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Abstract
As we move into an era of electrification of vehicles, there is a constant need to suppress
the environmental impact caused by these vehicles. Electric vehicles have drastically low-
ered exhaust gas emissions but on the flip-side, it has significantly increased non-exhaust
emissions. With more than 1 billion passenger vehicles roaming the streets today, it is
evident that non-exhaust emissions will only rise in the upcoming years as more BEVs
are churned out by manufacturers.

Non-exhaust emissions majorly constitutes of tyre wear and brake wear. Several experi-
ments have shown the particulate matter that is abraded off the tyres is charged and hence
can be trapped using static electricity. In this work, the complex flow around rotating
wheels and inside the wheelhouse is investigated. The work also extends into investigat-
ing the effectiveness of a device obtained from The Tyre Collective, which captures these
particulate emissions. Using numerical simulations, a generic model of the AeroSUV is
studied along with TTC’s device. It was determined that the device placement is not
ideal and, having an externally mounted device is prone to vibrations and contamination
due to soiling.

The change in overall drag and rear wake profile is shown with the help of a comparison
study of the vehicle with and without the device. The shape of the device has been shown
to restrict flow behind the rear wheels to some extent. Additionally, flow recirculation at
the inlet of the device is shown using streamline tracers. The study also shows that the
majority of the mass flow of air through the device comes from the front, through the un-
derbody. Furthermore, based on the numerical analysis several design recommendations
were provided.

Lastly, this investigative study has shown that simulating particles using multiphase will
be worthwhile in providing more information and, a numerical method for both wheel
rotation modelling and particle tracing. Furthermore, upcoming Euro 7 emission norms
are speculated to have stringent regulations on tyre and brake wear. Hence, capturing
these particulate emissions at the source would be highly beneficial and to do so, a more
sophisticated numerical analysis of particle behaviour is necessary to decipher the optimal
methods to capture them.

Keywords: Vehicle aerodynamics, CFD, AeroSUV, wheel rotation, tyres, tyre dust, zero
emissions, non-exhaust emissions.
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Nomenclature

Symbols

Cd Aerodynamic drag coefficient
Cp Pressure coefficient
Cptot Total pressure coefficient
Clf Lift coefficient on front axle
Clr Lift coefficient on rear axle

Abbreviations

BEV Battery Electric Vehicles
CAD Computer-aided Design
CFD Computational Fluid Dynamics
IDDES Improved Delayed Detached-Eddy Simulation
MRF Moving Reference Frame
PM Particulate Matter
RANS Reynolds Averaged Navier Stokes
URANS Unsteady or Transient Reynolds Averaged Navier Stokes
TWP Tyre Wear Particles
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1
Introduction

Road transport plays a substantial role in the modern world. To be specific, passenger
vehicles cover a considerable segment of all road transportation. It is of peak interest
to mitigate the negative effects of these vehicles. Exhaust gases or tail-pipe emission is
one such effect that has been a reason to switch to electric or hybrid vehicles. Electrified
transportation systems allow for a more energy-efficient and environmentally friendly al-
ternative to traditional vehicles equipped with internal combustion engines [1]. Over the
past decade, this change has drastically lowered the amount of tail-pipe emissions. More-
over, stringent regulations on exhaust gases have largely helped lower tail-pipe particulate
emissions. On the other hand, electrified vehicles bring new challenges: To a great degree,
the rise of non-exhaust emissions from road vehicles [2].

Non-exhaust emissions are categorised into - tyre dust, brake dust, and road dust re-
suspension. Tyre wear particles (TWP) and brake wear particles (BWP) are deemed to
be major contributors to non-exhaust emissions. This study is directed toward TWPs.
Due to complex flow patterns around rotating wheels and the chaotic flow inside the
wheelhouse, it is essential to study the flow patterns to effectively capture TWPs.

Figure 1.1: Tyre wear particulate mass emissions in mg/km for various scenarios [8]
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1. Introduction

Research has shown that the emitted PM from tyres majorly is within the range of PM2.5
and PM10 which is representative of particle sizes of 2.5µm and 10µm respectively. But
there are particles less than 1µm [3]. All these particles are generally airborne and hence
follow the flow stream for the most part. A study conducted in Norway estimated that
there is 19000 t/year of microplastics released from terrestrial sources. However, tyre wear
and road dust contribute to about 40% of it [7]. Studies have shown that a considerable
proportion of tyre wear particulate emissions are in smaller fractions (less than PM10)
especially in roads with heavy traffic [5]. Figure 1.1 shows tyre wear particulate mass
emissions in mg/km for various scenarios. The study showed that 11% by mass of emis-
sions from tyre wear are smaller than PM2.5. The legal limitation for tailpipe emissions is
4.5 mg/km whereas experimental data for airborne tyre emissions shows that it is around
8 mg/km [8].

1.1 Project objectives
This master thesis project is conducted at Chalmers University of Technology in collabo-
ration with CEVT. The main objective of this work is to study the airflow around rotating
wheels using CFD simulations to determine effective ways of capturing tyre dust. The
objectives of this project are as follows:

• Identify the factors affecting TWPs based on an elaborate literature review.
• Determine and setup an effective numerical simulation methodology for wheel ro-

tation and the flow around wheels for investigating the AeroSUV geometry along
with TTC’s device (This research study is vehicle specific and dependent on the
orientation of the device).

• Simulate the particles originating at the tyre patch that follows the airflow.
• Propose design strategies to efficiently capture TWPs.

1.2 Limitations
• The project is mainly limited in terms of computational resources, impeding the

mesh quality and the physics models implemented.
• Given the time constraint to complete the entire project, only a few physics models

are implemented in this study.
• The investigations were only performed using a simplified SUV model in the estate-

back configuration.
• Only one configuration of TTC’s device with a simplified geometry representing the

outer shell is considered throughout this study.
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2
Background

This chapter gives an elaborate literature study motivating the reason behind this thesis
work. Furthermore, the background on effectively modelling wheel rotation which allows
for a better understanding of the flow.

2.1 Non-exhaust emissions and its environmental
impact

In general, emissions of PM from road transportation consist of two sources namely -
exhaust gases from internal combustion engines and emissions caused due to degradation
of vehicle parts due to friction. Tyre wear, brake wear, and road dust are classified as
non-exhaust emissions and the magnitude of these non-exhaust emissions has drastically
risen over the past years. It is now responsible for approximately 90% of all PM emissions
from road transportation [17, 18].

Non-exhaust PM emissions are classified as follows [2]:
• Direct wear emissions:

– Tyre wear - airborne particles abraded from tyres.
– Brake wear - eroded particles from brake disc and pads. Only 50% of the

emitted brake dust is considered to be airborne.
– Road wear - airborne particles eroded from the surface of tarmac.

• Road dust resuspension - suspended particles on road surfaces caused due to road
transport

Governmental regulations and public awareness of the negative effects of transportation
on the environment have led to the electrification of vehicles to counteract some of the
major drawbacks caused by internal combustion engines, such as tailpipe emissions. While
legislation has driven down emissions of particles from exhaust gases, the non-exhaust
proportion of road traffic emissions has been increasing drastically over the past decade [2].
BEVs are typically heavier relative to traditional vehicles with internal combustion engines
because of the additional battery mass. Hence, BEVs requires wider and larger tyres which
has a larger tyre patch. According to Emissions Analytics, particulate emissions from
tailpipes are much lower on newer vehicles whereas tyre wear particulate emissions increase
with aggressive driving style and vehicle mass[8]. Figure 2.1 shows the projected PM2.5
emissions from tyre and road surface wear relative to tailpipe emissions [10] obtained from
a recent study in the United Kingdom.

3



2. Background

Figure 2.1: Projected particulate matter emissions from road transport [10]

On a global scale, human exposure to these air-borne PMs is hazardous and can cause
a significant impact on human health. Especially, considering that these PMs are small
enough in micro scales to enter our respiratory system. This can be carcinogenic when
humans are exposed to these PMs over a long period. Moreover, it can cause multiple
lung-related issues such as asthma, blockage in a lung artery, etc. Hence, lowering air
pollution in an urban environment is crucial to reducing ambient toxicity levels and main-
taining good air quality [16].

Figure 2.2: Tyre and road wear particles (TRWP) aging processes on road surface, in
the atmosphere, soil and water bodies [6]
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2. Background

A significant amount of PM from tyre wear ends up in water bodies contaminating the
aquatic body and aquatic soil. This has a significant impact on aquatic life, damaging
the natural habitat. Figure 2.2 shows the aging processes of tyre and road wear particles
on road surface, atmosphere, soil and water [6]. There are not a lot of studies involved
in investigating the ageing process of tyre and road particles in water bodies. However,
data indicates that there is a rise in microplastics in aquatic bodies.

2.2 Literature review

2.2.1 Tyre dust
Although there is insubstantial contemplation on the characterization of TWPs, various
research groups have invested time in determining the toxicity levels of tyre wear debris
in our environment. TWPs have been implicated to be very toxic to humans through
aquatic bodies based on the potential to induce endocrine disruption, acute lethality, and
teratogenicity. Moreover, research has also proven that the airborne magnitude of TWPs
can induce in-vitro or in-vivo pulmonary poisoning [24] if inhaled by humans.

Figure 2.3: Microscopic images of road particles and TWPs [21]
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2. Background

Tyre dust or tyre wear is the result of tyre tread abrasion on the surface of tarmac. Scan-
ning electron microscope (SEM) images have shown these particles to have an elongated or
"sausage-like" shape. Chemical analysis of these particles shows that they include rubber
from the tyres, as well as encrusted mineral particles from road surfaces [19, 21]. Figure
2.3 indicates the SEM images of road particles (A,B) and TWPs (C,D). It shows that
TWPs consist of a higher mineral content [21].

Since airborne TWPs are relatively smaller in size, physical properties also play a major
role in their chemical composition. This includes the temperature of the tyres, ambient
temperature, roughness of the road surface, etc.

2.2.2 Particle size distribution

2.2.2.1 Tyre wear particles

Studies that have been conducted in the past have shown that tyre dust particle sizes
vary with the type of tyre i.e., studded or non-studded and also the type of tarmac [25].
The table shown in Figure 2.5 depicts the amount of PM10 emitted in mg/km. 50% to
70% of all airborne road dust falls under the category of PM10.

Figure 2.4: Emitted particles from various means of transportation [10]

Figure 2.4 illustrates the amount of tyre wear collected from various sources of road
transport in one day. Approximately, 1 to 2kg of total tyre wear on passenger vehicles
is estimated over a typical life-cycle of about 70000km [23]. Studies have also shown
that since BEVs require wider tyres as they are heavier, the larger contact patch creates
more traction with the road surface. Thus, generating more TWPs. Lab tests have also
shown that the size distribution of TWPs varies significantly [11], concerning various
driving factors including tangential wheel velocity, ambient temperature, load on the
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2. Background

tyres, acceleration, harsh braking, and lateral slip. The emitted TWP hence has a range
of varied sizes, both “traditional” particles (2.5 - 10µm) but also smaller particles (<1µm),
depending on the conditions [3].

2.2.2.2 Brake wear particles

Brake wear particles mostly fall within the size range of 2µm to 5µm. Recent studies have
also shown an increase in nano-sized brake wear caused due to extreme temperature con-
ditions [9]. This speculation can also be carried forth on TWPs as they exhibit similarities
in particle sizes and behavioural change with respect to temperature effects. Emissions
from brake wear is considered as the most metal-rich airborne particulate emission from
road transport. Out of all the chemical constituents of brake dust, iron in its ferrous form
(Fe2+) is deemed to play a role in human cardiovascular and neurological defacement [15].

Figure 2.5: Emission factors for PM10 from tyre and brake wear [22]

2.2.3 TTC’s device
The Tyre Collective is a startup based in the UK who are investigating methods of
capturing tyre particles at the source of emission. An experimental study on tyre particles
showed that the particles are charged because of the friction between the tyres and road
surface. The illustration shown in Figure 2.6 indicates a concept where the device is
mounted very close to the tyres. The device consists of an array of electrostatic plates
that can be charged or discharged using the battery on the vehicle. The electrostatic field
that is generated, attracts the tyre dust which adheres to these plates as shown in Figure
2.7 which is from an experimental study that The Tyre Collective had conducted [10].
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2. Background

Figure 2.6: Conceptual design of TTC’s
device [10]

Figure 2.7: Electrostatic plates with tyre
wear adhered to it [10]

Figure 2.8: Device used for capturing PM [4]

Figure 2.8 shows a physical prototype of the device from The Tyre Collective that was
mounted onto a vehicle and tested in Gothenburg. The experiment was carried out in
collaboration with CEVT and The Tyre Collective.
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3
Methodology

3.1 Vehicle geometry
Figure 3.1 shows the dimensions of the full-scale AeroSUV from the European Car Aero-
dynamics Research Association (ECARA) [13, 14] in the baseline variant which is the
exact configuration utilised in this thesis work with open grilles. This is a generic SUV
model that is used in aerodynamics research. The estate-back variant of the AeroSUV is
used throughout this study as it represents a larger and heavier passenger vehicle. Also,
the experimental tests conducted by The Tyre Collective is on an SUV. The model has
open cooling or air intakes at the front and a relatively detailed underbody.

Figure 3.1: Dimensions of the baseline full-scale AeroSUV [14]

The AeroSUV is characterised with a larger cross-sectional area, increased ground clear-
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3. Methodology

ance and larger wheels in comparison to the standard DrivAer model. The AeroSUV
represents a mid-class SUV derived from the DrivAer [14]. This particular model con-
tains a level of detail which is comparable to today’s production cars by inclusion of a
detailed underbody and engine bay to allow under-hood cooling flow. The AeroSUV can
represent a vehicle with an engine or a BEV in estate, notch or fast-back configurations
[13]. Figure 3.2 depicts the vehicle geometry of the AeroSUV . Additionally, a simplified
TTC’s device consisting of the outer shell of the prototype as shown below in Figure 3.3
is included with the vehicle, mounted behind the rear wheels.

Figure 3.2: AeroSUV model

Figure 3.3: Simplified geometry of TTC’s device
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3. Methodology

3.2 Numerical setup
Pre-processing of CAD for both the vehicle geometry and TTC’s device was carried out
using ANSA software. Figure 3.2 shows the resultant of the imported geometry for further
numerical simulations. However, there were additional surfaces added to the original ge-
ometry to isolate areas of different mesh types such as a sliding mesh region for rims. All
of the numerical computations were performed using a commercial CFD software - Star-
CCM+. This section discusses the computational domain, different meshing strategies,
and various implemented physics models.

3.2.1 Computational domain
To replicate an open road, an elongated rectangular computational domain is implemented
as shown in Figure 3.4 measuring 100m in length, 30m in width, and 20m in height. The
dimensions of the domain are made large enough to avoid unnecessary formations of
boundary layers and to avoid blockage effects that may influence the obtained results.

Figure 3.4: Open road domain used in numerical simulations

The vehicle is placed approximately 30 m from the inlet and in such a way that only half
the vehicle geometry is inside the domain as shown in Figure 3.7. This is done mainly
due to the constraints on computational resources and the requirement of a finer mesh
close to the wheels. An assumption that is made with regard to the previously men-
tioned factors is that the vehicle is longitudinally symmetrical. Hence, a symmetry plane
through the vehicle. The open road domain consisted of a constant inlet velocity of 10
m/s and pressure outlet boundary condition of 0 Pa. The inlet velocity of 10m/s lies
in-between a velocity range at which tyre wear emissions are estimated to be high. The
inlet velocity specification is also used to determine the velocity of the moving ground
and the tangential velocity of wheels. The boundary condition for the road is assigned as
a moving wall. The rest of the walls were assigned with a no-slip wall boundary condition.
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3. Methodology

3.2.2 Wheel rotation modelling and tyre aerodynamics
Figure 3.5 shows the general wheel terminology used throughout this thesis work.

Figure 3.5: Nomenclature used for various features on the wheels

Wheel rotational modelling brings its own challenges and modelling wheel rotation to get
as close as possible to reality is key in studying the highly turbulent flow around the
wheels and in the wheelhouse. Traditionally, there exist three approaches to simulating
wheel rotation, namely - moving wall, MRF (Moving Reference Frame), and Sliding mesh.
Firstly, a moving wall approach is executed by applying a rotational velocity on the mov-
ing boundary. This method is not recommended when the desired velocity is normal to
cell surface as in rims because this method only applies a velocity tangential to the wall.
Secondly, an MRF approach allows for a surface velocity normal to the surface. This can
produce the desired velocity only if the entire wheel is inside the MRF region. Lastly,
a sliding mesh approach is executed by physical rotation of the mesh at every specified
time-step. This modelling method is the closest to reality. [20]

Various studies that focus on modelling wheel rotation have shown that physical wheel
rotation or having a sliding mesh result in separation at the top of the tyre relative to a
stationary wheel [12]. In this case, since the focus is to study the movement of PM with
respect to airflow, it is more suitable to have a sliding mesh to include the additional
effects of physically rotating the mesh which significantly varies the flow behaviour.

Figure 3.6 represents a cross-sectional view of a single wheel showcasing the sliding mesh
region for the rim and its interfaces. The interfacing is implemented such that the cells
inside the sliding mesh region close to the interfaces communicate with the cells outside
the region. For this study, the rims in magenta as shown in Figure 3.7 are the sliding
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mesh regions, and the tyres indicated in blue is assigned with a rotating wall boundary
condition. Both MRF and sliding mesh approaches were compared to study the differences
in flow structures.

Figure 3.6: Cross-section of front-left wheel showing the sliding mesh region along
with the interfaces

Figure 3.7: Magnified domain indicating the placement of vehicle and different
boundary conditions depicted in various colours

13
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3.2.3 Mesh
A polyhedral dominant mesh along with surface remesher and prism layers on all no-
slip walls on the vehicle is used to mesh the entire domain. The cells are larger at
the domain walls and they get finer close to the vehicle surface. This is done so to
avoid having unnecessary refinements near the domain walls which are very far from the
vehicle. Moreover, the point of interest is the flow behaviour close to the vehicle. By
implementing large cells close to the domain walls, the total number of cells and the
overall computational time and cost are reduced. The radiator at the front grille with a
porous media region uses a hexahedral mesher to have directional flow as the flow inside
the radiator is mostly unidirectional. The polyhedral meshers on the sliding mesh region
are very fine (1mm cells) to capture finer details of the flow around wheels as shown in
Figure 3.8.

Figure 3.8: Mesh visualisations on z = 0 plane along with surface mesh

Figure 3.9: Mesh depicting the various volumetric refinements around the vehicle
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Various mesh sizes and refinements were investigated to check grid dependency. From
the baseline setup that consisted of 45 million cells, a finer setup with 67 million and 78
million cells were compared. The setup with 78 million cells shown in Figure 3.9 is used
for all the transient simulations. The setup with a relatively coarser mesh consisting of
67 million cells were used for steady-state simulations.

Wall y+ indicates the non-dimensional cell height which helps determine if the mesh is
coarse or fine. The finest mesh setup had low wall y+ range and finer refinements around
the entire underbody of the vehicle. Prismatic layers on the vehicle surface along with
volumetric refinements around the vehicle help in achieving an acceptable range of y+ for
the kω turbulence model as per StarCCM’s recommendation. Most of the vehicle surface
has a wall y+ of less than 1 but the entire vehicle lies within a wall y+ of 5 as shown in
Figure 3.10.

Figure 3.10: Wall y+ on the vehicle surface

3.2.4 Physics models
All of the simulations were performed using Reynolds Averaged Navier Stokes (RANS) ap-
proach. Initially, comparisons were made between kϵ and SST-kω physics models. Since
the purpose of this work is to investigate the flow near walls whilst not compromising
solutions in the free stream, SST-kω proved to be a better option as it is a 2-equation
eddy viscosity model. SST-kω is a combination of both kϵ and kω which better predicts
solution in the free stream and closer to the walls respectively.

Firstly, steady-state RANS simulations were conducted to compare the effects caused
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by the addition of TTC’s device onto the vehicle. Finally, transient RANS (URANS)
simulations were conducted to implement sliding mesh for rim rotation. This allowed for
investigation the complex flow behaviour around the wheels and closer to TTC’s device.
IDDES (Improved Delayed Detached-Eddy Simulation) physics model is now becoming
an industrial standard to perform aerodynamic studies on vehicles. However, it was not
implemented in this project due to its significantly higher computational cost and time.

3.2.5 Time step for transient runs
The transient simulations were started with a large time step of 1s which was allowed to
run until the residuals stabilized. Next, the time-step is decreased by 1/10 th order of
magnitude until reaching the lowest value of 5 ×10−4 s. The lowest time-step is 5 ×10−4

s because the results did not vary significantly for this mesh setup when the time-step is
further reduced. The simulations were conducted until a physical time of 3.5 s with the
lowest time step to stabilize the flow.

3.2.6 Section planes to interpret results
Figure 3.11 shows the different section planes used to illustrate results. The section planes
are as follows:

• Centreline plane (y = 0): Longitudinal section plane through the centre of the
vehicle.

• Section plane (z = 0): Horizontal plane at z = 0 passing through the wheel centre.
• Section plane 1: Longitudinal section plane passing through the centre of TTC’s

device.
• Section plane 2: Lateral section plane passing through TTC’s device

Figure 3.11: Various section planes used to illustrate the results
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4.1 Comparison study with and without TTC’s de-
vice using steady-state RANS simulations

4.1.1 Pressure coefficient
Figure 4.1 below shows the differences in contours of pressure coefficient on the rear-
end of the vehicle. The position of base pressure region appears slightly higher with the
implementation of the device. This is due to additional upwash generated because of the
shape of the device. On the other hand, a low-pressure area is seen on the rear wheels
indicating accelerated flow which may be caused due to the restricted area behind the
rear wheels.

Figure 4.1: Comparison of pressure coefficients without the device (left) and with the
device (right) on rear-end of the vehicle

4.1.2 Isosurfaces of total pressure
Figure 4.2 below shows the differences in isosurfaces of total pressure on the vehicle.
Variations in the magnitude of the rear wake are noted. The upwash and downwash vary
by a few degrees. The overall magnitude of the rear wake profile is slightly larger in the
case of the vehicle with the device.
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Figure 4.2: Comparison of isosurfaces of total pressure without the device (top) and
with the device (bottom)

4.1.3 Drag and lift coefficients
Figure 4.3 indicates the Cd values with respect to physical time. For all the transient
simulations, the results were averaged for a physical time of approximately 1.6s to obtain
the drag and lift coefficients.

Figure 4.3: Coefficient of drag plot from a transient simulation
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Table 4.1: Drag coefficients (Cd) and lift coefficients (Clf , Clr) obtained from CFD
simulations

Cd Clf Clr

Reference (CFD)* 0.328 -0.009 -0.014
kω RANS without device 0.287 -0.006 -0.011

with device 0.291 -0.007 -0.012
kω URANS without device 0.326 -0.007 -0.013

with device 0.331 -0.008 -0.017

To validate the change in the rear wake, drag coefficients were investigated. Table 4.1
shows the Cd, Clf and Clr values for both with and without TTC’s device for steady-state
and transient RANS simulations. The reference value for Cd of 0.328 for the AeroSUV is
obtained from a previous study [14]. When the device is included, the drag coefficient of
the vehicle increases by 4 and 5 drag counts (1 drag count = 0.001 Cd) for steady-state
and transient RANS respectively. The relative differences in Cd between the reference
value and the values obtained in this analysis might be due to various factors such as
mesh quality, physics models used, variations in cooling drag, etc. Furthermore, it is
noted from the obtained results that all the cases produce downforce on the rear axles
(i.e., negative lift force on rear axle).

4.1.4 Velocity magnitude

Figure 4.4: Comparison of velocity magnitude on centreline plane(y=0) without the
device (top) and with the device (bottom)
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Figure 4.4 shows the comparisons of velocity magnitudes on the centreline plane i.e., y =
0. The main influence of the addition of TTC’s device is the change in upwash. Since the
device is placed behind both rear wheels, the change in flow structures behind the wheels
is seen to influence the velocity profile on the centreline plane. To validate the influence of
the device, velocity magnitudes on a section plane through the device as shown in Figure
4.5 are considered. This clearly indicates accelerated flow underneath the device due to
the restricted flow behind the wheels relative to just having the actual vehicle. On the
other hand, flow recirculation is seen at the inlet of the device.

Figure 4.5: Comparison of velocity magnitude on section plane 1 without the device
(top) and with the device (bottom)

Figure 4.6: Comparison of velocity magnitude on section plane 2 without the device
(left) and with the device (right)
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Figure 4.6 shows the frontal view comparisons of velocity magnitudes on the section plane
through the device. It is seen that the device generates additional smaller vortices both
inside and on the walls of the device. These vortices seem to be formed due to the inlet
shape and a converging side profile. The walls of the device act as blades with an angle
of attack. In this study, the forces on the axles were not investigated. However, it can be
seen that the device modifies the downforce at the rear which is also shown by Clr values
on Table 4.1.

4.2 Comparison study between RANS and URANS
with TTC’s device

4.2.1 Pressure coefficient
Figure 4.7 shows the differences in contours of pressure coefficient on the rear-end of the
vehicle between steady-state and transient RANS simulations. The magnitude of base
pressure region significantly changes in transient RANS. This is due to the implementation
of sliding mesh i.e., physical rotation of the mesh with every time-step. Slight variations
on the pressure behind rear wheels are observed. Transient simulations allow to capture
a more detailed flow behaviour relative to steady-state.

Figure 4.7: Comparison of time averaged pressure coefficient: steady-state RANS (left)
and transient RANS (right)

4.2.2 Velocity magnitude
Figure 4.8 shows the comparisons of velocity magnitudes on the centreline plane i.e., y
= 0 and a section plane passing through the device. With URANS, the rear wake profile
behind the vehicle changes drastically. The flow acceleration under the vehicle is captured
in more detail in transient RANS. Boundary layer formations on the sides of the vehicle
are only observed in transient RANS.
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Figure 4.8: Comparison of time averaged velocity magnitude: steady-state RANS
(left) and transient RANS (right)
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4.3 Transient RANS with TTC’s device

4.3.1 Isosurfaces of total pressure

Figure 4.9 indicates the isosurfaces of time averaged total pressure which shows the com-
plex wake structures generated around the wheels and close to the device. A previous
study with a much more sophisticated numeric setup also showcased the complex velocity
field behind rotating wheels. It also indicated vortices generated at the wheel shoulder,
contact patch, inner/outer tyre contact, etc [26].

Figure 4.9: Isosurfaces of time averaged total pressure for URANS

4.3.2 Streamlines

Streamline tracers were used to determine the flow entering the device. Figure 4.10 shows
streamlines with multiple seed points inside the device which are traced both ways. To
elaborate, the streamlines show where the flow comes from and also where it goes. This
allows for visualization the air flow through the device. Figure 4.11 shows different views
of these streamlines indicating the flow downstream that wraps around the rear wheels
before entering the device. Figures 4.11a and 4.11c show the rear and underbody views
respectively. Another flow behaviour that is noted here is that a higher magnitude of flow
through the device is from the underbody or inner side of the tyres.
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Figure 4.10: Streamlines originating within TTC’s device traced both ways

Figure 4.11: Streamline views indicating flow around the rear wheels

Figure 4.11 b emphasizes the flow recirculation occurring at the inlet. The bottom portion
of the device due to its shape and angle of attack causes flow separation at the edges.
The shape also generates vortices which tend to carry particles moving with the flow away
from the inlet. This recirculation phenomenon is represented using tracers as shown in
Figure 4.12 on the streamlines that simulate superficial particles that move with the flow
stream. It is noted that only 20% of the introduced particles at the tyre patch of the
rear wheels entered the device. Furthermore, the mass flow of air through the device is
reduced to 15% when placed behind the rear wheels relative to having just the device in
an open domain. It is indicative that the mass flow of air decreases by approximately
80% to 85%.
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Figure 4.12: Superficial particles originating from the tyre patch

4.4 Design proposals
Based on the analysis, an externally mounted collector device is not ideal. Several vehicle
attributes such as external aerodynamics, aeroacoustics, contamination, energy manage-
ment and thermal efficiency, affect the method of PM collection. The Figure 4.13 and
4.15 proposes a few design choices that could yield better PM collection rates.

Figure 4.13: Design proposal 1

25



4. Results

In Figure 4.13, internally mounted array of electrostatic plates within the wheel-house is
indicated in "red". To direct more flow through this area, a modification to the frontal
area is made to introduce air-curtains as shown in Figure 4.14 [27] which is indicated
in "yellow". The air-curtains also help in reducing drag on the vehicle caused due to
wheel rotation. However, the angle of attack on the intake can be optimised such that
the "laminar" flow stream is directed at the electrostatic plates inside the wheel-house.
Finally, a much larger device is placed within the front grilles of the BEV indicated in
"orange". This allows for TWP emitted from the vehicle in front as well as road dust that
are suspended above the road surface.

Figure 4.14: Indication of laminar flow created by air-curtains [27]

Figure 4.15: Design proposal 2
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Figure 4.15 shows suction fans mounted behind each wheel indicated in "yellow". These
fans help to generate suction force behind each wheel that helps pull the TWPs into the
vehicle body. To be more energy efficient, NACA ducts can be implemented to generate
inward flow or suction. The regions indicated in "red" shows the array of electrostatic
plates that are placed along the sides of the vehicle. This helps capture PM from the
front wheels. For capturing PM emitted at the rear wheels, a large device is mounted
both at the rear and the front indicated in "orange".

Moreover, from Figure 4.11a it is seen that majority of the flow is concentrated towards
one side of the device. Hence utilizing the device partially. To help direct or guide the
flow towards the locations where the bulk of the flow stream is not concentrated, guide
vanes can be implemented under the body. Also, vortex generators can help direct the
flow to a desired location.

The implementation of these design features can be varied based on many factors but
mostly energy efficiency and available packaging space on the vehicle. Also to note,
are that some of these features on the vehicle such as air-curtains, vortex generators
or NACA ducts will only work effectively when the vehicle is moving above a certain
threshold velocity. Once the TWPs are stuck to the electrostatic plates, the charge on
the plates can be reversed frequently to repel the PM from the plates. These PM are
ideally collected in a tank placed under each electrostatic plate array.
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5
Conclusion

Throughout this thesis work, the main aim has been to investigate the air flow around
rotating wheels in a passenger vehicle using numerical simulations. Thus, determining the
motion of airborne tyre PM that originates at the tyre patch. Additionally, the inclusion
of the collector device from The Tyre Collective allowed for further investigations of ef-
ficiently capturing these PM and the complexities of having an externally mounted device.

Investigations of steady-state comparisons of the influence of TTC’s device showed that
by including the device behind the rear wheels, the shape of rear wake slightly changes.
Moreover, there is more upwash generated that moves the rear base pressure region slightly
higher relative to having just the vehicle in the domain. TTC’s device also restricts flow
behind the rear wheels to some extent, causing flow accelerations under the device. On the
other hand, transient simulations depicted flow re-circulations at the inlet of the device.
The streamline tracers or superficial particles which were introduced at the tyre patch
helped visualize the flow recirculations. It also indicated that only 20% of the introduced
streamline tracers entered the device as shown in Figure 4.12. Moreover, comparing mass
flow of air through the device in an open domain relative to mounting it behind the rear
wheels showed that the mass flow reduced to 15%. This clearly indicates that to capture
more airborne PM emitted from tyres, there must be more air flow pushed through the
device at any given time.

5.1 Future work
This study along with an elaborate literature review and the upcoming governmental
regulations show that tyre wear particulate matter will be regulated in the near future.
Vehicle manufacturers must comply to these stringent regulations. The thesis work es-
tablishes a base to start developing effective solutions and the knowledge required to
numerically simulate these particles. Targeted at increasing the understanding of these
non-exhaust emissions, several experimental and numerical studies are proposed. Further-
more, a generic vehicle model is used in this work. However, production vehicle geometries
with active and passive aerodynamic features can be considered in further research.

5.1.1 Experimental work
• Setup a rig with controlled tyre temperature to study and understand temperature

effects
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• Mount existing / improvised collection device at various locations on a vehicle to
compare on-road collection rates

• Experiment with different orientations of the electrostatic plates on the existing
device

• Experiment with different mounting angles of the existing device

5.1.2 Numerical work
• Validate some of the experimental suggestions using numerical simulations to isolate

promising solutions
• Develop a methodology to simulate tyre particle emissions with better physics (ID-

DES and multiphase simulations)
• Study the effects of various driving conditions mainly crosswinds and driving cycles
• Validate based on the experimental work, regions to optimally capture these parti-

cles with a rate of collection over 50% of the emitted PM
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