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ABSTRACT

Passenger safety and autonomous transportation have been few of the important
innovations in the development of modern-day cars amongst the top-tier automobile
manufacturers. Correspondingly, innovation in the level of passenger safety has
evolved from just passive safety systems towards enhanced active safety systems
such as Advanced Driver Safety System (ADAS), in recent times. Such systems are
generally comprised of various sub-systems including radar sensors, cameras, etc.
Contamination or exterior soiling on these is one of the major issues at hand that
are hindering their functionalities.

Contamination due to snow being one of the bigger issues under winter condi-
tions poses a significant challenge towards its functionalities which needs to be
addressed. Field testing and wind tunnel experiments are being used traditionally at
Volvo Cars to address the above issue. As a scope of this project, the challenge is to
develop a model which predicts the snow contamination on automotive cars or blu ]
bodies using a Multi-phase CFD simulation approach.

An aerodynamic analysis is initially performed to understand the flow features
around the subject of interest. Later, particle simulation using the Lagrangian
Particle Tracking method to study snow deposition is performed. To contrast with
the results from simulation, wind tunnel experiments with similar test conditions are
conducted over two blu[CHodies, a Wedge section and an Ahmed body subjected to
snow. The simulation results and experimental results are then compared with each
other to analyse the deposition pattern in both real-world conditions and simulations.

Keywords: Multi-phase Modeling, Lagrangian Particle Tracking, Snow, Wind
Tunnel Testing, Wedge, Ahmed Body.
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1

Introduction

The evolution of passenger safety in modern-day cars has transformed far from just
passive safety system a few decades ago towards advanced active safety systems,
which has signi cantly improved the level of safety. Technologies such as Advanced
Driver Assistance Systems (ADAS) has been primary contributions in this regard
which marks the future of transportation, Autonomous vehicles. ADAS includes
devices such as radar sensors, laser scanners, cameras etc. Thereby, they o er au-
tomation assistance under various circumstances such a lane change assist, obstacle
detection and so on. A lot of research and development has been going into this
amongst many top-tier automobile companies, that including Volvo cars, which has
been a trendsetter in passenger safety and innovation in driving.

However, contamination on normal road cars caused due to dust, dirt, snow, water,
etc is quite common. The above-mentioned devices sometimes won't be able to
function as expected because the sensor gets dirty due to accumulation of snow
or dirt. Common problems such as rear parking sensors not being able to detect
obstacles, rear lights of a car being blocked by packed snow that will not be seen
by other drivers behind under extreme snow conditions is a major concern within
tra c safety. Implementing e ective solutions towards addressing such problems
then becomes a necessity.

To resolve the above-seen issues, traditionally Volvo Car Corporation (VCC) makes
use of eld testing by driving on snowy roads and also climatic wind tunnel ex-
periments. To simulate/re-create these tests on a computer, Computational Fluid
Dynamics (CFD) models, especially Multiphase CFD models will be very helpful.
The challenge arises in developing an accurate working model to predict snow contam-
ination on cars or prototypes with the computational power and knowledge available
at our disposal which results in reduced developmental cost and lead time.

Contamination and Core CFD department at VCC is conducting a PhD project
together with the Chemical Engineering Department at the Chalmers University

of Technology with the focus on snow adhesion on car exteriors. The project aim
is to maintain the availability of active safety by the development of simulation
models to predict snow impingement and snow accumulation on car sensors. Hence,
the primary focus of this master thesis is to support this project by studying snow
deposition through patrticle tracking methods.
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1.1 Background

There are three di erent types of contamination of snow when a car is driving on
snowy roads as described by Gaylard et all(]. They are natural contamination
due to falling snow or water from the sky, self-contamination where the car's tyres
pick o snow from the ground and contaminate itself and third-party contamination
where contamination is caused by other cars picking up snow lying on the ground.
Examples of these contaminations are shown in Figure 1.1 taken from [1].

Figure 1.1: Di erent types of snow contamination - self, contamination, third party
contamination and natural contamination (drawn from Tobias et. al. [2020] [1])

Experiments in climatic wind tunnels and eld testing on winter test tracks are
usually the techniques used by the automotive industry to predict how the deposition
and accumulation of snow occur on an automotive's exterior. However, both these
are expensive and time-consuming. Repeatability in wind tunnel experiments are
relatively better than that of eld testing since it is often hard to test twice under
similar conditions. Also, it is often the case that a virtual prototype is enough instead
of a physical prototype in the earlier design stages. This is where Computational
Fluid Dynamics (CFD) comes into the picture as it helps in developing simulation
models which can predict the snow accumulation on cars with the help of optimal
computational resources. It is possible to experience problems with repeatability in
CFD simulations as well, but it is not as common as eld testing or wind tunnel
tests. The visual data obtained from wind tunnel experiments and eld tests are
used to validate the simulation results obtained from CFD in this masters' thesis.

A good amount of research has already been done in the area of snow contami-
nation. CFD was used to run a simulation that tracks painted particles to visualise
the hit points on a car's surface11]. Vehicle soiling is caused due to rain and often
the term "soiling" is mistaken for contamination due to soil. Hence, Hagemeier et
al. came up with a new concept called Exterior Water Management (EWM) which
investigates the contamination caused by water into the automotive industrylp).

To simulate droplet transport at the rear surface of an SUV, a model was developed
using aerodynamics simulations in combination with Lagrangian Particle Tracking
and also a thin Im model was used to investigate surface water dynamics [10].

Three di erent approaches were evaluated by programming user-de ned functions
(UDF) which proved to describe snow packing on cars after having compared with
the climatic wind tunnel experimental data and test track runs data from Northern

2



Sweden [8].

Irrespective of the CFD approach taken to investigate the contamination due to
snow, build up of snow is a complex phenomenon and one needs to understand the
di erent types of snow, it's properties and it's behaviour when it is interacting with

the surface of the body under consideration. To bridge this gap, various experiments
have been previously performed on di erent types of snow to understand their physi-
cal properties and characteristicsl[3] [14] [15]. Multi-phase approaches such as DEM
modeling and uid Im approaches have been previously employed to study this
phenomenon.

1.2 Purpose

This thesis aims at capturing the physical phenomena of snow adhesion on an exterior
surface through multi-phase modeling. Lagrangian Particle Tracking will be the
particle modeling approach that will be taken, coupled with a turbulent aerodynamic
eld to study the snow deposition pattern on the given geometries of interest. Finally,
the simulation results will be veri ed by performing necessary experimentation and
comparing the respective results with each other.

1.3 Objectives

" Perform a literature survey to understand the important underlying concepts
in the eld of multi-phase ows and to derive from them, necessary modeling
assumptions and references/guidelines.

Starting with an analysis of simple geometries initially by setting up a baseline
aerodynamic simulation model by employing a suitable turbulent model relevant
to this application.

Perform multi-phase analysis to determine the snow deposition pattern by
means of Lagrangian particle tracking.

Perform relevant tests at the Volvo climate wind tunnel to study the pattern
of snow deposition by recording the event(s) with necessary data.

Compare the results from simulations and experimental data to verify the
closeness of the results or to detect any anomalies between them.

1.4 Limitations

The working temperature for both snow and the ambient ow eld will be
maintained at a temperature range of -15C or lower, throughout the project.
Geometric consideration of snow particles will be limited to perfect spheres,
for ease of simulation. Non-spherical snow particles shall be included at a later
stage if time permits.

The primary focus will be on capturing the pattern of snow accumulation and
not on the development of accumulation for varying time.
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Concepts and related data needed to model the ice physics are primarily derived
from given sources and no new concepts will be developed.

Simulation models implemented will be based on the Lagrangian particle
tracking technique only since other methods have proven to be computationally
heavy for this application.



2

Theory

The main intention of this chapter is to convey to the reader with a fair idea of the
key concepts and equations involved in Computational Fluid Dynamics (CFD) and
Multi-phase ows. The theory discussed here includes the necessary description of
the software and corresponding tools used in this thesis.

2.1 Governing Equations in CFD

For analysis of uid ows at the macroscopic level where the length scales are
considerably larger than the spacing between atoms, the molecular structure and
molecular motions may be ignored. Hence, the uid ow is described in terms of
macroscopic properties such as velocity, pressure, density and temperature along
with their space and time derivatives, being regarded as a continuurdg. The
fundamental governing equations of uid ow are mainly based on the laws of
conservation of mass and conservation of linear momentugj.[ For an incompressible
ow, they follow the equations in the subsequent sections.

2.1.1 Continuity Equation

The continuity equation referred to as thebalance equation for masstates that the
rate of increase of mass in the uid element is proportional to the net ow rate of
mass into the uid element. Mathematically, it is expressed as :

i + @/: 0

dt @x
wherev_i is the uid velocity vector along x-direction at time instant t, is the
density of the uid. Density is varied over time considering the compressibility e ects
of the uid. However, for lower Mach numbers Ma < 0:3), compressibility e ects
can be neglected.

(2.1)

2.1.2 Momentum Equation

This is the second conservation equation which originates from the Newfsrsecond
law of motion which states that%he rate of change of momentum is equal to the sum
of all the forces acting along each directidn The instantaneous form is given by

@avi) + aviv) _ QP_F @j

@ = @x ax ax (2.2)




where v; and v; are the velocity vectors,p is the pressure andf; is the body
acceleration.
From constitutive relationship for a Newtonian uid, stress tensor(ji ) is given by:

i= Pt
2 (2.3)
i =2Sj §Skk i
where j is the viscous stress tensor, is the dynamic uid viscosity, S; is the strain

rate tensor with j; the Kronecker's delta.

Furthermore, with the assumption that uid ow is incompressible (constant density),
body acceleration {;) can be neglected and a Newtonian uid with constant viscosity,
we arrive at the Navier-Stokes equation or the transport equation for momentum
which is given by:

dv _ @P,  @u
dt @x @x@x

+f, (2.4)

2.2 Basic Aerodynamics

Study of Aerodynamics is the interaction between any surface and the uid owing
around it. So, the physical phenomenon here involves the analysis of the forces
generated as a result of interaction between this surface and the uid. For simple
surfaces, it is rather easy to understand the interaction between them in case of
steady ows. However, most of the ow in real world is turbulent by nature and the
study of aerodynamics becomes more complex. Apart from the nature of uid ow, a
lot of other factors in uence the outcomes of this interaction. Properties of the uid
such as density, viscosity, etc. on one hand while the properties of the interacting
surface such as geometry, surface heterogeneities, etc. play a signi cant rdlg.[
For example, it is easier to swim through the water rather than to walk through it
since the projection of the body in latter case experiences less resistance.

2.2.1 Boundary Layer Theory

Figure 2.1: Flow over thin at plate with boundary layer



Consider a ow over a thin at plate as shown in Figure 2.1, where théJ; free
stream velocity, (x) is the Boundary Layer (BL) thickness, shows the transition of
uid ow from laminar regime to turbulent regime. The immediate uid layer above
the surface experiences more stickiness compared to subsequent layer further above.
This uid layer is continuously developing and increases with increasing velocity.
In the immediate vicinity of the surface its velocity equals zero, which is known
as theno-slip condition. Progressing further away from the surface, a thin layer is
formed. Hence, the immediate layer of uid on the boundary which gives rise to
viscous e ects is called boundary layer (BL). In the near wall region, even though
BL accounts for a very small portion , the uid ow is still in uenced largely by its
presence.

In order to determine if the ow is laminar or turbulent, a dimensionless quantity
known as Reynolds number is commonly used. It is given to be:

U; L

Re = (2.5)

where L is any characteristic length of the system and is the dynamic viscosity.
Additionally, whether a ow is laminar or turbulent varies for external and internal

ow applications. In context of this thesis, a Reynolds number 06 1 is taken as
the critical value since the application considered here is an external ow [17].

Figure 2.2: Schematic diagram of di erent wall regions (adapted from Davidson et.
al [2])

Figure 2.2 describes the di erent regions of a wall boundary. The lower half is the
viscous region and the upper half is the log-law region. The region between these
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two is the transition from viscous to turbulent e ects thereby called as the bu er
region. The topmost region is the outer region also called as inertial regionrepre-
sents the half width of the channel ang/+ represents the normalized wall distance].

There are two di erent types of conditions that in uence formation of boundary layer

- stationary and moving ground conditions. Under stationary condition, a relative
velocity exists between the uid and the surface resulting in the formation of the
boundary layer, hence the ground is not moving. Whereas, in the moving ground
condition, boundary layer is not formed due to negligible relative velocity. This is
one of the most important parameters that should be considered which a ect the
aerodynamic behaviour such as aerodynamic forces and wake characteristics of the
uid ow around a body.

2.2.2 Wall Treatment

Figure 2.3: Law of the Wall (adapted from Cuhadarouglu et. al [3])

Figure 2.2 describes the Law of the Wall in uid mechanics which states that "the
average velocity of a turbulent ow at a certain point is proportional to the logarithm
of the distance from that point to the "wall", or the boundary of the uid region"”.

To further understand the boundary layer, it is categorized into smaller regions. This
classi cation is made on the basis of the dimensionless wall distance (y+). This,
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together in relation with dimensionless velocity (u+) de nes the Law of the Wall.
y+ is given as:

yt = — (2.6)

where y is the absolute distance from the wallj = the friction velocity or shear
velocity, is the kinematic viscosity [2]. Friction velocity U ) is given as:

u= -2 (2.7)

where , is the wall shear stress which is given by%; The dimensionless velocity
(u+) is given as:

u = — (2.8)

In essence, the absolute wall distance, uid viscosity, uid density and the correspond-
ing wall shear stress have an e ect on velocity of the uid ow which is capitulated
to be the Law of the Wall.

2.3 Simulation of Steady State and Transient Flows

CFD simulations can be performed using either a steady-state or a transient approach.
A steady-state simulation solves for the ow eld considering the time to be not
advancing while unsteady/transient simulations are preferred in applications that
involve physics that are time dependant. In common practice, a steady-state solution
is used as an initial condition for unsteady simulation to ensure the ow eld is
properly initialized whereas unsteady simulations can be implemented either implicitly
or explicitly. Implicit transient cases depend on unknown variables from the current
time step, for which the system of equations needs to be solved simultaneously.
Transient explicit cases, on the other hand, depends entirely on the variable values
from the previous time step. In this thesis, the IDDES model being unsteady by
nature follows an implicit unsteady method to solve for the uid ow.

2.4 Turbulence Modeling

Most of the uid ows we experience in daily life are turbulent by nature including

the ow around cars. Turbulence is often characterized by random three dimensional
ow of uids and is visually chaotic. Turbulent ow occurs at higher Reynolds
numbers due to hydrodynamic instabilities where the viscous forces are dominated by
the inertial forces [L6]. As a consequence, the velocity uctuations are found to give
rise to additional stresses on the uid, the so-calle@Reynolds stressesvhich will be
discussed in subsequent sections. The main categories of models used to solve these
extra stress terms are discussed in this section. Various approaches towards capturing
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turbulence are available, that ranging from Direct Numerical Simulations (DNS)
which resolves the entire ow to Large Eddy Simulations (LES) to Reynolds Averaged
Navier Stokes (RANS) approach which entirely models turbulence. In context of
this thesis, Improved Delayed Detached Eddy Simulation (IDDES) approach is
considered which employs both modeling approach (RANS) and to some extent
resolving approach (LES).

2.4.1 Reynolds Averaged Navier Stokes Equation

Random nature of the turbulent ows is characterized by the mean values and the
uctuating values of the ow properties. This concept is derived from the classical
Reynolds decomposition theoren®]. For instance, the velocity term can be divided

intov; = v, + vio, where the rst term is the Reynolds time-averaged term and the
second term being the instantaneous term.

When the equation (2.4) is time averaged and after simpli cation, it yields the
Reynolds Averaged Navier-Stokes (RANS) equation

#

" !
e, ,&i_ @ @;, @ @ |4 (2.9)

@t U @x @x @x @x @x

The last term in the equation (2.1) is the momentum transport due to turbulence,
commonly referred to as theReynolds stresgerm. This term often requires additional
modeling and an accurate way is to solve a transport equation for thee unknown
turbulent stresses. This is commonly referred to as the closure probleg).[Various
two equation eddy-viscosity models such Spallart-Allamaras (SA) turbulence model,
k - " model, k -! model and more has been previously suggestdd|[ But in the
context of this thesis, we employ the SST-Menter k+ model for the same.

2.4.2 Two-Equation Models: k ! (SST Menter) Model

k ! model is a two-equation eddy-viscosity model where two transport equations
for turbulent kinetic energy 'k’ and speci c dissipation rate! are solved. The major
advantages of this model are its enhanced predictability of shear stresses at the
boundary layers in adverse pressure gradient ows and the necessity of a separate
wall function can be ignored.

Shear Stress Transport model is also an eddy-viscosity model that blends well
between both the k -" model and k -! model. It inhabits two bene ts:
1. It employs k -! model at the inner boundary layer and k -* model at the
outer boundary layer, thereby eliminating the need for near-wall modi cation.
2. It contains a shear stress limiter that helps predict lower shear stress in adverse
pressure gradient regions.
The transport equation for 'k’ is given as:

@) auk_ @ . . @
@i @ - ax ; ?(+Pk k! (2.10)




Similarly, the transport equation for! is given as:

@), quy_e , . e
@' @x @ex ' .. ex

== (2.11)

where the last term on the right hand side is the cross-di usion term, which arises
during the " = k! transformation of the di usion term in the "-equation [16].

2.4.3 Scale-Resolving Models

In comparison to the RANS models where turbulence is mostly modeled, scale-
resolving models resolve the large scales of turbulence and model the smaller ones.
Two popular approaches are Large Eddy Simulations (LES) and Detached Eddy
Simulations (DES). LES is an inherently transient technique which resolves various
turbulent structures up until the smallest grid size and uses Sub-grid scale models
to approximate the sub-grid sized turbulent structures?]. In this approach, the
equations solved are obtained by spatial Itering of any solution variable () rather

than time-averaging like in RANS. Solution variable is further decomposed into a
Itered value and a sub-grid value.

In particular, this approach requires excessively ne mesh resolution in the wall-
boundary region, wall-parallel and wall-normal directions. Because near the walls,
the spatial scales of the large turbulent eddies which should be resolved by LES
are small in reality. Also, these spatial scales become much smaller for increasing
Reynolds numbers. This makes it computationally very expensive due to the very
high cell count. Instead, a Hybrid LES-RANS approach (Detached Eddy Simulation)
iIs a much suitable approach to overcome the aforementioned problem. Here, the
turbulence is modeled using RANS in the near-wall region while the larger structures
are resolved using LES.

The transport equation from RANS and LES can now be written as:

|
@+@ivj: }@+Q ( + T)@i
@t @x @x @x @x
Close to the walls, RANS turbulence models is used for the turbulent viscosity (i.e.
T = ) [frmenter] and away from the walls LES turbulence model is employed
(i.,e. 1 = ). One has to note that the concept of averaging as in RANS is
not the same in LES. The former averages the instantaneous quantities over time
while the later volume averages the quantities. The solution being unsteady, the
time dependence term ( rst term in equation 2.12 ) is retained and hence the model
now operates in URANS mode in the near-wall region while it operates in LES mode
away from the wall. An important element in DES simulations is when should the
solver switch between RANS and LES modes. It is often seen that the grid size
determines the location of the switch between the above-said modes. Patrticularly, a

(2.12)
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DES modi cation means to switch between the turbulent length scales from a RANS
1
length scale ( k(!f)) to that of LES when the grid is su ciently ne.

The DES modi cation is applied to the SST model (equation 2.12) in the k-equation
and is given as follows:

L
L 1 (2.13)

' = k! 1 k! Foes with Fpes = max
Coes

where" is the dissipation rate, isthe maximum local grid sizing (= max( X; Yy; 2)),
is a constant,Cpes = 0.61 and L, is the turbulent length scale.

It is often that for ne grids, the switch from RANS to DES mode occurs within
the boundary layer and can hence produce a grid-induced separation. During this
scenario, the grid sizes along the stream-wise direction and span-wise direction are
smaller than the thickness of the boundary layer ( < ). This may cause the
turbulence model to switch prematurely thereby resolving the boundary layer using
LES and leading to an inaccurate prediction18]. To avoid this problem, multiple
approaches have been made of which, Delayed Detached Eddy Simulation (DDES)
model poses to be a better solutiorlf] [2]. Importantly, the blending function in
equation 2.13 is modi ed in DDES and it reads:

L
Fopes = max ' 1 Fe):1 (2.14)
CDES

whereFs is the generic DES shielding function.

A much later development of the DDES model is the Improved Delayed Detached
Eddy Simulation (IDDES) model which is currently employed in this thesis19].
This model aims to combine DDES with an improved hybrid RANS-LES model, the
Wall Modelled LES (WMLES) ensures a di erent response depending on whether
the simulation consists of an in ow of turbulent content at the inlet. If there exists
any turbulent content at the inlet, it reduces to WMLES. meaning, most of the
turbulence is resolved except near the wall. A novel highlight of this model is that it
accounts for subgrid length-scale which depends not only on the grid spacing but also
on the wall distance. In case there is no in ow turbulent content, the proposed model
performs as DDES (pure RANS solution for attached ows and a DES solution for
massively separated ows) else switches to WMLES mode. The coordination between
the two modes is carried out by a blending function (IDDES Blending function)
which, in later sections, is also used to evaluate the meshing. The length scale in
DDES model is given as:

Lopes = Lrans  famin(O;Lrans  Lies) (2.15)

wheref g is a generic DES shielding function. Equation 2.15 in IDDES, is further
modi ed as:

Liopes = fa(@+fe)Llrans + 1 5 Lpes (2.16)
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where the LES length scale, like discussed previously, is inclusive of wall distance
also ( = min[C, max [d; hmax]; hmax]) With hyax being the max. edge height of the
cell of interest[shur].

2.5 Overview on Multiphase Flows

A uid phase generally refers to the thermodynamic state, solid, liquid or vapour, of
the matter. A phase could also be referred to as liquids or gases of di erent density,
droplets of a di erent size or solid particles of di erent shapes. A phase can hence
be de ned as the solid, liquid or vapour state of the matter rather than its molecular
components and signi ed by an interface separating the state2(]. Multiphase
ow covers a wide range of problems, including suspended grain dust or coal dust,
droplets and sprays, propellant burning, charring, soot, smoke formation, slurries,
bubbles in liquids, rain, and sedimentation [21].

Multiphase ows in general, are classi ed into two subdivisions. They arstrati ed
ows and dispersed ows Also, a multiphase ow can either be asingle-component
ow or multi-component ow. For example, steam-water ow is a classic example of
single-component multiphase ow while air-water or slurry ow is a classic example
of multi-component multiphase ow. A phase is continuous if there are no additional
phase boundaries between two points in a uid domain while they are classi ed as
dispersed ows if vice-versa.

Furthermore, dispersed phase ows are mainly classi ed into four categories: liquid-
solid ows, gas-liquid ows, gas-solid ows and three-phase ows4]. However,
gas-solid ows will be our subject of interest in the context of this thesis with air to
be the continuous phase and snow (solid particles) to be the dispersed phase.

2.5.1 Euler-Lagrangian Framework

Consider a uid motion in a continuum. The motion of the uid particle can be stud-
ied in two ways: Lagrangian frame of approach or Eulerian frame of approach. The
former keeps the track of a particle starting from an initial position, at every subse-
guent instant of time while in the latter approach, a xed position/ frame of reference
Is initially chosen and movement of a particle is observed as it passes by that poiL [

In the context of this thesis, we make use of the Euler-Lagrangian framework to ac-
count for tracking of snow particles within an aerodynamic eld. The continuity and

momentum equations are solved for the air mixture (Eulerian phase) while Newton's
second law of motion is employed to account for the particle motion (Dispersed phase).

Typically, a Lagrangian frame of reference is used to describe the evolution of
individual particles as they travel through the given domain. The trajectory equa-
tions are based on the movement of an individual particle. This thesis mainly
revolves around the understanding that the exterior contamination on cars can be
best analysed by considering snow particles as dispersed particles injected into a
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turbulent carrier ow eld as computational parcels. Later, the trajectory of each
parcel can be tracked using the Lagrangian Particle Tracking (LPT) approach.

2.5.2 Multiphase Coupling

Coupling between the continuous phase and the dispersed phase is an important
concept in the analysis of multiphase ows. Generally, the coupling between phases
takes place through the source terms in the governing equations of the uid]]
Coupling between phases, in a sense, also means that the dispersed phase may or
may not in uence the continuous phase. The system is said to lme-way coupled
when dispersed (Lagrangian) phase is a ected by the Eulerian phase but the latter is
not a ected back by the former. On the contrary, if both the continuous phase and
the dispersed phase are mutually a ected by each other then the system is said to
be two-way coupled4]. Figure 2.4 depicts the schematic of coupling between phases
where the carrier phase and the dispersed phase represented by their respective eld
parameters are inter-related through the governing equations of the uid.

Figure 2.4: Schematic diagram of multiphase coupling [4]

Choice of coupling has a signi cant impact on the end solution and hence it becomes
necessary to decide if the phases are one-way coupled or two-way coupled. For dilute
ows with a low density of particles, the one-way coupling may be a good assumption
whereas for ows with a signi cantly high density of particles, the e ect of particles

on the carrier eld is no more negligible and hence they must be two-way coupled.

2.5.3 Lagrangian Particle Tracking

Processes which include a large number of diameter classes or a broad distribution
of states can often be more easily modelled using a Lagrangian framework approach
[22]. In the case of laminar ows, each particle released from a point follows a smooth
unique trajectory. Whereas if particles are released to a turbulent ow in the carrier
phase, every particle takes its random path due to interaction with the uctuating
turbulent velocity eld.

As a consequence of particle-particle or particle-wall interaction produced by uid-
dynamic forces acting on the dispersed particles, it causes them to break up into
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smaller particles. On the contrary, collisions between particles can also produce the
opposite e ect where there is an increase in size due to coalescence or formation of
agglomerates. When dispersed particles hit a wall/boundary, it could either result

in the particle sticking to the wall, bouncing from the wall or escaping the collision
depending on the impact conditions [22].

Include lllustration for particle boundary conditions.

One of the objectives of this thesis is to study the behaviour of particles when
subjected to di erent boundary conditions and for varying diameter classes of parti-
cles.

2.5.3.1 Governing Equations of Particle Motion

In the Lagrangian framework, the eld properties (position, velocity, acceleration)

associated with a particular particle are solved for. Various forces acting on the
particle are modeled and the equation of motion is solved individually for each
particle or parcel (see Section 2.5.3.2) to update its position step-wise [23].

The rst analytic solution for the ow around a sphere at low Reynolds num-
bers (the order of unity or less) in a uniform, the steady ow was provided by Stokes
in 1851 [24]. For an incompressible unbounded ow with a translational velocity of
particles (assumed to be small spheres) and a slow variation of characteristics, the
particle trajectory equation is given as [25] :

X d\fp

at

P - . : . .
where F; is the net force acting on the body. Equation 2.10 can be further written
as:

(2.17)

& X X X
mpé:p = Fboay + Fsurface + Finteraction (2.18)

P P P
where  Fpody ,  Fsurface @nNd  Fineraction  @re the resultant of body forces, resultant
of forces acting on the particle surface and resultant of forces due to particle interaction
respectively. Each of the resultant forces are constitutive of the following forces:

P

P |':Body = F'Buoyancy + Fywm
|':'Surface = |':'D + r:‘Pressure + F'Basset + r:'Sa man + I':‘Magnus (2-19)
SI“:Interaction = I:‘BM + I“:Particle—particle + F‘Particle wall

Important to note that the forces considered to be relevant to this context will alone
be discussed in detail within this section.

Body Forces : Gravity is the most common body force which is the product of the
particle mass and the vector representing the acceleration due to gravity. But there
are other body forces which becomes important depending on the application such
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as Buoyancy force, Virtual mass force, Coulomb force and Thermophoretic forég. [

Surface Forces : Surface forces acting on a particle are mainly in uenced by particle
drag forces and particle lift forces and pressure gradient forces [4].

Drag Force ( Fprag ) : Drag Force is the force induced due to the di erence between
the velocities of the carrier phase and the particle. For a spherical particle in a
uniform Newtonian uid ow, the drag force is expressed as:

1. d3 : .

Fp = ECDT (M M) M M (2.20)
where Cp is the drag coe cient of the particle, ¢ is the density of the particle,
¥ Iis the slip velocity with 4, being the particle velocity andy being the velocity
of the uid.

The drag coe cient Cp is dependant on the small-scale ow features around a
given particle. Hence, it is often determined through correlations from experimental
or theoretical studies. Few of the most commonly referred correlations include
Schiller-Naumann correlation Liu dynamic drag coe cient and Haider and Leven-
speil drag coe cient.

Importantly, factors such as nature of the dispersed phase, shape of the parti-
cle, inter-phase mass and energy transfer in uences the choice of correlatice.[
The Schiller-Naumann correlationbeing the most suited one for spherical snow par-
ticles, has been chosen in the light of this thesis.

Pressure Gradient Force ( Fprssure ): It is a force along the direction of the
pressure gradient which is a resultant of the local pressure distribution. This force
becomes predominant for increasing Reynolds number ow2q. It is computed as:

Feressure = édgl’ p (2.21)

Where d, is the diameter of the particle andr p is the pressure gradient.

Lift Forces : Particle Lift forces are primarily due to the pressure distribution
developed on a particle in a velocity gradient. A higher velocity on one side of the
particle gives rise to a low pressure while the high pressure on the low velocity side
gives rise to a lift force. This is called the Sa man lift force. A lift is caused by a
pressure di erential between both sides of the particle resulting from the velocity
di erential due to rotation. So, Particle lift forces due to the rotation of particles is
known as the Magnus force [4]. Mathematically, they are expressed as:

q_—
161 Dju Vvij Reg (2.22)

FSa

Fmag ;i = §D3 cllik Vg (Ve W)l (2.23)
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History/Basset Force : This force accounts for the temporal delay in boundary
layer development as the relative velocity changes with time. Sometimes, this force
is also called thehistory term. It is called the history force as it depends on how the
particle has behaved up to a particular time instant.

Particle Particle Interaction Forces . Particle particle interaction forces are
necessary to be considered for dense particle suspensions. Hard sphere model and
soft sphere model are the two models which are widely used for numerical simulations
[25].

2.5.3.2 Concept of Parcels

When analysing particle ow within a domain, it is easy to track the properties
of the given particle at each point by solving for the equations of motion of that
particle. But as the number of particles increases in the domain, it becomes com-
putationally expensive and time-consuming to track every single particle Instead, a
cloud of particles or commonly referred to as 'parcels' is simulated to save both time
and expense. Particles with identical properties are grouped into parcels such that
the dynamics of a parcel represents the behaviour of all the particles it represerzg][

It is also important that the number of particles in a parcel must be large enough
such that the properties of the entire population of particles are well represented.
Also, the number of parcels in the simulation as a whole must be large enough to
represent the properties of the full population of particles.

2.6 Brief Overview of Snow

2.6.1 Formation of Snow

The Nakaya snow crystal diagram as shown in Figure 2.5 describes how the snow is
formed and the factors a ecting its formation studied by physicist Ukichiro Nakaya
[5]. As seen in the gure, the morphology of snow crystals has a complex dependence
on the temperature and water vapour supersaturation density. Plates are formed at
a temperature range of 0 to 2 C, prism-like shapes to sheath and needles with an
increase in supersaturation around 5 C. Thick plates to dendrite shaped structures
are formed as we go lower in temperature. With temperatures lower than25 C,
prisms are observed in low supersaturation while columns are observed in higher
supersaturation.
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Figure 2.5: Nakaya snow crystal morphology diagram depicting snow crystal growth
based on temperature gradient and water vapor supersaturation density [5]

Figure 2.6: An overview of seasonal snow metamorphism without temperature
gradient [6]
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Bader et al. observed the seasonal snow metamorphism in Figure 2.6 which took
longer time than natural scenario since it was conducted in idealised conditions
with no temperature gradients f]. In natural scenarios such as that on a road, the
metamorphism is fast and sensitive due to the movement of cars and trucks which
break down the snow lying on the ground.

Hexagonal and spherical grains are the two common structures of snow that can be
seen. But the structure of this is dependant on various factors, such as how long has
the snow been lying on the ground, the temperature di erence of snow and also the
amount of water or moisture present in the snow due to the temperature di erence.
But the most common type of snow ake is of hexagonal shape on a thin plat§] [
[26] [27]. In this thesis however, morphological age of snow grains are considered to
be old enough. Thereby, spherical shaped grains are considered which also aids in
reducing modeling complexity.

2.6.2 Types and Characteristics of Snow

Snow can be categorized into mainly two types, namely: natural and arti cial snow.
Natural snow is created by the natural transpiration by nature while arti cial snow is
man-made snow which is very often seen in wind tunnels of industries. Natural snow
is further categorized into falling snow and untouched snow on the ground. Field
studies have been performed by VCC on test tracks covered in snow in Northern
Sweden to understand how contamination occurs on cars due to falling snow and
untouched snow on the ground.

Various layers of snow accumulate to form a snowpack due to irregular precipi-
tation, movement of wind and the non-stop metamorphism. These layers are di erent
to one another due to one of the following characteristics: microstructure, grain shape,
grain size, snow density, snow hardness, liquid water content, snow temperature,
impurities and layer thickness. Grain size must be regarded as a property of one
of the layers of snowpack and not of the grain shape. Grain sizes vary from lesser
than 0:2mm to greater than 5mm. Snow can be classi ed into dry, moist, wet, very
wet and soaked snow based on the amount of liquid water content present in the
snowpack. Machine-made snow is formed by a physical process where small water
droplets are frozen from the surface inward or by crushing the ice. They are usually
spherical with projections or ice plate-like structures [28].

2.7 Particle-wall Modeling of Snow Particles

One of the important properties of snow is that it adheres to surfaces and tend to
accumulate on them eventually I5]. Avid amount of research is being done within
powder technology, to understand the energy dissipation during collisions between ice
particles and surfaces14]. This is thus an important part of understanding on how
actually snow or ice accumulates onto surfaces. A standard metric to measure this is
given by the coe cient of restitution ( €,) which determines the elastic properties of
the . It is de ned to be the ratio of rebound velocity(V;) of the particle to its impact
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velocity(V;) which as expressed as [13]:

Vi
= T 2.24
€n v (2.24)

2.7.1 Factors A ecting the Adhesion of Snow

Signi cant work has been performed in29], [15] and [7] previously that account for
the adhesive interaction of spherical particles due to Van der Waals forces. Results
from this work has been used for the particle tracking model in this thesis which is
coupled with external aerodynamic simulations to predict the accumulation of snow
on blu bodies more accurately . Few important factors a ecting the adhesion of
snow include the following:

2.7.1.1 E ect of Van Der Waals Force

Figure 2.7: Regime map for coe cient of restitution of ice particles.(Adopted from
Eidevag et al. [7])

Inter-particle forces such as Van der Waal forces, play a key role in adhesion as well
as in the formation and breakage of agglomerates of particles. Previous experiments
and studies have proposed the usage regime map for ice collisions based on the
Johnson-Kendall-Roberts (JKR) model for the samelp]. This model describes
three di erent regimes for ice particle collisions, namely, an intermolecular adhesive
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regime, a collisional melting regime, and a fragmentation regime. Figure 2.7 shows
the regime map of the coe cient of restitution for increasing impact velocity. The
intermolecular adhesive regime is characterized by damping due to intermolecular
forces and ice particles colliding with a surface will have a rapid increase in energy
loss for increasingv; until the particle begins to adhere to the surface. Collisional
melting of ice is not expected since the velocities are well below the critical velocities
for the particle studied in this work. Hence, intermolecular adhesive regime would
be the sole area of interest in the context of this thesis.

The model involves contact mechanics in the normal and tangential directions.
Single particles, as well as agglomerates, are simulated to impact with walls of four
di erent material types. The particles sizes are based on experimental measurements
performed on test tracks in northern Sweden.

At low impact velocities, coe cient of restitution is de ned as:

S

e= 1 (L) (2.25)

Where g, is the coe cient of restitution, V; is the velocity at impact (collisional
velocity) and Vs is the critical sticking velocity below which particles will stick due
to intermolecular adhesion, wheréd/s is given as:

3
Vo= S0 2 (2.26)

With K; 0:9355is an integration constant,E is the e ective Young's modulus, W
is the work of adhesion and R is the radius of the patrticle. In reality, snow buildup
occurs upon an initial ice layer formation on any wall/surface. Henc&y = 0:218
and E =5:4 [GP4] is chosen [15], which corresponds to ice.

It is also evident from the above equation that, is dependant on both the impact
velocity and size of the particle. Hence, it is important to determine appropriate
values fore, corresponding to the chosen particle size distribution.

2.7.1.2 Choice of Collisional Damping Regime

From Figure 2.7, it is seen that the velocity dependence ef distinguishes between
three di erent collisional damping regimes. The velocity dependence ef is mainly
classi ed into Quasi-elastic and inelastic regimes respectively. Quasi-elastic regime
corresponds to the understanding that collisional behaviour of a particle is not
exactly elastic (i.e. Unity), Vi < Vs and no fragmentation or plastic deformation is
observed 13). It is observed from experiments conducted bylB] that the coe cient

of restitution due to quasi-elastic damping €,¢) is dependant on particle size under
consideration with a variation ranging between 0.71 - 0.95.
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2.7.1.3 Particle Re-suspension Modeling

Particle re-suspension or particle re-entrainment corresponds to the process where
particles adhering on to a surface are re-entrained or suspended away from the surface
[30). In the context of this thesis, approach taken towards treatment of particle
re-suspension is based on a threshold value of particle Reynolds number for a given
PSD (Refer Section 3.2.6.5).

2.8 Analysis of Blu Bodies

It is often that high resolution of geometric details within less relevant areas contribute
towards unexpected problems or complexities in analysis. Hence, a wise alternative
would be to choose a simple geometry which mitigates the risk of unprecedented
errors during analysis as well as displays good resemblance with the parent geometry
(car model in this case). Such a geometry is commonly known as a blu body. In
this thesis, two di erent blu bodies are chosen for investigation.

2.8.1 The Wedge

Figure 2.8: CAD geometry of the Wedge (Adopted from Enmark et al. [8])

Wedge is a classical utility that has been previously used to understand the aero-
dynamic ow and behaviour of snow deposition over an external surface in terms
of both, wind tunnel testing and CFD simulations. Various works in this regard,
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comprising of di erent modeling approaches have been studied previously. One such
work having performed analysis over the Wedge can be referred back to Enmark et
al. [8]. Figure 2.8, shows the geometric description of the Wedge. This geometry
has proven to give a fair understanding of di erent aerodynamic features over an
external ow and resultant snow deposition depending upon the modeling approach
considered. It has also been used as the starting point for this thesis to learn about
the di erent aspects of aerodynamic ow and to analyse snow deposition further on.

2.8.2 Ahmed Body

To assess the snow deposition pattern on a real car, conducting a study on something
that exhibits the essential features of a standard automobile design without rotating
wheels, surface projections, interior compartment and the such is importar@]].
The Ahmed body is a better suiting alternative when compared to the Wedge,
although challenging due to the formation of complex turbulent structures such as
the re-circulation region resulting from the combination of strong separation and a
pair of counter-rotating vortices to name a few. Figure 2.9 shows the geometry of
the Ahmed body with the table designed in Catia.

Figure 2.9: CAD geometry of the Ahmed Body with the table

2.8.2.1 Slant Angles

Angle of the rear slant surface plays a signi cant role in the ow analysis downstream
of Ahmed body. Ahmed et al. found that most of the drag was caused by pressure
drag which is directly depending on the rear slant angl&]]. A lot of experiments
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and simulations have been conducted for varying slant angles and it was observed
that there was an increase in pressure drag at the rear with increasing slant angle
and at 30 slant angle, maximum drag is achieved. The reason for maximum drag is
due to the separation of ow at the beginning of slant surface and reattachment near
the end of the slant surface. Two strong counter-rotating vortices were observed as a
result of this ow separation and attachment. At angles below 3Q the strength of
these vortices were found to be low. Hence, it was concluded that rear slanted surface
with an angle of 30 to be the critical slant angle. There is however one more critical
angle of 12.5 where the ow remains attached throughout the slant surface for any
angle below this with 2 counter- rotating longitudinal vortices at the rear end3d2) [33].

Many studies have been conducted for slant angles of 2&nd 35 to understand
the ow behaviour below and above the 30critical slant angle. Conan et. al. has
conducted study on 10 slant angle B4]. Therefore, in this thesis 10, 25 and 35
slant angles have been chosen for studying the snow deposition patterns on the
Ahmed body.
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3

Methodology

This section describes the methods incorporated within the two sections: experimental
approach and CFD approach. The experimental approach taken towards studying
snow deposition on the Wedge and the Ahmed body will be presented. Later, the
CFD approach to simulate the same will be described.

3.1 Experimental Approach

A car's exterior often has a complex geometry. Correspondingly, analysis of external
aerodynamics of the car and snow build-up gets di cult. Flow patterns that are
not signi cant in the problem under investigation occur because of these geometric
complexities. This would result in a more time-consuming CFD simulation. Hence,
to simplify the process and still achieve the purpose, it is better to consider a much
simple model such as a blu body. The Wedge was initially utilized by35 to avoid
the problems mentioned above. This model has been previously manufactured at
VCC to run snow accumulation tests at the Volvo climatic wind tunnel. Furthermore,
the analysis is extended over an Ahmed body, the reason being that it resembles
most of the principal aerodynamic features of a real car.

3.1.1 The Wedge

Table 3.1: Geometric dimensions of the wedge

| Parameter | Dimensions [m] |

Wedge dimensions
Length(l) 15
Height(h) 0.5

Stint dimensions
Diameter (d) 0.25
Height(hs) 0.75

The dimensions of the wedge are given in the Table 3.1 and the manufactured model
subject to a wind tunnel experiment is shown in the Figure 3.1. The model was
subject to wind tunnel experiments in two ways to make a good comparison between
the experimental and the simulation methods. One being the slant face facing the
wind tunnel test section entry while the other with the back face facing the test
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section entry with the ow from left to right as shown in Figure 3.1. The slant
face experimental data was obtained fronBp] while the back face experiment was
performed during this thesis.

(@) Case A (b) Case B

Figure 3.1: Wedge set-up in the climatic wind tunnel. Case A refers to the slant
face facing the fan of the wind tunnel and Case B refers to the back face facing the
fan of the wind tunnel.

Initially, the Wedge is placed in the wind tunnel as shown in the gure. An operating
temperature of 15 C is allowed to reach. A snow cannon is employed for the
injection of snow onto the test object. Until signi cant snow deposition is visible,
the snow cannon continues to impinge snow onto the wedge. After all the necessary
observations corresponding to snow accumulation are recorded, all contamination on
the wedge is removed. simultaneously, the wind tunnel is allowed to cool down and
the above procedure is repeated for all the following test runs.

3.1.2 Ahmed Body

Table 3.2: Geometric dimensions of the Ahmed Body

| Parameter | Dimensions [mm] |
Length(l) 1044
Width(w) 389
Height(h) 288
Ground Clearance 50
Slant Angles 10, 25 and 35
Slant Length (ls) 222

The Ahmed body from Ahmed et al. B]] is the inspiration for the geometric mea-

surements taken to design it. The model had a length of 1044 mm, width of 389 mm
and height of 288 mm. The clearance from ground to the bottom surface is 50 mm
with four small legs of radius 30 mm. We can divide the Ahmed body into 3 sections,
the front, middle and rear section. The front section is rounded along all four sides
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with a radius of 50 mm. The edges of the middle section is rectangle in cross section
and sharp edges. The rear body has 3 slant angles - 185 and 35. A constant
slant length of 222 mm with sharp edges is maintained at all rear sectior&l]. The
geometric dimensions of the Ahmed body is given in the Table 3.2.

CATIA V5 was utilized for designing the CAD model of the test object and has later
been fabricated at Volvo Cars.

Since the ground section the PVKA wind tunnel was not very smooth, a table
of resembling the ground dimensions considered i81] was used for experimental
analysis. The Ahmed body was later installed on it as shown in the Figure 3.2. A
moving ground e ect is an ideal scenario to replicate the real-world road conditions
where there is no development of the boundary layer. Since setting up such an
apparatus for a scaled model is expensive, we choose to consider a stationary ground
in this thesis work.

Figure 3.2: Ahmed body set-up with table

The Ahmed body experimental setup is placed in the wind tunnel as shown in
the Figure 3.3. An operating temperature of 15 C is consistently maintained
throughout. Experimental procedure as described in section 3.1 has been followed
here as well. In total, eight trials were conducted (three for 35con guration, three

for 25 con guration and two for 10 con guration) on the Ahmed body to observe
the snow deposition pattern. Initially, three trials were conducted with the 35slant
angle rear block attached to the Ahmed body. The next three trials are conducted
on the 25 slant angle rear block. The subsequent two trials were repeated for 10
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slant angle rear block. Multiple trials for each con guration has been conducted to
ensure repeatability which was a concerning issue with the Wedge.

(a) Slant angle 35 (b) Slant angle 25 (c) Slant angle 10

Figure 3.3: Ahmed body set-up with table in the climatic wind tunnel with 3 slant
angle rear block con gurations

3.1.2.1 Tuft Experimental Setup

Upon performing all the trials for all the three slant angle con gurations, snow
deposition was observed in less expected areas like the one very close to the leading
edge of the top and side surfaces where the ow was expected to separate. Hence, an
experiment using Tufts were conducted to check the ow attachment and separation
zones along the top and side surfaces. Tufts or small thread strands were installed
on top, sides and slant faces of the Ahmed body using tapes as seen in Figure 3.4.

Figure 3.4: Experimental setup using tufts on Ahmed body with slant angle 10in
the wind tunnel

3.2 Simulation Approach

In this section, the CFD approach towards simulating this phenomenon will be
described. Construction of the computational domain, meshing strategy, choice of
solver settings and di erent boundary conditions that were implemented on the
Wedge and the Ahmed body will be discussed in detail. All the simulations have
been carried out using StarCCM version 2020.3, which was originally developed by
CD-adapco and has later been developed by Siemens. The post-processing has been
carried out using Python, Paraview and StarCCM .

3.2.1 Simulation of Aerodynamic Flow Field

To perform analysis of the particle deposition over the blu bodies, it is quintessential
to have a fully developed aerodynamic ow eld around the blu body initially.
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This provides us with the necessary knowledge about the various turbulent ow
structures around it that can in uence the deposition pattern. In this section, the
methods incorporated to simulate the aerodynamic ow eld around the Wedge and
the Ahmed body will be discussed. First, the Wedge section is chosen, presented as
con guration A and con guration B where the former consists of the wedge section
oriented with its slant face along the leading edge and the latter with its at face
along the leading edge respectively. Later, the Ahmed body was considered with 3
di erent slant angle con gurations (10 , 25 and 35)

3.2.1.1 Geometry

The rst step in the simulation process involves the creation of an accurate CAD
geometry of the Wedge and the Ahmed body. The CAD geometries were created
using the Design Modelermodule within StarCCM+. Note that for the Wedge, a
similar geometry (Wedge) has been previously used in a thesis work (Ref@) fo
study the snow deposition but in a di erent orientation. As seen in Figure 3.5, the
blu body consists of the Wedge section which is supported by uniformly spaced
stilts at the bottom. The dimensions of the Wedge are same as previously presented
in Table 3.1.

Figure 3.5: Front and side view of the wedge
Meanwhile, the Ahmed body dimensions were obtained from Ahmed et aB1] and

their CAD geometries were created as seen in Figure 3.6. The dimensions of it for
all three con gurations have been described in Table 3.2.

Figure 3.6: Ahmed body with slant angle con gurations 10, 25 and 35

3.2.1.2 Meshing

To ensure the computational domain is su ciently large with concerning the size of
the body, the Blockage Ratio (BR) is used as the indicator to verify that the applied
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boundary conditions does not a ect the computational domain. BR is computed to be

the ratio between the size of the body to the size of the overall domain. Furthermore,
the body is placed approximately about 1/4 times the length downstream from the

inlet. The dimensions of the domain are as presented in Table 3.3.

Table 3.3: Computational domain dimensions

| Section | Length [m] | Width [m] | Height [m] |
Outer Domain 70 40 30
Re nement Box 1 11 3.4 15
Re nement Box 2 18 5 3.5
(a) Front section view (b) Close-up view
(c) Side section view (d) Close-up view

Figure 3.7: Meshed Computational domain: Wedge
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