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Abstract 
 
The main function of an air intake system is to supply the engine with clean air. When driving 
during rainy conditions water may enter the system and it is desired to reduce the amount to a 
minimum level. This thesis presents a numerical model of how water is ingested and water 
film is developed in the air intake system on a vehicle driving at three different velocities. The 
work is done by solving the stationary air field around the complete vehicle and then releasing 
water droplets from an injection field in Fluent. The result is then exported to the in-house 
code Continuum Phase Wall film model developed in Matlab where the transient water film 
progression is computed. 
 
With help of CFD computations I have studied how water film progresses in the air intake 
system. The simulations are performed at high speed driving and detailed figures over the 
development and progression of water film are shown and analysed. The outcome of the 
simulations might explain the results received from wind tunnel experiments at Volvo. New 
drain modifications, based on the results from the simulations, are then presented within this 
report. 
 
The water film code uses the Weber criterion to determine if and when droplets will separate 
from the walls. The code fails with the transport of water film in some cells and accumulation 
of unreasonably large film height values are received. This problem is solved by 
implementing a second separation criterion in the code, which enforces separation in cells 
where the film height exceeds a specific value. 
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Symbols 
ρ   Density       [kg/m3] 

t   Time        [s] 

u   Velocity vector      [m/s] 

∇   Nabla operator  

p   Static pressure      [Pa] 

τ   Stress tensor      [Pa] 

g   Gravity       [m/s2] 

F   External body force     [N] 
I   Unit tensor 

DF   Aerodynamic drag force    [N] 

δ   Water film height     [m] 

S   Source or sink term      
A   Local cell area      [m2] 

We   Weber number 
L   Characteristic length     [m] 

σ   Surface tension      [kg/m] 

µ   Dynamic viscosity     [kg/ms] 

D   Separated droplet diameter    [m] 

C   Courant number 

l   Cell length       [m] 

m&   Water mass flow      [kg/s] 

Accr   Accretion rate      [kg/m2s] 

Re   Reynolds number 

υ   Kinematic viscosity     [m2/s] 

k   Kinetic energy of turbulent fluctuations  [m2/s2] 

ε   Turbulent dissipation rate    [m2/s3] 

Subscripts 
T   Transpose 

p   Particle 

i   Tensor index 
L   Laminar 

l   Liquid phase 

w   Wall 

//   Parallel 
 

Abbreviations 
AIS  Air Intake System 
CFD  Computational Fluid Dynamics 
CPW  Continuum Phase Wall film 
FVM  Finite Volume Method 
RNG  ReNormalization Group 
RWM Random Walk Method  
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1 Introduction 
This section contains the background and introduction to this thesis. It gives the reader a 
description of the problem and then the purpose and goals for the project. 
 
The engine of a car needs air for the combustion process in the cylinders. It is required for the 
air to be as clean as possible in order for the engine to be as efficient as possible. Hence the 
air must in some way be “cleaned” before it enters the combustion chamber. The system that 
cleans the air and guides it into the cylinders is called an Air Intake System (AIS). The AIS 
may be divided into three main parts: an inlet and intake section in which the incoming 
“dirty” air is guided into, a filterbox section where a filter is located that cleans the polluted 
air and hinders soot and other particles from entering the cylinders, and an inlet to the engine 
where the clean air is guided to the cylinders. 
 

1.1 Background 
High speed driving under heavy rain conditions may lead to water ingestion in the air intake 
system. Since the space in the engine compartment is very limited, geometrical restrictions of 
the shape of the air intake system influences on how much water that will enter the system. 
Several Configurations of the air intake drainage system have been tested in wind tunnel at 
Volvo Cars Corporation (VCC). The experiments show that the drain system performs well 
up to certain velocities but further development of the intake system is needed in order to 
reach requirements for high speed driving. In line with the practical development a numerical 
method is needed. This thesis describes the method for modelling of water ingestion in the air 
intake system. 
 

1.2 Scope 
The test group at the Environment and Contamination department at VCC performs 
experiments on car models under different kind of weather conditions. Wind tunnel 
experiments with rain simulations have been carried out to see if the AIS performs up to the 
demands that VCC has set and a numerical model of the water ingestion will be developed for 
further analysis of the contamination in the intake system. The main purpose of the project is 
then to develop a numerical calculation model of how water droplets will enter the AIS and if 
layers of water film will be created on the walls. The behaviour of the water film is to be 
studied and analysed to see if the film will break up in the AIS and if possible to find a way to 
drain the water out of the system before entering the inlet to the engine. Some questions to be 
answered are 

• How much water will enter the system? 

• Will water film develop? Where will water film develop? 

• How does the separation process occur? Will it be possible to study? 

• How will the separated droplets act in the system? How much will hit the filter? What 
is the distribution on the filter? 

• How can water be drained out of the system in a more efficient way? 
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1.3 Limitations 
As described previously the AIS consists of three parts: intake, filter box section and inlet to 
engine. Only the intake and filterbox section is of interest to study when the wall film 
simulations are performed in this project. 
 

1.4 Method 
This project is a numerical approach to develop a water ingestion model. The air flow is 
simulated in the numerical software programme Fluent 6.3.26 and to study the water film a 
pre-developed wall film code created in Matlab [1], which is based on the article Wallfilm [2], 
at VCC is used.  This model has been developed since the wall film model in Fluent is found 
to be very CPU and time demanding.  
 
Other commercial softwares used to define the ingestion model in this project are Ansa 12.1.2 
and Harpoon 2.5b. Post-processing is done in Ensight 8.0 
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2 Theory 
This chapter is divided into two sections. The reader is first given a brief introduction to 
Computational Fluid Dynamics (CFD) and Fluent, its solver structure and which equations it 
solves for. Then the reader is introduced to the in-house Continuum Phase Wall film model 
(CPW) where we explain how and which equations it solves for. 
 
If the flow field of a viscous medium around and inside an object of interest is to be solved 
and there are no analytical solutions of the differential equations one may use CFD to solve 
the flow field. CFD is a computerized method that is widely used in the car industry to study 
e.g. the aerodynamics of a car and combustion processes but is also applicable in other 
industries such as the nuclear power and pharmaceutical industry. It divides the computational 
domain into small control volumes, known as cells and in these cells all the equations that 
described the flow field of interest are solved. Together with predetermined values at the 
boundaries and/or initial conditions the equations in the cells are solved. 
 

2.1 The governing equations 

2.1.1 Continuity 

In fluid dynamics the continuity in differential form for an unsteady flow is 
 

0)( =⋅∇+
∂

∂
u

t
ρ

ρ
          (2.1) 

 

where ρ  is the density, u  is the velocity of the fluid and t  is time. The first term represents 

the rate of change of density in time and is known as the advective term. The second term 
represents the net rate of the mass flow of a control volume and is known as the convective 
term. If the flow is incompressible the density remains constant in time and equation 2.1 
reduces to 
 

 0=⋅∇ u .            (2.2) 
 
The physical interpretation of this volume continuity equation is that the amount of fluid 
coming into a control volume is equal the fluid leaving the control volume. 
 

2.1.2 Momentum 
The conservation law of momentum is 
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where p  is the static pressure, gρ  is the gravitational body force and F  is some external 

body force acting on the fluid. The external body force term may contain source terms like 

porous media and user-defined sources [3]. The stress tensor τ  is given by 
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where µ  is the molecular viscosity and Ι  is the unit tensor (a.k.a. Kroneckers delta). 

 
These two equations are known as the Navier-Stokes equations and are solved for all flows in 
Fluent. 
 

2.1.3 Motion of particles 
Since the water ingestion model is a multiphase model (gas-liquid phase) and water droplets 
will be injected into the computational domain, Fluent solves the equations of motion for 
water droplets. In a Lagrangian reference frame Fluent solves the equation by integrating the 
force balance on the particle. The force balance equates the particle inertia with the forces 
acting on the particle [3] and is given in vector form below 
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where pu  is the velocity of the particle, DF  is the aerodynamic drag force, u  is the fluid 

velocity, g  is gravity, pρ  is the particle density, ρ  is the fluid density and F  is an 

additional force term due to the pressure gradient and virtual mass [3]. This term contains the 
force required for accelerating the fluid surrounding the particle and forces due to pressure 
gradients in the fluid. The term on the left hand side represents the acceleration of the particle, 
the first on the right hand side represents force due to aerodynamic drag and the second due to 
gravity. For a more detailed description on what’s behind the drag force term and additional 
force term see [3]. 
 

2.2 Continuum Phase Wall film model 
The CPW model treats the gas and water film as two separate phases hence the model is a two 
single phase model. The model treats physical effects like wall shear force, gravity and 
pressure gradients at the surface. It assumes a very thin water film thickness and a laminar 
film velocity that is parallel to the solid wall which simplifies the model to a 2D Finite 
Volume Method (FVM) on the wall boundaries. It also assumes that the wall shear stress is 
equal the shear stress at the interface between the gas and liquid phase [1]. 
 
The CPW code is based on the continuity equation and uses the Euler explicit upwind scheme 
to discretizise the transient term in the equation. The discretization is applicable to hexagonal 
and triagonal surface meshes [1]. 
 
The general form of the continuity equation is transformed into an equation based on the 
water film height, which is 
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where δ  is the water film height, iu  is the water film velocity component in the i:th direction, 

ix  is the i:th coordinate, ρ  is water density, A  is the cell area and S is the source or sink 

term. 
 
The wall film velocity is solved by combining the momentum and boundary layer equation 
for laminar flow, and is as 
 

 







+















−= wi

w

il

l

Li
dx

dp
gu ,//,, 32

6
τρδ

µ

δ
        (2.7) 

 
which is used to solve eqn.2.6 [1]. 
 
In order to determine if water droplets will separate from the wall film the CPW model is 
implemented with the Weber number criterion. It states that if the Weber number is reached 
above a critical value in a cell then separation will occur. The Weber number is defined as 
 

 
σ

ρ Lu
We
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=             (2.8) 

 

where ρ  denotes the density of the liquid phase, u  is the velocity of the wall film, L  is the 

characteristic length and σ  is the surface tension. The characteristic length may in this case 
be the height of the wall film. The Weber number is a dimensionless parameter and it shows 
the ratio between the inertial forces that tend to break up the droplet and the water surface 
tension that pulls the water droplet into its spherical shape. It is a useful parameter when 
analyzing thin wall films and the formation of droplets. 
 
From the relation between the shear stress at the wall and velocity in the x-direction for 

laminar boundary layer the velocity u  in equation 2.8 may be expressed as 
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where 
wτ  is the wall shear stress, δ  is the wall film thickness and 

lµ  is the viscosity of 

water. From mass conservation the Weber number may be expressed in terms of the separated 
particle diameter D  instead of the film thickness and by combining equation 2.8 and 2.9 the 
Weber separation number is given by 
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Water droplets will then separate from the wall film when the local Weber number exceeds 

the value for separation, which is when separationWeWe > .  

 



 6 

The explicit Euler scheme used for the transient term in eqn. 2.6 requires a criterion in order 
to be stabile. The Courant number controls that the information (in this case the film height) 
will not be lost between the cells when passing, and is given by 
 

 
l

tu
C

∆
=             (2.11) 

 

Where u  is the film velocity in the boundary between two cells, t∆  is the time step and l  is 
the cell length. The Courant should be less than unity for the simulations to be stabile but a 
variety of values have been tested in this thesis and a value of 0.5 will give no instability. 
 
The parameters to export from Fluent are x-, y- and z-wall shear force, static pressure, 
pressure gradient on the wall and the accretion rate. The accretion rate is defined as 
 

 ∑
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Where pm&  is the mass flow from each particle and faceA  is the area of the cell face at the wall. 

 

2.3 Turbulence 
This section contains a description of the characteristics of turbulence and the specification of 
turbulence model that will be used in Fluent simulations. 
 
The behaviour and characteristics of a fluid in motion is mainly dependent on the Reynolds 
number which is a dimensionless parameter and defined as 
 

υ

uL
=Re             (2.13) 

 

where u  is the velocity, L  is the characteristic length and υ  is the kinematic viscosity of the 
fluid. The equation is a ratio between the inertial and viscous forces in the fluid that 
determines the regime of the flow. When viscous forces dominates, the fluid travels smoothly 
in the domain and the forces acting for rapid fluctuations is suppressed by the forces acting to 
keep the flow in a steady behaviour. The flow is then said to be laminar. On the other hand 
when the inertial forces dominate over the viscous forces and the Reynolds number is 
sufficiently large, the flow will become unsteady and fast fluctuations in the flow will occur. 
The flow is then said to be turbulent and a graphical description between laminar and 
turbulent flow is shown in the Fig.2.1. 
 

 
Figure 2.1: Transition between laminar and turbulent flow [4]. 
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The behavior of turbulent flows are more difficult predict than laminar flows since the 
presence of turbulence will make the flow unsteady. A mathematical approach in CFD to 
handle turbulent flow is to introduce two-equation turbulence models where two more 
transport equations are modelled and solved together with the continuity and momentum 
equations. The choice of right turbulence model is crucial since some of the models are very 
CPU and time demanding. One of the most common turbulence models is the k-ε model and 
is described in the next section. 
 

2.3.1 The k-ε model 
The k-ε model adds additional two transport equations which are solved simultaneously with 
the continuity and momentum equations. The model has three versions which all solve for the 
turbulent kinetic energy (k) and the turbulent dissipation rate (ε) but the approach to solve 
these equations are different for all of them. The simplest of these models is the standard k-ε 
model and was the first one to be developed. The standard model has its strengths but also 
weaknesses and improvements from this model have been made and the outcome is the 
Renormalization Group (RNG) k-ε model and the realizable k-ε model. In this thesis we will 
use the realizable k-ε model. 
 
The main difference between the realizable model and the other two is that the realizable 
satisfies certain mathematical constraints on the Reynolds stresses, which in the standard and 
RNG model may become negative although by definition it is positive. The transport 
equations to solve are the following: 
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kG  and 
bG  represents the generation of turbulent kinetic energy due to the mean velocity 

gradients and the generation of turbulent kinetic energy buoyancy respectively. MY  is the 

contribution of fluctuating dilatation in compressible turbulence to the overall dissipation rate. 
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kσ  and εσ  are the turbulent Prandtl numbers for k and ε respectively. kS  and εS  are user-

defined source terms [3]. The constants with their values are given 
 

 44.11 =εC , 9.12 =C , 0.1=kσ , 2.1=εσ  
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3 Air intake system 
In this section we discuss and explain the function of an AIS in general and then define 
geometry to use in the numerical model. 
 

3.1 Description and main functions of an AIS 
The AIS has two main purposes: 
 

1. Guide incoming air into the engine 
2. Clean the air from dirt 

 
The main purpose of the AIS is to guide the incoming air to the cylinder in which the air will 
take part in the combustion process. It is located in the front part of the engine room under the 
bonnet, directly behind the front grill where the company emblem is mounted. How much air 
that is needed for the combustion process is influenced by several variables but mainly one 
can say that speed and acceleration contributes the most to the need for air. If a car accelerates 
from low to high speed, the fuel consumption increases and hence the engine needs more 
oxygen (air). The unit that controls the air suction rate is located after the AIS in the clean air 
duct. This unit is very sensitive to water and if exposed to water it might malfunction and thus 
give wrong air flow rates to the engine.  
 
The second purpose of the AIS is to clean the incoming air from particles such as sand, 
leaves, snow etc. This is done by using a filter in the filterbox section in which the dirt will be 
trapped, and the standard requirement of a filter is to clean 99.8 % of the incoming air. A 
secondary function of the filter is to reduce noise from the engine. A graphical description of 
the system is viewed in the Fig.3.1, where U∞ denotes the air velocity generated by the speed 
of the car. Note that this image is a general description of an intake system. In real life the 
intake system may come in different shapes and variations. 
 

 
Figure 3.1: concept image of an air intake system. 
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3.2 Geometry of AIS and simplifications on it 
In this section the reader is given a more detailed description of the AIS in this thesis and is 
introduced to the driving cases to use in the model. 
 
The intake system that is used to develop the ingestion model is in production and installed in 
the V50 with I5D diesel engine and has been on the market for several years. It is located just 
behind the front grill under the bonnet of the car close to the engine compartment, as shown in 
Fig.3.2 below. The system is divided into three sections and are numbered in the figure, 
which indexes denotes 
 

1. inlet and intake section 
2. filterbox section 
3. inlet to main engine 

 
Fig.3.2 shows a photograph of the engine compartment taken from above. The inlet and intake 
section is located in the bottom left in the figure from which the air is guided into the filterbox 
section, indicated by the first arrow pointing to the right. The air is then led through the filter, 
located in the black box but is not visible, to the inlet to the main engine as shown with the 
arrow pointing to the left. Note that the most of the inlet part is covered under the grey plastic 
engine shell. A second intake, but not visible in the figure, is present in the AIS and is located 
at the other end of the filterbox section to where dirty air enter. It is used as an alternative 
intake if the primary intake will be filled with too much snow or dirt and is unable to guide 
the air to the engine. Due to the primary and secondary intake the filterbox section is divided 
by a thin wall into two smaller sections. 
 

 
Figure 3.2: AIS located under the bonnet. 
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Figure 3.3: Actual AIS model with intake and exit arrows. 

 
A model of the air intake system is shown in Fig.3.3 above and there we can see how the  air 
intake system is constructed in detail. The inlet of the intake section is covered by a plastic 
shield which protects from snow and heavier dust particles, but air is able to enter from the 
left and right of the protective shield, as indicated by the arrows. One can observe a section of 
ribs along the intake duct and these are assembly ribs which are for the intake system to be 
properly installed under the bonnet. The ribs are removed in this project in order to have a 
smooth geometry when using the CPW program, since reports of it having trouble with sharp 
edges. The secondary intake is shown to the right in Fig.3.3 and its inlet is located close to the 
front wheel house, from which the air is guided into. This section is also removed but the 
entrance to the filterbox section is let open for the air to flow into.  
 
The intake system is also equipped with a drainpipe, with the hose mounted at the ground 
walls of the intake duct directly after the assembly ribs. It is functioned to lead the incoming 
water downwards and out of the system before it enters the filterbox. A photograph of the 
intake section with drainpipe and filterbox section is shown in Fig.3.4. The length of the drain 
hose in this picture is a prolonged modification of its original version and has been tested in 
the wind tunnel to see if a longer hose will improve the drainage system. 
 

 
Figure 3.4: AIS with drainpipe mounted on the intake duct. 
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This is how the simplified intake system looks like in this project. As can be seen below the 
assembly ribs, drainpipe and secondary intake are removed. 

 
Figure 3.5: Simplified model used in this project. 

 
An ANSA model of the whole air intake system mounted together with the engine bay behind 
the front grill is shown in Fig.3.6. The yellow duct is the inlet and intake section and observe 
that the inlet is located to the left of the grill emblem. 

 
Figure 3.6: Computer model of the AIS, engine bay and heat exchangers. 

 

3.3 Driving conditions 
The test group at VCC performs outdoor experiments during rainy conditions. One approach 
to naturally ingest water particles into the AIS is to let a vehicle drive behind another vehicle 
on a wet road. The back tires from the first car then lifts the water up to the air which will hit 
the second car. A method that is used at VCC is to perform the experiments at different 
driving speeds where the test car will drive at 140 km/h and then accelerate up to 160 km/h 
and then decelerate down to 140 km/h. This procedure is then repeated over again. In this 
thesis three cases are studied where we let a vehicle drive at 140, 160 and 200 km/h. The 
latter is to be seen as the acceleration from 140 to 160 km/h. 
 
Table 3.1: Speed and suction rate 

 Driving speed [km/h] Suction rate [kg/h] 

Driving case 1 140 325.177 

Driving case 2 160 390.054 

Driving case 3 200 535.559 

 
The last column in table 3.1 shows the amount of air that is being sucked into the engine 
during each driving case. The values are received from wind tunnel experiments and will be 
used as boundary conditions in the simulations. 
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4 Pre-processing  
This section contains a description of how the computational domain is setup and what 
boundary conditions to use. 
 

4.1 Meshing and case setup 
The software that is used to generate the mesh in the domain is Harpoon and it is an automatic 
body-fitted hex dominant mesher [5]. To control the cell size in the domain the user 
constructs refinement zones where the cell size of the cells is specified. It is required to set a 
base level of the cell length and the size in the refinement zones may be changed relative to 
the base level by a factor of two. To generate the mesh in the domain the user sets the cell 
length on the surfaces of the objects and when creating the mesh Harpoon starts by creating 
cells in the fluid volume domain. Since the cell size on the surface is specified by the user the 
software then matches the cell size in the volume with the cell length on the surface when 
creating mesh near the boundaries of the objects.  
 
The domain is constructed by placing the car in a large box of width 10 m, height 5 m and 
length 50 m. The large length is required to obtain a fully developed flow in the rear of the car 
and then avoiding backflow in the domain. The global cell size is set to 320 mm, i.e. the 
regions far away from the car, and two refinement zones are located around the car. The 
largest one with cell size 10 mm is constructed all around the car in order to obtain a finer 
mesh than in the global region and the other one is located at the front of the car around the 
engine part, having cell size of 5 mm. The cell size of the individual parts of the car, including 
the AIS, is set to 5 mm. These settings will generate around 22 million cells. Fig.4.1 shows 
the cell size distribution around the car and under the engine bonnet. The two boxes that 
appear around the car and engine are the refinement zones, as described above. The 
configuration file to generate the mesh in Harpoon is shown in appendix A. 
 

 
Figure 4.1: Cell size distribution in the domain close to the vehicle. 
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The front and back side of the domain is supplied with an inlet and outlet respectively, as 
shown in Fig.4.2. The vehicle is located in the front part of the tunnel. The yellow boxes 
around the car and engine are the refinement zones as described previously in this section. 
The walls at the long side of the domain and the roof are not shown in the figure for 
simplicity reasons. 

 
    (a)        (b) 

Figure 4.2: Computational domain with boundaries (a) and AIS with boundary “suction outlet” (b). 

 
The boundaries with their boundary types and conditions are 
 
Inlet: Velocity inlet having velocity, normal to its boundary, as the car speed of 38.8, 44.4 and 

55.5 m/s. Turbulent intensity is set to 0.1% and turbulent viscosity ratio is 200. 
 
Outlet: Pressure outlet with gauge pressure set to 0 Pa. Backflow turbulent kinetic energy is 1 

m2/2 and backflow turbulent dissipation rate is 1 m2/s3. 
 
Suction outlet: Velocity inlet. Velocity normal to the boundary with negative values of 14.6, 

17.5 and 24.0 m/s which are calculated from continuity, directly related to the engine 
suction rates in table 3.1. The velocities are negative since this corresponds to the 
suction rate from the engine, i.e. air leaving the domain. Turbulence intensity and 
turbulent viscosity ratio is set to 10 % and 10 respectively. 

 
Ground: Moving wall to avoid unphysical boundary layer growth. The velocity is the same as 

the corresponding driving case. 
 
Roof and long side walls: Treated as symmetry planes where the flux across the boundaries 

and shear stresses are zero. 
 
Since no energy equations are used in the simulations in Fluent the heat exchangers with the 
charge air cooler and condenser are treated as porous media and the cooling fan has pressure 
drop set on its surface. The filter in the filterbox is treated as a porous medium with the 
porosity resistance coefficients taken from [6], and are given  
 
Table 4.1: porosity coefficients for filter 
Direction-1 Viscous Resistance [1/m2] 3e+005 

Direction-2 Viscous Resistance [1/m2] 3e+009 

Direction-3 Viscous Resistance [1/m2] 3e+007 

Direction-2 Inertial Resistance [1/m] 0.347 

Direction-2 Inertial Resistance [1/m] 34700 
Direction-2 Inertial Resistance [1/m] 347 
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The direction vector components for the filter are created by fitting a control plane on one 
horizontal surface of the filter. The result is given in table 4.2. 
 
Table 4.2: direction vector components for filter 

Dir-1 x-comp Dir-1 y-comp Dir-1 z-comp Dir-2 x-comp Dir-2 y-comp Dir-2 z-comp 

0.9979 0.005779 0.1845 0.001688 0.9997 0.02236 

 
The flow is steady and turbulence is introduced by enabling the realizable k-ε turbulence 
model. The calculations use coupled pressure-velocity coupling and a coupled second order 
upwind discretization scheme is used for the momentum equations, standard scheme for 
pressure and first order upwind scheme for the k-ε equations. Standard wall functions are used 
at the boundaries near the walls. The operating pressure is set to 10-5 Pa, density of air is 

205.1  kg/m3 and viscosity is 61081.1 −⋅  kg/ms. For further studies of the boundary types and 
the boundary conditions the reader is instructed to view appendix B. 
 
Due to the complexity of the domain, no studies of cell convergence is made. 
 

4.2 Work flow 
The CPW model bases the water film transport on the stationary air field solved in Fluent, 
from where the variables of interests are exported and used as input in the programme. A 
work process chart is shown below. 

 
Figure 4.3: Simulation process in Fluent and CPW model [1]. 

 

The air around the vehicle and in the air intake system is solved in Fluent together with the 
particle tracking simulations. The output is then exported to the CPW model where water film 
simulations are performed. Step 3 and 4 are optional if the trajectory of the separated droplets 
is of interest to study, and it will be the case in this project. The result and post-processing is 
then done in Ensight. 
 
. 
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5 Results 
In this section the results from the air flow simulations water film simulations are presented.  
 

5.1 Air flow simulations 
The results from the dry air flow simulations for the three driving cases are shown further 
down in this section, and the geometry that is studied is the primary intake and filterbox 
section. 
 

 
    (a)      (b) 

Figure 5.1: streamlines of flow in intake at 200 km/h. 

 
Fig5.1 show streamlines when air enters the inlet and intake system. Figure (a) show 
streamlines from a view in front of the inlet and (b) shows the inlet from above. The 
streamlines are coloured by velocity where red lines indicate regions of high velocity while 
blue lines show where the fluid is close to stagnate. It is seen in the figures that two vortices 
are present before the bend of the AIS inlet. Here can be seen that the vortex to the right in 
figure (b) is slightly larger than the one coming from the left. Before the flow enters the intake 
it has to flow around the snow shield that is mounted in front of the intake opening and since 
the AIS intake is mounted just at the side end of the car grill and more obstacles are mounted 
to the left of the AIS, more air will enter the intake from the right than from the left. For a 
graphical view of the intake opening and the snow shield please review the figures in section 
3. 
 
It is seen that the two vortices stream separately in the intake until the first vertical bend, 
where the large vortex pushes the smaller one to make its way along the outer walls of the 
intake. The flow from the smaller vortex then accelerates along the lower walls after the 
second bend (seen in Fig. 5.1(a)) and this stream of high velocity can also be seen in the 
contour plots below.  
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Figure 5.2: Contour plot of velocity for driving case 1 at 140 km/h. 

 

 
Figure 5.3: Contour plot of velocity field for driving case 2 at 160 km/h. 
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Figure 5.4: Contour plot of velocity field for driving case 3 at 200 km/h. 

 
Fig.5.2-5.4 show the velocity distribution in a horizontal clip plane through the intake and 
filterbox section for the three driving cases. The air will enter the filterbox section from the 
intake, seen in the upper left, where it has its highest velocity and when entering the filterbox 
section, i.e. a larger volume section, the velocity decreases. The black vector arrows shows 
the direction of the flow where long arrows indicate high velocity and short arrows low 
velocity respectively. When the flow decelerates in the filterbox section it will move along the 
walls and a rotational wake will develop, and almost stagnates in the centre of the wake. This 
is indicated by the vector arrows building a vortex pattern in the middle section of the 
filterbox. This phenomenon is mostly apparent in Fig.5.2. 
 
Notable is that the scale of the velocity is not the same in the figures which means that the 
colours of the figures do not represent the same magnitude of the velocity between the 
figures. This is though expected since the driving cases uses different suction rates to the 
engine. Also observe that the clip planes are not located at the same plane in the global 
coordinate system, resulting in some differences in the velocity field in Fig.5.2-4. 
 
The increase in air velocity in the intake duct will affect the wall shear stresses, as shown in 
Fig.5-5-7.  

 
Figure 5.5: Wall shear stress in intake section at 140 km/h. 
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Figure 5.6: Wall shear stress in intake section at 160 km/h. 

 
Figure 5.7: Wall shear stress in intake section at 200 km/h. 

 
Figures 5.5-7 show the intake section with the inlet to the left, the intake duct in the middle 
and a small section of the filterbox is shown to the right. As can be seen in the figures, an 
increase in engine suction rate will give rise to an increase in the wall shear stresses. Apparent 
with increased car speed is at the inlet where the shear stresses will increase significantly if 
we compare when driving at 140 km/h with 200 km/h. This is a consequence to the increase 
in vortex flow at the inlet (seen in fig5.1). From the air stream figures in the intake, shown 
previously in this section, we observed that the flow will increase along the front side inner 
wall of the intake duct, which gives rise in shear stresses along the intake duct, shown in 
figures 5.5-5.7 above.  
 

 
Figure 5.8: Velocity distribution in clip plane for case 1. 



 21 

 
Figure 5.9: Velocity profile in filterbox for case 2. 

 

 
Figure 5.10: Velocity in filterbox for case 3. 

 
The contour plots above show the velocity field with vector arrows in a vertical clip plane 
along the filterbox section. The flow field show similar features for the three driving cases 
with the difference in magnitude of velocity. The air stream will decelerate when entering the 
filterbox from the intake duct and the presence of the filter in the middle section will cause 
stagnation of the air flow and extra pressure drop. In the lower right one can see the fluid 
entering the filterbox section from the secondary intake with high velocity, and then hitting 
the wall where the flow is spread to a lower and upper wake. In the upper wake the flow will 
enter the filter, its presence is explained by the large horizontal area of low velocity in the 
middle of the figures, and is then accelerated into the suction outlet.  
 

5.3 Droplet cloud simulations 
The tracking of water droplets in the stationary air flow field is performed in Fluent. The 
simulations are one-way coupled, that is the droplets are in interaction with the air flow field 
but the flow field itself is unaffected by the presence of the droplets. This is justified if the 
mass fraction of water droplets in air is considerably low. The turbulent dispersion of the 
water droplets is taken into account by the Random Walk Method (RWM). It is a stochastic 
method which uses a number of tries and a maximum number of tracking steps to track the 
particles in the domain [3]. In this project the number of tries is 7 and the numbers of 



 22 

maximum tracking steps are set to 10000 in order for all the particles to hit a surface or escape 
the domain. 
 
To simulate road spray, water droplets are released from a surface 5 meters in front of the car 
where the flow field is still unaffected by the presence of the car and this is done for all 
driving cases. The injection matrix that is generated in Matlab (see Appendix for script) is of 
1x1 m width and height with its center aligned with the center of the inlet in the flow 
direction. The height of the surface centre is located slightly above the height of the inlet to 
the intake system. 
 
The size of the particles are in the range 20-400 µm in diameter and the size distribution 
follows those collected 25 meters behind a truck in [7]. The droplets in the matrix are released 
at a uniform distance of 12.5 mm between each other, and in every point the particle 
distribution follows those received in [7]. This will generate around 60,000 particles in the 
matrix and the simulation time is about 0.5-2 hours. The mass flow of the droplet cloud is 4 
l/m2min and is constant for all driving cases and initial speed of the droplets is set to the free 
stream velocity. 
 

 
Figure 5.14: Accretion rate on the exterior of the car for driving case 1. 

 
The water droplets can either reflect, trap or escape the domain when hitting a surface. When 
reflecting from a surface the momentum loss can either be set to a constant value or as a 
function of the impact angle. In this project the momentum loss for all particles is constant 
and set to lose half their momentum in the tangential and normal direction when hitting a 
surface close to the air intake system. This momentum loss is taken as an estimate in order for 
the simulation to be as physically correct as possible. The particles are set to escape the 
domain if hitting the ground or pressure outlet. 
 
A fan surface is located at the inlet of the primary intake of the AIS and is used to monitor the 
mass flow rate of air and the accretion rate of the discrete phase. Two simulations have been 
performed, one where the fan surface is set to trap the droplets so that the flow rate of the 
incoming water can be monitored. In the other simulation the fan surface will not have a 
boundary condition set, instead the droplets will pass through the surface and the walls of the 
AIS intake are set to trap the droplets so that the accretion rate can be exported to the CPW 
model.  
 
In the first simulation the fan surface at the AIS intake is set to trap and the mass flow rate of 
the water droplets is monitored. The walls of the AIS are set to reflect with no momentum 
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loss. A physical effect in real time is that water droplets will break up into smaller droplets 
when hitting the heat exchanger (see fig. 3.6) in front of the engine and splash back in the 
opposite direction of the main stream. This phenomenon would suggest that more water will 
enter the system but this effect is difficult to model in an accurate way but one way is to set 
the heat exchanger to reflect the droplets and this is done, with no momentum loss when 
hitting the surface, and compared to when not defining a boundary condition on the heat 
exchanger. The mass flow rates at the primary AIS intake for the three driving cases are 
shown in Fig.5.15. 
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Figure 5.15: mass flow through primary intake. 

 

The red curve in Fig.5.15 shows the mass flow rate of water coming into the primary intake 
when the surface of the heat exchanger is set to reflect the droplets and the blue curve is when 
no boundary condition is set on that surface. The results from the simulations shows that with 
increased car speed more water will be come into the system and the amount is almost 
proportional to the driving speed. It can be further observed that when trap is set at the heat 
exchanger there is a tendency of more water being sucked into the system at higher car speeds 
but in the range of 140-160 km/h the amount of incoming water are more or less equal. The 
difference between the two cases at 200 km/h is around 8 µg/s which is a very small amount 
and in the further calculations we will treat the condenser as an interior, i.e. not to reflect 
incoming droplets. 
 
The water concentration in the free stream is related to the water mass flow and free stream 
velocity in the following way 
 

ucm ⋅=&             (5.1) 
 

where m&  is mass flow rate per unit area, c  is concentration of water in air and u  is the free 
stream velocity. From table 5.2 and figure 5.15 we are able to calculate the concentration of 
water in the primary intake. 
 
Table 5.2: Concentration statistics for the driving cases, see Appendix D for calculations 

 Concentration in 

front of vehicle [g/m
3
] 

Air flow rate 

intake [m
3
/s] 

Water flow rate 

intake [kg/s] 

Concentration 

intake [g/m
3
] 

Case 1 1.7 31045.47 −⋅  51087.3 −⋅  0.816 

Case 2 1.5 31070.55 −⋅  51029.4 −⋅  0.770 

Case 3 1.2 31030.75 −⋅  51073.4 −⋅  0.628 
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The first column in the table above shows the water concentration in the injection plane 
outside the vehicle for the three driving cases. It can be seen that the concentration decreases 
as we increase the driving speed and while the water flow rate through the injection plane is 
held constant. The second column shows the air flow through the monitoring surface at the 
primary intake. The third and last columns show the amount of water per time unit coming 
into the AIS and the concentration in the intake. The values of water flow rate are also shown 
in figure 5.15. A ratio between the water concentration in the intake and outside the vehicle 
show that the concentration of water decreases with around 50 % for all the three driving 
cases.  
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Figure 5.16: Scatter plot over water concentration in front of the car. 

 
The scatter plot in figure 5.16 shows the water concentration in the region in front of the 
vehicle when driving at 200 km/h. The concentration is taken by creating a line from the 
centre of the injection field up to the front of the car, and it is observed that the concentration 
changes as we progress along the line. Close to the injection field and up to 2 m in front of the 
car (x=-1) the concentration mismatches with the analytical values in table 5.2 where we 
received larger values of water concentration. From there the concentration increases up to 
values which are in agreement with the ones in the table and this seem to be an effect of the 
mesh size, which is coarser upstream than closer to the car. The region where we can see an 
increase in water concentration at x=-1 in figure 5.16 corresponds to the transition between a 
coarser to a finer mesh, seen in figure 5.17. There we can see that the concentration of water 
is non symmetric in the main flow direction, where the mesh is coarse, but as mesh size 
decreases closer to the car the concentration increases to the one that was received 
analytically and the concentration distribution becomes symmetric.  
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Figure 5.17:  Vertical and horizontal planes of water concentration. 

 
The water concentration above is shown through a horizontal and vertical plane. As we have 
described earlier the concentration is non symmetric along the main flow for a mesh size of 
320 mm but in the transition between the coarser and finer mesh region the concentration field 
is stabilized and becomes symmetric and reaches the value received analytically. This 
phenomenon has been observed for all the three driving cases. 
 
The next three figures show the inlet of the intake and the accretion rate at cells for all driving 
cases. The results from the particle tracking simulations in Fluent show that the droplets that 
will enter the intake system will all be trapped at the inlet, as shown below. There we can 
observe that the droplets will hit and be trapped at the ceiling of the inlet and this is here 
where water film will start to progress, this since it is the accretion rate that is the ground of 
water film development. Note that the differences in amount of droplets trapped at the inlet 
between the driving cases are quite low.  
 

 
(a) 
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(b) 

 
(c) 

Figure 5.18: Accretion rate at inlet at 140 km/h (a), 160 km/h (b) and 200 km/h (c). 
 
A notable anomaly from the particle tracking simulations is that Fluent will report accretion 
rate at the edges of different boundaries intake and filter although no droplets are reported as 
trapped in these regions in the summary file. If these values are to be exported to the CPW 
model this will give rise to water film progression at the top edges in the filterbox section, but 
since no particles are reported as trapped in this section the result will be erroneous. This 
might be a bug in the software and to correct this phenomenon the erroneous accretion rate 
values must be deleted in the export-file before exporting it to the CPW programme.  



 27 

 
Figure 5.19: Unexpected accretion rate in cells of the filterbox. 

 
The accretion rate that is reported by Fluent is observed to be registered at edges of objects, as 
seen in the Fig.5.19 for driving case 1. The accretion rate is distributed in cells to the left of 
the figure, around the outlet of the intake duct, at corners of the filterbox and at the walls 
along the intersection between the filterbox and filter. These values are to be deleted or else a 
correct analyse of the water film progression will not be possible. 
 

 
Figure 5.20: Accretion rate at the walls of the AIS. 

 

The scatter plot in figure 5.20 shows the accretion rate with respect to the y coordinate of the 
domain. The filterbox is located in the region -0.2 to –0.4 m in the y-direction and we can see 
that accretion rate is detected in the cells when in fact no droplets are reported as trapped in 
Fluent. The region where we have no accretion rate, from y= 1.5-2.0, is where the horizontal 
duct of the intake section is located. As stated earlier, if we export the accretion rate in the 
filterbox to the CPW programme we will receive erroneous results that are not analyzable. 
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5.4 Water film simulations 
In this section the results from the water wall film simulations obtained from the CPW model 
are shown. 
 
The accretion rate that is trapped at the walls is exported from Fluent into the CPW 
programme in Matlab together with wall shear stresses, wall pressure gradients and static 
pressure. The geometry and to be studied in the simulations are the inlet and intake section of 
the primary intake and the first part of the filterbox section, i.e. the walls that belong to the 
dirty side of the filterbox, see Fig.5.21. The snow shield is treated separately and studied later 
in this section but the filter will not be considered in the studies.  
 
Since the region used in the simulations is not a closed geometry the CPW model has an 
outlet boundary condition at the edges where the water will leave the domain. This boundary 
condition is visualized by the green cells at the intake inlet and filterbox outlet and labelled as 
“Boundary cells” in figure 5.21. The inlet is the boundary to the left and the outlet to the filter 
is shown to the right in the figure.  

 
Figure 5.21: Computational domain in CPW simulations. 

 
The critical Weber separation number is set to 474 and is held constant for all driving cases. It 
is half the value of the default one in the CPW program settings menu and is chosen since if 
running simulations with the default settings almost no cells will produce separation. With 
this critical value set we will be able to see where separation will occur in this model. 
 
The accretion rate from the particle cloud simulations is used to generate water mass flow in 
the air intake system and the flow rate for the three driving cases are shown in fig.5.22.   
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Figure 5.22: Water flow rate in the air intake system for the three driving cases. 

  
The results from the CPW simulations show that the mass flows for the driving cases are in 
the range between 35-40 µg/s. If driving for an hour this would result in that the system would 
take in about 0.1 kg of water. The accuracy is difficult to determine since the real AIS 
involves drainage systems in the intake duct and filterbox section but reports indicate that the 
mass flow rates in this model are underachieving. 
 
Note that the mass flow rates should be treated with carefulness since the particles trajectories 
relies on the stochastic turbulence treatment in Fluent. This gives the result that the accretion 
rate at the walls of the AIS may change when releasing droplet cloud repeatedly for the same 
driving case. Throughout the simulations it has been observed that the mass flow rate may 
change about an order of 10-5 kg/s, relative the values in figure 5.22, when releasing a droplet 
cloud for the same driving case several times. This is the reason why the water flow at 160 
km/h is lower than at 140 km/h and is an uncertainty factor when one wants to monitor how 
much water that will be sucked into the system. Also note that the mass flows in this figure 

are different from the mass flows through the monitoring surface in figure 5.15, although they 
are in the same region of magnitude. As we can see in figure 5.22 the mass flow in driving 
case 2 is the lowest but in the former section the mass flow increased linearly with the car 
speed. This is a direct result of the stochastic uncertainty in the model. 
 
Since the simulations are unsteady in time we may monitor the development of the water film 
at different times. Fig5.23a-d show how the water film progress along the intake section at 15 
s, 30 s, 60 s and after 5 min when the car speed is 140 km/h. In this section we only show the 
results of driving case 1 (140 km/h) at these specific times. For results obtained from driving 
case 2 and 3 (160- and 200 km/h respectively) at the same time intervals please view 
appendix section E.  
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(a) t = 15 s         (b) t = 30 s 

 
(c) t = 60 s         (d) t = 300 s 

 
Figure 5.23: Wall film height at different time intervals. 

 
One may observe the progression of water film along the walls of the intake section in figure 
5.23 and in the figure to the upper left we can see how the thin wall film has developed after 
15 seconds at the intake entrance and a rivulet is build up after the first bend. This rivulet 
progresses along the intake and after 30 seconds almost most of the incoming water will 
stream with this rivulet. Note the second rivulet streaming at the ceiling of the first bend, 
withstanding gravity, and then with time joining the main stream.  
 
Notable is the position of the main rivulet which flows along the vertical part of the intake 
wall and not along the ground wall. This is since the wall shear stresses are high enough to 
keep the water film along the vertical walls and by this the water film withstands gravity, 
which might be the event when the film is very thin film. This phenomenon not only occurs at 
140 km/h, but instead as we increase the car speed the further up the wall the water film 
streams. This is shown in the figures 5.24-26. 

 



 31 

 
Figure 5.24: film height after 90 seconds at 140 km/h. 

 
Figure 5.25: film height after 90 seconds at 160 km/h. 

 

 
Figure 5.26: film height after 90 seconds at 200 km/h. 

 
Fig.5.24-26 on the previous page show the water film progression for the three driving cases 
at 90 s and as can be seen the water film doesn’t progress along the ground walls of the intake 
but instead it is forced upwards along the walls. This phenomenon increases as the engine 
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suction rate increases and the behavior of the wall film is influenced by the accelerated flow 
described in section 5.1 which streams along the outer bend section and is curled upward of 
the walls at the intake.  
 
The results from the water film simulations can be related to the results from wind tunnel 
experiments which were performed on a V50 I5D. The baseline configuration was tested 
against different lengths of the drainpipe. It was proposed that a drainpipe with double length 
(case2) would perform better at large velocities than having the original drainpipe (case1) 
installed. The two combinations were then tested at 180 and 200 km/h in the wind tunnel and 
to simulate rain a spray grid was mounted in front of the car. The time until the first water 
droplet penetrated the filter was then measured for each case and the result is shown in table 
5.3. 
 

Table 5.3: Result from wind tunnel experiments with water spray grid 

Car speed [km/h] ∆t (time until water penetrate filter 
case1-case2) [min] 

180 -36 

200 11 

 
The table above shows the average time difference until water will penetrate the filter and 
reach the clean side of the filterbox section between the original and double length drainpipe 
at 180 and 200 km/h. The results show that when water will penetrate the filter with the 
original drainpipe mounted at 180 km/h, the clean side will be dry for another 36 minutes 
when using the drain pipe with double length under same circumstances. This shows that the 
double length performs better at 180 km/h, but the result is different at 200 km/h. At 200 
km/h when the system with a drainpipe of double length will have water on the clean side the 
system with the original drainpipe will be dry for another 11 minutes. This tells us that the 
double length drainpipe performs better than the original at 180 km/h, but at 200 km/h the 
original performs better than the double length. This gives an indication that the location of 
the drainpipe chosen for baseline configuration is not optimal. 
 
In figures 5.24 to 5.26 we observe that the main water film stream is much wider and broader 
distributed in the intake duct at 140 km/h than at higher velocities but the water rivulet 
becomes more apparent at 200 km/h. This indicates that more water film develops at lower 
velocities or that more separation occurs at higher velocities. The water film has been 
monitored in time and as can be seen in figure 5.27 the amount of water film introduced to the 
system is largest for driving case 1 and lowest for case 3. The amount of water film rapidly 
increases during the first 90 s and the growth is similar for all cases, but the introduction of 
water film stagnates and after around 3 minutes of progress almost no water film is further 
introduced. This implies that the system either reaches an equilibrium state or more water 
separates from the walls than is developed as water film. To clarify of how much water that is 
lost due to separation the mass flow of the water film and separated droplets is shown in 
figure 5.29. 
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Water film vs. time
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Figure 5.27: Introduced water film mass for the three driving cases. 

 

Mass flow vs. time
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Figure 5.29: Water mass flows in the AIS. 

 
The diagram above shows the total water mass flow, wall film mass flow and mass flow from 
separated cells with respect to time when driving at 200 km/h. The yellow line showing a 
constant flow rate is the total water mass flow in the system, the blue curve is the mass flow 
of water film and the purple curve shows the flow rate from the separated droplets. The flow 
rate of the separated particles increases during the first 90 seconds while the wall film flow 
decreases and through time it decreases to almost zero. This shows that that all of the water 
that is introduced into the system separates from the wall film and the wall film stops to 
progress along the intake. 
  
Since the mass flow at the separated cells when the critical Weber number is 474 will 
generate more mass flow than the water film, simulations with a Weber number of 105 is 
performed for driving case 3. This large value is chosen in order to view the water film 
propagation when no separation will occur, since this value is unlikely to be reached in real 
physics. The result from the simulation is shown in the Fig.5.30 and it shows mass flow rates 
up to 135 seconds. The blue line, having a constant value, is the total water mass flow in the 
system, the red curve is water film flow and the yellow curve is the flow at the separated cells. 
It is notified that after 120 second 3 cells will generate separation from the water film and as 
can be observed more water will separate than progress along the walls. That separation 
occurs at these high Weber number values is not to be expected and especially not that three 
cells will give rise to more separation flow than water film flow. 
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Flow rate vs. time
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Figure 5.30: Mass flow rates for driving case 3 with We=105.  

 
As it is known that simulations with We=105 will cause separation in 3 cells, which according 
to the diagram above will produce more mass flow from the separated cells than in the water 
film, the Weber number is set to 106. Hence it’s now possible to study the water film 
progresses if no water is lost due to separation. Simulation with this setting is done for driving 
case 3 and the water film progression with two different Weber values are shown below. 

 
Figure 5.31: Water film height. We=474 t=300 s. Figure 5.32: Water film height. We=106 t=300 s. 

 

The 5.31 shows the water film height at 300 s with critical Weber number set to 474 and to 
the right is the film height at the same time but with We=106. The develop and propagation of 
water film is in general similar but at the first bend in the fig.5.32 to the right we see that 
more water film flows along the bend, indicating that separation occurs early in the duct in the 
Fig.5.31. This results that the main rivulet is narrower further down the duct than in the case 
where we have no separation. 
 
As was indicated previously most of the separation will occur at the beginning of the intake 
and it is there where the wall shear stresses are high enough to cause this phenomenon. The 
figures 5.33a,c show the inlet and where droplets will separate from the walls for all driving 
cases and to the right the shear forces for each driving case. Here we see that the shear forces 
caused by the vortex flow will not be strong enough to cause high degree of separation at both 
140 and 160 km/h, but when driving at 200 km/h the shear stresses increases so much that the 
amount of separated cells has increased considerably (Fig.5.33e). 
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    (a)        (b) 

 
    (c)        (d) 

 
    (e)        (f) 
Figure 5.33: Water separation at the inlet after 90 s and wall shear stresses at 140 km/h (a-b), 160 km/h (c-d) and 

200 km/h (e-f). 

 

5.5 Snow shield calculations 
One case to study is how much the snow shield influences the water mass flow in the intake 
system, if the droplets that hit the surface of the snow shield will separate and be sucked into 
the AIS. The working procedure is the same as for the intake system. The walls are set to trap 
the incoming droplets and a plane of particle cloud is injected 5 m in front of the car. The 
accretion rate together with the other variables is exported to Matlab where water film 
progress on the snow shield is simulated. This is done for driving case 1 and 3 but will only 
be shown for case 1. The critical Weber separation number is 474 and is held constant. 
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    (a)       (b) 

Figure 5.34: Accretion rate (a) and water film height (b). 
 

The CPW simulations show that most of the droplets will be trapped at the front side of the 
snow shield as shown above to the left. Note that the snow shield in Fig.5.34a-b have been 
rotated in a way so that the whole front side of the snow shield will be shown, but when 
mounted in a vehicle the front side is pointed downwards. The view in these figures is that the 
air will stream from above the snow shield and pass round downwards. Figure (b) shows in 
which cells separation will occur after 90 s and as can be seen most of the water will separate 
at the end of the snow shield, which tells us that water will pass the inlet opening before it 
separates from the wall. Simulations of the separated droplets in Fluent show that this is the 
case and droplets will not be sucked into the AIS, but instead gains so much momentum from 
the air field so they will pass the inlet and streams further down the vehicle. Thus the snow 
shield doesn’t contribute to more water mass flow in the intake system. 
 

5.5 Improvement of separation criterion 
From section 5.4 it was seen how the CPW model computes water film through the intake 
section, which is a smooth geometry with round shaped corners. But when dealing with 
surfaces around sharp corners the model has difficulties in transporting information of film 
height from one cell to an adjacent one. This gives the result that the information coming to a 
cell never leaves it, and the wall film height continues to accumulate in that cell giving larger 
and larger values of wall film height. This event is illustrated in Fig5.35 below, in the opening 
between the intake section and the filterbox section. In the intersection between those two 
regions we see a sharp edge on the ground wall and it is here where the CPW model fails to 
transport information from the cells just after the sharp turn to their adjacent cells. The figures 
show the water film height when driving at 140 km/h after 60 seconds (Fig. 5.35a) and after 5 
minutes (Fig. 5.35b). Using the same scale we can see that the film height is almost identical 
for the two time periods and we can see that the water film stagnates after the edge at the 
ground wall. A more physical event at the edge would that water accumulates to a certain 
amount and then separate from the wall or simply stick to the wall and stream downwards. 
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    (a)         (b) 

Figure 5.35: water film height at 140 km/h at 60 s (a) and 300 s (b). 
 

In order to distinguish the problem in a better way we disable the separation criterion by 
setting the critical Weber number to 106. The water film height is shown in figure 5.36 where 
we look at the same region as in Fig.5.35. The figure shows the film height when driving at 
200 km/h at 300 s and the film height scale is up to 1 cm. 
 

 
Figure 5.36: Water film height at the edge of the intake outlet. 

 
Here the problem at the edge is more obvious since we can see how water stagnates and 
accumulates in some cells just at the exit of the intake section. We observe that the film height 
in some regions is ~1 cm and above which clearly is not physical and not to expect.  
 
In order to go around this problem, a second separation criterion besides the Weber criterion 
is implemented in the CPW model. The new criterion enforces the water film to separate from 
the wall if the film height exceeds a predetermined height limit. In this case the limit is set to 
10-4 m and should be seen as a worst case since the value is so low. A comparison between 
the old CPW model and the new code with the height criterion included is seen in the next 
figures. 
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     (a)        (b) 

Figure 5.38: Separated cells without (a) and with (b) height separation criterion, both at 140 km/h. 

 
The difference between the old and new code is best comparable when illustrating which cells 
that separate from the walls. Fig5.38a-b show where separation will occur: to the left using 
the old code and to the right using the new code. As can be seen the new implementation 
fulfils its purpose by enforcing separation in the cells that otherwise would gain unreasonably 
large values of film height. This new effect that more cells generate separation will of course 
inflict the water film height, which is shown in Fig.5.39 below. 
 

 
    (a)         (b) 

Figure 5.39: Water film height at 140 km/h after 90 s, without height separation criterion (a) and with height 
criterion (b). 

 
As stated earlier, the old CPW code struggles with accumulation of film height at sharp edges 
which can be seen in figure 5.39a. Here at 140 km/h after 90 s water flows from the intake 
section into the filterbox and at the edge the water flow will stagnate and accumulate at some 
cells just after the edge. For the same driving case taken at the same time a figure over the 
same region but using the additional height separation criterion is shown to the right (b) in 
Fig.5.39 above. We can here see how the film height is much lower on the ground wall at the 
intake exit than compared to the same region in 5.39a. 
 
Using the new CPW model we export the separated droplets at the edge of the intake section 
to Fluent and simulate where these particles will hit the walls of the filterbox and then do the 
CPW simulations one more time to see how the water film behaves in the filterbox section. 
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Figure 5.40: Water film from separated droplets at 200 km/h after 90 s. 

 

The separated droplets from the intake section exit will hit the ground wall of the filterbox 
section and as can be seen from Fig.5.40, a rivulet of water will develop close to the wall. 
This rivulet will make its path along the walls all the way to the centre of the big vortex in 
middle region of the filterbox section. The white arrows in the figure are velocity vector 
arrows in a horizontal clip plane through the filterbox and the viewer may observe how the 
water film flows as according to the air stream. 
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6 Possible drainage improvements 
Since this numerical model show that water film don’t progress along the ground walls of the 
intake duct but is instead pressed upward at the walls the use of a drainage pipe somewhere 
along the ground will not fully come to its purpose to drain the water out of the intake system. 
Therefore in order to drainage as much water as possible a slit located along the vertical wall 
at the end of the intake duct is recommended for the present air intake system. In this way 
most of the water film will exit the system before it enters the filterbox section.  

 
Figure 6.1: AIS with recommended drainage slit. 

  
The drain slit would be located at the front side vertical wall at the exit of the intake section as 
indicated by black arrows in figures 6.1 and 6.2. As shown to the right in figure 6.2 the 
vertical slit measures from the bottom wall up to the intersection of the vertical wall of the 
intake section. By extending the wall in the flow direction at the end of the intake section 
water film will be guided to the slit and thus water is prevented from entering the filterbox 
section. 
 

 
Figure 6.2: close-up of drainage slit. 

 
Another suggestion is to move the existing drainpipe and mount it in front of the assembly 
ribs at the second bend of the intake duct. This location would be more effective to remove 
water film than having it located at the ground walls after the assembly ribs, since the water at 
the duct will not progress along the ground walls of the duct. 
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Figure 6.3: Possible location of drainpipe. 

 

The arrow in Fig.6.3 above is pointing on the circle where a drainpipe may be installed, 
instead of having one mounted after the assembly ribs. The recommendation is a direct result 
from how the water film is predicted to progress in the intake duct. 

 

A third possible solution is to utilize that water will separate on the ceiling at the inlet of the 
intake. If this event happens it would be possible to have an opening at the first bend of the 
intake section, as shown below. The idea of this modification is to make us of the momentum 
of the droplets, i.e. their resistance of turning with the air stream at the bend. This would make 
the droplets to move straight at the bend and pass through the opening, hence avoiding from 
being sucked into the filterbox. The drawback of this modification is that the opening may 
cause large pressure drops in the intake system hence making it less effective. 
 

 
Figure 6.4: suggested position of back opening at the intake. 

 

The recommended position of the rear opening is shown in the circle pointed by the arrow in 
Fig.6.4. The suggested opening is located at the outer shell of the first bend and if water will 
separate at the inlet then the separated droplets might accelerate in the air stream and exit the 
intake system by passing through the opening. 
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7 Conclusions and recommendations 
This thesis describes a numerical model of water ingestion in the AIS. CFD computations of 
the ingestion process have been performed on a complete vehicle driving at 140 km/h, 160 
km/h and 200 km/h. This thesis shows that it is possible to perform water film simulations in 
the system by releasing an injection field of water droplets in front of the vehicle in Fluent 
and exporting the result to the CPW program. The CPW simulations show how the 
development and progression of water film changes in the intake section as the car speed is 
increased. The simulations show that as the car speed is increased, the water film is pressed 
further up the vertical walls of the intake duct. The difference of water film progression along 
the duct is of the extent that this might be the cause why the proposed drainpipe 
configurations don’t improve the drainage in the system at high car speeds. But since there are 
no visual recordings of how the water film performs in the intake duct this needs to be further 
investigated. However, based on the results from the simulations it is recommended to 
perform simulations at two different car speeds, one at 140 km/h and one at 200 km/h, when 
studying water film in other intake systems in the future.  
 
The work in this thesis shows that there is an uncertainty in the prediction water amount that 
will be sucked into the system. Experiments indicate that the CFD model underestimates the 
amount of incoming water. To investigate if the water flow in the system will be increased, 
water film simulations on the snow shield were performed. It was shown that droplets that 
separate from the snow shield walls will not be sucked into the intake. Also the reflection of 
droplets from the heat exchangers shows little or no increase in water to the intake. 
 
It is difficult to predict the Weber separation value without visualization of the water film 
event. A belief is that the separation is dependent on the shape of the geometry and it is 
therefore difficult to estimate the critical Weber number for the intake system. If water film is 
to be studied at several car speeds, it can be very time consuming to determine a correct value 
for each case and it is therefore better to use a constant Weber number value. It is then 
recommended to study the wall shear forces and then make assumptions of where water 
possibly will separate. If the water film is of only interest to study the user may disable the 
separation criterion by setting a critical Weber number that is large enough. 
 
When developing this ingestion model, the particle tracking and CPW simulations were tested 
and performed on a 4-cpu machine with Linux system and a dual core UNIX machine. 
Depending on how much water that will flow through the system the more cpu-demanding the 
simulations will be and the longer they will take. But it was discovered that the simulation 
time on a Linux machine could take 4 times as fast as performing the same case on a UNIX 
machine. If one would like to study water film development in the intake after 90 s or more, it 
is strongly recommended to perform the simulations on a Linux machine. 
 
Finally when analysing the accretion rate in Fluent, before exporting it to the CPW model, 
special precautions needs to be taken and the user is recommended to view the summary file 
to study where droplets will hit the surfaces of the intake. If Fluent report no mass flow on 
surfaces in the summary but accretion rates are registered, the user is then advised to delete 
the accretion rates in these regions in the export file. 
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8 Future work 
The CPW model computes water film propagation in a satisfying manner on smooth 
geometries but suffers with water flow stagnation and accumulation in cells at sharp edges. 
The height separation criterion solves this problem with unreasonably large height values but 
further analysis on the physics and behavior of water film at edges is needed. The CPW model 
might be improved to a 3D-based model that can treat a thicker water film and doesn’t assume 
that the wall shear stresses are equal to the interfacial shear stresses. 
 
Further CFD studies of the suggested drain modifications may be performed, but also 
experiments with visualizations of how water film progresses in the intake in the present 
intake system. The experiments may also be used to analyse the separation process and 
determine the critical Weber separation number. 
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Appendix A – Harpoon settings 
Configuration file to generate mesh in Harpoon. 
 
**VERSION v2.5(b)** 

**MACHINE AMD64** 

**PREFERENCES USED** 

**Max Skew 0.999500** 

**Target Skew 0.980000** 

**Max Face Warpage 40.000000** 

**noreset** 

**intersect** 

**Separation Angle 40.0** 

**Setting No. of Cells Between walls to 3** 

**Setting BDF Exports to Short Format** 

**Setting BDF Pyramid Treatment to use degenerate PENTA elements** 

**Setting Max No. Separate Volumes to 100** 

**Setting Part Description to use STL name** 

**Setting Fluent Thin Wall Treatment to Single Sided** 

baselev 40.000000 

farfield global 

farfield xmin -15202.825924 

farfield ymin -4810.657687 

farfield zmin 151.637232 

farfield xmax 35435.676406 

farfield ymax 4810.657086 

farfield zmax 9833.718032 

wlevel xmax -3 

wlevel xmin -3 

wlevel ymax -3 

wlevel ymin -3 

wlevel zmax -3 

wlevel zmin -3 

**REFINEMENT** 

refine 

0 0 

-7.9945391450 -1350.0009169455 190.0000623770 

5999.9998995245 1299.9989174795 2022.9998499108 

refine 

0 2 

750.0054709733 -1014.9998761982 190.0000623770 

2100.0042948809 1014.9999437156 899.9999988689 

**MESH METHODS** 

type hex 

expand slow 

mesh external 

remove 

volume -3 

**SINGLE LEVEL 

level 1 

gminlev 1 

gmaxlev 5 

plevel 1 4 4 0   !fan-fan 

plevel 2 4 4 0   !fan-cac-end 

plevel 3 4 4 0   !fan-cac-start 

plevel 4 4 4 0   !fan-cond-end 

plevel 5 4 4 0   !fan-cond-start 

plevel 6 4 4 0   !fan-rad-end 

plevel 7 4 4 0   !fan-rad-start 

plevel 8 4 4 0   !wall-bonnet-inner 

plevel 9 4 4 0   !wall-bracket-radiator 

plevel 10 4 4 0   !wall-cac 

plevel 11 4 4 0   !wall-cd_plate_I5D_wrapped 

plevel 12 4 4 0   !wall-cond 

plevel 13 4 4 0   !wall-emblem-front-012 

plevel 14 4 4 0   !wall-enginebay 

plevel 15 4 4 0   !wall-fan-hub 

plevel 16 4 4 0   !wall-fan_shroud 

plevel 17 4 4 0   !wall-fan_shroud_to_ebay 

plevel 18 4 4 0   !wall-floor 

plevel 19 4 4 0   !wall-front-brake-omega 

plevel 20 4 4 0   !wall-front-caliper 

plevel 21 4 4 0   !wall-front-suspension 

plevel 22 4 4 0   !wall-front-undercover 



 II 

plevel 23 4 4 0   !wall-front-wheel-omega 

plevel 24 4 4 0   !wall-front-wheelhouse 

plevel 25 4 4 0   !wall-fuel-tank 

plevel 26 4 4 0   !wall-grill-v50-013 

plevel 27 4 4 0   !wall-horns 

plevel 28 4 4 0   !wall-rad 

plevel 29 4 4 0   !wall-rad_to_fanshroud 

plevel 30 4 4 0   !wall-rear-axel 

plevel 31 4 4 0   !wall-rear-bumperbeam 

plevel 32 4 4 0   !wall-rear-panels 

plevel 33 4 4 0   !wall-rear-wheel-omega 

plevel 34 4 4 0   !wall-rear-wheelhouseliner 

plevel 35 4 4 0   !wall-spoiler-grill 

plevel 36 4 4 0   !wall-subframe-2wd 

plevel 37 4 4 0   !wall-us-plate 

plevel 38 4 4 0   !wall-v50-front-013 

plevel 39 4 4 0   !wall-wrapI5D_engine_block 

plevel 40 4 4 0   !wall_drivaxel 

plevel 41 4 4 0   !wall_olga_wall-air-guide-new 

plevel 42 4 4 0   !wall-Dirty-Air-Duct 

plevel 43 4 4 0   !fan-snow-shield-per 

plevel 44 4 4 0   !fan-monitor1-ais 

plevel 45 5 5 0   !wall-filterbox1 

plevel 46 5 5 0   !wall-filterbox2 

plevel 47 5 5 0   !fan-filter-drt1 

plevel 48 4 4 0   !wall-filter 

plevel 49 5 5 0   !fan-filter-drt2 

plevel 50 4 4 0   !fan-filter-clean 

plevel 51 4 4 0   !wall-filterbox-clean 

plevel 52 4 4 0   !inlet-filterbox-suction 

plevel 53 4 4 0   !fan-DRT2-fan 

plevel 54 4 4 0   !wall-DRT2 

plevel 55 4 4 0   !fan-DRT2 

plevel 56 4 4 0   !wall-suction-domain 

plevel 57 5 5 0   !wall-split 



 III 

Appendix B – Fluent settings 
Journal files to read in Fluent. They contain information what viscous model that is used, 
what material types there are in the simulations, boundary conditions, porous media 
coefficients etc. 
 
grid/scale 

0.001 

0.001 

0.001 

q 

/define/models/solver 

pressure-based 

yes 

q 

/define/models/viscous 

ke-realizable 

yes 

q 

/define/materials/change-create 

air 

air 

yes 

constant 

1.205 

no 

no 

yes 

constant 

1.81e-05 

no 

no 

no 

no 

no 

no 

q 

/define/operating-conditions/ 

operating-pressure 

1e-05 

q 

solve/set/discretization-scheme/mom 

1 

q 

 
define/boundary-conditions 

zone-name 

farfield_maxx 

pressure-outlet 

zone-name 

farfield_maxy 

symmetry1 

zone-name 

farfield_maxz 

symmetry2 

zone-name 

farfield_minx 

velocity-inlet 

zone-name 

farfield_miny 

symmetry3 

zone-name 

farfield_minz 

wall-ground 

zone-name 

inlet-filterbox-suction 

suction-outlet 

 

define/boundary-conditions 

zone-type 

fan-cac-end 

fan 



 IV 

zone-type 

fan-cac-start 

fan 

zone-type 

fan-cond-end 

fan 

zone-type 

fan-cond-start 

fan 

zone-type 

fan-drt2-fan 

fan 

zone-type 

fan-fan 

fan 

zone-type 

fan-filter-clean 

fan 

zone-type 

fan-monitor1-ais 

fan 

zone-type 

fan-filter-drt2 

fan 

zone-type 

fan-filter-drt1 

fan 

zone-type 

fan-drt2 

fan 

zone-type 

fan-fan.1 

fan 

zone-type 

fan-rad-end 

fan 

zone-type 

fan-rad-start 

fan 

zone-type 

pressure-outlet 

pressure-outet 

zone-type 

velocity-inlet 

velocity-inlet 

zone-type 

suction-outlet 

velocity-inlet 

zone-type 

symmetry1 

symmetry 

zone-type 

symmetry2 

symmetry 

zone-type 

symmetry3 

symmetry 

 
define/boundary-conditions/wall 

wall-ground 

yes 

motion-bc-moving 

no 

yes 

no 

55.555 

1 

0 

0 

no 

no 

0 

n  

0.5 

define/boundary-conditions/fluid 

fluid-rad 

no 



 V 

no 

no 

yes 

0 

0 

0 

0 

0 

1 

no 

no 

yes 

no 

no 

1 

no 

0 

no 

0 

no 

0 

no 

1 

no 

0 

no 

no 

5.08e+07 

no 

5.08e+10 

no 

5.08e+10 

no 

no 

271.4 

no 

271400 

no 

271400 

0 

0 

no 

1 

define/boundary-conditions/fluid 

fluid-cond 

no 

no 

no 

yes 

0 

0 

0 

0 

0 

1 

no 

no 

yes 

no 

no 

1 

no 

0 

no 

0 

no 

0 

no 

1 

no 

0 

no 

no 

3.25e+07 

no 

3.25e+09 

no 



 VI 

3.25e+09 

no 

no 

185.9 

no 

18590 

no 

18590 

0 

0 

no 

1 

define/boundary-conditions/fluid 

fluid-cac 

no 

no 

no 

yes 

0 

0 

0 

0 

0 

1 

no 

no 

yes 

no 

no 

1 

no 

0 

no 

0 

no 

0 

no 

1 

no 

0 

no 

no 

1.47e+07 

no 

1.47e+09 

no 

1.47e+09 

no 

no 

186.9 

no 

18690 

no 

18690 

0 

0 

no 

1 

define/boundary-conditions/fan 

fan-fan 

-1 

yes      

polynomial 

3 

33.08 

-7.69 

-0.106 

no 

0 

1e+10 

no 

no 

0 

no 

() 

() 

1e-06 



 VII 

0 

0 

0 

1 

0 

0 

no 

no 

0 

no 

no 

0 

define/boundary-conditions/fluid 

fluid-filter 

no 

no 

no 

yes 

0 

0 

0 

0 

0 

1 

no 

no 

yes 

no 

no 

0.9794445 

no 

0.005779199 

no 

0.1844603 

no 

-0.001687789 

no 

0.9997486 

no 

-0.02236064 

yes 

no 

3e+05 

no 

3e+07 

no 

3e+09 

no 

no 

0.347 

no 

34700 

no 

347 

0 

0 

no 

1 

define/boundary-conditions/velocity-inlet 

velocity-inlet 

no 

no 

yes 

yes 

no 

55.555 

yes 

no 

no 

yes 

0.1 

200 

define/boundary-conditions/velocity-inlet 

suction-outlet 

no 

no 

yes 



 VIII 

yes 

no 

-24.012715773 

yes 

no 

no 

yes 

0.1 

200 

define/boundary-conditions/pressure-outlet 

pressure-outlet 

no 

0 

no 

yes 

yes 

no 

1 

no 

1 

no 

no 
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Appendix C – Script to generate spraygrid 
Matlab script to generate particle injection field. 
 
% main program 

%Menu functions 

% 1 Give spraygrid positon 

% 2 Generate spray grid 

% 3 Plot spray grid particles 

% 4 Print out indata for Fluent to grid.inj  

% 5 Exit program 

clear all 

image=0; 

found=0; 

io=0; 

showmenu=1; 

while showmenu>0; 

   k=menu('Choose action', 'Give spraygrid positon','Generate spray ','Plot spray grid 

particles','Print out indata for Fluent to spraygrid.inj','Exit program'); 

   if k==1 

        xc=-4.      % x-position of surface center 

        yc=0.2      % y-position of surface center 

        zc=1.1      % z-position of surface center 

        Uinit=input('Give spray velocity magnitude in m/s= '); 

   end   

   if k==2 

       W=1; 

       H=1; 

       delta=12.5e-3;   % grid spacing       

       dpc=[20 60 100 140 180 220 260 300 380 420]*1e-6; % particle diameter 

       mw=[0.15 0.51 0.22 0.06 0.02 0.01 0.01 0.01 0.005 0.005]; % distribution 

       ii=max(size(dpc)); 

       jj=round(W/delta);   % no. of grids in y-direction 

       kk=round(H/delta);   % no. of grids in z-direction 

       x0=xc; 

       y0=yc-W/2; 

       z0=zc-H/2; 

       for i=1:ii 

         for j=1:jj 

             for k=1:kk 

                 io=(i-1)*jj*kk+(j-1)*kk+k; 

                 xp(io)=x0; 

                 yp(io)=y0+(j-0.5)*delta; 

                 zp(io)=z0+(k-0.5)*delta; 

                 Up(io)=Uinit; 

                 Vp(io)=0; 

                 Wp(io)=0; 

                 mf(io)=m_flow*delta*delta*mw(1,i)/(W*H); % massflow assigned to each particle 

                 T(io)=io; 

                 dp(io)=dpc(1,i); 

             end 

         end 

       end    

       iomax=(ii-1)*jj*kk+(j-1)*kk+k 

       sum(mf) 

   end    

   if k==3 

       

   end  

   if k==4 

    fid = fopen('spraygrid.inj','w'); 

    for i=1:iomax 

      fprintf(fid,'%s %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8d 

%s\n','((',xp(i), yp(i), zp(i),Up(i),Vp(i),Wp(i),dp(i),T(i),mf(i),'))'); 

    end  

    fclose(fid);         

    

end   

       

   if k==5 

      close all 

      showmenu=-1; 

   end 
end 



 X 

Appendix D – Water concentration calculations 
This appendix contains calculations of water concentrations inside the intake system and 
outside the vehicle. 
 
Case 1: 
 

Water flowing into the system:  skgm /1087.3 5−⋅=&  

Air flowing into the system:   smm /1045.47
3600205.1

633.0177.325 33−⋅=
⋅

⋅
=&  

Water concentration in the system  33

3

5

/816.010
1045.47

1087.3
mgc =⋅

⋅

⋅
=

−

−

 

Water concentration outside vehicle 3
33

/70.1
60140

6.310998104
mgc =

⋅

⋅⋅⋅⋅
=

−

 

 

Concentration inside/outside   48.0
70.1

816.0
==R  

 
Case 2: 
 

Water flowing into the system:  skgm /1029.4 5−⋅=&  

Air flowing into the system:   smm /1070.55
3600205.1

620.0054.390 33−⋅=
⋅

⋅
=&  

Water concentration in the system  33

3

5

/770.010
1070.55

1029.4
mgc =⋅

⋅

⋅
=

−

−

 

Water concentration outside vehicle 3
33

/50.1
60160

6.310998104
mgc =

⋅

⋅⋅⋅⋅
=

−

 

 

Concentration inside/outside   51.0
50.1

770.0
==R  

 

Case 3: 
 

Water flowing into the system:  skgm /1073.4 5−⋅=&  

Air flowing into the system:   smm /1030.75
3600205.1

61.0559.535 33−⋅=
⋅

⋅
=&  

Water concentration in the system  33

3

5

/628.010
1030.75

1073.4
mgc =⋅

⋅

⋅
=

−

−

 

Water concentration outside vehicle 3
33

/20.1
60200

6.310998104
mgc =

⋅

⋅⋅⋅⋅
=

−

 

 

Concentration inside/outside   52.0
20.1

837.0
==R  

 
 



 XI 

Appendix E – Water film simulations 
Water film height at 160 km/h, Wecritical=474 
 
 
 

 

 
t=15s 

 
 
 
 
 

 

 
t=30 s 



 XII 

 
 
 
 
 
 

 

 
t=60 s 

 
 
 
 
 
 

 
t=300 s 

 



 XIII 

Water film height for driving case 3. Wecritical=474 
 
 
 
 
 
 

 
t=15s 

 
 
 
 
 
 

 
t=30 s. 



 XIV 

 
 
 
 
 
 
 

 
t=60 s. 

 
 
 
 
 
 

 
t=300 s. 


