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Abstract

It is well-known that when driving in rainy conditions the sight of the driver is

reduced. As a result, either the risk of accidents rises or a higher concentration,

accompanied with an increased stress level, is demanded by the driver. With the aim

for an earlier development of appropriate water management concepts in advance

of wind tunnel tests, a numerical strategy is elaborated in this study, based on the

CFD-Software Star-CCM+. In order to consider both the small scales of interfacial

physics and the large length and time scales of a full vehicle, a combination of the

di�erent modelling strategies is proposed: Lagrangian Multiphase, Fluid Film and

Volume of Fluid.

One essential phenomena is splashing due to droplet impingement on wetted sur-

faces. To enable the development of an impingement model speci�cally designed for

the in�uencing factors on the wing mirror, spray impingement on a hemisphere is

studied fundamentally in a small vertical wind tunnel. Apart from the deposited

mass ratio, the primary droplets are characterized by the Phase Doppler technique

above the hemisphere and the secondary droplets next to it. By a numerical calcula-

tion of the trajectories between measurement location and hemisphere, their direct

correlation at the hemispherical surface is determined.

Comprehensive investigations are also performed for the aerodynamic force on

rivulets located in the boundary layer. Following a theoretical approach for the

force calculation, the possibility of considering the dominating form drag force in

the two-dimensional Fluid Film model is elaborated. This force is now implemented

in Star-CCM+ and can be used to predict the propagation of rivulets on the side

window. For di�erent contact angles and wind speeds, very good agreement is

achieved with the corresponding wind tunnel tests, where a point injector introduces

well-de�ned rivulets on the side window.

Finally, a new state-of-the-art for water management simulations of passenger

cars is extensively described for the wing mirror, windshield with wiper, a-pillar

and side window and their results are compared with appropriate wind tunnel tests.
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Kurzfassung

Die Sichtbeeinträchtigung bei Regen mit den negativen Folgen einer erhöhten Un-

fallgefahr und eines gesteigerten Stressfaktors ist eine alltägliche Erfahrung eines

jeden Autofahrers. Mit dem Ziel, geeignete Konzepte künftig bereits vor möglichen

Windkanalversuchen zu entwickeln, wird in dieser Arbeit mit der CFD-Software

Star-CCM+ eine Simulationsstrategie für das PKW-Wassermanagement erarbeitet.

Diese sieht eine kombinierte Anwendung der Mehrphasenmodelle Lagrangian Multi-

phase, Fluid Film und Volume of Fluid vor, um sowohl die kleinskalige Grenz�ächen-

physik als auch die groÿen Längen- und Zeitskalen des Fahrzeugs zu berücksichtigen.

Ein wesentliches Phänomen ist das Zerplatzen von Tropfen durch den Aufprall

auf benetzte Ober�ächen. Für die Entwicklung eines speziell auf die Ein�ussbe-

dingungen am Auÿenspiegel abgestimmten Tropfenaufprallmodells wird in einem

vertikalen Modellwindkanal der Sprayaufprall auf eine Halbkugel grundlegend un-

tersucht. Neben dem deponierten Wasseranteil werden darin die Primärtropfen über

und die Sekundärtropfen neben der Halbkugel mit dem Phasen-Doppler-Verfahren

vermessen. Durch eine numerische Trajektorienberechnung zwischen Messpunkt und

Halbkugel wird deren direkter Zusammenhang auf der Aufprallober�äche ermittelt.

Auÿerdem wird die aerodynamische Kraft auf Rinnsale in der Grenzschicht aus-

führlich behandelt. Neben theoretischen Betrachtungen zur Kraftberechnung wird

eine Möglichkeit erarbeitet, wie der hierbei dominierende Anteil des Formwider-

standes im zweidimensionalen Fluid Film Modell berücksichtigt werden kann. Diese

mittlerweile in Star-CCM+ implementierte Kraft kann für die Rinnsalberechnung

auf der Seitenscheibe eingesetzt werden. Dabei werden für verschiedene Kontakt-

winkel und Windgeschwindigkeiten sehr gute Übereinstimmungen mit den im Wind-

kanal unter Verwendung eines Punktinjektors erzeugten Rinnsalen erzielt.

Abschlieÿend wird ein neuer Stand der Technik für die Wassermanagementsimula-

tion von Auÿenspiegel, Windschutzscheibe mit Wischer, A-Säule und Seitenscheibe

ausführlich beschrieben und die dabei erzielten Ergebnisse werden mit geeigneten

Windkanalversuchen verglichen.

V



VI



Acknowledgements

The present thesis was developed as doctoral candidate at the aerodynamic depart-

ment for Mercedes-Benz Passenger Cars of the Daimler AG in Sindel�ngen. At this

point, I would like to thank a lot of people for making this work possible.

At �rst, I would like to express my gratitude to Prof. Dr. Cameron Tropea,

head of the Institute for Fluid Mechanics and Aerodynamics of the Technical Univer-

sity Darmstadt, for supervising this industrial PhD and contributing with excellent

discussions and with a lot of interest to my succeeding. I would further like to thank

my two second supervisors: Prof. Dr. Samir Muzaferija for taking on that role

and for a very intensive and pleasant cooperation we developed over the years, and

Prof. Dr. Ilia Roisman for his contributions in breaking down complex problems

into the basic physical questions.

My thanks go to all colleagues of the aerodynamic department under the direction

of Dr. Teddy Woll. I would like to thank particularly Dr. Volker Schwarz for

the trust in me and in the topic, and Dr. Erich Jehle-Graf for bringing in his

experience not only in technical concerns but also in the project coordination with

several partners. I would also like to thank Dr. Ravi Duggirala, Dr. Subhandu

Rawat and Yenugu Srinivasa of Mercedes-Benz Research and Development India

for a great collaboration and a very interesting intercultural exchange.

I feel much gratitude to our active project partner Siemens PLM, where I want

to highlight Joel Davison, David Mann, Gerhard Link, Christian Bulut,

Stefan Herrmann, Konstantin Heinle and Christian Sode.

I am very thankful to Johannes Feldmann for performing fundamental experi-

ments in Griesheim, to Jürgen P�sterer and Tommy Patzig for supporting my

wind tunnel tests in Stuttgart-Untertürkheim, to Christopher Beck and to my

students Jens Schelbert, Lukas Ast andMax Nüÿle for their high commitment.

My special thanks go to my parents for their support at any time and to my lovely

wife Jana for her understanding and assistance during that time.

VII



VIII



Nomenclature

Small Latin Characters

Symbol Unit Meaning

a m/s2 Acceleration

d m Diameter

g m/s2 Gravitational acceleration

h m Film thickness

l m Length

m kg Mass

p − Probability

p kg/ms2 Pressure

q − Rosin-Rammler exponent

r m Radial coordinate

s kg/m3 s Source term

t s Time

u+ − Dimensionless velocity

v m/s Velocity

w m Width

x, y, z m Cartesian coordinates

y+ − Dimensionless wall distance
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Nomenclature

Capital Latin Characters

Symbol Unit Meaning

A m2 Area

Ca − Capillary number

Co − Courant number

F kgm/s2 Force

H m Height

I m/s Rain Intensity

R m Radius

Re − Reynolds number

T kg/ms2 Stress tensor

V m3 Volume

We − Weber number

Small Greek Characters

Symbol Unit Meaning

α − Volume fraction

α ◦ Ejection angle/angle of attack

β ◦ De�ection angle

κ 1/m Curvature

µ kg/ms Dynamic viscosity

ρ kg/m3 Density

σ kg/s2 Surface tension

τ kg/ms2 Shear stress

θ ◦ Contact angle/polar angle

ϕ ◦ Azimuthal angle
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Nomenclature

Subscripts

Subscript Meaning

0 Initial

a Advancing/after

adh Adhesion

aero Aerodynamic

b Before

c Capillary

char Characteristic

cr Critical

d Dynamic/drag

dep Deposited

drop Droplet

e Equilibrium

ext External

f Film

FDR Free Driving Rain

g Gas

H Ho�mann

h Horizontal

i Placeholder

inj Injection

int Interface

l Liquid

max Maximal

min Minimal

n Normal

p Particle

r Receding

riv Rivulet
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Nomenclature

s Solid/shear

sim Simulation

t Tangential/terminal

u Unobstructed

w Wall

Abbreviations

Abbreviation Meaning

CFD Computational Fluid Dynamics

CPU Central Processing Unit

CSF Continuum Surface Force

DES Detached Eddy Simulation

DiVeAn Digitale Verschmutzungsanalyse

DNS Direct Numerical Simulation

HRIC High-Resolution Interface Capturing

LES Large Eddy Simulation

LMP Lagrangian Multiphase

MBRDI Mercedes-Benz Research and Development India

PDA Phase Doppler Anemometry

RANS Reynolds Averaged Navier Stokes

SST Shear Stress Transport

VOF Volume-of-Fluid
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1 Introduction

The fundamental objective of all car companies is the development of vehicles which

combine a high level of safety and comfort with an attractive styling and performance

in a cost-e�cient way. Given that vehicles are in permanent use for passenger and

cargo transport, irrespective of present weather conditions, these qualities need to

be ful�lled as much as possible also during non-ideal environmental conditions such

as extreme temperatures, darkness or rain.

It is a well-known experience that driving through heavy rain reduces the driver's

visibility and subsequently the tra�c safety in general. This negative e�ect is even

intensi�ed during nights due to refracted light from headlights. Apart from the

increased potential of accidents, the customer's comfort su�ers additionally.

For this reason some automotive companies intensively investigate how the prop-

agation of water could be in�uenced in such a way, that most of the critical viewing

areas remain dry. Due to the strong interaction between water and the complex

air �ow around cars, the aerodynamic department is usually responsible to simulate

not only aerodynamic forces like drag and lift and aeroacoustic noise, but also to

guarantee a favorable water management during rainy conditions.

1.1 Contamination Origins due to Rain

It is advisable to start with a closer look at the properties of all water droplets

appearing on vehicles in rain. A very well established approach is to di�erentiate

rain droplets according to their origin (Hagemeier, 2012), as it is illustrated in Figure

1.1.

The �rst two e�ects are usually summarized as foreign-contamination and include

droplets from either direct impact of wind-driven rain on the own vehicle or from

liquid raised by preceding vehicles. Both can strongly a�ect the safety of vehicles by

a reduced visibility of the driver through deposition on the windshield, side window,

1



1 Introduction

Foreign-contamination

Self-contaminationForeign-contamination

due to wind-driven rain

due to own wheel rotationdue to other road users

Figure 1.1: Di�erentiation of contamination origins during rain for vehicle water manage-
ment

mirror glass or rear window. For this reason they form the central part of water

management activities related to passenger cars.

In contrast to that, there is also self-contamination as a consequence of liquid from

wheel rotation. Its relevance is discussed by Gaylard et al. (2017b) who point out

negative soiling e�ects on the doors and door handles. This is primarily an aesthetic

issue, but may also transfer contaminants to the hands and clothes of customers.

Particularly for hatchback and SUV body types, these droplets can furthermore lead

to a deposit zone on the rear window. Since this cannot be prevented completely,

the free visibility through the rear window is usually ensured in these car types by

a wiper. But due to its weak e�ect on the main viewing areas of the driver on all

other car types, this contamination origin won't be considered here. For further

information about self-contamination the studies of Gaylard et al. (2017a), Schütz

(2013) and Spruÿ (2016) can be recommended.

Speaking about wind-driven rain requires a more precise description of charac-

teristic rain properties. In most publications (Kozu and Nakamura, 1991; Tokay

and Short, 1996) a gamma distribution as a function of the Unobstructed Rainfall

Intensity Iu has been suggested for the size of raindrops, as shown in Figure 1.2.

The diameter of raindrops obviously in�uences the balance between aerodynamic

and gravitational forces, which leads to the correlation of Figure 1.3 between termi-

nal velocity vt and droplet size in the vertical direction.

2



1.1 Contamination Origins due to Rain
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Figure 1.2: Probability density function for the diameter of raindrops at di�erent levels
of rain intensities based on Kozu and Nakamura (1991)
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Figure 1.3: Correlation between terminal velocity and diameter of raindrops based on
Gunn and Kinzer (1949)

In the context of relative motion between vehicle and rain droplets, Bouchet et al.

(2004) introduced the so-called Free Driving Rain Intensity

IFDR =
vh
vt
Iu (1.1)

in order to measure the amount of water passing through a vertical plane in front of

the vehicle. Here vh corresponds to the horizontal wind speed, usually approximated

with the driving speed.

In terms of water raised by other vehicles, there is a variety of very speci�c in�u-

encing factors such as road surface, �lm thickness, vehicle wake, tires and distance

between consecutive vehicles. Thus, a precise quanti�cation of these spray parame-

3
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ters is almost impossible. However, own experimental tests of Bouchet et al. (2004)

allowed to narrow the size of these droplets down to the range between 0.08mm

and 0.3mm. Therefore those droplets are about one order of magnitude smaller

than raindrops. Moreover according to Figure 1.3, they have a negligible terminal

velocity in the vertical direction, in contrast to rain.

1.2 Speci�cation of Single Phenomena

For the development of a numerical methodology for water management of passenger

cars a separate investigation of each relevant phenomenon is necessary. From a very

generic point of view the following four physical topics can be identi�ed:

• Injection and transport of droplets

• Drop/spray impingement

• Transport of wall-bounded water

• Detachment of liquid fragments

Each of these topics requires an appropriate numerical framework, either by a single

multiphase model or by a combination of di�erent multiphase models.

From the vehicle perspective, Figure 1.4 provides a decomposition of foreign con-

tamination into four main automotive components and their speci�c subtopics. Fol-

lowing the propagation of water, both windshield and wing mirror can be treated

individually since their only source of water is direct spray impingement. For the a-

pillar however a superposition of direct spray impingement and water, that is pushed

by the wiper towards the a-pillar, needs to be handled. Of similar complexity is the

side window since it is closely linked to the a-pillar and its complex interactions with

grooves.

Keeping in mind the identi�ed physical phenomena and their appearance on the

relevant vehicle components, the next section describes the current state-of-the-art

of water management simulations.

4
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- Spray impingement
Windshield:

- Interaction with wiper
- Water pullback
- Interaction with rain gutter

- Over�ow of rain gutter
A-Pillar:

- Interaction with grooves

- Spray impingement
Wing Mirror:

- Transport of deposited water
- Detachment of liquid blobs
- Deposition on mirror glass

- Over�ow of A-Pillar grooves
Side Window:

- Reimpingement of secondary/
stripped droplets

- Film/rivulet/drop propagation

- Direct deposition

Figure 1.4: Decomposition of vehicle water management into four main components
(windshield, a-pillar, side window and wing mirror) and their associated subtopics

1.3 Literature Review

The �rst task is to predict the impingement of water droplets on the vehicle. Inde-

pendently of the applied numerical model, an accurate knowledge of the injection

parameters is needed to provide the numerical boundary conditions for the spray.

Experimental methods like the Phase-Doppler or the Time-Shift technique (Tropea,

2007; Yarin et al., 2017) are able to provide such wind tunnel speci�c data. The
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subsequent propagation of these injected droplets takes place in a very close coupling

with the aerodynamic �ow �eld. All known literature studies about vehicle water

management simulations use for this purpose a Lagrangian particle tracking model

(Borg and Vevang, 2006; Foucart and Blain, 2005; Gaylard et al., 2017b; Hagemeier,

2012; Jilesen et al., 2018; Kruse and Chen, 2007).

These droplet properties are then used as input parameters for an impingement

model. Particularly for the wing mirror, it is very important to predict accurately

the ratio between deposited water and secondary droplets due to splashing. Addi-

tionally, the size and velocity of the secondary droplets are relevant for subsequent

tracking, potentially until reimpingement on the side window.

There exists a very large amount of literature about droplet impingement stud-

ies and suggested modelling approaches (Bai et al., 2002; Kalantari and Tropea,

2007; Mundo et al., 1995, 1997; O'Rourke and Amsden, 2000; Roisman et al., 2006;

Tropea and Marengo, 1999; Yarin and Weiss, 1995; Yarin et al., 2017). Their com-

mon procedure is to carry out experimental tests under comparable conditions to

their intended application and then to derive semi-empirical models for the predic-

tion of impingement events. Nevertheless, each application exhibits its own speci�c

conditions and in�uencing factors. These are for water management, and in partic-

ular the wing mirror, partially very oblique incident angles, a strong aerodynamic

�ow �eld and the speci�c wetting of the wall surface, which in turn in�uences fur-

ther drop impacts. A universal wall impingement model suitable for every unique

application does not yet exist.

The two most commonly applied models for water management are the ones of

Bai et al. (2002) used by Bannister (2000) in his wing mirror soiling study and the

empirical correlations of Mundo et al. (1995) for dry walls and O'Rourke and Amsden

(2000) for wet walls, which is used for instance by Hagemeier (2012). However,

since those models were developed for internal combustion engines, their unmodi�ed

application on water management studies has to be scrutinized.

All deposited water is then transported along the vehicle surfaces. Very important

is to consider all occurring interactions. Solid walls in�uence the wettability of

surfaces in form of contact line forces and shear forces. They mainly determine

the appearance of water, i. e. continuous �lms, rivulets, sliding droplets and pinned

droplets.

6



1.3 Literature Review

In contrast to this �xed wall, the interaction between water and the surrounding

air �ow is highly coupled in both directions and results in shear and pressure forces

acting on the liquid.

A literature study points out the following three fundamentally di�erent numerical

approaches for the simulation of water bounded to vehicle surfaces. All of them will

be described in more detail in chapter 3.

• Discrete Particle Models (discrete particle representation of water, applied by

Kruse and Chen (2007))

• Thin Film Models (two-dimensional water resolution, applied by Borg and

Vevang (2006); Foucart and Blain (2005); Gaylard et al. (2012); Hagemeier

(2012); Jilesen et al. (2018))

• Volume-of-Fluid Method (three-dimensional water resolution, not yet applied

in numerical water management studies)

The Volume-of-Fluid method is the only approach with a numerical resolution of

the actual air-water interface. All interactions are naturally given, since all phases

share the same conservation equations. However, the resulting continuous �ow �eld

leads to the requirement of a very �ne spatial and temporal resolution at the inter-

face. This can be the reason for the absence of Volume-of-Fluid in any publications

about water management on complex vehicle geometries. In contrast, both Discrete

Particle Models and Thin Film Models have lower computational requirements, but

they share the weakness of neglecting the three-dimensional e�ect of aerodynamic

pressure forces on the liquid. Especially at the side window, but also on other vehicle

parts, this has a large and until now neglected impact.

The last relevant phenomena to be modelled is water detachment from the lower

wing mirror edge. Simultaneous in�uences coming from a complex aerodynamic �ow

�eld, combined with surface tension e�ects, gravity and the curved geometry of wing

mirror edges, make this topic a highly complex �eld of research. Although there are

several published stripping models applied in water management simulations (Fou-

cart and Blain, 2005; Hagemeier, 2012; Kruse and Chen, 2007), these approaches are

not yet su�cient to resolve the associated physics accurately. Their main weaknesses

are the missing coupling between three-dimensional free surface and aerodynamic

�ow �eld, the instantaneous treatment of drops as Lagrangian spherical particle

after detachment, and the lack of an appropriate stripping criterion.
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1.4 Motivation of the Thesis

Upon commencement of this study only experimental wind tunnel tests were used

for the development of vehicle speci�c water management concepts. Their main

limitation is the late availability of appropriate prototypes. Whereas the aerody-

namic optimization of the exterior shape can be investigated in the wind tunnel with

prototypes consisting of a special rigid foam and clay, the requirements for a water

management wind tunnel test in terms of surface quality and materials are higher.

All relevant geometric details, such as small gaps and channels around the a-pillar,

need to be accurately represented. In addition, the surface wettability properties

need to agree with the later surfaces of serial cars on the road.

The need for an earlier assessment of the current vehicle status in terms of water

management and earlier proposals for modi�cations is of particular importance due

to their direct impact on styling, aerodynamics, aeroacoustics, production and costs.

An early digital simulation would help signi�cantly in the search of best compromises

for water management actions among the highly multi-disciplinary development of

new carlines.

Mostly driven by the continuous growth of computational power, but also by

recent enhancements in physical and numerical modelling, this objective becomes

more and more feasible. Nevertheless, the current state-of-the-art does not yet

o�er a numerical framework which can handle the complete complexity of a water

management simulation at a full vehicle scale. A critical literature review clearly

identi�es the major limitations of previous attempts to numerically predict water

deposition and propagation on cars. These restrictions form the motivation and

main objectives of this thesis.

First of all a deeper investigation of spray impingement under comparable con-

ditions to the impact of raindrops on a wing mirror is targeted. The consideration

of the coupled three-dimensional air-water interaction forms another very central

objective. For this purpose one approach is to �nd a possibility of implementing

the aerodynamic pressure e�ect in a two-dimensional Thin Film Model. Simulta-

neously, the applicability of the Volume-of-Fluid Method on full car simulations is

improved. This will be achieved both by increasing the computational e�ciency

and by developing a user-de�ned hybrid model that is capable of switching between

Volume-of-Fluid Method and Thin Film Model. Only with this hybrid model it is

8
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possible to combine a well resolved Volume-of-Fluid Method applied on complex

geometries such as rain gutters, a-pillar grooves and wing mirror edges, with the

computationally cheaper Thin Film Model that is applied when the 2D approx-

imation is adequate as for instance on wing mirrors heads, windshields and side

windows. The last topic of research is related to numerical modelling and funda-

mental understanding of water detachment from lower wing mirror edges.

The entire project has bene�ted from the close collaboration of Daimler and

Siemens PLM, the supplier of the CFD-software Star-CCM+, which was used for

all simulations in this thesis. Many of the research results in this thesis found its

way into the main code of Star-CCM+ and could be tested and approved during

this work.

An in-depth view into the physical processes involved in water management is

given next in chapter 2. Numerical models that can potentially be used to predict

the involved types of two-phase �ows associated with water management are intro-

duced in chapter 3. This is followed by a description of the employed experimental

facilities and tools in chapter 4. Chapter 5 is related to a fundamental experi-

ment, where spray impingement on a hemisphere is studied both experimentally

and numerically as a foundation for the development of more appropriate impinge-

ment models for vehicle water management. Another major objective is tackled in

chapter 6 by investigating the aerodynamic form drag force on rivulets with a new

implementation in the Fluid Film Model of Star-CCM+. Following the decomposi-

tion shown in Figure 1.4, in chapter 7 each of the four main vehicle components will

be analyzed. Achieved improvements in physical understanding, experimental tools

and numerical methods are combined to describe a new state-of-the-art of water

management simulations, including a critical assessment of outstanding problems.
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2 Physical Background of Two-Phase

Flows

The introduction clearly pointed out that water in all its appearances, ranging from

droplets in open space over continuous �lms and rivulets, to sliding and pinned

droplets, is exposed to a variety of external forces and interactions, particularly

on a vehicle in motion. The wettability of a surface has a large impact on the

behavior of wall-bounded liquids, which can be found in a wide variety on a car.

Therefore, the physical background of wetting phenomena forms in section 2.1 the

�rst subject of this theoretical chapter. The next very important interaction takes

place between water and the surrounding air �ow and this is treated in section

2.2. In contrast to solid walls this interface is mobile and results therefore in a

highly coupled momentum transfer. Finally, section 2.3 is dedicated to a closer

look at droplet impacts on solid walls and suggested impingement models from the

literature.

2.1 Wetting Phenomena

2.1.1 Surface Tension and Contact Angle

Every liquid shows the tendency to minimize its surface area. Responsible for this

behavior is the property surface tension, which is pronounced for some liquids more

than for others. The consequentially curved interface between liquids and their

surrounding gas produces the pressure jump ∆p described by the well-known Young-

Laplace equation as a function of local mean curvature κ and surface tension between

liquid and gas σlg

∆p = κσlg . (2.1)
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2 Physical Background of Two-Phase Flows

Whereas the smallest surface area for any liquid volume is obviously a spherical

droplet, the shape of a droplet placed on a solid substrate is in�uenced additionally

by the surface tensions between solid and gas σsg and between solid and liquid

σsl. Disregarding gravitational e�ects, which is valid for droplets smaller than the

capillary length (for water lc ≈ 2.7mm), all such sessile droplets assume the shape

of a truncated sphere. Nevertheless every liquid-solid combination shows a di�erent

wettability, which is usually speci�ed and measured by the equilibrium static contact

angle θe. This is the angle between the tangents of liquid-gas interface and solid

wall at the contact line, where all three phases are in contact. In absence of any

external forces, these various surface tensions are, as illustrated in Figure 2.1, in

equilibrium

σsg = σlg cos(θe) + σsl . (2.2)

Very important to mention is that the contact angle in reality must not be consid-

θe

σsg

σlg

σsl

Figure 2.1: Equilibrium contact angle θe as a result of force balance of all surface tensions
between solid, liquid and gas

ered as a �xed value. Basically there is a certain range, usually referred as hysteresis

enclosed by the receding contact angle θr and advancing contact angle θa, wherein

the contact line remains immobile, or pinned. This means for contact angle mea-

surements, that the manner in which droplets are placed on solid substrates can

have an impact on the measurement result. When the hysteresis is exceeded, the

contact line starts to move and a correlation between dynamic contact angle θd and

contact line velocity vcl, represented by the Capillary number

Ca =
µ vcl
σ

, (2.3)

can be observed, see Figure 2.2. A very common equation to describe this relation
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2.1 Wetting Phenomena

Advancing

Receding Ca

Hysteresis

θ

θa

θr

Figure 2.2: Contact angle hysteresis and correlation of dynamic contact angle with Cap-
illary number

is that proposed by Kistler (1993)

θd = fH
(
Ca+ f−1

H (θe)
)

(2.4)

with the Ho�mann function

fH(x) = arccos

{
1− 2 tanh

[
5.16

(
x

1 + 1.31x0.99

)0.706
]}

. (2.5)

An in-depth view into the broad �eld of wetting, including theoretical approaches

like Wenzel and Cassie-Baxter relations for taking into account the roughness of

surfaces and its impurities, is provided by de Gennes et al. (2003).

2.1.2 Continuous Films and Breakup into Rivulets

For a su�cient liquid volume �ow rate per unit width V̇ /w a solid surface is com-

pletely wetted. Analytical solutions for the mean �lm thickness h of such a con-

tinuous thin �lm can easily be derived when considering either only body force

accelerations a in the direction of the �lm motion

h =

(
3µ

ρ a

V̇

w

)1/3

(2.6)

or shear stresses τ induced by a gas �ow on the free surface

h =

(
2µ

τ

V̇

w

)1/2

. (2.7)
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However such an external gas �ow also causes the excitation of interfacial surface

waves that lead to variations around this mean �lm thickness. This phenomenon is

known as Kelvin-Helmholtz instability (Kelvin, 1871; von Helmholtz, 1868) and is

described in detail by Chandrasekhar (2013).

But under certain conditions, such continuous �lms break up into rivulets and

the state of complete wetting changes towards partial wetting. Several industrial

applications with interest on critical �lm breakup conditions motivated the scienti�c

community to investigate this phenomenon experimentally in various setups (Hewitt

and Lacey, 1965; Ho�mann et al., 2006; Line et al., 2016; Watanabe et al., 1975).

Both force balance calculations at the contact line (Hartely and Murgatroyd,

1965; Watanabe et al., 1975) and the comparison of the summation of surface and

kinetic energy between a continuous �lm and a broken �lm (El-Genk and Saber,

2001; Hartely and Murgatroyd, 1965) lead to a common analytical prediction for a

critical �lm height hmin. When the actual �lm thickness falls below that critical

�lm thickness, which depends on contact angle and external forces, a continuous

�lm can no longer be maintained. However a closed analytical solution exists only

for laminar, thin �lms that are exposed either exclusively to accelerations a in the

spreading direction of the liquid

hmin = 1.72 (1− cos(θ))1/5
(
µ2 σ

ρ3 a2

)1/5

(2.8)

or to pure interfacial shear stresses τ

hmin = 1.82 (1− cos(θ))1/3
(
µ2 σ

ρ τ2

)1/3

. (2.9)

Any other models than this solution of Hartely and Murgatroyd (1965) deviate

only slightly in the term that contains the contact angle dependency. Approximate

solutions for combined body and shear forces are given with elliptic integrals by

Saber and El-Genk (2004). An extension to turbulent �lms is discussed by Hartely

and Murgatroyd (1965) with the help of comprehensive tabular inputs.

However, these considerations do not account for the e�ect of surface waves on

the �lm breakup due to Kelvin-Helmholtz instability. Although there is not yet a

complete theory, a �rst step in this direction is made by Feldmann et al. (2018).

Based on force balance calculations a set of nine equations is generated and solved in

order to obtain characteristic length scales for surface waves. As a criterion for the

formation of dry patches, a local reduction of the wave to zero height is suggested.
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2.1 Wetting Phenomena

2.1.3 Meandering of Rivulets and Breakup into Droplets

When assuming a negligible in�uence of gravity on the rivulet pro�le, which is

justi�ed either by considering a rivulet on a vertical plate or a small rivulet where

its shape is dominated by surface tension, one can derive its geometric pro�le as

(El-Genk and Saber, 2001)

h(x) = h0 −
h0

1− cos(θ)

(
1−

√
1− x2

(
1− cos(θ)

h0

))
. (2.10)

Here h(x) stands for the rivulet height at position x and h0 for the maximum rivulet

height at x = 0. How gravity additionally in�uences the shape of rivulets is described

by Saber and El-Genk (2004), however without an explicit analytical solution.

Speci�c to rivulets is that they do not always propagate in a straight direction, but

often exhibit a meandering behavior (Fathi et al., 2014; Kim et al., 2004; Le Grand-

Piteira et al., 2006). Common in literature is the di�erentiation of the following

�ve regimes, which occur with increasing mass �ow rates (Le Grand-Piteira et al.,

2006):

• drops (rivulet breaks up into individual droplets)

• straight rivulet (rivulet forms a continuous straight ridge)

• meandering rivulet (perturbations are ampli�ed laterally and downwards, after

some time the meandering path is completely stationary)

• dynamic regime (meanders are no longer stationary, but rivulet sweeps from

side to side)

• restable regime (rivulet restabilizes and becomes straight again, however with

variations in its width)

Critical mass �ows rates for these regime transitions depend on the force balance

between gravity, surface tension, adhesion, inertia and aerodynamic force (Le Grand-

Piteira et al., 2006).

Of particular interest for water management is the transition between a stable

rivulet and its breakup into residual droplets. Here a capillary instability, as known

from the breakup of a liquid jet into droplets, is superposed with end pinching

(Ghigliotti et al., 2013) at the liquid-wall interaction. The formation of droplets

out of a stable rivulet is related to the contact angle hysteresis, but is still an area
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2 Physical Background of Two-Phase Flows

of research (Diez et al., 2009; Young and Davis, 1987). Very recently Singh et al.

(2017) found a direct correlation for the critical Weber number Wecr, a measure

for the rivulet �ow rate, with liquid properties, plate inclination angle and contact

angle. Only when a rivulet propagates with a higher �ow rate, breakup can be

suppressed. Most important for water management is the proportionality between

critical Weber number and contact angle (Singh et al., 2017):

Wecr ∝ (1− cos(θ))9/4 . (2.11)

2.1.4 Pinned and Sliding Droplets

Another wetting related phenomenon with high relevance for water management is

that droplets on solid surfaces can maintain their adhered state even when they are

exposed to external forces. Especially small droplets often remain immobile despite

an aerodynamic �ow or a non-horizontal surface inclination. In fact these sessile

droplets do not immediately slide along the wall, but their spherical shape �rst

becomes deformed. This leads to di�erent contact angles around the perimeter of

the drop, see Figure 2.3.

vair

2Rdrop

θdownθup H
d
r
o
p

Figure 2.3: Deformation of a sessile droplet due to an aerodynamic �ow: receding contact
line moves only when θup falls below θr and advancing contact line moves only when
θdown exceeds θa (applies also for droplets that are placed on an inclined plate)

Keeping in mind the contact angle hysteresis depicted in Figure 2.2, the contact line

does not move for any contact angle between θr and θa. Subsequently a maximal

adhesion force Fadh that is able to withstand an external force can be calculated
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2.2 Interaction between Liquid and Gas Flow

under the assumption of a circular base area and the application of θr on one side

and θa on the other side (Roisman et al., 2015a):

Fadh = 2Rdrop σ (cos(θr)− cos(θa)) . (2.12)

As soon as this force is exceeded for a certain liquid-solid combination and droplet

size, its movement is initiated. Whereas the gravitational force on an inclined plate

is clearly known, it is not trivial what aerodynamic force acts on a droplet in the

boundary layer of an external gas �ow. This will be analyzed in section 2.2.2, where

the phenomenon of incipient motion will be discussed further.

When the external forces clearly exceed the adhesion force, the droplet slides

along the wall. As the droplet Capillary number increases, see equation (2.3), the

front remains circular with a Capillary number speci�c advancing contact angle. Ac-

cording to Snoeijer et al. (2007), the rear side however shows a cornered shape with

an opening angle that decreases with the droplet velocity. For a critical Capillary

number the rear starts forming a tail with a small but constant width. Due to an

instability similar to the classical Rayleigh-Plateau instability, this thin rivulet tail

breaks up into tiny droplets, which stay behind in a pinned state because of their

very small size (Snoeijer et al., 2007).

2.2 Interaction between Liquid and Gas Flow

The strong aerodynamic �ow �eld around a moving car has a large e�ect on all kind

of liquid appearances in water management. Generally for liquid �lms and, in case of

rivulets when they propagate in the same direction as air, this interaction takes place

simply with well-understood shear forces. However as soon as the interface is not

aligned with the aerodynamic �ow direction, additionally pressure forces in�uence

stability and propagation of the interface. This is in section 2.2.1 �rst described

for droplets in free space. In section 2.2.2 the aerodynamic force on a wall-bounded

droplet will be analyzed. It should be noted that these considerations can be directly

transferred to rivulets in cross wind.
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2.2.1 Primary Atomization and Secondary Breakup

The injection of liquids in a free air �ow describes a very complex two-phase �ow,

where in the beginning the primary breakup is responsible for the formation of liquid

ligaments. In this context two instability mechanisms are of great importance. Both

excite simultaneously the formation of waves at the interface and lead �nally to the

release of liquid structures out of the bulk liquid.

A slip velocity between liquid and gas phase causes a thin shear layer with a

large velocity and subsequently pressure gradient. The excitation of an external

sinusoidal disturbance shears o� portions of liquid despite the opposing surface

tension e�ect. This mechanism is known as Kelvin-Helmholtz instability (Kelvin,

1871; von Helmholtz, 1868). Moreover the di�erent densities of two �uids, combined

with an accelerating force in the direction of the denser phase, is responsible for the

growth of wavelike disturbances, known as Rayleigh-Taylor instability (Rayleigh,

1883; Taylor, 1950).

These primary breakup processes are followed by the secondary breakup, which

plays a role whenever droplets propagate with a certain relative velocity to a gas

�ow. This can be observed for instance also when liquid blobs detach from the lower

wing mirror edge and interact with the fast air �ow. A relation between dynamic

pressure striving for breakup and its counteracting surface tension is given by the

dimensionless Weber number

We =
ρg ddrop (vg − vdrop)2

σ
. (2.13)

All experiments about secondary breakup (Guildenbecher et al., 2009; Hsiang and

Faeth, 1992; Opfer, 2014; Stiesch, 2010) show the same breakup mechanisms. Using

the Weber number thresholds given by Guildenbecher et al. (2009), the following

�ve main breakup regimes illustrated by Figure 2.4 can be di�erentiated:

• vibrational breakup for We < 11

(droplet experiences oscillations that can sometimes create fragments of only

slightly smaller size than the parent droplet)

• bag breakup for 11 < We < 35

(droplet deforms into a thin hollow bag which results in small fragments and

a thicker rim that forms larger fragments)
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• multimode breakup for 35 < We < 80

(similar like bag breakup with the addition of a central stamen that results

�nally in more uniform child droplet sizes)

• sheet stripping breakup for 80 < We < 350

(small child droplets are sheared o� the parent droplet and in some cases a

larger core droplet remains additionally)

• catastrophic breakup for 350 < We

(surface instabilities of high amplitude and long wavelength lead to the for-

mation of larger fragments which in turn break up into smaller droplets)

Figure 2.4: Secondary breakup mechanisms according to Guildenbecher et al. (2009) (from
top to bottom: vibrational breakup, bag breakup, multimode breakup, sheet stripping
breakup, catastrophic breakup)

2.2.2 Sessile Droplets exposed to Aerodynamic Flow

In section 2.1.4 the adhesive force as a consequence of contact angle hysteresis was

introduced. In order to predict the critical conditions for the incipient motion of a
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sessile droplet exposed to a gas �ow, it is required to know the acting aerodynamic

force, which consists in principle of a pressure and shear fraction. Roisman et al.

(2015a) estimated the ratio between viscous shear force and inertial pressure force

for a droplet in a laminar boundary layer with the outcome, that inertia is clearly

dominant. Therefore a theoretical model to estimate the drag force which acts on

a droplet sitting in the boundary layer of a surrounding gas �ow was introduced.

Under the assumption that only small droplets with diameters below their capillary

length are considered, the known geometrical relations of a truncated sphere can be

used. The drag force then can be calculated as

Fdrag =
1

2
ρ v2charAdrop cd , (2.14)

where the characteristic velocity vchar can be approximated by the velocity at half of

the droplet height Hdrop/2, representing an average velocity acting on the truncated

sphere. This velocity can be derived from the wall shear stress and the application

of well-known velocity pro�les within either laminar or turbulent boundary layers.

With respect to the drag coe�cient cd of such a sessile droplet, only few publica-

tions could be found. In contrast spherical droplets, and even general non-spherical

geometries in a uniform aerodynamic �ow outside of the wall boundary layer, are

well-investigated. Based on a shape factor for the sphericity, the drag coe�cient of

such a droplet is only a function of its droplet Reynolds number (Ganser, 1993)

Redrop =
ρ vdrop ddrop

µ
. (2.15)

Such a dependency on the Reynolds number is observed also for a hemisphere in a

turbulent boundary layer by Savory and Toy (1986). However, their experimental

results were obtained for droplet Reynolds numbers far beyond the expected range

for water droplets on vehicle surfaces. Although it is clear that di�erent spherical

caps, based on the given contact angle of a surface, possess di�erent drag coe�cients,

there is no literature known about this important relation.

Moreover an aerodynamic �ow, in combination with the contact angle hysteresis,

leads to a deformation of such a sessile droplet. That alters its shape and conse-

quently has an e�ect on its drag coe�cient. A theory that accounts for all these

complex in�uences is not yet available. Systematic studies about the critical air

velocity for incipient motion of droplets in a channel �ow are provided by Seiler

et al. (accepted).
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2.3 Droplet-Wall-Interaction

This section gives an overview on the complex theoretical background of droplet and

spray impact. First the general classi�cation into di�erent observed impingement

regimes will be described. Special attention is subsequently given to the charac-

terization of splashing, due to its high relevance during spray impingement on an

external mirror of a car. Some of the most common models are presented, accom-

panied by a critical analysis about their validity for water management conditions.

2.3.1 Classi�cation of Impingement Regimes

A common approach to di�erentiate between three major impingement regimes can

be found in Rioboo et al. (2001), Yarin (2006) and Roisman et al. (2015b):

• rebound: impinging droplets bounce o� (can be divided again into partial and

complete rebound)

• deposition: complete droplet deposition (receding breakup when non-contiguous

liquid remains on the surface)

• splash: partial deposition and re-emission of secondary droplets (can be di-

vided again into prompt and corona splash)

Receding breakup and both forms of rebound is observed only for very hydrophobic

surfaces (Roisman et al., 2015b). Therefore these regimes do not usually occur

on vehicle surfaces and are not described further. Particularly important in the

context of water management then is a criterion to di�erentiate between deposition

and splash.

In case of a single drop impacting on to a dry wall, the relative magnitude of

forces can be characterized by the Weber number (see equation (2.13)) and the

Reynolds number (see equation (2.15)). In evaluating these dimensionless numbers

the wall-normal velocity vn is used.

Most correlations in the literature for the prediction of the onset of splashing

are based on a splashing parameter as a function of Weber and Reynolds number.
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One frequently used splashing threshold was suggested by Mundo et al. (1995), who

introduced the well-known splashing parameter

KMundo = We0.5Re0.25 (2.16)

that should exceed 57.7 for splashing from a smooth surface. Another criterion was

suggested by Bai and Gosman (1995), which can be reformulated from their original

equation into

KBai-Gosman = We0.5Re0.22 . (2.17)

Their threshold value depends also on the surface roughness.

In addition to this extensively studied normal single droplet impact on a dry sur-

face, there are four more complexities relevant in water management. First of all the

geometry of vehicles and its associated aerodynamic �ow �eld lead to signi�cantly

oblique impacts, which is of particular importance for the wing mirror. In contrast

to the common assumption that the tangential velocity has no e�ect on the onset

of splashing, (Bird et al., 2009) suggested a modi�ed splashing threshold with an

additional dependence on the tangential impact velocity vt

We0.5Re0.25
(

1− 3.5
vt
vn

Re-0.5
)
> 127 . (2.18)

The second di�culty is related to the question, whether a polydisperse spray can be

treated as the superposition of single droplets in the context of wall impingement.

Depending on spray characteristics like the �ux density, incident droplets can in-

teract with both neighboring incident droplets and re-emitted secondary droplets

(Moreira et al., 2010; Roisman et al., 2002, 2006).

Even more important is the emerged wetting of the wall in case of permanent

spray impingement. Whereas continuous wall �lms were studied thoroughly in the

literature (Bai and Gosman, 1995; Cossali et al., 1997; Tropea and Marengo, 1999),

due to the given well-de�ned liquid boundary condition, a precise description of

a partially wetted surface and its impact on droplet impingement is very complex

and case sensitive. For instance one can observe pinned and sliding droplets on a

wing mirror during rain and it is expected that their presence enhances splashing

for further droplet impacts.

The last in�uencing factor is the fast air �ow. No theory can yet predict how this

e�ects the outcome of spray impingement.
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2.3.2 Modelling Approaches for Splashing

For the splashing regime a prediction of deposited mass ratio and secondary droplet

properties is required. The overview of Moreira et al. (2010) summarizes the diver-

sity of di�erent models for droplet splashing on both dry and wet surfaces. For the

deposition mass ratio Bai et al. (2002) suggested a randomized ratio independently

on any impinging droplet property. In other models the impact energy is accounted

for (Kalantari and Tropea, 2007; Mundo et al., 1997). Considering dense sprays

with droplet interactions, Roisman et al. (2006) added to the deposited mass ratio

a dependency on the volume �ux density of the impinging spray.

An insight into the complex mechanism of splashing is given by Yarin and Weiss

(1995) and by Roisman et al. (2006). They describe the formation of rims out of

the free liquid sheet. Since these rims are instable, they transform into cusps and

later into �nger-like jets, which �nally break up into secondary droplets.

Moreira et al. (2010) also present and critically discuss most common splashing

models to predict size distribution and velocity components of ejected secondary

droplets. Due to its implementation in Star-CCM+, the Bai-Gosman model (Bai

et al., 2002) is used in this thesis for all described impingement simulations. It

contains a Rosin-Rammler distribution for the secondary droplet sizes and uses

energy conservation for calculating their velocity vector.

More comparable however to the spray impingement on a wing mirror is the model

of Roisman et al. (2006), since it was developed based on experimental results of

spray impingement on a spherical metal target of 93mm diameter. In terms of

average secondary droplet size they found for high droplet Reynolds numbers, as

given in water management, the expression
Re0.5b da

db
is constant at 24 (subscript b

stands for before impact and subscript a for after impact). Around this averaged

secondary droplet size a Weibull distribution yielded the best agreement with the

statistical variations of the experiment. Energy considerations were also used for

a prediction of the secondary droplet velocities, including the energy loss due to

viscosity.

Considering the described complexity of spray impingement, each modelling ap-

proach still has a strong empirical character and a high sensitivity on external con-

ditions. An impingement model appropriate for water management, with special

attention on the spray impact on a wing mirror, does not yet exist.
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3 Computational Techniques for

Multiphase Simulation

This chapter illuminates how the previously described complex multiphase physics

can be predicted with numerical simulations. Due to the strong in�uence arising

from the aerodynamic �ow �eld, section 3.1, as the �rst part of this chapter, is dedi-

cated to a brief description of appropriate modelling approaches that are applicable

for a full-scale vehicle.

For the two-phase �ow, consisting in this study of air and water, several mul-

tiphase models can be used. One numerical technique, introduced in section 3.2,

is the Volume-of-Fluid method, which tracks the distribution of phases by solving

equations for mass conservation of phases simultaneously with the continuity and

momentum equations for the mixture of phases. Therefore it can be used for any

general multiphase �ow, however it demands an appropriate resolution in space and

time to maintain the sharpness of the interface.

Two alternative numerical methods that are speci�cally designed for a simulation

of dispersed particles, are presented in section 3.3. They both can model the inter-

actions with the Eulerian continuous phase and di�er in a Lagrangian or Eulerian

representation of the dispersed phase. Speci�c for wall-bounded �ows of thin �lms,

rivulets and droplets, there are in addition to the Volume-of-Fluid method also two

alternative numerical models. Their ability to predict the behavior of liquids in con-

tact with solid walls is presented in section 3.4. In order to balance out the needs

for accuracy and e�ciency when simulating a two-phase �ow on a real car geometry,

it will be shown that simulations which combine di�erent modelling strategies could

be the most appropriate approach. How that can be realized is described in section

3.5.
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3 Computational Techniques for Multiphase Simulation

3.1 Modelling Approaches for the Aerodynamic

Flow Field

An accurate prediction of the aerodynamic �ow �eld is important, because interfacial

gas pressure and shear stress directly a�ect the propagation of liquids along solid

walls. Additionally, the �ow �eld of air has a strong in�uence on droplet trajectories

in the gas �ow.

Aerodynamic simulations have been developed for many years by the automotive

industry with the focus on an accurate evaluation of the drag coe�cient of vehicles.

Stringent timelines of the car development process and the high number of geo-

metrical variants, given by styling and aerodynamic optimization, lead to the use

of steady-state Reynolds Averaged Navier-Stokes (RANS) simulations. The well-

known closure problem due to the Reynolds decomposition between time-averaged

variables and their �uctuations is addressed using various turbulence models. By

choosing the most appropriate turbulence settings and by optimizing the numerical

meshes, a high level of accuracy compared with wind tunnel measurements could be

achieved with this approach.

However to resolve the full physics in some regions around the vehicle, such as

the a-pillar vortex, wing mirror wake or rotating wheels, where the �ow �eld is very

unsteady, a transient simulation with a more accurate treatment of turbulence is

required. If the mesh is su�ciently �ne to resolve the length scale of all turbulent

eddies, no additional model is needed, assuming all relevant time scales are also

resolved. Described by the energy cascade, the size of these turbulent eddies exhibits

a broad range with a lower threshold due to dissipation.

The full spatial and temporal resolution of all turbulent eddies is known as Direct

Numerical Simulation (DNS). In order to realize acceptable computational times

Large Eddy Simulations (LES) are often used. As the name suggests only large ed-

dies are resolved explicitly and the e�ect of smaller unresolved eddies is taken into

account via sub-grid models. Due to their associated di�culties and high computa-

tional requirements, particularly in the near-wall region, the most common approach

for full vehicle simulations is the Detached Eddy Simulation (DES). Unless stated

otherwise, this approach, that combines RANS in the near-wall region with LES in

the rest of the �ow, is applied in all simulations of this thesis. Further details about

the fundamentals in turbulence modelling can be found in Ferziger and Peri¢ (2002).
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3.2 Volume-of-Fluid Method

3.2 Volume-of-Fluid Method

The Volume-of-Fluid (VOF) method implemented in Star-CCM+ is somewhat dif-

ferent from the original VOF method of Hirt and Nichols (1981). It solves the mass

and momentum conservation for the mixture of phases

∂

∂t

ˆ

V

ρ dV +

˛

A

ρv dA =

ˆ

V

s dV , (3.1)

∂

∂t

ˆ

V

ρv dV +

˛

A

ρv v dA = -
˛

A

p dA+

˛

A

T dA+

ˆ

V

(ρ g + Fσ) dV , (3.2)

where ρ is the mixture density, v is the mixture velocity, s is the mass source term,

p is the pressure, g is the gravitational vector and Fσ is the force due to surface

tension. The stress tensor T is de�ned as

T = µ

[
5v +5vT − 2

3
(5 · v) I

]
, (3.3)

where µ is the mixture viscosity and I is the identity tensor. Additionally, the mass

conservation of phases

∂

∂t

ˆ

V

αi ρi dV +

˛

A

αi ρi v dA =

ˆ

V

sαi dV (3.4)

is solved with αi, ρi and sαi standing for the volume fraction, density and source

term of phase i. The mixture density and viscosity are calculated using the following

expressions

ρ = Σi ρi αi

µ = Σi µi αi
(3.5)

with the obvious condition that the summation of all volume fractions yields unity.

If the interfaces between the phases are well resolved, most of the solution domain

has only one phase, i. e. the volume fraction of one of the phases is equal to one and

all other volume fractions are equal to zero. In the cells holding the interface, the

volume fraction of some phases are di�erent from one. The VOF method does not

track that interface, but the interface is captured in the cells by post-processing the

distribution of phase volume fractions. This is the reason, why the method belongs

to the group of interface capturing methods.
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In order to account for the interfacial surface tension force, Brackbill et al. (1992)

developed the Continuum Surface Force approach. The surface tension force Fσ
of this CSF formulation is applied to the cells, which are in the proximity of the

interface:

Fσ = σ

(
-5 · 5αi| 5 αi|

)
︸ ︷︷ ︸

κ

5αi . (3.6)

The calculation of free surface curvature κ is based on the �eld of phase volume

fraction. When the interface is in a contact with solid walls, its in�uence has to be

taken into account in the calculation of the interface curvature. In this case, the

contact angle is used to evaluate the curvature in wall proximity.

To apply dynamic contact angle models, the contact line velocity has to be cal-

culated. The model of Star-CCM+ assumes, that the contact line moves with the

same velocity as the velocity of the near-wall cell. More advanced approaches are

presented by Linder (2015), who introduced a combination of Dirichlet and Neu-

mann boundary conditions. The contact line velocity was set to the wall velocity,

if the contact angle is within the hysteresis, see Figure 2.2. Here the contact angle,

in the form of the volume fraction gradient, is adapted until it reaches the speci�ed

advancing or receding contact angle. Thus pinning can be numerically resolved.

Outside of the hysteresis, the contact line velocity was set equal to the �uid velocity

in the neighbor cell, what allows the movement of the contact line.

The immiscibility of two phases implies, that the interface stays sharp all the time

and numerical approximations of the transport of phase volume fractions should

be free of numerical di�usion. That poses special requirements on the discretiza-

tion scheme used to approximate convective transport. In order to track sharp

interfaces, Muzaferija and Peri¢ (1998) developed the High-Resolution Interface-

Capturing (HRIC) Scheme, which ful�lls the boundedness criterion for the volume

fraction, avoids numerical di�usion and reduces the tendency of grid alignment ef-

fects. Nevertheless, accurate solutions with VOF simulations are always closely

linked to the need for a mesh, which can adequately capture the free surface. The

problems characterized with small bubbles and/or thin �lms and rivulets, require

meshes made of cells which size is a fraction (e. g. 0.1 or 0.3) of the characteris-

tic length scale that describes the phase distribution (e. g. droplet diameter, �lm
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thickness or the width of a rivulet). Furthermore, the Courant number based on the

interface velocity vint (�uid velocity normal to the interface)

Co =
vint ∆t

∆x
, (3.7)

describing how many cells with length ∆x are passed by the interface in one time

step ∆t, should remain below unity.

These stringent requirements on spatial and temporal resolution have led to the

result, that VOF was used mostly for problems, where the characteristic length scales

of the free surface are comparable with the length scale of the solution domain. If

this condition is not met and the free surface could be just anywhere in the solution

domain, meshes with a very large total cell count could be required. However

strong improvements have been achieved recently in this �eld. Worth mentioning

are adaptive meshing strategies (Rettenmaier et al., 2018) and temporal sub-cycling

approaches. Another helpful feature is a slip velocity model (Manninen et al., 1996).

Interfaces, that became blurred over time due to an insu�cient temporal or spatial

resolution, can be resharpened with this method.

3.3 Numerical Models for Dispersed Phases

Dispersed multiphase �ows are generally characterized by the transport of solid

particles, liquid droplets or gaseous bubbles through a continuous �uid. Although

the previously described VOF approach could also be used to simulate such �ows,

there are two other numerical methods, that are computationally more e�cient for

such situations.

3.3.1 Eulerian-Lagrangian Method

For all dispersed �ows dominated by the continuous phase instead of particle-particle

interactions, Lagrangian models constitute an appropriate numerical method. Con-

sidering the dilute spray appearing in foreign contamination studies with very small

volume fractions of around 10−6 (Borg and Vevang, 2006), this attribute is entirely

given.
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A very useful possibility to keep the computational e�ort within reasonable limits

is the utilization of computational parcels as statistical representation of multiple

particles of the same properties. As a consequence there is no need to resolve each

particle individually. Especially for sprays made of very uniform droplets, it is

common to agglomerate tens or even hundreds of droplets into one single parcel.

The basis of each Lagrangian simulation is the equation of motion for every parcel

with mass mp and velocity vp:

mp
dvp
dt

= mp g + ΣFext . (3.8)

The right-hand side contains the gravitational force and all other external forces

gathered by Fext. Particular attention has usually to be paid to the drag force

Fdrag =
π

8
ρ d2pcd |vg − vp| (vg − vp) , (3.9)

where dp denotes the particle diameter, cd its drag coe�cient and vg the representa-

tive velocity of the continuous gas phase. The validity of this equation is limited to

spherical and non-deformable particles. A frequently used correlation for the drag

coe�cient of such spherical particles is given by Schiller and Naumann (1933):

cd =

{
24
Rep

(
1 + 0.15Re0.687p

)
, Rep ≤ 103

0.44 , Rep > 103
. (3.10)

Here Rep is the particle Reynolds number known from equation (2.15), however

calculated with the relative velocity between particle and gas.

Furthermore, there are other external forces acting on particles. In regions with

a signi�cant static pressure gradient ∇pstatic of the continuous phase, the pressure
gradient force can have a non-negligible impact on the particle trajectory:

Fp = -
π

6
dp∇pstatic . (3.11)

Another external in�uence comes from the shear lift force, describing the particle

force due to a velocity gradient in the continuous phase orthogonal to the relative

motion of the particle. More details on this in water management simulations usually

neglected forces are given by Sa�man (1965).

The virtual mass force, which accounts for the e�ect that particles also accelerate

the surrounding �uid phase, does not play a signi�cant role in the application of

vehicle soiling, because of the very high density ratio between water and air.
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Considering the turbulent character of the aerodynamic �ow around a vehicle, the

particles do not only experience the mean components of the �uid velocity but also

their �uctuations. In order to model this in�uence, known as turbulent dispersion,

statistical approaches are frequently applied, containing the calculation of eddy life

times and their velocity scales.

Liquid droplets, with a signi�cant velocity relative to the continuous phase, show

the tendency of secondary breakup. In such cases non-uniform surface forces lead to

droplet deformations, which can be resisted by surface tension and viscous forces to a

certain level, see section 2.2.1. Accordingly, the ratio between drag force and surface

tension force, known as Weber number from equation (2.13), de�nes the stability of

droplets interacting with an aerodynamic �ow. Applying typical water management

conditions, secondary breakup is expected to play a negligible role, except for the

detachment of liquid blobs from the wing mirror with signi�cant relative velocities.

In this context the Lagrangian model however is not recommendable due to the

locally given non-sphericity and high volumetric loading of these liquid blobs. For

this phenomenon �ne mesh resolutions may be required to apply the VOF method,

at least until smaller spherical droplets have been formed after separation from the

wall and secondary breakup events.

Going back to the injected spray in the wind tunnel test, both very small vol-

ume fractions of liquid droplets and the uniform spray character allow neglection of

particle-particle collisions.

Although mostly neglected in previous water management simulations (Hage-

meier, 2012), two-way coupling is considered in all simulations of this work. Hence,

the in�uence of the dispersed phase on the continuous phase is accounted for by

adding Lagrangian source terms in the continuous phase equations.

3.3.2 Eulerian-Eulerian Method

The prediction of the trajectory for each parcel in high particle loaded �ows can

become computationally very expensive. In some cases an alternative approach

could reduce the computational time remarkably by treating the dispersed droplets

in an Eulerian manner. Such a numerical model is known in Star-CCM+ under the

name Dispersed Multiphase Model and has often been applied in aerospace icing

simulations, and to some extent also in water management simulations.
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This model uses the Eulerian approach to describe the motion and distribution

of dispersed phases. Their particle loadings are represented by the �elds of phase

volume fractions. Both mass and momentum equations are solved for each of the

dispersed phases and each phase is associated with a speci�c particle diameter. The

momentum equation is basically the momentum equation (3.8), only written using

the Eulerian description of the particle motion.

Although that approach can become computationally more e�cient when only a

low number of phases with di�erent droplet diameters is needed and the equivalent

Lagrangian simulation would need a large number of particles, it is not used here

due to two essential disadvantages. At �rst, the phase can only be introduced at

the inlet boundary conditions and not by using �exible injector conditions inside

of the solution domain. Second, since each dispersed phase is limited to a �xed

droplet diameter the model is not able to predict variable droplet diameters needed

for splashing.

3.4 Numerical Models for Wall-Bounded Liquid

Flows

In terms of simulating the behavior of liquids in contact with solid walls, there

are three fundamentally di�erent approaches in use. The computationally very

expensive VOF method was already described in section 3.2, since it is not restricted

only to wall-bounded liquid �ows. Two other numerical models will be described in

what follows.

3.4.1 Thin Film Modelling Approach

Many industrial technologies are associated with very thin liquid layers �owing over

solid surfaces. Due to the thin character of such liquid �lms one can apply laminar

boundary layer approximations in order to obtain a parabolic velocity pro�le across

the �lm. The bene�t is apparent after integrating the three-dimensional transport

equations from the wall to the �lm surface. What remains is a new set of equations
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for the �lm thickness h and both wall-tangential components of the average �lm

velocity vf :

∂

∂t

ˆ

V

ρf dV +

˛

A

ρf vf dA =

ˆ

V

sm
h
dV , (3.12)

∂

∂t

ˆ

V

ρf vf dV +

˛

A

ρf vf vf dA =

˛

A

Tf dA−
˛

A

pf dA+

ˆ

V

(
ρf g +

sm
h

)
dV . (3.13)

Here ρf is the �lm density and sm represent any mass sources per unit area (e. g. due

to impingement). It is important to keep in mind, that the volume V and surface A

are functions of the �lm thickness, what allows us to formulate the mass conservation

equation (3.12) in terms of the �lm thickness h. The equations are integrated over

the liquid �lm assuming a linear variation of pressure and a quadratic variation of

velocity in the direction normal to the �lm.

All normal stresses acting on the �lm are gathered in pf , i. e. the interfacial gas

pressure pg and the capillary pressure due to surface tension

pσ = -σ 52
s h , (3.14)

where 52
s h approximates the curvature of the �lm surface.

The stress tensor Tf includes the viscous shear stresses both at the �lm-gas and

the �lm-wall interface, and the contact line force (Meredith et al., 2011)

τσ = σ (1− cos(θ)) . (3.15)

The coupling between �lm and surrounding gas takes place via kinematic and dy-

namic conditions at the interface. The thin �lm modelling assumptions circumvent

the necessity to resolve the �lm with very �ne meshes. In principle the thin �lm

is now handled as a two-dimensional depth averaged �ow propagating along any

arbitrary three-dimensional surface. But that also leads to a gas-liquid interface

which is located directly at the wall. As a consequence, the gas �ow does not see

the true shape of the �lm surface and develops its �ow �eld as it would be in a

contact with the solid wall. Whereas this limitation does not play a role for �ows

with negligible gas phase velocities or continuous thin liquid �lms, it may result in

a potentially high underestimation of the gas-liquid interaction for the water man-

agement application, where the rivulets can act as signi�cant obstacles for the �ow

of air. Generally speaking, wherever there is a certain �lm thickness gradient in
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gas �ow direction, this disadvantage of thin �lm models becomes important. One

possibility to include this missing interaction between the gas and liquid �lm will

be described in section 6.2.

Regarding computational costs such thin �lm models can handle liquids not only

without the need for a �ne wall-normal resolution, but also with coarser surface mesh

resolutions. There is furthermore no strict requirement for keeping the Courant

number below unity. In comparison to VOF simulations the computational e�ort

can be kept therefore dramatically lower.

3.4.2 Discrete Particle Approach

Not only the dispersed phase but also the continuous phase in form of liquid �lms

can be represented by discrete wall particles. Only a very brief description of the

basic idea of such discrete phase models is given next, due to model restrictions

relevant for water management and the fact that such a model is not yet available

in Star-CCM+. A detailed description of this computational technique is given by

O'Rourke and Amsden (1996) and more recently with some enhancements by Kruse

and Chen (2007) and Hagemeier (2012).

Each Lagrangian particle is still represented by a discrete particle after hitting

a wall. Unless any user-de�ned criterion predicts separation, it is strictly bounded

to the wall. Based on sources due to impingement, the momentum equation is

solved in order to obtain the average �lm velocity in a discretized representation.

This information is then used to update the position of each particle. Now the �lm

thickness can be postprocessed by summing up the volume of all particles from one

face and dividing it by the cell face area.

Due to the treatment of wall-bounded liquid as a superposition of discrete parti-

cles, each of these particles has an individual position, which is independent of any

geometrical cell property. It is therefore possible to formulate a criterion for the ag-

glomeration of neighboring particles that additionally accounts for the local wetting

by use of the contact angle (Kruse and Chen, 2007). Advantageous over other mod-

els is the fact that one could de�ne conditions for the di�erentiation between sliding

and pinned particles. In terms of computational limitations, both discrete particle

and thin �lm approaches do not fully account for the three-dimensional coupling
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between liquid and gas and their parabolic velocity pro�le assumptions break down

for thicker �lms.

3.5 Interactions between Multiphase Models

The variety of multiphase phenomena associated with water management makes it

in particular important to allow several of the presented models to interact with

each other in one simulation. Smooth conversion of one numerical representation of

water to another has to be ensured to improve the balance between e�ciency and

accuracy of the complete simulation.

By considering both the involved physical phenomena and availability of mul-

tiphase models in Star-CCM+, three multiphase models could be identi�ed to be

most appropriate for the simulation of vehicle water management. Following the

model designation in Star-CCM+, this widely used numerical triad consists of the

Lagrangian Multiphase (LMP), Fluid Film and Volume-of-Fluid (VOF) approaches.

Each of these three required multiphase interactions will be described in the follow-

ing.

Lagrangian Multiphase ↔ Fluid Film

The �rst required interaction is the droplet impingement on solid walls. Due to

the high inertia of these droplets, it has to be ensured numerically, that not only the

water is converted from LMP to Fluid Film, but also that new secondary droplets

can be re-emitted.

The interaction between LMP and two-dimensional Fluid Film is relatively simple,

since their interface is �xed to the wall. In addition to size and velocity of the

impinging parcel, other variables such as �lm thickness, �lm velocity or contact

angle could theoretically be included in more complex wall impingement models than

the implemented Bai-Gosman model. Their task is to predict for each impingement

regime both deposited mass ratio and secondary droplet properties. New Lagrangian

child parcels are ejected from the interfacial surface cell with a numerical freedom in

de�ning their droplet size, velocity and initial direction. For the deposited portion
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of liquid, mass and momentum source terms are added to the �lm conservation

equations (3.12) and (3.13).

One potential di�cultly occurs when heavy parcels hit small surface cells, since

all deposited mass is restricted only to this single cell. Consequently, cells with very

high �lm thickness can be surrounded by completely dry neighbor cells. This is

not only unphysical but also prone to numerical instabilities within the Fluid Film

model. One possibility to overcome such instabilities is to involve several neighboring

faces to one cell cluster of a user-de�ned size for the impinging Lagrangian parcels.

Another multiphase interaction model needs to be de�ned when droplets are emit-

ted out of a wall-bounded �lm. Generally such droplet shedding can be caused by

either inertial stripping at sharp or curved edges or by interfacial shear forces and

gravity that lead to the growth of unstable waves. For both mechanisms appropriate

criteria need to be de�ned. They can for instance be a function of �lm thickness, �lm

velocity, shear stress with a surrounding gas �ow, wall curvature or corner angle.

When the criterion predicts stripping, the model also has to provide mass, diameter

and velocity of the injected Lagrangian parcel which mass and momentum obviously

has to be taken away from the �lm.

The separation of liquid fragments from the accumulations at the lower edge of the

wing mirror is such a stripping event. A modelling approach using a Fluid Film to

LMP interaction however does not describe adequately the three-dimensional e�ects

related to the liquid accumulation on the wall and the initially non-spherical shapes

of stripped liquid fragments.

Lagrangian Multiphase ↔ Volume of Fluid

The modelling of impinging Lagrangian droplets onto a VOF free surface is not

very sophisticated in Star-CCM+ and is restricted at the moment to only complete

deposition.

As pointed out previously, the numerical methodology applied to wing mirror

stripping should allow the VOF model to resolve the stripping of droplets and for-

mation of initial liquid blobs, which are typically elongated and far from being

spherical. With a very recent implementation in Star-CCM+ version 13.06, these

blobs can be detected and their properties can be analyzed. A conversion of these
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blobs to LMP, after satisfying a certain transition criteria of e. g. being spherical,

having a certain Weber number or passing a certain location, could then allow a

simulation of the stripping based on the hybrid modelling involving VOF and La-

grangian models. However such a numerical VOF-LMP conversion in free space

poses signi�cant challenges when thinking about a successful application for the

high complexity and sensitivity for wing mirror stripping. Nevertheless, driven by

research on internal combustion engines, there have been some initial numerical

studies in the recent years on this subject (Rawat et al., 2018; Vallier, 2013).

Fluid Film ↔ Volume of Fluid

Considering the di�erences in computational costs and model characteristics (the

Fluid Film model is a two-dimensional approximation and VOF requires a �ne nu-

merical resolution of interfaces in space and time), there are several vehicle surfaces

that can be treated with Fluid Film and other surfaces demand a treatment with

VOF. In order to maintain spatial �exibility, a numerical interaction between these

two models is required in both directions. As a consequence of the work performed

in the present study, Star-CCM+ now provides the Hybrid VOF-Film model that

ful�lls this requirement.

This interaction model contains an exchange of mass and momentum through

their interfaces. Equivalent source and respectively sink terms are added into both

multiphase models. One challenge with this approach is illustrated in Figure 3.1. In

the upper scenario, we start from a �lm thickness that is smaller than the �rst cell

height ∆z (left). In case of a user-speci�ed transition, the complete Fluid Film mass

is converted into the corresponding liquid phase of the VOF model by an increase

of the liquid volume fraction in the near wall cell (right). Let us consider now a

�lm thickness that is larger than the �rst cell height (in our example twice). Since

the interface between Fluid Film and surrounding �uid is limited to that near wall

cell, the liquid Fluid Film model cannot provide sources for the liquid VOF phase in

the cells next to the near wall cells, although all cells which are "inside" the liquid

�lm should get appropriate sources. Similar problems occur in the other direction

when the VOF representation of the liquid �lm should be replaced by the Fluid Film

model. In this case only the near wall cell interacts with the Fluid Film model.
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Figure 3.1: Illustration of conversion from Fluid Film to VOF for two scenarios: �lm
thickness is lower than �rst cell height (top) and �lm thickness is higher than �rst cell
height (bottom)

For a robust and proper transition, the best recommendation is to ensure that

the height of the near wall cell is in the range of the expected �lm thicknesses. This

speci�c modelling aspect is an area where the hybrid multiphase modelling can ben-

e�t from the adaptive mesh re�nement.

Some of the previously described features were developed in the past three years in

close collaboration between Daimler and Siemens PLM and are now available in the

current Star-CCM+ versions. A very detailed description of all applied numerical

models can be found in the most recent User Guide of Star-CCM+ version 13.06

(Siemens PLM Software, 2018).

Finally, the applied hybrid modelling strategy for the two-phase �ow in water

management is summarized in the overview of Figure 3.2.
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Figure 3.2: Overview of all phase interactions relevant for the current investigation
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4 Experimental Facilities and Methods

4.1 Full Vehicle Wind Tunnel in Untertürkheim

All experimental tests with a complete car were performed in the full-scale vehicle

wind tunnel of Daimler AG in Stuttgart-Untertürkheim, which is used for water

management development of all Mercedes-Benz passenger cars. In this work all

studies were performed exclusively on a Mercedes-Benz C-Class model of the series

W205.

4.1.1 Setup and Technical Speci�cations

This full size wind tunnel is of the Göttingen type and schematically shown in Figure

4.1. It was built in the thirties of the last century and can be equipped with a special

Figure 4.1: Daimler's full vehicle wind tunnel in Stuttgart-Untertürkheim for water man-
agement studies of Mercedes-Benz passenger cars

ground coverage to protect the force balance system from water. In contrast to most

other water management test facilities, it is a full size wind tunnel with a nozzle exit
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4 Experimental Facilities and Methods

area of 32m2, providing a very realistic aerodynamic �ow �eld around the tested

vehicles. When using the maximum available fan power of 5MW a wind velocity of

up to 250 km/h is possible.

As shown in Figure 4.2, a spray bar consisting of seven spray injectors is used to

generate water droplets. In order to increase the visibility of naturally transparent

water, a very small amount of �uorescence dye is added. Special lamps provide UV-

light, which is absorbed by this �uorescence dye and reemitted frequency shifted

into the visible range. By avoiding any other visible light sources in the test section,

a very strong contrast between dry and wet surfaces can be evaluated by both image

and video analysis.

2

4

1

2

3

Figure 4.2: Typical water management wind tunnel test: 1© test vehicle, 2© spray bar,
3© spray injectors and 4© nozzle exit

Another advantage of the �uorescence dye is that the intensity of reemitted light

depends on the �lm thickness. However the nonlinearity of this correlation and

the additional dependency on the local illumination make it very di�cult to obtain

an accurate and universal post-processing of the �lm thicknesses. More detailed

descriptions of bene�tting from this dependency can be found in Hagemeier (2012)

and a fully automatic analysis called DiVeAn is described by Widdecke et al. (2001).

Besides a reproducible water loading, it is also very important to achieve a high

reproducible wettability for all relevant vehicle surfaces. This applies both during

one measurement period and between di�erent vehicles, including their prototypes.

Special treatments with cleaning liquids or a drive through a car wash are common

methods to establish for all types of surfaces comparable contact angles. A mobile
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4.1 Full Vehicle Wind Tunnel in Untertürkheim

device of the company KRÜSS, called Mobile Surface Analyzer, is used for the in-

�eld experimental determination of this surface speci�c boundary condition.

More information about this water management wind tunnel and a parametric

sensitivity study to prove the robustness of vehicle position, injected liquid volume

�ow rate and other settings is given by Keuten (2007).

4.1.2 Spray Injectors and Droplet Characterization

Usually the liquid spray thrown up by preceding passenger cars or trucks is chosen

to be the most relevant origin for water management wind tunnel studies. The

argumentation is primarily, that only water from the road contains dirt and in

winter sometimes salt, which both lead to a residual contamination, in contrast to

clean raindrops. Moreover, comparisons with road tests have shown that neglecting

the natural rain in the wind tunnel leads to comparable water deposit behavior.

The spray bar of Figure 4.2 is regulated by an automatic adjustment of the injec-

tion pressure based on a speci�ed total liquid volume �ow rate through all injectors.

In all experimental studies with spray injection in the full vehicle wind tunnel the

standard liquid volume �ow rate of V̇ = 3.1 l/min is used.

Since water droplets of di�erent size interact di�erently with the aerodynamic

�ow �eld, and additionally experience di�erent gravitational and inertial forces, the

size distribution of the spray drives the impingement rates and properties on all

vehicle surfaces. A detailed experimental characterization of the size of impacting

drops with the time-shift technique (Schäfer, 2013) was therefore executed.

First the spray properties were measured a short distance (150mm) downstream

of one spray injector. Experimental setup and obtained results for the droplet size

probability for three air velocities are shown in Figure 4.3. A clear correlation

between droplet size and velocity in the aerodynamic streamwise direction is not

observed. Table 4.1 summarizes the mean values for both properties.

Of more importance are the spray properties for impingement on the wing mirror,

due to their e�ect on deposition ratio and reemission of secondary droplets. There-

fore the complete spray generated by all seven injectors was measured at a plane

150mm upstream of the wing mirror nose. Spatial variations have been captured

by measuring at 9 detection points in a 3x3 grid, see Figure 4.4.
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Figure 4.3: Experimental setup with time-shift equipment for spray measurements of a
single spray injector (left) and frequency distribution of droplet diameter in ∆d = 10µm
ranges for three air velocities (right)

Table 4.1: Mean diameter and velocity from spray characterization of a single injector at
a downstream distance of 150mm for three air velocities

air velocity mean droplet diameter d̄ mean droplet velocity v̄x
80 km/h 108µm 16.4m/s

100 km/h 106µm 19.9m/s

120 km/h 107µm 24.4m/s

z

y
y4

0
m
m
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70mm
1 2 3
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7 8 9

Figure 4.4: Experimental setup (left) and number and spacing (right) of detection points
for time-shift measurements on plane 150mm upstream of wing mirror nose
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4.2 Point Injector as Local Water Source

The mean values for droplet diameter and velocity component in the streamwise

direction are shown in Figure 4.5. For all horizontal rows the mean droplet size

decreases with growing distance from the vehicle. Generally the mean droplet size

is smaller for a higher air velocity. In terms of droplet velocity, their component in

x-direction varies only slightly and corresponds approximately to the wind tunnel

air velocity. From this agreement it can be concluded that the distance between

spray injection and vehicle is su�cient to remove any relative velocity between air

and droplet prior to impingement on the vehicle.
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Figure 4.5: Mean diameter and velocity component in x-direction obtained with time-
shift measurements on plane 150mm upstream of wing mirror nose (solid lines: vair =
80 km/h; dashed lines: vair = 120 km/h)

4.2 Point Injector as Local Water Source

Although the standard wind tunnel test with spray injection in front of the car

provides very realistic conditions for driving in rain, it is often not suitable for

more in-depth studies of individual e�ects, particularly when targeting a numerical

validation. Here well-de�ned liquid boundary conditions close to the area of interest

and no superposition with other phenomena are essential. Therefore an alternative

method was developed, that allows the local injection of water on arbitrary positions

of the vehicle. This point injector will be used for the generation of rivulets on the

side window in section 6.4 and for several other studies in chapter 7.

There are a number of important factors to be considered during the development

of this experimental tool of a point injector:
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4 Experimental Facilities and Methods

• short preparation time to reduce downtime of the wind tunnel,

• robust setup that can withstand a signi�cant aerodynamic �ow,

• easy and time e�cient handling (also for unexperienced users),

• exact remote control of liquid �ow rate (e. g. from a laptop),

• no major in�uences on the local aerodynamic �ow �eld.

The �nal setup is shown in Figure 4.6 and consists of a base panel with a water

tank, power supply and control unit, �lter and pump. For the pump a volumetric

�ow rate with low pulsation in the range between V̇ = 5 − 50ml/min is desired

and realized with the micro annular gear pump mzr-4622 of HNP Mikrosysteme.

Attached to this pump is a long �exible pipe. Di�erent pipes allow a variation of

1

2

3 4

55
6

7

Figure 4.6: Setup and components for local water injection on arbitrary vehicle surfaces:
1© water tank, 2© �lter, 3© annular gear pump, 4© power supply and control unit, 5©
�exible pipe, 6© potential adapter for needle and 7© potential conical needle

the exit cross-sectional area. Depending on the speci�c objective, water can either

�ow out directly from the pipe or from a conical needle. This guarantees a more

uniform and well-de�ned liquid boundary condition. However, due to the geometric

dimensions of the needle and its adapter to the pipe, their geometry needs to be

resolved, also in numerical simulations, to achieve a comparable local aerodynamic

�ow �eld.
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4.3 Vertical Model Wind Tunnel in Griesheim

Directly controlled by the user is the speed of the micro annular gear pump.

Calibration tests provide the correlation between speed and liquid �ow rate, which

depends on the liquid resistance between pump and injection.

4.3 Vertical Model Wind Tunnel in Griesheim

Even if a detailed spray characterization has been achieved in front of the wing

mirror, see section 4.1.2, a well-controlled and detailed study of spray impingement

is not possible there. For this, the complexity of aerodynamic �ow, spray injection

and target geometry has to be reduced. An improved accessibility for experimental

measurement techniques has to be also ensured. Of same importance however is,

that this fundamental experiment still investigates spray impingement under very

similar conditions as given on the wing mirror.

From these requirements the experimental setup in Figure 4.7 was derived. A

spray injector

Figure 4.7: Setup of fundamental experiment for the study of spray impingement on a
hemisphere: vertical wind tunnel (left), test section with hemisphere (center) and spray
injector (right)

vertical model wind tunnel in Griesheim, which belongs to the Technical University

of Darmstadt, was modi�ed. A rotationally symmetric hemisphere is chosen as a

realistic representation of a simpli�ed wing mirror body. The hemisphere has a di-

ameter of 70mm with an additional cylindrical extrusion of 10mm in the downward
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4 Experimental Facilities and Methods

direction. It is �xed from below with a hollow cylinder that allows the pumping of

liquid to openings on the hemisphere for other studies. Additionally mounted struts

prevent any sideward destabilization. For the test section a rectangular shape with

dimensions of 180mm x 240mm and a length of 620mm is given. The power of

the fan allows a maximum air velocity of 104 km/h in the empty test section. For

the generation of primary droplets a spray injector is placed in the nozzle of the

wind tunnel. A more detailed description of this wind tunnel is given by Feldmann

(2016).
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5 Spray Impingement on a Hemisphere

In the literature review of section 1.3 it was outlined, that an appropriate water

management impingement model for splashing is not yet available. In order to

close this gap, spray impingement on a hemisphere is studied fundamentally in the

vertical model wind tunnel in Griesheim (see section 4.3) with the experimental

setup described in section 5.1. Experimental results for the deposited mass ratio

and the primary and secondary droplet properties are shown in section 5.2. With

that data available impingement models can be tested under conditions, which come

close to the spray impingement on a wing mirror. Further evaluations with the help

of numerical studies in section 5.3 provide a unique possibility to derive as next step

a new impingement model designed for spray impact on a wing mirror. The design

of the experiment was part of this work, the measurements have been mainly carried

out by the Technical University of Darmstadt.

5.1 Description of Experimental Setup

In order to investigate the e�ect of primary droplet size on the impingement be-

havior, two di�erent injection pressures are applied. Good agreement to the range

of droplet sizes in the full vehicle wind tunnel, see section 4.1.2, is achieved with

pinj = {1.1, 1.5} bar. The in�uence of their incident velocity is examined by investi-

gating the three air velocities of vair = {60, 80, 90} km/h. This however changes also

the wetting pattern on the hemisphere, whose in�uence is investigated separately

by using aluminium hemispheres of both a standard painted surface with a contact

angle of θ = 80◦ and a hydrophobic coating with θ = 95◦. As a consequence, twelve

di�erent parameter combinations are considered.

One of the statistically most relevant parameters is the mass ratio between de-

posited water and reemitted secondary droplets. To determine this factor in an

experiment, �rst the incident mass �ow rate for each combination of injection pres-

sure and air velocity was measured using a hemisphere with a sponge-like coating,
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5 Spray Impingement on a Hemisphere

shown on the left side of Figure 5.1. This setup guarantees, that no incident droplet

splashes and all impinging water is absorbed. Using a vacuum pump, the impinged

Figure 5.1: Porous hemisphere (left) and aluminium hemisphere with collector (right) for
experimental determination of deposited mass ratio

volume of water is sucked through the porous body of the hemisphere into a reser-

voir and the mass could be determined after a period of 20 minutes of continuous

spray impingement.

Also the deposited mass �ow rate on the di�erent hemispheres was measured in

a long term setup. In the equilibrium state, all water that is not reemitted by

secondary droplets will propagate to the lower edge of the hemisphere and separate

there driven by the overlaying aerodynamic �ow �eld. By collecting and measuring

this part of water, the mass of deposited water can be obtained. The experimental

setup, where a circular collector �lled with a porous material is mounted below the

hemisphere, is depicted on the right side of Figure 5.1.

For an accurate characterization of the droplets in that experiment their size

and velocity components are determined with the experimental technique of Phase

Doppler Anemometry (PDA) (Tropea, 2007). This is done for the primary droplets

on 8 points along a radial line 10mm upstream of the hemisphere's north pole. As-

suming that the distribution of the secondary droplets is concentrically equal, their

characteristics were measured at 8 points on a radial line next to the hemisphere's

equator. All dimensions and incremented distances between the measurement loca-

tions are illustrated in Figure 5.2.
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Figure 5.2: Dimensions of hemisphere experiment in cylindrical coordinate system

5.2 Experimental Results

5.2.1 Deposited mass ratio

For all studied boundary conditions the experimentally determined deposited mass

mdep after 20 minutes is listed in Table 5.1. The ratio of deposited mass between

aluminium and porous hemisphere leads to the derived deposited mass ratio rdep. A

closer look at the deposited mass of the porous hemisphere shows that the incident

mass �ow rate varies remarkably between the six considered spray conditions. Both

a higher air velocity and a higher injection pressure increase the incident mass.

This observation can be explained with the interaction between droplets and the

aerodynamic �ow �eld. Although the spray injector has a �xed spray angle, this

Table 5.1: Deposited mass mdep and derived deposited mass ratio rdep

spray conditions porous painted (θ = 80◦) hydroph. (θ = 95◦)

pinj (bar) vair (km/h) mdep (g) mdep (g) rdep (-) mdep (g) rdep (-)

1.1 60 323.3 214.6 0.664 183.3 0.567

1.1 80 398.9 247.5 0.620 237.0 0.594

1.1 90 436.1 212.3 0.487 228.8 0.525

1.5 60 371.1 238.2 0.642 280.4 0.756

1.5 80 435.6 273.6 0.628 251.9 0.578

1.5 90 491.5 280.9 0.572 263.6 0.536
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5 Spray Impingement on a Hemisphere

interaction results in a compressed spray cone. Consequently, smaller droplets due

to a higher injection pressure increase the incident mass �ow rate on the hemisphere

as well as a higher air velocity does.

The two columns of rdep show that in average only 50 − 60% of incident water

remains on the surface and the rest is reemitted as secondary droplets. That percent-

age becomes smaller when the air velocity is increased. This is an expected result,

since incident droplets of higher inertia encourage splashing. A consistent in�uence

from injection pressure and particularly from the contact angle however is not ob-

served. The reason could be that not only the properties of the incident droplets

in�uence the outcome after impingement, but also the wetting pattern of the hemi-

sphere does. The existing di�erence between painted and hydrophobic surface under

the same spray conditions demonstrates this proposition. Although locally the wet-

ting of the surface changes heavily over time, it reaches a globally constant wetting

equilibrium after a short initial phase. That is driven by both droplet properties

and the volume �ux of the incident spray and the interaction of deposited water

with aerodynamic �ow, gravity and surface wettability. The detailed interplay of all

these in�uences eventually determines the deposited mass ratio.

5.2.2 Primary Droplet Characterization

The results of the PDA measurements of the primary droplets are discussed exem-

plarily on the three most relevant spray conditions. In Figure 5.3 left the average

diameter d and in Figure 5.3 right the average vertical velocity vz is plotted over the

corresponding radial coordinate of the di�erent measurement positions. Due to the

small size (vr < 1m/s), the measured radial velocity component will be neglected.

For all spray conditions a non-uniform droplet size distribution with a doubling

from around 100µm at the center to 200µm at r = 35mm can be found. This could

be caused by the small distance between injector and hemisphere. Since the spray

is accelerated by the aerodynamic �ow, this results in a decreasing vertical velocity

along the radial coordinate. Even if the distance of acceleration is not very long, the

velocity of the smallest droplets already approaches the air velocity. The e�ect of

injection pressure is as expected. With the same air velocity of 90 km/h, the lower

injection pressure generates droplets that are in average around 10% to 20% larger

and consequently smaller in vertical velocity.
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Figure 5.3: Mean diameter (left) and z-velocity component (right) of primary droplets
10mm upstream of hemisphere

5.2.3 Secondary Droplet Characterization

As a �rst step it is necessary to �lter out primary droplets which are also detected

in the PDA measurement locations for the secondary droplets (see Figure 5.2). This

can be done, as it is illustrated in Figure 5.4, by clustering the droplets by their radial

velocity vr. All droplets with vr < 2m/s can be considered as primary droplets and

all droplets with vr > 2m/s can be considered as secondary droplets.
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Figure 5.4: Di�erentiation between primary and secondary droplets based on radial and
vertical velocity (shown exemplarily for 60 km/h, 80◦, 1.5 bar at r = 40mm)

For so identi�ed secondary droplets, their average droplet size and velocity compo-

nents at each measurement position are shown in Figure 5.5. A similar dependency

on the radial distance can be observed for all boundary conditions. Up to r = 45mm

53



5 Spray Impingement on a Hemisphere

35 40 45 50 55

r (mm)

50

100

150

200

d̄
(µ

m
)

60 km/h, 1.5 bar

90 km/h, 1.5 bar

90 km/h, 1.1 bar

35 40 45 50 55

r (mm)

5

10

15

20

v̄
z

(m
/
s)

35 40 45 50 55

r (mm)

2.5

5

7.5

10

v̄
r

(m
/
s)

35 40 45 50 55

r (mm)

V
o
lu

m
e

F
lu

x
(µ

l/
s)

Figure 5.5: Experimental PDA results for secondary droplet mean properties along mea-
surement line next to the hemisphere edge (solid lines: θ = 80◦; dashed lines: θ = 95◦)

their averaged droplet size is almost constant. Further away from the hemisphere,

the droplet size then starts to grow. An explanation for that is, that close to the

edge there are only secondary droplets as a result of either very oblique splashing

on the outer hemisphere or from very small droplets that are strongly in�uenced

by the aerodynamic �ow �eld. In contrast, trajectories through the outer detection

points can only be achieved by large secondary droplets with higher inertia and

consequently a weaker aerodynamic coupling. This explanation is supported also

by the observation, that both velocity components decrease after their maximum at

r = 45mm.

In terms of the e�ect of di�erent boundary conditions it is noticeable that the hy-

drophobic surface leads to larger secondary droplets, particularly for higher radial

distances. Furthermore, larger primary droplets due to a lower injection pressure ap-

pear to generate larger secondary droplets. These �rst observations will be discussed

in more detail later.
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Figure 5.5 contains also the volume �ow rate of all droplets passing through

each detection point. That can only be used as a relative volume �ow rate to

compare di�erent radial distances and boundary conditions with each other. Its

absolute value is not reliable, since it depends on the unknown size of the detection

volume. For that reason, no scale is noted on the y-axis. Nevertheless, one important

observation from these curves can be made. The last detection point at r = 55mm

seems to be su�ciently far away from the hemisphere, because there the volume

�ow rate has almost reached the x-axis with zero volume �ow rate.

5.3 Numerical Studies

5.3.1 Evaluation of Incident Droplet Properties

As discussed in section 2.3, the state-of-the-art impingement models are based on in-

cident properties. However, it is apparent that the wetting state of the surface must

also be considered. Since the experimentally obtained primary droplet characteriza-

tion is only available on eight discrete measurement locations above the hemisphere,

this information must be projected to the target surface.

Numerical simulations with the Lagrangian Multiphase model for the droplet

propagation in interaction with air �ow and gravity can be used for this objective.

This requires �rst the creation of a tabular injector based on the PDA results. Their

full statistics are taken into account by using the detailed experimental results at

each measurement location and by performing a spatial interpolation in between.

The aerodynamic �ow �eld around the hemisphere is simulated with a transient

DES-simulation that starts from a converged steady-state solution. A global time

step of ∆t = 1 × 10-3 s is used.

For each droplet that impinges on the hemisphere, its diameter, position and

velocity vector is extracted. With a transformation into the spherical coordinate

system shown in Figure 5.6, the following impingement properties can be derived:

• polar angle θ (incident angle can be derived further by 90◦ − θ),

• velocity component normal to the wall vn (equals to -vr),
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Figure 5.6: Spherical coordinate system for hemisphere with radial distance r, polar angle
θ and azimuthal angle ϕ

• velocity component tangential to the wall vt (equals approximately to vθ since

vϕ tends to 0),

• droplet diameter d,

• Weber number We,

• Reynolds number Re and

• splashing parameter of Mundo et al. (1995) KMundo (see equation (2.16), has

to exceed 57.7 for splashing).

That information is �rst used in Figure 5.7 for the creation of histograms to demon-

strate the probability distribution of incident droplets for polar angle sections of

∆θ = 7.5◦. A clear and boundary-condition independent qualitative distribution is

given. For the interpretation however, it has to be kept in mind, that each ∆θ-section

does not contain the same projected area for droplet impingement. Nevertheless, for

a deeper analysis of impingement models, these histograms deliver useful statistical

information of the spatial distribution of incident droplets.

How the mean values of the above listed derived properties vary over the polar

angle is visualized in Figure 5.8. These plots con�rm the same conclusions as already

described for Figure 5.3, however the detailed information of primary droplets is now

available directly at the temporal instant and spatial location of impingement on

the hemisphere in the spherical coordinate system. Furthermore, common input
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Figure 5.7: Histograms of incident droplets for di�erent spray conditions

properties for impingement models such as Weber number and Reynolds number

are plotted. In terms of the occurrence of splashing, the mean value of Mundo's

splashing parameter falls below the threshold of 57.7 only for very high polar angles.

The reason for this is its strong dependence on the wall-normal velocity that becomes

continually smaller towards higher polar angles.

5.3.2 Results with Bai-Gosman Model

The given experimental measurements of secondary droplets can be used for the val-

idation of impingement models under conditions close to vehicle water management.
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Figure 5.8: Development of mean properties for incident droplets along polar angle θ (de-
rived with numerical LMP simulation between PDA measurement locations and hemi-
spherical surface)

Available in the used commercial CFD-code was the Bai-Gosman model (Bai et al.,

2002). In the same simulation setup as in the previous section, this impingement

model is now turned on in a multiphase interaction between LMP and Fluid Film

on the wall surface. The Rosin-Rammler exponent q is chosen with the intention to

�t to the secondary droplet diameter distribution from experiments. Although that
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varies from one detection point to the next and also over the di�erent boundary

conditions, an uniform exponent of q = 1.88 turned out to �t best to all secondary

droplets. In terms of all other user parameters in the Bai-Gosman model implemen-

tation of Star-CCM+, their default settings are used (i. e. cf = 0.7, Aw = 1300,

a0 = 5, αmin = 5◦ and αmax = 50◦ (Siemens PLM Software, 2018)).

A comparison of the secondary droplet properties between this numerical sim-

ulation and the experimental measurement is given in Figure 5.9. In contrast to

only one numerical curve due to the missing in�uence of the contact angle on the

impingement model, the experimental curves are shown for both wettabilities. Very
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Figure 5.9: Comparison of secondary droplet mean properties (solid lines: numerical re-
sults with Bai-Gosman model; dashed lines: experimental PDA results with θ = 80◦;
dotted lines: experimental PDA results with θ = 95◦)

noticeable is that the trend for a radial distance smaller than r = 45mm is di�erent

between simulation and experiment, in particular for the two velocity components.

Moreover, the Bai-Gosman model generally predicts smaller secondary droplets as
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measured experimentally. Due to their lower inertia and increased drag to gravity

ratio, their velocities are in consequence closer to the faster velocities of the air �ow.

This discrepancy is not surprising, because the Bai-Gosman model is not designed

to consider the in�uence of an already wetted target surface. For water management

however, this appears to be an essential in�uencing factor for the splashing threshold,

deposited mass ratio and secondary droplet properties. Simply by variations of

the Bai-Gosman user parameters in Star-CCM+ no signi�cantly better agreement

between simulation and experiment could be achieved. It is therefore necessary to

aim for a better understanding of the given fundamental experiment and its speci�c

conditions.

5.3.3 Lagrangian Backward-Tracking of Secondary

Droplets

As described in the previous sections, the properties of the primary droplets have

been measured above the hemisphere and a numerical simulation was performed to

transfer them to the incident surface. For the secondary droplets, the experimental

data is available at discrete points next to the hemisphere with di�erent radial

distances. Their properties right at the release location on the hemisphere could

not be measured but would be very helpful in order to judge available impingement

models and to design a new model.

A method to obtain this information is to integrate the secondary droplet trajecto-

ries backward in time, starting from their measured locations. Due to the fact, that

only two velocity components were measured (vertical and radial), the backward-

tracking can be treated also two-dimensionally. From detailed three-dimensional

aerodynamic LES-simulations, the velocity and pressure �eld is extracted for each

considered air velocity at the ϕ-section, where the PDA measurements took place.

A tracking algorithm has been created to calculate the backward propagation of

the measured droplets under respect of their drag force, pressure gradient force and

gravitational force. As initial condition for all detected secondary droplets the spa-

tial coordinates of their detection point and the corresponding radial and vertical

velocity is used. Their propagation in negative time then is followed until they en-

ter the hemisphere. When this stopping criterion is satis�ed, their position and two

velocity components are saved. The accuracy of this approach has been proved by

60
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comparing the trajectories of the regular forward-tracking in Star-CCM+ with the

trajectories calculated with the developed backward-tracking, see Figure 5.10.
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Figure 5.10: Comparison of a secondary droplet trajectory predicted once with
Lagrangian-tracking in Star-CCM+ and then with backward-tracking based on the prop-
erties of this droplet when passing z = 0 (solid red line shows hemispherical surface)

By a transformation into the already introduced spherical coordinates of Figure

5.6, the following emission properties for all measured secondary droplets can be

derived and stored in large tables:

• polar angle θ,

• ejected velocity component normal to the wall vn,

• ejected velocity component tangential to the wall vt and

• droplet diameter d.

Examples of that backward-tracking can be seen in Figure 5.11. On the left side,

the trajectories of �ve droplets starting from the same position are shown. The

di�erent release locations on the hemisphere are caused by a di�erent droplet size

and initial velocity. On the right side, the calculated trajectory of one droplet for

each measurement location is shown. Based on the developed method, in average

around 90% of the numerically computed secondary droplet trajectories hit the

hemisphere. Hence, this method is not exact and the starting parameters are based

on measurements with a certain error, a 100% hit quote cannot be expected.

With this database di�erent statistical analyses can be performed like the creation

of a histogram for polar angle sections of ∆θ = 7.5◦ in Figure 5.12 with an individual

color for each of the eight starting positions for the backward-tracking. The high
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Figure 5.11: Secondary droplet trajectories (dashed lines, di�erent color is only there for
a better di�erentiation) predicted by backward-tracking algorithm (solid red line shows
hemispherical surface)

probability of the emission of secondary droplets at a polar angle greater than θ =

45◦ could not be expected due to the decrease of Weber and Reynolds number at

higher polar angles, see Figure 5.8.

The most reasonable explanation is the presence of liquid �lms, rivulets and

droplets, as it can be seen in Figure 5.13. Even though the spray conditions (in-

jection pressure and air velocity) are equal, the comparison between left and right

shows how much the contact angle in�uences the wetting pattern. This e�ect of

surface wettability is very pronounced in the histograms, where it can clearly be

concluded, that a more hydrophobic surface enhances splashing on higher polar an-

gles. From Figure 5.13 it can be estimated, that there is a certain probability for

an impinging droplet to hit directly a wall-bounded droplet. Such a collision leads

even for oblique droplet impingements to the reemission of secondary droplets.

But even in case of oblique droplet impacts on dry areas, there is still an in-

creased chance of splashing. As it has been observed in recorded high-speed videos,

such droplet-wall interactions indeed do often not lead directly to the reemission

of secondary droplets. However the incident droplet slides along the hemisphere in

θ-direction due to its not completely absorbed wall tangential inertia. Although it is

deaccelerated soon by viscous forces, it often hits a pinned droplet before coming to
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Figure 5.12: Histograms including individual contribution of each detection point by dif-
ferent colors based on their radial coordinate r (normalized by their corresponding total
detection time during PDA measurements)
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Figure 5.13: Snapshot of wetting pattern from high-speed videos for painted surface with
contact angle of θ = 80◦ (left) and hydrophobic coating with θ = 95◦ (right) (some
selected polar angle coordinates are noted in the images for visualization)

a stop. This interaction then results in an ejection of secondary droplets at partially

very high polar angles.

A closer look on the colors indicates the correlation between the secondary droplet's

release origin on the hemisphere and their passing radial distance on the measure-

ment line. As it was assumed in the previous section, the trajectory of droplets

released at high polar angles mostly goes through the detection points closest to the

hemisphere edge.

In Figure 5.14 the evaluation of the mean properties along the polar angle is

plotted. At least for the painted surface with a contact angle of 80◦ (solid lines), the

secondary droplet size is almost independent on the polar angle of the hemisphere.

In contrast, for the hydrophobic coating the droplet size decreases. This is another

indicator, that not all secondary droplets are generated directly due to pure droplet-

wall interaction.

In terms of velocity components, a general trend is observed for all boundary

conditions with a nearly parallel shift towards lower velocities for the hydrophobic

surface. An explanation for the decrease of the normal velocity after a common

maximum at θ ≈ 50◦ could be the sudden jump of the wall shear stress at this

location, see Figure 5.15. The highest wall shear stress is predicted between 50◦ <

θ < 70◦. This is exactly where the normal velocity decreases exceptionally in Figure

5.14. After �ow separation at θ ≈ 70◦, the normal velocity then remains constant or

even increases slightly. The consequence of a high wall shear stress on the wetting

pattern is visible in Figure 5.13 and is particularly pronounced on the right side
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Figure 5.14: Mean properties of back-tracked droplets, normalized by their total detection
time during PDA measurements for each detection point (solid lines: θ = 80◦; dashed
lines: θ = 95◦)
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Figure 5.15: Wall shear stress on hemisphere surface from aerodynamic simulation with
selected polar angle coordinates (shown for vair = 60 km/h)
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5 Spray Impingement on a Hemisphere

for the hydrophobic surface. Only very tiny droplets are pinned in this region in

contrast to signi�cantly larger pinned droplets for θ < 50◦ and θ > 70◦. Therefore,

in this polar angle range, less interaction of incident droplets with the local wetting

can be expected. This could be the reason for the qualitatively di�erent development

of the secondary droplet properties in this polar angle range.

As last parameter the ejection angle is shown. This variable however is directly

related to the ratio between normal and tangential velocity and is therefore only

shown to support the physical understanding needed to develop a more appropriate

wall impingement model.

5.3.4 Conclusions and Outlook

It was shown, that the Bai-Gosman impingement model is not suitable for the

conditions of this fundamental experiment. As a consequence, an accurate prediction

of secondary droplet properties after splashing on the wing mirror head cannot be

expected. The numerical computation of the trajectories provides the statistical

input for incident primary droplets and the statistical output for reemitted secondary

droplets. By comparing that information at certain polar angle sections, appropriate

correlations for the splashing regime can be found. Finally, that can be used to

create an impingement model with a speci�c suitability for the impact of spray on

a hemispherical body that is exposed to a signi�cant air �ow, e. g. for the spray

impact on the side mirror.

Once such an impingement model exists, a direct application in Star-CCM+ is

desired. For this reason, Siemens PLM will release soon an user-de�ned splashing

model that provides a lot of �exibility to the user. At �rst, it will be possible to

di�erentiate between the regimes of stick, spread, rebound and splashing via user

de�ned �eld functions. Second, the properties of reemitted secondary droplets can

be correlated to the incident droplet by a speci�cation of the ratios of diameter,

velocity and ejection angle. Since that is still in development, only initial tests with

�xed values for these ratios could have been made by Siemens PLM to demonstrate

the �exibility in implementing new impingement models.
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6 Aerodynamic Interaction with

Rivulets

Any type of water bounded to the vehicle's surface is exposed to a force �eld consist-

ing of aerodynamic forces, surface tension related forces and gravity. An accurate

prediction of the aerodynamic force, consisting of both form drag and shear stress,

is not yet available in the literature, as already outlined in section 2.2.2. A compre-

hensive parameter study of solely aerodynamic simulations, described in section 6.1,

addresses this topic for sessile droplets and rivulets. The development of an addi-

tional and originally lacking form drag force to the Fluid Film model in Star-CCM+

is explained in section 6.2. Subsequently its application on a simple test case of a

vertical rivulet exposed to side wind is presented in section 6.3. The �nal validation

of this Fluid Film Form Drag Force model on a real car geometry is assessed in

section 6.4 by comparing experimental and numerical results for the path of rivulets

that propagate along the driver's side window.

6.1 Single-Phase Simulations for Form Drag

Prediction

6.1.1 Form Drag of Truncated Spheres in a Boundary

Layer

The major di�culty of the aerodynamic force prediction of sessile droplets and

rivulets described in section 6.1.2 comes from the fact that they are bound to the

wall. Consequently, a velocity gradient in the aerodynamic boundary layer acts on

them.
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6 Aerodynamic Interaction with Rivulets

With the assumption of a negligible in�uence of their deformation due to air �ow,

such a sessile droplet can be treated as a �xed wall in aerodynamic simulations, see

Figure 6.1. Various steady-state simulations with a standard low-Reynolds k − ε

Figure 6.1: Aerodynamic simulations for drag coe�cient evaluation of sessile droplets:
velocity with streamlines (left) and pressure (right) shown in the central plane section

turbulence model were performed with a distance of 500mm between inlet and the

center of the droplet. Therein the total aerodynamic form drag and shear force on

the �xed droplet contour is evaluated. In order to derive the coe�cients for form

drag cd and shear cs, a characteristic velocity is needed. As explained in section

2.2.2, Roisman et al. (2015a) propose for this purpose the velocity at half of the

droplet height Hdrop/2. This approach is also followed here.

The physical quantities used to compute the form drag coe�cient are velocity,

density, viscosity and frontal area. Hence, a dependency on the droplet Reynolds

number is expected, see equation (2.15). The contact angle θ, the droplet volume

Vdrop and the free air velocity vair are chosen as variables in the following parametric

study. Assuming the sessile drop has the shape of a truncated sphere, the droplet

height

Hdrop =
3

√
6Vdrop sin2

(
θ
2

)
π (2 + cos(θ))

(6.1)

and the frontal area

Adrop = H2
drop

θ − sin(θ) cos(θ)

(1− cos(θ))2
(6.2)

can be derived.

Figure 6.2 illustrates on the left side the numerically obtained ratio between pres-

sure and friction drag coe�cient. A general conclusion is, that the portion of the
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Figure 6.2: Pressure to friction ratio (left) and form drag coe�cient (right) for sessile
droplets (solid lines: θ = 30◦; dashed lines: θ = 60◦; dotted lines: θ = 90◦)

form drag force of sessile droplets is not only non-negligible, but even dominates

the total aerodynamic force. As expected, its importance grows with an increasing

contact angle.

When plotting the numerically determined form drag coe�cients over the droplet

Reynolds number, one can see on the right side of Figure 6.2 that the curves for

equal contact angles but di�erent freestream air velocities overlap. These curves

underline the dependency of the form drag coe�cient on both contact angle and

droplet Reynolds number.

6.1.2 Form Drag of Rivulets exposed to Cross Wind

In contrast to the droplet simulation, rivulets are treated as a solid two-dimensional

obstacle, where symmetric boundary conditions are applied at the side walls. For

reasons of comparability, the rivulet heights are selected in such a way that they

correspond to the droplet heights of the previous section, where the droplet volume

was systematically varied. This leads to the same corresponding Reynolds numbers.

As it can be seen on the left side of Figure 6.3, the two-dimensional �ow over

rivulets even intensi�es the dominance of the pressure force in relation to the friction

force, whereby the equivalent droplet volume Vdrop, equivalent has been used on the

x-axis. The equivalent droplet volume is linked via equation (6.1) to the rivulet

height Hriv. The comparison of cd over Re shows that the drag coe�cient of the
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Figure 6.3: Pressure to friction ratio (left) and form drag coe�cient (right) for rivulets in
cross wind (solid lines: θ = 30◦; dashed lines: θ = 60◦; dotted lines: θ = 90◦)

rivulet (Figure 6.3 right) is approximately double as high as the drag coe�cient of

the sessile droplet at the same Reynolds number (Figure 6.2 right).

6.2 Numerical Development of a Form Drag

Force for Film Model

As described in section 3.4.1, the Fluid Film model is a two-dimensional approach

and therefore only applicable on discretized surface elements, where an equation

for the �lm thickness is solved. In contrast to the VOF method, there is no direct

coupling to the gas �ow above. Interfacial conditions for velocity, shear stress and

pressure can be exchanged, but the gas �ow is computed without considering the

displacement due to the �lm free surface. As a consequence, the form drag force on

droplets and rivulets due to a gas �ow is not taken into account.

Due to its importance for water management, a method was therefore developed,

that accounts for this aerodynamic form drag force (Ade et al., 2017), whereby a

one-way coupling from the gas �ow to the liquid �lm is provided. This enhancement

is now implemented in Star-CCM+ under the name Fluid Film Form Drag Force

Model.

Figure 6.4 illustrates the analogy of the form drag force in the intended context

of a rivulet between theory, as described in the sections 2.2.2 and 6.1, and this
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Figure 6.4: Analogy between theoretical and numerical form drag force Fdrag for the cross
section of a rivulet that is exposed to side wind

numerical implementation. In order to obtain in each surface cell the projected area

of the �lm free surface, the �lm thickness surface gradient5s(h) has to be multiplied

with the surface cell area (in Figure 6.4 described as ∆x∆y). Based on the local

shear stress vector between gas and �lm, the two respective velocity components at

the �lm surface vz=hi can be derived with the help of appropriate wall functions for

the aerodynamic boundary layer.

Since the �lm thickness surface gradient becomes negative on the rear side, it has

to be ensured, that only on the front side a form drag force is considered. Therefore

the sign between �lm thickness surface gradient and aerodynamic wall shear stress

needs to be compared and only when they match, is the form drag force added to

the right side of the �lm momentum equation (3.13). It is the force acting on the

entire body, but �ow separation leads also to a low pressure on the rear side with a

contribution to the total form drag force. However, due to the stabilizing e�ect of

surface tension, it is expected to be of minor importance to distribute the portions

of the total force precisely among all surface cells.

6.3 E�ect of Cross Wind on Vertical Rivulets

Based on this method of a discretized numerical form drag in the Fluid Film model,

two test cases are used for validation purpose. In this section, a rivulet on a vertical

plate is considered under the in�uence of gravity and an air �ow from the side. The
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6 Aerodynamic Interaction with Rivulets

setup of this theoretical test case is described �rst. Due its simplicity an analytical

approximation based on some underlying assumptions is derived afterwards. That

will be used to evaluate the numerical predictions, where recommendations for the

required mesh size and time step size are developed and the e�ect of all relevant

parameters that in�uence later the propagation of rivulets on the side window is

investigated.

6.3.1 Description of Test Case and Analytical

Approximation

All details about this theoretical test case can be extracted from Figure 6.5. Without

any side wind, the rivulet �ows straight down in the direction of gravity, which

corresponds to a de�ection angle of β = 0◦. As soon as side wind is considered,

the rivulet is de�ected to the right side and β grows along the z-coordinate of the

plate. Once aerodynamic and gravitational forces are in balance with each other, β

becomes constant.

g
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Figure 6.5: Illustration of test case of a vertical rivulet with side wind (physical variables
in parametric study are shown in bold)

An equation for this �nal de�ection angle can be derived analytically, however

only for a non-deformed rivulet with a constant cross section according to the ini-

tially introduced truncated circular pro�le. This assumption must be considered

when comparing numerical and analytical results. Both gravitational and aerody-

namic force need to be split into two components, whereby one of them acts normal
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(subscript n) to the center line of the rivulet. By following this approach, which is

illustrated in Figure 6.6, the force balance in the direction normal to the rivulet

z

x

β
g

Faero

vair

Faero,n

Fg,n
Fg

Figure 6.6: Decomposition of gravitational and aerodynamic force for analytical approxi-
mation of �nal de�ection angle

Fg sin(β) = Faero cos(β) (6.3)

then leads to the �nal de�ection angle. For the gravitational force acting on an

in�nitesimally small rivulet cross section element, equation (6.2) can be used to

express it as a function of rivulet height Hriv and contact angle θ

Fg = ρrivH
2
riv

θ − sin(θ) cos(θ)

(1− cos(θ))2
g . (6.4)

The corresponding aerodynamic force can be calculated as

Faero =
ρair
2
v2Hriv/2Hriv (cd + cs) . (6.5)

With the help of Figure 6.3, the form and shear drag coe�cients cd and cs can

be obtained for a given combination of contact angle and Reynolds number of the

rivulet. Equations (6.3), (6.4) and (6.5) can be combined and solved for the �nal

de�ection angle

β = arctan

[
ρair v

2
Hriv/2

(cd + cs)

2 ρrivHriv g

(1− cos(θ))2

θ − sin(θ) cos(θ)

]
. (6.6)

The only unknown variable to compute β is the velocity at half of the rivulet height.

Using the standard wall functions, the dimensionless velocity u+ can be calculated

from the dimensionless wall distance

y+ =
y ρ uτ
µ

(6.7)
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as a function of the friction velocity

uτ =

√
τw
ρ
. (6.8)

As input only the wall shear stress τw and an appropriate wall function is needed.

For the studied boundary conditions the relevant range for the wall distance of

y = Hriv/2 is 10 < y+ < 65. Accordingly, a common formulation is required that

covers both the bu�er layer and the logarithmic layer. Reichardt's law of the wall

can be used due to its wide validity for y+-values between 0 and 300 (Reichardt,

1951):

u+ =
1

0.42
ln
(
1 + 0.42 y+

)
+ 7.297

(
1− e

-y+

11 − y+

11
e-0.362 y

+
)
. (6.9)

Required for this computation is the wall shear stress that can be extracted from

numerical simulations. The curves for all three considered air velocities are plotted

in Figure 6.7 between the center of the injected rivulet at x = 0mm and the trailing

edge at x = 125mm. Since the wall shear stress is continuously decreasing, a certain
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Figure 6.7: Wall shear stress along a line at z = 50mm for vair = {10, 20, 30}m/s from a
numerical steady-state simulation

x-coordinate has to be selected for the analytical calculation of the approximated

de�ection angle. With x = 50mm a compromise is made between handling condi-

tions with a low de�ection angle inside of the limited z-extension of the numerical

domain and ensuring force balance for cases with higher de�ection angles.

Table 6.1 contains in the end of section 6.3 the analytically predicted de�ection

angle for all investigated combinations of boundary conditions.
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6.3.2 Numerical Results with Fluid Film

The numerical domain refers to the dimensions shown in Figure 6.5. From the left

side an air �ow with three di�erent velocities of vair = {10, 20, 30}m/s is introduced.

In all Fluid Film simulations the water inlet at the upper edge is speci�ed with a

velocity of vriv = 0.5m/s and a �lm thickness pro�le according to the truncated

circular shape de�ned by θ and Ariv. The same liquid inlet velocity and geometric

pro�le is used for a VOF simulation that will be presented at the end of this section.

In order to allow rivulets to exit the numerical domain through both lower and right

side, these two boundaries are treated as an outlet with atmospheric pressure. The

wettability of the wall is accounted for by the speci�cation of a static contact angle

θ. All multiphase simulations start from a converged steady-state solution for the

aerodynamic �ow �eld.

A sensitivity study for surface mesh size and time step has been carried out �rst

for the inlet parameter combination of vair = 10m/s, θ = 60◦ and Ariv = 2mm2.

This representative set of boundary conditions will be repeatedly used under the title

reference case. The Reynolds number of the resulting rivulet is Re = 400, which

leads according to Figure 6.3 to a corresponding form drag coe�cient of cd = 0.85.

In terms of mesh resolution, Figure 6.8 contains the predicted rivulet path for

four di�erent surface mesh sizes of polyhedral cells. Whereas a surface mesh size of

2mm is obviously too coarse, a re�nement to 1mm appears to be su�cient, since the

�nal de�ection angle does not change signi�cantly with a re�nement to 0.5mm or

even to 0.25mm. In Fluid Film simulations a variation of the wall-normal resolution

does only have an e�ect on the aerodynamic phase and is therefore not investigated.

For the best-practice mesh resolution of 1mm a variation of the time step between

∆t = 5 × 10-4 s and ∆t = 2 × 10-3 s was investigated additionally, however without

any impact on the de�ection angle. Consequently, in later full vehicle simulations

the time step will not be driven by the requirements of the Fluid Film model and

is �xed in this test case study to ∆t = 1 × 10-3 s.

It should be noted that also the e�ect of vriv was investigated. A higher liquid

inlet velocity provides more inertia to the initial rivulet. As a consequence, the

development of the �nal de�ection angle based on a balance between inertial and

external forces requires more time and a larger solution domain. With the given

domain size, a force balance has already been reached for all studied boundary

conditions with vriv = 0.5m/s.
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6 Aerodynamic Interaction with Rivulets

(a) 0.25mm (b) 0.5mm

(c) 1.0mm (d) 2.0mm

Figure 6.8: Sensitivity study on surface mesh size with the developed Fluid Film Form
Drag Force model for the reference case

In order to emphasize how surface tension works in the Fluid Film model, Figure

6.9 shows the predicted rivulets for a 50% reduction of drag coe�cient, capillary

pressure and contact line force in comparison to the reference case at the top left

side. The reduction of the drag coe�cient by 50% leads to about half the de�ection

angle. This underlines the clear dominance of the form drag force in relation to the

unchanged shear force. Whereas the capillary pressure does not play a signi�cant

role, a reduced contact line force decreases the aerodynamic de�ection. This behav-

ior arises from a reduced contact line force that leads to a wider rivulet with a lower

height and results �nally in a lower form drag force.

The variation of air velocity, contact angle and cross-sectional area of the rivulet

requires an individual drag coe�cient based on contact angle and the Reynolds

number of the rivulet. Here the same drag coe�cients as already derived for the

analytical approximation in Table 6.1 can be used. Also in relation to the reference
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6.3 E�ect of Cross Wind on Vertical Rivulets

(a) reference case (b) halved drag coe�cient

(c) halved capillary pressure, equation (3.14) (d) halved contact line force, equation (3.15)

Figure 6.9: E�ect of surface tension related forces on rivulet de�ection by a separate
reduction of 50% in comparison to the reference case

case at the top left side, Figure 6.10 illustrates the separate e�ect of each of the

three variables.

A detailed overview of the �nal de�ection angle for each studied con�guration is

listed in the last column of Table 6.1. It can be noted, that the numerical de�ection

angle obtained with the Fluid Film model is always lower than the theoretical pre-

diction. Nevertheless, the qualitative results are in very good agreement in terms

of the e�ect of each variable and the overall ranking. Therefore the developed and

now in Star-CCM+ implemented Fluid Film Form Drag Force model seems to cover

all relevant in�uences appropriately.

For the generally lower numerical de�ection the most obvious explanation is the

evolution of the rivulet's height. In the analytical approximation the height is as-

sumed to remain constant along its complete center line based on the �xed inlet

conditions of θ and Ariv. In contrast, the numerical rivulet height is not constant.
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6 Aerodynamic Interaction with Rivulets

(a) Reference case

(vair = 10m/s, θ = 60◦, Ariv = 2mm2)

(b) Increased air velocity

(vair = 20m/s, θ = 60◦, Ariv = 2mm2)

(c) Decreased contact angle

(vair = 10m/s, θ = 30◦, Ariv = 2mm2)

(d) Increased cross-sectional area

(vair = 10m/s, θ = 60◦, Ariv = 4mm2)

Figure 6.10: E�ect of separately varied boundary conditions (bold) on the rivulet de�ec-
tion in comparison to the reference case

Since it is predicted to be lower in relation to the inlet height, see Figure 6.11, its

projected area and characteristic velocity decrease as well. That �nally leads to a

smaller aerodynamic de�ection.

For the calculation of the Reynolds number, only the velocity component per-

pendicular to the rivulet's center line must be considered. However, in this test

case vair corresponds to this normal component vair,n only for the initial start con-

dition. When the de�ection angle β grows, vair,n becomes smaller and consequently

the local Reynolds number also decreases. Although according to Figure 6.3 this

ends up in a higher drag coe�cient, it does not have an e�ect on the comparison

between analytical approximation and Fluid Film results, since both of them have

been carried out with the same derived drag coe�cients. But once experimental
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Figure 6.11: Comparison of the rivulet height evolution between numerical prediction
with Fluid Film and analytically used constant value based on inlet condition (plotted
for the reference case)

results are taken into account, the real drag coe�cient based on the rivulet normal

velocity component has to be used.

Accordingly, a VOF simulation directly resolves the physics and an agreement with

a Fluid Film simulation can only be expected when its applied form drag coe�cient

is calculated correctly, according to the normal velocity component. This is one

explanation for the signi�cantly higher rivulet de�ection with the VOF method in

Figure 6.12 for the reference case. Besides the stronger de�ection, a breakup of the

Figure 6.12: Numerical result with VOF model for the reference case

rivulet into droplets can be observed. The physical background of this phenomenon

with a strong dependency on the contact angle was described in section 2.1.3 and

will also play a role in the following section.
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Table 6.1: Analytical approximation (theory) including its most important derived variables and Fluid Film simulation (sim)
results for �nal de�ection angle at x = 50mm

vair (m/s) θ (◦) Ariv (mm2) Hriv (mm) τw (Pa) vHriv/2 (m/s) cd (-) cs (-) βtheory (◦) βsim (◦)

10 30 2 0.630 0.459 5.727 0.625 0.278 31.3 26.3

10 30 4 0.890 0.459 6.750 0.497 0.284 27.3 21.0

10 60 2 0.902 0.459 6.788 0.827 0.152 54.6 49.7

10 60 4 1.276 0.459 7.685 0.736 0.109 47.7 26.4

20 30 2 0.630 1.480 13.26 0.426 0.167 65.0 54.0

20 30 4 0.890 1.480 14.70 0.340 0.124 55.5 49.7

20 60 2 0.902 1.480 14.75 0.694 0.086 79.3 65.1

20 60 4 1.276 1.480 15.91 0.644 0.066 75.8 62.8

30 30 2 0.630 2.909 20.56 0.342 0.124 76.1 66.8

30 30 4 0.890 2.909 22.20 0.277 0.099 69.6 62.4

30 60 2 0.902 2.909 22.61 0.649 0.067 84.8 79.6

30 60 4 1.276 2.909 23.64 0.582 0.052 82.7 72.4
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6.4 Rivulet Propagation along Side Window

6.4 Rivulet Propagation along Side Window

After demonstrating the principle capability of the implemented form drag force

on a rather simple and theoretical test case, this model is now applied on a real

car geometry with its associated complex aerodynamic �ow �eld. Therein, the

propagation of rivulets on the side window of a Mercedes-Benz C-Class is studied

both experimentally in the full vehicle wind tunnel and numerically with the Fluid

Film model.

6.4.1 Experimental and Numerical Setup

Well-de�ned liquid boundary conditions are achieved with the point injector de-

scribed in section 4.2. Water with a constant volume �ow rate of V̇ = 36ml/min

runs out of the conical needle with an exit diameter of dneedle = 1.6mm. Variations

of the needle diameter have been examined and result only in a very small e�ect

of the rivulet propagation. This indicates, that the rivulet's pro�le is readjusted

shortly downstream of the liquid inlet according to the acting forces. On that basis

a cross-sectional area of Aneedle = 2mm2 and a liquid inlet velocity of vinlet = 0.3m/s

was chosen. These values correspond very well to the inlet conditions of the vertical

rivulet test case in section 6.3.

Two injector positions were studied on the side window. Their distances are

shown in Figure 6.13 in relation to the lower front edge of the side window. For

both injector positions several combinations of air velocity and contact angle of the

side window were studied. The exact boundary conditions can be extracted from

Table 6.3 that will be described later.

The circular shape of the needle exit is geometrically not applicable as an inlet

condition in a Fluid Film simulation. This circle has to be projected down to the

wall. Although a negligible e�ect of the inlet size was observed experimentally,

the closest possible conformity between experimental and numerical inlet geometry

is targeted. This is realized with a �lm thickness pro�le at the �lm inlet edge

that contains a semicircle on top of a rectangle. The dimensions are chosen to

obtain the same cross-sectional area of Aneedle = 2mm2 and the same rectangular

width as the needle diameter of dneedle = 1.6mm. A uniform �lm inlet velocity of

vinlet = 0.3m/s completes the liquid boundary condition that is illustrated in Figure
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Figure 6.13: Lower (left) and upper (right) position of point injector for rivulet study on
the side window

6.14. Simultaneously to the Fluid Film model applied on the side window surface,

the aerodynamic �ow �eld around the car is modelled as it will be described in

section 7.1.

dneedle = 16mm

16mm

6
.3
m
m

Aneedle = 2mm2

V̇ = 36ml/min
Ainlet = 2mm2

vinlet = 0.3m/s

Experimental inlet of point injector Numerical �lm inlet condition

Figure 6.14: Comparison of experimental and numerical inlet condition for the injection
of water to generate a rivulet on the side window

Due to the dependency of the form drag coe�cient on Reynolds number and

contact angle, this value has to be obtained individually for each case. Theoreti-

cally, the non-uniform aerodynamic �ow on the side window would even require a
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6.4 Rivulet Propagation along Side Window

local form drag coe�cient. Such an automatic calculation of the drag coe�cient is

however not yet applied.

The �ow �eld on the side window is shown for both injector positions in Figure

6.15. The a-pillar vortex with its characteristic streamlines in an upward direction

(a) lower injector (b) upper injector

Figure 6.15: Wall shear stress and surface streamlines on side window at vair = 80 km/h

can be clearly recognized as well as the strong in�uence of the injector geometry on

the aerodynamic �ow �eld in downstream direction.

Table 6.2 lists all relevant parameters, that were used to �nally derive the drag

coe�cient for each studied boundary condition. Their calculation is now brie�y

described. From the given contact angle θ and the �xed cross-sectional area of

Aneedle = 2mm2, the rivulet's height Hriv is �rst calculated based on a truncated

circular shape. Afterwards, from Figure 6.15, or the corresponding results for the

other two air velocities vair, the wall shear stress τw is extracted in form of an esti-

mated average value for the experimentally observed rivulet path (see Figures 6.18

and 6.19 at the end of this section). Additionally, the angle of attack α, describing

the angle between aerodynamic streamline and the experimental rivulet path, is es-

timated. This leads to the average wall shear stress τw,n in normal direction of the

rivulet. Reichardt's law (equation (6.9)) then provides the characteristic velocity

vHriv/2,n that is used for the calculation of the rivulet's Reynolds number Reriv.

With the help of Figure 6.3, �nally the drag coe�cient cd is derived.
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6 Aerodynamic Interaction with Rivulets

Table 6.2: Step-by-step determination of the form drag coe�cients for all side window
rivulet simulations with Fluid Film

injector

position

θ

(◦)

vair

(km/h)

Hriv

(mm)

τw

(Pa)

α

(◦)

τw,n

(Pa)

vHriv/2,n

(m/s)

Reriv

(-)

cd

(-)

lower 20 80 0.55 0.80 45 0.57 6.25 223 0.55

lower 20 100 0.55 1.25 35 0.72 7.49 268 0.50

lower 20 120 0.55 1.70 25 0.72 7.50 268 0.50

lower 70 80 1.00 0.80 35 0.46 7.06 459 0.85

lower 70 100 1.00 1.20 15 0.31 5.37 349 0.93

lower 70 120 1.00 1.70 10 0.30 5.17 336 0.95

upper 28 80 0.62 1.10 35 0.63 7.22 291 0.60

upper 28 100 0.62 1.70 25 0.72 7.95 320 0.57

upper 28 120 0.62 2.30 10 0.40 5.10 205 0.65

upper 85 80 1.20 1.10 15 0.29 5.44 424 0.95

upper 85 100 1.20 1.70 10 0.30 5.58 435 0.96

upper 85 120 1.20 2.30 5 0.20 4.24 331 1.02

6.4.2 Comparison between Wind Tunnel and Fluid Film

In the wind tunnel tests three fundamentally di�erent �ow regimes were observed,

see Figure 6.16. A classi�cation for all experimentally investigated boundary con-

(a) Spreaded Film

(120 km/h, θ = 20◦)
(b) Stable Rivulet

(100 km/h, θ = 70◦)
(c) Sliding Droplet

(80 km/h, θ = 90◦)

Figure 6.16: Exemplary results for each experimentally observed �ow regime

ditions is given in Table 6.3. The main in�uencing parameter has clearly been the

contact angle. This observation agrees very well with the theory described in section
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6.4 Rivulet Propagation along Side Window

Table 6.3: Classi�cation into the three �ow regimes of Figure 6.16 based on experimental
wind tunnel results

lower injector position upper injector position

vair θ = 20◦ θ = 70◦ θ = 90◦ θ = 28◦ θ = 85◦

80 km/h stable

rivulet

stable

rivulet

sliding

droplets

stable

rivulet

stable

rivulet

100 km/h spreaded

�lm

stable

rivulet

sliding

droplets

stable

rivulet

stable

rivulet

120 km/h spreaded

�lm

stable

rivulet

sliding

droplets

stable

rivulet

stable

rivulet

2.1.2 for the transition between rivulets and a continuous �lm and in section 2.1.3

for the transition between a stable rivulet and its breakup into sliding droplets. All

listed equations (2.8), (2.9) and (2.11) contain for their predicted critical �ow con-

ditions a very strong dependency on the contact angle. In case of the contact angle

of θ = 90◦, an increase of the liquid volume �ow rate from V̇ = 36ml/min to the

injector's maximum of V̇ = 60ml/min was tested. Even that did not suppress the

breakup of the rivulet into droplets.

However, the main objective of this study is the propagation of stable rivulets and

its associated validation of the form drag force implementation in the Fluid Film

model of Star-CCM+. As showcased in Figure 6.17, the path of such stable rivulets

is highly reproducible. This fact underlines the robustness of the experimental setup.

Figure 6.17: High reproducibility of rivulets that were injected three times under the same
boundary conditions (vair = 80 km/h and θ = 85◦)

Both wind tunnel and numerical results for the propagation of rivulets on the side

window are shown for the lower injector position in Figure 6.18 and for the upper

injector position in Figure 6.19. The comparisons show with an increasing wind
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6 Aerodynamic Interaction with Rivulets

speed and contact angle a stronger in�uence of the aerodynamic force in relation to

gravity. Overall, good agreement between experiment and simulation can be seen.

Only slight deviations are visible, mainly in terms of di�erently bended rivulets, as

for example in Figure 6.19 for vair = 80 km/h and θ = 28◦. One reason can be the

application of a constant drag coe�cient in the Fluid Film simulation.

(a) Exp: 80 km/h, θ = 20◦ (b) Exp: 100 km/h, θ = 20◦ (c) Exp: 120 km/h, θ = 20◦

(d) Sim: 80 km/h, θ = 20◦ (e) Sim: 100 km/h, θ = 20◦ (f) Sim: 120 km/h, θ = 20◦

(g) Exp: 80 km/h, θ = 70◦ (h) Exp: 100 km/h, θ = 70◦ (i) Exp: 120 km/h, θ = 70◦

(j) Sim: 80 km/h, θ = 70◦ (k) Sim: 100 km/h, θ = 70◦ (l) Sim: 120 km/h, θ = 70◦

Figure 6.18: E�ect of air velocity and contact angle on rivulet propagation for lower in-
jector case (Exp: Experiment in Wind Tunnel, Sim: Simulation with Fluid Film)
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6.4 Rivulet Propagation along Side Window

(a) Exp: 80 km/h, θ = 28◦ (b) Exp: 100 km/h, θ = 28◦ (c) Exp: 120 km/h, θ = 28◦

(d) Sim: 80 km/h, θ = 28◦ (e) Sim: 100 km/h, θ = 28◦ (f) Sim: 120 km/h, θ = 28◦

(g) Exp: 80 km/h, θ = 85◦ (h) Exp: 100 km/h, θ = 85◦ (i) Exp: 120 km/h, θ = 85◦

(j) Sim: 80 km/h, θ = 85◦ (k) Sim: 100 km/h, θ = 85◦ (l) Sim: 120 km/h, θ = 85◦

Figure 6.19: E�ect of air velocity and contact angle on rivulet propagation for upper
injector case (Exp: Experiment in Wind Tunnel, Sim: Simulation with Fluid Film)
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7 Applied Water Management

Simulations On Passenger Cars

Section 7.1 starts with a description of the modelling of the aerodynamic �ow �eld

around a passenger car. The numerical approaches for the two-phase �ow will then

be presented by following the decomposition of Figure 1.4. Due to its exposed posi-

tion, the wing mirror can be treated decoupled from the other vehicle components.

The arising phenomena related to this vehicle component will be discussed in a step-

by-step approach in section 7.2. Section 7.3 is dedicated to other vehicle parts with

a relevance for side window soiling. For this, numerical strategies and wind tunnel

tests for windshield, wiper, rain gutter, a-pillar including its grooves, side window

and mirror triangle will be given and evaluated.

Several of the here presented numerical results were obtained in close collaboration

with Mercedes-Benz Research and Development India (MBRDI) and Siemens PLM.

In particular, the preparation of the numerical setup and the search of appropriate,

stable and computationally e�cient settings was supported. However, except for the

simulations with a moving wiper all other simulations were coordinated by myself.

7.1 Modelling of Aerodynamic Flow Field

In contrast to aerodynamic simulations with interest on the drag coe�cient, the

focus of water management simulations is an accurate representation of the aero-

dynamic �ow structures around the greenhouse of the vehicle on the driver side.

The high spatial and temporal resolution required in VOF simulations increases the

computational e�ort signi�cantly. In order to limit the overall computational time,

the following simpli�cations were made on the vehicle:

• half car with symmetric boundary condition at the central plane

• no tire rotation (as in the performed wind tunnel tests)
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7 Applied Water Management Simulations On Passenger Cars

• �xed ground with no-slip condition (as in the performed wind tunnel tests)

• closed cooling grill

• smooth underbody

• patched wheelhouse, tire rims and grooves (e. g. around wing mirror, side

window and a-pillar) unless resolved intentionally

This leads to the basic vehicle geometry depicted in Figure 7.1. All modi�cations

can easily be removed by approaching the numerical setup of standard aerodynamic

simulations, however with the consequence of a signi�cant increase of the total cell

count.

x

z

y

Figure 7.1: Basic vehicle geometry of the Mercedes-Benz C-Class and coordinate system
for water management simulations

Unless otherwise stated, in all vehicle simulations the aerodynamic �ow �eld is

modelled with a transient DES-simulation that uses the k−ω SST turbulence model

and is initialized with a steady solution obtained with the standard k − ε model.

Since mesh and time resolution di�er strongly from one case to the other, that

information will be speci�ed individually if needed.
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7.2 Wing Mirror Soiling

The setup of a typical wing mirror for passenger cars can be seen in Figure 7.2. Most

relevant for water management is the groove on the upper side, the lower edges and

the mirror glass.

Figure 7.2: Typical setup of a wing mirror for passenger cars: groove (dark blue), edges
(yellow), mirror glass (light blue) and all other surfaces (red)

One important phenomenon related to wing mirror soiling is the splashing of

droplets that will be treated in section 7.2.1. Due to the chance of reimpingement

on the viewing area of the side window, particularly the reemission and trajectories of

secondary droplets are relevant. For all deposited water, a spreading in the direction

of the air �ow takes place until it enters in the groove on the upper side. By following

that channel, this water is transported to the lower edge on the outer part of the wing

mirror. A balance between surface tension, gravitational and aerodynamic forces

leads to the formation of stable liquid accumulations. After a su�cient amount

of water has been accumulated, liquid fragments start to detach from the surface.

Their interaction with the strong aerodynamic �ow �eld leads to secondary breakup

events and sometimes also to the reimpingement of droplets on the mirror glass

when they enter the recirculating �ow in the wing mirror wake.

The water propagation on the mirror between deposition and detachment is con-

sidered in section 7.2.2. How separated liquid fragments interact with the aerody-

namic �ow is discussed in section 7.2.3. Finally, section 7.2.4 provides a summary

and conclusions by taking into account the computational e�ort of the numerical

simulations.
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7.2.1 Spray Impingement

In this section a realistic Lagrangian simulation of spray impingement on a wing

mirror is attempted. As an inlet condition for the droplets, a table is generated at the

same plane (150mm upstream of the wing mirror nose) at which the experimental

time-shift results were obtained (see section 4.1.2). A Rosin-Rammler distribution

p(d) =
q

d

(
d

d

)q−1

e-(d/d)
q

(7.1)

with a constant exponent of q = 12 and a spatial interpolation of the mean diam-

eter d has been used to analytically express the measured drop size distributions.

Similarly, this distribution is also used for the droplet velocity in the streamwise x

direction; however, with a lower exponent of q = 4. The two other components in y

and z direction are assumed to be negligible. The relative detection rate is used to

estimate the droplet number �ux over the complete injection plane.

The trajectories of these numerically injected Lagrangian parcels are followed

until they either hit or pass the wing mirror. This tracking considers the drag

force with the correlation of Schiller and Naumann (1933) for the drag coe�cient,

gravity, pressure gradient force and turbulent dispersion (see section 3.3.1). Two-

way coupling takes place with the continuous phase. Splashing is modelled with the

Bai-Gosman wall impingement model. Apart from a Rosim-Rammler exponent of

q = 1.88 according to the �ndings in chapter 5, the default settings of Star-CCM+

version 13.04 are used (i. e. cf = 0.7, Aw = 1300, a0 = 5, αmin = 5◦ and αmax = 50◦

(Siemens PLM Software, 2018)).

The numerically obtained secondary droplets with reimpingement on the vehicle

can be compared in Figure 7.3 with the wind tunnel test at the same air velocity of

vair = 80 km/h. In principle, the applied numerical methodology is able to predict

the reimpingement of secondary droplets caused by splashing on the wing mirror.

However it has to be noted, that the numerically predicted location of the �ne

spray on the side window (marked with red circle) is shifted slightly downwards and

downstream in relation to the wind tunnel result. A closer look shows additionally

a �ne spray below the mirror (marked with yellow circle) both in the wind tunnel

and in the simulation. Another observation is the presence of droplets on the wing

mirror surface in the simulation (marked with green circle). Since only secondary

droplets are post-processed, the only explanation for them is that they are pushed

back to the impingement area by the strong aerodynamic �ow �eld.
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7.2 Wing Mirror Soiling

Figure 7.3: Comparison between wind tunnel test (top) and numerical predictions for
reimpinging secondary droplets using the Bai-Gosman impingement model (bottom,
droplets are enlarged for better visualization)

7.2.2 Water Transport on Surface

Since there is at the moment no numerical approach in Star-CCM+ to model splash-

ing in a LMP-VOF interaction (see section 3.5), the treatment of the impingement

area with Fluid Film is mandatory. However, this two-dimensional, thin-�lm ap-

proach is not reasonable for water that enters the groove, accumulates on the lower

edges and �nally separates. Hence, a Fluid Film to VOF interaction has to be in-

voked in front of the large groove on the upper side. As described in section 3.5,

speci�c mesh requirements, mainly for the ratio between �rst cell height and �lm

thickness, need to be met to ensure a smooth transition. Figure 7.4 shows a mesh

on the wing mirror that ful�lls this requirement at the transition line, with a rapid

blending to appropriate mesh resolutions for each separate model.

This leads to a hybrid simulation, where in Figure 7.5 all three liquid phases

(Lagrangian droplets, liquid Film and liquid VOF phase) are individually post-

processed and can be compared with the given snapshot from the wind tunnel test.

The transition from Fluid Film to VOF appears not to be very smooth. A detailed

post-processing indicates that it is particularly not working well for low �lm thick-
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Figure 7.4: Numerical setup with a transition at the wing mirror surface from Fluid Film
(blue with a coarse surface and prism layer mesh) to VOF (green with a �ne surface and
prism layer mesh)

(a) Wind tunnel test (b) Lagrangian droplets (shown in doubled size)

(c) Liquid Film (d) Liquid VOF phase

Figure 7.5: Wetting pattern of wind tunnel test at vair = 80 km/h in comparison to cor-
responding hybrid simulation with LMP, Fluid Film and VOF
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nesses being converted from Fluid Film to VOF. The reason is that the �rst cell

height is either too small for the VOF model to receive the complete Fluid Film mass

or so large that the near-wall cell is only �lled with a low volume fraction (see Figure

3.1). Considering the range of occurring �lm thicknesses, both problems cannot be

prevented simultaneously with a �xed mesh (an adaptive mesh re�nement would be

helpful in this case). Nevertheless, a very accurate prediction of the wetting pattern

upstream of the groove is not of high relevance. That would only become important,

when the applied spray impingement model is a�ected by the locally predicted �lm

thickness. Since this situation is not of primary interest, the focus can be set on the

liquid behavior after entering the groove.

To predict the water propagation in the groove and in particular, where it ac-

cumulates and �nally detaches from the lower edges, it is essential to precisely de-

terminate the simultaneously acting aerodynamic, gravitational and surface tension

forces. The aerodynamic force is mainly de�ned by the evolution of the free surface,

the gravitational force is dynamically changing due to additional incoming water

and ejection of liquid fragments and the surface tension forces are mainly a�ected

by the contact line force given by contact angle and contact line velocity. All these

parameters can only be modelled with an appropriately resolved VOF simulation.

The scenario of the standard water management test as it is usually performed

in the wind tunnel is not suitable for the validation of single wetting phenomena.

It is much more appropriate to introduce water with the point injector of section

4.2 directly in the wing mirror groove. This reduces any uncertainties in the liq-

uid boundary condition and saves computational time in the numerical simulation.

Initial tests in the wind tunnel showed, that a constant liquid volume �ow rate of

V̇ = 12ml/min leads to an amount of stripped mass that is comparable to when the

spray is injected in front of the vehicle. A high-speed camera (Phantom v12.2) has

been used to record the propagation of water at a very high temporal and spatial

resolution. In terms of wettability, a static contact angle of θ = 60◦ was measured

for the wetted part of the wing mirror.

Numerically, the DES-simulation with a time step of ∆t = 1 × 10-4 s is coupled

with a multi-step solver for the volume fraction transport equation that targets a

Courant number of Co = 0.5. A polyhedral mesh with a cell size of 0.5mm inside of

a volume re�nement around the wetted wing mirror surface is used. Two simulations

with a �xed static contact angle and one with a dynamic contact angle based on the

Kistler model (see equation (2.4)) were investigated. Their results in comparison to
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the wind tunnel test are given in Figure 7.6. In all depicted instantaneous images,

the water accumulation points are already stable and no longer change signi�cantly

over time.

(a) Wind Tunnel (θ = 60◦ measured, image is

edited for better visualization)

(b) VOF Simulation (θ = 60◦ = const.)

(c) VOF Simulation (θ = 30◦ = const.) (d) VOF Simulation (Kistler model with θr =

30◦, θe = 60◦, θa = 90◦, Cae = 0.001)

Figure 7.6: Comparison of water accumulation on lower wing mirror edge at vair =
80 km/h between wind tunnel and three VOF simulations with di�erent contact angles

In the wind tunnel test shown on the top left side, the water accumulation stabi-

lizes at a rather low location. In contrast, the VOF simulation with the measured

contact angle of θ = 60◦ predicts no water at this location since it already detaches

from the surface after reaching the edge. Although the high curvature hinders an

accurate experimental measurement of the contact angle, this does not explain the
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discrepancy (a simulation with θ = 50◦ predicts almost the same accumulation

point). The good agreement with a very low contact angle of θ = 30◦ implies,

that the aerodynamic e�ect on the water appears to be overpredicted in the VOF

simulation.

To uncover the reason for the good agreement with the lower contact angle, a

dynamic contact angle model with an equilibrium contact angle of θe = 60◦ instead

of a static contact angle speci�cation was tested. Therein, the numerically applied

contact angle is adapted according to the contact line velocity. However, as it can

be seen on the lower right side of Figure 7.6, the result is almost the same as with a

constant contact angle of θ = 60◦. Due to the nearly immobile contact line, a precise

resolution of pinning between receding and advancing contact angle is required. This

leads to the drawback, that the current VOF implementation in Star-CCM+ does

not yet account for this complex wetting behavior. According to Linder (2015), that

could be realized by a new type of a boundary condition for wetted walls. In case

of an apparent contact angle within the speci�ed hysteresis, instead of matching

the contact line velocity with the �uid velocity of the neighbor cell, the contact line

velocity is �xed and the contact angle is adapted by changing the volume fraction

gradient.

Another explanation could be that the momentum transport between the air

and water streams is overpredicted. An Interface Turbulence Damping model, as

it is already implemented in the Eulerian Multiphase model of Star-CCM+, could

improve the quality of VOF predictions for such an application with a large slip

velocity between the two phases.

7.2.3 Separation and Tracking of Liquid Blobs

In the previous section, the focus was set on predicting the locations of water accu-

mulation on the side mirror edges by taking into account all relevant external forces.

The next step is to study how liquid fragments separate from the accumulated mass

and then interact with the unsteady aerodynamic �ow �eld in the wing mirror wake.

With the same high-speed camera as used in section 7.2.2, various videos with a very

high temporal resolution of up to 6200 frames per second have been recorded. They

give a valuable insight into the complex interaction of such liquid blobs with the

aerodynamic �ow �eld. An exemplary evolution of a frequently observed secondary
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bag breakup event with its associated creation of numerous smaller child droplets is

depicted in Figure 7.7.

Figure 7.7: Temporal evolution of secondary breakup event of a detached liquid blob from
the wing mirror edge (snapshots are taken from high-speed video, time shift between each
displayed image is ∆t = 8ms)

The majority of these droplets do not make contact again with the vehicle or are

too small for a noticeable e�ect. But after several liquid detachments, occasionally

droplets of reasonable size enter the recirculation zone behind the wing mirror. This

can lead to a droplet trajectory in upstream direction with deposition on the mirror

glass.

Figure 7.8 shows the slightly di�erent distribution of drops on a wing mirror

glass after two wind tunnel measurements with the same boundary conditions. It

also shows that only a small number of visible droplets deposit on the wing mirror

glass after the relatively long measurement period of one minute. To cover the
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Figure 7.8: Comparison of the droplet pattern on the mirror glass between two wind
tunnel tests with same boundary conditions: one minute of water injection in groove
with V̇ = 12ml/min at vair = 80 km/h

full statistics of the unsteady behavior of the accumulation, the interaction with the

unsteady �ow �eld and the low number of deposited droplets, a long-time simulation

in the order of one minute physical time would be needed. In combination with the

required high spatial resolution, this would lead to tremendously high computational

times.

One feasible solution of the problem can be seen in a detailed VOF simulation

that attempts for a short time period to capture liquid blobs after separating from

the main accumulation. Using the very recent implementation of a blob detection

model in Star-CCM+ version 13.06, any contiguous liquid volumes can be detected

and their properties can be evaluated as shown in Figure 7.9. On the left side, the

isosurface with a volume fraction of α = 0.5 is depicted with four non-contiguous

blobs inside of the marked rectangle. They are shown again on the smaller images

to the right as spheres with a size that is determined from the theoretical diameter

in case of a spherical shape. Several properties are indicated by the coloring.

By superimposing a statistical treatment on the evaluated liquid blobs, a long-

time equivalent droplet distribution can be obtained. That can be used as an inlet

condition for a Lagrangian injector to perform a much cheaper long-time simulation

without VOF. In order to examine the capability of such a LMP simulation in terms

of a correct prediction of the droplet trajectories, the point injector of section 4.2 has

been �xed at di�erent locations with a small distance to the lower wing mirror edge.

As a consequence, individual point sources are realized, since the droplets directly
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Figure 7.9: Evaluation of the properties of detached liquid fragments with the blob detec-
tion model of Star-CCM+ version 13.06

detach from the needle without any contact to the solid surface. Although testing

a broad range of needles with di�erent diameters, it was not possible to generate

su�ciently small detached droplets that did not break up into smaller child droplets

due to their large relative velocity with the air �ow. Therefore the Lagrangian

assumption of a spherical droplet with a constant size leads to a mistake not only

due to the initial non-spherical shape but also due to the unknown child droplet

sizes. The best possible workaround is to use a diameter distribution in the point

injectors.

By taking into account the di�erences in the size and shape of the liquid fragments,

the occurrence of droplets on the mirror glass, as it can be seen in the large central

image of Figure 7.10, could not have been expected necessarily by the Lagrangian

simulation. Particularly promising is the obtained e�ect of the point injector loca-

tion indicated by the di�erent colors. In agreement with the wind tunnel test shown

in the surrounding images, most of the droplets on the mirror glass come from the

outer injection point (orange).

Although only of secondary importance, stripped droplets can also reimpinge on

the lower side window of the driver and on the door. The same comparison between

Lagrangian simulation and wind tunnel test as on the mirror glass can be seen in
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pipe for point injector

drop separation point

Figure 7.10: E�ect of di�erent point sources at the lower wing mirror edge (indicated
with the color of the large sphere) on the droplet pattern of the mirror glass (central
image shows enlarged Lagrangian droplets and surrounding images show corresponding
experimental results for each point injector location)

Figure 7.11 from a side view on the driver's door. For reimpingement on this vehicle

component, no agreement is found. Whereas in the wind tunnel tests also the outer

injection point (orange) results clearly in the highest amount of reimpinged drops

around the door handle, in the numerical simulation the main origin for a signi�cant

number of Lagrangian droplets is the central location (blue). Due to the long path

of these droplets and the numerically applied range of droplet sizes, this discrepancy

is expected to be mainly caused by a di�erent initial propagation before a spherical

droplet has been formed.
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drop separation

point

Figure 7.11: E�ect of di�erent point sources at the lower wing mirror edge (indicated with
the color of the large sphere) on the droplet pattern of the side window and door (central
image shows enlarged Lagrangian droplets and surrounding images show corresponding
experimental results for each point injector location)

7.2.4 Summary and Conclusions

Water management of a wing mirror is mainly related to the two questions of whether

secondary droplets reimpinge on the side window and whether stripped droplets de-

posit the mirror glass. An independent numerical framework has been presented for

both of them, however only for spray impingement with an applicable computational

e�ort.

Secondary Droplets

When focusing only on splashing and its associated reemission of secondary droplets,

a numerical setup consisting of Lagrangian tracking with a wall impingement model

and an accurate modelling of the aerodynamic �ow �eld is needed. All required

interactions are completely available in Star-CCM+ and have already been applied
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successfully on a vehicle. The comparison of the spray pattern on the side window

to the corresponding wind tunnel result gave a reasonable but not yet satisfying

agreement (see Figure 7.3).

The required computational e�ort for that work�ow is already feasible with to-

day's resources for several geometrical variants of a carline. Usually, the injection

of a few thousand Lagrangian parcels on a plane in front of the wing mirror is suf-

�cient to �nd out whether the current geometry leads to secondary droplets with

reimpingement on the side window or not. The simulation for the numerical results

shown in Figure 7.3 ran for one second of physical time and needed about twice the

time as a standard steady-state aerodynamic simulation of a passenger car. That

could be reduced even further by the justi�able neglection of two-way coupling, since

this assumption allows the simultaneous injection of all parcels and even a frozen

aerodynamic �ow �eld.

Before using that in the development process of wing mirror designs for new car-

lines, it has to be noted that the available Bai-Gosman model is not appropriate for

a correct prediction of secondary droplet properties after splashing on the wing mir-

ror. Evidence for this comes mainly from the strong in�uence of the wetted surface

on subsequent droplet impacts. Therefore, the applied impingement model should

be derived from experiments with similar conditions as given for the spray impact on

the wing mirror. A new wall impingement model, derived from the detailed evalua-

tion of the fundamental experiment of spray impingement on a hemisphere described

in chapter 5, can provide more realistic predictions of the secondary droplet proper-

ties. In order to provide to required �exibility for a direct implementation of such a

new impingement model, a user-de�ned splashing model will be released very soon

in Star-CCM+.

Detached Liquid Fragments

The second task for a given wing mirror and vehicle geometry is to predict the risk of

stripped droplets to deposit on the mirror glass. The accumulation of wall-bounded

water and the initial propagation of liquid blobs can only be predicted numerically

with a highly resolved VOF simulation. Both the computational e�ort and the

uncertainty in the liquid boundary condition has been reduced by introducing water

directly into the groove.
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When focusing only on a numerical prediction of the location where liquid blobs

separate, but not on their propagation, a volume re�nement is only needed in imme-

diate proximity to the wing mirror edge. With a cell size of 0.5mm in that region,

a total cell count of 74 million was obtained for the complete solution domain. In

combination with a time step of ∆t = 1× 10-4 s, more than 50000CPUh are required

to compute one physical second. Considering that several seconds are needed until

a stable accumulation point has formed (the numerical results of Figure 7.6 were

shown after �ve seconds), only a small number of selected cases can be studied.

This situation could change when adaptive mesh re�nement is implemented in

Star-CCM+, since then a �ne mesh resolution is only used around the actual free

surface and no longer for the complete volume around the wing mirror edge. The

conclusion from the numerically observed strong contact angle dependency is, that

contact line pinning could be an important factor that has to be taken into account.

A closer investigation on the momentum transfer between the two-phase �ow with

a large slip velocity between water and air is also desired.

Once the focus is set on the detached blobs, the mesh resolution of 0.5mm is

too coarse to capture the interaction between water and the fast �ow of air with

VOF. A further uniform re�nement of the complete volume, where such blobs are

expected, would lead to a very rapid growth of the total cell count and soon exceed

available computational resources. Once again, adaptive mesh re�nement would

help dramatically. As it can be seen in the snapshots of the high-speed recordings

in Figure 7.8, usually only a very small portion of the volume is �lled with water

and requires a very �ne mesh resolution. However, the bene�t for such a dynamic

meshing approach still has to be proven for this speci�c application. It also has to

be ensured, that the aerodynamic �ow predictions in the wing mirror wake do not

su�er from the permanent remeshing.

However, in any case an accurate prediction of the child droplet properties after

secondary breakup for the needed long-time period of at least 60 seconds physical

time should not be expected. In fact, only a spatial limitation of the most frequently

passed locations can be expected for a short time period. Finally, by using the

blob detection model of Star-CCM+, a statistical evaluation can provide realistic

injection conditions for a separate LMP simulation.

Such a Lagrangian tracking has to be performed for a very high number of

droplets. For the computational time, it could be useful to neglect the backcou-
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pling e�ect of the parcels on the aerodynamic �ow �eld. All droplets hitting the

mirror glass would be marked as droplets of high risk. A thorough evaluation of

these droplets provides the information of critical droplet properties right at the

instant when they pass the various positions of numerical injection. By comparing

that with the VOF predictions of liquid blob properties at these locations, �nally a

risk assessment could be provided for the current vehicle and side mirror geometry.

7.3 Windshield, A-Pillar and Side Window

A clear view of the driver through the windshield and side window is essential to

recognize the surrounding tra�c. The water management for this viewing areas is

related to several vehicle components that are shown in Figure 7.12.

Figure 7.12: Di�erentiation of all vehicle components considered in this section: wind-
shield (dark blue), rain gutter (brown), a-pillar (yellow), molding element (red), side
window (light blue, shown with patch for sealings), mirror triangle (green) and beltline
(orange)

By following the propagation of water, section 7.3.1 starts with a numerical eval-

uation of direct water deposition on the windshield and a-pillar. Section 7.3.2 then

provides a numerical approach for the prediction of water pullback by the wiper,

including comparisons with wind tunnel results. It also contains a numerical ap-

proach for the liquid interaction with the rain gutter. The rain gutter reduces the

direct over�ow of the high amounts of water that are pushed in every cycle by the

wiper to the a-pillar. In order to divert the remaining water on the a-pillar before it
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reaches the side window, a groove between the painted a-pillar surface and molding

element is frequently used. However, the strength of the aerodynamic �ow can cause

a leakage of water along that groove. This phenomenon is studied in section 7.3.3

both experimentally and numerically. At least for some driving speeds, this water

can still propagate towards the side window. What happens when it crosses the

sealing between a-pillar and side window is described in section 7.3.4. The observed

phenomenon of a stable water accumulation between the mirror triangle and side

window is considered in section 7.3.5. Finally, the proposed numerical approaches

for all relevant vehicle components are summarized in section 7.3.6, by estimating

their computational e�orts.

7.3.1 Water Deposition on Windshield and A-Pillar

Apart from the wing mirror, also the spray impingement on the windshield and

a-pillar was examined. Even if splashing may occur for some droplet impacts, a

characterization of reemitted secondary droplets is not necessary, because their in-

teraction with the aerodynamic �ow won't result in reimpingement on the side

window or on any other regions of interest. On the windshield, the wiper gathers all

deposited water in the large wiping area and pushes it on the driver side towards the

rain gutter. Hence, an accurate distribution of deposited water on the windshield

does not play a decisive role. In contrast, it is very desirable to predict what kind

of droplets impinge on the a-pillar surface.

Both the spray in the wind tunnel and wind-driven rain is therefore studied with

Lagrangian simulations. In order to draw clear conclusions, instead of the actu-

ally given droplet size distribution, several constant droplet sizes are numerically

injected. The droplet trajectories are calculated by taking into account the forces

due to drag, gravity, pressure gradient, turbulent dispersion and two-way coupling

with the aerodynamic �ow �eld. Unlike the simpli�cations for the vehicle geometry

described in section 7.1, a full vehicle with an open wheelhouse is used. Moreover,

the patches on the tire rim and at the side window grooves are removed.

With these settings, the depositions of Figure 7.13 were obtained for the wind

tunnel spray that is injected in front of the vehicle by seven cone injectors and with

an initial velocity of vx = 80 km/h. Droplets with a size of d = 150µm or smaller

appear not to impact on the windshield or a-pillar. Only when the aerodynamic
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(a) d = 150µm (b) d = 200µm

(c) d = 250µm

Figure 7.13: Numerically predicted impacts of the wind tunnel spray on the windshield,
a-pillar and side window for vair = 80 km/h based on a Lagrangian simulation

in�uence is reduced by an increase of the droplet diameter, does deposition on these

two vehicle surfaces occur. However, for d = 200µm this deposition is still limited

to the upper part of the windscreen and a-pillar. By considering the experimentally

determined droplet size distribution in the wind tunnel (see section 4.1.2), this means

that most of the droplets of this spray pass by the vehicle. However, the mass of

a spherical droplet is proportional to the cube of its diameter. As a consequence,

larger droplets become much more important for the incident mass �ow rate than

indicated by the number distribution of Figure 4.3. Instead a volume distribution

should be considered.

In contrast to the wind tunnel, in a numerical simulation the impact of wind-

driven rain can also be studied under well-de�ned boundary conditions. According

to the Figures 1.2 and 1.3, the three droplet sizes of d = {0.5, 1.0, 1.5}mm are chosen

with their respective terminal velocity vt. Parcels with equally spaced distances of

∆x = ∆y = 50mm are injected from the top in front of the vehicle. As it can be seen

in Figure 7.14, the complete surface of the windshield and a-pillar is covered with

droplets for all studied diameters. The only important di�erence is the occurrence

of incident drops on the side window for the largest diameter of d = 1.5mm.
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(a) d = 0.5mm and vt = 2m/s (b) d = 1mm and vt = 4m/s

(c) d = 1.5mm and vt = 5.4m/s

Figure 7.14: Numerically predicted impacts of wind-driven rain on the windshield, a-pillar
and side window for vair = 80 km/h based on a Lagrangian simulation

7.3.2 Water Pullback and Rain Gutter Loading by

Wiper

Wipers are an integral part of each passenger car to provide a clear view through

the windshield in case of rain. The design of wiper blade and wiper arm can have a

strong impact on their performance. That is usually tested in terms of dust, high-

speed quality, over spray and water pullback (Duggirala et al., 2016; Jehle-Graf

et al., 2016; Srinivasa and Feldic, 2017). The latter request is closely related to the

interaction between water and aerodynamic �ow �eld in the vicinity of the wiper

when turning back.

In order to evaluate the potential of water pullback for di�erent wiper designs

prior to wind tunnel tests, a numerical methodology for a multiphase simulation

with a moving wiper has been developed over the past years. This was mainly

driven by MBRDI and Siemens PLM and is therefore not a direct outcome of the

present study. However, since the e�ect of the wiper is very important for other

vehicle components, a brief description of two numerical approaches for a moving

wiper is given. The �rst one is used for numerical studies of water pullback and the

second one will be used for the rain gutter.
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Due to the non-uniform curvature of the windshield and the need of a conformity

between wiper blade and windshield, the speci�cation of the wiper's motion is cer-

tainly not trivial but can be realized using an overset grid for the moving wiper.

A morphing method ensures a permanent contact between wiper and windshield

(Duggirala et al., 2016; Jehle-Graf et al., 2016; Srinivasa and Feldic, 2017).

Water is introduced in form of Lagrangian droplets at a plane immediately up-

stream of the windshield and fully converts on the surface to a liquid Fluid Film

phase. A stable work�ow with the capability to provide a digital risk assessment

for water pullback has been accomplished. Its suitability is demonstrated in Figure

7.15 by comparing the numerical predictions of two di�erent wiper designs with the

corresponding experimental wind tunnel tests.

Figure 7.15: Comparison of water pullback prediction between numerical simulation and
experimental wind tunnel test (top: s-type wiper arm with only weak water pullback;
bottom: straight wiper arm with strong water pullback) (results are obtained by MBRDI)
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Although the wiper takes care of a clear view through the windshield, it pushes a

lot of water towards the a-pillar. To prevent the negative consequences for the side

window, in almost all water management concepts a rain gutter between windshield

and a-pillar is an essential element. At low driving speeds, most of the collected

water in the rain gutter �ows downwards due to gravity and at higher driving speeds,

the aerodynamic forces are su�cient to push it towards the roof. From a water

management perspective, a large volume with a certain height and a sharp edge is

desired for the complete rain gutter channel. However, such a signi�cant geometric

step is in contradiction to the interests of aerodynamics and aeroacoustics, which

demand an attached �ow at the transition between windshield and a-pillar.

Whereas the complete planar surface of the windshield has been treated with

Fluid Film for the prediction of water pullback, this approach is not appropriate for

water accumulation in the rain gutter. As for the wing mirror in section 7.2.2, a

Fluid Film to VOF transition is therefore placed in front of the rain gutter. Once

again, the di�erent mesh requirements for each model need to be considered as well

as a �rst cell height in the order of the expected �lm thickness at the transition

line. As a result of these requirements, the numerical setup shown in Figure 7.16

was generated.
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Figure 7.16: Transition from Fluid Film (blue with coarse surface and prism layer mesh)
to VOF (green with �ne surface and prism layer mesh) at the windshield in front of the
rain gutter

The application of an overset grid for the moving wiper would result in great

di�culties when the �ne mesh of the overset volume crosses the transition line of

the Fluid Film to VOF interaction. Hence, an alternative method without any
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negative consequences on the multiphase transition is needed for the e�ect of the

wiper. This is realized by adding to both Fluid Film and VOF a momentum source

term that follows the motion of the wiper. Indeed, the same accuracy as with the

overset grid cannot be expected, but a smooth transition can be achieved with this

approach. The water deposition on the windshield is modelled with a random mass

source, however at the moment only on the Fluid Film area and not yet on the VOF

area of the windshield.

A snapshot of such a hybrid simulation is shown in Figure 7.17 for an instant, when

the wiper has started to turn back. Most important is that the interaction between

Figure 7.17: Wind tunnel test with moving wiper (left) and corresponding hybrid simula-
tion between Fluid Film (post-processed on the central image) and VOF (post-processed
on the right image) (results are obtained by MBRDI)

Fluid Film and VOF works successfully in both directions. For the comparison to

the wind tunnel test on the left side, several di�erences between wind tunnel and

numerical simulation have to be considered:

• spray impingement on the complete windshield (in the simulation realized with

a random mass source only on the Fluid Film area)

• additional wiper on the passenger side (in the simulation only the wiper on

the driver side is considered)
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• higher amount of liquid mass on the windshield after several wiper cycles (in

the simulation only one wiper cycle is modelled)

As a consequence, a clear validation of the numerical setup by comparing the pre-

dictions, whether all water is collected by the rain gutter or some part of the water

still reaches the a-pillar surface, is not possible.

7.3.3 Behavior in A-Pillar Groove

The propagation for all water that reaches the a-pillar, either by direct impingement

or due to an over�owing rain gutter, is disturbed by several geometric obstacles.

Particularly, the channel between a-pillar and molding element, from now on brie�y

called a-pillar groove, is used intentionally to divert the water before it reaches the

side window. When water runs in this a-pillar groove, the gravitational force leads

to a spreading in the downward direction as soon as there is a su�cient mass to

overcome any adhesion forces. However, even if there is no signi�cant air �ow inside

of the groove, the low aerodynamic pressure can suck that water out again at a

lower point. It cannot always be ensured for all driving speeds, that this location

of leaking water is no longer critical for a further propagation to the side window.

Hence, this phenomenon is studied carefully in the wind tunnel and in numerical

simulations.

The point injector is used also here to realize a well-de�ned liquid boundary

condition that can also be transferred directly to a numerical inlet for the liquid

phase in the numerical setup. The position of this water inlet, installed inside of

the upper part of the a-pillar groove, can be seen in Figure 7.18.

For a robust experimental setup, a high reproducibility and a weak dependency

on the volume �ow rate is necessary. Otherwise, it cannot be guaranteed that the

simpli�ed point source produces the same results as the actual water loading that

is distributed along the complete a-pillar groove. Figure 7.19 shows the robustness

of the exit location at the a-pillar groove when using di�erent inlet mass �ow rates.

Since only the position where water runs out of the a-pillar groove is studied, but

not the subsequent propagation, a very �ne mesh resolution is limited to the interior

volume of the groove. Even if the cell size of 0.25mm is very small, due to the slow

propagation of the free surface a time step of ∆t = 1 × 10-4 is su�cient to keep
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Figure 7.18: Experimental setup of water injection in a-pillar groove with point injector
(obstacle is only used for experiments in section 7.3.4)

(a) V̇ = 9ml/min (b) V̇ = 18ml/min (c) V̇ = 18ml/min

(d) V̇ = 18ml/min (e) V̇ = 36ml/min (f) V̇ = 72ml/min

Figure 7.19: Experimental results for water injection in a-pillar groove at vair = 80 km/h

for di�erent volume �ow rates and three repeated tests with V̇ = 18ml/min
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the Courant number below one. According to experimental measurements for the

material of the a-pillar groove, a contact angle of θ = 90◦ is speci�ed.

The dependency of the position of leaking water on the air velocity can be seen

clearly from the experimental results in Figure 7.20. Water is sucked out earlier

(a) Exp.: vair = 80 km/h (b) Exp.: vair = 100 km/h (c) Exp.: vair = 120 km/h

(d) Pressure: vair = 80 km/h (e) Pressure: vair = 100 km/h (f) Pressure: vair = 120 km/h

(g) VOF: vair = 80 km/h (h) VOF: vair = 100 km/h (i) VOF: vair = 120 km/h

Figure 7.20: Experimental results, numerically obtained aerodynamic wall pressure distri-
bution and VOF predictions for water injection in the a-pillar groove with V̇ = 18ml/min
at di�erent air velocities
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for a higher air velocity (earlier means in this context closer to the liquid injection

point). This observation can be explained by a closer look at the corresponding wall

pressures shown in the second row. As a result of over�owing air, the aerodynamic

pressure is reduced in the area surrounding the a-pillar groove. With a higher air

velocity, this wall pressure appears to reach earlier a lower threshold that leads

to the leakage of water. For the numerical results, which are shown in the lower

row at the instant of three seconds after the liquid injection, water accumulates at

a similar position in the groove as in the corresponding wind tunnel tests. This

promising result encourages further studies with di�erent groove geometries and an

extension of the mesh re�nement to the expected subsequent propagation of water

after running out of the a-pillar groove.

7.3.4 Transition between A-Pillar and Side Window

In the previous section it has been shown that there is usually one concentrated

location where a high amount of water runs out of the a-pillar groove. When this

over�ow occurs on the upper part, water runs directly towards the side window.

The liquid transition of water between these two vehicle components is studied with

the same experimental setup as shown in Figure 7.18. The only di�erence is a small

obstacle of plasticine in the a-pillar groove to �x the location of leaking water.

According to section 6.4, rivulets on the side window can be handled with the

Fluid Film model to limit the overall computational e�ort. Hence, an interaction

between the two multiphase models of VOF and Fluid Film is needed. Due to an

expected water accumulation on the side window next to the obstacle, this area is

still modelled with VOF as well as the area very close to the sealing. This leads

to the partitioning of Figure 7.21. Once again, the mesh has to be created under

consideration of the di�erent recommendations of both models and their transition.

In the experimental result on the left side of Figure 7.22, a small portion of water

follows the sealing in a downward direction. That can be seen also in the simulation

in the form of the liquid VOF phase along the sealing. However, the major part of

water crosses this sealing. In the experiment, the liquid accumulation splits up into

two rivulets, but the number and direction varies slightly from one wind tunnel test

to the other. As a consequence, the formation of only one rivulet in the simulation

cannot be interpreted as completely wrong. For the numerically predicted rivulet,
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Figure 7.21: Transition from VOF (green with �ne surface and prism layer mesh) to Fluid
Film (blue with coarse surface and prism layer mesh) at the beginning of the side window

(a) Wind tunnel (b) Liquid VOF phase (c) Liquid Fluid Film phase

Figure 7.22: Results for the liquid transition from the a-pillar to the side window obtained
both in the wind tunnel and with a hybrid simulation between VOF and Fluid Film

a form drag coe�cient of cd = 0.5 was used according to the side window's contact

angle of θ = 30◦. The deviation between simulation and experiment of the rivulet

direction can possibly be explained by the geometrical modi�cations of the vehicle

described in section 7.1, which may have an e�ect on the a-pillar vortex and lead to

a slightly di�erent aerodynamic �ow �eld in that region.

7.3.5 Water Accumulation at Mirror Triangle

When water reaches the small area of the side window in the vicinity of the mir-

ror triangle, the gravitational force may be compensated by opposing aerodynamic

forces. As a result of such a force balance, a �oating water bubble at the free trail-
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ing edge of the mirror triangle (Vollmer et al., 2015) or an accumulation on top of

the beltline can become stable. Both mechanisms lead to the risk that droplets are

released into the viewing area of the side window.

There are two di�erent origins for an appearance of water in that region. As

shown in Figure 7.19, water could propagate over the surface of the mirror triangle

after a leakage at the lower part of the a-pillar groove. The second possible source

can be seen in Figure 7.22, where water follows the sealing between a-pillar and

side window. Both sources do not provide a suitable liquid boundary condition.

Therefore, this phenomenon is studied in the wind tunnel by introducing water

with the point injector directly to the area of interest.

The sensitive behavior of this two-phase �ow can certainly only be captured nu-

merically with a VOF simulation. A volume re�nement with a cell size of 0.25mm

around the trailing edge of the mirror triangle ensures such a �ne spatial resolution.

Other relevant settings are a time step of ∆t = 1 × 10-4 and the contact angles

of θ = 30◦ on the side window and θ = 60◦ on the mirror triangle, according to

measurements during the wind tunnel test.

Two variants, that only di�er in a small strip of wax on the mirror triangle im-

mediately in front of the trailing edge, were studied and their experimentally and

numerically obtained results are given in Figure 7.23. In the serial con�guration

shown above, most of the water propagation in the wind tunnel test takes place

in the hidden interior volume of the mirror triangle. It only becomes visible again

after reaching the beltline. Since all small gaps and openings are closed in the digi-

tal vehicle, a di�erence between experiment and simulation is not surprising. Very

positive however, is the equally predicted e�ect of the small strip of wax, which

results in a rivulet without any contact to the trailing edge of the mirror triangle.

7.3.6 Summary and Conclusions

One single simulation of the complete water management scenario on windshield,

a-pillar and side window is certainly not presently feasible with today's computer

resources. However, even when that is possible in the future, it may still not be

recommendable to aim for such a complex simulation. Due to the long tour of

the water over several components of the vehicle, an accumulation of errors and
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(a) Wind tunnel: serial mirror triangle (b) VOF simulation: serial mirror triangle

(c) Wind tunnel: mirror triangle with added

wax strip

(d) VOF simulation: mirror triangle with added

wax strip

Figure 7.23: Wind tunnel and numerical results for the water behavior at the trailing edge
of the mirror triangle for two slightly di�erent con�gurations

uncertainties can be expected, which would �nally lead into an incorrect prediction

on the side window.

In fact, also in the standard wind tunnel test with spray injection, the wetting

pattern of the side window can sometimes not be correlated clearly to the responsible

sources and the wettability of the surfaces cannot be accurately controlled. In a

numerical simulation, there is more freedom for the speci�cation of liquid boundary

conditions without disturbing the air �ow and the contact angle can be �xed to a
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certain value. Hence, a separate investigation of di�erent vehicle components is not

only helpful for a limitation of the computational e�ort, but also useful to provide

well-de�ned liquid boundary conditions. To summarize, the suggested numerical

setups for each relevant vehicle component are now reviewed and critically discussed

in terms of the current level of maturity to support water management activities in

the wind tunnel.

Deposition on A-Pillar

Especially small droplets that appear in the wind tunnel or behind a preceding

vehicle on the road, are strongly in�uenced by the aerodynamic �ow �eld. As a

result, not all surfaces of the vehicle constitute an impingement area for these drops.

Of particular interest is a numerical prediction for the direct impact of droplets on

the a-pillar. That can be realized with an LMP simulation, where the injection

of Lagrangian parcels is either based on a composition of several constant droplet

diameters or on a droplet size distribution. Apart from the wind tunnel spray,

also the impact of larger wind-driven raindrops can be examined. Such numerical

simulations can be performed in an acceptable computational time. A potential of

reduction lies in the freezing of the aerodynamic �ow or by a more e�cient particle

injection closer to the vehicle.

Water Pullback

One important development goal related to the design of wipers is to prevent the

occurrence of a signi�cant water pullback for all driving speeds. To capture that

phenomenon, a two-phase �ow simulation with an overset grid for the moving wiper

has been presented. Its capability to predict a clearly visible di�erence between two

wiper designs in agreement with the corresponding wind tunnel result (see Figure

7.15) could be shown.

Rain Gutter

The rain gutter design is a compromise between its functionality for water manage-

ment in preventing the water loading of the a-pillar by the wiper and �ow separation

with unwanted negative consequences for the aerodynamic drag and aeroacoustic

noise. A stable numerical work�ow, consisting of a randomized liquid mass source

on the windshield, a momentum source for the wiper and a Fluid Film to VOF

transition in front of the rain gutter, was suggested.
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Apart from a high computational e�ort, major di�culties arise also in the possi-

bility of a comparison with wind tunnel results. In these tests, the water behavior

in the rain gutter cannot be visualized properly. Furthermore, the water on the

windshield needs to be isolated from direct deposition on the a-pillar to reliably

evaluate, whether water �ows over the rain gutter edge or not. After best-practice

settings are found, further numerical studies with di�erent rain gutter geometries

are required.

A-Pillar Groove

For the groove between a-pillar and molding element, the main question is related to

the leakage of water as a result of a locally low aerodynamic pressure. That location

is therefore not only driven by the geometry, but also by the driving speed that in-

�uences the pressure distribution along the a-pillar groove. The high computational

e�ort spent for the VOF simulations of Figure 7.20 with a solution for a physical

time of three seconds can certainly be reduced by an initialization of water in the

upper groove. Great improvements in computational e�ort are also expected by the

use of adaptive mesh re�nement. Since a �ne spatial resolution is only needed at

the free surface in the groove where also no large slip velocities between water and

air are given, such a dynamic meshing approach can become very e�cient in this

speci�c application. As soon as a promising best-practice is found, the next step

will be to study di�erent groove geometries and di�erent vehicles.

Side Window

There are several sources leading to water on the side window. Reimpingement

of secondary droplets after splashing and stripped droplets after detachment was

already discussed and summarized in section 7.2. Direct droplet impingement on

the side window occurs only for very large wind-driven rain drops (see Figure 7.14).

Depending on the water management concept, water can either directly propagate

over the a-pillar to the side window, or as it is focused here, be sucked out of the a-

pillar groove at a concentrated location that is mainly driven by the low aerodynamic

pressure. In any case, before reaching the side window it interacts with the sealing

between side window and a-pillar. Adhesion forces are usually only capable to hold

a small amount of water. As a consequence, most of that water is taken away by

the air �ow and propagates on the planar side window area. Whereas a continuous

liquid source results in well-de�ned rivulets, a lower water loading leads to sliding
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droplets. That transition is very sensitive and shows as well as the propagating

direction a strong dependence on the contact angle.

The path of well-de�ned rivulets can be predicted in very good agreement to wind

tunnel tests with the Fluid Film model by considering the implemented form drag

force (see Figures 6.18 and 6.19). But a similar result as obtained in the wind tunnel

can only be expected when the inlet conditions for that rivulet are equal. Based on

the �ndings of section 7.3.4, the VOF method should be applied at the complete

a-pillar including the edge region of the side window to capture the adhesion on this

three-dimensional geometry. The intended switch to Fluid Film then should not be

carried out before a well-de�ned rivulet is formed.

Mirror Triangle

The last vehicle component of interest is the mirror triangle. Water accumulations

in the wake of the trailing edge with the release of droplets on the side window can

establish. By introducing water in a VOF simulation directly towards the trailing

edge, that phenomenon can be studied numerically. With that liquid boundary con-

dition, the positive or negative impact of a modi�cation can be re�ected as shown by

Figure 7.23. Similarly as with other vehicle components, this numerical simulation

could bene�t from adaptive mesh re�nement and requires further validation against

experiments with di�erent component geometries.
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The complete scope of water management on passenger cars was decomposed after

an analysis of the corresponding wind tunnel tests into several subtopics for each

relevant vehicle component. The fundamental phenomena have been identi�ed as:

• Injection and transport of droplets

• Drop/spray impingement

• Transport of wall-bounded water

• Detachment of liquid fragments

In order to determine the most appropriate numerical framework for each phe-

nomenon taking into account both accuracy and e�ciency, the underlying physics

were elaborated and several experimental studies were performed.

Injection and transport of droplets can be split into two major tasks. At

�rst, a detailed knowledge of the droplet properties is required at a speci�c location

to derive correct injection conditions for numerical simulations. Such information

was provided by measurements in the wind tunnel using the time-shift technique at

a plane immediately upstream of the wing mirror. Second, an accurate numerical

prediction of their subsequent trajectories is needed until they impact on the vehicle.

Such a particle tracking is realized by the Lagrangian Multiphase model, considering

the forces due to drag, gravity, pressure gradient and turbulent dispersion.

Common drop/spray impingement modelling approaches as found in the lit-

erature are expected to be inappropriate for the droplet impact on the wing mirror.

The reason is, that they are not based on comparable experiments in terms of a

partially wetted surface, a signi�cant aerodynamic �ow �eld and a curved target

geometry. Particularly the reemission of secondary droplets after splashing is very

relevant, indicated by a regularly observed �ne spray on the side window in experi-

ments.
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In order to provide fundamental experimental data for the development of a more

appropriate impingement model, a generic experiment with spray impingement on

a hemisphere has been designed and conducted in a small vertical wind tunnel. A

deposition mass ratio in the range of 50 − 60% was measured over a wide range

of investigated boundary conditions. In terms of secondary droplet properties, the

numerical results with the Bai-Gosman model and the experimental measurements

using the Phase Doppler technique were very di�erent. To provide the properties

of the incident primary and reemitted secondary droplets directly at the instant of

splashing on the hemisphere, their trajectories were computed between measure-

ment locations and hemispherical surface; for the secondary droplets with a special

tracking algorithm that works backwards in time. In contrast to the predictions of

usual impingement models, the majority of secondary droplets appears to be reemit-

ted from polar angles of θ = 45◦ and higher. This can only be explained by the

strong e�ect of existing wall-bounded water on incident droplets.

This evaluated data can now be used in a next step for the creation of a new

impingement model with a better suitability for water management conditions.

Thanks to a user-de�ned splashing model to be released very soon in Star-CCM+,

the user will be able to directly correlate via �eld functions the ratios of diameter,

velocity and ejection angle between an incident droplet and reemitted secondary

droplets. Since a numerical work�ow with the Lagrangian Multiphase model has

already been created and tested successfully by predicting the reimpingement of

secondary droplets on the lower side window, only the replacement of the currently

used Bai-Gosman model with such a user-de�ned splashing model will be necessary.

For the transport of wall-bounded water, it could be shown that it is very

important to consider not only the shear, but also the typically stronger form drag

force, which dominates the propagation of rivulets on the side window. To prevent

the need for a high-resolution Volume-of-Fluid simulation in this large vehicle area,

a possibility to consider this force in the computationally much less demanding

Fluid Film model was developed in the present work and implemented in Star-

CCM+ by Siemens PLM. Since it requires a speci�cation of the form drag coe�cient

by the user, the aerodynamic force on rivulets, and also on sessile droplets, was

determined numerically over a wide range of contact angles and Reynolds numbers.

By considering this form drag force, the numerical simulation based on Fluid Film

mode predicted rivulet de�ections on the side window for di�erent wind speeds and
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contact angles with a very good agreement to the corresponding wind tunnel tests,

where rivulets were introduced using the point injector.

However, for geometrically more complex vehicle components, there is no alter-

native to a �ne resolution of the free surface with the Volume-of-Fluid method.

This is seen particularly for the rain gutter, the a-pillar with its groove and sealing

to the side window, the trailing edge of the mirror triangle and the wing mirror

groove including the lower edges. The required �exibility for the user was achieved

in collaboration with Siemens PLM by introducing an interaction between Volume-

of-Fluid and Fluid Film in the current versions of Star-CCM+. Due to a lacking

automated mesh adaption according to the current �lm thickness, signi�cant user

experience and trial and error is required to obtain a stable solution for such hybrid

simulations. More robustness over a wide range of mesh resolutions is desired.

For numerical predictions of water pullback phenomena on the windshield, an

overset grid was used for the moving wiper in combination with the application

of the Fluid Film model on the complete windshield. Focusing on the rain gutter

over�ow with a surrounding very �ne mesh resolution for the applied Volume-of-

Fluid method, the e�ect of the wiper was realized using a momentum source.

A wind tunnel test with direct injection of water at the upper part of the a-

pillar groove showed explicitly how the low aerodynamic pressure sucks water out

at a location that moves upwards along the groove with increasing air velocity.

Promising agreement for this location of leaking water was achieved with a �ne

Volume-of-Fluid simulation.

For the Volume-of-Fluid prediction of the main accumulation points on the lower

wing mirror edge using the experimentally measured static contact angle, the sim-

ulation results are not yet acceptable. Since good agreement was achieved with a

reasonably smaller numerical contact angle, pinning e�ects, which play a major role

in that area of water accumulation, may have to be taken into account. Unfor-

tunately the present implementation of Volume-of-Fluid in Star-CMM+ does not

allow these e�ects to be considered.

The subsequent detachment of liquid fragments from these lower edges of

the wing mirror is another phenomenon with high relevance for water management.

When these larger blobs of water interact with the strong aerodynamic �ow �eld,

they generally break up into smaller droplets, where some of them enter the recir-

culation zone behind the wing mirror and �nally deposit on the mirror glass. The
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complex and time dependent shape of the accumulation and of the detached liquid

fragments was observed in high-speed recordings in wind tunnel experiments. The

conclusion of these observations is the need to use Volume-of-Fluid simulations to

capture this behavior. However the results of such a simulation should still only be

treated as an approximate solution. An adequate automated post-processing with

the new blob detection model of Star-CCM+ could be used to create appropriate

statistical injectors for a separate Lagrangian Multiphase simulation that predicts

the subsequent trajectories of a very high number of droplets.

Signi�cant progress has been made by incorporating theoretical and experimental

insights into the complex two-phase �ow phenomena of water management. Ap-

propriate numerical approaches were developed in the form of a hybrid multiphase

modelling strategy that enables �exible application of the Volume-of-Fluid and Fluid

Film modelling on di�erent areas of the vehicle. It has to be mentioned, that the

computational e�ort for simulations with large Volume-of-Fluid areas, fully resolved

in space and time, is still very high. As a consequence, the applied spatial and tem-

poral resolution of such simulations was not based on accurate sensitivity studies,

but it was the best resolution that was compatible with the available computa-

tional resources. With the current development of adaptive mesh re�nement in

Star-CCM+, a substantial drop in that e�ort can be expected in future.

The capability to perform an integrated water management simulation of all rel-

evant features on a realistic car is still far o�. Code development in the �elds of

stability as well as automated and adaptive mesh re�nement is required. Until now,

not all physical e�ects can be covered numerically (e. g. impingement and pinning

e�ects) and further developments in that area are needed for more accurate numer-

ical simulations. However, it also could be shown and validated with experimental

data, that relevant isolated subtopics of water management on a passenger car can

be well described with the methods developed in this thesis. With the mentioned fu-

ture developments, the stepwise approach to a full car water management simulation

is aimed for in the next years.
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