liquid
film atomization in a corner geometry. The models are summarized and discussed below.
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3.3.1.2.1 Owen and Ryley (1985) The model is based on the principle that a net
radial force positive or negative will be developed on the liquid film turning around a
corner depending on the flow conditions. The negative net force corresponds to tensile
stresses and the film will be detached from the wall while the positive net force represents
the compressive stresses and the film will remain attached on the wall. Three main forces
are taken into account, the inertia of the film which is a destabilizing force, the surface
tension which is always stabilizing force and the gravity which can have both functions
depending on the corner geometry.

(a) Liquid film model.

(b) Critical conditions for a corner of radius
R = 1.5 mm.

Figure 3.14: Liquid film model and critical conditions for the onset of film atomization
around a corner, Owen and Ryley (1985).
The model has been established on a radial force balance of an infinitesimal liquid element turning around the corner as shown in Figure 3.14(a). The film velocity profile has
been assumed to be linear. The Newton’s second law has been applied on the element and
the net radial force is calculated after integrating the momentum equation along the film
thickness. The viscous forces have been neglected. No boundary conditions are specified
for the interface and the action of the surface tension is added after the integration of the
momentum equation. The interface is considered also smooth and the effect of the waves
on the film atomization has been also neglected from the analysis.
The net radial force is given by the formula:
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(3.4)

where U is the mean film velocity, R1 , R2 the radius of the corner wall and the radius of
the interface respectively, shown in Figure 3.14(a), r is the distance from the wall, ρ the
liquid density and σLG the surface tension of the liquid. The three terms on the right hand
side represent the effect of the film inertia, the gravity and the surface tension. Critical
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conditions are considered when the net radial force becomes zero (F = 0), which is the
limit before the film will start to be detached from the wall. Moreover, they assume that
the film detachment will start on the wall surface (r = R1 ). Taking these into account, the
critical conditions are expressed by the following equation.
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A significant number of experiments has been conducted, as discussed in the previous section, to validate their model. They measured the mean thickness of the film with
conductance probes under critical conditions. Neither the definition of the critical conditions is reported nor the method for the measurement of the mean film velocity, which
is presented in Figure 3.14(b). The validation graph of the model is shown in Figure
3.14(b), see only the curve of the shear-driven film. The solid line corresponds to the
model, equation 3.5, while the cross symbols to the experimental data. According to their
model, when the critical mean film thickness is increased the critical mean film velocity
is decreased. They performed measurements for different sizes of films, however, as they
report, only very thin films seem to follow the proposing model. Wang et al. (2005a),
Wegener et al. (2008) and Friedrich et al. (2008) reviewed extensively Owen and Ryley
(1985)’s model and compared it with their own model which is presented below. According to their review, they notice that the film has been modeled with a smooth interface
when it turns around the corner which results in significant changes of the effect of the
gravity and surface tension terms on the momentum equation. They believe that their representation, shown below, obtains better results since experimental data of liquids with
different surface tensions collapse in a single curve.
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Figure 3.15: Critical conditions for the onset of film atomization and detachment for
air-water systems. Application to wave-plate mist eliminators, Azzopardi and Sanaullah
(2002).
An extension of Owen and Ryley (1985)’s model has been presented by Azzopardi
and Sanaullah (2002) in their investigation on wave-plate mist eliminators. Based on the
equation 3.5, they neglect the gravitational term and they express the mean film velocity
as a function of the gas velocity. Assuming that the distribution of the velocity inside the
39
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film is linear, the equation that relates the mean film velocity to the gas velocity is the
following:
2
τi δ c f ρg ug δ
=
(3.6)
U=
2ηl
4ηl
Then substituting into equation 3.5 yields for the critical conditions:
ug =

s

3σR1 νl
c f ρg δ2 (R1 + δ)

(3.7)

where δ = R2 − R1 is the film thickness, c f the interfacial stress, ρg the density of the
gas, νl kinematic viscosity and σ the surface tension of the liquid. Figure 3.15 presents
the comparison of the model of equation 3.7 with experimental data. The vertical axis
of the graph is the Weber number based on the spacing s between the wave-plates of the
mist eliminator (We = ρg u2g s/σ). For the prediction of the critical Weber number, it is
not specified neither the correlation used to calculate the required value of the interfacial
stress nor the corner radius. Although very few measurements of the mean film thickness
have been conducted with the light absorption technique under critical conditions, the
experimental results seem to correspond well with the predictions of the model. However,
a serious weakness of the current model is the fact that the dimensions on the two sides
of the equation 3.7 do not to agree between them. There are errors in the calculations for
the derivation of their model in the original paper.
3.3.1.2.2 O’Rourke and Amsden (1996) The model has been based on the pressure
difference between the upper (interface) and lower (wall) sides of the liquid film at the
corner region. It is assumed that as the liquid film turns around the corner a low pressure
region is developed at the wall side of the film resulting in keeping the film attached to
the wall due to the positive pressure difference between the gas and wall side of the film
at that point. As the inertia of the film increases, this difference can drop to zero and then
no force remains to maintain the film on the wall with result the detachment.

Figure 3.16: Geometry and film flow near a corner, O’Rourke and Amsden (1996).
The model has been established on a mass and momentum balance and it is expressed
in terms of film pressure. According to the model if the film pressure is greater than
the gas pressure then the liquid film will separate. The model is given by the following
40
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(3.8)

where c s a constant taking a value of 3, ~ul the vector of the mean film velocity, ~vw the
vector of the wall velocity, in case the wall is moving, ~t1 tangent directional vector shown
in Figure 3.8 and ρl the liquid density. According to the authors the model takes into account the effect of the interfacial stress and the film thickness implicitly by the term of the
mean film velocity appeared in the equation 3.8. Unfortunately, the model of O’Rourke
and Amsden (1996) depicts serious flaws. As they report, it is considered that the role of
the surface tension on the onset of the liquid film detachment is negligible. Furthermore,
they do not provide any experimental evidence for the validity of the model, which has
been mentioned by all the researchers worked on the development of separation models.
Finally, Steinhaus et al. (2007) compared their experimental data with predictions from
equation 3.8 and they found inconsistencies and discrepancies on the prediction of the
onset of film atomization.
3.3.1.2.3 Maroteaux et al. (2002) A liquid film is flowing over a wall surface and
at some part of the wall, it has to negotiate a corner. The inertia of the film flowing
around the corner results in a normal acceleration towards the gas phase at the point of
the corner as shown in Figure 3.17. When between two fluids of different density, the
heavy fluid accelerates towards the light one, then Rayleigh-Taylor (RT) instabilities are
formed. This idea comprises the basis of the model of Maroteaux et al. (2002) that RT
instabilities can be developed due to the passage of the film from the corner and can lead
to film detachment and atomization.

Figure 3.17: Film model around a corner and RT instabilities, Maroteaux et al. (2002).
The model has been developed based on the work of Jain and Ruckenstein (1976) concerning the linear stability analysis on stagnant viscous films. According to the model,
critical conditions occur when the geometrical angle αedge of the corner equals the magnitude αcrit , called critical angle.
αedge = αcrit
(3.9)
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When αedge < αcrit the film flows around the corner without any atomization and when
αedge > αcrit film separation is established. The calculation of the critical angle is presented here:
!
Uf
δ
αcrit =
(3.10)
log
ωmax h f
δo crit
where U f is the film velocity at the edge location, h f the film thickness at the edge location, δδo the ratio of the amplitude of the final to the initial perturbation of the film
interface due to RT instabilities. The amplitude ratio
  when exceeds a critical value, the
is set equal to 20 as the best fit
film stripping from the edges occurs. This value δδo
crit
for their experimental data. The magnitude ωmax is the maximum growth rate of the RT
instabilities. Their value is calculated by the dispersion relation developed based on the
work of Jain and Ruckenstein (1976) concerning the linear stability analysis of stagnant
films:



 σ − ∆ρa/k2  " (khm ) sinh (khm ) cosh (khm ) − k2 h2 #
m

(3.11)
ω = − 
2
2
2
2µl hm
cosh (khm ) + k hm

where ∆ρ = ρl − ρg is the difference of density between the liquid and the gas phase,
µl the liquid viscosity, σ the surface tension of the liquid, hm the mean film thickness
and a the normal acceleration applied to the film turning around the corner. The normal
acceleration is given by the following equation:
a=

U 2f
Rb

(3.12)

where Rb is the radius of the corner. In the case of a sharp corner the relation between the
geometrical angle and the corner radius is obtained by the formula:
!
π
Rb = h f
+1
(3.13)
αedge
The presentation of the model above shows that Maroteaux et al. (2002) correct identified the presence of the corner as the main reason why the film is detached from the wall
surface. Furthermore, in their study, they performed a linear stability analysis and they illustrated that the Kelvin-Helmholtz instabilities developed on the film interface due to the
co-flow of the gas with the liquid phase are unlikely to lead to film separation. However,
they assumed and interpreted the waves observed at the corner edge as the result of RT
instabilities establishing their analysis to the dispersion relation of Jain and Ruckenstein
(1976). They performed a limited number of experiments to support their work while
the detection of the critical conditions has been based in simple observation. Gubaidullin
(2007) reviewed the work of Maroteaux et al. (2002) publishing a discussion article in the
literature. In his review, he doubts the applicability of the dispersion relation 3.11 for the
case of the films used in the investigation of Maroteaux et al. (2002). He highlights that
Jain and Ruckenstein (1976) studied the rupture mechanism for stagnant ultrathin (less
than nanometer) films on a solid surface. In the case of Jain and Ruckenstein (1976), the
instability arises due to molecular interaction forces between the film and the surrounding
fluid or gas. Films thicker than few nanometers are always stable according to the study
of Jain and Ruckenstein (1976). Gubaidullin (2007), utilizing experimental data from the
42

3.3 Onset of primary film atomization

43

work of Maroteaux et al. (2002), showed different inconsistencies of the model. The latter seems to predict unrealistic values for the wavenumber k, the acceleration a and the
critical conditions. On top of the above comments, it should be added the experimental
results of Steinhaus et al. (2007) which show discrepancies with the model since the latter
does not predict atomization for flow conditions in which their experiments show that it
happens.
3.3.1.2.4 Friedrich et al. (2008) The model is based on the total net force acted on
the normal direction in a stream of liquid detached at the point where it has to turn around
the corner. The principle is the same like the consideration of Owen and Ryley (1985) for
a radial net force. However, there is a fundamental difference, while in Owen and Ryley
(1985) the waves on the interface have been directly neglected and the model is formulated
on the bulk of the film attached to the wall, this model is claimed to be developed on a
“ligament” detaching from the wall at the corner, Figure 3.18. The liquid with a wavy
interface is flowing over the wall surface and when it is approaching the corner depending
on the inertia, either it will flow around the corner without any detachment or the whole
film will separate from the wall surface. It is interesting to notice that the researchers
consider the angle (β) formed between the detached “ligament” and the horizontal, see
Figure 3.18, to be an inverse function of the film inertia. Increasing the film inertia the
angle of the “ligament” (β) is decreased and vice versa.

Figure 3.18: Film model around a corner, Friedrich et al. (2008).
The force model has been built on the force balance applied on the control volume
shown in Figure 3.18 after the sharp corner. The momentum equation is integrated in the
entire volume. Surface forces are considered the surface tension forces developed on the
top of the film as well as at the bottom of the film in the region of the small meniscus.
The interfacial forces acted by the air flow on the “ligament” have been neglected. The
viscous forces inside the liquid have not been taken into account. The body force acting
on the control volume is the weight of the “ligament” separating from the corner. The
geometric characteristics of the “ligament” are calculated by the empirical relation of
Arai and Hashimoto (1985) which correlates the length of the “ligament” Lb with the film
characteristics:
0.6
−0.5
Lb = 0.0388h0.5
(3.14)
f Re f Werel
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(3.15)

(3.16)
2σ
where Ug is the gas velocity, u f the mean film velocity at the edge of the corner and h f
the mean film thickness at the edge of the corner, ρ f the film density, µ f the film dynamic
viscosity and σ the surface tension of the liquid. The mean film velocity and the mean
film thickness at the corner are calculated by a numerical code based on the work of
Sattelmayer and Wittig (1986b) for pre-filming atomizers which takes into account the
wavy interface of the film and assumes a linear profile for the film velocity. Focusing
again back on Figure 3.18, the force balance on the p-direction results in the following
equation after the integration in the entire volume:
Werel =

ρ f u2f h f sin β = σ sin β + σ + ρ f gh f Lb cos β

(3.17)

According to the model the critical conditions occur when the angle of the “ligament”
(β) is equal to the angle formed by the corner and the horizontal (θ), β = θ. In case β < θ,
the whole liquid will be detached from the wall with the form of the “ligament” depicted
in Figure 3.18. Considering β = θ, a force ratio has been developed based on the equation
3.17 to assess what will be the result of the film flowing around the corner. The force ratio
expresses the ratio of the inertial film forces to the surface and gravitational forces. The
force ratio is given by the following formula:




ρ f u2f h f sin θ




(3.18)
FR = 



 σ sin θ + σ + ρ f gh f Lb cos θ 

When FR < 1 the inertia force is balanced by the surface tension and gravitational forces
and the film remains attached to the wall, while when FR > 1 the destabilizing inertia
forces dominates and the film is atomized. The critical conditions are predicted when
FR = 1. Predictions of the critical curves for the onset of the atomization from the force
model as a function of the corner angle are presented in Figure 3.19(b). The theoretical
curves seem to identify two limits, one for low gas velocities and the other for low liquid Reynolds numbers below which the film is not atomized at the corner for any flow
condition.
Experiments have been conducted by Friedrich et al. (2008) as described in the previous section to validate the force model. The experiments are based on mass measurements
in different flow conditions mainly far from the critical and comparison with the force ratio predicted by their model. Figure 3.19(a) depicts the comparison. Below 1 the liquid
film is supposed to remain attached on the wall while above 1 the film is atomized. The
force model seems to collapse the data for films with different surface tensions. However,
their experimental results revealed some differences with the force model as also reported
in their work. During the initiation of the phenomenon of the atomization at the corner
and for different flow conditions “partial separation” occurs with significant mass to remain attached on the wall. In other words, the model of the “ligament” which separates
almost completely the bulk of the film from the wall has not been totally validated. Scrutinizing carefully the Figure 3.19(a), it will be observed that when the force ratio is equal
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(a) Experimental validation of the force model.

(b) Critical conditions for corners of different angle.

Figure 3.19: Validation and critical condition predictions of the force model, Friedrich
et al. (2008).
to 1 (critical codnitions) the experiments show that the mass separating from the film
varies from zero to 18% of the total film mass for all the liquids, which indicates that the
uncertainty of the model in predicting the critical conditions is rather high. Finally, they
performed new measurements for liquids of different viscosity to support further their
model, Wegener et al. (2009) and they found that the force model do not collapse all the
new data in a single curve.

3.3.2

Limiting case of parallel flow

When the angle of the corner in Figure 3.1 becomes θ◦ = 180◦ , then the case of the
horizontal, parallel flow of the gas and the liquid phase arises. Similar to the corner geometry, there is a flow limit above which atomization of the liquid is initiated. Although
the mechanism for droplet removal in the case of the parallel flow is different from the
one in a corner geometry, however, it is important to review some aspects of that work
for mainly two reasons. First, the critical conditions for the onset of film atomization
in parallel flows have been investigated more extensively in literature, thus, comprising
a source for different methods, mechanisms and modeling considerations for droplet removal from films. Second, the parallel flow comprises the limiting case of the film flow
around a corner. Any experimental result or theoretical prediction for the onset of film
atomization in a corner geometry should not exceed the limits imposed by the inception
criteria of the parallel flow.
Most of the studies have been conducted for the co-flow of air and water in vertical
annular flows while less in horizontal annular and channel flows. Different methods have
been applied to detect the critical conditions in parallel flows. The experimental results
obtained show the dependency on the sensitivity of the method used for the detection.
Different methods are summarized in the reviews of Hewitt and Hall-Taylor (1970), Ishii
and Grolmes (1975), Ginoux (1978) and presented here:
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Figure 3.20: Determination of point of onset entrainment, (Data of Wallis, 1962 published
in Hewitt and Hall-Taylor (1970)).
• visual methods.
• pressure measurements.
• sampling probes.
• liquid film removal.
In all the cases, the liquid flow rate is fixed at a constant value and the gas velocity is
reduced gradually. In visual methods, the critical conditions are detected by simple observation of the generation of the first droplets from the film. Measuring the pressure in
a parallel flow, the sudden increase of the pressure drop is related to the onset of the film
atomization. For the third and fourth method a small part or the whole film is collected
respectively. The critical conditions are identified from the amount of mass accumulated
inside the sampling probes or the removal collectors. Experimental data of Wallis published in Hewitt and Hall-Taylor (1970) concerning the percentage of the entrainment in
vertical annular flows show that the atomized mass, in general, is a linear function of
the air velocity, see Figure 3.20. However, when the critical conditions are approached
then the linearity disappears and it is observed that large variations of the air flow result
in small changes of the percentage of the mass that is atomized from the film. In other
words, close to the critical conditions, the response of the atomized mass to variations of
the flow conditions is reduced.
The physical mechanisms for droplet removal from the bulk of the film have been
observed carefully and described in detail in literature. Hewitt and Hall-Taylor (1970),
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(a) Rolling breakup.
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(b) Undercutting breakup.

Figure 3.21: Mechanisms of wave entrainment for film atomization, Hewitt and HallTaylor (1970).
Nigmatulin (1991) and Ginoux (1978) identified the following physical processes for film
atomization:
• breakdown of disturbance wave by “rolling”.
• breakdown of disturbance wave by “undercutting”.
• bubble entrainment
The first two mechanisms correspond to film atomization due to wave entrainment. For
constant liquid flow rate and low relatively gas velocities, a disturbance wave is sheared
from the wave crest by the turbulent air flow resulting in the “rolling” of the waves, 3.21(a)
and droplet ejection. The second mechanism occurs for higher air velocities. The air flow
undercuts the liquid film waves from the base as shown in Figure 3.21(b) and droplets
are generated. The onset of the film atomization in parallel flows is related to the onset
of the disturbance or roll waves in the flow. The presence of the disturbance waves are
necessary for droplet removal, however, it is not a sufficient condition for that. Concerning
the bubble entrainment, bubbles have been observed inside the films which burst at the
interface resulting in splashing and droplet generation or droplets ejected from the waves
hitting the film surface creating bubbles and further new droplets in a similar way like
previously.
Different researchers worked on the modeling of the inception conditions for film
atomization in parallel flows. The majority of the studies are related to experimental work
and empirical correlations in vertical flows reviewed in Hewitt and Hall-Taylor (1970),
Nigmatulin (1991) and Azzopardi (1997). Below, experiments conducted in horizontal
flows are discussed briefly and the semi-empirical model of Ishii and Grolmes (1975)
is presented since it is a model developed on a physical ground taking into account the
atomization mechanisms mentioned above.
One of the first researchers carrying out experimental investigation for the detection of
the inception conditions for film atomization in horizontal channels is van Rossum (1959).
In a long channel (15 × 15 cm), introducing air and different liquid fluids (water, aqueous
solutions and oils), he identified with simple observation the conditions on which the
horizontal co-current flow becomes unstable and the first droplets are generated resulting
in wetting the top wall of the channel. He attempted to correlate the results proposing
the following parameters: the Weber number (We = ρg V 2 δ/σ, based on δ, the mean
film thickness and V the air velocity), the parameter S (S = Vηl /σ, where ηl the liquid
47
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dynamic viscosity) and the Reynolds number (Re f = 4q/νl , where q the liquid flow rate
per unit of tunnel width). Woodmansee and Hanratty (1969) performed experiments in a
(2.54 × 30.48 cm) horizontal channel with air and water to identify the critical conditions
for the onset of the film atomization. They utilized the same visual method to detect the
first droplets. They proposed that film atomization will start when the Weber number

2
of the roll waves (We p = ρg Ug − C h p /σ) where C is the wave velocity and h p the
height of the roll waves is greater than 5.5. In both experimental studies, it has been
remarked that the initiation of droplet removal coincides with the onset of the roll waves
on the film interface for high air velocities. However, for low air velocities, the onset
of the roll waves takes place before the onset of the film atomization. Furthermore, for
thick films, the onset of film breakup depends only on the air velocity (must be above a
certain limit) independently on the liquid flow rate, while for very thin films, it seems that
the onset of atomization happens when the liquid flow rate exceeds a limit independently
on the air velocity. Finally, Nigmatulin (1991), reviewing the experimental studies of
different researchers, considered that
process must depend on the
 the onset of the breakup

critical Weber number, We13∗ = f Lpl , Lpg , ρg /ρl , g, Re3 , which should be a function of
the Laplace numbers (Lpl , Lpg ) which take into account the viscous forces of the liquid
and the gas respectively, the density ratio (ρg /ρl ), the gravitational forces (g) and the film
Reynolds number (Re3 ) based on the mean film velocity and thickness.

Figure 3.22: Schematic of critical conditions for liquid film atomization in a parallel flow,
Ishii and Grolmes (1975).
Ishii and Grolmes (1975) developed a semi-empirical model based on the mechanisms
of the wave entrainment reported above. Scrutinizing the experimental results of different
studies for vertical and horizontal flows, they realized that there is a lot of discrepancy on
the identified critical conditions mainly due to the uncertainty introduced by the experimental methods applied to detect them. However, they remarked that the critical curves
for the onset of film atomization in parallel flows obtain a characteristic shape for all the
cases shown in Figure 3.22. The coordinates of the graph in Figure 3.22 are the film
Reynolds number (abscissa) which expresses the film flow rate and the gas velocity (ordi48
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nate). Three regions are distinguished in the graph depicting different air-liquid behavior
with regard to the onset of the film atomization. For high film Reynolds, there is a gas
velocity above which atomization initiates for any liquid flow rate. This region is called
rough turbulent regime. For intermediate film Reynolds numbers, decreasing the liquid
flow rate, the gas velocity is increased to maintain the critical conditions. The region is
called transition regime. Finally, for very low liquid flow rates, there is a Reynolds number limit above which the atomization starts for any gas velocity. The region is called
minimum Reynolds number regime. From visual observation, Ishii and Grolmes (1975)
identified that the “rolling” breakup mechanism dominates the rough turbulent and transition regime, while the “undercutting” breakup mechanism rules the last regime. Based on
this physical ground and applying a force balance on a wave crest they deloped the following model taking into account the breakup mechanisms. For weakly viscous liquids
(Nµ < 1/15), it yields:
















µ f h jg icr
σ
µ f h jg icr
σ

q
q

ρg
ρf
ρg
ρf

≥ Nµ0.8 ,

Re f > 1635
(3.19)

, 1635 > Re f > 160
≥ 11.78Nµ0.8 Re−1/3
f

 D E

p
is the critical gas volumetric flux, Re f =
where Nµ = µ f / ρ f σ σ/g∆ρ , jg
cr
4ρ f u f δ/µ f the film Reynolds number based on the mean film velocity and thickness,
ρ f , ρg the film and gas density, µ f the film viscosity and σ the surface tension. The case
of Re f > 1635 corresponds to the rough turbulent regime while when 160 < Re f < 1635
the transition regime is represented.

3.4 Wetting phenomena
So far, only the interaction of the air phase with the liquid film has been considered. However, the liquid film is flowing over a dry solid surface and the choice of both the liquid
and the solid wall can affect the behavior of the liquid film under the same flow conditions. Therefore, the study of the liquid films requires besides the air-liquid interactions,
the knowledge of the effects of the solid-liquid and solid-air interactions on the film flow.
The wetting of a surface refers to the manner a liquid is deposited and spreads over a solid
surface. Fundamental aspects of the wetting are presented below limiting this review to
basic definitions since the deep investigation of wetting phenomena are out of the scope of
this project. Information for the theory on wetting phenomena have been collected from
the textbooks of Crowe (2006) and de Gennes et al. (2004).

3.4.1

Contact angle and capillary length

When a droplet is placed on a dry, smooth, homogeneous, solid surface in thermodynamic
equilibrium, then it can obtain different shapes depending on the volume, the density and
the surface wettabillity properties. The last ones are represented by the contact angle (or
static contact angle, θe ) of the droplet. The contact angle is defined by the balance of
the capillary forces acting on the line of contact of three phases (the air, the liquid and
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the solid phase) which is called triple line, Figure 3.23. The relation among the capillary
forces is known as the law of Young-Doupré:
cos θe =

σ sa − σ sl
σ

(3.20)

where σ sa is the surface tension of the solid with the air, σ sl the surface tension of the
solid with the liquid and σ is the surface tension of the liquid with the air.
















Figure 3.23: Contact angle and force equilibrium in droplets of different size placed on
an ideal surface.
Imagine droplets of increasing size are deposited on a smooth, homogeneous solid
surface. With the condition that the contact angle is defined for the drop, there is a particular length κ−1 , beyond which gravitational forces become more important than capillary
forces. The capillary length is given by the following equation:
p
(3.21)
κ−1 = σ/ρg

where ρ is the liquid density. If the radius of the drop is greater than the capillary length
then the droplet is considered as a heavy droplet. The top of a heavy droplet is flattened
and the droplet at equilibrium it obtains the characteristic shape of a pancake (de Gennes
et al. (2004)), as shown in Figure 3.23. Then the balance of forces on a portion of the
droplet becomes:
Ph + σ sa − (σ sl + σ) = 0
(3.22)

where Ph is the hydrostatic pressure depending on the thickness of the liquid.

3.4.2

Wettability

Two wetting regimes have been observed when a droplet is deposited on a solid substrate,
the total and the partial wetting regime, Figure 3.24. In the first the liquid has a strong
affinity for the solid and spreads on the surface, while the second is the opposite case. The
parameter that distinguishes the two wetting regimes is called spreading parameter S and
is expressed as the difference between the surface energy of the substrate when it is dry
and wet:
S = σ sa − (σ sl + σ)
(3.23)
or in terms of static contact angle taking into account the law of Young-Doupré, equation
3.20:
S = σ (cos θe − 1)
(3.24)

When S > 0 then the total wetting occurs and the liquid spreads completely on the solid
substrate. In that case the contact angle of the liquid is not defined. When S < 0 the
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regime belongs to the partial one where the liquid does not spread on the surface and at
equilibrium it tends to form droplets of different size with a well defined contact angle.
The special case of S = 0 corresponds to the condition of wetting transition.













Figure 3.24: Total and partial wetting regime. Hydrophilic and hydrophobic surfaces.
At the partial wetting regime, the contact angle of the liquid (θe ) can vary between 0
and π. When θe ≤ π/2, then the liquid is said to be mostly wetting and the solid substrate is characterized as hydrophilic, while, when θe ≥ π/2, the liquid is characterized
as mostly non-wetting and the substrate hydrophobic, Figure 3.24. Another interesting
characteristic of the partial wetting regime is the dewetting phenomenon. Dewetting is a
special case of liquid film rapture and it is defined as the spontaneous withdrawal of a liquid film from a solid surface. When a liquid film is placed on a solid substrate nucleation
of dry regions can take place with subsequent growing of these areas turning the initial
wet substrate into dry. The dewetting phenomenon is pronounced with hydrophobic surfaces. This phenomenon happens because the thickness of the liquid film is less than a
critical thickness hc given by the following equation:
θ 
e
hc = 2κ−1 sin
(3.25)
2
The equation 3.25 shows the critical thickness below which the gravitational forces loose
their importance and the capillary forces dominate the spreading of the film. Thus, a film
with a thickness above the critical (gravity is important) will be always stable, while if
it is less than the critical, it will be unstable and it will break in several smaller parts
with thickness equal to the critical one in an effort to reduce its energy. A third state
exists between the stable and unstable states, which is called metastable. Imagine a film
deposited on a solid substrate with a thickness above the critical. If somehow we act on
the film causing the gradual and slow reduction of its thickness, then the thickness can
reach a value lower than the critical one while the film maintains its uniform shape. This
state is called metastable and it is characterized by the fact that a slight disturbance would
lead immediately to the rapture of the film in several smaller parts.
The solid substrates are classified in two categories based on their chemical binding
energy, the surfaces of “high energy” on which nearly any liquid spreads on them and
the surfaces of “low energy” which are hardly wettable. The wettability of a substrate
expressed by the spread factor S , equation 3.24, does not depend solely by the properties
of the solid but also depends on the properties of the liquid placed on it. Zisman worked
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experimentally on how droplets wet different solid substrates. He proposed an empirical
rule which dictates in practice what will be the result of placing a liquid on a surface based
on the knowledge of the surface tension σ of the liquid and the critical surface energy σc
of the solid. According to the rule, when σ < σc then the total wetting occurs while if
σ > σc , the partial wetting regime dominates.

3.4.3

Hysteresis of triple line













 

Figure 3.25: Receding and advancing contact angle. Hysteresis of the dynamic contact
angle, Crowe (2006).
The definition of the contact angle described above (θe ) assumes that the liquid droplet
is placed on an ideal surface or in practice on a smooth, homogeneous solid surface in a
controlled environment without contamination. However, such conditions are very difficult to be obtained and the reality is slightly different. Specifically, often there is contamination from the surroundings and the solid surface can depict defects, chemical such as
stains or blemishes and physical like surface irregularities or roughness. In such a case
the contact angle that forms the interface of the droplet with the solid surface is not unique
but can take any value between two limits. The upper limit is called advancing angle θa
and the lower limit is called receding angle θr .
When the liquid is forced to move on the solid surface under the action of the gravity
or due to external shearing forces, the triple line of the droplet initially is not moving.
Only the static contact angle of the droplet is changing until it reaches the limit of the
advancing angle at the spreading side and the limit of the receding angle at the recoiling
side, Figure 3.25. Above these limits the triple line starts to move with velocity Uc . The
developing contact angle when the triple line is moving, is called dynamic contact angle
and depends among other factors on the velocity of the triple line. Figure 3.25 shows the
dependency of the dynamic contact angle on the triple line velocity. Hysteresis is called
the difference between the limiting angles θa and θr resulting in keeping the droplet still
on a surface depicting a delayed response on the external moving forces.
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3.5 Important non-dimensional numbers
Different non-dimensional numbers have been used in this study to characterize the working flow. The non-dimensional numbers are distinguished in two categories, the ones referring to the single phase (air) flow and the others corresponding to the two phase system.
To describe the air flow (one phase), the most important non-dimensional number is
the Reynolds number defined as:
ua ℓ
Reℓ =
(3.26)
ν
This number represents the inertia forces of the flow comparing to the viscous ones, where
ν is the kinematic air viscosity. The characteristic length ℓ is selected suitably to correspond to some important length scale of the flow. In the experiments of this study, which
will be presented in the next chapters, the characteristic length considered to be the length
of the horizontal flat plate (x) of the test section, the boundary layer thickness (δ), the displacement thickness (δ∗ ) and the momentum thickness (θ). The air velocity (ua ), usually,
has been chosen to be the maximum velocity measured inside the potential core of the air
flow developed inside the test section.
The shape factor of the velocity profile is given by:
δ∗
(3.27)
H=
θ
where δ∗ is the thickness of displacement of the boundary layer and θ the momentum
thickness. Values of the shape factor close to 2.6 signify a laminar velocity profile while
values close to 1.4 a fully turbulent one.
For the two phase system, the non dimensional numbers are classified further to the
ones characterizing the mean film flow or the external air flow and the others representing the characteristics of the interfacial waves. Concerning the film or air flow, the film
Reynolds number based on the slit is defined by:
Re f,slit =

V̇ f
w slit ν f

(3.28)

where V f is the liquid flow rate, w slit is the width of the slit of the test section and ν f the
liquid kinematic viscosity. It depicts the inertia forces of the film developed at the exit of
the slit in comparison to the viscous ones.
The film Reynolds number based on the properties of the mean film at the corner edge
is given by the following equation:
Re f =

uf hf
νf

(3.29)

where u f is the mean film velocity at the corner edge and h f the mean film thickness at
the same location. It expresses the inertia forces of the film developed at the corner edge
in comparison to the viscous ones.
The aerodynamic Weber number has been utilized in the experiments presented below.
It is given from the following formula:

2
ρa ua − u f ℓ
(3.30)
Weaerodynamic =
σf
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where σ f is the film surface tension and ρa the density of the air. The aerodynamic Weber
number shows the effect of the shear stress of the external air flow comparing to the
liquid film surface tension forces. The characteristic length scale (ℓ) can be the mean film
thickness (h f ) or the height of the test section inlet(H). Because the inertia of the liquid
film is very small comparing to the inertia of the air flow, the characteristic velocity of
the film is neglected from the equation 3.30. When the liquid film velocity is neglected
and the characteristic length is chosen as the height of the test section inlet (H), then the
aerodynamic Weber number is represented by the symbol WeH .
Five non dimensional numbers have been defined to characterize the interfacial waves
in the two phase systems. First, the wave Reynolds number given by:
Rew =

cw (RMS )
νf

(3.31)

where cw is the wave velocity and RMS the root mean square of the film thickness. The
wave Reynolds number shows the inertia force of the waves in comparison to the viscous
one.
Second, the wave Weber number defined as following:
Wew =

ρ f c2w (RMS )
σf

(3.32)

where σ f is the surface tension of the liquid. It depicts the inertia force of the waves in
comparison to the surface tension force. The first are considered destabilizing forces for
the film while the second as stabilizing ones.
Third, the wave Ohnesorge number is defined by:
Ohw =

√

µf
Wew
= p
Rew
ρ f σ f (RMS )

(3.33)

where µ f is the liquid dynamic viscosity. It is used to describe the effect of the viscous
force comparing to the inertia and capillary force acting on the waves of the film. It is
expressed as a function of the wave Reynolds and Weber number.
Fourth, the wave Froude number given by:
Frw =

s

c2w
g(Rc + h f )

(3.34)

It represents the inertia force developed during the rotation of the wave around a corner
with radius of curvature Rc in comparison to the gravitational force of the waves.
Finally, the dimensionless wavenumber:
ǫ=

(Rc + h f )
Lw

(3.35)

where Lw is the streamwise length of the wave. It is a magnitude representing the length
scale of the waves on the interface in comparison to the thickness of mean film flow.
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3.6 Conclusions
It has been already introduced here but it will be proved further in chapter 5 that the
Overspray phenomenon is related to the motion of liquid films sheared by an external
air flow field and their atomization in sharp corners. The literature has been collected
taking into account the model of Figure 3.1 and it is consisted of three main topics, the
shear-driven films, the onset of the primary film atomization and the wetting phenomena.
Thin films are encountered in many various industrial applications. An effort has been
made to collect information for horizontal, shear-driven liquid films for different flow conditions from studies of different domains, relevant to the films developed in this project
to reveal their characteristics. The literature review on shear-driven films illustrated the
following aspects for the behavior of the films. Concerning the mean film, increasing
the external air velocity the mean film thickness is reduced and the mean film velocity is
increased, while increasing the liquid flow rate both the mean film velocity and thickness
seem to grow. In the case of a film free to expand in a spanwise direction, the width of
the film increases with the rise of the external air velocity and the liquid flow rate. With
regard to the wave characteristics, the mean RMS of the film thickness or the mean amplitude of the waves seems to follow the trend of the mean film thickness. It is reduced
with increase of the external air velocity and is increased with the liquid flow rate. The
wave velocity depends on both the external air flow field and the liquid flow rate. Raising
both of them, the wave velocity increases. The frequency of the waves seems to be a
function of the external air velocity while there is a weak dependency on the flow rate
of the film. Increasing the air velocity more waves travel on the film interface. Except
from the behavior of the characteristics of the films, the literature review gave information concerning the type of the flow on thin films. For horizontal films on the order of
millimeter (h f = 1 mm) and for relatively high external air velocities (ua > 10 m/s), the
flow seems to be turbulent in both the air and the liquid phase with profiles different from
the corresponding one of the single flow because of the wavy interface. Depending on
the wave pattern, the interfacial stresses developed are different affecting the distribution
of energy in both phases. All the information on films sheared by an external air flow
collected from the literature will be useful for comparison with the films developed in this
study.
The detection of the flow conditions on which the film atomization initiates from a
corner geometry is the main interest of this study. These conditions are called critical conditions. The investigation in the literature focused in one part on the experimental studies
conducted for the critical conditions and in the other part on their modeling. While the
number of the experimental studies in corner geometries is very limited, the development
of theoretical models has concentrated more the interest of the researchers. The literature
review revealed five experimental studies, which depict inadequate experimental investigation on the behavior of the shear-driven films under critical conditions. In addition,
they illustrate the difficulties to detect the critical conditions and the sensitivity of the
latter on the method applied to detect them. This fact led some researchers to the conclusion that the experimental detection of critical conditions is quite arbitrary process. In
contrary to this statement, here, it is believed that the correct selection of experimental
method permits the study of the liquid films under critical conditions. The fact of the
lack of experimental results under critical conditions implies that the theoretical models
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for the onset of the film atomization developed further are based either on very poor experimental evidence or no experimental data at all. The theoretical models together with
their reviews have been presented and discussed in detail. Understanding the fact that the
information primarily missing is the experimental evidence necessary for any theoretical
development, this study is focused initially on the experimental investigation of the films
under the critical conditions and later on the modeling of the phenomena. The critical
conditions for the limiting case of a corner geometry (θ = 180◦ ), which represents the
flow on a horizontal surface, has been added and reviewed to all above because the literature is more rich on that topic and at the same time it comprises the upper limit for any
experimental or theoretical prediction.
Finally, basic concepts of the wetting and dewetting phenomena of a solid surface are
introduced from the theory. Except the air-liquid interactions, a shear-driven film flowing
on a solid substrate encounters the liquid-solid interactions. Some of the definitions given
in this chapter will be used subsequently to explain aspects of the film behavior observed
in the experiments, however, a deep literature review on wetting phenomena is out of the
scope of this study.
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4 Experimental facilities and methods
Little is known for the process of the ejection of droplets from the wiper blade surfaces
although it has been observed often in the domain of the wiper systems. To gain deep
understanding of the mechanisms involved in this process, experimental work is necessary
to be conducted. This choice is dictated by the fact that careful observations have to be
performed to describe the various processes of droplet generation from the blades and
numerous data have to be collected to understand the behavior of the phenomena involved
in.
The study of the Overspray phenomenon has been carried out in the low speed wind
tunnel of large diameter L1-A of von Karman Institute using an in-house developed car
model of scale 1:1 and is presented in the section 4.1. The detailed study of the liquid
film detachment and atomization has been performed in a small, low speed wind tunnel
incorporating a sharp corner developed in the university of Valenciennes and is described
in the section 4.2. Several experimental methods have been applied in this investigation
and are mentioned in the section 4.3.

4.1 Experimental facility for Overspray study

Figure 4.1: Experimental facility for Overspray study.
The facility for the experimental observation of Overspray is shown in Figure 4.1 and
is consisted of two different parts, the low speed wind tunnel of large diameter L1-A of
von Karman Institute and a special designed car model of scale 1:1 of a real car. Further
details are provided below for both parts.
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Low speed wind tunnel [L1-A]

L1-A wind tunnel is a low speed, closed loop wind tunnel with an open test section. The
motor of power of 580 kW drives a pair of contra rotating fans of 4.2 m diameter and
generates the air flow inside the loop. The speed of the air at the center of the test section
can change continuously from 2 to 60 m/s. A typical turbulence level of the air flow at the
exit of the contraction is 0.3%.







 

       
     


   
    

  


 

 




Figure 4.2: Low speed wind tunnel of large diameter in von Karman Institute [L1-A].
The air flow generated by the fans is driven through a settling chamber towards the
contraction with a ratio of 4 before enter the test section. A jet flow is formed in the test
section which is open to the environment. The circular free jet diameter of the test section
is 3 m and the length between the contraction and the collector is 4.5 m. The wind tunnel
is equipped with Pitot tubes and thermocouples in order to record in real-time the velocity
and the temperature of the test section.

4.1.2

Car model

A car model has been carefully designed and manufactured for the purpose of the study.
The model is the assembly of two different systems, namely, the main car body and the
wiping system which in their turn are consisted of different parts.
The car body of the model is of scale 1:1 of the front component of a real car and is
consisted of the hood and the windshield. The basic dimensions are shown in Figure 4.3.
The dimensions of the configuration were chosen in order to represent a car of the Sedan
category. The car model was positioned inside the test section of the L1-A wind tunnel
on a platform 1.75 m above the ground and in a way that the center of the windshield
coincides with the center of the free jet. All the open sides of the model were covered
with plastic pieces.
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(a) Side view.

(b) Front view.

(c) Isometric view.

Figure 4.3: Main body of the car model.

The objective of the car model design was to capture the most important features
of real cars and be able to reproduce the overspray phenomenon. The selection of the
specific configuration was made after collecting various geometrical data of real cars for
every category. Due to the variety of the values of the geometrical data even for the same
car category, a 2D numerical investigation succeeded the generation of the data base in
order to assess the importance of some of the dimensions in modifying the air flow at
the region of the windscreen and consequently the conditions for the Overspray. The
preliminary numerical study revealed that changing the dimensions of the car, respecting
the geometrical limits of the car categories, the air flow field at the lower part of the
windscreen is influenced mostly while the upper part seems to remain unaffected. The
parameters which have been identified to influence the air flow above the windscreen are
mainly the shape of the hood, the transition part between the hood and the windscreen and
the angle that forms the windscreen with the horizontal. Taking with caution into account
the preliminary results of the numerical study, average values have been selected from the
data base for the dimensions of the car model in order to represent the Sedan category.
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Figure 4.4: Experimental configuration of the car model together with the electronics of
the wiping system and the liquid supply system.

The wiping system of the car model is consisted of the wiper blades and arms tested
in this study, two types of nozzle jets and a liquid supply system in order to provide the
nozzles with the necessary liquid. The whole configuration is shown in Figure 4.4. A
mixture of water and commercial antifreeze (1:1) is stored in the tank and is driven with
the aid of a small centrifugal pump towards the car nozzles. Two types of car nozzles
were used, a “2-spot”, which ejects the washer in the form of two distinct jets creating
two spots on the windshield and a “cloud”, which produces a cloud of washer droplets
on the screen. A T-junction connection is mounted on the system outside the air jet of
the wind tunnel to facilitate the alteration of the nozzles. The control of the operation of
the wiping system is made by the wiping controller which is connected with the motor of
the wiper system. Furthermore, a small counter equipped with a conductive sensor works
together with the wiper blades in order to count the wiping cycles and activate the trigger
when it is necessary. The operation of the pump, the wiping controller and the counter
are regulated by the main controller. The main controller was programmed in such a way
that the motion of the wiper blades together with the spray of the car nozzles become an
automatic process.
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4.2 Experimental facility for liquid film separation and
atomization

Figure 4.5: Experimental facility for the study of liquid phase detachment and atomization.
An experimental facility particularly designed for the study of the atomization of horizontal liquid films driven by an external air flow at the vicinity of a corner edge has been
developed at the university of Valenciennes. The facility holds three main parts, the low
speed wind tunnel, the hydraulic circuit and the test section. The salient features of each
part are given below.

4.2.1

Small, low speed wind tunnel

An open circuit, small, low speed wind tunnel has been manufactured in the university
of Valenciennes able to support different test section configurations. The developed wind
tunnel belongs to the blowing, open type wind tunnels. The choice of the open type
has been made for the simplicity of the construction, Bottin (2002), while the blowing
arrangement for the effortlessness to access, modify and work with the test section. The
wind tunnel has been designed according to the methodology followed by Tavoularis
(2005), Barlow et al. (1999) and Mehta and Bradshaw (1979) for small, low speed wind
tunnels. The main objective of the design is to provide the cross section of the test section
inlet with a uniform and 2D on average air flow avoiding excessive variations of the mean
flow.
The wind tunnel has a rectangular cross section with a total length of 3 m and maximum width of 20 cm. The whole configuration is supported by metallic feet touching the
ground. Considerable efforts have been made to eliminate the vibrations produced by the
function of the fan. Nevertheless, small levels of vibrations emerge during the operation
of the wind tunnel mainly due to the absence of a stiff base fixed permanently on the
ground. The whole configuration has been placed in a large room to avoid disturbances
of the ambient flow resulted from the free jet.
The centrifugal fan, shown in Figure 4.6, is equipped with a motor of 11 kW in order
to generate the necessary air flow. A long, wide-angle diffuser with outlet to inlet ratio
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Figure 4.6: Wind tunnel, hydraulic circuit and test section for the study of liquid phase
detachment and atomization.
equal to 5 is installed after the fan in order to drive the flow in the settling chamber in a
very low velocity. The design of the wide-angle diffuser respects the rules of Mehta and
Bradshaw (1979) for avoiding separations due to adverse pressure. The settling chamber
useful for reducing the variations of the flow and destroying any considerable flow structure is positioned next to the diffuser. A long honeycomb designed according to Lumley
and McMahon (1967) has been set half hydraulic diameter distance from the inlet of the
chamber. The porosity of the honeycomb is well above the critical limit given by Barlow et al. (1999) assuring a successful operation. No screens are mounted in the settling
chamber after the honeycomb, however, enough space is reserved in case of future use.
Vital part of the wind tunnel configuration comprises the contraction, which is responsible
for the final quality of the flow at the inlet of the test section. A 2D contraction has been
designed using the cubic family curves, similar to Morel (1975), with the inflexion point
in the middle of their total length in order to provide a uniform and 2D velocity profile
with the lowest variations at the inlet of the test section. The contraction ratio achieved
with the design method is 10. The outlet of the contraction is connected directly to the
inlet of the test section. The air flow provided by the wind tunnel inside the test section
spans in a range of 0-40 m/s with the turbulent intensity always less than 3%.

4.2.2

Hydraulic circuit

A closed loop circuit has been designed to provide the test section with liquid. A small
centrifugal pump sucks the liquid from the reservoir, shown in Figure 4.6 and recirculates
it inside the plastic pipes of the system. A ball valve and a rotameter have been installed
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in order to control and measure the flow rate of the liquid introduced in the test section.
Before the liquid enters the test section, it passes through a small container. The container
is used to spread the liquid as a film on the horizontal wall of the test section through a
long, spanwise slit and cut down any significant disturbance of the liquid flow generated
inside the plastic pipes by the pump. The liquid in the test section flows around the sharp
corner and falls back to the reservoir closing the loop of the hydraulic circuit. The liquid
flow rate inside the test section can vary from 16-200 l/h.
Liquids
Distilled water
Water/Antifr. 50%
Water/Glycerol 30%1

T [◦ C]

ρ [kg/m3 ]

σ [N/m]

ν [m2 /s]

Contact angle [◦ ]

20
20
20

998.2
1029.2
1041.8

0.0728
<0.0728
0.0728

1.004·10−6
2.64·10−6

80.3
57.8
77.8

Table 4.1: Physical properties of working liquids.
Three different liquids have been prepared for this study, distilled water, distilled water
and antifreeze (1:1) and distilled water and glycerol (2:1). The Table 4.1 gives the physical
properties of the three liquids. The temperature of the liquids can slightly vary ±3◦ C
due to inevitable small variations of the ambient air temperature of the room in which
the windtunnel is placed and the fact that no temperature control has been added to the
hydraulic circuit to prevent it from heating due to the pump. The reason of using distilled
water is to avoid possible influences from impurities of fresh water which may deposit
on the wall surfaces of the hydraulic circuit and the test section. The majority of the
experiments have been conducted with distilled water.

4.2.3

Test section

The investigation of Overspray on real wiper blades revealed the complexity of the phenomenon and the dependency on several parameters which are discussed quickly below
and in detail in Chapter 5. Briefly, the reason why droplets are ejected from the wiper
blade surfaces and fall on the windshield is mainly the separation of the thin liquid film
which is formed on the blade surfaces due to the external air flow field. Part of this
shear-driven film is atomized when encounters geometrical changes along its flow path.
The study in Chapter 5 showed that the film atomization in the sharp corners of the blade
is one of the main mechanisms contributing to Overspray. Of course the wiper blades and
consequently the possible locations of droplet sources exhibit a great variety of corner
geometries in size and in shape. Here, a sharp corner of 90◦ has been selected.
It is interesting to notice the time and length scales of the phenomena involved in the
Overspray. Typical length scales of the liquid films on the blades have been derived from
the flow visualization study. The average film thickness h f is estimated to be on the order
of 0.5 mm (with a max.value around 1 mm) while the average width w f of order of 10mm,
giving a ratio of height to width r f of 0.05. The orientation of the liquid film varies with the
gravitational vector depending on the position of the film on the blade. Most of the times
1

The properties of the mixture of glycerol have been retrieved from the measurements of Dombrowski
and Fraser (1954).
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the liquid film is atomized at the corner edge with an angle similar to the inclination of
the windshield. Concerning the air flow, the boundary layer developed on the windshield
breaks when encounters the body of the wiper blade. The local air flow on the blade
surfaces is the result of the interactions of secondary flows and recirculation generated
by the complex features of the blade geometry. Detailed experimental results close to
the walls of the wiper blade on a real car is very difficult to be obtained. However, early
numerical studies conducted in real car models for different external air flow conditions,
have indicated that the magnitude of the air velocity close to the wall surface of the wiper
blade can vary from 0-40 m/s.


























Figure 4.7: Test section.
The design of the test section for the study of liquid film separation is not an easy
task taking into account all the above considerations. The final configuration has to be
representative of the basic phenomenon encountered in the wiper blades which is the
atomization of a shear-driven liquid film, consistent to the length and time scales of the
Overspray problem in a real car and at the same time simple in concept. Different test
section designs have been proposed to capture all the above features. A numerical study
has been conducted to investigate the performance of each proposed section. The semiopen test section of a sharp corner of 90◦ shown in Figure 4.7, has been chosen as the most
appropriate for the experimental study mainly because of the simplicity in the construction
and operation and the ability to correspond well to the description of the above mentioned
features of the phenomena taking place on the wiper blades.
The sharp corner is consisted of a horizontal and a vertical plate and is restricted at the
side by two lateral walls. The inlet cross section is 200×50 mm with a ratio of 4. The horizontal and the vertical wall of the corner are made by polycarbonate with a critical surface
energy of σ s =0.031 N/m, which implies conditions of the partial-wetting regime taking
into account that the working liquid is water according to the empirical criteria of Zisman
(de Gennes et al. (2004)) as described in 3.4.2. The two lateral walls are made by PMMA
and serve in order to confine the air jet flow and avoid disturbances from the environment
during the film atomization. The test section has been designed transparent to allow the
performance of measurements by means of optical methods. Both the vertical and the
lateral walls have been extended 1 m downwards almost till the level of the ground. The
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purpose is to reduce the entrainment of the ambient air inside the test section from the bottom generated by the free wall jet. The strong entrainment could produce a recirculation
zone along the vertical wall which might influence the atomization process at the corner.
The liquid film is injected in the test section through a long, spanwise slit of 100×1 mm,
located 50 mm upstream of the corner and drilled inside the horizontal plate forming an
angle of 45◦ . The distance of the slit from the corner is the compromise between the need
for short length scales dominant on the tiny wiper blade surfaces and the necessity for
sufficient space to manufacture the configuration and perform the measurements.
The design is meant to provide the test section with a 2D, uniform on average air flow
without significant variations of the mean flow. The boundary layer on the horizontal wall
intends to be as low as possible. This is the reason why the horizontal wall has a short
length of 100 mm, which gives a ratio of length to inlet height (L/H) of 2. The boundary
layer at the end of the horizontal wall is predicted to be around 5 mm thick according to
theoretical and numerical calculations (Schlichting and Gersten (2000)). The generation
of a fully developed turbulent boundary layer is not the purpose of the design of this
configuration since there is no developed boundary layer on the components of the blade
in the real car. The design of the experimental facility wishes to be close to the length
scales of the industrial application. It was desirable that the corner is inside the potential
core of the wall jet flow and the air velocity is able to obtain a great range of values
close to the wall surface. According to the literature (Erikson et al. (1998), Gogineni
and Shih (1997)), the size of the potential core of the wall jet is extended from 4 up to 9
inlet diameters downstream depending on the initial conditions. Numerical simulations
have been carried out for the test section drawing the same conclusion. Furthermore,
the simplicity and the ability to collect the atomized mass downstream the corner are the
reason why a semi-open configuration has been selected, though the inherent drawback of
being susceptible to external perturbations. The whole facility was placed in a large room
in order to reduce the possible ambient perturbations. Finally, concerning the liquid film
flow, the main objective is the generation of a uniform film without dry patches which
cause the change of the local film characteristics and consequently the film behavior at
the edge of the corner.

4.3 Experimental methods and setup
4.3.1

Particle Image Velocimetry (PIV)

Particle Image Velocitmentry (PIV) has been applied to measure the velocity field of the
air flow inside the test section. Basically, this method is relied on the measurement of
the displacement of small seeding particles that carried out by the working fluid during
a short time interval. Initially, the flow is seeded homogeneously with small particles
able to follow the fluctuations of the flow. Then, the desired section of measurents is
illuminated by a pulsed light source and the light scattered by the particles is captured in
two subsequent images taken from a CCD or CMOS camera, as shown in Figure 4.8. The
pair of images is processed in a computer performing a spatial cross-correlation analysis.
The analysis divides the image in to small windows, known as interrogation windows and
allows the detection of the most probable displacement of the particles inside the same
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interrogation window between the two images. Having acquired the displacement of the
particles, the calculation of the velocity inside the window is straight forward since the
time interval of the two images is known. The PIV method is a non intrusive method and
offers the advantage of the simultaneous qualitative and quantitative description of the
instantaneous spatial flow field.


 

 







Figure 4.8: Principle of Particle Image Velocimetry (PIV).
Two different optical setups have been realized to measure the velocity at the x-y and
x-z plane respectively. Figure 4.9 presents both configurations. A double pulsed Nd:YAG
laser with a green light of 532 nm and maximum pulse energy of 2 J illuminates the two
planes. The laser sheet is formed through a system of cylindrical and spherical lens in
series placed after the laser beam generator. The spherical lens has a focal length of
500 mm and the developed laser sheet has a thickness of 0.212 mm at the waist position.
The duration of each laser pulse is 10 ns.
The TSI PowerView 2M Plus camera has been used for the collection of the images.
The lens and image plane of the camera is arranged parallel to the plane of the laser sheet.
The parameters of the PIV setup are summarized in the Table 4.2. The flow has been
seeded with vegetable oil particles with size on the order of 3µm. The atomizer has been
placed at the suction side of the centrifugal fan. In order to reduce the wall reflections
from the strong laser sheet, a frame holding a black curtain around the test section has
been constructed and all the external sides of the transparent surfaces of the test section
have been covered by black tape. The PIV measurements were carried out following the
1/4 rule for the in-plane motion of the particles while the images have been analyzed with
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(a) PIV at x-y plane.

(b) PIV at x-z plane.

Figure 4.9: Setup for PIV measurements
INSIGHT 3G software provided by TSI. No post-process treatment has been applied to
the images after the calculation of the displacement.
PIV Parameters

x-y

x-z

Camera f# [ f /Da ]
Focal length
Depth of field

8
50 mm
14.5 mm

8
28 mm
52 mm

Laser frequency
Plane of measurement

7 Hz
z=0 mm

7 Hz
y=28 mm

Image size
Pixel size
Magnification factor

[2048,2048] pix
63.69 µm/pix
0.12

[2048,2048] pix
128.21 µm/pix
0.06

Window size
Sub-pixel scheme
Overlap
Resolution

[32,32] pix
Gaussian
50%
2 mm

[32,32] pix
Gaussian
50%
4 mm

Table 4.2: Parameters of the Particle Image Velocimetry(PIV) setup.
The error of the PIV measurements has been estimated in the following way. It is
consisted of two parts, namely, the bias error and the statistical error.
E = ǫbias + ǫ stat

(4.1)

For the statistical error, the principles for its derivation are described in the Appendix
B following the work of (Bruun (1995)). The relative statistical error for the mean velocity
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and its mean square root with confidence of (1 − α) = 99% is given by the following
equations:
ūRMS /ū
ǫ stat [ū] = 2.57 √
(4.2)
N
and
1
(4.3)
ǫ stat [ūRMS ] = 2.57 √
N
where ū is the mean velocity, ūRMS the root mean square of the velocity and N the number of images taken during the PIV measurements. Due to the fact that the number of
images for the current experiments is high (N=1200 images), the statistical error of the
mean velocity is very small comparing to the bias error. The relative error for the mean
velocity and its root mean square is estimated from equations 4.2, 4.3 as 0.15% and 7.4%
respectively, for the case of the air flow with mean velocity equal to 15.7 m/s.
Concerning the bias error of the mean velocity, it depends on many parameters of the
PIV setup. Briefly, the major sources of the error are reported below:
• Spatial calibration of the images
• Laser pulse response
• Density of particles
• In-plane motion
• Out of plane motion
• Velocity gradients
• Cross-correlation algorithm
For the majority of the above parameters, the bias error is very difficult to be estimated.
However, considerable efforts have been made to minimize it, for example, the laser sheet
was placed parallel to the flow to reduce the out of plane motion or adequate number of
particles and small interrogation window have been selected to minimize the error from
the density of the particles. The error introduced by the choice of the cross-correlation
algorithm has been estimated following the work of Forliti et al. (2000). According to
this study, the error for a Gaussian algorithm, similar to the one used in the current experiments, is independent on the interrogation window and obtains a constant value of ±0.05
pixels.
The bias error has been estimated mainly from the error introduced by the calibration
of the images and the laser pulse response. In regard to the first one, a distance of 10 mm
has been measured during calibration within an uncertainty of ±2 pixels. Depending on
the plane of measurements the size of the pixel is different and consequently the error will
be different too. For the case of the x-y plane, assuming that the particles are displaced
1/4 of the interrogation window (32 × 32), the error of the displacement (δ∆x) can be
easily estimated. Regarding the laser pulse response, ideally every pulse must have a
duration of 0 sec. However, in reality, there is a small duration of each laser pulse which
introduces an error when the time (δ∆t) is calculated between two separate pulses. Taking
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into account both errors and utilizing the equation for the propagation of error, the bias
error for the mean velocity (δu) is given by the following equation:
s
s
!2
!2
!2
!2
∂u
−∆x
∂u
1
δu =
(4.4)
· δ∆x +
· δ∆t =
· δ∆x +
· δ∆t
∂∆x
∂∆t
∆t
∆t2
For an air flow of ū = 15.7 m/s, the particle displacement is assumed to be ∆x =
1/4 · 32 = 0.5 · 10−3 m at the x-y plane, while the separation time between the two consecutive laser pulses has been set for the current case to ∆t = 29 · 10−6 sec. The error of
displacement is estimated to δ∆x = 6.25 · 10−6 m and the error from the pulse response to
δ∆t = 20 · 10−9 sec. Applying equation 4.4, the overall bias error is estimated around 2%
for the x-y plane. Similar procedure is followed for the x-z plane giving a value of 3.5%
for the bias error.

4.3.2

Laser Doppler Anemometry (LDA)

Another optical, non-intrusive method which performs point-wise velocity measurements
in a flow with tracer particles is Laser Doppler Velocimetry (LDV) or Anemometry (LDA)
(in case the working fluid is air). LDA measurements have been conducted in this study
for two reasons. First, measurements of the air velocity inside the test section and especially, the thin boundary layer developed on the horizontal surface were expected for
comparison with the PIV measurements. Second, the air velocity and the turbulent intensity were intended to be measured in two positions, above the liquid film (approximately
1 mm above the interface) and at the center of the test section. The measurements have
been conducted for the assessment of the air flow quality when the film flows in the test
section simultaneously with the air.
Figure 4.10 depicts the basic principle of the one-component LDA technique. Two
laser beams of wavelength λo and frequency fo intersect at an angle 2α forming an ellipsoidal volume. The particles passing through this volume scatter the incident laser light of
initial frequency fo to all directions. A photodetector, usually placed in a backscatter configuration, detects the scattered light of the moving particle in a new frequency fD , which
is called Doppler frequency. The Doppler frequency is linearly proportional to the component of the particle velocity which is vertical to the bisector of the angle formed by the
two laser beams. The equation 4.5 expresses this proportionality between the frequency
and the particle velocity. The above description implies that the basic principle of the
LDA technique invokes Doppler effect twice, once when the incident light impinges on
the moving particle and once when the scattered light from the moving particle is received
by the detector.
fD =

1
2sinα
υ p⊥ =
υ p⊥
λo
∆x

(4.5)

An alternative way to explain the LDA principle is the fringe model. According to
this model, the wavefronts of the two laser beams interfere in the intersection volume
forming interference fringes with a spacing of ∆x. The photodetector will receive the
Doppler frequency of the moving particles passing through the fringes of the volume.
The velocity can be easily calculated by the Doppler frequency and the spacing of the
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Figure 4.10: Principle of Laser Doppler Velocimetry (LDA).
fringes, which gives the same expression as shown in equation 4.5. In order to solve
the directional ambiguity of the method, one of the two laser beams passes through a
Bragg cell and its initial frequency is shifted. In that way, the fringes in the volume of
measurement are moving with a constant frequency f s and the particles will give a higher
or lower frequency to the detector depending on their direction entering the volume. The
advantage of the LDA technique is the high accuracy of the measurement combined with
the high spatial and temporal resolution.
In this study the FlowLite 1D, Helium-Neon laser delivered by Dantec has been utilized. The laser has a wavelength of 632.8 nm (red) and is split in two beams of which the
one is shifted 80 MHz through a Bragg cell. The general setup for the LDA measurements
is presented in Figure 4.11. The laser has been positioned on a traverse at the side of the
test section. The focal length is 500 mm and the intersecting volume is formed at the mid
plane of the test section 55 mm and 90 mm downstream the test section inlet. In order to
perform measurements close to the bottom wall, the laser has been slightly inclined from
the horizontal position. During the two-phase flow, the measurements restricted 1 mm
above the liquid film due to the presence of the waves which prohibit measurements close
to the interface. The air flow has been seeded with oil particles on the order of 3 µm. The
signal from the photodetector has been post processed with the BSA F60 processor from
Dantec in order to extract the Doppler frequency. The acquisition time of every measurement has been set at 180 sec providing enough sampling while the mean and root mean
square (rms) of the velocity are calculated applying a transit time weighting factor to the
data taking into account the velocity bias.
The calculation of the overall error requires the knowledge of the bias and statistical
error.
E = ǫbias + ǫ stat
(4.6)
70

4.3 Experimental methods and setup



71









Figure 4.11: Setup for LDA measurements.

The former is mainly introduced as noise into the signal. It depends on several parameters,
shortly, the proper selection of the optics, the density of the particles, the electronics of the
LDA setup, the detection of the ground and the treatment for the elimination of the velocity bias. Apart from the efforts to minimize the bias error during the LDA measurements,
no attempt has been made to estimate it.
For the statistical error, the same principles are followed like described in the Appendix B. The relative error is estimated by the following expressions for a confidence
level of (1 − α) = 99% (similar to the PIV measurements):
ūRMS /ū
ǫ stat [ū] = 2.57 √
N

(4.7)

1
ǫ stat [ūRMS ] = 2.57 √
N

(4.8)

and

where ū is the mean velocity, ūRMS the root mean square of the velocity and N the number
of particles inside the measurement volume that have been successfully detected. The
number N is considered large for the current experiments since for the measurements far
from the wall N=30000 while for measurements very close to the wall, N is greater than
1000. For the case of the air flow with mean velocity equal to 15.7 m/s at the center of
the open channel, the relative error inside the main core of the flow is estimated 0.03%
for the mean velocity and 1.5% for the root mean square of the velocity according to the
equations 4.7, 4.8 respectively.
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Planar Laser Induced Fluorescence (PLIF)

One of the main objectives of this study is the quantitatively investigation of the liquid
film atomization from a sharp corner, especially at conditions when the phenomenon is
initiated. The behavior of the interface at the region of the corner edge is believed to be
the key in order to explain why separation happens. Planar Laser Induced Fluorescence
(PLIF) method has been used in order to extract useful information for the liquid film and
its interface.


 





 

Figure 4.12: Principle of Planar Laser Induced Fluorescence (PLIF).
Planar Laser Induced Fluorescence (PLIF) is a general, non-intrusive, optical method
based on the measurement of the fluorescent intensity emitted from the working fluid
containing some fluorescent dye after having been excited by a laser light. The mixture
of the working liquid with the fluorescent dye absorbs the incident laser light at a certain
wavelength and re-emits it in a spectrum of longer wavelengths. A camera equipped with
a filter suppresses the wavelength of the incident laser light while captures only the light
emitted by the action of the fluorescence. This makes possible to distinguish the different
phases in multiphase flow experiments and separate the fluorescence of the working liquid
from the scattering light of other objects such as walls or interfaces. The flow of the
working fluid is visualized and the fluorescent intensity is recorded on gray scale images
taken by a camera. The gray scale intensity is a function of several parameters of the
mixture of working fluid and fluorescent dye as shown in equation 4.9. Depending on the
scalar of interest, different techniques of Laser Induced Fluorescence have been developed
for the calculation of that scalar. In this study, PLIF is primarily used as a visualization
tool of the liquid film flow and the resultant images are post processed with a Matlab
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image analysis code developed in order to extract information for the liquid film interface.
The basic principle of the PLIF method is presented in Figure 4.12.
The fluorescence emitted by the excitation of the working fluid mixed with the fluorescent dye depends on different parameters. For a rectangular, differential volume of
fluid as mentioned in Hidrovo and Hart (2001), the total fluorescence is given by:
F = Iℓ ǫλlaser CφdV

(4.9)

From equation 4.9, the fluorescent intensity is a function of the excitation energy Iℓ available to initiate the fluorescence phenomenon, the extinction coefficient ǫλlaser which determines how much of the incident light per molecule is used to excite the molecules
of fluorescent dye, the dye concentration C, the quantum efficiency φ which is the ratio
of the energy emitted by the fluorescent molecules to the energy absorbed during their
excitation and finally the volume dV of the element. An optimization of the setup can
be accomplished taking into account the parameters influencing fluorescence in order to
obtain images of high contrast and quality.
The Planar Laser Induced Fluorescence (PLIF) method is very accurate with high temporal and spatial resolution. The choice of using it in this study has been dictated mainly
by the restrictions of the experimental configuration and the simplicity in realizing the
measurements. The dimensions of the part of the test section on which the liquid film is
formed are very small. Besides the distance of the test section from the ground is also
relatively short and in combination with the collector tank placed just below the corner,
resulted in limited access from the bottom. Thus, a method which requires all the components to be above the test section had to be selected. Another reason why this method was
appealing is the fact that the equipment needed to perform PLIF measurements is the same
as the one for PIV, which facilitates and accelerates the experimental setup. Moreover,
the Planar Laser Induced Fluorescence (PLIF) has the advantage of giving information in
a plane of measurements.
4.3.3.1 PLIF setup
The current setup of the Planar Laser Induced Fluorescence (PLIF) method is depicted
in Figure4.13. Fluorescein with maximum absorptivity at a wavelength of 490 nm and
maximum fluorescence emission at 518 nm (Song et al. (2000), Tropea et al. (2007)) is
utilized as the fluorescent dye. It is mixed with the working liquid in a concentration of
100 mg/ℓ, which according to Tóth (2008) do not affect the properties of the liquid. A
Nd:Yag laser with a green light of 532 nm is synchronized with the TSI PowerView 2M
Plus camera using the INSIGHT software. The laser works in a single pulse mode. The
camera is furnished with a green filter at 545 nm. Unfortunately, the filter blocks also an
amount of the intensity emitted by the fluorescent dye, however, there is still a part of
the fluorescence spectrum well above the blockage wavelength of the filter. The loss of
fluorescent intensity due to the coincidence of the maximum emission at the green light is
compensated by the increase of the concentration of the dye. Other favorable properties,
making attractive the implementation of fluorescein, are the safety in use and the fact that
fluorescein is a non-toxic compound.
Measurements have been carried out at the the y-z plane as shown in the Figure 4.13,
at the region of the corner in a distance of 98 mm downstream the inlet of the test section.
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Figure 4.13: Setup for PLIF measurements.
The plane of the camera lens is parallel to the laser sheet. The interface profile along
the spanwise direction has been captured and the film thickness at the corner has been
measured. For the specific setup the camera needed to be inside the air flow. This could
raise the suspicion that the camera disturbs the flow inside the test section. However,
this is considered unlike to happen due to the fact that the camera is fixed in a sufficient
distance of 1 m far from the corner inside the large room where the configuration has
been installed. Besides, no appreciable difference has been observed to the behavior
of the liquid film with and without the presence of the camera in the flow. The CCD
camera records pictures with frequency of 7 Hz which implies that only measurements
with spatial resolution have been obtained.
Fluorescent Dye
Name
Wavelength of maximum absorption
Wavelength of maximum emission
Concentration

Fluorescein
490 nm
518 nm
100 mg/ℓ

Table 4.3: Fluorescent dye properties relative to the PLIF measurements.
The energy emitted by the laser has been optimized with the speed of the aperture of
the camera in order to obtain pictures of acceptable quality. Unfortunately, the fact that the
laser intensity of the laser sheet is not constant in space and in time degrades constantly
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the quality of these images. In order to avoid reflections and light emissions from the
surroundings, the test section has been covered by a black curtain and the windows of the
room, where the test facility is placed, have been turned to black so as to hinder the day
light. The properties of the fluorescent dye are reported in table 4.3 and the details of the
PLIF setup in table 4.4.
PLIF Parameters
Camera f#
Focal length
Depth of field [ f /Da ]

2.8
105 mm
2.5 mm

Wavelength of laser
Laser frequency
Plane of measurement

532 nm
7 Hz
y-z (x=98 mm)

Image size
Pixel size
Magnification factor

[2048,2048] pix
72.72 µm/pix
0.1

Table 4.4: Parameters of the Planar Laser Induced Fluorescence(PLIF) setup.

4.3.3.2 Image post processing
A code using the Image Analysis Toolbox of Matlab has been developed to process the
raw images from the Planar Laser Induced Fluorescence (PLIF) measurements and extract
useful information for the interface. The program starts reading the calibration image so
that the actual size of the pixels in the image can be calculated. A rectangular target
covered with millimeter paper and positioned at the plane of the measurements has been
utilized to perform the calibration. Next, the program detects the ground of the test section
from the same calibration image and stores it in memory. Finally, the raw images captured
during the PLIF measurement are processed by the program and the air-liquid interface is
detected based on the peak of the intensity gradients. The interface comprises a 1D signal
and further processing has been applied to extract useful information for the liquid film.
The main steps of the image processing are presented in detail below.
The raw images are gray scale images of 16-bit data class which implies 65535 different gray levels of the intensity. A pixel with a value of 1 signifies that the pixel is
completely black and no light has been detected while another pixel with a value of 65535
implies a white pixel which means maximum light intensity. A common practice when
dealing with images is to normalize the intensity so that the value 0 corresponds to black
and the value 1 to white pixels. Generally, the mixture of the liquid film with the fluorescent dye at the plane of measurements is represented in the images by bright pixels
with large intensity values close to the white level and the background or foreground is
represented by dark pixels of very low intensity close to the black level. The region in the
image where the sudden change of the pixel intensity occurs, from bright to dark pixels,
is identified as the interface between the liquid film and the air flow above.
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(a) Liquid film at ua =15 m/s and V˙f =28 l/h. Detail of the interface zone.

(b) Liquid film at ua =18 m/s and V˙f =100 l/h. Detail of the film atomization.

Figure 4.14: Raw images from PLIF measurement. The variation of the intensity, the
waves, the ligaments and the droplets are some of the common features.
The majority of the images collected after the optimization of the PLIF setup depict
the following characteristics:
• Zone of interface
• Limited contrast and brightness
• Spatial variations of the intensity
• Out-of-plane features at the background
• Out-of-plane features at the foreground
Figure 4.14 presents all the above mentioned characteristics. A close look at the interface
region in the raw images of good contrast and brightness reveals that the interface is
not a single line where the intensity of the pixels is changing abruptly from black to
white but it is rather a zone of smooth transition from dark to bright pixels. This fact
causes an uncertainty concerning the position of the interface. The limited contrast and
the spatial variation of the intensity occur mainly due to three reasons, first, the region
under investigation is very small (on the order of 2 mm), second, the liquid film is moving
and third, the laser sheet is not uniform and constant in space and time respectively. The
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inherent characteristic of the liquid films to depict waves on their free interface when
they are sheared by an air flow can light up flow structures of the background and vanish
structures of the focus plane. Thus, the wave coming after the interface at the focus plane
will be illuminated from the reflections of the laser on the wavy surface and will appear
inside the image as background with some intensity at the gray levels. The interface then,
at the focus plane, is more difficult to be distinguished from the background because the
variations of the intensity become even smaller. The combination of the variation of the
laser intensity inside the image with the illumination of waves existing at the background
can disappear entirely from the image the actual interface at the focus plane. Though the
plane of measurements is at the edge of the corner and for low air velocities the liquid
film follows a path around the corner in a downward direction due to the action of the
gravity, however, in high air velocities, considerable atomization takes place and waves
and droplets ejected from the liquid film and appear on the foreground of the image. For
high air velocities, a significant amount of these features can prevent the interface at the
focus plane to be seen by the camera. The image processing code has to deal with all
the above characteristics of the raw images and overcome all the challenges, detecting
correctly the interface within a range of acceptable uncertainty.
As mentioned before, the ground has been detected from the calibration image using
a target. The target which is marked with a white color at the bottom is positioned at
the plane of measurements. The intersection of the target with the ground of the test
section is accompanied by an abrupt change of the intensity level from white pixels at the
target to dark gray at the ground in the calibration image. The image is processed in a
similar manner like the raw images for the detection of the interface. The only difference
is that the filter for realizing the gradients of the intensity is smaller in size (5×3) due
to the absence of significant amount of noise and to the fact that the enhanced methods
are not applied to overcome the above stated challenges since they are not present at the
image. The ground is detected with a maximum bias error of ±1 pix. The inclination of
the ground is taken into account, the method is accurate and simple.
The code developed for the detection of the liquid film interface follows closely the
work of Schubring et al. (2010a) and Farias et al. (2011). It is consisted of six different
steps:
1. Reading of the raw images. The raw images hold all the characteristics described
above concerning the contrast, the brightness and distribution of the intensity, as
shown in Figure 4.15(a).
2. Enhancement of the raw images. An enhancing procedure has been followed in
order to improve the contrast of the images and make easier the distinction of the
liquid film from the air flow, see Figure 4.15(b).
3. Image filtering. The image is filtered by an extended Sobel filter and the gradients
are visualized. The black line corresponds to the interface region while the white
line to the ground, see Figure 4.15(c).
4. Noise criterion. A noise threshold is calculated on the image of the intensity gradients and applied to every image corresponding to the gradients in order to avoid to
detect as interface pixels which belong to the background.
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5. Detection of the interface. The interface is detected and the 1D signal is stored in
to a matrix for further processing, see Figure 4.15(d).
6. Extraction of data. The signal of the interface is processed. The mean and root
mean square of the film thickness are calculated.

(a) Initial raw image.

(b) Enhanced image after contrast stretching and median filtering.

(c) Image of intensity gradients after first order derivative filtering.

(d) Interface and ground detection.

Figure 4.15: Steps of image analysis for the detection of the liquid film interface.
Case: ua =16 m/s, V˙f =22 l/h
The enhancement step involves the crop of the images, the contrast stretching and the
median filter. Every raw image after being read from the program is cropped in order
to accelerate their processing by reducing their size. Crop helps also to avoid regions of
the image with a lot of noise which may prevent the interface detection. A column by
column contrast stretching of the histogram of the images follows the crop. The range of
the pixel intensity of the input image is stretched resulting in pixels with higher dynamic
range at the output image. Figure 4.16 shows the histogram of the initial image and the
histogram resulted after the contrast stretching of the image. In Figure 4.16(a), all the pixels possess very low normalized intensity (close to zero) and the region of the liquid film
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corresponding to brighter pixels is not apparent. On the other hand, the pixels at the enhanced image are displaced towards higher intensities and the liquid film is distinguished
at the histogram with pixel of value close to 1. The extreme intensity points of the input
image, which are stretched to the whole range of the gray levels, are selected by the 3%
and 97% percentage of the cumulative intensity distribution computed by the histogram
of the input image. The contrast stretching improves the contrast and the brightness of the
image, however can affect the position of the interface. Careful choise of the parameters
for the extreme values of the cumulative distribution is demanded. Finally, the enhanced
image is filtered with a median filter. The median filter is known to remove the ’salt and
pepper’ noise and reduce the Gaussian noise. The final result of the enhancement step is
apparent observing the Figures 4.15(a) and 4.15(b).

(a) Histogram of the initial raw image shown in
Figure 4.15(a).

(b) Histogram of the enhanced image shown in
Figure 4.15(b).

Figure 4.16: Comparison of histograms of the raw and the enhanced image. The increase
of the dynamic range of the image is significant.
The enhanced images are convolved with a first order derivative filter similar to the
Sobel filter. Following the work of Tóth (2008), a 25×3 extended Sobel filter has been
applied to calculate the gradients of the image in the vertical direction. The drawback
of smaller in size filters is their sensitivity to the noise of the image while the usage of
long filters seems to overcome this problem and at the same time to prevent illuminant
regions of atomized droplets existed at the focus plane to be mistaken as interface. The
filter scans the image column by column and calculates the intensity gradient distribution.
In every column two peaks of this function are presented, one minimum peak towards
the low intensities and another maximum peak towards the high intensities. The position
of the minimum peak corresponds to the highest variation of the pixel intensity from the
black pixels of the background to the white ones at the in-focus plane of the liquid film
and is identified as the interface, Figure 4.15(c).
The method of the interface detection is based on the large variations of the intensity
encountered between the two media, the air and the liquid. However, when there are a lot
of background features such as waves, then the total quality of the image is reduced and
the intensity variations at the interface are decreased even eliminated. In order to prevent
the case of wrong interface detection, for example the code could detect as interface a
wave existing at the background, a noise criterion has been applied. With this noise
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criterion, an intensity threshold has been chosen and the variations represented in the
Figure 4.15(c) must be above this threshold in order to be accepted and recognized as
interface. In the opposite case, when the gradient is lower than the threshold, the interface
is not captured.

(a) Images with unbroken and continuous interface, accepted by the code. (Case: ua =13 m/s,
V˙f =52 l/h)

(b) Images with unbroken but discontinuous interface, accepted by the code. (Case: ua =18 m/s,
V˙f =50 l/h)

(c) Images with broken and discontinuous interface, rejected by the code. (Case: ua =18 m/s,
V˙f =80 l/h)

Figure 4.17: Categories of processed images based on the properties of the detected interface
Following the procedure described above, the processed images are distinguished in
three main categories, depicted in Figure 4.17. The first category concerns processed
images of good contrast and brightness in which the interface is easily detected, as shown
in Figure 4.17(a). The interface is an unbroken and continuous line. The second category
is consisted of images of moderate quality in which the background or foreground can
be as lumminant as the focus plane due to the presence of waves or droplets (Figure
4.17(b)) which reflect the laser light. The interface is identified as an unbroken line with
discontinuities. Due to the noise criterion, the number of these images is limited up to
the 1/10 of the total number of processed images for every tested case. The last category
is the one with images of very poor contrast and brightness and a lot of background or
foreground noise which results in the vanishing of the interface (Figure 4.17(c)). Those
images give a broken and discontinuous interface and are rejected by the code at the step
of the noise criterion implementation. In every set of measurements at least the 1/3 of the
recorded images is rejected by the code due to the difficulty to fulfill the noise criterion.
The image analysis code after processing the images and detecting the film interface
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Figure 4.18: Convergence study for the case: ua =16 m/s, V˙f =22 l/h
calculates the mean values for the film thickness first in every image and then for the total
number of images. For the RMS of the film thickness, the root mean square is calculated
for one image and then a mean value is calculated for the total number of images. Assuming a random, stationary and ergodic interface signal, the mean film thickness and the
standard deviation or root mean square of film thickness in one image are given by the
equations:
h f,mean,i

hk−rms,i =

s

M
1 X
h f,k,i
=
M k=1

PM

− h f,mean,i )2
M−1

k=1 (h f,k,i

(4.10)

(4.11)

where κ is the index of the pixel detected as interface and M their total number. Concerning the mean values on the total amount of images, the mean film thickness and mean
RMS are calculated according to the relations:
h f,mean,mean

N
1X
=
h f,mean,i
N i=1

(4.12)

hk−rms,mean

N
1X
=
hk−rms,i
N i=1

(4.13)

where N is the total number of images indexed by i.
The uncertainty of the mean value of the film thickness and the root mean square
remains low if the signal of the interface is statistically independent. Samples are statistically independent if the time interval of the sampling is at least twice the time length
scale of the phenomenon being measured. For the study of the liquid film, the sampling
of images has been made in a frequency of 7 Hz, while a typical long time scale is estimated as follows. The film flows on the horizontal plate for a distance of 0.05 m, from
the slit to the corner, with a wave velocity on the order of 0.6m/s. That gives a time scale
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of 0.085 sec or ≈ 12Hz. The time interval between measurements extents approximately
two times the time scale of the study and the measurement can be considered statistically
independent.
A convergence study has been conducted to assure that the number of images needed
for the convergence of the mean variables is adequate. Figure 4.18(a) presents the dependency of the current mean film thickness on the number of images processed up to that
time and Figure 4.18(b) the variation of the current mean root mean square with the number of the successful images processed up to that time by the code. It can be deduced that
above 200 images, both the mean and root mean square of the thickness converge. The
number of images collected in this study for every tested case is 600. The noise criterion
at the code was adjusted carefully to process and calculate the average parameters based
on more than 250 images for each tested case.
The total error of the PLIF measurements is given by the following equation:
E = ǫbias + ǫ stat

(4.14)

The bias error is estimated by the uncertainty introduced during the measurement to
detect the interface. For the calculation of the mean film thickness, only images of the first
and second category have been taken into account since they give an acceptable interface
detection. Between the two categories, the images of the second one introduce the highest
uncertainty. The interfaces detected on the images of the second category are unbroken
but present discontinuouties while for the first category, the interface is continuous. As it
has been already mentioned, the total number of images of the second category comprises
the 1/10 of the total number of processed images for every tested case. The portion of the
wrong interface detection inside an image of the second category is not more than the 1/6
of the total width of the film. The error due to wrong interface detection can be as high
as ±20 pix. Taking into account the limited number of such erroneous detections and the
fact that the uncertainty of the interface detection on the images of the first category is
estimated around ±1 pix, the total error becomes ±2 pix. On top of that error it should
be added the error due to the ground detection. The overall maximum bias error of the
images collected for one measurement is around ±3 pix or 0.22 mm. For the case of liquid
film flow of V˙f =22 l/h with external air velocity of ua =16 m/s, the relative bias error is
estimated 13%.
The statistical error for the mean film thickness and the root mean square is assessed
following the work of Bruun (1995) described in Appendix B. The time signal of the film
interface is extracted for the point at the center of the corner edge. Assuming that the
signal is random and ergodic with Gaussian distribution, the relative error of the mean
film thickness and the RMS are calculated from the following equations:
ǫ stat [h f,k=center,mean ] = 2.57
and

hi−RMS ,k=center /h f,k=center,mean
√
N

(4.15)

1
(4.16)
ǫ stat [hi−RMS ,k=center ] = 2.57 √
N
where N is the total number of images, hi−RMS ,k=center the root mean square of the film
thickness at the center of the corner edge computed for the total number of images and
h f,k=center,i the time signal of the film thickness at the center of the corner edge.
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Before the calculation of the relative error from the equations above, the validity of
the assumption that the film thickness signal in the center point follows a Gaussian or
Normal distribution has been checked. Figure 4.19(a) presents the film thickness signal
measured at the center of the corner edge for the case of V˙f =22 l/h with ua =16 m/s. The
signal is random and statistically independent. The probability density function of the
standardized thickness signal (z) is shown in Figure 4.19(b) together with the standard
Normal distribution for direct comparison.
If a normal distribution is assumed for the signal, the standardization of the film thickness signal is defined as:
h f,k,i − h f,k,mean
(4.17)
z=
hi−RMS ,k
The probability density function (PDF) for the sampled signal of the standardized film
thickness is given by Bruun (1995):
pd f (z) =

Ns
W · Ntotal

(4.18)

where N s is the number of samples where the standardized thickness z falls into the range
[z − W/2, z + W/2]], Ntotal the total number of samples during the measurement and W the
width of the bin used for the calculation of the PDF. The standard Normal distribution is
defined as following:
1
2
(4.19)
p(z) = √ e−z /2
2π
where z the standardized variable.
Figure 4.19(a) depicts the film thickness signal at the center of the corner edge and
Figure 4.19(b) shows the pdf of the film thickness signal plotted together with the standard
Normal distribution for comparison. It seems that the film thickness signal at the center
of the corner follows a Normal or Gaussian distribution. This fact justifies the utilization
of the equations 4.15, 4.16 for the estimation of the statistical relative error of the mean
film thickness and its root mean square. Similar PDF plots have been extracted from the
measurements for different positions of the film at the corner edge but they are not shown
here.
For the case of the liquid film flow of V˙f = 22 l/h sheared by an air flow of ua =
16 m/s, the total number of successful samples or images N is 495. The number of images
can be interpreted as time. The root mean square hi−RMS ,k=center for the time interval of the
measurement is calcuted as 0.28 mm and the mean film thickness h f,k=center,mean is equal to
1.69 mm. The relative error for the mean film thickness is estimated from equation 4.15
around 2% with probability 99%. The relative error for the root mean square is assessed
from equation 4.16 around 12% with probability 99%.
Finally, the developed code has been validated by applying the film thickness measurement in samples of working liquid of known thickness. Specifically, a small transparent
box has been filled with the mixture of working liquid and fluorescent dye and has been
positioned at the plane of measurements inside the test section. The level of the working
liquid inside the box has been measured in advance with a Vernier caliper. The PLIF
measurement is repeated in order to obtain again the thickness of the liquid inside the
box. The comparison of the two methods revealed that there is no difference on the value
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Figure 4.19: Film thickness signal at the center of the corner edge and estimated probability density function . Case: ua =16 m/s, V˙f =22 l/h.
of the film thickness. For the case corresponding to working liquid with a level of 5 mm
inside the transparent box, the code calculates a film thickness of 5.08 mm. It should be
noticed that the fluid inside the box is stationary and the liquid interface is motionless
which facilitates its detection. Nevertheless, the importance of the validation tests lies on
the ability of the PLIF code to detect the interface accurately.

4.3.4

Flow visualization

Different visualization techniques have been applied in both experimental facilities in order to study qualitatively the behavior of the flow. It is the first basic step when detailed
study of a flow is intended in experimental fluid mechanics. The flow visualization methods are rather simple in principle. They are based on either the variations of the light
properties which are transimmited through the working fluid and recorded by a camera or
the light properties scattered by the working medium. The methods used for visualization
of the air flow and liquid film flow on the wiper blades of the car model and the horizontal
wall surface of the test section are described further below.
4.3.4.1 Surface oil-film visualization
One of the primary goals of the Overspray study is the investigation of the link between
the moving liquid film on the wiper blades and the local air flow above it. Thus, visualization of the air flow close to the wiper blade walls is demanded. Generally, when
the interest is focused on flow characteristics close to walls, then a material is utilized
to coat the walls and undergo visible changes from the action of the flow above. The
surface oil-film visualization method has been selected to accomplish that. The coating
material used in this work is a mixture of petrol, oil and blande titan. The action of the air
flow leaves traces on the mixture which correspond to properties of the mean flow above
it. Based on this fact, the film patterns and the critical points formed on the coated surfaces of the wiper blades are analyzed in order to extract useful information for the flow
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structures above these surfaces.
4.3.4.2 High speed recording
Overspray study
High speed recording is used to investigate qualitatively the reason why droplets are
ejected from the wiper blades and find the origins of the atomization process. For that
purpose two high speed cameras (MotionPro HS4, Kodak EktaPro Cd Imager 2000) are
set up as shown in Figure 4.20. One camera records the back side of the wiper blade surface at a side view while the other is placed above the windscreen providing the top view
of the blade. The two cameras are triggered with the aid of an inductive sensor positioned
at the region of the linkage of the wiper system under the hood. The trigger activates
the cameras when the wiper blade is passing from the reverse position. The cameras focus on a small part of the windscreen as depicted in Figure 4.20 and work at a speed of
2000/3000 fps.
 

  

 


 

  



 
 

 




Figure 4.20: Setup for high speed recording of Overspray in the car model.
For high speed recording, very strong illumination is required. Three halogen continuous spots with total energy of 1700 W give the necessary light for the recording. All the
lights are installed inside the jet flow of the open test section in a front light configuration.
First results show that the Overspray phenomenon is achieved and the performance of the
wiper blades is similar to the performance of blades of the same type tested either in a
closed circuit or another wind tunnel facility. Consequently, the presence of the lights inside the jet flow does not seem to influence the phenomenon under study. No tracers have
been added to the working fluid since the antifreeze contains few amount of fluorescence
dye which colors the mixture and scatters the incident halogen light.
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Finally, normal video recording is applied at the same time with the high speed recording in order to capture the result of the Overspray on the windscreen. The normal video
recording allows the classification of the wiper blades according to their efficiency in
Overspray failures.
Liquid film detachment and atomization study
The behavior of the liquid film on the horizontal flat plate of the test section and its atomization at the edge of the plate is explored with the high speed recording. Figure 4.21
presents the different setups of the high speed recording used in this study. First, Figure
4.21(a), the high speed camera (MotionPro HS4) is positioned at the side of the test section in order to record the behavior of the film thickness and the atomization taking place
at the corner. Second, Figure 4.21(b) the camera is placed on the top of the test section so
as to visualize the liquid film waves developed on the interface. In both configurations the
back light technique is applied in which the lamp is opposite to the camera and a diffusive
paper is fixed between the light and the test section. No tracers have been added in the
working liquid since the visualization in both setups is based on the shadows developed
by the back lighting.
Third, Figure 4.21(c), the camera is on the top and is combined with front lighting
in order to visualize the liquid detachment and atomization occurring at the corner. Dye
(Basovit Gelb 226) has been added in the working liquid to capture the liquid film and
the generated droplets. In all the cases, the camera works in a speed of 1000 fps and the
energy of the lamp is 400 W.

4.3.5

Wave velocity

The videos from the high speed recording give except from qualitative, quantitative information for the film interface. Many characteristics of the film interface have been
measured. First, the interface of the film is detected by means of a Matlab code based on
the intensity gradients of the images and the wave velocity of the liquid film is calculated.
The images correspond to the side view of the test section using the back lighting. The
image analysis code reads the grey scale images and following a similar procedure as described in section 4.3.3.2 for PLIF measurements, detects the ground and the interface of
the moving liquid film. Then, using two probes positioned at a specified distance on the
horizontal wall, the motion of the interface is monitored and stored. The waves traveling
on the liquid film interface are captured in those two positions. The wave velocity is calculated by the correlation of the probe signals. More details concerning the program and
the calculation of the wave velocity are given below.
Planar Laser Induced Fluorescence (PLIF) presented in section 4.3.3.2 and back-light,
high speed recording, both, detect the interface of a liquid film and extract useful information concerning the film flow. However, there are two major differences between the
two techniques which influence the image analysis programming and the interpretation
of the final results. First, the data received from PLIF are individual samples recorded in
time intervals much longer than the time scales of the film flow while the data monitored
by the high speed recording are samples recorded in time much shorter than the typical
time scale. This fact implies that the flow is not possible to be resolved in time in the
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(a) Side view, back lighting.

(b) Top view, back lighting.


 







(c) Top view, front lighting.

Figure 4.21: Setup for high speed recording of liquid film detachment and atomization.
case of PLIF measurements while it is possible in the other case. Second, the interface
detected by PLIF corresponds to a certain y-z plane of the test section, whereas, the backlight method gives the shadow of the whole film projected on the x-y plane. The latter in
combination with the large depth of field of the camera implies that what is perceived as
interface is not a continuous line that necessarily belongs at the focus plane of the camera
but it comes also from the foreground or the background. Waves existing at the foreground can cover the interface at the focus plane or the background and vice versa, waves
formed at the background can dominate the image and eliminate all the other features of
the film flow.
The procedure of detecting the interface and estimating the mean film thickness and
root mean square is similar to the one applied in PLIF measurements and is based on the
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maximum gradients deduced after convolution of every image with a first order derivative
filter analogous to the Sobel filter. Due to the uncertainties introduced by the back-light
configuration concerning the interface, the bias error of the film thickness and the root
mean square is increased. Film thickness is systematically biased towards the film thickness of the large waves appeared inside the image. The spatial resolution of every image is
0.125 mm/pix and for the calculation of the mean values, 500 images have been collected
with a temporal resolution of 0.001 sec giving a total acquisition time of 0.5 sec. The time
of acquisition is well above the typical time scale of the problem which implies that the
statistical average is meaningful.
The core of the code is the computation of the wave velocity. Again, the calculation of
the wave velocity, similar to the film thickness, is influenced by the uncertainty introduced
by the back light method which associates the velocity to the larger waves dominating the
image. The steps comprising the calculation are as follows.
• Definition of the probes. Two virtual probes are introduced inside the image to
monitor the interface signal in two positions of the film.
• Cross-correlation. The signal of the probes is correlated and the time lag between
them is calculated.
• Wave velocity calculation. Since the distance between the two probes is known and
the time a wave needs to travel from one probe to the other is also calculated, the
wave velocity can be easily deduced.

(a) Probe size dependency.

(b) Probe distance dependency.

Figure 4.22: Study of the dependency of the wave velocity on the size and distance of the
virtual probes. Case: ua =18 m/s, V˙f =80 l/h
The geometrical characteristics of the probes have been investigated to bring to light
any influence on the calculation of the wave velocity. Two parameters have been checked,
the size of the probes and the distance between them, as shown in Figure 4.22. Generally,
probes of very small size increase the spatial resolution while they are more susceptible
to noise. The study in Figure 4.22(a) revealed that there is no influence of the size of the
probe on the results of the wave velocity. This is maybe due to the fact that the minimum
probe size which implies the maximum spatial resolution, is the size of the pixel. Here,
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the size of the pixel is on the order of 0.125 mm which is already quite large and thus
not susceptible to noise. The next parameter tested is the distance of the probes. Due
to the limited size of the test facility, restrictions on the maximum distance are imposed.
On the other hand very short distances introduce larger error during the calculation of the
velocity. The study shows, see Figure 4.22(b), that for lengths in the range of 10-50 pix
there is no influence at the velocity computations. For the subsequent calculations, probes
of 4 pix (or 0.5 mm) in size have been selected and fixed in a distance of 40 pix or 5 mm.
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Figure 4.23: Cross correlation coefficient function of the signals of the two probes. Case:
ua =18 m/s, V˙f =80 l/h
The cross correlation coefficient function (CCF) measures the dependency of the two
signal recorded by the probes, as depicted in Figure 4.23. Values of the cross correlation
coefficient function (CCF) close to zero mean that the signals are uncorrelated while values close to 1 mean that the signals are highly correlated. The number of images which
presents the highest value of correlation is considered as the displacement time of the
one signal needed to correlate the other. In other words, if one wave is captured in the
first probe, the maximum cross correlation gives the time which intervenes between the
two probes in order the wave to be captured at the second probe. The cross correlation
function is calculated by the formula:
N−m
1 X
Rh1 h2 (m) =
h1 (n) · h2 (n + m)
N − m n=1

(4.20)

while the cross correlation coefficient function (CCF) is computed by:
CCF(m) =

Rh1 h2 (m)
Rh1 h2 = max

(4.21)

where m=1,2,3....,N-1 is the displacement measured in images, N is the total number of
images and h1 and h2 are the film thickness at the position of the first and second probe
respectively.
The calculation of the velocity is straightforward from the known distance of the two
probes and the computed time needed for the film flow to be displaced from the first to
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the second probe.
∆x
(4.22)
∆t
The bias error introduced by the inherent characteristics of the back light technique
is not possible to be measured. The bias error in regard to the distance of the probes ∆x
is defined by the error during the calibration of the image. Generally, a length of 80 pix,
which corresponds in reality to 10 mm, is used for calibration with maximum uncertainty
at ±2 pix which implies a percentage of 5%. The distance between the probes is 40 pix,
(or 5 mm) thus the uncertainty is on the order of ±1 pix. The calculation of the time is
influenced by the noise of the signal recorded at the two probes and the restriction imposed
by the speed of sampling from the high speed camera. The former is not possible to be
estimated, however, the latter is assessed at ±0.001 sec, which is the temporal resolution
of the method. It is evident that the velocity of the slower waves are calculated with
more accuracy. The overall total error can be estimated by the following equation for the
propagation of the error:
cw =

δcw =

s

!2

∂cw
∂cw
· δ∆x +
· δ∆t
∂∆x
∂∆t

!2

=

s

!2
!2
−∆x
1
· δ∆x +
· δ∆t
∆t
∆t2

(4.23)

For a fixed probe distance of 5 mm with a minimum time scale calculated in this
study at 0.004 sec corresponding to the maximum wave velocity of 1.3 m/s and taking into
account the above mentioned bias error for ∆x and ∆t, equation 4.23 predicts a maximum
total error for the wave velocity of ±0.31 m/s or 23% mainly due to the poor temporal
resolution. On the other hand, for low wave velocities on the order of 0.5 m/s, which
correspond to longer time scales of 0.01 sec, the accuracy is improved and the equation
4.23 predicts a total error of ±0.05 m/s or 10% of the calculated value of the wave velocity.

4.3.6

Wave frequency

The wave frequency has been calculated from the images collected from the high speed
recording on the top view of the test section using the backlight technique. The calculation
is based on measuring the intensity variations of the image created by the displacement
of the waves on the film interface. Since the backlight method is based on the detection
of shadows, no information can be derived for the film thickness or the amplitude of the
waves. Measuring the frequency of the pixel intensity variations, the frequency of the
waves is calculated. A Matlab code has been developed to perform these calculations.
The selection of the images from the top view has been made because on that view the
possible overlapping between waves, like in the case of images from side view, is avoided.
Unfortunately, only few flow conditions have been recorded and few experimental results
are available. Concerning the core of the Matlab code, it is consisted of the following
parts:
• Definition of the probe. A virtual probe is introduced inside the image at the location of x=90 mm at the middle plane to monitor the intensity signal of the film. The
size of the probe is 1 pixel which corresponds to 0.42 mm.
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• Autocorrelation Coefficient Function (ACF). The autocorrelation coefficient function of the fluctuation part of the probe signal is calculated.
• Power Spectral Density (PSD). The power spectral density of the autocorrelation
coefficient function is computed to determine the band of frequencies appeared on
the probe signal.
• Wave frequency. The dominant frequency of the signal is extracted.
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Figure 4.24: Wave frequency calculation at the position x=90 mm at the middle plane of
the test section, V̇ f = 80 l/h, ua = 20 m/s.
The autocorrelation coefficient function (ACF) measures the dependency of the values
of the signal samples at one time on the values of the samples of the same signal at
another time. The signal monitored from the high speed recording is presented in Figure
4.24(a). It has two parts, namely, an average and a fluctuating part. The fluctuating part is
introduced in the equation 4.24. The graph of the autocorrelation coefficient function of
the fluctuating part of the signal is given in Figure 4.24(b). Values of the autocorrelation
coefficient function close to zero mean that the samples of the same signal for two different
times are uncorrelated while values close to 1 mean that the samples are highly correlated.
Always the value of the ACF at the time=0 sec is 1, since the value is correlated with itself.
Periodicity on the graph of the ACF implies periodicity on the signal which might be
hidden due to the noise. The autocorrelation function is given by the following formula:
RII (m) =

N−m
1 X ´
I (n) · I´(n + m)
N − m n=1

(4.24)

while the autocorrelation coefficient function is computed by:
ACF(m) =

RII (m)
RII (0)

(4.25)

where m=1,2,3....,N-1 is called the lag number and signifies the time measured in terms
of images, N is the total number of images and I´ is the fluctuating part of the intensity
signal.
After the calculation of the ACF, the normalized power spectral density function
(PSD) of the ACF is computed and plotted in a logarithmic plot, Figure 4.24(c). The
91

92

4 Experimental facilities and methods

PSD provides information concerning the frequencies which contribute to form the signal
of the ACF and consequently the initial intensity signal in the domain of frequencies. The
calculation of the PSD is based on the fast Fourier transformation (fft) of the ACF and
the calculation of the amplitude of the fft. The fast Fourier transformation is given by the
following expression:
F[ACF](k) =

N−1
X
n=0

ACF(n) · e− j2πnk/N

(4.26)

where k is the spectrum of the signal related to the frequency of the ACF signal with the
following relation fk = kF s /N, n is the sample of the ACF signal, N the total number of
samples, F s the sampling frequency. The choice to apply fft on the ACF signal and not
directly to the intensity signal has been made to reduce the influence of the signal noise
on the calculation of the frequencies.
When the spectrum of frequencies is obtained from the procedure described above, the
frequency that contributes more to the formation of the intensity signal is detected and the
dominant wave frequency is calculated. The total bias error of the procedure depends on
the noise included inside the signal, affecting the ACF and fft calculations. Unfortunately,
it is not possible to estimate this error from the flow visualization study.

4.3.7

Measurement of film atomization

Figure 4.25: Experimental setup for mass measurements. 1. Collector position: downstream the corner. 2. Collector position: upstream the corner.
Mass measurements have been conducted during the experiments mainly to identify
the critical conditions for the onset of the liquid film atomization. For flow conditions far
from the critical, the liquid film exhibits an unsteady behavior which is analyzed further
in chapter 6.
A flat collector has been positioned on the ground, downstream the edge of the corner to collect the atomized droplets of the liquid film. The method measures directly the
atomized mass of the film after the corner, in contrast to the methods applied by other researchers in literature (Friedrich et al. (2008), Azzopardi and Sanaullah (2002), Owen and
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Ryley (1985)), see section 3.3.1.1. Figure 4.25 presents the experimental setup and the
position of the collector, labeled as 1. The high speed recording reveals that the inertia of
the atomized mass at the critical conditions is high enough to drive the generated droplets
in a certain distance far from the wall and all at once low enough so as the droplets not
to escape from the test facility. The distance of the collector from the vertical wall of the
corner is 5 mm, which allows the liquid film attached on the wall to exit the test section by
flowing downwards, while at the same time it captures all the atomized droplets. The atomized mass after being collected is weighed by means of a digital balance with accuracy
of 1 mg. Apart from the measurements of the mass detached from the bulk of the film, the
total flow rate and consequently the total mass introduced inside the test section is measured by means of a rotameter working in the range of 16-200 l/h within an uncertainty of
±2 l/h.

Figure 4.26: Percentage of vaporized mass as a function of the duration of mass acquisition.
Important parameters of the measurement are the number of repetitions of the mass
collections and the total time for each mass acquisition. For measurements far from the
critical conditions for the onset of the film atomization, the mass depicts an unsteady
behavior. Thus, a number of 20 mass collections is considered to be adequate to describe
the unsteady behavior. For conditions close to the critical ones, the dependency of the
mass on time is vanished and 10 repetitions have been performed to assess the behavior
of the film atomization.
As regarding to the necessary time for every mass acquisition, the time interval must
be longer than the slowest time scale of the phenomenon under study and together short
in order to prevent the droplets collected in the small tank to be vaporized. Obviously
the latter is the restriction which limit the duration of the mass acquisition since the time
scales of the film atomization are quite short. For that reason the following experiment
has been conducted. Two different amounts of mass have been placed inside the collector
and the real experiment has been simulated without the film flow. The small amount of
mass represents the case of which the liquid film flows close to the critical conditions
while the second case corresponds to film flow far from the critical. Figure 4.3.7 presents
the variation of the percentage of the vaporized mass for each case as a function of the
duration of the mass acquisition. It can be seen, as expected, that the small amount of
mass is vaporized faster than the other. It is also apparent that for time intervals less
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than 3 min the percentage of vaporized mass is negligible. All the experiments have been
conducting collecting the atomized mass during 2 min.

(a) Fluctuation of the atomized mass.
ua =14 m/s, V˙f =80 l/h, mat =16 gr.

Case: (b) Fluctuation of the atomized mass.
ua =18 m/s, V˙f =80 l/h, mat =270 gr.

Case:

Figure 4.27: Comparison of the two methods for measuring the atomized mass in the case
of low and higher air velocity.
The uncertainty of this method can be split into three parts. First, it is identified the
uncertainty due to the evaporation of the droplets collected in the collector. Nevertheless, it is proved above that this uncertainty do not influence the results of this study after
careful selection of the time of mass acquisition. Second, some droplets depending on
their inertia may fall in front or behind the collector since it is fixed 5 mm far from the
vertical wall and it has a finite size. This uncertainty becomes negligible for cases close
to the critical conditions while it is significant and deteriorates the method to work when
the case corresponds to conditions far from the critical. The third part of the uncertainties
concerns the amount of droplets that drop inside the collector, splash and are re-ejected
towards the side walls of the test facility. Again, this uncertainty is negligible for critical
conditions and becomes important far from them. Based on the fact that the mass measurement method is mainly used to identify the critical conditions of each liquid film case,
the overall uncertainty of the mass measurements is estimated to be equal to the uncertainty introduced by the mass balance, ±0.01 gr. For that reason, this method is believed
to be more precise and suitable for the detection of the critical conditions comparing to
the other methods used in literature for corner geometries.
When the liquid film atomization is significant and the air velocity is high drifting the
generated droplets far from the test facility, the method described above is not reliable.
In these cases, it is considered more accurate to measure the liquid film which remains
attached on the vertical wall and subtract it from the total mass measured by the rotameter
in order to find the atomized mass of the film. In Figure 4.25, the new position of the
collector is labeled as 2. The error introduced in this setup depends on the number of
atomized droplets of low inertia which may fall inside the collector and the elapsed time
needed to start and stop the collection of the liquid film. Both errors were not possible to
be estimated.
A comparison of the two methods mentioned above is shown in Figure 4.27. The
two methods have been tested by measuring the fluctuation of the atomized mass while
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keeping the same liquid flow rate and increasing the air velocity from a low value which
would produce few atomization to a higher velocity which would generate significant
atomization. Though only few measurements have been conducted, it is evident the trend
that the data follow, which implies capability to measure more accurately with the first
method in conditions close to the critical and capability for accurate measurements far
from the critical conditions with the second method. Thus, the second method leads to less
reliable results when it is used to seek for the critical liquid film conditions. This fact has
been also documented in the work of Friedrich et al. (2008), who used the second method,
by reporting that the experimental identification of the critical conditions becomes an
arbitrary process.

4.3.8

Width measurements

The width of the liquid film is measured for the majority of the tested cases by means of a
SLR digital camera. A ruler has been attached to the bottom of the transparent horizontal
wall and pictures are taken with the digital camera from the top. The images have been
examined and the width of the film is measured by simple inspection. The error introduced
at the measurement of the film width is ±1 mm.
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5 Overspray in wiper blades
The wiping process is explored here in detail by means of visualization methods as described in chapter 4. Overspray is characterized by the generation, transport and impact
of droplets on the windshield. The aim of this study is to understand different aspects
of the Overspray process, provide a comprehensive and rigorous interpretation for Overspray, explain the droplet generation from the wiper blades and expose the most significant physical phenomena involved in the droplet production.
The procedure used to study the Overspray phenomenon is described in section 5.1
followed by the wiper blades tested in this work. The droplet source locations are given
in section 5.2 for each blade together with the corresponding droplet failures on the windshield. The local air flow on the blade surfaces and the liquid film flow are investigated
in detail in the sections 5.3 and 5.4 respectively. Combining these results, the underlying
physics of droplet generation are highlighted. A new interpretation to explain Overspray
is proposed in section 5.5 and the most important physical phenomena in regard to droplet
production are classified and suggested for further study in 5.6.

5.1 Experimental procedure
Two experimental methods have been applied for the study of the Overspray phenomenon,
namely, the high speed recording and the oil-film visualization technique as indicated in
chapter 4, at the sections 4.3.4.2 and 4.3.4.1 respectively.
Concerning the high speed recording, the relevant experimental procedure is depicted
in Figure 5.1. The car model presented in section 4.1.2 is installed inside the wind tunnel
L1-A of von Karman Institute and the speed of the air flow is set in a constant value at
160 km/h or (44.44 m/s). In the beginning, the nozzle jets of the car are activated together
with the wiping system spraying washer liquid towards the blades and the windshield.
Both the nozzle jets and the wiper blades work until the end of the 3rd wiping cycle. Afterwards, the nozzle jets stop spraying and the wiper blades continue to wipe for three more
cycles. At the end of the 6th cycle the wiper system stops completely and the windscreen
is observed for 12 seconds. Images have been collected from the high speed recording
for the 4th and 6th cycle when the wiper blade is moving back to the park position. The
whole procedure is recorded by a simple camera to capture the droplet failures on the
windshield. Images from the simple camera are extracted for the 4th , 6th wiping cycle and
the time instants of t=2 sec and t= 12sec as shown in Figure 5.1 indicated by the red spots
on the timeline procedure.
Concerning the oil-film visualization, the wiper blades are fixed in the position shown
in Figure 5.2 at the middle of the windshield. This method is used to study the local air
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Figure 5.1: Timeline of events followed during the experimental procedure for high speed
recording.
flow around the blade. The mixture with oil is spread over the windshield and wiper blade
surfaces and the wind tunnel is operated at a speed of 160 km/h.



Figure 5.2: Wiper blade position during oil-film visualization.

Different types of wiper arms and wiper blades have been tested in this work. Figure
5.3 presents all the 16 different combinations of the wiper blades, arms and car nozzles
under investigation. The tested blades have been classified according to their geometrical
characteristics. Specifically, the blades are distinguished in regard to the design concept,
the length of the connection part of the wiper arm and the height of the spoiler. For
each blade, two different types of nozzles have been mounted on the car and utilized in
spraying the windshield with washer liquid as presented in section 4.1.2. Experiments
applying both high speed recording and oil-film visualization have been carried out for
all the combinations. Only important results from selective blades are presented and
discussed further in this chapter.
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Figure 5.3: Tree of wiper blade, arm and car nozzle combinations tested in Overspray
study.
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5.2 Outcome and origin of droplet sources
Typical examples of the droplet impact on the windshield coming from the wiper blades
due to the strong air-liquid interactions are depicted in Figure 5.4. The two rows of images
present the evolution of the droplet failures on the windshield with time. The first row
concerns the outcome of droplet generation for a TL2 wiper blade with long connection
part while the second row for a SL-1 blade. Both blades have a low spoiler and they are
combined with 2-spot spray nozzles.





 

 

  

  

(a) TL2 wiper blade with long connection part and low spoiler in combination with 2-spot spray nozzles.





 

 

  

  

(b) SL-1 wiper blade with low spoiler in combination with 2-spot spray nozzles.

Figure 5.4: Timeline of droplet failures on the windshield for two different wiper blades.
Depending on the wiper blade concept, the outcome of the droplet sources is different,
however, some general characteristics can be observed. The droplets seem to cover mainly
the OCR close to the reverse position of the blade and less the ICR. A droplet line is
formed at the AR which expands to all the area of the screen from the reverse position to
the park position of the blade. The droplet patterns on the screen remain unchanged for
every blade, independent of the number of repetition of the wiping process for Overspray.
It should be mentioned again that the droplet failures on the screen are generated when
the wiper blade is moving downwards towards the park position.
The images of the droplet failures in different time instants allow the evaluation of
every wiper blade in Overspray. The visibility through the windshield for the driver and
the passengers of the car is assessed by the amount of droplets existing on the windshield
at the time instants t=2 sec and t=12 sec. A detailed comparison and classification of
the blades based on their efficiency in Overspray is possible and is documented in internal report. Generally, the SL-1 design displays the minimum amount of liquid on the
screen while the SL-2 the maximum. The wiper blades with higher spoiler tend to give
more droplet failures on the windshield comparing to the blades with low spoiler. No
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differences are reported on the droplet patterns between the wiper blades with long or
short connection part of their wiper arm. Finally, concerning the car nozzle jets which
influence the initial amount of liquid and its distribution on the wiper blade surfaces, the
combination of the “cloud” nozzles with the blades give more atomization failures on the
windshield comparing to the “2-spot” nozzles.
Examining the evolution of the droplet failures in Figure 5.4, the intensity of the failure is decreasing with the number of the wiping cycles. In some cases, regions of the
windshield covered by droplets may clean completely from the 4th to the 6th wiping cycle.
It should be reminded that after the 4th wiping cycle only the wiper blades work while
the spray nozzles are deactivated. This elimination of droplet failures from regions of
the screen has to do with the fact that less liquid remains on the blade with the increase
of the wiping cycle which is still available for atomization. This change of the droplet
pattern on the windshield for the same blade do not signify any change at the origin or
the mechanism of the droplet ejections. Based on the fact that all the phenomena related
to Overspray are more pronounced during the 4th wiping cycle without any change of the
physical phenomena, that cycle has been selected to study the blades in Overspray. On the
other hand, comparing different types of blades, different droplet patterns are observed on
the windshield. This fact indicates that either the position of the droplet ejections on the
blade has been changed or a different mechanism of droplet ejection is present or both at
the same time.
Figures 5.5, 5.6, 5.7 present the locations of the droplet sources on the wiper blade
surfaces associated with their corresponding droplet failures on the windshield. Depending on the blade concept, six to seven different locations have been identified where the
liquid from the car nozzles is mainly atomized. All these liquid atomization sources do
not contribute to the Overspray failure on the windshield. There are positions where the
liquid after the atomization is driven far from the screen by the strong external air-flow.
Even among the sources that cause the droplet failures, the contribution rate is different
and depends on the initial distribution of the liquid on the blade surface. The sources that
contribute to the Overspray failure are indicated with a red circle in Figures 5.5(a), 5.6(a),
5.7(a).
The droplet pattern on the windshield captured from the simple and high speed recording during the 4th wiping cycle is depicted in Figures 5.5, 5.6, 5.7b and c respectively. The
images from the top view configuration of the high speed recording zoom in the screen and
allow more details to be captured concerning the shape of the droplet failures impacted on
the screen. Three different types of droplet failures have been identified according to the
final shape of the droplets on the windshield. First, it is distinguished the droplets which
impact on the screen ejected from a short distance with a direction normal to it, generating
a cloud of discrete spills of “circular” shape on the windshield. Second, droplets driven
by the local air flow behind the blade, impact on the windshield in a tangential direction
forming accumulations of droplets with an elongated shape which follow the direction
of the length of the wiper blade. Third, big spots spread on the windshield with their
orientation to track the rotational motion of the wiper blade.
For the TL2 concept, Figure 5.5, there are four active droplet source locations which
contribute to Overspray failure on the windshield. The source 1 is located at the back side
of the blade at the end of the spoiler at the AR and it contributes to the “circular” droplet
failures of the screen at the AR together with the source 2. The latter is located on the
101
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(a) Left: Droplet source locations for a TL2 blade. Right: Droplet ejection recorded from
high speed camera.

(b) Droplet failures on the windshield for the same
TL2 blade combined with ’cloud’ spray nozzles.




 
 


 





  
 


  
 


  
 


(c) Print of droplet failures on the windshield associated with their droplet sources.

Figure 5.5: Origin and outcome of the droplet ejections for a TL2 wiper blade.
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(a) Left: Droplet source locations for a SL-1 blade. Right: Droplet ejection recorded from
high speed camera.

(b) Droplet failures on the windshield for the same
SL-1 blade combined with ’cloud’ spray nozzles.




 
 


 





  
 


  
 


(c) Print of droplet failures on the windshield associated with their droplet sources.

Figure 5.6: Origin and outcome of the droplet ejections for a SL-1 wiper blade.
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(a) Left: Droplet source locations for a SL-2 blade. Right: Droplet ejection recorded from
high speed camera.

(b) Droplet failures on the windshield for the same
SL-2 blade combined with ’cloud’ spray nozzles.




 
 


 





  
 


  
 


  
 


(c) Print of droplet failures on the windshield associated with their droplet sources.

Figure 5.7: Origin and outcome of the droplet ejections for a SL-2 wiper blade.
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vertebra of the blade at the region of the adapter below the holding spring. The source 3
produces the elongated droplets parallel to the blade and is positioned at the region of the
first and second clamp of the adapter on the vertebra. The last active source (source 7),
is detected at the back side of the lip of the rubber and causes the big, wide spots mainly
at the OCR and ICR of the windshield. It is a particular liquid source comparing to the
other ones because the liquid is not atomized and does not impact on the windshield as a
droplet but it is transmitted and flows from the blade to the screen through the rubber. For
the SL-1 concept, in a similar manner in Figure 5.6, the sources 2, 4 which are located
at the corners of the holding spring with the two spoilers result in the elongated droplets
of the AR. The source 6 is exactly the same as the source 7 for the TL2 blade. For the
SL-2 concept, the source 2 gives the “circular” droplet prints in the AR and the source 7
is responsible for the big spots at the OCR and ICR with orientation following the blade
movement. The source 3 which is located inside the cavity at the bottom of the holding
spring and the source 4 positioned at the corner of the holding spring and the adapter soil
the AR of the windshield with elongated droplets parallel to the blade as shown in Figure
5.7.
The correlation between the liquid sources and the droplet failures on the windshield
established through the visualization study is very important. It mainly facilitates the
study of the Overspray phenomenon because simple inspection of the windshield can
reveal information for the location and the way the liquid is ejected from the sources
and possible changes of the droplet pattern on the screen are associated directly with
modifications of the corresponding droplet sources.

5.3 Air flow characteristics of droplet sources
The simple and high speed recording give sufficient information concerning the question:
“Where are the droplets on the windshield coming from and where do they deposit?”.
However, it remains to be answered why these droplets are ejected from the locations
identified as droplet sources on the blades in the section 5.2. For that reason, first, the
characteristics of the air flow at the droplet sources positions are studied.
The basic characteristics of the separated 3D flow around the wiper blade developed
on the windshield and the local air flow features on the blade surfaces have been studied
by means of oil-film visualization. The air flow field over the windshield and the blade is a
very complicated field due to the complexity imposed mainly by the geometry of the wiper
blade. The air flow observed in this study belongs to the category of the junction flows.
Junction flows, as reviewed by Simpson (2001), occur when the boundary layer developed
on a surface encounters an obstacle attached to the same surface. In our case, the obstacle
is the wiper blade and the surface is the windshield while the boundary layer is developed
by the main air flow on the screen. The oil patterns appeared on the body surfaces due
to the action of the air flow have to be interpreted to extract useful information for the
characteristics of the air flow field.
The critical point theory (CPT), see Appendix C, has been applied for the interpretation of the oil-film visualization. The remarkable similarity of the geometry of the wiper
blade with the simplified geometry of the square rib of high aspect ratio is used to validate the flow structures deduced on the first geometry from the oil-film visualization
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study. The presentation of the main features of the air flow around square ribs is given in
the Appendix D. The square ribs and cuboids have been studied extensively in literature
with different methods included the oil-film visualization. These results together with the
theory is believed to facilitate the explanation of the oil patterns on the windshield and
blade surfaces of the car model and make possible the understanding of some of the basic
flow structures of the air flow developed above these surfaces. In the remaining of this
section, the flow topology of the separated flow over the windshield and the wiper blades
is described. Schematic representations of the important structures encountered in the oil
patterns are proposed for every case. Useful information concerning the characteristics of
the air flow on the blades, which is the the main subject of this study, are extracted and
expected to aid towards the understanding of the droplet ejections from the wiper blades.

5.3.1

Air flow around the wiper blades

The basic flow structures around the driver’s wiper blade on the windshield of the car
model have been investigated in the visualization study, see Figure 5.2. The oil-film
technique has been applied for all the blades depicted in Figure 5.3. Below, the results for
the TL2 blade concept with a high spoiler are presented as an illustrative example.
The visualization study on a real application is not an easy task and limitations arise
from that fact. Specifically, the windshield on which is positioned the wiper blade comprises the surface on which the flow structures will leave their trace and will give the
necessary information concerning the flow field. Due to the limited size of the windshield
surface only a region of the flow around the blade will become visible and the rest information will be lost. Besides, the windshield is a curved surface and not a flat one inclined
with an angle of 25◦ inside the air flow, which implies that the kinematic constrain derived
by Hunt et al. (1978) is not applicable any more for this case. The latter imposes great
difficulties at the validation of the successful identification of all the critical points on the
windshield since there is no limit to constrain their number.
Limitations have been also imposed by the fact that the air flow field has been investigated only with the oil-film visualization method on the screen and blade surfaces. No
other method has been utilized to visualize the flow field in a plane inside the flow and
compare it with the results of the oil-film study. The reason is the increasing complexity
to apply any different method in a real application for flow conditions approaching the
actual ones. Besides, the final goal of the study is to reveal the air flow close to the wiper
blade surfaces to understand why the droplets are ejected from them. Finally, the windshield has been coated with oil mixture over a limited area for the majority of the tested
blades adding extra to the loss of information of the air flow field above it.
All the above restrictions resulted in the description of a part of the flow field around
the wiper blade. Information for the flow field on the screen and blade surfaces are given
in detail but not complete investigation is provided for the flow field above these surfaces.
Moreover, only the critical points observed from the visualization study are reported.
There is no inference for points which implicitly emerge in the flow field satisfying the
kinematic constrains of the critical point theory since it is not applicable any more. Finally, the most basic flow structures around the blade are revealed and their creation is
validated with the flow fields generated in similar configurations as reported in literature
and presented in the Appendix D.
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(a) Oil-film visualization.

(b) Topological concept of the flow around the
wiper blade based on the critical point theory. SL:
Separation Line, RL: Reattachment Line, S: Saddle point, N: Node point.










(c) Schematic representation of the basic flow structures around the wiper blade.

Figure 5.8: Basic flow structures around the wiper blade captured with the oil-film visualization method.
TL2 blade design has been used as an example to demonstrate the analysis performed
to the images taken from the flow visualization study. Figure 5.8(a) presents the result of
the oil-film method. The skin friction lines on the oil mixture reveal the characteristics of
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the air flow above the windshield. The skin friction pattern has been analyzed using the
critical point theory and the topology of the flow around the blade has been identified in
Figure 5.8(b). A simple observation on the flow topology of the wiper blade depicts similarities to the flow field around the inclined rib, as shown in Figure D.4(b) and discussed
in the Appendix D, though the difference on the aspect ratio of the two bodies is apparent.
Five main regions have been recognized around the blade from the oil pattern while
a sixth one (region VI) developed downstream the blade at the position of the adapter
and influenced by the complex geometry of the connection part of the wiper arm has been
identified but not analyzed due to the lack of experimental results in that area. Scrutinizing
the patterns inside the flow regions, one will remark the similarity of the prints of the skin
friction lines to the corresponding ones of the skin friction lines presented in Figure C.2
for the evolution of longitudinal vortices at the streamwise direction by Smits and Lim
(2000).
The main flow is coming from the left, region I in Figure 5.8(b), flowing over and in
parallel to the windshield till the moment which encounters the wiper blade. The latter
acts like an obstacle inside the main flow. The main flow is separated forming the first
critical separation line (SL1) upstream the blade, as also reported for all the cases of the
square ribs in literature. One part of the main flow is forced to recirculate in front of the
blade forming a clockwise vortex which moves along the blade generating skin friction
patterns similar to Figure C.2. This vortex comprises the region II and forms a U shape
structure around the blade in the same manner as it has been documented in the literature
for the square ribs of high aspect ratio. The separation line (SL1) passes through the
saddle point (S1) at the bottom of Figure 5.8(b) under the wiper arm and it ends at the
back side of the blade generating the focus point (N1). Similar to the case of the inclined
rib, the separation point of the main flow is located at the lower corner of the obstacle.
The other part of the main flow moves above the wiper blade forming the skin friction
pattern downstream of the blade. It is not possible to draw firm conclusions from this
experimental study, concerning the capability of the flow to brunch in certain points on
the blade flowing over it. However, no special regions of alternating saddle and nodal
points have been observed on the top of the blade surface, which is the characteristic of
flow branching for ribs as documented in Martinuzzi and Tropea (1993).
The flow around the blade reattaches at the critical lines (RL1 and RL2) forming
the region V, where the skin friction lines have the same direction as the lines of the
main flow upstream the blade. The reattachment line is broken in two parts because
of the interference of the unknown zone VI. The flow field in that zone must be very
complicated and is definitely influenced by the fact that the geometry of the blade is
changing significantly at the adapter area. As mentioned already above, the experimental
results are not sufficient to draw conclusions for that region. At the reattachment lines,
a part of the air flow is directed back to the blade building the main recirculation zone
behind the blade, region IV. It is a clockwise vortex moving along the blade. When the
main recirculation region encounters the blade a second separation line (SL2) is formed
which passes through the saddle points S2 at the bottom of the blade and S3 and S4 at the
top. An anti-clockwise vortex is formed adjacent to the wiper blade surfaces comprising
the region III which is directed towards the top of the windshield. The change on the shape
and the size of all the regions at the adapter location reveals the significant influence of
the connection part geometry of the wiper arm on the formation of the flow field around
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the blade.
A very complex field is developing at the top part of the wiper blade. First, the flow
in region III deviates at the saddle point S3 and collapse into the separation line (SL2)
when encounters the small recirculation zone with center the node N3. This recirculation
region is the result of the interaction of the main flow which is coming from the front of
the blade turning around the tip of the blade and the main recirculation at the back. From
the interaction, the saddle point S4 is generated. One part forms the above mentioned
recirculation region with center the focus N3 and the other part develops the recirculation
zone at the end clip of the blade with center the focus point N2. Unfortunately, the size of
the windscreen and the painted surface are limited resulting in patterns unable to expose
all the flow field characteristics produced on the top part of the blade.
Figure 5.8(c) depicts with a schematic representation the most important flow structures developed around the wiper blade at the regions of the spoilers that have been observed on the oil patterns and validated with literature. Their basic characteristics have
been described in detail above. Similar flow structures are monitored around the wiper
blades of the other concept designs. The schematic representation do not comprise the
complete representation of the air flow field around the blade but it shows only important
features. For all the wiper blades tested in this study, it is obvious that the local flow close
to the blade surfaces, especially at the back side where the majority of the active droplet
sources are concentrated, is the complex product of the interaction of different vortical
structures. The main recirculation structure of region IV seems to dominate at the upper
part along the back side of the wiper blade while the small anti-clockwise vortex of region
III influences the lower part. There is no uniform flow and there is no developed boundary
layer on the blade surfaces.

5.3.2

Local air flow on the wiper blade surfaces

After the investigation of the air flow field around the wiper blades on the windshield,
the study is focused on the local air flow characteristics developed on the blade surfaces
at the positions of the droplet sources. The analysis is similar to the one applied above.
The direction that follows the local air flow is captured on the skin friction lines from
the oil-film visualization on the blade surfaces. The corresponding flow structures above
these surfaces producing the specific skin friction patterns are identified. More attention
has been paid to the locations where active droplet sources exist while a short description
of the local flow field follows the location of the droplet source which are not significant
for Overspray.
Figure 5.9 presents the local air flow characteristics on the same TL2 blade at the
region of the most important droplet sources for Overspray. These are the sources 1, 2,
3 at the back side of the wiper blade at the region of the adapter as indicated with the
arrows in Figure 5.9(b). The most important characteristics of the flow topology have
been deduced from the oil-film patterns of Figure 5.9(a) . Two different flow regions are
encountered at the back side of the blade on the spoiler surface relatively far from the
adapter, the region VII and the region VIII. The first is formed on the top of the spoiler
where the skin friction lines are directed upwards and the second at the base of the spoiler
where the lines are directed downwards towards the windshield. The region VII is the
result of the action of the main recirculation region IV, explained in section 5.3.1, on the
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(a) Oil-film visualization.







(b) Topological concept of the flow at the region
of the adapter. BL: Bifurcation Line.









(c) Section A-A. Schematic representation of
the basic flow structures around the adapter region.





(d) Section B-B. Schematic representation of
the basic flow structures around the adapter region.

Figure 5.9: Basic flow structures captured at the locations of the droplet sources 1, 2, 3
using the oil-film visualization method.
spoiler surface and the region VIII, the print of the small anti-clockwise vortex developed
at the concave corner at the base of the spoiler. Both structures form the bifurcation line
BL1 shown in Figure5.9(b).
The local air flow field is changing drastically close to the adapter region, especially at
the end of the spoiler under the holding spring, region IX, where it is located the droplet
source 1. The skin friction lines of the zone VII turn down towards the base of the spoiler
and all the air flow is pointed towards the windshield. The explanation for this abrupt
change of the direction of the local flow is given in Figure 5.9(c), which depicts the
schematic representation of the basic flow structures at the section A-A passing through
the end of the spoiler as shown in Figure 5.9(a). Apart from the well known vortices of the
regions III and IV, described in section 5.3.1, there seem to exist an internal flow inside
the cavity created by the profile of the spoiler and the geometry of the connection part of
the arm designating an internal path for the flow. The implication of this internal flow is
the downward local flow at the top of the spoiler surface observed at the region IX and the
generation of a small recirculation zone at the bottom of the connection part of the wiper
arm exiting the cavity forming the region X. The oil-pattern in Figure 5.9(a) at the region
of the bottom of the connection part of the arm and specifically the direction of the skin
friction lines confirms the existence of the internal flow and the generated recirculation
region. The flow structures developed locally on the spoiler surface are shown in Figure
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5.9(c).
Concerning the local air flow at the locations of the droplet sources 2, 3, the oil-film
method does not give a lot of information since the skin friction lines on the metallic vertebra at the adapter region are blur obscuring the deduction of conclusions. The analysis
of the local flow in that region is deduced implicitly from the oil-pattern at the bottom of
the connection part of the arm and the videos of the liquid film flow on the wiper blade
captured from the high speed recording which are discussed in section 5.4. Taking into
account the section B-B at the adapter region above the vertebra, Figure5.9(d), the internal flow inside the cavity of the holding spring explained above remains unchanged and
is intensified by a stream of air flow which passes through the small gap formed between
the bottom of the adapter and the top of the rubber profile. Both internal local flows result in the local air stream at the adapter region pointed far from the vertebra toward the
windshield. As mentioned before, the existence of the internal flow is justified from the
patterns of the skin friction lines at the end of the spoiler in region IX, at the bottom of
the connection part of the wiper arm in region X and the pathlines followed by the liquid
film on the vertebra of the blade from the high speed recording.
The characteristics of the very complex local air flow at the locations of the droplet
sources 4, 5, 6 are presented in Figure 5.10. On these locations, liquid is ejected from
the wiper blade surfaces, however, it never impacts on the windshield. It is thrown away
from the screen by the external flow. Figure 5.10(a) depicts the local air flow field at
the region of the uppermost corner of the holding spring where source 4 is located. The
interaction of the geometry of the holding spring with the complex flow field created by
the recirculation zones III, IV, the small zone from the internal flow at the bottom of the
connection part of the arm in region X and possibly the flows coming from the corners
of the external surface of the connection part of the wiper arm results in the formation
of a small recirculation region inside the concave corner between the holding spring and
the spoiler. The small anti-clockwise vortex formed there depicts an upward direction.
Concerning the droplet source 5 on the top of the connection part of the wiper blade,
the basic air flow characteristic is the interaction of the main air flow and the resulting
clockwise recirculation zone developed in that region as shown in Figure 5.10(b). Figure
5.10(c) depicts the basic flow structures generated at the front side of the wiper blade at
the cavity between the holding spring and the spoiler at the location of source 6. In that
region, the main flow attacks the connection part of the arm at an angle and recirculates
behind the tip of the holding spring. The oil-film patterns confirm the impact of the main
flow on the adapter and the recirculation zone formed at the concave corner. Finally, no
results are presented concerning the air flow adjacent to the lip of the rubber at the location
of the special droplet source 7. The oil-film method is not suitable to capture in such a
narrow surface at the back side of the blade characterized by low air velocities the skin
friction patterns of the local air flow.
The analysis mentioned above has been followed for all the blades tested in this study.
The local air flow field for different locations on the wiper blade surfaces included the
ones of the active droplet sources exhibit very complex behavior. As reported in section
5.3.1, there is no uniform flow or developed boundary layers generated on the blade surfaces. The majority of the local flow structures result from the interaction of secondary
vortices, local internal air streams and recirculating flows formed around the wiper blade
geometry on the windshield. It is very interesting to notice that the local air flow at the
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(a) Oil-film visualization and basic flow structures at the region of droplet source 4.








 





(b) Oil-film visualization and basic flow structures at the section A-A corresponding to the
droplet source 5.










(c) Oil-film visualization and basic flow structures at the region of droplet source 6.

Figure 5.10: Selective flow structures captured at the locations of the droplet sources 4,
5, 6 using the oil-film visualization method.
locations of the active droplet sources is pointed out from the wiper blade surface in a
direction towards the windshield. No stagnation or recirculation zones are formed in
those locations. On the other hand, the local air flow fields at the rest locations of droplet
sources, which do not contribute to Overspray, depicts the characteristics of recirculation
regions. In those zones the air flow has an upward direction pointing out from the blade
far from the windshield.

5.4 Liquid flow characteristics of droplet sources
This section continues to provide data in order to understand the reason why droplets
generated from the wiper blade surfaces at the locations identified as droplet sources in
section 5.2. The liquid flow characteristics at these locations are investigated.
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Useful information concerning the behavior of the liquid attached on the wiper blade
surfaces are deduced from the study of the videos recorded with the high speed camera.
All the wiping process has been captured with the aid of the two high speed cameras
described in paragraph 4.3.4.2 filming from a side and a top view. The local liquid flow
at the vicinity of the droplet sources is revealed, analyzed and combined with the local air
flow to understand better the physical mechanism responsible for the droplet generation
encountered in certain locations of the wiper blade. The local flow on the TL2 concept
design is again illustrated as an example similar to what has been followed in section
5.3.2.

Figure 5.11: Liquid film flow at the back side of a SL-2 wiper blade.
Liquid is sprayed from the car nozzles, impacts on the wiper blade surface and attaches
on it, see Figure 5.11. The initial distribution of the liquid on the blade depends on the
characteristics of the spray and consequently the type of the car nozzles. The liquid
deposited at the back side of the wiper blade seems to wet all the surface area of the blade
forming a sort of a coating on the surface which exhibits organized structures on its free
surface. This liquid is moving along the wall surfaces with a direction from the lower to
the upper part of the blade due to the local external air flow field. The patterns on the
interface of the liquid flow remind the ripples developed on the thin liquid films sheared
by strong external air flows. Another possible way to interpret the same liquid pattern on
the blade could be the consideration of the motion of the liquid as the displacement of
distinct droplets on the wall surface. However, just after the deactivation of the nozzle
jets and close to the locations of the most active droplet sources in Overspray, the liquid
flow seems to be continuous without the formation of distinct droplets. In this study, the
concept of a very thin and narrow liquid film sheared by the external local air flow field is
adopted to describe the liquid flow at the back side of the blade.
The motion of the thin liquid film is depicted in Figure 5.12 close to the droplet sources
1, 2 and 3 for two different consecutive times together with the skin friction patterns
emerged from the oil-film visualization study. In that way, a direct comparison of the
local air flow is possible with the local film flow at the regions of interest. The liquid
film at the location of the spoiler in the ICR is moving with an upward direction until the
point where the adapter of the wiper blade is approached. There, due to the internal flow
coming from the cavity of the connection part of the wiper arm in region IX, shown in the
113
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oil pattern of Figure 5.12 and explained in section 5.3.2, the liquid flow is clearly changing
direction towards the base of the spoiler. Droplet source 1 has been detected in that area.
The liquid film in source 1 at the position of the base of the spoiler continues to move
either by turning around the corner at the base towards the lip of the rubber or it is shifted
towards the vertebra of the wiper blade. In both cases, the film can be partially detached
and atomized at the round corner of the base of the spoiler. The high speed recording
shows that this source comprises a node which serves mainly as a liquid supplier for the
other sources, specifically the droplet sources 2, 3, 7. The atomization taking place either
at the end of the spoiler or in front of the rounded corner of approximatively 140◦ is
because the shear-driven liquid film has to negotiate a corner along its flow path.







Figure 5.12: Oil-film visualization and liquid film flow at the location of the droplet
sources 1, 2, 3 for two different successive time instants.
The film passed on the vertebra keeps on moving towards the upper part of the blade
due to the shearing action of the main recirculation zone developed behind the blade.
At the vertebra below the holding spring, the liquid film is accumulated mainly on the
lower surface of the vertebra. The strong components of the local internal flows atomize
the liquid film when approaches the sharp edge of the vertebra in a direction towards
the windshield far from the blade. The thin film in that location is atomized similar to a
liquid sheet. Except from the sharp edge of the vertebra, the film is atomized also when
encounters the two clamps of the adapter as shown in Figure 5.12. The dimensions of the
small clamps are comparable with the size of the film in that region. The characteristics
of the film flow described above concern the droplet sources 2, 3, which comprise very
important sources for Overspray for the TL2 design. The shear-driven liquid film has to
deal either with the strong component of the air flow blowing above the sharp corner edge
(upper surface of vertebra) or with a change in its path due to an obstacle (clamp).







Figure 5.13: Oil-film visualization and liquid film flow at the location of the droplet
sources 4, 5, 6 for two different successive time instants.
Figure 5.13 presents the oil-film patterns of the local air flow and the liquid flow at
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the location of the droplet sources 4, 5, 6. In both sources 4 and 6, liquid is accumulated
at the cavities formed by the surfaces of the holding spring and the back and front side
of the spoiler in the OCR respectively. The local air flow in both regions forms a small
recirculation zone inside the two cavities. The liquid which is deposited there after the
action of the car nozzles is trapped inside the recirculation zone and it is forced to follow
the movement of the vortex developed there. In droplet source 4, the weak recirculation
zone drives and accumulates the liquid at the edge of the holding spring. There, the liquid
interacts with the strong component of the local air flow behind the blade described in
5.3.2 and is atomized in a direction perpendicular to the initial direction of the film on the
surface of the holding spring. On the other hand, in source 6, the stronger recirculation
zone rotates the amount of liquid inside the cavity and separates it at the convex and
concave corners formed by the surfaces of the components of the wiper blade. Figure
5.13 shows a droplet detached from the blade surfaces recirculating in the location of the
droplet source 6. Concerning the droplet source 5, most of the times, very few liquid is
trapped between the main flow and the recirculation region developed on the top of the
connection part of the adapter. The liquid is sheared and atomized in the direction of the
main flow as the blade is moving back to the park position.



Figure 5.14: Liquid film flow at the location of the droplet source 7 for three different
successive time instants from the high speed recording.
The liquid film flow at the location of the droplet source 7 is depicted in Figure 5.14.
The source 7 is a special droplet source because the droplets are generated by transmission
of liquid from the blade to the windshield through the direct contact of the lip of the rubber
on it and not by atomization. For this special source, the videos from the high speed
recording show that a sort of liquid film is developing on the inclined rubber surface
which is sheared by the local air flow and driven from the bottom to the top of the blade,
similar to the way that the liquid film is formed and moving at the back side of the spoiler.
The local air flow except from the displacement of the film results in the deformation and
the expansion of the crests of the film interface towards the direction of the windshield.
The result is the expanded edges of the film to touch the screen and leave their print on it.
Though there is no droplet ejection from that location, it is a very important supplier of
the windshield with droplets influencing significantly the result of the wiping process in
Overspray.
The analysis of the liquid flow on the wiper blade described above revealed that the
liquid can either flow like a thin, narrow film at the back side of the blade shear-driven
by the external air flow or be collected in regions of the blade where stagnation or recirculation zones exist, forming liquid pools. In both cases, the liquid flow has to deal with
changes of the local geometry over which is moving along its pathline. In the first case the
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liquid film is atomized mainly when it is driven by the external air at the edge of convex
and sharp or rounded corners. In the second case it is atomized at the vicinity of convex and concave corners formed by the wall surfaces surrounding the recirculation zone.
The study on the current wiper blades depicts that the atomization of the shear-driven
film at the edge of a sharp corner comprises one of the main mechanisms for the droplet
generation contributing to Overspray failures.

5.5 Basic theory for Overspray
Based on the experimental observations of the flow visualization study on the wiper blades
of the car model inside the wind tunnel, the first theory for Overspray presented in the
section 2.5.5 has been updated.
The liquid coming from the nozzle jets of the car covers the wiper blade surfaces
and interacts with the external local air flow. The distribution of the liquid on the blade
which depends on the characteristics of the spray of the nozzle jets influences the activity
of every droplet source. The interaction of the liquid with the external air flow results
in the displacement of the liquid as a thin film on the blade surfaces. In contrary to the
first theory, the liquid film neither necessarily flows towards the special zones, called
’stagnation zones’, nor its amount is increased inside these zones with time. The liquid
mainly is flowing at the back side of the blade and it is atomized when encounters a sudden
change in the geometry. Another part of the liquid ejected from the car nozzle jets is
trapped immediately during its impact on the wiper blade surfaces inside the recirculation
regions formed by the cavity geometries of the blade. The liquid in these regions is
moving following the motion of the developing local vortex and it is atomized, resulting
in the gradual reduction of the amount of liquid inside these zones. Even in that case,
the atomization of the liquid occurs because of the geometrical variations of the surface
encountered during the recirculation.
The videos from the high speed recording show and confirm that the droplet ejection
positions are fixed locations on the wiper blade close to the adapter region. That region
includes all the significant changes on the geometry of the blade. However, the videos
reveal also the presence of another type of droplet source in which no atomization is taking
place and the liquid approaches the windshield through transmission from the wiper blade.
Not all the droplet sources contribute to Overspray failures. For the current wiper blades,
the significant droplet sources contributing to Overspray failures are the sources where
the liquid film is atomized at the sharp edges of the blade surfaces or in front of obstacles.

5.6 Simplified models for atomization on the wiper blade
surfaces
The process of liquid film separation and atomization taking place on the wiper blade surfaces is analyzed further in this section to isolate the physical phenomena which dominate
the detachment process. The liquid film developed on the blade surfaces is set in motion
due to the external local air flow field. Atomization occurs when the pathlines of the film
flow change suddenly due to variations of the geometry on the surfaces of the blades. The
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primary atomization process on the wiper blades is classified according to the geometrical
variations encountered along the path of the liquid film and cause the separation. Simplified models are proposed for every case. The models are believed to help the better
understanding of the underlying physical mechanisms responsible for the Overspray phenomenon. The interest is focused only to the droplet sources which depict characteristics
of liquid phase detachment and atomization, while the droplet sources which transmit the
liquid from the blade to the windshield are not investigated further.



 



 












(a) Atomization model 1. Liquid atomization
around a corner. The liquid film is located at
the strong air stream side.







(b) Atomization model 2. Liquid atomization
around a corner. The liquid film is located at
the weak air stream side.



(c) Atomization model 3. Liquid film atomization in
front of an obstacle.

Figure 5.15: Simplified models of liquid atomization on the wiper blades.
The liquid film primary atomization on the wiper blades is distinguished in two main
categories, atomization approaching a corner and atomization approaching an obstacle.
Both categories are presented with a simplified model in Figure 5.15. Concerning the
first type of atomization in front of a corner, the model considers two different air flows
developed in each side of the corner. The two flows can be either independent one another
and interact only at the region of the corner or dependent which denotes that the flow on
one side of the corner is the result of the action of the flow on the other side of the corner,
for example the flow over the sharp corner of a backward step. For this type of atomization
two more fundamental cases are distinguished depending on the location of the liquid film.
First, the film is developed on the side of the corner where the strong stream of the air flow
exists, model 1 in Figure 5.15(a), and second the liquid film is located at the side where
the weak component of the air flow field is formed, model 2 in Figure 5.15(b). In model
1, the liquid film is driven by the strong external air flow at the edge of the corner and it is
atomized in the direction of the strong air flow. In model 2, the liquid film is accumulated
by the weak flow at the edge of the corner and it is atomized perpendicularly by the strong
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component of the flow coming from the other side of the corner. Droplet source 1 of a
TL2 blade, Figure 5.12, is a representative example which corresponds to the first case of
atomization, where the liquid film is driven by the strong local air flow to separate from
the edge of the spoiler. Droplet source 4 in the same blade, Figure 5.13, is descriptive
of the second case where a liquid film which is driven by the weak recirculation flow is
atomized perpendicular by the strong local air flow coming from the back of the blade. In
both types of atomization the corner can be sharp or rounded and the geometrical angle
can vary between 0 and 180◦ . The two extreme values of the angle correspond to film
flow from the top to the bottom side of a very thin plate and the flow over a flat plate
respectively. Furthermore, the orientation of the corner with the magnitude of the gravity
vector can be arbitrary introducing the influence of the gravity in both models.
The second main category of liquid film atomization on the wiper blades is liquid
flow over an obstacle, which is represented with the simplified model 3 in Figure 5.15(c).
The film is flowing over the surface and encounters an obstacle of comparable size to the
thickness of the film. The liquid film is atomized mainly at the concave corner in the front
of the obstacle. If the value of the film thickness is order of magnitudes higher than the
size of the obstacle then the flow is approaching the limiting case of film flow above a
flat plate with roughness. On the other hand, if the size of the obstacle is considerably
larger than the film thickness then model 3 drops to the model 1 or 2 in which the film
has to flow over surfaces and negotiate corners. Typical case of film flow over obstacles
of comparable size to the liquid film is the droplet source 3 in a TL2 blade, Figure 5.12,
where the film on the vertebra of the blade flows over the clamps of the adapter and is
atomized on those positions. The obstacle depicted in Figure 5.15(c) can be of any shape
and the direction of the gravitational vector is also arbitrary.
Finally, all the three models presented above are important for the Overspray in the
wiper blades. Atomization model 1 is investigated further in the following chapters. A
new experimental facility has been built for the detailed investigation of the film from a
corner geometry as described in section 4.2,. The interest of the investigation is focused
mainly on the identification of the flow conditions which trigger the onset of the model 1.

5.7 Conclusions
The wiping process of different wiper blades has been studied by means of flow visualization methods to understand better the Overspary phenomenon. Overspray is characterized mainly by the generation of droplets from the blade surfaces and the impact of these
droplets on the windshield. Different droplet sources have been recognized and their location on the blade has been detected. Generally, the droplet sources are characterized by the
liquid atomization taking place in that region. However, there are also some exceptions.
Specifically, droplet sources have been detected where the liquid is not atomized but it is
transmitted to the windshield. Each droplet source location has been associated with the
corresponding droplet failures on the screen. Not all the droplet sources identified on the
wiper blade contribute to Overspray.
The air flow field around the wiper blade is very complicated and is similar to the flow
around inclined square ribs of high aspect ratio. The local air flow on the blade surfaces is
the result of the interaction of different recirculating zones. No developed boundary layers
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are formed on the wall surfaces. The liquid deposited on the blades by the action of the
car nozzle jets is sheared by the strong local air flow and forms a thin moving liquid film.
Atomization of the shear-driven liquid film occurs due to sudden geometrical variations
encountered by the film along its flow path.
Based on the changes of the wiper blade geometry on which the liquid film is flowing
over, two different ways of atomization have been recognized, atomization due to a corner
and atomization due to an obstacle. Simplified atomization models have been proposed
to describe the two atomization modes. The atomization around a corner can be classified
further depending on the location of the liquid film at the corner. The atomization model
1 corresponds to the case in which the film is located at the strong air stream side of the
corner, while the model 2 represents the case of the film placed at the weak air stream side
of the corner. The atomization of a liquid film over an obstacle with size comparable to the
film comprises the model 3. The study of different wiper blades revealed that one of the
main atomization mechanism for Overspray is model 1 when the liquid film approaches a
sharp corner. For that reason, that atomization model is investigated further in this study.
Finally, new interpretation to Overspray in wiper blades has been given.
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corner geometry
The horizontal, shear-driven film flow approaching a sharp corner and its primary film
atomization is investigated further in the remaining of this study. For that reason, a new
experimental facility has been designed and manufactured as described in section 4.2.
First, the developed liquid films are characterized by their examination under various
flow conditions, while in the next chapter, only their behavior under critical conditions,
which is the main interest of the current project, is considered and investigated.
Before the exploration of the two phase flow systems, preliminary tests have been conducted in each phase separately to assess the quality of the developed flow. The air flow
is studied first and the liquid film formation is examined afterwards. Useful information
for the capabilities of the new experimental facility are derived from the preliminary tests.
Qualitatively, the behavior of both the liquid film flow on the horizontal solid substrate
and its atomization at the sharp corner is obtained after the detailed flow visualization
study performed for that purpose. Quantitatively, the properties of the mean film and the
waves have been measured for different flow conditions and their behavior is presented
together with other interesting phenomena observed during the film flow investigation.

6.1 Air flow quality
PIV and single component LDA measurements have been conducted inside the test section when the air phase flows alone without the presence of the liquid film. The measurements have been performed to assess the quality of the flow and inspect if the initial
objectives of the test section design, as described in section 4.2.3, have been met.
Figures 6.1(a), 6.2(a), 6.3(a) show the contour planes obtained from the PIV measurements while Figures 6.1(b), 6.2(b), 6.3(b) depict the profiles extracted from the PIV
planes and the LDA measurements. All the figures reveal that the flow in the open test
section corresponds to a typical developing wall jet flow. Three regions are distinguished
in the wall jet flow, namely, the upper region which resembles a free jet, the potential
core at the center of the test section and the boundary layer developed close to the wall.
The focus of the air flow analysis is concentrated on the potential core and the boundary
layer of the wall while the free jet flow is not studied further for it is far from the wall and
consequently unlike to affect the liquid film. Experiments have been conducted for two
different values of the air velocity, here only results for the case of Umax = 15.7 m/s are
presented.
The dimensionless u-component of the average in time velocity is depicted in Figure
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(a) Contour planes of the time averaged u-velocity obtained from PIV measurements, Umax = 15.7 m/s.
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(b) Profile of the time averaged u-velocity for the position x=90 mm obtained from PIV and LDA measurements, Umax = 15.7 m/s.

Figure 6.1: Dimensionless u-component of the time averaged velocity from PIV and LDA
measurements.
6.1(a). It is evident that the air flow exits the wind tunnel uniformly and remains like that
in the potential core of the jet. The potential core is occupying the greatest part of the
test section but it is reduced moving along the horizontal plate far from the inlet. The
PIV measurements are not able to resolve the boundary layer close to the wall, which
implies that the boundary layers formed on the horizontal and side walls are small in
size. Figure 6.1(b) depicts the dimensionless, average, u-component profile close to the
corner region (x=90 mm) for the PIV and LDA measurements. The agreement between
the two measurements is considered very good confirming the values of the air velocity
in the test section measured with the two methods and the success of the experimental
122

6.1 Air flow quality

123






(a) Contour planes of the time averaged v-velocity (x-y plane) and w-velocity (x-z plane) obtained from
PIV measurements, Umax = 15.7 m/s.
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(b) Profile of the time averaged v-velocity for the
position x=90 mm obtained from PIV measurements,
Umax = 15.7 m/s.

Figure 6.2: Dimensionless v and w-component of the time averaged velocity from PIV
measurements.

measurements. The v-component and the w-component of the mean, air velocity field
are represented in the contour planes x-y and x-z respectively of Figure 6.2(a). The flow
inside the potential core of the wall jet can be considered two dimensional on average
since both the transverse and spanwise component of the mean velocity are almost zero.
The profile of the mean v-component close to the corner (x=90 mm) is presented in Figure
6.2(b) and shows that the air flow is moving parallel to the horizontal wall along the x
direction with approximatively zero vertical component velocity at the lower part of the
test section. Using the mean value and the standard deviation of the u-component of the
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average velocity field in the test section, the calculation
q  of the average turbulent intensity
2
is possible. The latter has been defined as I =
ū′ /Umax · 100%, where Umax is the
mean velocity inside the potential core of the wall jet or the maximum velocity in the test
section. It can be seen from Figure 6.3 that the turbulent intensity remains uniform in
all over the potential core obtaining a mean value of 2%. Generation of turbulent kinetic
energy initiates in both the top and bottom of the test section which correspond to the
free jet and the boundary layer respectively. The comparison between the PIV and LDA






(a) Contour planes of the time averaged turbulent intensity obtained from PIV measurements, Umax =
15.7 m/s
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(b) Profile of the time averaged turbulent intensity for
the position x=90 mm obtained from PIV and LDV
measurements, Umax = 15.7 m/s.

Figure 6.3: Time averaged turbulent intensity obtained from PIV and LDV measurements.
turbulent intensity measurements is considered satisfactory but less good than obtained
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in the case of the mean velocity. Variations of the turbulent intensity profile inside the
potential core are mainly due to the poor detection of the seeding particles inside the laser
volume of measurement because of damages and scratches caused on the transparent side
wall of the test section.
The variations of the velocity with time at the exit of the wind tunnel have been measured to confirm that the air flow remains constant in time. Figure 6.4(a) presents the
velocity measurements in one point for two different speeds of the centrifugal fun of the
wind tunnel with time. The velocity has been measured with a Pitot tube at the center
of the exit of the wind tunnel just after the contraction part. For a total time of 100 min,
the velocity variations do not exceed the 2% of the mean velocity value for both measurements. Although the velocity variations are slightly higher than what was expected,
however, the measurements give an evidence that the flow can be considered constant in
time at least in the center of the channel.
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(b) Dimensionless velocity profiles of the boundary layer over the horizontal plate for two positions x=90 mm and x=55 mm obtained from
LDV measurements. Solid line: The Blasius theoretical solution for laminar flow over a flat plate.
Dashed line: The power law (n=7) solution for
turbulent boundary layer over a flat plate.

Figure 6.4: Velocity measurement in one point with time and non-dimensional velocity
profile along the horizontal plate. Comparison with theoretical boundary layer profiles.
Finally, the boundary layer developed on the flat, horizontal plate at the x-y middle
plane of the test section has been studied. Non dimensional velocity profiles are presented
in Figure 6.4(b) for two different positions, one close to the slit where the liquid film is introduced in the test section (x=55 mm) and the other close to the sharp corner (x=90 mm).
Both profiles have been extracted from the LDV experiments. Characteristic properties of
the boundary layer are listed in Table 6.1. However, it should be mentioned here that their
accuracy is reduced due to the lack of measurements very close to the wall. Together with
the velocity profiles determined experimentally, the theoretical laminar profile for a zero
pressure gradient flow over a flat plate (Blasius solution) and the turbulent profile derived
by Prandtl assuming a power law profile with n=7 are given for comparison. Very important parameter for the characterization of the velocity profile is the shape factor H = δ∗ /θ.
Values close to 2.6 indicate a laminar boundary layer while values near to 1.4 a fully tur125
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bulent velocity profile. For the case of the air flow inside the test section, the boundary
layer is developing as can been deduced from Figure 6.4(b). Although the Reynolds number based on the distance x from the inlet obtains values less than the theoretical critical
Reynolds number for initiation of flow transition (Recr ≈ 105 , White (1991)) almost for
the entire test section, however, the increased levels of turbulence in the potential core
(order of 2%) of the wall jet trigger the transition to occur in lower Reybolds number than
the one predicted by the theory. Another reason which may cause the early transition to
turbulence is the presence of the slit. Figure 6.4(b) and the shape factor H imply that
the boundary layer is developping lying in the transition regime with the velocity profiles
between the laminar and the turbulent case. It should be reminded that the test section
has been designed trying to respect and combine the simplicity in the construction, the
functionallity and the length scales observed on the wiper blades.
Position x [mm] δ [mm] δ∗ [mm] θ [mm] Reδ∗
55
90

3.50
6.00

1.23
1.36

0.53
0.61

Reθ

Re x

1273 549 5.7 · 104
1408 639 9.3 · 104

H
2.32
2.20

Table 6.1: Summary of boundary layer characteristics inside the test section.

6.2 Liquid film formation
Before the investigation of the shear-driven liquid films under various flow conditions,
the formation of the films on the horizontal wall is examined. This is accomplished with
simple observation during the experiments and study of the images obtained from the
flow visualization study when the liquid film is introduced inside the test section. The
study of the film formation gives important information for the behavior of the liquid
film, illuminates the capabilities of the current experimental facility and helps to realize a
solid experimental procedure for the study of the liquid films with the current setup.

6.2.1

Patterns of liquid film formation

When the liquid film enters the test section and flows over the horizontal surface without
any restriction towards the spanwise direction then it can obtain different shapes on the
solid substrate. The final shape of the film on the wall regulates the behavior of the liquid
film and the primary atomization at the corner edge. The form of the film on the flat wall
depends on the initial, boundary and ambient conditions of the experiment.
The initial conditions are associated with the way the test section is prepared before
the inlet of the film and the manner the liquid film is introduced on the flat plate. It has
been understood that for a desired film flow rate, the procedure followed to approach it,
either from a higher or from a lower flow rate point by suitable operation of the pump
and the ball valve, is important for the final form of the film on the solid substrate. The
boundary conditions concern the geometry of the slit through which the liquid film enters
the test section, the properties of the solid substrate in combination with the properties of
the liquid phase (here a low energy surface with a high surface tension liquid), the air flow
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and the film flow conditions. The ambient conditions are related to the temperature of the
air and liquid phase, the atmospheric pressure, the levels of humidity, the contamination
from the dust of the room where the experimental setup is placed and the secondary air
flows which may arise due to the combination of the open type wind tunnel with the open
test section.
Two different patterns of film formation have been recognized for the current setup.
• Uniform films
• Films with dry patches
The uniform pattern is the one on which the film exits the slit uniformly and travels
along the horizontal plate without any disruption, Figures 6.5(c), 6.5(e), 6.5(f). The area
occupied on the plate by the film depends on the initial, boundary and ambient conditions.
Generally, for high liquid flow rates, the uniform pattern prevails in the test section. On
the other hand, the pattern of the dry patches is the one on which the film is formed on the
solid substrate non-uniformly and areas without any liquid inside appear on the horizontal
or the vertical wall, Figures 6.5(a), 6.5(b), 6.5(d). This patterns occurs mainly when the
liquid flow rate drops very low.

(a) Non-uniform film, uair =
10 m/s and V̇ f = 30 l/h.

(b) Non-uniform film, uair =
10 m/s and V̇ f = 80 l/h.

(c) Uniform film, uair = 10 m/s
and V̇ f = 120 l/h.

(d) Non-uniform film, uair =
13 m/s and V̇ f = 30 l/h.

(e) Uniform film, uair = 13 m/s
and V̇ f = 80 l/h.

(f) Uniform film, uair = 13 m/s
and V̇ f = 120 l/h.

Figure 6.5: Top view of the film formation inside the test section for two different air
velocities and three different liquid flow rates. The liquid is distilled water.
Two different mechanisms have been distinguished that generate dry patches. The
first is due to an instability of the liquid film on the solid substrate which results in the
film disruption. The process is similar to the dewetting described in section 3.4.2 with the
addition of the action of the external shear force on the liquid film interface. The capillary
forces dominate the gravitational and shear forces when the film thickness is low while
the liquid film is not any more stable since its energy level is high. The film breaks and dry
patches occur in order to reduce the energy level. During this process, the film thickness
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of the broken stable film increases comparing to the initial unstable film. Detailed analysis
and criteria for the generation of dry patches can be found in the literature by Hartley and
Murgatroyd (1964), Murgatroyd (1965) and more recently Penn et al. (2001).
The second source of dry patches is due to the fact that the liquid film does not leave
the slit in a uniform manner but prefers to flow via specific paths through the slit. This
second source of dry patches is encountered more often in this experimental setup. It
occurs mainly due to irregularities existing in the path of the liquid before it enters inside
the test section, especially on the slit edge. Thus, some parts of the slit seem to demand
more energy to be filled with liquid. Four forces are acting on the liquid inside the slit, the
inertia forces, the pressure difference forces between the test section and the slit because
of the air flow, the capillary forces and finally the viscous forces. Depending on the flow
conditions the balance of all these forces is changing and different paths are selected by
the liquid to exit from the slit. Generally, the higher the inertia of the liquid film or the
pressure difference, the more uniform the film comes out the slit.
Figure 6.5 presents the formation of the liquid film on the horizontal flat plate of
the test section in different flow conditions. The images depict the top view of the test
section. Two different external air velocities have been set to investigate the influence
of the pressure difference forces and three different flow rates have been used to study
the effect of the film inertia. Both uniform and non-uniform films are reproduced. It is
confirmed that increasing either the inertia of the film or the pressure difference between
the test section and the slit, it helps the film to enter the test section in a uniform manner. It
is reminded again that keeping constant the flow conditions (air velocity, liquid flow rate)
for specific liquid, the final shape of the film will depend on the preparation of the solid
surface, the way the desired flow rate has been approached and the ambient conditions.
Finally, it has been mentioned in the objectives of this project, that the main interest of
this study is focused on the detection of the critical conditions for the onset of liquid
film atomization at the edge of the sharp corner. Unfortunately, in such conditions, the
film inertia is usually very low which implies that the capillary forces are important and
the regime of the dry patches is prone to dominate. To fulfill the objectives for successful
experiments (uniform films and reproducible results), an experimental procedure has been
designed carefully and followed closely.

6.2.2

Experimental procedure

It has been proven very difficult task to produce uniform films with the desired shape that
remain unchanged both to the number of repetition of the experimental procedure and
in time because of their sensitivity on all the above mentioned conditions. Actions have
been taken to keep them constant or at least to minimize their variations and consequently
their effect on the films. Some of the above conditions have been recorded to obtain their
variation and assess their influence on the film formation.
The combination of a low energy surface (polycarbonate) with a high surface tension
liquid (mainly water) implies that the experiments are conducted in the partial wetting
regime which is sensitive to dewetting phenomena as it has been illustrated above and
explained in section 3.4.2. It is reminded that the choice of the material and the liquids
has been dictated by the necessity to have optical access in the test section and be close
to the fluids used in the industrial application. To be able to produce uniform films for
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(a) Film with dry patches, uair = 17 m/s and V̇ f =
20 l/h. The flow rate is increased until the target.
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(b) Uniform film, uair = 17 m/s and V̇ f = 20 l/h.
The flow rate is reduced until the target.

Figure 6.6: Top view of the liquid film formation inside the test section for the same
conditions but different operation of the pump and the ball valve.
all the conditions presented below, the desired film flow rate is always approached from
higher flow rates. For example, the desired flow rate for the film depicted in Figure 6.6
is V f = 20 l/h. Figure 6.6(a) presents the film formation starting from zero flow rate and
increasing until the 20 l/h. While, Figure 6.6(b) shows the film developed on the plate
starting from a high liquid flow rate, above 20 l/s, reducing it gradually. In the first case, a
non uniform film has been obtained, in the second case, a uniform film is developed in the
test section for the same external air and liquid flow. The reason why from higher liquid
flow rates uniform films are produced is explained here. Starting from a high flow rate, a
stable film is generated and as the flow rate is decreased the film thickness drops accordingly. It is possible, if the reduction of the flow rate is accomplished very slowly, that the
final film thickness will become less than the critical value for film disruption without the
breakup of the film. In that case a metastable film is created, which is able to be uniform
having low film thickness in the desired flow rate as shown in Figure 6.6(b). However, at
the same time, this film is very sensitive to any external disturbance. A slight perturbation
can lead to the immediate formation of dry patches on the plate. The range of the working
air velocities for the study of the critical conditions in this study has been limited up to
20 m/s since uniform films are not able to be produced above this velocity. Concerning
the reproducibility of the results, a very strict experimental procedure, which is described
below, has been followed for all the cases. Following that procedure, reproducible results
within reasonable uncertainty have been obtained. Finally, although, considerable efforts
have been made to obtain films depicting characteristics which remain constant with time,
the films created in this study show a weak dependency on time, especially far from the
critical conditions. This weak unsteady behavior is analyzed further in the next sections,
however, it is believed that it is not connected with the initial or ambient conditions of the
experimental procedure.
Figure 6.7 depicts the experimental procedure followed in this study for conditions
mainly close to the critical ones. First, the test section is cleaned with alcohol to remove
possible impurities from the horizontal plate. Then, the fan of the wind tunnel and the
pump are switched on. The pump initially works in a higher flow rate but turning slowly
the ball valve down the flow rate is being reduced until the desired one is achieved and a
uniform film is obtained on the solid substrate. Both the air and liquid phase flow in the
test section for 40 min approximately so as to avoid any change related to the initiation
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Figure 6.7: Experimental procedure for the study of shear-driven liquid films approaching
a sharp corner.
of the two phase co-current flow. Afterwards, mass, interface and velocity measurements
are repeated. It has been reported in section 4.3.7 that 10 or 20 acquisitions of the mass
are usually collected. Here, it is presented the case of 10 acquisitions. Three groups are
defined containing 3, 4 and 3 repetitions of the mass measurements respectively. The time
between two different groups of measurements is kept constant equal to 40 min. Each time
a group of mass measurements is collected, measurements of the air velocity in two points
(one at the center of the test section and the other close to the interface) with the LDA
method are carried out and the film interface using the PLIF method is detected. In such a
way, information concerning the air flow and the characteristics of the film are obtained.
When the flow conditions are the critical ones, the procedure above is followed again.
However, instead of measuring the air velocity and the interface of the film three times,
they are measured only once. The total time for a complete experiment of only one pair
of external air velocity and liquid flow rate is around 150 min.
Finally, when the flow conditions are far from the critical one, only visualization is
performed. The procedure of Figure 6.7 is followed until the first measurements. But,
instead of mass and width measurements, videos are recorded for the flow visualization.

6.3 Flow visualization of liquid film
First, basic step towards the understanding of the behavior of the liquid film under various
flow conditions is the ability to “see” the flow and study its features. For that reason, the
visualization methods, described in the section 4.3.4.2, have been applied. The following visualization study can be divided in three dinstict parts, namely, the visualization of
the liquid film in zero air flow, the visualization of the film waves and the visualization
of the film atomization. Due to the lack of the film width at the flow conditions of the
1

LDA and PLIF measurements have been performed only for few selective cases mainly close to the
critical conditions.
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visualization study, the slit length and the height of the test section at the inlet have been
selected for the derivation of the non-dimensional numbers. The Reynolds number represents the effect of the liquid flow rate on the film introduced inside the test section and the
Weber number the effect of the external air velocity of the wall jet. The non-dimensional
numbers are defined in the section 3.5. The liquid film atomization has been investigated
for the following range of film Reynolds (90 < Re f,slit < 480) and aerodynamic Weber
numbers (160 < WeH < 850). The visualization study of the waves has been limited
for two film Reynolds numbers (Re f,slit = 200, 300) in combination with three different
aerodynamic Weber numbers (WeH = 160, 330, 850).

6.3.1

Flow visualization in zero air flow
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Figure 6.8: Liquid film in zero air flow, WeH = 0 and Re f,slit = 300 .
The liquid film without the external air flow has been investigated through the visualization study so as to assess the quality of the film flow coming inside the test section.
Figure 6.8(a) presents the side view of the corner with the film on it, while Figure 6.8(b)
shows the top view of the test section with the film. In both views, the back light technique
is applied for the visualization. Different film Reynolds number (90 < Re f,slit < 300) have
been tested. Here, it is presented only the case for the very high ones (Re f,slit = 300). In
low film Reynolds number (Re f,slit < 200), the film does not have enough inertia to overcome the friction of the horizontal plate and usually when it comes out from the slit, it
remains stagnant flooding the test section. For high film Reynolds numbers, the inertia of
the film is high enough to overcome the wall friction and flow towards the corner. Figure
6.8 corresponds to the case of high film Reynolds number (Re f,slit = 300) and shows that
the film flows towards the corner having, in general, a nearly smooth interface without
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significant disturbances.
The intensity of the image at the position x=90 mm at the middle plane of the test
section has been extracted through the top view of the visualization images (figure 6.8)
using a virtual probe, as described in section 4.3.4.2. The image intensity signal of the
probe (size of 1 pixel) is presented in Figure 6.8(c) as a function of time. It is confirmed
again that the flow is smooth and uniform without the generation of appreciable waves on
the interface. The autocorrelation coefficient function (ACF) and the normalized power
spectral density (PSD) of the ACF are illustrated in Figures 6.8(d) and 6.8(e) respectively.
For their calculation, the intensity signal has been assumed to comprise a random, stationary, ergodic process (Bendat and Piersol (1986)). The ACF gives information for the
periodicity that might exist in the signal while the PSD detects the band of frequencies
contributing to the formation of the specific signal. It is obvious that a disturbance of very
high frequency and another of low frequency are present in the image intensity signal
all the time depicted in both the ACF and PSD graph. The two frequencies are approximately 290 Hz and 15 Hz respectively. Inspecting again the videos from the high speed
recording, it is realized that the slit geometry and especially the two sides of the slit act
like sources of small disturbances that are transmitted, bounce at the film borders and
interfere each other. The sources (slit sides) for the current cases have been marked with
white circles in Figure 6.8(b). The disturbances are very weak fading as they approach
the corner. Another factor that may contribute to the power spectrum of the signal is the
frequency of the lamp used to illuminate the test section. Unfortunately, there are no data
available for the working frequency of the lamp. In any case and for all the film Reynolds
number, the inertia of the film obtained by the pump is not able to generate considerable
waves and cause the atomization of the film at the edge of the sharp corner. Thus, the film
can be considered uniform, nearly smooth with low initial inertia for the whole range of
film Reynolds numbers tested in this project.

6.3.2

Flow visualization of film waves

The liquid film on the horizontal plate and the waves generated on the interface are investigated here. Figure 6.9 depicts the behavior of the liquid film with Reynolds number
equal to (Re f,slit = 300) increasing the external shear from low (WeH = 160) to high
level (WeH = 850). The three columns of the figure correspond to these different levels
of external shear expressed with the aid of the aerodynamic Weber number (WeH ). The
first row of images, Figures 6.9(a), 6.9(b), 6.9(c), shows the top view of the film interface
from the high speed recording. The second row of images, Figures 6.9(d), 6.9(e), 6.9(f),
depicts the image intensity signal as measured with a virtual probe of size of 1 pixel at the
location of the middle plane at x=90 mm. The third row presents the autocorrelation coefficient function (ACF) of the intensity signal and the last row gives the normalized power
spectral density (PSD) of the ACF for the various external shears. The co-current flow of
the air and liquid phase inside the test section signifies the generation of waves traveling
on the interface of the film. Scrutinizing, Figures 6.9(a), 6.9(b), 6.9(c), it becomes evident
that this study is undertaken on the wavy regime similar to the cases of films in rectangular channels described in the section 3.2.1. Different patterns of waves are observed when
the external air velocity is increased which are discussed further below.
It has been shown that for zero air flow the film is introduced inside the test section
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(b) Top view, WeH = 330.

(c) Top view, WeH = 850.
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Figure 6.9: Visualization of film waves for three different aerodynamic Weber numbers,
Re f,slit = 300.

having a nearly smooth interface with weak disturbances of very low and very high frequency fading towards the corner. Initiating the external air flow, waves begin to arise
on the film interface. For low external shear (WeH = 160), few 3D waves appear on the
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film interface. They are characterized by large lengths between the waves at the streamwise and spanwise direction. The streamwise length between the waves is longer than
the length of the test section. The waves span along a large part of the test section width
and maintain a characteristic shape. Specifically, the front of the waves at the center of
the film is moving parallel to the y-z plane along the streamwise direction, while close
to the film borders the front of the waves is deflected and directed towards the borders.
Figures 6.9(d), 6.9(g) show that these waves are generated in a periodic way occupying a
low frequency. In contrary to the experimental findings of Jurman and McCready (1989),
no 2D waves have been observed increasing the external air velocity from zero, probably
due to the fact that the viscosity of the working fluid (here water) is low. In studies of
films inside pipes and channels, the researchers have reported the influence of the viscosity on the generation of 2D waves (Cohen and Hanratty (1965)). Furthermore, no solitary
waves are watched for the current film flow probably due to the fact that the liquid flow
rate is too high as explained by Jurman and McCready (1989) and shown in Figure 3.4.
Except from the 3D waves, weak disturbances generated at the sides of the slit are always
apparent on the flow affecting more the sides close to the borders of the film and less the
center.
Increasing further the external shear, the number of the waves on the free interface
of the film is increased. In this intermediate level of external shear (WeH = 330), they
present similar characteristics to the ones of the lower levels. The streamwise and spanwise lengths between the waves are still large. However, the streamwise lengths become
shorter and the front of the waves breaks in smaller parts along the spanwise direction.
The waves are 3D and periodic. Between the 3D waves, smaller waves that resemble the
waves characterized as ripples in literature start to emerge. The ACF and the normalized
PSD, Figures 6.9(e), 6.9(h), confirm the fact that the frequency of the waves grows by
increasing the external shear. For the specific flow conditions more than one wave is apparent inside the test section, as shown in Figure 6.9(b). It should be pointed out here,
that the intensity signal does not provide any information concerning the amplitude of the
waves since the visualization method detects the waves based on the shadows appeared
on the image. Finally, the external air flow seems to intensify the disturbances emerged
from the sides of the slit. However, their effect is fading towards the center of the film at
the corner region where the measuring probe is located.
For the highest external shear (WeH = 850) tested in this study, the film interface
is completely disturbed, overwhelmed by the presence of the waves showing a “cellular” pattern. The stramwise length between the waves is becoming very short and the
spanwise front of the waves is split in several smaller parts. Comparing the wave front
in Figures 6.9(a), 6.9(b), 6.9(c), it is observed that the front is aligned more to the y-z
plane increasing the external air velocity. Nevertheless, close to the film borders, there
are always waves traveling with direction towards those borders. The effect of the weak
disturbances arising from the sides of the slit is not apparent any more. Figures 6.9(i),
6.9(l) show that waves of different frequencies are generated on the interface, which confirm the observation that the interface seems to be more disturbed comparing it under the
other flow conditions. However, a dominant frequency still exists. The waves remain
three dimensional and the ACF indicates a periodic behavior.
Summarizing the findings of the second part of the flow visualization study, the nearly
smooth film interface observed in the absence of the air flow is changing with the initi134
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ation of the air flow to a disturbed interface consisting of 3D, periodic waves. There is
no transition through 2D or solitary waves. In all the flow conditions, there is a dominant
frequency which corresponds to specific waves moving on the interface. In literature, for
the case of the annular and channel flows, the dominant waves with high amplitude/wavelength ratio are called disturbance waves or roll waves. Unfortunately, information for the
amplitude of the waves is not possible to be retrieved from the current visualization study
to fully characterize the waves developed here. The waves with the dominant frequency
observed on the film interface of this study will be called as principal waves further in
this work. For all the cases studied here, the spanwise front of the wave coming out from
the slit is not continuous but broken in several parts depending on the air velocity over the
film. For all the flow conditions, the principal waves at the borders of the liquid film deflect moving towards those borders. Finally, the weak disturbances originated at the sides
of the slit seem to become more intense increasing the external air flow up to a certain
velocity. Their effect is limited at the border sides of the film fading towards the corner
region.

6.3.3

Flow visualization of film atomization

(a) Side view, WeH = 160.

(b) Side view, WeH = 330.

(c) Side view, WeH = 850.

(d) Top view, WeH = 160.

(e) Top view, WeH = 330.

(f) Top view, WeH = 850.

Figure 6.10: Visualization of liquid film atomization for three different aerodynamic Weber numbers, Re f,slit = 200.
The third part of the visualization study concerns the investigation of the atomization
of the liquid film with the main interest being at the location of the corner. Figures 6.10
and 6.11 depict the atomization of the liquid film at the corner for two different film
Reynolds numbers. In both figures, the first row shows the side view of the test section
while the second row presents a part of the film from the top view at the corner region.
For every film Reynolds number, three different air velocities are presented to assess the
effect of the external shear on the liquid film atomization. The videos and consequently
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(a) Side view, WeH = 160.

(b) Side view, WeH = 330.

(c) Side view, WeH = 850.

(d) Top view, WeH = 160.

(e) Top view, WeH = 330.

(f) Top view, WeH = 850.

Figure 6.11: Visualization of liquid film atomization for three different aerodynamic Weber numbers, Re f,slit = 300.
the images of the side and top view from the high speed recording have been recorded in
different time instants and not simultaneously.
For the case of relatively low film Reynolds number (Re f,slit = 200), the generation
of waves is apparent in all the air flow conditions. For low air velocities, Figures 6.10(a)
and 6.10(b), the waves developed at the center of the film are sheared by the external air
flow towards the corner. There, they turn around the corner forming ligaments of different
size. The ligaments continue to move downwards on the vertical wall of the test section
and depending on their size and inertia may break into droplets. The size and inertia
of the ligaments seem to be a function of the initial amplitude, the spanwise/streamwise
wavelength and the inertia of the waves arriving at the corner edge, which in their turn
are functions of the flow conditions as discussed previously. In low air flow conditions,
the atomization rate is very low and the generated droplets are characterized by their large
size. For higher air velocities, Figures 6.10(b) and 6.10(e), more ligaments are formed
from the disturbance waves at the edge of the corner. However, not all them will generate
new droplets. Increasing the external shear, the ligaments on the vertical wall seem to
break in a distance closer to the corner. The spanwise wave front is split in smaller segments and consequently the resulted ligaments and droplets from those segments depict
smaller size. The atomization rate increases with the external shear. For the highest air
velocities, Figures 6.10(c) and 6.10(f), the atomization at the corner is intense. The size of
the ligaments is small. The ligaments break at the corner edge in a streamwise direction
resulting in fine droplets. For all the air flow conditions, the liquid film is atomized at the
corner edge after the formation of ligaments and no atomization is taking place upstream
of the horizontal flat section.
Increasing the film Reynolds number (Re f,slit = 300) and repeating the same procedure
by testing the film in various external shears, the results obtained do not show significant
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differences on the way the film is atomized at the corner edge for low external air flows but
they change significantly for high air flows. Thus, for low aerodynamic Weber numbers,
Figures 6.11(a) and 6.11(d), the waves on the film interface transformed into ligaments
and the latter break into droplets in a distance far from the corner on the vertical wall. For
higher aerodynamic Weber numbers, Figures 6.11(b) and 6.11(e), the atomization rate
increases, the size of the generated droplets is reduced and the ligaments tend to break in
a streamwise direction at the corner. However, for the combination of high film Reynolds
numbers with high aerodynamic Weber numbers, Figures 6.11(c) and 6.11(f), important
differences have been observed. Due to the high inertia, the liquid film is detached from
the corner edge forming a liquid sheet surrounded by a rim. For the relatively low aerodynamic Weber numbers (WeH = 850) of this study, the liquid sheet is not yet uniform but
membranes of liquid are formed after the corner edge, Figure 6.11(f). The membranes
break first, similar to the “bag breakup” mechanism of the droplet secondary atomization
and the rim breaks afterwards in several parts giving birth to either streamwise ligaments
or directly to droplets. When the aerodynamic Weber number is high enough (not tested
here), a uniform liquid sheet must be formed and disintegrated into fine droplets. In
the literature, similar atomization regimes have been observed in films inside prefilming
air-blast atomizers, see Sattelmayer and Wittig (1986b), Bhayaraju and Hassa (2009) and
Gepperth et al. (2010).




 



 





 

 

Figure 6.12: Atomization map for horizontal shear-driven water films approaching a corner of 90◦ .
Collecting more videos for several flow conditions and summarizing all the observations presented above in one graph, an atomization map of the shear-driven liquid film
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approaching a sharp corner of 90◦ is proposed in Figure 6.12. The vertical axis of the map
represents the inertia of the film expressed by the film Reynolds number (Re f,slit ) while
the horizontal axis corresponds to the magnitude of the external air shear expressed by the
aerodynamic Weber number (WeH ). The black dots comprise the flow conditions where
flow visualization has been conducted. Three main regions are distinguished on the map
based on the behavior of the liquid film downstream the corner and the way it is atomized:
• Region of no atomization
• Region I (atomization after the ligament formation)
• Region II (atomization after the liquid sheet formation)
The region of no atomization corresponds to the flow conditions in which the film is flowing around the corner without any atomization. The region I corresponds to low/moderate
external shear and film Reynolds numbers and is characterized by low/moderate atomization rates. In that region, the 3D waves move towards the corner and turn around forming
ligaments. Depending on the flow conditions, the ligaments either travel downwards on
the vertical wall breaking into droplets in a long distance from the corner (low flow conditions) or they break towards the streamwise direction at the corner edge (moderate flow
conditions). The result of the atomization is the generation of droplets of relatively big
size. The size of the droplets is reduced increasing the external shear. For the highest
external shear and film Reynolds number tested here, region II is observed. The film interface is dominated by 3D waves forming a kind of ’cellular’ pattern as explained above.
The primary atomization at the corner edge is very intense with the wavy liquid film to be
drifted far from the corner forming a liquid sheet, which breaks further into fine droplets.

6.4 Liquid film characteristics
Different characteristics of the liquid films have been measured to describe their behavior
in a quantitative manner. PLIF measurements have been performed for selective cases in
the range of 90 < Re f,slit < 120 and 180 < WeH < 270 close to the critical conditions. In
addition, quantitative results have been extracted from the flow visualization study for the
range 90 < Re f,slit < 480 and 210 < WeH < 840. Although the study is far from being
exhaustive, however, the experiments conducted for various flow conditions close and far
from the critical ones, provide an insight in the phenomena related to shear-driven films
and their primary atomization at the edge of a sharp corner.
The presentation of the results is distinguished in three sections, the description of
the primary atomization at the corner, the description of the properties of the mean film
and the description of the waves developed on the interface for different flow conditions.
The majority of the measurements have been conducted in the region I of the atomization
map in Figure 6.12, as can be seen from the working ranges above. Results are presented
mainly for two different film Reynolds numbers (Re f,slit = 90, 115) and two different aerodynamic Weber numbers (WeH = 180, 240) representing conditions close and relatively
far from the critical ones.
Finally, two issues have to be clarified here:
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• the meaning of the term “far from the critical conditions”.
• the meaning of the term “number of mass collections” used on the horizontal axis
of all the figures of this section.
Concerning the first, the results presented below and related to the case of the film far
from the critical conditions, in reality, they have been measured quite close to the critical ones. However, the term is used to distinguish them from the conditions very close
or at the critical ones since the behavior of the former is unique and different from the
behavior of the latter. More details about the definition of what it is considered critical
or not is given in the chapter 7. In regard to the second, the measured property (mass,
width, height etc.) is presented below as a function of the “number of mass collections”
throughout the current section. The number of mass collections represents the index of
the current measurement, for instance, 1 st mass collection, 2nd mass collection, 3rd mass
collection etc. Every index of the mass collection corresponds to a certain time in which
the measurement has been conducted. Thus, the diagrams below could be interpreted also
as the measured property in function of the time. Nevertheless, the representation of the
“number of mass collection” has been kept in all the figures to express the behavior of the
films.

6.4.1

Atomized mass

The mass detached from the liquid film at the corner region has been studied first. The
collection and weighing of all the droplets formed downstream the corner has been utilized to measure the atomized mass, as described in the section 4.3.7. The experimental
procedure presented in Figure 6.7 has been followed performing 10 mass acquisitions.
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Figure 6.13: Effect of the external shear on the atomized mass at the corner, Re f,slit = 90.
To investigate the effect of the external shear on the primary atomization of the liquid
film, a liquid film of constant film Reynolds number is formed and studied under various
external air velocities. Figures 6.13(a) and 6.13(b) present the atomized mass collected
after the corner for two different aerodynamic Weber numbers, WeH = 180 and WeH =
240 respectively. The first figure depicts flow conditions almost critical while the second
figure concerns the case characterized as being far from the critical conditions. For a
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constant film Reynolds number and very low external shear close to the critical, see Figure
6.13(a), the atomized mass exhibits an intermittent behavior. According to that, there are
time intervals during the experimental procedure in which the film is flowing around the
corner without any atomization. Thus, the graph of the atomized mass as a function of
the number of the mass collections presents zero mass measurements. Increasing the
aerodynamic Weber number, a completely different behavior of the atomized mass is
observed, Figure 6.13(b). First, for all the mass collections, an important amount of mass
has been detected without any intermittency and second, the amount of mass separating
from the film at the corner has been increased. Another important characteristic of the film
is the weak dependency of the atomized mass on time. Specifically, the atomized mass
is reduced with the number of mass collections or the time passed from the initiation of
the experiment. The reduction is characterized “weak” since it occurs in a time period
of approximately 150 min.. The reduction of the atomized mass is related to the waves
formed on the film interface. More details are given in the section 6.5.
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Figure 6.14: Effect of the film inertia on the atomized mass at the corner, WeH = 180.
Figures 6.14(a), 6.14(b) and 6.14(c) depict the effect of the film inertia on the primary atomization of the film at the corner. Keeping the external shear constant, the
film Reynolds number is changed from Re f,slit = 90 to Re f,slit = 115 and finally to
Re f,slit = 130. The first case is the same one as presented in Figure 6.13(a) and discussed previously corresponding to flow conditions almost critical ones. The second case
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corresponds to conditions near the critical ones while the third represents the case far from
the critical conditions. Increasing the film inertia (Re f,slit = 115), Figure 6.14(b), the atomization downstream the corner is increased. It becomes continuous for all the duration
of the experiment without any sign of intermittency, while the atomized mass remains
constant with time. Increasing further the film Reynolds number (Re f,slit = 130), Figure
6.14(c), the amount of mass separated from the film is increased more, while the atomization remains continuous. Now, the atomized mass is not constant with time. There is a
dependency on time, similar to the case of the increase of the Weber number. This signifies the fact that the reduction of the atomized mass with the number of mass collections
may be a general characteristic of the liquid films free to expand spanwisely when the
flow conditions exceed the critical ones. A detailed discussion explaining why the atomized mass remains constant with time close to the critical conditions, while it is reduced
far from the critical conditions follows in the section 6.5. Comparing Figures 6.13 and
6.14, it is realized that the effect of the aerodynamic Weber number or the external shear
on the primary film atomization is stronger than the effect of the film inertia or Reynolds
number in the current study.
Summarizing, the atomization at the sharp corner based on the measurements of the
atomized mass depicts three different behaviors:
• Intermittency, for critical conditions.
• Constant and continuous atomization, for conditions close to the critical ones.
• Continuous atomization with decreasing rate, for conditions far from the critical
ones.
The trends above have been observed changing either the film Reynolds number or the
aerodynamic Weber number. Finally, it should be mentioned that the results of the atomized mass measurements under different flow conditions agree well with the behavior of
the atomized mass of the film during the visualization study.

6.4.2

Mean film

The main properties of the mean film are considered the width, thickness and velocity of
the film. For a film free to expand towards the spanwise direction without restrictions, the
main properties change along the horizontal flat section from the slit to the corner of the
test section since the shape of the film does not remain constant on it. For the description
of the film primary atomization, it is very important the knowledge of the state of the film
at the corner region. The properties of the mean film comprise a first approach to describe
that state relatively easily. To combine and understand better the results of the primary
film atomization discussed previously with the results of this section, the characteristics of
the mean film at the corner edge are presented below for exactly the same flow conditions
as illustrated in the section 6.4.1. The film width has been measured using a SLR camera
(section 4.3.8), the mean film thickness using the PLIF method (section 4.3.3.1) and the
mean film velocity has been calculated from the following expression:
uf =

V̇ f
ρf hf wf

(6.1)
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measuring the liquid flow rate V̇ f with a rotameter.
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Figure 6.15: Effect of the external shear on the properties of the mean film at the corner
edge, Re f,slit = 90.
The effect of increasing the external shear on the properties of the mean film is depicted in Figure 6.15. The first row of the figures represents the case of a film very close
to the critical conditions with WeH = 180, while the second row of figures corresponds
to the case far from the critical conditions with WeH = 240. Figures 6.15(a) and 6.15(d)
show the evolution of the film width in two positions on the test section, the middle of
the distance between the slit and the corner and the corner edge, as a function of the mass
acquisitions or the time needed for the experiment. Both graphs reveal that the film width
for constant flow conditions (Re f,slit , WeH ), does not remain constant but it expands slowly
towards the spanwise direction of the test section. This behavior should be combined with
the reduction of the atomized mass downstream the corner with time , especially for flow
conditions far from the critical ones. A detailed discussion on that behavior of the liquid
film is given in the section 6.5. Raising the external shear, the width increases and the film
expands towards the spanwise direction. Figures 6.15(b) and 6.15(e) depict the evolution
of the mean film thickness at the corner. Increasing the external air velocity, the film thickness is decreased. For both cases, the height of the mean film seems to remain unaffected
of the number of mass collection or time. On the other hand, the mean film velocity at
the corner grows increasing the external shear, Figures 6.15(c) and 6.15(f). Although, it
is not directly evident from the current graphs, the film velocity for both cases is slightly
decreased with the number of mass collections or the total time of the experiment. This
is expected since the liquid flow rate and the film thickness in every experiment remain
constant with time while the width of the film slowly increases.
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Figure 6.16: Effect of the film inertia on the properties of the mean film at the corner
edge, WeH = 180.

(a) Side view, Re f,slit = 90.

(b) Side view, Re f,slit = 200.

(c) Side view, Re f,slit = 300.

Figure 6.17: Visualization of liquid film for three different film Reynolds numbers, WeH =
180.
The effect of the film Reynolds number on the properties of the mean film is studied
by increasing the liquid flow rate. The first and second rows of Figure 6.16 represent
the two cases close and relatively far from the critical conditions with Re f,slit = 90 and
Re f,slit = 130 respectively. Figures 6.16(a) and 6.15(d) depict the film width. Again
the film width does not seem to remain constant during the mass collections being a
weak function of time. Increasing the film Reynolds number, the width of the film at
the corner is only slightly increased. The growth of the film width is not apparent in
Figure 6.16 because the increase of the film Reynolds number and consequently the new
film mass entered the test section is relatively small (from Re f,slit = 90 to Re f,slit = 130).
Nevertheless, the experiments have shown that the raise of the film flow rate results in
the increase of the film width. The mean film velocity at the corner edge is illustrated in
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Figures 6.16(c) and 6.16(f). As it is expected, an increase of the film Reynolds number
brings an increase at the mean film velocity. For conditions far and close to the critical
ones, the film velocity is slightly reduced with the number of mass acquisitions or time as
a result of the expansion of the film.
The behavior of the mean film thickness depicts an interesting variation with the film
Reynolds number which has been revealed with the aid of the measurements presented in
Figures 6.16(b) and 6.16(e) and the flow visualization results of Figure 6.17. Let us first
begin with the Figure 6.17 of the visualization study. It depicts the side view of the film for
constant aerodynamic Weber number (WeH = 180) and for three different film Reynolds
numbers, a low (Re f,slit = 90), medium (Re f,slit = 200) and high one (Re f,slit = 300). The
visualization study indicates that increasing the film Reynolds number the thickness of
the film is growing. Going back to Figure 6.16, the Figures 6.16(b) and 6.16(e) show the
film thickness evolution with the number of the mass collections measured with the PLIF
method for two different film Reynolds numbers (Re f,slit = 90 and Re f,slit = 130) and
for the same aerodynamic Weber number. The film thickness seems to remain constant
regardless the variation of the number of mass collection and the film Reynolds number.
For the tested cases, combining the results from both measurements (visualization and
PLIF), it is revealed that increasing the film Reynolds number of a film free to expand
spanwisely, the film thickness increases but not necessarily continuously following the
growth of the Reynolds number.
To understand better the reason why the film thickness does not follow the growth of
the film Reynolds number, the following example is considered. Imagine a film like in
Figure 6.17. At low film Reynolds number, the film on the horizontal plate obtains a shape
and a certain width. Increasing the liquid flow rate, the film thickness is growing while
the width of the film is not changing until the moment when the height of the film will
exceed a certain value. That value corresponds to the limit on which the capillary forces
at the side borders of the film become unable to keep the film at the same position. At that
moment, the film expands on the horizontal wall until a new position is found in which
the capillary, gravity and shear forces are balanced. The film width increases resulting in
a film with thickness that may drop or remain constant depending on the change of the
film. Therefore, the increase of the film Reynolds number does not necessarily indicates
a continuous growth of the film thickness. On top of that it should be noticed that the
change of the film Reynolds number in Figure 6.16 is very small implying that its effect
may not be appreciable.
Finally, two remarks have to be mentioned. First, the effect of the external shear or
the aerodynamic Weber number on the characteristics of the mean film is greater than
the effect of the film Reynolds number comparing the results of Figures 6.15 and 6.16.
The film Reynolds number seems to impact significantly only the inertia of the film or
the mean film velocity.Second, the trend of the results presented above for the mean film
agrees well with the trend of the quantitative results extracted from the visualization study.

6.4.3

Waves

The flow visualization study in the section 6.3 has shown that the primary film atomization
at the corner is strongly related with the passing of the principal waves around the corner.
Consequently, a more precise method to gain insight on the primary film atomization at
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Figure 6.18: Effect of the aerodynamic Weber number on the RMS and fluctuations of the
developed waves on the film interface, Re f,slit = 90.
the corner is the study of the waves encountered in that region. In this work, the RMS
of the film thickness, the dimensionless RMS (RMS /h f ) which is a mean of measuring
the fluctuations of the film interface, the wave velocity cw , the wave frequency fw and
the distance between the principal waves dw have been investigated for different flow
conditions. Specifically, the RMS and the dimensionless RMS have been derived from
the selective, PLIF measurements of the film interface at the corner region, see section
4.3.3.1. They have been studied for the same flow conditions as presented in the two
previous sections comprising a part of them. In addition, quantitative results from the
visualization study are provided to support the trends observed for both the RMS and
the dimensionless RMS. Concerning the wave velocity and frequency, they have been
measured from the side and top view of the high speed recording videos from the flow
visualization study, see sections 4.3.5 and 4.3.6, respectively. Due to the fact that the
results come from the visualization study, the flow conditions of the wave velocity and
frequency do not coincide exactly with the flow conditions used for the description of all
the other characteristics of the mean film in the previous sections. In regard to the distance
between the principal waves, it has been calculated dividing the wave velocity with the
wave frequency:
cw
(6.2)
dw =
fw
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This definition of the distance between the waves implies that the waves travel along the
horizontal plate with a constant velocity which is not exactly true since the waves are
accelerated at the beginning of the test section, however, it is accepted because it gives
a good estimation of the mean wave lengths as it will be shown further in this section.
The velocity, frequency and length between the waves are expressed below as a function
of a reference case. The reference case has been chosen arbitrarily corresponding to the
case with the lowest film Reynolds and the lowest aerodynamic Weber number presented
here. The reference case concerns the film of Re f,slit = 200 and WeH = 160 with the
cw = 0.51 m/s, fw = 15 Hz and dw = 56 mm.
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Figure 6.19: Effect of the film Reynolds number on the RMS and fluctuations of the
developed waves on the film interface, WeH = 180.
Figure 6.18 depicts the effect of the aerodynamic Weber number on the RMS and the
dimensionless RMS of the film. The first column of the figure shows the results for the
RMS, while the second column the results for the dimensionless RMS. The RMS values
express the square root of the variation of the mean film thickness for certain flow conditions in absolute terms. The dimensionless RMS shows the variations of the interface
relatively to the mean film thickness and thus, comprising a mean to measure the intensity
of the fluctuations arising on the interface for specific flow conditions. For constant flow
conditions, both magnitudes seem to remain constant with time or the number of mass
collections. Increasing the aerodynamic Weber number from WeH = 180 to WeH = 240,
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Figures 6.18(a), 6.18(c), the RMS is reduced following the same trend observed for the
mean film thickness. On the other hand, the dimensionless RMS seems to remain constant despite the increase of the external shear, see Figures 6.18(b) and 6.18(d). That
means that the reduction of the mean film thickness imposed by the action of the external
flow equals the decrease of the variation of the waves, leaving the intensity of the fluctuations on the film interface unaffected. The external shear does not change the intensity of
the fluctuations on the film interface for the cases tested here.
The effect of the film Reynolds number is investigated by modifying the liquid film
flow rate as presented in Figure 6.19. Again, the first column of the figures illustrates
the behavior of the RMS while the second column the dimensionless RMS. For flow conditions far or close to the critical ones, the RMS and the dimensionless RMS seem to
be independent of the total time needed to complete the experiment. Increasing the film
Reynolds number from Re f,slit = 90 to Re f,slit = 130, Figures 6.19(a), 6.19(c), the RMS
of the film is increasing too. It means that the variations encountered on the interface increase in absolute value. Concerning the dimensionless RMS, Figures 6.19(b) and 6.19(b)
show that it is increased slightly with the film Reynolds number. However, it should be reminded that the dimensionless RMS depends on the mean film thickness. The latter does
not increase continuously with the film Reynolds number as shown in the previous section
because the film expands on the flat plate. Its value may remain almost constant (like in
this case, see Figure 6.16) or increase or decrease depending on the film formation on the
horizontal plate. Consequently the dimensionless RMS is influenced from the mean film
thickness accordingly. The findings of the PLIF method are valid only for the cases tested
here. More measurements are necessary to draw firm conclusions for the effect of the film
Reynolds number on the dimensionless RMS.
The quantitative results extracted from the visualization study are presented here and
compared with the findings of the PLIF method in order to understand better the behavior
of the film. Figure 6.20 depicts the mean film thickness, the RMS and the dimensionless
RMS for different aerodynamic Weber numbers and film Reynolds numbers. Concerning the effect of the aerodynamic Weber number, the mean film thickness and the RMS
are reduced increasing the external shear while the dimensionless RMS seems to remain
constant. The trends agree well with the trends observed in Figures 6.15 and 6.18 from
the PLIF measurements. Concerning the effect of the film Reynolds number, Figures
6.20(a) and 6.20(b) show that the mean film thickness and the RMS augment with the
increase of the film Reynolds number. The results agree with the results of the PLIF
method presented in Figures 6.15 and 6.19. It should be reminded that the growth of the
mean film thickness does not necessarily follow the growth of the film Reynolds number
as explained in the section 6.4.2 due to the film expansion. For the dimensionless RMS
in Figure 6.20(c), the increase of the film Reynolds number reduces the dimensionless
RMS for constant aerodynamic Weber number. In other words, the visualization study
suggests that the mean film thickness is growing faster than the growth of the variations
of the film interface increasing the film Reynolds number. Initially, this seems to be in
contrast with the findings of the PLIF method in Figures 6.19(c) and 6.19(d). However,
it should be pointed out again that the mean film thickness, which influences the dimensionless RMS by definition, is not growing continuously with gradual increase of the film
Reynolds number due to the film expansion. Therefore, for small changes of the film
Reynolds number like in Figures 6.16 and 6.19, the behavior of the film thickness and the
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dimensionless RMS measured with the PLIF method is believed not to be representative
of their general trend. The results extracted from the visualization study give the general
overview of the behavior of both magnitudes. The findings are valid for the range of the
air and film flow conditions tested in the current study. Finally, the results of the visualization study on the dimensionless RMS agree with the measurements reported in literature
for wavy/annular flows, see Paras and Karabelas (1991), Farias et al. (2011), only for the
variations of the film Reynolds number. The effect of the aerodynamic Weber number
on the dimensionless RMS is not very clear in the bibliography and thus it has not been
compared with the current data.
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Figure 6.20: Mean film thickness, RMS and dimensionless RMS for different film
Reynolds numbers and aerodynamic Weber numbers .
For the rest wave characteristics only data from the visualization study are available.
Figure 6.21 illustrates the behavior of the wave velocity, frequency and length for different
flow conditions. The flow conditions of the Figures 6.21 coincide with the conditions of
Figure 6.9 of the visualization study. The wave velocity is increased with increase of both
the external shear (WeH ) and the film inertia (Re f,slit ), Figure 6.21(a). However, the effect
of the external shear is much stronger than the effect of the film inertia. Similar it is expected to be the behavior of the wave frequency, Figure 6.21(b). The frequency on which
the waves pass from the corner seems to grow with the raise of both the aerodynamic
Weber number and the film Reynolds number. Again the effect of the aerodynamic Weber
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number is more pronounced comparing to the effect of the film Reynolds number. Figure
6.21(c) depicts the behavior of the distance between the principal waves for different flow
conditions. It should be reminded here that the calculation of the distance between the
waves has been accomplished combining the results of two different experimental campaigns. Specifically, the wave velocity extracted from the side view of the videos of the
flow visualization study and the wave frequency from the top view of another visualization study. Increasing both the external shear or the film Reynolds number, the distance
between the principal waves is becoming shorter. It is very interesting to observe that
for high aerodynamic Weber number or high external air velocities the effect of the film
Reynolds number is fading and the distance between the waves is regulated mainly by
the external air flow. The results agree well with the visualization study. This fact confirms the validity of both measurements (velocity and frequency) and the reproducibility
of the experimental results since they have been extracted from different visualization
campaigns.
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Figure 6.21: Effect of the external shear and the film inertia on the wave characteristics.

6.5 Discussion
The presentation of the results concerning the shear-driven liquid films developed in this
study revealed interesting aspects of their behavior upstream and downstream the corner
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edge. The most important conclusions are summarized shortly in the plot of the Figure
6.22. Three special characteristics of the films developed in this study distinguish them
from the films in circular pipes or rectangular channels found in the literature:
• The current films are not limited by side wall borders. They are able to expand
towards the spanwise direction
• The current films are formed in an open channel inside the boundary layer of a wall
jet flow
• The current films are developed on a solid substrate of low energy implying flow in
the partial wetting regime and thus susceptible to dewetting effects.
Although, these characteristics proved to make the investigation of the films more complicate, however, according to the findings summarized in Figure 6.22, they do not seem
to affect the general behavior of the films as it has been described and documented in the
literature.
Concerning the primary atomization at the corner edge, it depends on the state of the
film upstream the corner and it is strongly related with the generation and the passage
of the principal waves around the corner. The visualization study illustrated clearly that
the droplets of the spray are coming from the waves traveling on the film interface when
encounter the sharp corner. Three main regimes have been detected based on the way the
film is atomized around a corner geometry:
• The regime of no atomization. The whole film is turning around the corner.
• The regime of primary film atomization generated by the evolution of the waves
into ligaments at the corner edge.
• The regime of primary film atomization generated by the evolution of the waves
into a liquid sheet at the corner edge.
In addition, a further classification can be considered based on the behavior of the atomized mass with time as described in the section 6.4.1:
• Intermittent behavior for the critical conditions
• Continuous behavior with the atomized mass to remain constant in time for conditions close to the critical ones.
• Continuous behavior with the atomized mass to decrease in time for conditions far
from the critical ones.
Figure 6.22 depicts the evolution of the film characteristics and its primary atomization
following the two paths studied experimentally here, the variation of the film Reynolds
number keeping the aerodynamic Weber number constant and the modification of the
aerodynamic Weber number while maintaining the film Reynolds number constant.
Following the horizontal path on the plot of the Figure 6.22 (increasing the aerodynamic Weber number), the atomization rate increases, the film width increases with the
film to expand towards the spanwise direction, the mean film thickness drops and the
150
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Figure 6.22: Plot depicting the evolution of the film and the wave characteristics for
different flow conditions. The results are valid for the dotted region tested in the current
study.
mean film velocity is growing. Similar results have been reported in the section 3.2.2.1
for films in the wavy/annular flow regime in pipes and closed channels in the literature.
Concerning the wave characteristics, increasing the external shear the standard deviation
(RMS) of the waves decreases while the intensity of the fluctuations seems to remain constant. The wave velocity increases, the frequency of the principal waves becomes higher
and the distance between the waves is reduced. Although the range of the external shears
(180 < WeH < 840 or 15 m/s < ua < 32 m/s) tested here is wide enough, however, the
majority of the studies in literature, section 3.2.2.2, concern films developed inside air
flows well above the ua > 20 m/s. The current results agree well with the experimental
data for circular pipes and channels found in literature. Specifically, they agree with the
behavior reported in the work of Paras and Karabelas (1991) for thin, shear-driven, wavy
films inside pipes free to expand along the periphery of the pipe. They agree also with the
trends encountered for selective wave characteristics in films inside rectangular channels,
Wittig et al. (1992), Kang and Kim (1993).
Following the second path in Figure 6.22, the vertical one, by increasing the film
Reynolds number, the atomized mass grows and all the properties of the mean film (film
width, film thickness film velocity) increase. The wave characteristics show an increase
on the RMS, their velocity and frequency. The intensity of the interface fluctuations
is reduced with the increase of the film Reynolds number. The distance between the
principal waves is decreased for low external velocities while seems to remain constant
for high external air velocities. Direct comparison of the results with the findings of
the literature reported in the sections 3.2.2.1, 3.2.2.2 reveal that the films developed here
follow similar trends. Differences have been observed only for the effect of the liquid flow
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rate on the frequency of the waves formed on the film interface.
The experimental data for wave characteristics of horizontal flows in literature are rare
and the ones that exist concern mainly wavy/annular flows in circular pipes. Concerning
the wave frequency, the studies of Paras and Karabelas (1991) and Farias et al. (2011)
showed that the effect of the film inertia is not clear, however, it seems that the frequency
of the disturbance waves is reduced increasing the film inertia. This is opposite to what has
been observed in the current flow visualization study and the current experimental results.
A possible explanation of this discrepancy is the fact that the waves of the films in this
work have been studied very close to the slit, in their initial stage of development, while
the waves in annular/wavy flows are investigated far from the point of their introduction
when the equilibrium between the two phases has been accomplished. Another interesting
point is the variations of the mean film thickness observed in the work of Lan et al. (2008)
as reported in Figure 3.6. The work of Lan et al. (2008) is one of the few studies that have
been conducted on a shear-driven, thin film free to expand spanwisely inside a rectangular
channel. The authors do not report any special behavior for their films. However, the
unusual trend observed on the film thickness in Figure 3.6, which is reduced with the rise
of the flow rate, it looks like that their case is similar to the one reported in the current
study. Their result support the current experimental findings that the increase of the liquid
flow rate does not signify the grow of the film thickness for films free to expand in a
spanwise direction.
A surprising behavior of the liquid film at the corner edge is the slow reduction of the
atomized mass downstream the corner with time or the number of mass collections. This
behavior has been reported in the section 6.4.1 and it has been observed when the flow
conditions deviate the critical ones either increasing the film Reynolds number or raising
the aerodynamic Weber number. On the other hand, when the flow conditions are close
to the critical ones the atomized mass from the corner remains almost constant with time.
The question which arises is why the atomized mass of the liquid film depicts such an
uncommon behavior, close and far from the critical conditions. It should be investigated
if this behavior is related either to a general behavior of the two phase systems or a bias
error is introduced systematically in the experimental procedure.
Except from the variations of the atomized mass, the investigation of the local characteristics of the mean film showed that the width and mean velocity of the film vary
slowly with time while the film thickness remains unchanged for constant flow conditions
either far or close to the critical ones, see section 6.4.2. This fact could explain the reason
why the atomized mass from the corner is reduced. The liquid film on the horizontal wall
does not remain constant but slowly it expands towards the spanwise direction resulting in
the gradual reduction of its mean inertia leading to less liquid mass in atomization at the
corner. Figures 6.23(a), 6.23(b) correspond to the Figures 6.14(a), 6.14(c) of the section
6.4.1, representing the variation of the atomized mass as a function of the width of the
film at the corner edge for flow conditions very close and relatively far from the critical
ones. It is obvious that two different behavior are identified:
1. The expansion of the liquid film is relatively small and the atomized mass maintains
its intermittent or constant character for conditions close to the critical ones, see
Figure 6.23(a).
2. The expansion of the film is relatively large and influences significantly the rate of
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Figure 6.23: Atomized mass at the corner as a function of the width of the film, WeH =
180.
the atomization by reducing it for conditions far from the critical ones, see Figure
6.23(b).
The initial query searching for an explanation for the reduction of the atomized mass
could be restated after the new findings on the behavior of the local characteristics of the
film in: “What causes the slow expansion of the film on the horizontal plate and why this
expansion is reduced and not affecting the film close to the critical conditions?”
Before a definite answer is given in the question above, the characteristics of the atomized mass are examined further. Several experiments for different flow conditions have
been conducted to assure that the behavior described above is not a random error related
to some specific experimental runs but it comprises a general characteristic of the films
developed in the current experimental facility. Figure 6.23(c) depicts the measurements
of the atomized mass as a function of the film width at the corner keeping constant the
aerodynamic Weber number (WeH = 180) and changing the film Reynolds number from
Re f,slit = 85 to Re f,slit = 300. For all the experiments, 20 mass collections have been
performed. The two different trends of the atomized mass far and close to the critical conditions described above are observed again, confirming that it is a general characteristic
of the films developed in this facility. The atomized mass close to the critical conditions
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remains almost constant, while it is decreased with time for conditions far from the critical ones. The film expansion close to the critical conditions is low, while it is increased
for conditions far from the critical ones.
Increasing the film Reynolds number in Figure 6.23(c), the liquid mass detached from
the film at the corner increases for a constant value of the film width. It is interesting
to notice that films of higher film Reynolds number (based on the slit) can produce the
same or less amount of droplets after the corner comparing to films with lower Reynolds
numbers if the width of the former is much larger than the width of the latter. Thus,
constant air velocity and liquid flow rate do not describe completely the atomization of the
two phase system. The final film formation at the corner is a key parameter for the primary
atomization. To assure that a film will produce the same amount of droplets for constant
air and liquid flow rate conditions, the film characteristics at the edge of the corner should
be kept constant, which is, generally, a very difficult task. This is the reason why a very
strict experimental procedure with well defined time intervals has been followed during
the current experiment to ensure similar film characteristics and reproducibility.
The slope of the curves formed by the measurement points in every case is not the
same. For higher film Reynolds numbers, the slope is large implying steep atomized mass
reductions. For conditions approaching the critical ones, the slope is becoming smaller
and the measurements align parallel to the horizontal axis implying that the effect of
the width on the atomized mass is vanished. Similar conclusions have been drawn from
experiments in which the film Reynolds number remains constant and the aerodynamic
Weber number is changing, see Figures 6.13(a) and 6.13(b) in the section 6.4.1. For all
the cases, the expansion of the film on the flat plate is much greater far from the critical
conditions than the expansion of the films close to the critical conditions.
The shape that obtains the curve of the measurement points of the atomized mass as
a function of the film width far from the critical conditions looks like a straight line. The
experimental data have been tested to discover if there is a linear relationship between
the atomized mass at the corner and the width of the film. Figure 6.24 illustrates an
example (Re f,slit = 300, WeH = 180) of the procedure followed to conclude for linearity.
On the diagram of the atomized mass with the film width, a linear regression model has
been fitted as shown in Figure 6.24(a) and several tests have been performed to assess
the adequacy of the model. For the regression model of Figure 6.24(a), the coefficient of
determination is R2 = 0.94 and the t-test, expressing the significance of the regression,
supported the hypothesis that the distribution of the data is linear. Moreover, the residuals
of the atomized mass have been checked if they show a mean zero value with constant
variance and if they are normally distributed. Both conditions assure that the data follow
a linear behavior and the regression model is adequate to describe them (Montgomery and
Runger (2002)). The mass residuals have been defined as mresidual = matomized − m̂atomized ,
where matomized is the current mass measurement corresponding to a specific film width
and m̂atomized is the value of the regression model for the same film width. Figure 6.24(b)
depicts the distribution of the residuals against the film width which is considered as the
independent variable of the regression model. It is evident that the residuals are spread
uniformly having a zero mean value. The residuals of the atomized mass seem to obtain a
large value comparing to the mean value of the atomized mass for a specified film width
and do not remain constant for different film widths. For instance the measurements at
the lowest film width in Figure 6.24(b) exhibit a higher variance of the atomized mass
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Figure 6.24: Linear relationship between the atomized mass at the corner edge and the
width, WeH = 180 and Re f,slit = 300.
comparing to the mass variance in the other film widths. Figure 6.24(c) shows the normal
probability plot of the mass residual distribution. The normal probability plot constitutes
an easy way to assess graphically if a distribution is normal or not. The measured mass
residuals seem to follow closely the red straight line which signifies the normality of
the distribution. The final conclusion of all these tests is that the data of the atomized
mass are reduced linearly with the expansion of the film width. The same procedure has
been followed for all the mass measurements performed in this study far from the critical
conditions providing similar results.
Few experiments have been performed to evaluate if the process of the atomized mass
reduction with the simultaneous expansion of the film is continued without any limit as
the time increases. For that reason, more than 50 mass collections have been conducted
which correspond to a total time of approximately 10 hours of continuous flow of the
film around the corner. Figure 6.25(a) depicts the variation of the atomized mass with the
number of mass collections and Figure 6.25(b) the evolution of the atomized mass as a
function of the film width for the same case of Re f,slit = 200 and WeH = 180. This case
represents conditions far from the critical ones. It is observed that the mass is reduced
for all the time the experiment was conducted. However, after certain time the rate of
the reduction of the atomized mass is becoming less steep, Figure 6.25(a). The linearity
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Figure 6.25: Effect of total time of the experiment on the atomized mass at the corner,
WeH = 180.
between the atomized mass and the width seems to dominate for all the experimental
data, Figure 6.25(b). No prediction can be made for the reduction of the atomized mass
for times longer than the ones tested here, however, it should be pointed out that the time
interval tested is already long (10 hours). Finally, very few experiments have been also
conducted for cases close to the critical conditions. They revealed that the atomized mass
is reduced until it reaches the zone where the film obtains the constant behavior. In that
zone, the atomized mass is not reduced any more and it seems to remain constant for the
rest of the time.
Going back to the initial questions, why the film is expanding in the test section resulting in the reduction of the atomized mass at the corner edge for conditions far from
the critical ones and why the effect of the width is vanishing for critical conditions, two
assumptions have been made. The assumption that a systematic error is introduced in
the experimental procedure is examined first. It has been reported in section 6.2.2 that
many of the conditions which affect the film formation were not kept constant and thus,
they could possibly contribute to a systematic error during the experimental procedure.
However, it should be reminded that the film depicts a specific, well defined trend for all
the flow conditions tested here which is not random. Scrutinizing the ambient, initial and
boundary conditions, it has been realized that the majority of those conditions introduce
a random error in the experimental procedure which does not justify the behavior of the
film. The only condition which follows a certain trend and could impose to the film a
similar behavior is the temperature of the liquid film which is augmented since there is no
cooling system to maintain it constant. The temperature measurements for every experiment monitor an increase on the order of 3 − 4◦C, which implies that the properties of the
working fluid are slightly changing. The impact of this temperature increase on the properties of the film and specifically on the decrease of the surface tension is on the order of
1 %. Apart from the fact that it is a very small change, the reduction of the surface tension
would imply the film expansion on the flat plate but at the same time would imply more
mass to be detached from the corner since the forces which keep the liquid attached to the
corner edge are diminished. However, the trend of the films developed here is exactly the
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opposite to that, specifically, the atomized mass at the corner edge is reduced with time.
The above discussion lead us to the conclusion that the error introduced in the experimental procedure from the variations of the conditions of the experiment is not related
with the behavior of the film recorded during the measurements. Taking also into account
that the unusual behavior of the atomized mass has been reported for several experiments
changing either the liquid flow rate or the external air velocity, it can be concluded that
the systematic error seems not to be the answer in the initial question. Thus, the interest
has been focused on the phenomena induced by the air-liquid interactions.
Unfortunately, there are no references in the open literature describing the physical
phenomena observed with the liquid film for direct comparison. Especially, the studies in
film atomization around corners reported in the section 3.3.1.1, even if it was certain that
such kind of phenomena occur, it is unlike that they have observed them since their experimental methods for the atomization detection are not accurate enough to detect such
details. Nevertheless, two important remarks in the literature not directly related to the
film atomization at a corner geometry may illuminate the initial question posed above
in regard to the reason why the width of the film is expanding slowly with time influencing the atomization rate far from the critical conditions while its effect becomes less
important close to them. In the annular flows inside circular pipes, there is an extensive
research work concerning the formation of a thin film around the periphery of a pipe and
its maintenance on that position. Specifically, for constant air and liquid velocities in the
annular flow regime, the liquid film is able to flow continuously on the top of the pipe
overcoming the gravity forces. In the wavy flows inside circular pipes, with high but constant air velocities and low liquid flow rates, a concave film is formed in the periphery,
which climbs on the walls and maintains its position overcoming the action of gravity as
well, see section 3.2.2.1. In this study, it is believed that the mechanism, which drives a
liquid film to climb on walls in the annular/wavy flow regimes and maintain its position,
is the same with the mechanism forcing the film to expand on the horizontal wall of the
test section for constant air and liquid flow conditions resulting in the reduction of the
atomized mass at the corner. In the section 3.2.2.1, it has been reported that the exact
mechanism for annular/wavy film in pipes is not clear yet and there is still controversy
between the researchers, however, they all agree that the passage of the disturbance waves
is the reason why the film wets the pipe periphery and overcomes the gravity forces. In a
similar manner, the flow visualization study for the liquid films generated in this project
has shown that the principal waves are traveling on the interface with a front that deflects
towards the side borders of the film. It is believed that the action of the principal waves
which move towards the side borders generate the expansion of the liquid film and consequently the reduction of the atomized mass at the corner. The difference of the horizontal
open flow on a flat plate with the case of the annular/wavy flows in pipes is that there is
no gravity to bring back the film to the initial position.
Finally, the reduction of the atomized mass is greater far from the critical conditions
because the waves formed in such conditions hold higher inertia than in critical ones. That
means that their action at the film borders is more intense resulting in greater expansions
and thus, higher atomized mass reductions. On the other hand, close to the critical conditions the waves depict low inertia and consequently, the expansion of the film is smaller.
In such conditions, the capillary forces are able to keep the film in its initial shape resulting in the constant behavior of the atomized mass. Furthermore, in the literature for
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the case of the parallel flows and specifically for the experiments conducted in vertical
annular flows, section 3.3.2, it has been reported that the atomized mass in those flows is
a linear function of the air velocity but when the critical conditions are approached, the
linearity breaks and the film seems to delay its response on the variations of the external
flow conditions. Figure 3.20 is representative of this phenomenon. For the case of the
liquid films developed in this study, the external flow conditions remain constant, however, the film formation and specifically, the film width at the corner is changing with
time which influences the primary atomization. Identical behavior to the annular flows
has been observed here, by monitoring that the effect of the variation of the film width is
reduced when the critical conditions are approached. This is believed to happen because
of the reduction of the inertia carried by the waves of the film interface as stated before.

6.6 Conclusions
The behavior of the liquid films and their atomization in a sharp corner has been investigated qualitatively and quantitatively under several flow conditions in an experimental
facility constructed exclusively for that purpose. All the results presented in this chapter concern mainly cases far from the critical conditions for the onset of the atomization.
Prior to that, independent studies have been performed to assess the quality of the air flow
and the film formation inside the test section. These studies revealed that the air flow developed within the test section is a wall jet with the potential core to extend over the whole
flat plate of the section. The flow inside the potential core is uniform, 2D at the center of
the test section with a relatively high turbulent intensity of 2%. The air flow close to the
wall is a boundary layer flow with the transition region from laminar to turbulent conditions to occur almost at the position of the slit where the liquid film is introduced. The
films generated in this study are uniform in a stable or metasteble state. The range of the
working flow conditions has been limited to avoid dry patches on the film flow. A very
strict experimental procedure has been followed to obtain acceptable reproducability on
the exerimental results.
The liquid films developed with the current experimental facility exhibit three main
characteristics which distinguish them from the films inside the circular pipes and rectangular channels encountered in the literature:
• The ability of the films to expand towards a spanwise direction without side wall
borders restricting their movement.
• Their development in the boundary layer of a wall jet in an open channel.
• Their formation on a solid substrate in the partial wetting regime being susceptible
to dewetting effects.
Although the above characteristics affect the experiments and make more complicate their
study, however, the findings of this investigation showed that the liquid films tested here
exhibit similar behavior under various flow conditions like the films developed in annular/wavy flows in pipes and rectangular channels. Specifically, data have been extracted
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from the visualization study mainly far from the critical conditions and selective measurements have been conducted with the PLIF method for conditions close to the critical ones. The range of the flow conditions varied between 90 < Re f,slit < 480 and
180 < WeH < 840. The experiments showed that increasing the film Reynolds number,
while keeping constant the aerodynamic Weber number, the mean film width, thickness
and velocity increase. However, it should be mentioned that, the increase of the film
thickness does not follow exactly the growth of the film Reynolds number due to the expansion of the film. Concerning the wave characteristics, the RMS, the wave velocity
and frequency increase. The intensity of the wave fluctuations diminishes. The distance
between the waves decreases when the external air velocity is low, while it seems to remain unaffected when the external air velocity is becoming high enough. Increasing the
aerodynamic Weber number, while keeping constant the film Reynolds number, results
in films with reduced mean film thickness while the width and the mean velocity are
increased. Concerning the waves, for the range of the flow conditions tested here, the
RMS is reduced, the fluctuations of the waves remain constant, the wave velocity and
frequency rise and the distance between the waves becomes shorter. Finally, the results
extracted from the visualization study concerning the behavior of the films under various
flow conditions agree well with the measurements of the PLIF method.
Important part of the film investigation has been dedicated to its primary atomization
when the films approach the sharp corner under various flow conditions. The investigation
showed that the primary atomization of the film depends on the state of the film at the
corner edge and it is strongly related with the passage of the waves. Every wave depending
on their characteristics is a possible source of droplets as it passes the corner edge. The
flow visualization study revealed that there are three possible outcomes of the liquid flow
approaching a corner geometry based on the way it is atomized at the corner edge:
• The film flows around the corner without any atomization.
• The film is atomized at the corner edge after the ligament formation.
• The film is atomized at the corner edge after the liquid sheet formation.
For all the cases tested in the current study, the waves of the film interface are three
dimensional and periodic exhibiting a dominant frequency.
Finally, the measurements of the atomized mass downstream the corner revealed three
different behaviors of the film atomization with time at the corner edge:
• The atomized mass exhibits an intermittent behavior for critical conditions.
• The atomization is continuous and the atomized mass remains constant for conditions close to the critical ones.
• The atomization is continuous and the atomized mass is reduced with time for conditions far from the critical ones.
For the third case in which the atomized mass is reduced with time, that reduction is
monitored together with a simultaneous expansion of the film width. The atomized mass
exhibits a linear relationship with the width. Possible explanation for this phenomenon
has been considered the action of the principal waves of the film. The front of those
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principal waves is deflected towards the side borders of the film. The waves impact on
the borders resulting in the film spreading. The film spreading causes the decrease of the
film inertia and consequently, the reduction of the atomized mass downstream the corner.
Close to the critical conditions, the spanwise expansion of the film is less. This is believed
to occur because the inertia carried by the principal waves is low in such flow conditions.
Therefore, the atomized mass after the corner remains almost constant in time since the
shape of the film at the corner has not been changed significantly.
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7 Critical conditions in a corner
geometry
The knowledge of the flow conditions for the onset of the film atomization in a corner
geometry is related to the initiation of the Overspray phenomenon encountered during the
operation of the wiper blades on a moving car and studied in chapter 5. In the present
chapter, the critical conditions for the onset of the primary film atomization at the edge of
a sharp corner are detected experimentally and the behavior of the liquid films is studied
under these flow conditions.
Before the detection of the critical conditions, the experimental method used to detect
them is reported and the mechanism for the droplet generation is described and discussed.
The influence of the initial film width and the film properties on the critical conditions
of the shear-driven, thin films approaching the corner geometry have been considered
with further experiments. Finally, a comparison of the current experimental findings with
mainly theoretical results from models found in the open literature, see section 3.3.1.2,
has been performed. The comparison illuminates the assumptions during the development
of those models and evaluates their adequacy to predict the onset of the film separation
in a corner geometry for different conditions. The discussion provides an insight on the
generation of the film detachment and gives new perspective for the building of theoretical
models.

7.1 Definition of critical conditions
It has been already mentioned in the previous chapter, a very important property of
the mass that is detached from the bulk of the film at the sharp corner. This is that
the atomized mass of the film changes behavior as a function of the flow conditions of
the experiment. Figure 7.1 presents the atomized mass for constant aerodynamic Weber number (WeH = 180) in combination with four different film Reynolds numbers
(Re f,slit = 80, 90, 115, 250). The diagrams are representative of the different behaviors
observed during the film atomization. Far from the critical conditions, the mass is atomized continuously at the corner edge exhibiting dependency on time. That dependency is
associated with the reduction of the atomized mass at the corner edge with the time, see
Figure 7.1(a). Approaching the critical conditions, the mass of the film is still atomized
continuously but its rate remains constant, see Figure 7.1(b). Modifying the flow conditions towards the critical ones, the behavior of the atomized mass is suddenly changing
from continuous atomization to atomization with characteristics of intermittency, see Figure 7.1(c). Not all the mass collections during the measurements will give an amount of
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mass that has been separated from the film. Finally, for conditions below the critical ones,
the behavior of the film changes again, depicting no droplets downstream the corner with
the entire film to turn around the sharp corner and continue to flow on the vertical wall,
see Figure 7.1(d).
Based on the behavior of the atomized mass reported above, the critical conditions are
defined. Specifically, critical conditions are the conditions in which the primary atomization of the film begins, exhibiting the intermittent character described above. A small
change of the flow conditions would resulted in films with either no atomization or continuous atomization at the sharp corner. Figure 7.1(c), depicts the critical conditions for the
case of the shear-driven film presented above. It has to be mentioned that the definition
for the critical conditions implies that a small amount of mass is always atomized during the detection of the critical conditions. Nevertheless, this amount of mass is always
less than 0.05 % of the total mass introduced inside the test section, and thus, practically,
negligible. It has also to be remarked, that the conditions where the film exhibits intermittency and designated as critical conditions, constitute a narrow zone and not some unique,
individual values. This fact contributes to the uncertainty of the experimental detection of
the critical condtions.
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Figure 7.1: Definition of the critical conditions for the onset of the film atomization at the
sharp corner and experimental method for their detection, WeH = 180.
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Figure 7.1 depicts also the method followed in the experiments to detect the critical
conditions. In all the experiments, the air velocity has been fixed at a constant value
and the liquid flow rate of the pump has been varied to find the critical conditions. For
constant air velocity and after a quick, first scan of a large range of working flow rates,
a small window is selected for further investigation. On that small window, the flow rate
or the film Reynolds number is set in a high value, Figure 7.1(a), and then it is gradually
decreased, Figures 7.1(b), 7.1(c), until no mass is atomized from the corner edge, Figure
7.1(d). For each liquid flow rate, the experimental procedure described in Figure 6.7
in the section 6.2.2 is followed with the modification that the measurements of the film
thickness and the air velocity are conducted only once. The uncertainty on the detection
of the critical conditions has been estimated around ±6ℓ/h or ±15 in terms of Re f,slit .
Two basic characteristics distinguish this method from the rest of the experimental
procedures followed in the other experimental studies in the open literature, rendering
it superior for the current range of working conditions. First, it is very accurate, very
close to the critical conditions since all the droplets generated at the corner are collected
with the flat collector. The latter occurs because the maximum, external air velocities
tested here is relatively small (≤ 20 m/s) implying that the generated droplets do not
possess enough momentum to travel far from the corner. That gives the capability to
collect all the droplets and to resolve finely the behavior of the mass approaching the
critical conditions. It is useful to remind that Friedrich et al. (2008) have reported in
their study that the method of collecting the liquid remained attached on the wall could
not give accurate results when the atomization rate at the corner is very low resulting in
great ambiguity on the detection of the critical conditions, see section 3.3.1.1. However,
it should be mentioned that they have worked in a closed channel within higher external
air velocities (> 30 m/s) and probably they did not have any other choice for detecting
the critical conditions except the one that they have applied in their experiments. Second
characteristic of the current method is the existence of a well-defined, discrete, narrow
zone in the range of the working conditions which separates the regime of atomization
from the regime of no atomization.

7.2 Mechanism for onset of film atomization
Then, experiments have been conducted to understand better the physical mechanism, responsible for the first droplets generated at the corner edge. In literature, even though
several theories have been developed for film separation at a corner, no detailed description of the actual mechanism taking place for the onset of the droplet generation has been
reported based on experimental evidence. Here, the results of the visualization study are
discussed.
Figure 7.2 depicts six different time instants of the droplet generation mechanism for
flow conditions close to the critical ones. The first and third row concern the side view of
the test section while the second and the fourth the top view. The two different views have
been recorded separately, in different times, with a high speed camera. Thus the images
are not coupled, however, they describe the same physical phenomenon, the onset of the
droplet generation.
Initially, it is observed that the onset of the film separation and consequently the
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(a) Side view, wave approaching the corner, t=0 sec.

(b) Side view, wave at the corner, t=0.01 sec.

(c) Side view, transformation
of the wave into ligament,
t=0.02 sec.

(d) Top view, wave approaching
the corner, t=0 sec.

(e) Top view, wave at the corner, t=0.01 sec.

(f) Top view, transformation
of the wave into ligament,
t=0.02 sec.

(g) Side view, ligament generation, t=0.03 sec.

(h) Side view, ligament displacement, t=0.04 sec.

(i) Side view, droplet generation, t=0.05 sec.

(j) Top view, ligament generation, t=0.03 sec.

(k) Top view, ligament displacement, t=0.04 sec.

(l) Top view, droplet generation, t=0.05 sec.

Figure 7.2: Mechanism for droplet generation at the corner edge, for flow conditions close
to the critical ones, Re f,slit = 120 and WeH = 270.
droplet generation is a local phenomenon related with specific parts of the film. Specifically, the onset of the atomization does not occur along the entire width of the film but it
is initiated at the side ends of the film and expands towards the center by increasing the
liquid flow rate, if the external air velocity is kept constant, like in this case. The fact that
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the atomization is initiated at the side ends of the film has to do with the spanwise profile
of the film which seems to depict higher film thickness at the ends than the center due to
the surface tension action. The onset of the droplet generation around a corner implies
also the partial separation of the film from the corner. Locally, at the position where the
film is separated, a part of the film remains always attached on the wall while another is
extracted from the bulk and produces a droplet. Similar observations have been remarked
during the atomization of films encountered in other applications like for instance the jet
wiping technology, see Lacanette et al. (2006), Gosset and Buchlin (2007).
Taking into account these initial observations, the mechanism for the film separation
and the generation of the first droplets is presented here. The whole process is strongly
related with the existence and evolution of waves on the film interface. Figures 7.2(a),
7.2(d) capture one of the several 3D waves covering the film interface. That wave comprises part of a wave front line divided in several segments along the spanwise direction.
The waves on the interface for relatively thick films are generated because of pressure and
shear stress variations exerted by the air flow on the deformed free film surface according to Cohen and Hanratty (1965) and Cra. The waves due to the effect of the slit are
considered weak and they are not taken into account. Thus, the 3D waves are considered
here essentially to be the result of the Kelvin-Helmholtz instability developed on the film
interface. The instability is characterized as KH due to the shearing action of the fast air
flow on the slow liquid film flow with the velocity magnitude to change value abruptly in
the thin region of the interface.
The wave captured above is accelerated towards the corner edge of the test section
with simultaneous increase of its amplitude as shown in Figures 7.2(b), 7.2(e). When it
reaches the corner, it has to negotiate the sudden change of its flow path. Due to the inertia
of the film, it continues to follow the initial horizontal direction, Figure 7.2(c), protruding
from the corner and forming a membrane surrounded by a rim with spanwise length on
the same order as the initial spanwise length of the wave on the horizontal plate, Figure
7.2(f). On the other hand, the streamwise length of the wave is contracted during this
step. Nevertheless, at the same time, the base of the liquid film remains attached on the
solid substrate forcing the wave on it to perform a rotational motion around the corner.
The membrane, as the wave turns around the corner, is shrinked rapidly in a cylindrical
column forming a ligament, Figures 7.2(g), 7.2(j).
The initial dimensions of the ligament seem to be a function of the contraction of the
spanwise/streamwise length and the elongation of the initial wave. The ligament, which is
connected with the film through a conical base, is accelerated downwards on the vertical
wall of the test section and at the same time increases its length due to the inertia of the
liquid trapped inside the cylindrical column. Its orientation is parallel to the wall surface
flowing over. Two different cases can be observed for the evolution of the ligament:
1. If the elongation is faster than the acceleration imposed by the gravity on the vertical
wall then the ligament will break.
2. If the elongation is slower than the acceleration imposed by the gravity on the vertical wall then the ligament will not break.
In the first case, the head of the ligament will grow while the neck at the conical base
which connects the head of the ligament with the rest of the film is shrinked, Figures
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7.2(h), 7.2(k). A droplet is generated and detached from the bulk of the film in a distance
relatively far from the sharp corner as the result of the continuous elongation of the ligament, Figures 7.2(i), 7.2(l). In the second case, the neck of the ligament expands and
the shape of the ligament turns into a wave flowing over the vertical wall without any
fragmentation.
On the protruded wave, which initially has the form of a membrane and later is becoming a ligament several forces are exerted trying to stabilize or destabilize the wave
passage. The destabilizing forces are mainly the inertia that the film and consequently
the wave possesses at the corner edge and the drag exerted on the wave by the external
air flow. For the corner of 90◦ , the drag force seems to be vanished when the wave turns
around the sharp corner. The inertia of the film results in the centripetal forces at the
corner edge because of the rotational motion of the film around the corner. The stabilizing forces are comprised mainly by the surface tension forces for the special case of the
sharp corner of 90◦ . Gravity, in this case, does not seem to play any significant role on
the film before or after the corner. However, in a general case of flow around an arbitrary corner geometry, its effect can be either stabilizing or destabilizing depending on the
corner angle and its orientation with the horizontal plane. The viscous forces are usually
stabilizing forces in a manner that resist on the changes of the inertia imposed on the film.
For the captured wave of Figure 7.2, the destabilizing forces overcome the action of the
stabilizing ones. That imbalance results in the elongation of the ligament and finally the
droplet detachment from the film.
It is evident that the droplet generation is not an instantaneous process but it occurs
in several steps over a finite time interval. Starting from the wave at the corner edge, the
following steps are distinguished:
• The wave transformation into a membrane with the contraction of the streamwise
length of the initial wave and the growth of its initial amplitude.
• The membrane transformation into a ligament with the contraction of the spanwise
length of the initial wave and the elongation of the wave amplitude.
• The fragmentation of the ligament into droplets.
The mechanism of ligament fragmentation detected in the current study is similar to the
one described by Marmottan and Villermaux (2004) for low accelerations. The ligament
breaks generating one droplet each time. The whole process is repeated every time a
wave negotiates the corner and depending on the balance of the forces exerted on it in
every step, the wave either flows around or is separated forming droplets.

7.3 Critical conditions and film behavior
Experiments have been conducted to detect the critical conditions for the onset of film
atomization and investigate the behavior of the thin, shear-driven films in such conditions.
The critical conditions are initially identified as a pair of the external air velocity and the
liquid flow rate (ua , V̇ f ) following the experimental procedure described in the section
7.1. However, the primary atomization of the film and consequently the onset depends on
the characteristics of the film at the corner edge. As it has already been mentioned, the
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film atomization is sensitive to external disturbances since they influence the final film
formation. Furthermore, the external disturbances are not completely controlled in the
current experimental facility. For instance, it is possible, for constant external air velocity
and for cases with the same liquid flow rate, the atomization at the corner edge to change
because the film formation at the corner edge is slightly different for every case. For that
reason, the critical conditions are presented below as a function of the characteristics of
the film at the corner edge and the external air velocity to avoid such a confusion.
Identifying the critical conditions and performing measurements under such conditions, the behavior of the shear-driven films during the onset of the primary atomization
is revealed. That behavior can be useful to understand better the reason why and how a
liquid film under certain conditions is detached from the edge of a corner geometry and
quantify it. Any theoretical or semi-empirical modeling of the onset of the film primary atomization in a corner should either be based on or agree with experimental observations.
As it has been already mentioned in chapter 3, there are no such detailed information
in the open literature except from few experimental results of Azzopardi and Sanaullah
(2002) and Owen and Ryley (1985), while the rest researchers provide limited data only
for conditions far from the critical ones. The significance of these measurements lies on
the fact that the provided information fill this lack of experimental evidence. Besides, the
results discussed below are related with the onset of the droplet ejection from the wiper
blade surfaces of a moving car described in chapter 5.
Figure 7.3 depicts the behavior of the properties of the mean film under critical conditions. The liquid is distilled water, see section 4.2.2 for the physical properties. Each
point on the diagrams corresponds to a pair of air and water flow rate (not shown here)
conditions and a sequence of mass measurements as described in section 6.2.2. Generally, when the external air velocity is increased, the water flow rate has to be decreased to
achieve the critical conditions of the film at the corner. Figure 7.3(a) illustrates the evolution of the mean film velocity at the corner edge as the air velocity increases. For low
external shear or low air velocity, the velocity of the film has to be increased by raising
the film flow rate to maintain the critical conditions. For high external air velocity, the
energy transferred on the film is already very high and the mean velocity of the film at the
corner edge has to be reduced by decreasing the film flow rate so as for the film to remain
at the critical state. In a similar manner, the mean film thickness at the corner edge, Figure
7.3(b), is increased for low external air velocities while it drops for high external shear
to maintain the critical conditions. When the external air velocity is very low (< 12 m/s)
which implies significant liquid flow rates, the film thickness may not grow due to the
considerable weight of the film on the flat plate which is accompanied by a spanwise expansion. Figure 7.3(c) shows the evolution of the initial film width at the corner edge. It
has to be reminded that the film width is changing slowly with time due to the passage
of the waves on the film interface as explained in the previous chapter. The film width
is decreased with the raise of the external air flow due to the simultaneous, significant
reduction of the water flow rate to maintain the critical conditions.
The critical conditions expressed in terms of local characteristics of the average film
can be represented by the diagrams of the Figures 7.3(a) and 7.3(b). It will be shown later
that the film width, as far as the minimum dimension of the film (thickness) is several
times smaller than the other two dimensions, does not influence the onset of the primary
atomization. The experimental points in Figures 7.3(a) and 7.3(b) form critical zones.
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Figure 7.3: Behavior of the mean film for different external air velocities and flow rates
under critical conditions at the corner edge. Distilled water, w slit = 100 mm.

Films exhibiting characteristics with values above these zones experience atomization
while values below these zones permit the flow around the corner without atomization.
The fact that the experimental points constitute a zone and not a line is related to the
definition of the critical conditions explained in the section 7.1 and the uncertainties associated to the measurements.
The behavior of the characteristics of the waves developed on the film interface under
the critical conditions are described in Figure 7.4. Specifically, Figure 7.4(a) depicts
the RMS of the mean film thickness or the mean size of the waves in absolute terms
developed on the water film. It is evident that the size of the waves is reduced increasing
the external air flow with simultaneous reduction of the water flow rate under critical
conditions. The ratio of the RMS to the mean value of the film thickness expresses the
intensity of the fluctuation on the interface. Although the scattering of the data is high and
no firm conclusions can be deduced from Figure 7.4(b), however, it will be noticed that the
fluctuations follow the same behavior as the RMS for air velocities above 14 m/s. They are
decreased with the rising of the external air flow. For external air velocities below 14 m/s,
the fluctuations are reduced with the fall of the external air flow. Again, the uncertainty of
the measurements is quite high and more experiments in a wider range of flow conditions
are needed to be able to draw firm conclusions. Figure 7.4(c) illustrates the air velocity
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film interface, measured with LDA.

Figure 7.4: Behavior of the wave characteristics of the film for different external air velocities under critical conditions at the corner edge. Distilled water, w slit = 100 mm.
measured by LDA in a distance approximately 1 mm above the film interface under critical
conditions. Unfortunately, no videos have been recorded from the flow visualization study
under critical conditions which would permit the calculation of the wave velocity and
therefore, no results are available. Nevertheless, the local measurements of the air flow
close to the interface are considered that give a realistic idea of the trend of the wave
velocity on the interface. According to Figure 7.4(c), the air velocity close to the interface
is increasing by rising the external shear under the critical conditions, which implies that
the wave velocity should also be increased with the external air velocity. The scattering
is rather high due to the fact that the exact location of the measurement point can vary
slightly above or below the distance of the 1 mm from the interface.
The critical conditions could be expressed precisely in terms of the wave characteristics from the Figures 7.4(a) and 7.4(c) if the magnitude of the wave velocity was known
instead of the air velocity above the interface. Similar to the case of the mean film, the
experimental points in those two graphs form critical zones. It is worthy to note that
the characteristics of the mean film do not necessarily follow the same trend as the wave
characteristics under critical conditions. Specifically, increasing the external air velocity
under critical conditions, the mean film velocity drops, while Figure 7.4(c) suggests that
the wave velocity would increase. Finally, it should be remarked that the behavior of the
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waves under critical conditions described in Figure 7.4 agree with the trend reported in
literature for the onset of film atomization in applications like the parallel flows or the jet
wiping technology. Specifically, the experiments of Woodmansee and Hanratty (1969)
showed that the wave velocity is increased while the wave height is decreased for critical
conditions. They realized that the onset of film atomization in a horizontal rectangular
channel occurs for constant critical Weber number, which is defined as a function of the
amplitude and the velocity of the waves developed on the film interface, see section 3.3.2.
This fact could imply that similar behavior might be expected for the film atomization in
a corner. Finally, very much alike trends for the waves have been reported in Gosset and
Buchlin (2007) concerning the onset of the splashing phenomenon which occurs during
the jet wiping process.

7.3.1

Effect of film width

(a) Slit width, w slit,1 = 100 mm, ua = 13 m/s,
V̇ f = 52 ℓ/s.

(b) Slit width, w slit,2 = 45 mm„ ua = 13 m/s,
V̇ f = 24 ℓ/s.

Figure 7.5: Effect of the slit length on the film flow at the corner edge under critical
conditions. Top view, distilled water.
The length of the slit of the test section has been modified to study the influence of
the film width on the critical conditions and the behavior of the film. The liquid of the
film is distilled water and two different cases have been tested. For the first case, the slit
length is w slit,1 = 100 mm representing a long slit and for the second case, the film width
is reduced to w slit,2 = 45 mm corresponding to a short slit, as shown in the Figures 7.5(a)
and 7.5(b) respectively. The green color of the film is due to the fluorescein added in it for
the PLIF measurements to detect the interface. The modification on the length has been
accomplished by tapping part of the slit with an adhesive tape as shown in Figure 7.5(b).
For both cases the film thickness is several times smaller than the other two dimensions
of the film. Specifically, for the shortest film width developed here the ratio of the film
length/film thickness and the ratio of the film width/film thickness are on the order of
25 respectively for both cases. Preliminary experiments far from the critical conditions
showed that for the case with the narrow film, the film width at the corner edge exhibits
the same behavior as for the case of the wide film. Precisely, the film width depends
on time expanding itself towards the sides of the test section and the atomized mass is
reduced accordingly. A comparison between the two films far from the critical conditions
would reveal that the effect of the film width on the droplet generation at the corner is
170

7.3 Critical conditions and film behavior

171

0.16

3
2.5

h [mm]

0.08

2
1.5

f

f

u [m/s]

0.12

1
0.04

wslit=100mm

wslit=100mm

0.5

wslit=45mm
0
0

4

wslit=45mm

8

12

16

20

0
0

24

4

8

12

u [m/s]

16

20

24

20

24

u [m/s]

a

a

(a) Mean film velocity.

(b) Mean film thickness.

160

0.8
wslit=100mm
wslit=45mm

RMS [mm]

0.6

80

w

fo

[mm]

120

40

0.4

0.2

wslit=100mm
wslit=45mm

0
0

4

8

12

16

20

0
0

24

4

8

u [m/s]

12

16

u [m/s]

a

a

(c) Initial film width.

(d) RMS of the film thickness.

30

20

f

RMS/h [%]

25

15
10
5

wslit=100mm
wslit=45mm

0
0

4

8

12

16

20

24

u [m/s]
a

(e) Dimensionless RMS.

Figure 7.6: Effect of the slit width on the onset of the film atomization at the corner edge.
Distilled water.
significant since the narrower is the film the less liquid is detached from the corner edge.
The behavior of the characteristics of the mean film and the waves for both films under
critical conditions are presented in Figure 7.6. It seems that the behavior of the liquid film
at the corner edge during the onset of the film atomization is the same independently on
the film width at the corner. For low external shear, the mean film velocity, thickness,
width and RMS at the corner edge are increased with the rise of the liquid flow rate to
maintain the critical conditions, while for high external air velocity they are reduced with
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simultaneous decrease of the flow rate. Concerning the intensity of the fluctuations on the
interface, Figure 7.6(e), more experiments are required to conclude as mentioned also in
the previous section. However, the fluctuations obtain similar values which implies that
the film width reduction do not influence the wave formation and their evolution at the
corner edge.
Concerning the effect of the film width on the critical conditions, it is realized that
there is no influence either in terms of the average film or the wave characteristics. For a
water film, when the mean velocity and the mean thickness reach a certain critical value,
see Figures 7.6(a), 7.6(b) points out that, the atomization at the corner edge will begin
independently on the film width at the corner edge. In a similar way in terms of the wave
characteristics, when the size of the waves yields a critical value, the film atomization will
occur without any influence of the film width, see Figure 7.6(d). Unfortunately, there are
no measurements available for the wave velocity. However, it is expected that the film
atomization will initiate when the wave velocity reaches a critical value independently
on the film width. Finally, the fact that the film width does not act on the onset of the
primary atomization, it implies also that the dependency of the film width on time due to
the passage of the waves observed in the experiments and reported in detail in the section
6.5, does not prevent the correct detection of the critical conditions.

7.3.2

Effect of viscosity

(a) Distilled water, ua = 20 m/s, V̇ f = 20 ℓ/s.

(b) Glycerol 30%, ua = 20 m/s, V̇ f = 30 ℓ/s.

Figure 7.7: Effect of the viscosity on the film flow at the corner edge under critical conditions. Top view, w slit = 100 mm.
The effect of the viscosity on the atomization of a horizontal, shear-driven liquid film
at a corner geometry has been investigated by testing two different liquids, the first is distilled water and the other a mixture of 70% water with 30% glycerol. Figure 7.7 presents
the flow of both films in the test section under critical conditions. Figure 7.7(a), represents
the case of the film with low viscosity (water). Figure 7.7(b), concerns the film of high viscosity (mixture of glycerol). The properties of the mixture for the second liquid have not
been measured in this experimental campaign, however, their values have been retrieved
from measurements of other researchers reported in the literature for similar concentrations of glycerol into water. The mixture of glycerol has a viscosity of µ = 2.8 · 10−3 Pa · s
indicating a liquid three times more viscous comparing to water (µ = 1 · 10−3 Pa · s).
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Figure 7.8: Effect of viscosity on the atomized mass downstream the corner edge for
constant external air flow, ua = 15 m/s.
Very few experiments have been conducted for the two films far from the critical
conditions. Observations from these experiments have shown that in both cases, 3D waves
arise on the film interface. However, the spanwise front line of the waves developed on
the viscous film is less broken in smaller segments comparing to the front line formed on
the water film, see Figure 7.7. This observation agrees with the flow visualization studies
reported in the literature for mixtures of water and glycerol. For specific flow conditions, it
has been reported that these mixtures can give 2D waves on the film interface. Moreover,
the preliminary experiments revealed that the primary atomization at the corner edge is
different for the two films. Figure 7.8 depicts the atomized mass as a function of the liquid
flow rate per unit width for constant external air flow. The atomized mass is expressed
as percentage of the total mass introduced in the test section. The liquid flow rate per
unit width is calculated at the corner edge and it shows the inertia of the film at that
location. For constant external air flow and liquid flow rate per unit width, the more
viscous is the film, Figure 7.8, the less mass is atomized from the corner edge. The
increase of the viscosity prevents the changes of the inertia imposed by the corner on
the film stabilizing it. Therefore, less mass is detached when it flows around the corner.
Finally, both films exhibit a reduction in their atomized mass with time for constant air
and liquid flow conditions. This is due to the film spreading on the horizontal plate similar
to the cases reported and explained in the previous chapter.
Figure 7.9 depicts the behavior of the characteristics of the two liquid films under the
critical conditions. For both films, increasing the external air flow, the mean velocity,
thickness, width and RMS of the film at the corner edge has to be decreased by reducing
the liquid flow rate to keep the critical conditions. Concerning the onset of the primary
atomization in terms of the properties of the mean film, differences are depicted between
the two films, see Figure 7.9(a). Although the two films occupy the same width at the
corner edge, the initiation of the droplet generation for constant external flow requires
that the mean film velocity and thickness of the viscous film are slightly higher than the
corresponding mean velocity and thickness of the less viscous film, Figure 7.9(a) and
7.9(b) at the location of the corner edge. In other words, the viscous film must be feeded
with extra energy, here increasing the liquid flow rate and consequently the inertia of the
film, to overcome the friction losses during its rotation around the corner edge and cause
the onset of the film atomization.
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Figure 7.9: Effect of the viscosity on the onset of the film atomization at the corner edge.
Slit width, w slit = 100 mm
Examining the critical conditions for the two fluids in terms of the characteristics of
the waves developed on their interface a similar behavior is depicted from the Figures
7.9(d) and 7.9(e) from what has been described above. The viscous film seems to depict
slightly higher waves for the onset of the atomization at the corner edge. Unfortunately,
there are no measurement of the wave velocity under critical conditions for the two films.
However, for constant air flow, the fact that the liquid flow rate has been increased to
obtain critical conditions for the viscous film signifies that the wave velocity must be also
174

7.3 Critical conditions and film behavior

175

slightly increased.
For the current films, the Ohnesorge number (Ohw ) based on the RMS of the film
thickness expresses the importance of the viscous forces comparing to the inertia and
capillary forces of the waves. For the viscous film tested here, it is 1.3 · 10−2 < Ohw <
2.2 · 10−2 which implies that the inertia and capillary forces dominate the film atomization
of the waves at the corner edge. Therefore, the critical conditions for both films in terms of
mean film or wave characteristics change only sightly taking into account that the surface
tension is the same.

7.3.3

Effect of surface tension

(a) Distilled water, ua = 16 m/s, V̇ f = 22 ℓ/s.

(b) Antifreeze 50%, ua = 16 m/s, V̇ f = 18 ℓ/s.

Figure 7.10: Effect of the surface tension on the film flow at the corner edge under critical
conditions. Top view, w slit = 100 mm.
Two films of two different liquids have been tested to investigate the influence of the
surface tension. The liquid in the Figure 7.10(a) is distilled water, which is considered
as liquid with high surface tension. The liquid in Figure 7.10(b) is a mixture of 50%
of distilled water with 50% of a commercial antifreeze used as washer for windshields
on the cars. The antifreeze is a chemical additive consisted mainly by distilled water,
ethanol (µ20◦C = 1, 2 · 10−3 Pas, σ20◦C = 22.3 mN/m) and some fluoresceine additives. The
ethanol inside the mixture is responsible for lowering the surface tension of the antifreeze
and consequently the surface tension of the second liquid in Figure 7.10(b) keeping the
viscosity of the fluid more or less similar to the viscosity of the distilled water. No information concerning the precise concentration of each component inside the commercial
antifreeze and no measurements of the physical properties of the mixture exist. However,
it can be considered that the addition of the antifreeze in the distilled water lowers the
surface tension of the mixture while keeping constant the viscosity.
Only few preliminary tests have been performed on both films far from the critical
conditions to understand their behavior. First it is observed that the film formation on
the horizontal surface of the test section is different for the two cases. The liquid with
the lower surface tension, Figure 7.10(b) spreads more on the flat plate and its thickness
drops comparing to the formation of the water film. This happens because the low surface
tension results in lower capillary forces developed at the sides of the film and therefore,
less resistance against the action of the gravitational and shear forces which tend to spread
the film on the plate. Furthermore, the atomization at the corner edge is also different.
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Figure 7.11: Effect of surface tension on the atomized mass downstream the corner edge
for constant external air flow, ua = 15 m/s.
Figure 7.11 depicts the atomized mass as a function of the liquid flow rate per unit width
for constant external air flow. The liquid with the lower surface tension (antifreeze) is
atomized more for the same liquid flow rate per unit width and external air flow at the
location of the corner edge. This occurs because the stabilizing forces which maintain the
film attached on the corner wall are reduced since the surface tension is lowered. Finally,
both films exhibit a reduction in their atomized mass with time for constant air and liquid
flow conditions. This is due to the film spreading on the horizontal plate similar to the
cases reported and explained in the previous chapter.
The behavior of the two liquid films under critical conditions is depicted in Figure
7.12. Like in all the other cases tested here, increasing the external air velocity, the mean
film velocity, thickness, width and RMS is reduced by decreasing the liquid flow rate to
maintain the critical conditions. It is also remarked from the graphs that in the case of the
liquid with lower surface tension, the film formation is different from water under critical
conditions. Precisely, the width of the film is larger and the thickness thinner. In regard
to the critical conditions in terms of the properties of the mean film, the initiation of the
droplet detachment on the film with the low surface tension takes place for lower film
velocities , Figure 7.12(a), and film thicknesses, Figure 7.12(b), for constant external air
flow. That implies that the same external air flow produces the onset of the atomization at
lower liquid velocities and thicknesses at the corner edge when the surface tension is low.
Similar behavior is illustrated for the critical conditions in terms of the wave characteristics developed on the liquid film. Specifically, lowering the surface tension of the
liquid, the size of the waves and the intensity of the wave fluctuations are reduced as
shown in Figures 7.12(d) and 7.12(e) respectively. Due to the fact that the surface tension lowering causes also film thickness drop, the interface of the film feels less external
air velocity because it is located in lower levels inside the boundary layer of the wall.
The latter in combination with the fact that the liquid flow rate has been also decreased
to obtain critical conditions for the film implies that the magnitude of the wave velocity
must be reduced comparing it with the velocity of the waves of the water film. Therefore, atomization starts at lower amplitude and speed of the waves because the stabilizing
forces weaken within the liquid of small surface tension. Finally, the behavior of the film
with low surface tension as described here, explains also the observations made during the
tests of the wiper blades on real cars. On those tests, the use of a commercial antifreeze
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Figure 7.12: Effect of the surface tension on the onset of the film atomization at the corner
edge. Slit width, w slit = 100 mm

results always in noticeable deterioration of the visibility through the windshield due to
the pronounced Overspray.
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7.4 Empirical modeling
Non-dimensional numbers are utilized to express the impact of various parameters of the
flow in a more general and compact way. Following such a methodology, an effort has
been made to represent the experimental results analyzed in the previous sections with the
aid of some non-dimensional numbers. The study of thin liquid films in literature revealed
that two dimensionless numbers are very important for capturing the basic forces acting
on the film. First, the film Reynolds number (Re f ), defined in the section 3.5, expresses the
ratio of the inertia forces to the viscous forces and second, the aerodynamic Weber number
(Weaerodynamic based on the film thickness), defined in the same section 3.5, represents the
ratio of the drag force or external shear on the film interface to the surface tension force
acting on the film.
For the calculation of the non-dimensional numbers, the properties of the fluids used
in the current study are needed. Unfortunately, the properties of the two mixtures with
the antifreeze and the glycerol have not been measured. However, the properties of the
latter have been retrieved from the literature using the measurements of Dombrowski and
Fraser (1954). Although it would be more accurate to perform direct measurements on
the liquid properties of the fluids utilized in the current experiments, however, the values
taken from the literature should also give reliable results within an uncertainty.
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Figure 7.13: Empirical model for the onset of liquid film atomization at a sharp corner of
90◦ with a low energy solid surface.
The experimental data concerning the water films of both slits (w slit = 100 mm and
w slit = 45 mm), see section 7.3, have been plotted in a logarithmic plot together with the
data of the mixture of glycerol (µ = 2.8 · 10−3 Pas) using the liquid properties found in the
literature. Figure 7.13 shows the logarithmic diagram. The ordinate corresponds to the
film Reynolds number while the abscissa represents the aerodynamic Weber number. The
data on the graph represent critical conditions for the onset of the film atomization at the
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corner edge. At a first approximation a line can be drawn on the Re f -Weaerodynamic plane.
The fact that the critical curve can be approached by a straight line implies a power-law
relationship between the film Reynolds and the aerodynamic Weber number. A model has
been fitted to the data giving the following equation:
Re f = A · Wenaerodynamic

(7.1)

with the constants A = 163000 and n = −3.83. The empirical equation 7.1 describes the
onset of the liquid film atomization at a corner geometry of 90◦ in terms of the external
flow (Weaerodynamic ) and the characteristics of the mean film flow (Re f ).
It is obvious that there is large scattering on the points forming the critical line. It
was expected since the definition of the critical conditions given in the section 7.1 leads
in reality to a zone of points. The model seems to fit well the experimental results for
both fluids which signifies that the non-dimensional numbers used here, based on the
characteristics of the average film and the external flow may scale the onset of the film
atomization at a sharp corner successfully. However, more experiments are necessary to
confirm firmly that conclusion, especially for the case of the viscous liquid. The empirical
model shows that in external air flows with low shearing action, low aerodynamic Weber
numbers, more inertia has to be provided to the liquid film at the corner edge to initiate
the atomization. On the other hand, for high external flows, less inertia, which signifies
both lower film velocities and thicknesses, is needed at the corner to trigger the atomization of the film. Flow conditions above the critical line imply continuous atomization
while conditions below the line signify that the film is turning around the corner edge
without atomization. Finally, neither experiments have been conducted for angles of the
corner geometry different from 90◦ nor measurements of the wave velocity under critical
conditions have been performed which would permit to express the empirical correlation
in terms of wave characteristics. The latter would offer the advantage of decoupling the
external air flow from the liquid film flow and allow the direct comparison of the experimental data with the theoretical model developed in chapter 8.

7.5 Comparison with existing models in literature
An attempt has been made to compare all the experimental data presented above with
published results. As it has been already mentioned in chapter 3, the experimental studies on the atomization of shear-driven liquid films in corner geometries provide very few
experimental results. Those results mainly concern the atomized mass of the film from
the corner edge for conditions far from the critical ones. In addition, there are no information concerning the characteristics of the films under critical conditions. Moreover,
there is a lot of diversity on the selection of the properties of the experimental facilities
and the liquid films used for every case. Therefore, the direct comparison of the current
experimental data with data of other researchers is not easy, even not possible.
Nevertheless, the literature is flourish in models which have been developed based on
different theories in regard to the manner the liquid film is detached from the corner geometry. These models and their corresponding theories have been presented in the section
3.3.1.2. A common characteristic of the models is the requirement of the properties of
the mean film at the corner edge to predict the onset of separation. Such properties have
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been measured in the current study and they introduced in the models to predict the onset
of the atomization. Below, it is presented the comparison of the theoretical models with
the current experimental data concerning the detection of the critical conditions. Only
experimental data from the water films have been used in the following investigation.
Owen and Ryley (1985) The onset of the atomization of a shear-driven liquid film
around a corner geometry has been described by the model of Owen and Ryley (1985)
with the equation 3.5 presented in the section 3.3.1.2.1. According to the model, a radial
force will develop on the film as it is turning around the corner which results in the film
detachment. This force is expressed as a function of the sum of the inertia force developed
on the film at the corner edge, the gravitational force and the surface tension force. When
this radial force becomes zero then the critical conditions are reached. To compare the experimental critical conditions detected in the current study with the theoretical predictions
of the model, the data of the characteristics of the mean film are introduced in equation
3.5. Taking into account that the angle θ is 0◦ , the angle β is 90◦ , the liquid is water, the
representation R2 − R1 corresponds to the experimental film thickness at the corner edge
h f measured in this study under critical conditions and the radius of the corner R1 is taken
equal to 1.5 mm implying a sharp corner, equation 3.5 becomes:
U=

s

3R1 σLG


4ρ f h f R1 + h f

(7.2)

where the gravitational term has been neglected. Equation 7.2 gives the theoretical critical
mean film velocity at the corner edge as a function of the critical mean film thickness at
the same point. It should be remarked that the critical conditions of the model are only a
function of the properties of the mean film while the external air flow is totally absent.
Several assumptions have been made to build the current model. The most important
ones are reported and discussed here below. First, the liquid film has a smooth interface
without waves. The derivation of the equation 7.2 is based on the integration along the
film thickness of an infinitesimal volume of liquid which belongs to that film with the
smooth interface. This fact has two consequences. First, the various terms of the equation
7.2 are affected by the elimination of the waves and according to Wang et al. (2005a), Wegener et al. (2008) and Friedrich et al. (2008) are not represented adequately. Specifically,
the gravitational and surface tension force is altered and the model depends greatly on the
magnitude of the inertia force. The second consequence is that the model predicts that the
film separation will occur at the wall surface of the corner implying complete separation.
The results of the current visualization study, see section 7.2, illustrate that the atomization of the film begins from the passage of a wave around the corner edge resulting in
partial separation of the liquid film. Another important simplification of the model is that
the external air flow is taken into account implicitly. It is assumed that its effect on the
film is the development of a linear velocity profile in the film. The linearity of the film
velocity profile seems to be valid only for very thin films (less than 0.1 mm). Finally, the
viscous forces have been neglected from the model. For film of low viscosities, this assumption can be justified. However, for films of higher viscosity, their neglection causes
the incorrect detection of the critical conditions.
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Figure 7.14: Predicted critical mean film velocity from the model of Owen and Ryley
(1985) vs the critical mean film velocity of the current experimental results as function of
the mean film thickness.

Introducing the current measurements of the film thickness under critical conditions
(section 7.3) into the equation 7.2, the theoretical predicted values of the mean film velocity at the corner edge are obtained. The theoretical critical film velocity derived from the
model of Owen and Ryley (1985) is compared with the present experimental measurements in Figure 7.14. A completely different behavior of the liquid film is represented
by the model of Owen and Ryley (1985) in comparison to the behavior of the film developed in this study. Specifically, according to the model, for high external air flows which
implies thin shear-driven films, high mean film velocity is necessary to initiate the atomization at the corner edge, while for low external air flows, which means thicker films, less
film velocity is needed for the detachment. On the contrary, the current experimental results show that for high external shear, the thin liquid films must have simultaneously low
mean film velocity to avoid separation from the corner while for low external shears, the
thicker films usually obtain higher mean film velocity leading to detachment. On top of
all above, it should be mentioned the report in their original paper that it was impossible to
build thick films under critical conditions which move very slowly. They only succeeded
to develop very thin films under strong external shear with high mean film velocity at
the corner. The model seems to work properly only for cases where the film is very thin
(< 0.15 mm) according to their own experimental results presented in Figure 3.14(b). It
appears totally unable to predict the onset of the atomization of the shear-driven films (order of h f ≈ 1.5 mm) developed in the current experimental study. The assumptions for the
external air flow and the elimination of the interface waves seem to limit the applicability
of the current model.
Finally, Azzopardi and Sanaullah (2002) based on the radial force model of Owen and
Ryley (1985) developed an extended version of it introducing the influence of the exter181
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nal air flow in the model, explicitly. The extended model has been described in detail
in the section 3.3.1.2.1 providing the critical conditions as a function of the external air
velocity and the characteristics of the average film at the corner edge. No comparison has
been attempted here because the model as presented in the original paper of Azzopardi
and Sanaullah (2002) owes significant flaws. Specifically, the equation 3.7 in the section
3.3.1.2.1, which represents the critical conditions for the onset of the film atomization is
wrong. There are calculation errors during its derivation. It is not known if the errors
are coming from the printing or they are original implying their introduction in all the
corresponding graphs of their original paper. Although the correct version of the equation
3.7 could be retrieved, nevertheless, the comparison is again not possible due to the insertion of the term of the coefficient of the interfacial shear stress in the equation 3.7. No
information are given by the researchers related to the way that this coefficient has been
calculated in order to make possible the derivation of the theoretical values predicted by
the model.
O’Rourke and Amsden (1996) In this model, the onset of the separation is based on
the pressure difference developed between the liquid film and the air flow at the interface.
The model has been described in the section 3.3.1.2.2 given by the equation 3.8. When
the pressure of the liquid film exceeds the pressure of the air flow then the film cannot
stay attached on the wall as it is turning around the corner edge and separation is initiated.
Again, the critical conditions are expressed as a function of the properties of the mean
film at the corner edge (no waves) and the influence of the external flow is neglected
for the film that turns around the corner edge. That assumption is valid only for corner
geometries well above 0◦ .
Re f

p f ilm [Pa]

56
58
64
71
106
134
177
268
270

5266
5608
5424
6469
10765
10886
15360
32859
35747

Table 7.1: Theoretical film pressure predicted from the model of O’Rourke and Amsden
(1996) for different film Reynolds numbers using the experimental data of the current
study.
The measurements of the critical mean film velocity reported in the section 7.3 have
been introduced in the equation 3.8 for the calculation of the theoretical film pressure. The
values of the theoretical film pressure are compared with the values of the air pressure at
the corner edge. The applicability of the equation 3.8 is sought for the flow conditions of
the current experimental study. Since the current experiments have been conducted on a
horizontal plate in the open air environment, the air pressure at the corner is assumed to be
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equal to the atmospheric pressure (patm = 101325 Pa). Table 7.1 presents the theoretical
film pressure obtained from the model for different film Reynolds numbers. Increasing
the film Reynolds number or the inertia of the film the theoretical film pressure increases.
The values of the table signify that for the flow conditions of this study no atomization will
occur since the film pressure is always lower than the atmospheric pressure. However, this
contradicts the fact that the experimental results inserted in the equation 3.8 are collected
when the atomization of the film starts. The model seems unable to predict the onset of
the atomization for the conditions of the current experiment. It should be mentioned that
the latter deviates from the assumptions of the current model. Specifically, the absence
of the waves from the film interface is not justified by the experimental campaign and the
surface tension does influence the atomization at the corner edge. Nevertheless, even for
the case of very thin films, Steinhaus et al. (2007) have performed experiments for films
with thickness less than 0.1 mm reporting discrepancies of their experimental results with
the predictions of the model.
Maroteaux et al. (2002) The model of Maroteaux et al. (2002) is based on the theory
for the existence of Rayleigh-Taylor instabilities on the interface of the film which cause
the onset of the film atomization around the corner edge. After the meticulous criticism
on the model expressed by Gubaidullin (2007) and the discrepancies of the theoretical
results predicted by Maroteaux et al. (2002) with the experimental data reported by Steinhaus et al. (2007), the model is not considered for further discussion here. Moreover,
to support the non adequacy of the current model, the present experimental data from
the visualization study do not show Rayleigh-Taylor instabilities. The majority of the
waves turning around the corner, have been developed on the film interface before the
film reaches the corner region due to the interaction with the co-current air flow (KH
instabilities).
Friedrich et al. (2008) The model is based on the same principle with the model of
Owen and Ryley (1985), a force balance on the film as it turns around the corner. The
difference between the two models is the application of the force balance on a film with
a smooth interface turning around the corner for the case of the model of Owen and
Ryley (1985), while Friedrich et al. (2008) have considered the formation of a ligament
protruding from the corner and the application of the force balance on that ligament. Their
model is formulated by the equation 3.18 described in the section 3.3.1.2.4. It is a force
ratio, FR, which expresses the balance between the destabilizing force (inertia) exerted
on the film to the stabilizing force (surface tension, gravity). Values of the force ratio
above 1 imply atomization at the corner edge, equal to 1 signify critical conditions and
below 1 means that the film remains attached on the wall of the corner. For the current
experiments, the angle θ is equal to 90◦ which implies the neglection of the gravitational
term and the equation 3.18 becomes then:


2


ρ
u
h


f
f
f


(7.3)
FR = 



 2σ 
The model expresses the critical conditions as a function of the properties of the mean
film with the effect of the external air flow to be considered implicitly through the characteristics of the film.
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Several assumptions have been made for the derivation of the model with the most
important to be analyzed further. First assumption concerns the way that the liquid film
forms the ligament and detaches from the corner edge. Friedrich et al. (2008) consider that
the liquid film is detached almost completely from the wall in the form of a long ligament
while it remains only a very thin layer of liquid after the corner. That ligament forms a
specific angle with the horizontal which is generally different from the angle of the corner
geometry with the horizontal. They define the critical conditions when the angle of the
long ligament becomes equal to the corner angle. That definition implies that the ligament
can rotate around the corner depending on the flow conditions. When the flow conditions
are close to the critical ones then the ligament is almost parallel to the wall downstream the
corner while when the flow conditions are far from the critical ones and the atomization
is established the ligament tends to become horizontal. Such a behavior of the liquid
which turns around the corner is not justified by the current experimental results of the
visualization study. Specifically, under critical conditions, the waves formed on the film
interface turn around the corner and usually form ligaments which remain perpendicular
to the vertical wall after the corner edge. If atomization will occur from that ligament
then it is only the head of the ligament which breaks from the rest of the film. If the
flow conditions are below the critical ones, then the ligaments continue to exist keeping
their initial orientation but they do not break into droplets. The whole phenomenon is
local and depends each time on the characteristics of the waves turning around the corner.
Another assumption, similar to the one made in the model of Owen and Ryley (1985),
is the neglection of the viscous forces which is justified only for films of relatively low
viscosity. Finally, the external air flow has not been taken into account when the film turns
around the corner edge, which is true for corner angle well above 0◦ .
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Figure 7.15: Comparison of the critical force ratio with the force ratio derived from the
model of Friedrich et al. (2008) using the experimental data of the current study.
The results of the current study presented in the section 7.3 have been introduced into
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equation 7.3 to calculate the force ratio for the current flow conditions. The resulting
FR are compared with the unit to check if the model is able to predict the atomization
for the current conditions. Figure 7.15 shows that comparison. It is noticed that for
all the flow conditions tested here, the model predicts values of the force ratio lower
than the unit. That means that the atomization should never occur for the current flow
conditions. However, all the experimental results inserted in the equation 7.3 correspond
to data exactly at the moment when the film detachment from the sharp corner begins. It is
obvious that the model is not capable to predict the onset of film atomization at the corner
edge for the case of the present shear-driven film. Examining the points of Figure 7.15, it
is realized that the force ratio depends on the film Reynolds number which is a function
of the mean film thickness and velocity. The latter has been assumed to be regulated
solely by the external air under critical conditions. However, increasing the external air
flow constantly, the mean film velocity had to be reduced in the current experiments to
maintain the critical conditions. Consequently, the film Reynolds number is diminished
resulting in values of almost zero for the force ratio. The assumption that the whole film is
atomized at the corner like a “ligament” limits significantly the applicability of the current
model.
There are no experimental results of critical conditions for the case of very thin films
either in this study or from other researchers to confirm the validity of the model. The
experimental results obtained by Friedrich et al. (2008) concern films with thicknesses on
the order of 0.5 mm. The comparison with the theoretical predicted values of their model
depict high uncertainty for the critical conditions. Observing carefully Figure 3.19(a) in
section 3.3.1.2.4, it will be understood that when the force ratio is equal to 1 (critical
conditions), the experiments show that the mass separating from the film varies from zero
to 18% of the total film mass for all the liquids. The latter indicates that the uncertainty
of the model in predicting the critical conditions is high.

Parallel flow Finally, the critical conditions for the onset of the film atomization in
the corner geometry of 90◦ investigated in the current study are compared with the critical conditions for the onset of the droplet removal in the horizontal, parallel, co-current
air-water flow in rectangular channels determined experimentally in the research works of
van Rossum (1959) and Woodmansee and Hanratty (1969). Figure 7.16 depicts the comparison expressing the critical conditions in terms of the external air velocity and the film
Reynolds number. As it was expected, the critical lines for the case of the parallel flow
are located above the critical line for the case of the right angle corner tested here. This
fact implies that for constant external air velocity, the film is going to be atomized faster
(less inertia needed) when it will encounter a sharp corner than when it has to flow only
parallel on a horizontal wall. That confirms that the current experimental data follow the
condition dictating the onset of the film atomization in a parallel flow as the upper limit. It
should be pointed out that the accuracy of the critical conditions measured in the studies
of van Rossum (1959) and Woodmansee and Hanratty (1969) is doubtful since they used
the visual method of the simple observation to detect the onset of the first droplets. That is
also maybe the reason why the two studies present discrepancies on the measured critical
lines while they use both co-current flows of air and water in horizontal channels.
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Figure 7.16: Comparison of the critical conditions for the onset of the film atomization
in parallel flows (θ = 0◦ ) and the corner geometry of the current study (θ = 90◦ ). The
working liquid is water for all the cases.
Discussion on the models The complete theoretical modeling of the onset of atomization of shear-driven films is consisted mainly of three steps:
• Modeling of the basic film flow (Model 1).
• Modeling of the waves of the film interface (Model 2).
• Modeling of the onset of the atomization (Model 3).
Figure 7.17 shows those steps and their link in order to achieve the complete modeling.
Each step can be accomplished either with empirical or numerical or analytical work. In
Figure 7.17, first, a basic film model (Model 1) is needed to calculate the properties of the
mean film as a function of the external air flow (air velocity, intensity, etc.) and the film
flow (liquid flow rate, turbulence, etc.). Several assumptions can be considered in this
step. One such assumption that simplifies the calculations is to accept that the external
air flow imposes a linear velocity profile in the film flow. Second, a wave model (Model
2) has to be developed to provide the characteristics of the waves as a function of the
external air flow and the properties of the mean film predicted from Model 1. Again, new
assumptions have to be made here. Third, an atomization model (Model 3) is necessary
to be built to predict the onset of the film atomization based on both the characteristics of
the waves (Model 2) and the properties of the mean film (Model 1). More assumptions
are introduced for the final step.
The study of the existing models in the open literature revealed the assumptions considered during their formulation. Among the simplifications, there is an important one
encountered in the majority of the existing models. This is the neglection of the interfacial waves from the flow around the corner. For instance, Owen and Ryley (1985) have
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Figure 7.17: Sketch of the complete modeling of the onset of the film atomization in a
corner geometry. The characteristics of the waves have been neglected from the existing
atomization models in literature.
considered a liquid film with a smooth interface flowing around the corner which is detached completely from the wall of the corner. The waves have been totally disregarded
along with the partial character of the film detachment. Furthermore, Friedrich et al.
(2008) assumed the formation of a long ligament at the corner edge. The total mass of the
film upstream the corner is detached to form that ligament. The waves in this case have
been neglected since the film either will flow around the corner (no waves) or it will be
detached completely from the corner (again no waves). The previous examples indicate
that there is no step in which the characteristics of the waves are taken into account in the
published models and consequently there is no model to predict them. That means that
the atomization model is based only on the properties of the mean film as shown in Figure
7.17. The implications of the omission of the wave characteristics is that the physics of
the film detachment are not captured adequately.
For shear-driven films of thickness 1 mm < h f < 3 mm, the findings of the current
experimental study showed that the main reason why the films are atomized in the sharp
corner is the passage of the interfacial waves. The waves rotate around the corner and
simultaneously change their form either into a ligament or a liquid sheet depending on
the air and liquid flow conditions. The latter break partially giving birth to droplets. The
neglection of the interfacial waves in the models is not justified for the films developed
here. To support more the importance of the wave characteristics on the prediction of
the atomization consider the following example. Figure 7.18 presents the atomized mass
downstream the sharp corner for two different films as a function of the number of mass
collections. The first film (Film 1) is developed for Re slit,1 = 90 and WeH,1 = 240 while the
second one (Film 2) for Re slit,2 = 130 and WeH,2 = 180. The mean properties of the films
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are shown in Table 7.2. The value of the mean properties of the second film are greater
comparing to the first film. According to the existing models discussed in this chapter, the
atomization on the second film (Film 2) should be more intense (or initiate faster) since
the film depicts higher values for the mean film thickness and velocity. However, Figure
7.18 indicates that the atomization will be more intense on the first film (Film 1). The
discrepancy occurs because the existing models avoid the role of the waves around the
corner and they are formulated solely on the properties of the mean film.

Film 1
Film 2

h f [mm]

u f [m/s]

1.5
1.8

0.07
0.08

Table 7.2: Properties of the mean film. Film 1:Re slit,1 = 90, WeH,1 = 240. Film 2:Re slit,1 =
130, WeH,1 = 180
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Figure 7.18: Comparison of the atomized mass downstream the corner edge for two films.
The average properties of the Film 2 are greater than the properties of Film 1. Nevertheless, Film 1 is atomized more at the corner edge. Film 1:Re slit,1 = 90, WeH,1 = 240. Film
2:Re slit,1 = 130, WeH,1 = 180
A second assumption encountered in some of the existing models in literature is that
the external air flow imposes a linear velocity profile in the film. The linear velocity
profile signifies that the velocity profile is defined a priori. Thus, for films which depict
profiles other than the linear ones, it is unlike that the existing models are able to predict
successfully the onset of the atomization.
The current study has shown that the characteristics of the waves should not be
avoided from the modeling of the onset of the film atomization for films with thickness
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1 mm < h f < 3 mm. The behavior of different films under critical conditions can be pictured adequately by the size and the velocity of the waves developed on the film interface
at the corner edge. Measurements of the RMS of the film thickness at the corner edge and
the air velocity very close to the interface (≈ 1 mm) have depicted that when the waves
exhibit characteristics above certain limits then atomization is initiated at the corner edge
while when they are below these limits the film is flowing around the corner without any
atomization, see sections 6.4.3 and 7.3. Further theoretical development should be done
in the direction of including the wave characteristics in the atomization model.

7.6 Conclusions
Horizontal, shear-driven, liquid films have been studied experimentally under critical conditions at the edge of a sharp corner. The underlying mechanism for the onset of film
atomization has been extracted from the videos of the high speed recording. KH instabilities are generated on the film interface from the interaction of the co-current, external
flow of the air phase. The resulted waves are moving approaching the sharp corner. There,
they turn around the corner and simultaneously are transformed into cylindrical ligaments
oriented mainly perpendicular to the film interface downstream the corner. Depending on
the characteristics of the waves, which in their turn depend on the film and the air flow
conditions, the generated ligaments may separate giving birth to droplets if the balance
between the destabilizing force of the film inertia inside the ligament is higher than the
stabilizing forces of the surface tension and the viscosity. The onset of the film atomization is usually partial and local.
The experimental detection of the critical conditions of films turning around a corner geometry is possible within acceptable uncertainty. The method of collecting all the
generated droplets downstream the corner edge has been utilized for the detection. That
method seems to be superior of the methods utilized in other research studies in the literature. The characteristics of the average film and their waves have been investigated under
critical conditions. Films of thickness of 1-3 mm have been developed under the shear
of an external air flow field varying between 12-20 m/s. It seems to be the first time that
detailed experimental results of the characteristics of the films and the waves approaching
a sharp corner under critical conditions presented in the open literature. The effect of the
film width at the corner edge on the film atomization has been studied showing that it
does not influence the onset of the atomization process. The effect of the viscosity and
surface tension of the film has been investigated depicting that it does influence the onset
of the film atomization. For liquid having the same inertia at the corner edge, the increase
of the viscosity retards the onset of the film atomization while the drop of the surface tension advances the film atomization. The majority of the experimental results have been
combined together with the aid of the film Reynolds number and the aerodynamic Weber number in a compact way deriving an empirical correlation describing the onset of the
film atomization at a sharp corner of 90◦ on a low energy surface in terms of the properties
of the mean film and the maximum velocity of the external air flow. The correlation seems
to fit well the experimental data, however, more experiments are necessary, especially for
liquids other than water.
The experimental results of the current study have been compared extensively mainly
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with the theoretical models existing in the open literature for the onset of the atomization of shear-driven films approaching corner geometries since no other available experimental results have been found under critical conditions. The comparison underlines the
importance of the assumptions made for the derivation of these models, their limitations
and finally the range of their applicability. It is realized that all the theoretical models
are based on the neglection of the characteristics of the waves turning around the corner
which is not confirmed by the current experiments. Therefore the models are expressed
only as a function of the properties of the mean film. Furthermore, some of the theoretical models consider the external air flow implicitly by imposing a linear velocity profile
through the film thickness. That indicates that the film velocity profile is a priori defined.
The linearity seems to be valid only for very thin films (less than 0.1 mm). None of the
theoretical models was able to predict successfully the onset of the film atomization for
the films (h f = 1 − 3 mm) of the current study. More theoretical work is required to predict accurately the onset of the film atomization in a corner geometry in the direction of
including the wave characteristics.
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8 Simplified Atomization Model
(SAM)
The experimental study on horizontal liquid films approaching a corner geometry in the
previous chapter showed that the atomization at the corner edge is strongly related with
the waves developed on the film interface. Depending on their characteristics, every wave
can be a possible source of droplets at the corner edge. Theoretical models which do
not take into account the wave characteristics are unlike to predict correctly the onset of
the film atomization in a corner geometry. The idea of expressing the onset of the film
atomization as a function of the wave characteristics has been captured.
A simplified model for the prediction of the film atomization in a corner geometry
is developed and presented further below. The model is validated with the current experimental results. The model developed here is distinguished from the other models
documented in the literature mainly because it takes into account the characteristics of the
waves besides the properties of the mean film and does not make any assumption concerning the velocity profile in the film. Therefore, the modeling is believed to represent better
the the real phenomena taking place during the film atomization in a corner geometry.

8.1 Modeling of the onset of film atomization
The onset of the film atomization at a corner edge depends on the properties of the mean
film and its waves just before the corner edge. In their turn, the properties of the film and
the waves are functions of the external air flow and the mass or liquid flow rate of the film.
The steps of the complete modeling of the onset of the film atomization around a corner
have been explained in the section 7.5 and repeated here. It involves:
• A basic film model, predicting the properties of the mean film at the corner edge as
a function of the external air flow and the film flow.
• A wave model, predicting the wave characteristics of the film as a function of the
external air and the properties of the mean film flow.
• An atomization model, predicting the initiation of the film atomization as a function
of both the mean film and the wave characteristics.
Figure 8.1 shows the sketch of the models needed for the complete modeling of the film
atomization around a corner geometry. The development of each one of the three models
can be based on a theoretical, empirical or numerical approach. Each approach presents
advantages and disadvantages.
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Figure 8.1: Modeling of the onset of the film atomization in a corner geometry.
In the current study, theoretical work has been carried out for the development of an
atomization model (Model 3) able to predict the onset of the film atomization at a corner
geometry. The model takes into account both the wave characteristics of the interface and
the properties of the mean film before the corner edge. The rest models (Model 1, Model
2) are not discussed further below. Due to the fact that neither numerical simulation have
been conducted for the film flow before the corner edge nor an empirical or analytical
model has been taken into account, the results of the current experimental study have
been used as an input to demonstrate the new simplified atomization model.

8.2 Model development
A horizontal liquid film is considered to flow around a corner geometry as shown in
Figure 8.2 sheared by a strong external air flow. The corner has an angle θc and a radius
of curvature Rc . The interface of the film is disturbed due to the co-flow of the two fluids
and waves are developed on it. Figure 8.2 presents the evolution of one wave in three
different positions turning around the corner:
1. Position just before the corner edge
2. Arbitrary position around the corner
3. Position just after the corner edge
The wave moving around the corner is transformed into a ligament. The shape of the
wave is changing but its volume is assumed to remain constant. The slope of a wave
is represented by the angle β defined by the interface of the wave at the point where it
encounters the base film with its base.
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Figure 8.2: Sketch of the corner geometry and the shear-driven film flow. The interface
wave is captured in three different positions around the corner.
A control volume has been considered around the wave as shown in Figure 8.2, separating the wave from the base film. A local non inertial coordinate system (xy) has been
attached on the center of mass of the wave and consequently on the control volume. The
center of mass of the wave is denoted as CM. A global inertial polar coordinate system (rθ)
has been located at the center of the curvature of the corner as shown in Figure 8.2. The
non inertial coordinate system (xy) is moving with the wave around the corner conducting
a rotational motion in reference to the global inertial coordinate system rθ.

Assumptions
Several assumptions have been made for the derivation of the simplified model. They are
presented and discussed further below.
1. The flow is considered 2D.
2. The center of mass of the wave coincides with the mean thickness of the film and
remains at the same position during the rotation around the corner.
3. The elongation/contraction of the wave occurs with constant rate expressed by the
velocity Vr .
4. No momentum is exchanged between the base film and the wave.
5. The mass of the wave remains constant.
6. The shear of the external air flow is neglected when the wave turns around the
corner.
7. The viscous forces are neglected.
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8. The wave is rotating around the corner with constant angular velocity ω.
The assumptions 1-3 concern mainly the dynamics of the wave moving around the corner during the transformation into ligament. The dynamics are neglected for the derivation
of the simplified model. In reality, a wave turning around a corner is essentially three dimensional. It is contracted towards the spanwise/streamwise direction and is elongated
towards the radial direction. The rate of contraction and elongation is not constant. Here,
it is assumed that the initial 2D wave remains 2D turning around the corner and the only
deformations permitted is the elongation along the radial direction and the contraction
along the angular direction. However, even these deformations are considered, first, to
be small which implies that the position of the center mass is not changing significantly
and second, to occur with constant rate. The only parameter that is free to change without
any assumptions is the slope of the wave, the angle β. Assumptions 1, 3 are very rough
and they have been made for the purpose of the simplification of the physical and mathematical model. However, the assumption 2 does not introduce substantial error in the
model for low external air velocities since the experiments have shown that the change
of the position of the wave CM rotating around the corner can be considered relatively
small. Figure 8.3 shows the evolution of a wave around a corner edge in three different
time instants illustrating the ground of the assumption 2. Based on that assumption, the

(a) Position just before the corner, t=0.102 sec.

(b) Arbitrary position around
the corner, t=0.106 sec.

(c) Position just after the corner,
t=0.112 sec.

Figure 8.3: Wave moving around the edge of the sharp corner. Case: Re f,slit = 120 and
WeH = 270.
distance of the CM from the inertial coordinate system can be expressed as:
rCM = Rc + h f

(8.1)

where h f is the mean thickness of the film.
The assumptions 4, 5 imply that there is no mass or momentum exchange between the
base film and the wave. The assumption for constant wave mass when it is changing its
shape seems reasonable taking into account the flow visualization study, although there
are no detailed experiments to confirm its validity. The hypothesis of no exchange of
momentum is a rough simplification which neglects the turbulence existing in the liquid
film. For very thin films (<0.1 mm), where the liquid flow is laminar, see section 3.2.3,
the assumption can be valid. However, for thicker films, the research works have shown
that the flow is usually turbulent. The energy of the external air flow is transmitted to
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the film influencing the liquid velocity profile up to distances very close to the wall. The
latter implies that it is unlike the exchange of momentum not to occur between the base
film and the waves. The neglection of turbulence has been made only for simplifications
reasons.




(a) Corner geometry.

(b) Flat plate.

Figure 8.4: Sketch of interface wave sheared by the external air flow. In the case of the
corner, the wave is protected by the corner.
The assumptions 6, 7 are partially confirmed. Specifically, the neglection of the external shear, assumption 6, is justified for acute and right angles. In these cases, the wave
is hidden behind the corner and the shearing during the rotation can be considered negligible. However, for obtuse angles, especially when the corner geometry approaches the
case of the flat plate, the assumption 6 stops to be valid. In the limit of the flat plate, the
atomization of a horizontal film occurs due to the strong external shearing of the air flow
on the film interface, see the section 3.3.2. The external shear cannot be neglected. Figure 8.4 depicts the previous considerations with simple sketches. The current proposed
model will not predict the onset of atomization for corners approaching the flat plate.
Concerning the viscosity, the experiments have shown that the atomization is affected by
the changes of the viscosity of the liquid. The viscous forces are developed on the base of
the CV due to the velocity difference between the base film and the wave. In reality, the
contraction of the base of the wave turning around the corner is prevented by the viscous
forces. The current model is able to predict the onset of the atomization for liquids having
low viscosity similar to water. That implies that the viscous forces are not important for
the internal liquid flow. For liquids of higher viscosity, the viscous forces become the
same important as the inertia and surface tension forces. The dynamics of the ligament
are changing significantly and the hypothesis 7 is not valid any more.
Finally, the assumption 8 for constant angular velocity seems reasonable considering
the experimental evidence from the high speed recording. It can be also expressed in
terms of the linear velocity:
cw
(8.2)
ω=
rCM
where cw is the wave velocity (which is the linear velocity assuming it is constant) and
rCM the distance of the CM of the wave from the center of the inertial coordinate system
which is located at the center of the curvature of the corner, see Figure 8.2. Due to the
assumption 2, the rCM remains constant during the rotation of the wave around the corner.
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Mass conservation
The mass of the wave has been assumed to remain constant when the film flows around
the corner. Therefore, the wave holds the same amount of mass for the three different
positions shown in Figure 8.2. This fact implies that the mass of the wave in every location
can be expressed as a function of the characteristics of the waves just before the corner
edge (position 1). The derivation of such an expression needs some further assumptions
concerning the geometry of the wave arriving at the corner edge.











Figure 8.5: Sketch of the wave characteristics just before the corner edge.
Figure 8.5 presents a wave just before the corner edge. It has a streamwise length
Lw , a spanwise length b, a mean height dh and a slope β. Three assumptions have been
made. First, the wave is considered 2D. Second, the area of the wave cross-section can be
approximated by the triangular (ABC). Third, the mean wave height is related to the root
mean square of the film thickness (RMS) with the formula:
√
(8.3)
dh = 2 2(RMS )
Equation 8.3 is accurate for sinusoidal waves of amplitude dh/2 and it has been experimentally confirmed for the case of disturbance waves in annular/wavy flows by Paras and
Karabelas (1991) inside circular pipes, see section 3.2.2.2.
The wave mass in an arbitrary position is expressed as a function of the characteristics
of the wave at the corner edge following the procedure below.
mw = mw,position1 = ρ f A f b

(8.4)

where A f is the area of the wave cross-section approximated by the triangular (ABC):
√
1
A f = Lw dh = 2(RMS )Lw
(8.5)
2
Therefore, the expression of the wave mass is given combining equations 8.4 and 8.5:
√
(8.6)
mw = 2ρ f (RMS )Lw b

Momentum conservation
The linear momentum equation for the wave in the arbitrary position 2 of Figure 8.2 can
be written in the inertial coordinate system (rθ) as following:
Z
Z 
X

 Z

d
d2~rCM
~
~
~
~
(8.7)
F=
Vr Vr · n dA −
Vr ρ f dV +
dm
2
dt CV
CV dt
CS
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taking into account that there is no (relative) rotation of the particle fluids of the wave in
~ r is the (relative) velocity of
the non inertial coordinate system (xy). In the equation 8.7, V
the wave in the non inertial coordinate system (xy), rCM is the position vector of the non
inertial coordinate system (xy) in reference to the inertial coordinate system (rθ).
Concerning the terms appeared in the momentum equation, they express:
P~
• F,
the net forces exerted on the control volume (CV) and the control surfaces
(CS). For the current case, two forces are considered, the surface tension and gravity
forces, see Figure 8.2.

R 
~ r ρ f dV , the rate of momentum change in the control volume (CV). The
• dtd CV V
term becomes zero for the current study because of the considerations of constant
relative velocity Vr and constant wave volume.


R
~ r · n dA, the flux of momentum through the surfaces of the control volume.
~r V
• CS V
The term is zero for the current study since no momentum exchange has been taken
into account.
R
2
• CV d dt~rCM
2 dm, the acceleration of the origin of the non inertial coordinate system (xy)
in reference to the inertial coordinate system (rθ).
The integrand in the last term of the right hand side of the equation 8.7 can be written
as function of the polar coordinates of the inertial system as following:
!
!
d2 rCM
dr
d2~rCM
CM
2
=
− ω rCM ~ir + 2
ω + rCM ω̇ ~iθ
(8.8)
dt2
dt2
dt
where ~ir , ~iθ are the unit vectors of the polar coordinate system. The terms of the equation
8.8 have the following signification:
•

d2 rCM
,
dt2

the acceleration of the non inertial system (xy) along the r-direction. For this
work is zero since the CM has been assumed to maintain its position as the wave
turns around the corner.

• ω2 rCM , the centripetal acceleration due to the rotation of the non inertial coordinate
system (xy) with constant angular velocity ω.
• 2 drdtCM ω, Coriolis acceleration. For the current study is zero since there is no motion
of the non inertia coordinate system (xy) along the r-direction.
• rCM ω̇ the angular acceleration effect. The wave and consequently the non inertial
coordinate system (xy) has been considered to rotate around the corner with constant angular velocity ω.
The droplet generation around the corner will occur when the forces on the wave
pushing the film far from the corner become greater than the forces pulling the film on
the corner wall in the r-direction. Thus, taking into account only the r-component of
the momentum and all the assumptions made previously, the momentum equation 8.7 is
reduced:
Fσ,r + Fg,r = mw ω2 rCM
(8.9)
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The surface tension and gravity forces are derived from Figure 8.2. In addition, considering the expressions of the equations 8.1, 8.2 for the distance of the CM from the center
of the curvature of the corner and the linear wave velocity respectively, the simplified
momentum equation 8.9 becomes:
2σb sin β + mw g cos θ = mw

c2w
Rc + h f

(8.10)

Substituting the equation 8.6 for the wave mass and performing simple calculations:
2σ sin β
| {z }

S ur f ace tension f orces

+

√
√
c2w
2ρ f (RMS )Lw g cos θ = 2ρ f (RMS )Lw
|
{z
}
Rc + h f
|
{z
}
Gravity f orces

(8.11)

Inertia f orces

The equation above represents the balance between the inertia, surface tension and gravity
forces in the r-direction acting on a wave when it flows around a corner. The inertia forces
are the centripetal forces developed on the wave. They always try to destabilize the liquid
film flow and detach the wave from its base. The surface tension forces are stabilizing
forces keeping the wave attached on the base film. The gravitational forces depending
on the geometrical angle of the corner may have a stabilizing or destabilizing effect. The
balance of all these forces signifies that the wave will flow around the corner without
any detachment. Finally, it should be highlighted that equation 8.11 of the momentum
conservation is expressed as a function of the angle of the corner, the slope of the wave β
which is allowed to change during the rotation and the characteristics of the wave at the
corner edge without introducing further assumptions on the liquid film and external air
flow.

Critical conditions
When a wave has to negotiate a corner geometry, the high speed recording from the experiments has shown that the shape of the wave is changing. Specifically, it contracts in
the streamwise/spanwise direction and it elongates in the radial direction. Consequently,
the slope of the wave β is changing. Examining better the videos of the flow visualization
study, two behaviors have been identified based on the modification of the slope of the
wave β:
• if the slope remains β ≤ 90 when the wave flows around the corner, then the wave
will stay attached on the corner without any atomization.
• if the slope becomes β > 90 when the wave flows around the corner, then the wave
will break and a droplet will be generated.
Figures 8.6 and 8.7 depict those behaviors respectively. Specifically, in Figure 8.6, the
wave will not break since the slope remains less than 90◦ during all the time the wave
passes around the corner and travels downwards on the vertical wall. On the other hand, in
Figure 8.7, the wave slope becomes greater than the limit of the β > 90 and the developed
ligament breaks giving birth to a droplet.
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Figure 8.6: Timeline of an interface wave. The slop of the wave turning around the corner
is always β < 90 and thus the wave is not atomized. Case: Re f,slit = 90 and WeH = 210.

Figure 8.7: Timeline of an interface wave. The slop of the wave turning around the corner
increases above β > 90 and thus the wave is atomized into droplets. Case: Re f,slit = 90
and WeH = 270.
For the modeling, the previous observation signifies that there is an upper limit in the
magnitude of the stabilizing forces for a given liquid. The stabilizing forces obtain their
maximum value when β = 90◦ implying that the critical conditions for the onset of the
film detachment have been reached. Introducing β = 90◦ in the momentum equation 8.11,
the force balance under critical conditions is derived:
2σ +

√
√
2ρ f (RMS )Lw g cos θ = 2ρ f (RMS )Lw

c2w
Rc + h f

(8.12)

The equation dictates that the gravitational and surface tension forces should balance the
inertia forces imposed by the rotation around the corner. Following the work of Friedrich
et al. (2008), the terms are rearranged and normalized by the surface tension which gives
a force ratio under critical conditions:
√
√
c2w
−
2ρ f (RMS )Lw (Rc +h
2ρ f (RMS )Lw g cos θ
)
f
=1
(8.13)
(FR)cr =
2σ
Equation 8.13 depicts the increased or reduced inertia forces on the wave imposed by the
corner comparing to the surface tension forces. The inertia forces are increased or reduced
depending on the effect of the gravitational forces.
Introducing the following non-dimensional numbers:


• Wew = ρ f c2w (RMS ) /σ, the wave Weber number denoting the inertia forces of the
wave imposed by the corner to the surface tension forces.
• ǫ = (Rc + h f )/Lw , the dimensionless wavenumber showing the length scale of the
flow.
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p
• Frw = c2w /g(Rc + h f ), the Froude number denoting the inertia due to the rotational
motion around the corner in comparison to gravitational forces on the wave.
Equation 8.13 becomes after simple calculations and rearrangement:
√
!
2
1
cos θ
Wew 1 −
=1
(FR)cr =
2
ǫ
Frw2

(8.14)

It gives the critical value of the force ratio (FR=1) in order to maintain the flow of the
wave around the corner without atomization as a function of corner geometry and the
wave characteristics. The definition of the force ratio comprises the simplified atomization
model (SAM).
In general, for a given liquid, the wave characteristics and the corner geometry can
vary implying that the term of the modified inertia in equation 8.13 can obtain values
higher or lower than the maximum surface tension forces. Therefore, the following cases
are distinguished based on the values of the force ratio as defined in equations 8.13 and
8.14:
• (FR) < 1, the modified inertia forces are less than the surface tension forces. The
wave remains attached on the film without any atomization
• (FR)cr = 1, the modified inertia forces become equal to the surface tension forces.
It is the maximum destabilizing force that the wave can stand without any atomization. It describes the critical condition for the onset of the film atomization.
• (FR) > 1, the modified inertia forces are greater than the surface tension forces.
The wave cannot remain attached on the film, it breaks generating droplets.

Special cases
• Case of flat plate, (Rc → ∞)

The dimensionless wave number ǫ becomes infinite and thus, the inverse of the
number will give always a value of zero. Consequently, the force ratio in equation
8.14 is zero (FR=0) implying no atomization. The model predicts that for any liquid
with any external air flow will never get atomized.
In reality, this is not possible since atomization initiates even for parallel flows, see
section 3.3.2. The model is unable to predict that limiting case because the external
shear action has been neglected (assumption 6) during the derivation of the model.
The reason why droplets are generated in a parallel flow is the external shearing
action.

• Case of sharp corner, (Rc → 0)
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The simplified atomization model is modified as follows:
√
!
2
cos θ
1
(FR) =
Wew 1 −
2
ǫ
Frw2
p
with ǫ = h f /Lw and Frw = c2w /(gh f ).

(8.15)
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• Case of sharp corner with a right angle, (Rc → 0 and θ = 90◦ )
This is the cases tested in the current study experimentally and presented in detailed
in the previous sections. The simplified atomization model is defined for the sharp
corner of 90◦ as following:
√
21
Wew
(8.16)
(FR) =
2 ǫ
with ǫ = h f /Lw representing the length scales of the flow and Wew =
ρ f c2w (RMS ) /σ the ratio of the inertia to the surface tension forces acted on a
wave at the corner edge.

8.3 Model validation
The simplified atomization model has been compared with the experimental results obtained in the current study. All the experiments have been conducted in a sharp corner of
90◦ . Hence, the expression of the atomization model is represented by the equation 8.16.
Unfortunately, no other data for different corner angles are available for direct comparison.
The validation which follows is organized in three parts:
• Validation for conditions below the critical ones (Region of no atomization).
• Comparison with experimental data above the critical conditions (Region of atomization).
• Comparison with available results under critical conditions (Critical conditions).

Region of no atomization
Two different areas are distinguished further in that regime. The first one concerns the
films flowing on the flat plate without any disturbance on their interface because of the
absence or the very low external air flow, see Figure 6.8(a) in the section 6.3.1. The
second is related to films which depict waves in their interface but they are incapable to
get atomized at the corner edge.
Concerning the first area, the validation of the model is obvious and it is related with
the principles of the model formulation. Absence of waves signifies negligible RMS
values (RMS = 0) and thus, the force model, equation 8.16, becomes zero due to Wew = 0
predicting successfully no film atomization.
In regard to the second area, no experimental data for such films are available to
validate the model. However, it should be mentioned that the region in which the films
depict disturbances on their interface without atomization is small. Especially, when the
external air flow is strong or when the film negotiates a sharp corner geometry. The
current experiments have shown that the waves for high external air velocities occur on
the interface almost simultaneously with the onset of the film atomization at the corner
edge.
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Region of atomization
The validation of the simplified atomization model for different conditions far from the
critical ones implies that the wave characteristics must be known in those conditions. A
lot of information have been extracted from the detailed flow visualization study carried
out in the current project and presented in the section 6.3.3. It should be pointed out that
all the data below concern films which are atomized when they reach the sharp corner
edge.
Figure 8.8 depicts the characteristics of the average film and the waves needed as input
variables to the simplified atomization model for different flow conditions. All the data
have been extracted from the side view of the videos of the high speed recording using
a code written in Matlab. Unfortunately, the extraction of experimental results from the
visualization study introduces an increased bias error, see the section 4.3.5 for details.
However, the data from the visualization study are considered to give good estimations
of the real values. Thus, they have been applied to verify the validity of the simplified
model. All the videos of the high speed recording have been collected after the same,
fixed time period from the start of the fan and the pump.
The mean film thickness in Figure 8.8(a) and the RMS of the film thickness in Figure 8.8(b), are depicted as a function of the film Reynolds number and the aerodynamic
Weber number. The film Reynolds number indicates the influence of the film inertia and
the aerodynamic Weber number signifies the influence of the external shear. As it was
expected, both, the film thickness and the RMS are reduced increasing the external shear
while they grow increasing the film inertia or the film flow rate. The wave velocity, see
Figure 8.8(c) is increased with both the film Reynolds number and the aerodynamic Weber number. Poor detection of the wave velocity, especially for high values of the velocity,
is related to the bias error introduced due to the recording of images in a relatively low
speed, see the section 4.3.5. The behavior of the streamwise wavelength just before the
corner edge is depicted in Figure 8.8(d). The wavelength has been extracted manually
for few selective images of the high speed recording as shown in Figure 8.8(e). This is
the reason why there is a lot of scattering in the data. The data should be considered as
a rough estimation of the real value of the wavelength upstream the corner. Despite the
scattering, it is obvious that increasing the external shear the streamwise wavelength is
reduced while increasing the film inertia, the wavelength is increased too. Taking also
into account the results of the Figure 8.8(b), it can be deduced that the size of the waves
is decreased, increasing the aerodynamic Weber number, while, it grows, increasing the
film Reynolds number.
The experimental data above have been introduced in the equation 8.16 which gives
the force ratio for the current cases. The force ratio is expressed by the product of two
dimensionless numbers, the inverse non dimensional wavenumber ǫ and the wave Weber
number according to the simplified atomization model. The behavior of both non dimensional numbers is presented in Figure 8.9 for the flow conditions far from the critical
ones. The non dimensional wavenumber in Figure 8.9(a) shows that the relative length
of the wave before the corner edge remains approximately constant with the variation of
the external shear. On the other hand, the wavenumber augments increasing the film inertia. That means that increasing the film inertia or the film flow rate, the increase of the
mean film thickness is greater than the increase of the streamwise wavelength. The wave
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Figure 8.8: The characteristics of the average film and the waves as a function of the
WeH and Re f for conditions far from the critical ones at the corner edge. All the data are
obtained from the visualization study.

Weber number expresses the inertia forces of the waves at the corner edge comparing to
the surface tension forces. Figure 8.9(b) the wave Weber number as a function of the
aerodynamic Weber number WeH and the film Reynolds number Re f . Increasing both the
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Figure 8.9: The effect of the WeH and Re f on the dimensionless wave number, the wave
Weber number and the force ratio.
WeH or Re f , the wave Weber number is growing.
Finally, Figure 8.9(c) presents the variation of the force ratio as a function of the film
Reynolds number and the aerodynamic Weber number. The values of the force ratio are
compared with the critical values of the force ratio for the onset of the film atomization
which is the unit. First, the simplified atomization model is able to predict successfully
that all the cases tested here concern cases with film atomization at the corner edge. The
force ratio is well above the unit for all the cases. Furthermore, the model seems to
capture realistically the trend of the forces exerted on the wave changing the film and air
flow conditions. Specifically, increasing either the external shear or the film inertia, the
force ratio increases. That indicates that the modified inertia forces acted on the wave
become stronger than the surface tension forces for both cases. The model seems to work
adequately for the range of flow conditions tested and presented here.

Critical conditions
During the experiments under critical conditions, PLIF measurements have been carried
out on the film without performing any visualization study. That means that the only
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available and accurate data to introduce in the model are the mean film thickness and
the RMS. However, the simplified atomization model in equation 8.16 needs the knowledge of two more variables in order to work, the streamwise wavelength and the wave
velocity. Below, it is presented the procedure which has been followed to overcome this
inconvenience and validate the model.
Since there are no available videos under critical conditions, the streamwise wavelength has been roughly estimated from the videos of the high speed recording close to
them. The values extracted from those videos, it is believed to depict at least the correct physical behavior of the streamwise length under critical conditions. Of course the
bias error is further increased. Figure 8.10(a) presents the streamwise wavelength as a
function of the external air flow for critical conditions. The streamwise wavelength is
reduced when the external air flow is increased. The trend is physically correct since the
maintenance of the critical conditions when the external air flow is increased indicates the
simultaneous drop of the film flow rate. From Figure 8.8(d), this variation of the air and
film flow always signifies reduction of the wavelength.
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Figure 8.10: Streamwise wavelength derived from the visualization study and wave velocity predicted by the simplified atomization model. Critical conditions.
Concerning the wave velocity, a different approach has been followed. The wave
velocity has not been deduced from the videos of the high speed recording close to the
critical conditions like for the case of the streamwise wavelength. The extraction of the
wave velocity from those videos would imply that the rough estimations are made twice
for the calculation of the force ratio. Instead, the wave velocity has been considered as
an unknown variable. The force ratio of equation 8.16 has been imposed to be one for
critical conditions. The wave velocity is calculated from equation 8.16 as following:
s
2σh f
(8.17)
cw =
√
2ρ f (RMS )Lw
The predicted critical wave velocity is compared with the rest wave velocities from Figure
8.8(c). Values of the predicted wave velocity which fit the trend of the data represented
in Figure 8.8(c) indicate that the simplified atomization model can reasonably predict the
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onset of the film atomization at the sharp corner from the wave characteristics. Values
which do not follow the trend of the rest wave velocities imply that the simplified model
is not adequate.
Figure 8.10(b) shows the predicted wave velocity under critical conditions as a function of the external air. For the calculation of the wave velocity from equation 8.17, the
film thickness and the RMS measurements obtained by the PLIF method and the streamwise wavelength of Figure 8.10(a) have been used. In Figure 8.10(b), the wave velocity is
increased with the external air flow. The behavior is similar to the trend depicted in Figure
7.4(c) presenting LDA measurements of the air velocity approximately 1 mm above the
film interface, see section 7.3. That supports that the predicted wave velocity behavior
from the model is realistic.
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Figure 8.11: Validation of the simplified atomization model for critical conditions. The
predicted wave velocities from the model (red square points) are compared with the experimental wave velocities obtained with the flow visualization method.
Figure 8.11 depicts the comparison of the predicted values of the wave velocity under
critical conditions with the velocities obtained experimentally through the visualization
study for different air and film flow conditions. Although, the available experimental
data are few, however, the simplified atomization model in equation 8.17 seems to predict reasonable values for the critical wave velocity. Specifically, for the aerodynamic
Weber numbers WeH = 210, WeH = 270, the critical wave velocity obtains a value of
cw = 0.32 m/s, cw = 0.39 m/s respectively for film Reynolds number of Re f = 60 for
both cases. Two remarks can be pointed out. First, the predicted velocities follow reasonably the trend of the rest ones for constant aerodynamic Weber number reducing the film
Reynolds. Second, the predicted data, which happen to obtain the same film Reynolds
number, follow well the trend of the wave velocities for constant film Reynolds number
increasing the aerodynamic Weber number. The comparison of the existing data seems to
validate the simplified atomization model under critical conditions.
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9 Conclusions and future work
The current work is related mainly with an industrial problem encountered in the automotive domain and more precisely the function of the wiper blades under certain driving
conditions. The problem can be realized by the insufficient cleaning of the windshield
due to the deposition of droplets coming from the wiper blades. The phenomenon is
called Overspray. The existing background before the completion of this work was the
perception that liquid is deposited from the car nozzles on the wiper blade surfaces and
interacts with the external air flow field resulting in droplets in a way that was misleading without clarifying the principle mechanisms for atomization. Experimental work has
been conducted on that problem and the related problem of the onset of atomization of
horizontal, shear-driven liquid films from a corner geometry in the current project to gain
better understanding. The understanding on the physics behind the atomization of horizontal, shear-driven films approaching a corner allowed the theoretical development of
a simple atomization model for the prediction of the onset of the film atomization. The
experimental and theoretical results of the study have been presented extensively in the
previous chapters and their analysis provided various interesting conclusions which are
summarized hereafter. Finally, few recommendations for future work follow the conclusions.

9.1 Conclusions
The conclusions of the the current thesis are distinguished in those which concern the investigation of the industrial application and those which deal with the related phenomenon
of the onset of the atomization of shear-driven liquid films from a corner geometry.
Industrial application The operation of the wiper blades in Overspray has been studied using different flow visualization techniques. The main achievements of the study
are:
• Although it is not the first time that experiments are conducted in the wiper blades
of a real car inside a wind tunnel for the study of the Overspray phenomenon, however, it is the first time that the experimental results have permitted to give useful
qualitative information for the local air flow field around the wiper blades and the
liquid flow on the blade surfaces, helping the understanding of the Overspray.
• The location on the wiper blades where the droplets are ejected have been identified
and reported for different types of blades.
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• The link of every droplet source on the wiper blade with the resulting droplet failure
on the windshield has been established.
• The influence of different parameters on the Overspray phenomenon has been assessed.
• The underlying mechanisms responsible for the droplet ejection from the wiper
blade surfaces have been realized. Specifically, the liquid spray after depositing
from the car nozzle jets on the blade surfaces takes the form of a thin film driven
by the action of the external air flow field. That liquid film is usually atomized
when approaches sudden changes of the blade geometry (corner geometries). Three
different ways of atomization in the wiper blades have been identified, the two of
them concern the atomization in a convex corner while the third one is related to the
atomization when the film encounters obstacles of similar size. Furthermore, it has
been found out that there are droplet sources in which the liquid film is transmitted
on the windshield without any atomization. Finally, it has been pointed out that not
all the sources detected on the blade surfaces contribute to the Overspray failures
on the windshield.
• An updated theory to explain Overspray has been proposed and validated by the
visualization study.
• The understanding of the physics of the Overspray from the current experiments
helped in the development and improvement of the wiper blades to avoid the undesirable effects of the Overspray. The first test show that the new generation of wiper
blades which takes into account all the experience gained from this study achieves
a considerable reduction of the droplets ending on the windshield improving the
driver’s view.
Shear-driven film The investigation of the wiper blades revealed that one of the main
mechanisms for the generation of droplets from the blade surfaces is the film atomization
at the edge of a sharp, convex corner due to the shearing action of the strong external air
flow field. Therefore, a new experimental facility has been manufactured able to reproduce the atomization of such films at the edge of corner geometries. The current settings
of the facility which is an open channel configuration are the following, a horizontal,
shear-driven film flowing over a wall substrate of low surface energy able to expand in a
spanwise direction and approaching a sharp corner of 90◦ . The shear-driven films have
been investigated in both close and far from the critical conditions for atomization with
the main interest being focused on the detection of the critical conditions for the onset of
the film atomization at the corner edge.
The current study revealed that the behavior of the characteristics of the films (and
their waves) formed inside the boundary layer of open channels looks like the behavior
of thin films developed in annular/wavy flows inside pipes and rectangular channels. Furthermore, the primary atomization at the corner edge of films free to expand on a low
energy surface depicts a dependency on time. Specifically for constant flow conditions
far from the critical ones, the film atomization is continuous but the amount of the atomized mass downstream the corner is gradually reduced. This happens mainly because the
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film expands on the wall substrate with time causing the slight reduction of the mean film
velocity. The reason why the film width is continuously expanding is not fully understood
but it is related with the passage of the 3D waves on the film interface. The latter seems
to deflect towards the side borders of the film causing their expansion in a similar manner like the disturbance waves force the liquid film inside pipes to climb on the concave
surfaces of the pipe. Although, the primary atomization far from the critical conditions
depends on time, the film atomization close to the critical conditions is continuous and
remains constant. This is believed to occur because the dominant waves on the film interface are becoming weak and thus, unable to spread the film spanwisely on the section. At
the critical conditions the film atomization depicts an intermittent behavior. Finally, three
main regimes have been identified based on the way the film is atomized downstream the
corner. First, the film is flowing around the corner without any atomization for conditions
below the critical ones. Second, the film is atomized after the formation of ligaments for
conditions close and relatively far from the critical ones. Third, the film is atomized after
the formation of a liquid sheet for conditions far from the critical ones.
The most important achievements of the current study on the shear-driven liquid films
are listed below:
• The experimental detection of the critical conditions for the onset of the film atomization at the corner edge has been accomplished within reasonable uncertainty.
The selection of the method of collection of all the atomized droplets downstream
the corner has been demonstrated to give better results from any other experimental
method for the detection of the critical conditions for the current setup.
• Although the open literature is abundant in theoretical models predicting the critical conditions based on different theories, however, none of them describes adequately the physics for the droplet generation at the corner edge in accordance with
the experimental evidence. The current work based on the experimental results of
the visualization study gives the mechanism for the onset of the film atomization.
Briefly, it is consisted of the following steps: wave formation and motion (KH
instabilities) - rotation of the waves around the corner with simultaneous streamwise/spanwise contraction and radial elongation - ligament formation - ligament
breakup into droplets. The onset of the film atomization depends primarily on the
disturbances developed on the film interface.
• Far from being complete, it is the first time that efforts have been put to build a
detailed data base of the characteristics of the films (mean film and waves) at the
moment of the initiation of the film atomization at the corner edge. The behavior of
the film at the corner edge under critical conditions is presented in detail.
• The effect of the width, the viscosity and the surface tension of the film on the
critical conditions has been investigated experimentally.
• A theoretical model is proposed for the prediction of the onset of film atomization
including except from the properties of the mean film , the characteristics of the
interfacial waves. First comparison with the cases tested here using the present experimental data show that the model works well in predicting the film atomization.
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Besides the theoretical modeling, the experimental results collected under critical conditions have been combined providing an empirical correlation which predicts the onset
of the film atomization at the sharp corner of 90◦ based on the film Reynolds number and
the aerodynamic Weber number. Furthermore, the current results have been compared
extensively with the existing theoretical models in the open literature. The following conclusion has been drawn from the comparison, the existing models are unable to predict the
onset of the atomization for the films developed in this study and seem able to work only
for the case of very thin films (less than 0.1 mm). This happens due to the assumptions
made during their derivation, especially, what concerns the neglection of the waves from
the modeling.
The experiments on the onset of the film atomization at the edge of a corner helped to
gain a deeper insight on phenomena related to the initiation of the Overspray in the wiper
blades. Although no attempt has been made to apply any of the models examined here
in the real industrial application, however, the experimental and theoretical investigation
gave a lot of experience in the area of the atomization of the shear-driven films at a corner
geometry.

9.2 Future work
The recommendations given below for the future work on the onset of the atomization
of shear-driven films from corner geometries are orientated towards the prediction of the
inception of the film atomization at a corner edge which concerns a wide range of applications and is not restricted only to the droplet ejection from the wiper blade surfaces.
• The facility utilized here has been verified to give reliable results, however, certain
decisions during the design stage of the facility made difficult the experimental
procedure and limited the working range of the setup. Improvements can be made
in the selection of the materials of the test section, the design of the hydraulic circuit
and the test section to allow a greater range of functionality.
• More experiments are suggested to enrich the database started with the current
work, especially, what concerns the wave characteristics. Tests with different liquids, greater range of flow conditions, different corner angles, different entrance
lengths of the film are proposed to complete the database which will be useful for
the validation of any theoretical or numerical model concerning the prediction of
the onset of the atomization.
• More theoretical work can be done in each one of the three models showed in Figure
8.1 in the section 8.1. Focusing only on the atomization model, the inclusion of the
dynamics of the ligament, the viscous effects and the external shear would improve
the accuracy of the model and expand its range of applicability. Of course, detailed
experiments on the ligaments dynamics will be necessary to be conducted in order
to validate the theoretical developments.
• Finally, further experimental and theoretical work can be carried out for the prediction of the number of droplets ejected from a corner geometry for various flow
conditions.
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A Wiper blades









(a) High spoiler.








(b) Low spoiler.

Figure A.1: TL2 wiper blade with a short connection part, a serial TL2 holding spring
and a TL2 adapter.
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(a) High spoiler.








(b) Low spoiler.

Figure A.2: TL2 wiper blade with a long connection part, a serial TL2 holding spring and
a TL2 adapter.
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(a) High spoiler.








(b) Low spoiler.

Figure A.3: SL-1 wiper blade with a serial SL-1 holding spring and a SL-1 adapter.
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A A. Wiper blades









(a) High spoiler.








(b) Low spoiler.

Figure A.4: SL-2 wiper blade with a serial SL-2 holding spring and a SL-2 adapter.
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B Error estimation for ergodic
sampled signals
Consider X (t) the real value of an infinite time signal. The signal can be divided in two
parts, the mean part and the fluctuating part.
X (t) = X + x (t)

(B.1)

If the time signal is random and ergodic then the real mean value of the signal can be
retrieved by the following equation:
Z
1 T
X (t) dt
(B.2)
X = lim
T →∞ T
0
where T is the total time and X is the real mean value of the signal.
In real measurements (PIV, LDA, PLIF) the time signal is neither infinite nor continuous. The experiments are conducted for certain period of time and sampling is taking
place during the measurements. The mean value of the finite, sampled signal is given by:
N
1X
b
X (n)
X=
N n=1

(B.3)

where N is the total number of samples and b
X is the measured mean value of the sample.
b
The X is an estimate of the real mean value X.

If the sampled time signal is ergodic and its probability density function (PDF) follows
a Gaussian distribution with mean value µ x and variance σ2x then the measured (unbiased)
statistic quantity (mean value or variance) will statistically fall within the interval:
X − zα/2 σ[b
X] < b
X < X + zα/2 σ[b
X]

(B.4)

X) with a probability (1 − α) % and the real mean (X) value
for the measured mean value (b
to be equal to the mean of the signal (µ x ) while
b
b
b
x2 − zα/2 σ[ x2 ] < x2 < x2 + zα/2 σ[ x2 ]

(B.5)

b
for the measured mean square value of the fluctuating part of the signal ( x2 ) with a probability (1 − α) %. The real mean square value (x2 ) equals the variance of the signal (σ2x ).
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The relative error is calculated as following:
− zα/2

X]
σ[b
X

for the measured mean value (Erel,bX =
− zα/2

b
X−X
)
X

b
σ[ x2 ]
x2

< Erel,bX < +zα/2

σ[b
X]

(B.6)

X

with a probability (1 − α) % and

<E

b
rel, x2

< +zα/2

b
σ[ x2 ]

(B.7)

x2

b2

2

for the measured mean square value of the fluctuating part (E b2 = x −x
) with a probax2
rel, x
bility (1 − α) %. For both cases the calculation of the relative error depends on:
X]).
• The calculation of the standard deviation of the measured mean value (σ[b

• The calculation of the standard deviation of the measured mean square value of the
b
fluctuating part (σ[ x2 ]).
• The calculation of the standardized variable of the Gaussian distribution zα/2 (z =
x−µ x
) with probability equal to α/2
σx

The values of zα/2 are given in the table B.1 for different probabilities. The values of
the standard deviation are derived from the variance of the measured statistical quantities
and are given in the table B.2 according to Bruun (1995).
(1 − α)%

zα/2

100
99
98
95
90

∞
2.57
2.33
1.96
1.65

Table B.1: A Gaussian probability density distribution.

Quantity
mean b
X

b
mean square x2

Standard deviation Relative Error
σ[Quantity]
Erel,[Quantity]
√
zα/2 σ x
√
σx / N
N X
√
zα/2
2
√
σx / N
N

Table B.2: Relative error estimates of measured statistical quantities.
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C Critical Point Theory (CPT)
The Critical Point Theory has been used to analyze the patterns of the oil-film visualization study. It is a theory which interprets not necessarily only the patterns generated with
the oil-film method but also any flow field captured on a plane with the use of any experimental or numerical method. The theory has been developed and extended by many
authors as reported in the reviews of Perry and Chong (1987), Tobak and Peake (1982),
Délery (2001) and the papers of Hunt et al. (1978), Ruderich and Fernholz (1986) , however, all of them give credit to Legendre (1956) as the first one who provided a mathematical framework of considerable depth to explain the patterns on the surfaces covered by oil
and realize the necessity of this mathematical tool for the understanding of the topology
of the 3D separated flows. His mathematical framework is a special case derived from the
work of Poincaré (1882) concerning the singular points of systems of differential equations. The short discussion which follows will focus on the interpretation of the oil-film
patterns.
Imagine an oil-film pattern on a flat horizontal surface in a wind tunnel, one can easily
observe the shear stress lines developed by the external air flow field. These lines are
called skin friction lines or wall streamlines. These skin friction lines are assumed to
be continuous with continuous derivatives and present the same characteristics with the
streamlines of the flow velocity field approaching the wall surface. According to Legendre
(1956) through any regular (nonsingular) point on the surface passes one and only one skin
friction line. In case there is an obstacle on the surface, then, the air flow will separate
and maybe will reattach or will wrap around the body depending on the geometry of the
obstacle. The oil-film pattern of such a field presents the skin friction lines as described
above but also depicts points through which two or more skin friction lines pass at the
same time. These points are called non-slip, critical (singular) points. The term non-slip
is utilized because these critical points are located on the body surfaces.
Mathematically is possible to describe the way that the skin friction lines will pass
through these critical points. A classification of the critical points according to the pattern of the skin friction lines in their vicinity can be made as reported in the review of
Délery (2001) and shown in Figure C.1 for the [p-q] plane. P and q are the trace and the
determinant of the Jacobian matrix of the skin friction lines respectively. Two main types
of critical points are distinguished, the node and the saddle (S) points. The nodes can
be classified further into nodal (N) and focus (F) points. The saddle point is the critical
point through which pass only two skin friction lines, on each of which the direction of
the shear stress vector changes sign. The rest skin friction lines miss the critical point and
follow hyperbolic curves in every quadrant formed by the two main skin friction lines.
The Nodal point is the critical point through which passes only one skin friction line and
all the rest are tangential to this line. The tangential lines can have an inward or outward
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Figure C.1: Classification of critical points in [p-q] plane. Délery (2001)
direction. The focus point is similar to the nodal point except from the fact that it has no
common tangent line. All the skin friction lines form a spiral around the critical point
either away from it or into it. Different other special cases of the three main critical points
depending on the values of p and q are shown in Figure C.1 and explained clearly in the
reviews of Perry and Chong (1987) and Délery (2001).
There is a relation between the number of the saddles and the number of the nodes
appeared on the skin friction line pattern. According to Hunt et al. (1978), the following
constrain is true for an obstacle (B) mounted on a plane surface (P) concerning the number
of the critical points:
X 
X
=0
(C.1)
N−
S
P+B

The number of the nodes on the obstacle and the plane surface equals the number of the
saddles. Equation C.1 comprises a topological rule or kinematic constrain which dictates
the final shape of the oil-film pattern for specific flow conditions and obstacle geometry.
The combination of the critical points on the skin friction pattern can define lines
which are called critical lines. For 3D separated flows two basic lines are distinguished
the separation and the reattachment line. Though there is no complete definition and
there is still debate on their characterization, however, all the researchers seem to agree
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that a separation line emerges from a skin friction line which passes through at least one
saddle point. The rest skin friction lines converge to the separation line. The converse
of the separation line is the reattachment line emanating from a nodal point and the rest
skin friction lines diverge from the line of attachment. The separation line is followed
by the separation surface, the rolling up and finally the formation of vortical structures
which travel with the flow. In Smits and Lim (2000), Perry and Chong distinguish further
among the streamlines (or the skin friction lines) the bifurcation lines which are lines
forming asymptotes inside the flow field or on the wall boundaries. A typical example of
these lines is the trace of three distinct longitudinal vortices in the streamwise direction
on a surface as shown in Figure C.2.

Figure C.2: Traces and bifurcation lines of three longitudinal vortices. Perry and Chong
in Smits and Lim (2000)
The theory of the critical points and critical lines has been extended by Hunt et al.
(1978) for the two dimensional planes inside the flow field. In that case the critical points
are called slip critical points while some new types of points are formed on these planes.
These are the half saddle (S´) and the half nodal (N´) point. Generally, the same principles
described above stand also for the planes inside the flow. Due to the addition of the new
critical points the kinematic constrain defined above is also changing, for more details see
Hunt et al. (1978).
The theory of the critical points is not a predictive theory which would permit to predict separation on an obstacle. For that, the Navier-Stokes equations have to be solved. It
is a descriptive theory as explained by Délery (2001), useful to give a rational description
and interpretation of the skin friction patterns depicted on a model inside a wind tunnel.
The critical points, the critical lines and the bifurcation lines comprise the basic elements
which their combination is possible to define an infinite number of flow field patterns on a
wall surface. Recognizing the above elements on an oil-film surface, enables the description of the flow field on that surface. Furthermore, according to Hunt et al. (1978) using
the critical point theory together with the kinematic constrains, it is possible to extract
with confidence information for the flow structures developed above these surfaces.
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D Air flow over square ribs
The square rib is a simplified geometry having a small square cross section with a long
third dimension. It has been investigated extensively in literature both numerically and
experimentally. The air flow field around the ribs has been captured and analyzed by
means of different visualization methods among them the oil-film technique. Selective
results of square ribs of different aspect ratios from the literature are presented below
demonstrating how the air flow is developed around these obstacles. The geometrical
similarity between the ribs and the blades is believed to provide similar flow patterns for
similar flow conditions and a direct comparison is possible. Besides, the following results
show how the theory of the critical points can be applied to gain useful information for
the air flow field around an obstacle mounted on a surface.







Figure D.1: Square rib configuration
The main configuration of the simplified rib studied by different researchers is shown
in Figure D.1. A square rib of height (H) and length (W) is mounted on the flat surface of
the wind tunnel. The boundary layer of thickness δ of the air flow inside the wind tunnel
can be lower, the same as or higher than the height of the rib. The length of the rib can vary
resulted in bodies with different aspect ratios. The experimental results of four different
cases from the literature are presented below. Table D.1 summarizes the four cases listing
the name of the researchers, the geometry of the obstacle, the flow conditions and the
experimental methods used to obtain these results with the characteristics of the wiper
blade used in this study. Inspecting the Table D.1, two cases correspond to the air flow
around a rib of high aspect ratio (similar to wiper blades), one case to the air flow around
a rib of low aspect ratio (cube) and one case is related to the air flow around an inclined
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rib of low aspect ratio (similar to the inclined position of the wiper blade on the screen).
Reference

Geometry

H [mm] W/H H/δ ReH

Martinuzzi and Cube
Tropea (1993)

25

1

0.5

Martinuzzi and Rib
Tropea (1993)

25

20

0.5

Panigrahi et al. Rib
(2006)

15

20

1

Hunt et al. Cuboid, 47◦
inclined
(1978)
Current study
Wiper blade,
45◦ inclined

65

3

0.1

21

43

-

Experimental
Method

59563 Oil-film
visualization,
Smoke
visualization using
laser sheet,Crystal
violet visualization
59563 Oil-film
visualization,
Smoke
visualization using
laser light,Crystal
violet visualization
19048 Oil-film
visualization,
PIV
measurements
70000 Oil-film visualization
62216 Oil-film visualization

Table D.1: Square rib cases demonstrated and compared in this section.

(a) Oil-film visualization.

(b) Laser-sheet visualization with smoke.

Figure D.2: Air flow visualization around a cube. Martinuzzi and Tropea (1993)
In the first case of Table D.1, the flow field over a cube (square rib of very low aspect
ratio) is investigated. Figures D.2(a) and D.2(b) show the results of the oil-film visualization study on the floor and the surfaces of the cube and the smoke visualization at the
centerline of the configuration, respectively, conducted by Martinuzzi and Tropea (1993).
Their study highlighted the different flow regions developed around the cube. As shown
in Figure D.2(a), the main air flow is separated in front of the cube at the point A giving
birth to the formation of the horseshoe vortex (behind B) which envelops the cube. The
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main flow is reattached at the back side of the cube at the point R. The main recirculation and the two focus points appeared as two black holes are obvious from the oil-film
visualization behind the obstacle. It is very important to notice that for a rib of low aspect
ratio the flow in front of the obstacle is consisted of a pair of vortices as depicted in Figure
D.2(b). The large vortex corresponds to the horseshoe vortex which remains stable with
time, while the number of the rest vortices emerged in front of the cube is time dependent with their pattern to vary between two modes as explained by Martinuzzi and Tropea
(1993).

(a) Oil-film visualization. Martinuzzi and Tropea (b) Topological representation of the flow upwind
(1993)
the rib. Martinuzzi and Tropea (1993)

(c) Streamlines of the flow at the back of the rib (d) Topological representation of the flow around
from PIV measurements. Panigrahi et al. (2006)
the rib. Panigrahi et al. (2006)

Figure D.3: Air flow visualization around a square rib of high aspect ratio.
Increasing the aspect ratio of the rib a different flow field is developed around the
body, as shown in Figure D.3. First, the system of the vortices in front of the obstacle seem to collapse into one line as depicted on the skin friction lines in Figure D.3(a)
231
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from the oil-film visualization study of Martinuzzi and Tropea (1993). The latter report
that the oil-film technique is not capable to demonstrate clearly what is happening in that
area. Collecting experimental observations from other researchers for the same zone of
similar geometries and comparing them with their experimental result, they deduced that
the system of vortices upstream the rib must disappear. The experiments of Panigrahi
et al. (2006) at the mid plane of the rib using PIV showed that in front of the rib a small
anti-clockwise vortex is formed, as shown in Figure D.3(d). The same result has been
obtained by PIV measurements in a series of square ribs in a channel from Casarsa and
Arts (2002). The increment of the length of the rib resulted in the evolution of the conventional horseshoe vortex around the body to a U structure developed at the front of the
square rib. Both Martinuzzi and Tropea (1993), Chou and Chao (2000) reported that the
air flow after the separation inside the horseshoe vortex instead of moving only around the
blade following the direction of the U structure prefers to brunch above the rib at specific
locations forming small U vortices, as shown in Figure D.3(b). On the other hand, Panigrahi et al. (2006) did not report in their study such behavior of the air flow probably due
to the fact that they got visualization data with PIV only at the mid plane of the rib. At
the back side of the rib, the main flow reattaches and recirculates similar to the ribs with
low aspect ratio, however the reattachment line and the distance of the two focus point are
longer now. A small anti-clock vortex is formed at the lower corner of the back side of the
square rib, as presented in Figure D.3(c). Figure D.3(d) give a schematic representation
of the flow topology observed on the body surfaces of the square rib with high aspect ratio
during the oil-film visualization study of Panigrahi et al. (2006) and the flow structures
developed above these surfaces.

(a) Oil-film visualization.

(b) Topological concept of the flow around the
inclined rib based on the critical point theory.

Figure D.4: Air flow visualization around a cube inclined 47◦ to the flow. Hunt et al.
(1978)
The fourth case of the Table D.1 concerns the air flow around a square rib of low aspect
ratio forming an angle of 47◦ with the main flow conducted by Hunt et al. (1978). Figure
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D.4(a) presents the pattern of the oil-film visualization on the wall surfaces around the
rib while Figure D.4(b) depicts the topological interpretation of the oil pattern using the
critical point theory described in the Appendix C. It is remarkable to notice that the simple
rotation of the rib changes significantly the skin friction field around the body, creating a
very complex pattern. Avoiding the details, Figure D.4(b) depicts the complex system of
the pair of vortices developed in front of the rib similar to the case of the cube reported by
Martinuzzi and Tropea (1993) due to the low aspect ratio of the obstacle. The strongest
vortex from that pair of vortices which is developed adjacent to the rib surrounding it and
forming a U shape structure around the obstacle is the ordinary horseshoe vortex. For the
inclined rib configuration, the separation point has been moved from the center of the rib
to the lower corner and the horseshoe vortex around the body is not any more symmetric.
The main flow depicts skin friction lines in opposite direction to the skin friction lines of
the horseshoe vortex. Behind the square rib four main regions are distinguished:
• The outermost region where the reattachment of the main flow is taking place between the two branches of the horseshoe vortex.
• The two branches of the horseshoe vortex.
• The main recirculation region behind the obstacle.
• The small vortical region adjacent to the back side of the rib.
Obviously, the vortices formed in front and behind the square rib evolute in a streamwise
direction and the skin friction patterns on the topological concept are similar to the traces
of the longitudinal vortices shown in Figure C.2 in Appendix C. The inclination of the
rib generates a very complex flow field at the upper corner of the rib. On that location,
the main recirculation with the right branch of the horseshoe vortex enclose the rib in a
sort of big bubble. The interaction of the main recirculation with the horseshoe vortex
and the small clockwise vortex at the upper corner generate a complex pattern of smaller
recirculation regions. Finally, at the outermost region behind the rib, the skin friction
lines of the horseshoe vortex coming from both sides of the body and the reattachment
flow start to converge again to the direction of the lines of the initial flow upstream the
obstacle.
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Résumé
La conduite à grande vitesse d’une voiture dans des conditions dangereuses, tel un environnement
très poussiéreux, est une des situations auxquelles sont confrontés les conducteurs. Dans ce cas, les
essuie-glaces doivent fonctionner correctement et nettoyer efficacement le pare-brise sale pour à la
fois assurer la sécurité des passagers et le bon fonctionnement des différents organes du véhicule. La
mise en route des essuie-glaces entraîne l’activation des buses d’injection du liquide nettoyant qui
s’atomise et qui se dépose sur les essuie-glaces et le pare-brise. Une fine couche du liquide se
développe sur les surfaces des balais d’essuie-glace. Lorsque l’injection s’arrête et que les essuieglaces continuent leur mouvement, la fine couche de liquide interagit avec le champ d’écoulement
d’air extérieur. Il en résulte une génération de gouttelettes qui sont emportées par l’air en
s’éloignant des balais d’essuie-glace. Une partie de ces gouttelettes impacte le pare-brise avec pour
conséquence un nettoyage insuffisant et une mauvaise visibilité pour le conducteur. Dans cet
exemple, les essuie-glaces peuvent à la fois enlever la poussière du pare-brise mais aussi être à
l’origine de la formation des gouttelettes et de leur impact sur le pare-brise. Le phénomène
d’interaction air-liquide sur les essuie-glaces produisant une génération de gouttelettes, leur
transport et leur impact sur le pare-brise est connu sous le vocable ‘Overspray’ dans le domaine de
l’automobile. Il est important de tenir compte du phénomène d’Overspray pour la conception et la
réalisation des essuie-glaces. Bien que ce phénomène ait été mis en évidence depuis longtemps, les
mécanismes qui le régissent demeurent encore peu connus. C’est pour cette raison que les essuieglaces ne parviennent pas à satisfaire tous les critères de qualité liée à leur fonction. Cette thèse
vise à une meilleure compréhension du phénomène de l’Overspray en mettant l’accent sur les
interactions air-liquide pour la génération des gouttelettes, et plus particulièrement sur les
conditions critiques où le film commence à s’atomiser. Cette étude a été réalisée essentiellement par
voie expérimentale à partir de laquelle un modèle a été proposé.

Abstract
Driving the car in hazard conditions, like an environment with a lot of dust, is a case which is
encountered often by the drivers. The wiper blades have to work successfully and clean the dirty
windshield for both the safety of the passengers and the functionality of the car. Activating the car
nozzle jets, washer is ejected from the nozzles towards the wiper blades and the windshield. A thin
layer of liquid is developed on the surfaces of the wiper blades. When the nozzle jets stop and the
wiper blades continue to move, the thin layer of liquid interacts with the strong external air flow
field. The result of the interaction is the generation of droplets which are transported by the air flow
far from the wiper blades. However, a part of those droplets impact on the windshield resulting in an
insufficient cleaning of the screen and the deterioration of the driver’s sight. The wiper blades may
remove the dust from the screen but they will cause the droplet impact on it. The phenomenon of
the air-liquid interaction on the wiper blades involving the droplet generation, transport and impact
on the screen is known as Overspray in the automotive domain. The Overspray is an important
parameter for the design and development of the wiper blades. Although Overspray has been
observed quite early, little is known for the mechanisms involved in. Thus, the wiper blades still
suffer to clean the windshield adequately in such conditions. The current thesis aims to give a deep
insight in the Overspray focusing more on the air-liquid interactions for the droplet generation,
especially, the investigation of the critical conditions for the onset of the film atomization from the
blade surfaces. For that reason mainly experimental and theoretical work has been conducted.

