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Abstract. An unobscured view from the vehicle during rainy weather conditions
is essential for occupants’ safety and comfort. With the decrease in the time avail-
able for vehicle development and testing, it is becoming even more important to
control and predict vehicle water management early in the development cycle to
avoid undesired soiling effects. To do so, a transient external aerodynamics air-
flow coupled with a discrete particle phase is simulated, where rain droplets away
from the vehicle are modeled as Lagrangian particles and rain droplets that im-
pact the vehicle are represented through a film model. A novel, time-efficient
implementation of a windscreen wiper based on [1] within iconCFD [2] is also
summarized. A representative example - rain-induced reduced visibility on the
side window - is considered to discuss the physics, time scales, and recommended
best practices for rain soiling simulations. The simulation results for this example
case are compared with experimental data.

Keywords: CFD validation, exterior water management, A-pillar overflow,
wiper, film.

1 Introduction

Exterior Water Management (EWM) has always been an important aspect of vehicle
functional external aerodynamics. The ability of the car shape to minimize the amount
of water deposited and stagnating in areas that affect the driver’s line of sight is a crucial
aspect of a given vehicle’s functional safety. As the time of prototyping and vehicle
development decreases and the amount of physical hardware testing reduces, it is cru-
cial to substitute those tests virtually and introduce them early into the design process
[3].

This is even more critical with the recent ever-increasing demand for optimized aer-
odynamics. Some of the requirements for minimizing drag and wind noise around the
A-pillar and side mirror conflict with the needs of robust and safe water management.
Indeed, these requirements directly affect the front side window visibility and the clean-
liness of the glass of the side mirrors. Traditional EWM features, such as channels or
gutters along the inboard edges of the A-pillar and specific sizes and shapes of the side
mirrors, are recently being revisited to avoid the issues mentioned previously and to
thereby further improve the vehicle's performance and comfort.



Any viable virtual method that aims to evaluate an A-pillar design needs to be suffi-
ciently refined so it can predict both the influence of traditional geometrical feature
modifications and also the effect of a novel, more subtle, means of EWM, such as hy-
drophobic surface finishes. At the same time, the virtual method needs to be robust
enough to cope with high water levels due to the action of the wipers and rapid enough
to produce results that can be compared and balanced against the outcomes of the early
development of external aerodynamics and aeroacoustics.

Achieving all of the above is the goal of the presented methodology. In this article,
after a brief introduction, the goals of the EWM relevant to side-window visibility are
summarized and the Experimental methods needed for rigorous correlation and valida-
tion of the presented CFD analysis are outlined. A brief review of available methods is
presented in section Modeling: State of the Art, which also provides the context regard-
ing the used methods. The general features of the methods used are placed in the Virtual
Representation section. This virtual model is applied and correlated against experi-
mental data provided by SKODA AUTO. This article does not aim to evaluate the pro-
duction vehicle design; rather its goal is to present given features of the applied meth-
odology and to show how they can be used to guide the development of robust EWM
with regards to front side window visibility utilizing a Continuous Phase Film Model
(CPFM) and a new IBM based model of windscreen wiper implemented in iconCFD.

Fig. 1. Illustration of a common water pattern on a side window.

2 Exterior Water Management

As stated in [3], EWM involves the following physics:

1. The multiphase flow (rain, air and droplets) in front of and around the geometry with
all its complexity (e.g. turbulence, phase coupling, properties of the dispersed phase,
etc.).



2. Spray-wall interactions.

3. The build-up of a liquid film on a surface.

4. The development of a liquid film along a surface, including instability considera-
tions.

5. Film break-up.

6. The re-entrainment of separated liquid regions (secondary droplets) by the airflow,
possibly leading to further droplet impacts

Historically, the major focus has been related to reduced visibility due to water film
deposition and motion on windows. The issue on the front windshield can be resolved
by a suitable windscreen wiper. However, this only shifts the water management issue
elsewhere, since the excess water removed by the wiper blade is moved toward the A-
pillar that links the front windshield with the front-side glass. Here, the overflow of the
A-pillar can cause a safety-related issue with reduced visibility of the side rear view
mirror (as illustrated in Figure 1.). To avoid this, the A-pillar is designed with intricate
water management features such as steps or channels. However, those features have to
be subtle so that they do not compromise the aerodynamic performance of the vehicle
shape. Also, the visibility through the front-side window is further impaired by the in-
teraction of rain with the side mirror and the side-mirror wake. This wake can deposit
water on the side window either from the rain or even from water stripped from the
mirror itself [4].
In the presented article, tasks 1-4 are studied whereas 5-6 are neglected.

3 Experimental Set-up

To replicate on-road conditions, significant progress has been made over the past years
in the field of wind tunnel testing to allow for experiments that give both qualitative (
[4], [5]) and recently also quantitative [6] observations about the soiling of the side
window. Usually, an experimental setup in a climatic wind tunnel consists of a spray
rack that emits water droplets at a defined volume flow rate, while the wind tunnel
blows air with a defined speed and temperature. For the test setup related to front-side
window visibility, a spray rack with water spray nozzles is placed in the wind tunnel
nozzle in front of the stationary vehicle in the test section (schematics in Figure 2).
Unlike the case of self-soiling, the wheels rotation and floor movement are of negligible
influence and are kept stationary. The car surface is cleaned with a water jet and dried
so the surface is not prewetted. The wind tunnel is set to the test airspeed, the wipers
are turned on and the injection is started.

To visualize the water and to gain insight into its behavior, a UV-tracer fluid is added
to the fluid. This forms a solution that is possible to trace with UV-cameras due to
illumination from UV-lights that are on during the test. In the simulation, the material
properties of the mixture are assumed to be identical to water at a given temperature.



Fig. 2. The schematics of the FKFS thermal wind tunnel [7], side view (top) and top view (bot-
tom)

4 Modeling: State of the Art

The current state of 3D CFD simulations of vehicle water management still follows the
three-step approach initially introduced by Karbon and Longman [8] and Foucart [9]:

e Compute 3D airflow that is representative of the studied simulation, often by em-
ploying the existing numerical external aerodynamics methodology

¢ Introduce the droplets representing the rain into the flow domain and conduct a tran-
sient simulation that tracks their motion to predict the location and speed with which
they impact the body panels or windows

¢ Resolve the water flow that is deposited on the vehicle body from the rain

An extensive review of the methods and practices in vehicle soiling and water manage-
ment is given in [3] and more recently in [10]. In the case of an A-pillar overflow, a
method to first identify the breaching point on an A-pillar [11] has been developed,
followed by an approach that transports this one rivulet path over the side window [12].
Most recently [13], those two methods were combined into one simulation where the
method of resolving the surface water film is based on a Discrete Phase Film Model
(DPFM). The DPFM family of models originate from the work of O’Rourke and Ams-
den [14]. This base model does not account for the effects of surface tension and partial
wetting. The lack of these forces acting on the particles at the moving contact line has
a significant impact on the prediction of the rivulets patterns of the flow on the front
side window. In this approach, the particles only follow the shear stress, which leads to
a discrepancy between experiment and simulation [11]. This inaccuracy can skew the
design of functional systems and lead to undesired effects like reduced visibility of the
side mirror. As it is impossible to avoid water on the side window completely, it is
necessary to develop an active means of removing the accumulated water from the side
window, which can be facilitated through the simulation. To overcome some of the
drawbacks of the standard DPFM models, Kruse [7] outlined outstanding issues in the



model and introduced model corrections to derive a viable particle-based vehicle soil-
ing model. Kruse has shown that to a good extent the simulation resembles the soiling
pattern on the side window in the wind tunnel test observations in the case of a disabled
drainage system. However, this nature of the particle-based models reduces the predict-
ability of pooling and its motion dynamics and influence on the primary phase. This
requires an Eulerian model.

Naturally, the VOF method of Hirt [15] comes to mind. However, in spite of in-
creased accuracy this approach is still constrained by computational costs that come
from the requirements on the computational grid associated with explicitly resolving
the wall film velocity profile and capturing the interface curvature. Thus, since the pi-
oneering work of Karbon and Longman [8], a Continuous Phase Film Model (CPFM)
that follows the work of Bai Gosman [16] and Foucart [17] can be considered a very
good candidate to present results allowing for a satisfactory and accurate qualitative
and quantitative analysis as shown in [18] and [19].

The Bai Gosman model was adopted by Meredith [20] to be used in fire suppressants
[21]. Within iconCFD, this model is implemented and improved so it can further ad-
vance the understanding of exterior water management.

A very similar approach has been recently utilized in a study focusing on the predic-
tion of the water ingress into the septum of an air intake [22], in which the outcomes of
two implemented dispersed multiphase (DMP) models are compared. It has shown the
potential of this modeling approach to correctly capture the complete description of
water dynamics over the vehicle surface in rainy conditions.

5 Virtual Representation

The environment in a climatic wind tunnel has been represented virtually. Rain consists
of a mixture of water droplets and air. In the context of the multiphase analysis that has
been conducted, the air is denoted as the primary phase and the rain droplets are called
the Lagrangian phase due to the methods applied for their resolution. The water film is
called the secondary phase.

A precise resolution of the primary airflow is key to accurately predict the water
behavior on the vehicle surface. Within this study, the primary phase is resolved with
the WLTP-certified high fidelity transient external aerodynamics methodology that is
employed at SKODA AUTO and uses the transient CFD solver.

Due to the temperature requirements for climatic testing (-40 to 60 °C) the volume
of the air in the testing section of a climatic wind tunnel is effectively smaller than that
of a standard aerodynamic wind tunnel. It was anticipated that the Climatic Wind Tun-
nel layout dimensions might influence the results and, hence, prior to the measurement
of the A-pillar overflow, a controlled experiment of pressure traces at various locations
on the vehicle surface has been carried out by the authors using p-strips [23], a meas-
urement tool based on MEMS digital absolute pressure sensors. This enabled a quick
and un-intrusive measurement of pressure on the body.

The outcomes of this verification, illustrated in Figure 3, evince the necessity to
adopt a DES-based ( [24], [25]) approach to model the airflow to correctly capture the



intrinsic structures near the A-pillar. However, as the ultimate aim of the study is to
evaluate the on-road conditions, the reduction of the size domain has been neglected.
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Fig. 3. Comparison of Experimental (MEMS), Steady CFD (RANS) and Transient CFD
(DES) data evaluated in the middle of the A-pillar

5.1  Film Model Approach

One can arrive at the presented thin-film model through various paths. The most com-
mon are:

¢ Bai Gosman developed the model from jump conditions [26].

e Through the leading term analysis of the Navier Stokes equations, exploiting the
small aspect ratio between the film thickness &, and the characteristic length scales
of a vehicle body [27].

¢ ldentifying the film equations as a special limit of the shallow water equations [28]
with a specific velocity profile and source terms.

Here, the last approach is taken to highlight the main ideas behind the model deriva-
tion and to guide the understanding of the concepts specific to this methodology. The
starting point is the Navier Stokes equations. In order to reduce the computational time,
a quadratic velocity profile in the wall-normal direction can be considered. Assuming



the x-y direction to be tangential to a surface of the vehicle body and z to be the normal
direction, the velocity u has the form of:

z Z2
u(x,y,z) =3 - us(x,y) (—5,((”) -7 5%(”)) 1)
In the case of a constant film density p, the film velocity u is taken as a depth average
of the actual velocity u over the film thickness &,

Spup = fosfu dz and u(x,y,z) = us(x,y) + (x,y,z) )

and the velocity can be decomposed into a mean part and a deviation from the mean 1.
This offers a significant computational time saving, since in the normal direction, only
one layer of cells is needed to resolve the film motion, and only two equations need to
be solved

0cpy 5 + O, P OrUs; = Vg ©)
atpfé‘fuf_i + axjpf5fuf_iuf_j = —é‘faxlp + yuf,i (4)

What is essentially challenging in this model is the interaction of the various source
terms (ygf,p, Yag, ) in the balance equations, which are related to the complex physics
of various mechanisms of water film motion. Conservation of mass, which is repre-
sented by the first balance equation (3), effectively means that the film thickness can
change only through inflow/outflow or by mass addition y; . On the other hand, the
momentum equation can be viewed as representing film motion resulting from the bal-
ance of normal forces acting on the film understood through the pressure p and the
various forces acting in the film tangential direction.

The pressure term p contains terms associated with the influence of hydrostatic pres-
sure (pg,6¢), capillary pressure through surface tension o [29], the pressure imposed
by the primary phase p, and the normal component of the momentum p, inflicted by
impinging droplets

P = —pGnls — 004,05,6; + g + 1y )

The tangential source term y,, . comprise the effects of partial f4 wetting, the tangential
portion of the gravitation body force, the tangential momentum transfer from impinging
droplets f, the simplified model of the diffusion with film viscosity u; and the force
imposed by the wipers f,,

Yuf=f9+Pf5fgt+fl+#fAu+fw (6)

The other source terms often associated with CPFM models in internal combustion en-
gine applications [16] can be neglected. A more detailed description of the considered
source terms is provided in the following subsections.



Momentum Diffusion Modeling. Within the laminar thin-film limit, it is possible to
save computational effort, and instead of directly solving for the depth-averaged Lapla-
cian term, the effects of momentum diffusion can be modeled through a suitable water
film to the wall 7/, and air to water film T/ shear stress selections.

prdu = ¢ + ), (7
The term r‘fv can be accounted for through a Navier-slip condition,
g
T, ~3-U 5 (8)

This condition is consistent with the selected velocity profile and has been experimen-
tally verified to represent valid water film flow in the laminar limit [30]. As =7 is usu-

ally much lower in magnitude than t,’:,, a simplified model of

T£ ~ Cfpair|u]7;el|u]tel (9)
can be adopted to sufficient accuracy in cases where the direct calculation of r{; from
the primary flow is not available, as further commented in the Coupling Methods and

their Application section.

Partial Wetting. In the given limit of a thin film, it is possible to consider two ap-
proaches to modeling the effects of the movement of the film in the close vicinity of
the contact line that separates the wet and dry surfaces. It is possible to either assume a
no-slip condition for the film and model the motion through a non-Newtonian, shear-
thinning Cauchy stress response [31] or to take a more pragmatic approach and pre-
scribe a certain slip through a force term that incorporates the effects of the contact
angle 8 and the movement of the contact line. This latter approach has been selected in
this study.

Contact Angle Force. The equilibrium contact angle 6, characterizes the wettability of
a surface by a liquid. For 6, < 90° the liquid displays hydrophilic behavior, while for
6, > 90°, the wetting is hydrophobic in nature. To model this phenomena, Young’s
law is applied together with the balance of interfacial forces at the front of the film [32]
can be considered

fo=Coo(1 —cosO)+ [y (10)
This enables the force to be quantified through both

o the correlation parameter Cy
¢ the physical variables of the contact angle 6 and the surface tension o.

6, provides an accurate representation for the case of static or quasi-static water film
flows. In a vehicle application, the movement of the water film is dynamic and hyste-
resis, a difference between the advancing 6, and receding 6,. contact angle is observed.



This is effectively modeled by resolving the contact line movement through an equiv-
alent source term f; that acts against the motion of the contact line creating a hystere-
sis.

Contact Line Movement. The notion of a precursor film thickness &,.;; model is often
recommended ( [27], [29], [20], [33]) and is adopted here to represent the force neces-
sary to displace the contact line f ;. It assumes that for a water film with an equilibrium
contact angle 6., the contact line can be displaced only if 6; > &, and

fo=-+L (11)

)
Scrit

This approach, however, evinces an insufficient rivulet to droplets transition [20]. To
alleviate this inaccuracy, a 6 contact angle as a function of the film velocity close to
the interface has been selected in iconCFD with model inputs aligned with the contact
angle observed in car paints, windows and sealant rubbers [34].

Wiper Model. In the past, various means of representing the windscreen wiper have
been applied. Most notably,

¢ In their original study, Karbon and Longman [8] utilized a periodic surface water
source to distribute the water on the windshield.

e Foucart and Blain [9] represented the periodic force acting on the water film on the
windshield surface through a swept virtual plane.

o In [13] wiper effects were represented through a line force applied to the DPFM
representation of the film. In their follow-up study, they synchronized the wiper mo-
tion with a primary phase simulation in which the influence of wipers on the primary
flow had been included through an immersed boundary method (IBM) method [35],
where the effects of water film surface tension were neglected.

e Most recently [22] a mesh overset method was used for the wiper.

An overset method avoids remeshing at each timestep and can capture wiper blade de-
formation. However, similar to a VOF method, it comes at the expense of increased
computational time [36], which in turn could require a coarsened [22] computational
mesh for the water film management simulation. The present study adopts the external
aerodynamics mesh directly and seamlessly creates the film region mesh from it. As a
consequence, the wiper model, recently implemented in iconCFD, follows the work of
Pinelli [1] and introduces the wiper source term f,, through an application of the IBM
with an efficient wiper blade position search algorithm that does not significantly in-
crease the computational time of the simulation.

5.2 Rain Representation

The Lagrangian-Eulerian (LE) approach is suitable for representing the dispersed mul-
tiphase flow of rain in air. Herein the rain droplets are represented in a Lagrangian
reference frame, while the primary phase flow field is resolved in the Eulerian frame.
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The communication between the two phases happens in a segregated manner through
source terms. The droplet motion is governed by Newton’s second law

mg Gt =5k, (12)

where the sum of acting forces F, models the interaction with the primary phase. In the
case of a water management simulation focused on side-window visibility, it is suffi-
cient to account only for

e Spherical droplet drag through Liu’s dynamic drag coefficient [37]

¢ Virtual mass to account for the difference in droplet and primary phase accelerations

e Gravity (since a typical droplet diameter in the rain varies from micro-meters up to
several millimeters [38])

e The influence of the primary phase pressure gradient on the droplets

Other, higher-fidelity droplet models (e.g. secondary breakup [39], turbulence disper-
sion [40], inter-droplet collisions and coalescence [41]) are also available in iconCFD.
However, to represent the rain characteristics observed in the experiment, it is possible
to neglect them and still achieve a qualitative match with the rain deposition behavior
on the vehicle surface.

Rain Deposition. The action of droplet impact causes a point of mass Vs, and momen-

tum p; and f, to transition from a Lagrangian phase to water film. The physics of water
droplet impact depends on the condition of the surface and the properties of the droplet
and can be suitably characterized by Weber’s impact number

Pd|ué|2d
Wed = T (13)
for droplets of diameter d.
For the droplets observed in the experiment, the well-known Bai model [16] is a
well-established and utilized interaction treatment that can distinguish droplet adhe-
sion, rebound, spreading or splash, based on user specifications.

Droplet Re-Entrainment. Due to the balance of forces on the surface of the water film,
droplet separation from the water film can occur. Predominantly, it can be induced by
the interaction of the water film with the air, by a sudden change in geometry or through
dripping. These phenomena are often closely intertwined, and it is difficult to make a
clear-cut separation between them. This has motivated the recent rise in a detailed hy-
brid VOF application to handle such situations, e.g. [42] [43].

However, since the major focus of this study is the A-pillar overflow, this secondary
detachment is neglected in this study.
Coupling Methods and their Application. In the practice of vehicle water manage-
ment that is outlined in the introduction, it is assumed that the droplets have a negligible
effect on the primary phase, and, thus, only the primary flow affects the droplets with-
out any feedback from the droplets on the primary flow. Therefore, it is possible to
freeze the flow and solve only for the droplet and water film motion. This is the so-
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called one-way coupling that serves as a time-efficient means of simulation and is
adopted in this study.

For flows with a high Stokes number St (ratio of the response time of the dispersed
to the continuous phase, e.g. [44]) and for higher particle diameters in zones with higher
droplet concentrations, the feedback cannot be neglected. In the case of the A-pillar
overflow, it is sufficient to adopt one-way coupling. However, to observe the water film
behavior e.g. on the mirror glass of the side-view mirror, two-way coupling, where the
primary phase momentum is influenced by the Lagrangian phase, is important to predict
correct deposition of the droplets stripped from the side mirror body on the side win-
dow, a technique that is commonly used in self-soiling simulations [45].

6 Results

To predict the characteristics of the A-pillar over-flow, the experimental setup is recre-
ated virtually. The spray rack geometry is simplified by a random box injector placed
ahead of the vehicle body as highlighted in Fig. 4. The rain particles are modeled by
droplets with a diameter within the range of 0.2 to 2 mm. Three different vehicle speeds,
90, 110 and 130 kph, are considered. The wiper speed is such that one complete motion
occurs every 2 seconds.

Fig. 4. Schematics of the box used to inject rain droplets relative to the vehicle position
(AeroSUV Estate used for this demonstration [46])

6.1  Windscreen Wiper Effects

Fig. 5 depicts the behavior of water in the vicinity of the wiper. It can be seen that water
agglomeration into water streaks is present both in the experiment and the simulation.
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Fig. 5. A comparison of water film behavior close to a wiper blade (90 kph, windscreen wipers
close to the upstroke position) between experimental (left) and simulation (right) data

One can further observe, from Fig. 5, that for short simulation and experimental phys-
ical times the wiper motion does not push the water over the A-pillar. Once more water
is accumulated, wiper-induced over-flow can be observed (Figure 6). In the wind tunnel
testing, a strong wiper pull-back can be also seen near the A-pillar. This is caused by
the intricate interaction of the airflow with the wiper in the close vicinity of the A-pillar.
In the present study, the airflow is kept frozen during the simulation. Thus, the wiper
pull-back effect is not captured. This creates a slight discrepancy between simulation
and reality which is the subject of a separate study. However, on the studied vehicle
this does not significantly affect the A-pillar overflow.

The difference in the amount of water present on the side window at those similar
wiper events in Fig. 6 is because the wiper motion in experiment has not been synchro-
nized with the start of the spray and the relative offset of wiper activation varies at
different vehicle speeds.

Fig. . A comparison of wiper induced A-pillar overflow (90 kph, windscreen wipers
close to the upstroke position) between experimental (left) and simulation (right) data
6.2  Film Behavior on Side Window

The initial point of the film overflow is accurately predicted for the 90 kph load case
(Fig. 7).
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Fig. 7. A comparison of the initial location of A-pillar overflow (90 kph, windscreen wipers close
to the upstroke position) between experimental (left) and simulation (right) data

Unfortunately, for the remaining vehicle speeds, the data acquisition had started after
the water film breached the A-pillar. The identification of the first breach point and
other instances of water creating a rivulet between the door frame and the side window
is key to predict the behavior on the side window (see Fig. 8). Once such rivulet is
formed, the water film follows this path unless disturbed (see Partial Wetting paragraph
in section 5.1) by air fluctuations. However, in the present methodology, the primary
flow field is kept frozen over time to allow for short turnaround times and relatively
long physical time simulated (10 seconds) in which the simulation reaches a quasi-
steady state. This resolution is directly affected by the full history of the film movement,
hence the importance of correct prediction of the A-pillar overflow locations on the
qualitative behavior of the water film on the side window.

110 kph - > .4 130 kph

Fig. 8. Comparison of experimental data (top) and simulation data (bottom) predictions for the
water film behavior on the side window at 10s of physical time

As shown in Fig. 8, the water film development over the front side window is qualita-
tively well captured. Quantitatively, it must be noted that in the experiment the main
overflow of the A-pillar occurs at a lower location than in the simulation. This discrep-



14

ancy is caused by the geometrical simplification of the groove-shaped door rubber seal-
ing. This V-shaped rubber sealing is omitted in the external aerodynamics simulation
following the best practice. However, the experiment shows this groove can transport
the water from the top section of the A-pillar towards the observed overflow location
and its geometry should be taken into consideration in further EWM studies.

7 Summary

The presented methodology gives a good agreement with the experimental data for the
prediction of A-pillar over-flow.

The effect of the windscreen wipers is modeled accurately and the lack of the mod-
eled wiper pull-back does not negatively influence the qualitative representation of the
results on the side window. The simulation predicts accurately both the point of first
over-flow of the A-pillar and the water film behavior on the side window.

This is a combination of the higher fidelity air-flow model and the implementation
of the presented implementation of CPFM model and its linkage to the Lagrangian rep-
resentation of the rain droplets

A more detailed depiction of the experimental rain source and a more detailed de-
scription of the areas of interest has the potential to further mitigate the observed dif-
ferences in the amount of water deposited on the A-Pillar and side window and is cur-
rently being evaluated.
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