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Abstract

This study investigates the influence of various tire sidewall textures and the addition of a flash around the
tire on the measured drag coefficient using a mass-spring system in a controlled wind tunnel environment.
The primary objective is to isolate and quantify the skin friction drag induced by different tire textures or
the addition of a flash, eliminating the effects of pressure drag and other external factors. A one-degree-of-
freedom (1-DOF) mass-spring system with leaf springs was employed to ensure unidirectional movement and
accurate force measurements. The setup included a stable, low-weight moving table made from Blocan pieces
to support different tire sizes, ranging from small to large, each tested at six predefined airspeeds (0km/h,
42km/h, 64km/h, 86km/h, 109km/h, and 130km/h). Calibration of the system was achieved using a load
cells and a Multi-Channel Amplifier, ensuring high sensitivity and precision in low-force ranges. Data anal-
ysis, performed using Matlab, involved normalizing the measurements to ensure consistent starting points
across all plots. The results highlighted the effects of tire texture and design on drag force, demonstrating
the importance of precise measurement setups and material choices in aerodynamic testing. This research
contributes to a deeper understanding of the aerodynamic properties of tire sidewalls, with implications for
improving vehicle performance and fuel efficiency. The results show a clear relation between texture rough-
ness and the skin friction drag coefficient.
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1 Introduction

Over the years, car manufacturers and their collaborators have been optimizing their vehicle parts to enhance
vehicle performance and safety. Among these components, tires play a crucial role. Acting as an interface
between the car and the road, they influence traction, determine fuel consumption, and compensate for
any irregularities in the road [1][2]. Integral to tire performance is drag. The drag of tires has two main
components. Pressure drag and skin friction drag [3].

Pressure drag, also known as form drag [3], occurs due to the pressure difference between the front and
back sides of an object moving through a fluid, such as air [4]. In the context of tires, pressure drag occurs
primarily due to the shape of the tire and its interaction with the airflow surrounding the tire.

As a tire moves forward, it pushes through the air, creating high- and low-pressure areas around its surface
[5]. At the front of the tire, the airflow is compressed, leading to a high-pressure zone [4]. This high-pressure
area forms a force that works against the forward motion of the tire. On the other side of the tire, at the
back, the airflow expands and separates from the surface, which results in a low-pressure area [5][6]. This
low-pressure area forms suction forces that also act against the tire’s forward motion. The pressure difference
between the front and back sides of the tire generates an overall drag force, which is known as pressure drag
[3]. This drag force works against the vehicle’s movement, adding to the overall resistance experienced by
the tire.

Skin friction drag is the drag between any fluid and the surface of an object [3][6]. In the context of tires,
friction drag will arise on the side of the tire as it moves through the surrounding air [5]. A few factors
influence the magnitude of this drag, including the texture of the tire surface and the velocity of the car.

In real-time, when a tire rolls along the ground, it displaces the surrounding air. This movement creates a
region of disturbed airflow, more formally known as the boundary layer (See Fig. 1.1) [7][8]. This boundary
layer consists of different layers, with different properties. Closest to the tire surface is the viscous sublayer,
where the airflow is influenced the most by the presence of the tire’s surface texture [9][10]. As air moves
away from the tire, it transitions to a turbulent boundary layer [11]. The interaction between the tire surface
and the air molecules in this viscous layer causes frictional forces, also known as skin friction forces [3][12].
These frictional forces act tangentially to the surface of the tire. These forces are responsible for the skin
friction drag acting on the tire. Rougher surfaces tend to create more turbulence in the boundary layer,
thus increasing the skin friction forces [13]. The velocity of the car is responsible for the intensity of the skin
friction drag. Higher velocities will lead to more airflow around the tire, thus an increased turbulence and a
higher friction drag [6][14].

Figure 1.1: Boundary layers for different shaped objects placed in an air flow [15]
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An interest for most tire producers is how to optimize a tire’s drag performance. One of these tire companies
is Apollo Tyres, a tire manufacturing company based in Enschede. The main focus of this research is to
provide valuable insights to Apollo, regarding the influence of different ”side-wall” (See Fig. 1.2) textures on
their corresponding friction drag. Specifically, the study aims to show which textures exhibit the least amount
of friction drag, thus offering Apollo valuable data for optimizing their tire designs. Additionally, the effects
of the addition of a flash, which will be defined in Chapter 2.1, will be evaluated. The task at hand is to create
a setup for the wind tunnel where the tires are positioned horizontally, and the skin friction drag is measured.

In this study, eight different tires are examined to show their impact on skin friction drag. The wind tunnel
is used to precisely change and manipulate the velocity of airflow around the tire. The primary objective
of these measurements is to analyze and compare the friction drag characteristics of distinct tire textures
and designs, selected to represent a variety of surface designs and compositions. By conducting horizontal
tests with the tires almost flush with the wind tunnel table, the study aims to focus on obtaining precise
measurements of skin friction drag, on the side of the tires solely [16].

The friction drag caused by these tire textures is exceedingly small, which will be presented in Chapter 2.2,
thus the measurement setup should be capable of measuring small variations. This means a highly sensitive
and accurate setup is required.

Figure 1.2: Area of interest to be inspected, determined by Apollo [17] Note: The textured part of the tire
will be referred to as sidewall from now on

2



2 Background and Theory

2.1 Background

To get a better understanding of the differences in tires and the main focuses of this research, a little back-
ground information is given.

The main focus of this research is the development of a measurement setup within the wind tunnel facility
of the University of Twente, and the measurement of skin friction drag. The wind tunnel’s soundproofing
and temperature control make it an excellent environment for studying the effects of different tire textures
on skin friction drag without external influences. The wind tunnel is kept at roughly 22 degrees Celsius, to
emulate average outside conditions.

Small 653.1mm
Medium 676.4mm
Large 695.9mm

Table 2.1: Diameters of the different tire sizes

In this wind tunnel, eight tires will be inspected. This includes two small tires, two medium tires, and four
large tires. Their corresponding diameters are given in Tab. 2.1. One of the medium tires has a small strip
of rubber, known as a ’flash’1 [17] (See Fig. 2.1), which remains connected to the tire after production. Its
effect on the airflow and drag coefficients will also be evaluated.

(a) Tire 3, added flash (b) Tire 4, no flash

Figure 2.1: The medium-sized tires

1flash: a small strip of rubber around the entire sidewall of the tire, which remains after production
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The large tires as seen in Fig. 2.2 feature four distinct textures, ranging from rough and straight (Fig. 2(a))
to very smooth (Fig. 2(d)). Roughness refers to the degree of unevenness of a solid material that fall between
the size scale of its shape or waviness and the finer scale of crystal lattice imperfections [18]. In the context
of the given tires, the level of roughness corresponds to the potential for interaction between the tire surface
and the surrounding air. The tires, ordered by texture roughness, are: Tire 7 > Tire 5 > Tire 6 > Tire 8.

(a) Texture on tire 5 (b) Texture on tire 6 (c) Texture on tire 7 (d) Texture on tire 8

Figure 2.2: The different tire textures of the large tires. Their effect on the drag coefficient will be evaluated.

Each tire will be evaluated at six different airflow speeds: 0km/h, 42km/h, 64km/h, 86km/h, 109km/h, and
130km/h. These speeds were predetermined by the tire company Apollo [17]. An overview of the different
tire names and their corresponding reference numbers is provided in Table 2.2.

Tire Name Tire Number
XGF BF70A18K1 1
XGF BF70A18K3 2
XEF CA23 115 3

XEF CA23 114 (without flash) 4
XEF E23305A 5
XEF E23306A 6
XEF E23307A 7
XEF E23308A 8

Table 2.2: Tire names and reference numbers [17]
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2.2 Theory

When measuring the flow over a certain object, it’s important to consider the influence of different flow
regimes and boundary layers. In this case, the area of interest is air moving across the sidewalls of the tires,
which can be approximated as a flat plate with a specific drag coefficient [16] (See Fig. 2.3). Given the
need for a precise measurement setup, understanding the range of forces involved is crucial. This helps in
accurately determining the drag coefficient, influenced by the various textures and tire designs. Theoretical
equations will provide insight into required setup specifics and measurement ranges, crucial for estimating
expected forces around the tires.

Figure 2.3: Flow regime along smooth and rough surfaces [12]

The main interest of this thesis is the skin friction drag coefficient. This coefficient is typically expressed as
[9]:

Cdf
=

2Fd

ρV 2
∞Sref

(1)

Where:

• Cdf
= skin friction drag coefficient

• Fd = skin friction drag force in N

• ρ = air density in kg/m3

• V∞ = far-field air speed in m/s

• Sref = reference surface in m2

To determine the theoretical expected skin friction drag coefficient, the first step is to determine the flow
regime by calculating the Reynolds number. For a critical Reynolds number, which is the Reynolds number
at which the boundary layer flow changes from laminar to turbulent, of Rec < 3.2·105 [19], the flow over a flat
plate is known to be laminar. However, as the critical Reynolds number is dependent on the experimental
conditions, a range is provided: 3 · 105 < Rec < 3 · 106 [19]. The equation for calculating the Reynolds
number for a characteristic length, in this instance, the diameter of the tires, is defined in Eq. 2 [19].

ReL =
ρV L

µ
(2)
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Where:

• ReL = Reynolds number

• ρ = air density in kg/m3

• V = air flow speed in m/s

• L = characteristic length in m

• µ = air dynamic viscosity in kg/(m · s)

The flow regime is determined for the most extreme scenario to estimate the maximum expected Reynolds
number, as seen in Eq. 3. This involves selecting the highest air speed (130km/h) and the largest char-
acteristic length (695.9mm). As mentioned in Chapter 2.1, the wind tunnel is kept at around 22◦C. Thus,
material properties are scaled appropriately [20] when calculating the Reynolds number:

ReL =
1.196 · 36.11111 · 0.6959

18.22 · 10−6
= 1.6495 · 106 (3)

This Reynolds number is within the laminar boundary layer flow regime range [19], thus it is assumed the
flow over a flat plate for the given airspeeds will remain in the laminar regime. Using Blasius solution,
which describes the velocity profile for a laminar boundary layer over a flat plate [10], the following relation
between skin friction drag coefficient and Reynolds number in the laminar regime is found [8]:

Cd =
1.328√
ReL

(4)

It should be noted that it is also possible that the addition of the tire textures will cause the flow regime to
be turbulent. Therefore, the turbulent relation is also provided. Unlike the laminar solution derived from
the Blasius equation, this relation is based on empirical correlations [6][7][11].

Cd =
0.045

Re0.16L

(5)

These relations give the following theoretical flat plate drag coefficients:

Flow regime Theoretical drag coefficient
Laminar flow 0.001034
Turbulent flow 0.0052868

Table 2.3: Theoretical drag coefficients for different flow regimes

The expected drag force can be calculated by rewriting Eq. 1:

Fd =
1

2
Cdf

ρV 2
∞Sref (6)

For laminar flow regime this is:

Fdlaminar
=

1

2
· 0.001034 · 1.196 · 36.11112 · 0.38035 = 0.30668N (7)

For turbulent flow regime this is:

Fdturbulent
=

1

2
· 0.0052868 · 1.196 · 36.11112 · 0.38035 = 1.56804N (8)

Since these drag forces are theoretical estimations for a flat plate, they only serve as a rough estimate of the
minimum forces the setup should be able to detect. As the tires are more rough and textured than the flat
plate, it is expected that these drag forces are higher.
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2.3 Research questions

For this research, there are two main research questions, formulated by Apollo [17].

1. What is the effect of different tire textures on the overall skin friction drag coefficient of the tire?

2. What is the effect of the flash on the overall skin friction drag coefficient of the tire?

2.4 Hypothesis

1. It is expected that the different tire textures on the side wall will have little to no effect on the overall
drag coefficient of the tire. The pressure drag that could be caused by different tire designs, would be
of bigger influence. In the grand scheme of things, when looking at the tire as a whole, the different
tire textures are assumed to not make any difference to the overall performance of a car. However,
when solely looking at the different textures of the sidewalls, it is expected that the rougher and more
texturized the texture, the higher the associated drag force would be.

2. The addition of the flash is anticipated to have a bigger impact on the tires’ skin friction drag coefficient.
It is expected that the flash will disrupt the airflow, leading to the formation of high- and low-pressure
zones, thereby introducing pressure drag. This pressure drag will combine with the skin friction drag
generated by the tire textures, resulting in a greater overall impact on the skin friction drag coefficient.

7



3 Design Considerations and Methodology

The research aims to study the impact of different tire sidewall textures on the measured skin friction drag
coefficient. Therefore, the measurement setup used for this research aims to isolate and measure only the skin
friction drag caused by these textures, ensuring no other influences have to be accounted for. To accurately
measure the force exerted on the top of the tire by passing air, a one-degree-of-freedom (1-DOF) system is
needed, as the airflow is unidirectional, and the measurement setup should only permit movement in this
direction. A mass-spring system with leaf springs is well-suited for this application, as it inherently restricts
motion to a single direction [21]. Additionally, a mass-spring system is straightforward to implement and
can provide precise and repeatable measurements in the controlled environment of the wind tunnel. From
here on forward, this mass-spring system will be referred to as ”the system” or ”the setup”.

To ensure that no other influences affect the measurements and only skin friction drag is measured, the
setup must withstand other forms of drag and countervailing forces. This means preventing the formation
of pressure drag and eliminating torsional forces in directions away from the airflow.

Given the small range of forces that will be measured, as seen in Chapter 2.2, the setup also needs to be
capable of taking precise and accurate measurements, even for minimal displacements. Therefore, it is crucial
that the setup provides a stable and robust basis for measurements. This entails restricting vibrations and
ensuring that the airflow passes solely over the tires, without any gaps or crevices for air to escape. Finally,
since there are different tire sizes with different textures and designs, it is important that each measurement
is done under consistent conditions. This means positioning the axis of the tire the same way for all tires
and ensuring that the height at which the tire extends from the table of the wind tunnel is consistent. The
different design considerations and decisions are shown more concisely in Fig. 3.1.

Figure 3.1: Flow chart of design considerations

8



3.1 Moving table

The measurement setup consists of two critical components: the mass, represented by a moving table, and
the springs. The setup should be stable and sturdy enough to support the heaviest tires, which weigh up
to approximately 25kg. The design must also be optimized to minimize weight and material costs while
ensuring maximum strength, as the table is supported solely by leaf springs. Blocan pieces are chosen for
the construction of the moving table due to their strength and ease of assembly [22]. The moving table is
constructed from three 720x40x40mm Blocan, pieces connected to two 1400x40x40mm Blocan pieces. These
dimensions provide ample support for the tires and sufficient space for attaching the leaf flexures. See Fig.
3.4 for the final design. The weight of the moving table was determined to be 3.12 kg.

As the main goal of the setup is to only measure the influence on skin friction from the textured sidewalls
of the tire, the moving table should be height-adjustable to accommodate the varying tire heights. This
ensures that only the textured outer sidewalls, as seen in Fig. 1.2, of the tires are exposed to the air flow.

Finally, to ensure a consistent examination of various tire sizes and textures from a uniform position, the
tires are securely clamped at their center axis. This is achieved by positioning a rod in the middle of the
moving table and securing the tire with a precisely fitted piece of hard plastic, which features a threaded
hole for clamping (See Appendix A.3 Fig. A.3). The ’clamping piece’2is then fastened down by a nut.

3.2 Leaf springs

The second main component of the measurement setup is the springs. The springs of this mass-spring system
serve several crucial functions. The first is to constrain the system to a unidirectional movement, allowing
motion in only one direction while preventing rotational, torsional, and lateral movements. Additionally, the
springs must support the weight of the tire.

To accommodate these needs, leaf springs were chosen due to their specific advantages. Leaf springs are
particularly beneficial in providing directional stability, as they are designed to flex primarily in a single
plane, thereby restricting motion in other axes and minimizing rotational and lateral movements [21], which
could interfere with the accuracy of the drag force measurements. Furthermore, leaf springs have the abil-
ity to damp possible vibrations, which are introduced by the high-speed airflow in the wind tunnel [3][21][23].

While the primary purpose of the leaf springs is to only allow displacement in one direction, they should
be able to do this while supporting the weight of the tires. To achieve these objectives, each corner of the
moving table is equipped with a leaf spring (See Fig. 3.4). These four leaf springs collectively help prevent
torquing due to torsional forces, as well as distributing the total load evenly. To secure the leaf springs
to the moving table and the static part of the system, a clamping module is made. The leaf springs are
clamped down for 10mm on both sides and secured by a screw in the center of this 10mm to ensure the
system remains free of torque, and no deformation occurs within the springs. The clamped portion of the
spring is accounted for in the spring length calculations.

Figure 3.2: Model of the leaf springs used in the setup

Name Length (mm)
L 140
LS 90
W 0.5
WS 8
H 50

Table 3.1: Dimensions of the four leaf springs
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Buckling, which is the sudden deformation of a structure under load, in this case, a leaf-spring under load,
can be a concern for longer leaf springs [24]. Therefore, it is crucial to find the appropriate ratio between
stiffness and length. The final length of the leaf springs was determined to be 140mm [25]. To further
prevent buckling, the middle 90mm of each spring is reinforced with wooden plates, as seen in Fig. 3.2. As
the primary purpose of the setup is to measure the displacement of the system due to texture roughness,
the leaf springs should have a minimal stiffness compared to the measuring device, ensuring all force effects
are measured. The four leaf springs together have a stiffness of 2460N/m. This is validated using a physical
test. The mass-spring system was rotated 90 degrees to move freely by gravity, and the displacement u of
the leaf springs was measured. Then, using the spring constant equation k = gm

u , with m the mass of the
moving table and g the gravity constant, the combined stiffness was calculated.

Figure 3.3: Schematic overview of the
1-DOF system Figure 3.4: SolidWorks model of final mass-spring system

3.3 Load cell

To determine the drag coefficient of different tire textures, a load cell is used. As discussed in Chapter 2.2
and seen in Eq. 7 and Eq. 8, the expected range of force that has to be measured is very small, thus the
load cell used should be capable of measuring low force ranges and small force differences.

For this reason, ultra-low-capacity (ULC) load cells are considered. ULC load cells are known for their high
sensitivity, accuracy, and precision in low-force ranges [26][27]. Part of this can be attributed to their low
electrical noise, and high Signal-to-Noise Ratio (SNR) [27]. This combination means that the measured force
signal is significantly stronger than the background noise, enhancing its clarity and ease of interpretation.
Additionally, ULC load cells are specifically engineered to accommodate low-force ranges, thereby reducing
the risk of overloading [27]. A drawback, however, is that these ULC load cells are not produced in the
Netherlands, which means that shipping fees and, more importantly, shipping time need to be accounted for.

Alternatively, a digital force gauge is a viable option. A digital force gauge converts mechanical force into
an electrical signal, which is then displayed [28]. This conversion is done using the Wheatstone Bridge
circuit, as seen in Fig. 3.5. These force gauges offer high-resolution measurements of minute forces [28][29].
Furthermore, digital force gauges integrate a built-in signal reader and amplifier, eliminating the need for
additional equipment [29]. Advanced digital force gauges can also log and store data over time internally,
which could potentially eliminate the need for external data-reading software [29]. The downside of these
digital force gauges, however, is their costs. Most are in the price range of e150 to e250.

2clamping piece: a precisely fitted piece of polycarbonate, which is positioned down the center axis of a tire and clamped
down using a nut and a threaded rod in the middle
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Figure 3.5: Wheatstone Bridge circuit

For optimal cost-effectiveness and time-efficiency, load cell type CB17-1K-11 (See Fig. 3.6 and Appendix
A.2) is used, as it was available at the wind tunnel facility. Similar to the digital force gauge, these load
cells work using the Wheatstone Bridge circuit (See Fig. 3.5). After mechanical excitation, it produces
a voltage difference, denoted as Vout. This particular load cell has a rated capacity of 9.807N [30], which
aligns well with the requirements for the setup. The recommended excitation of the load cell is 10V or less,
meaning that, if calibrated correctly, each volt measured would translate to 1N of force, giving a ratio of
1:1. Additionally, the load cell has a stiffness of 57.69kN/m [30], which is indeed larger than that of the leaf
springs, as discussed in Chapter 3.2.

To accurately measure the forces induced by varying wind velocities, the load cell is placed transversely to
the movement of the leaf springs. Placing the load cell in the center of the measurement setup ensures the
voltage difference measured is not influenced by possible torsional forces within the system. The setup is
configured to channel all forces acting on the system through the load cell, which is securely mounted to the
moving table and pre-tensioned to ensure continuous contact throughout the measurements.

Figure 3.6: Load cell used (CB17-1K-11) [30]
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3.4 Minimizing pressure drag

One of the most important roles of the design is minimizing the opportunity for pressure drag to occur, as
the focus of the setup should solely be on the skin friction drag. To achieve this, it is essential to eliminate
room for any high- or low-pressure zones in the setup. This is accomplished through various means, with the
primary method being the closure of any gaps in the setup. The first major gap to address is the empty ring
of the wind tunnel. The wind tunnel includes two removable discs, one at the top and one at the bottom
(see Fig. 3.7). The bottom one of these is removed, as this is where the tires will be positioned. However,
these removable discs have a diameter of 1197.1mm, whereas the largest tire outer diameter is 695.9mm.
Therefore, a ’gap-sealing ring’3 should be made to close this gap.

Figure 3.7: SolidWorks model of the removable disc of the wind tunnel table

The cutting capacities of the machinery [the laser-cutter Speedy400] are limited to a maximum area of
1016x610mm [31]. Consequently, a circle with an outer diameter of 1197.1mm can not be cut in a single
operation. For this reason, it is chosen to split the ring into four quarters. However, this introduces a new
challenge. As the gap-sealing ring is meant to act as nothing more than an extension of the actual wind
tunnel table, its introduction should not allow for any vibrations or deformations to occur. It should be a
stable, complete circle without any weak points. If a weak point were to occur, the gap-sealing ring could
break, causing damage to the wind tunnel and interfering with measurements.

To achieve this, a two-layer design was selected. The bottom layer is composed of 6mm thick plywood, known
for its excellent vibration damping properties [32], while the upper layer is made of 5mm thick acrylic, which
is stiff and smooth, minimizing friction drag influence [33]. Together the two layers are 11mm thick, which
is the thickness of the removable disc (Fig. 3.7). The combination of these materials ensures the gap-sealing
ring is both rigid and vibration-dampening, reducing the risk of breakage.

Other materials considered for the gap-sealing ring included aluminum and polycarbonate. Aluminum, while
very strong and lightweight [34], was decided unfit for this setup due to its lack of inherent vibration-damping
properties [34], which could have led to less accurate measurements. It is also harder to work with [34]. Poly-
carbonate, known for its durability and impact resistance [33], was another option. However, its cost was
significantly higher compared to plywood and acrylic, and its surface smoothness did not offer any substantial
advantage over acrylic. For these reasons, the plywood and acrylic combination provided the best balance
between mechanical properties, minimization of friction drag, and cost-effectiveness.

3gap-sealing ring: a circle made to eliminate the space between the outer diameter of the removable disc and the tire
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To further enhance stability, the acrylic layer is rotated 45 degrees relative to the wooden layer, offsetting
the ’break lines’, which are the small gaps where the quarters meet. This design minimizes the likelihood of
failure at these junctions. To further eliminate vibrations and possible gaps, the quarters of both layers are
secured together using double-sided tape, and fastened together with countersunk screws and nuts at the
bottom. The outer diameter is securely clamped to the stable wind tunnel table with 10mm thick screws.
The final design of the gap-sealing ring is shown in Fig. 3.8.

Figure 3.8: SolidWorks design of the gap-sealing ring

As there are three different tire sizes, and the gap-sealing ring has a set dimension, a gap remains between
the gap-sealing ring and the actual tire. To address this, an ’outsert’4, as seen in Fig. 3.9, is created for
each size. These outserts connect to the gap-sealing ring. The upper acrylic layer of the gap-sealing ring
has an inner diameter that is 10mm smaller than that of its corresponding wooden layer, creating a ridge
that ensures the outserts can be easily connected. The space between the outsert and the actual tire is
small enough to prevent the occurrence of pressure drag while allowing room for the tire to move. The inner
diameter of the outserts is chamfered - sloped cuts on the edges - to ensure that air flows smoothly past the
tire and outsert, preventing pressure drag influences or disturbances in airflow. The outer diameter of the
outserts is milled to an edge of 5mm thick and 10mm wide, enabling a strong, well-fitted connection to the
gap-sealing ring (See Fig. 9(b)).

4outsert: two acrylic half rings cut to eliminate the space between the inner diameter of the gap-sealing ring and outer
diameter of the tire
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(a) Topview of the outsert ring
(b) Sideview of the outsert ring, chamfered and with an

edge

Figure 3.9: SolidWorks design of an outsert ring

Another area that must be closed off is the inner diameter of the tire itself. Given the three different tire
sizes, three different ’inserts’5 are required. For the inserts, 10mm thick acrylic was chosen, as it was the
thickest material that could be cut by the available laser cutter. The thickness ensures minimal vibrations
[33], and the acrylic layer itself is smooth enough to assume it will have close to no influence on the measured
drag coefficients - as will be proven later in Chapter 4.3.

The inner diameter of the tires must be determined precisely to ensure a perfect fit for the insert. The
insert’s outer diameter is cut to 3mm smaller than the measured inner tire diameter. A small rubber elastic
band is then taped to the outside of the inserts to ensure a complete seal between the insert and the tire,
similar to the seal of a mason jar lid.

Figure 3.10: SolidWorks model of the insert, before attaching a rubber band

Additionally, tape was used on the gap-sealing ring, the inserts, and the outserts to ensure the elimination
of any gaps that could affect the measurements.

Small 444.1mm
Medium 467.5mm
Large 492.9mm

Table 3.2: Diameters of the inserts

5insert: an acrylic circle made to eliminate the gap within the inner diameter of a tire
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3.5 Data analysis

The last step involves data gathering and analysis. Each tire is measured three times at six different speeds,
ranging from 0 to 130km/h. The selected speeds for evaluation are 42km/h, 64km/h, 86km/h, 109km/h,
and 130km/h. For every speed, the load cell’s output is in voltage difference, which, after proper calibration,
accurately represents the force exerted on the load cell. A Multi-Channel Compact Amplifier is used to read
the data. Calibration is done using various sets of weights, applying force to the load cell, and adjusting the
Multi-Channel Compact Amplifier to achieve a 1:1 ratio. Matlab is used for further analysis. The data is
normalized to ensure all plots begin at 0.

3.6 Setting up the wind tunnel

It is essential to set up the wind tunnel properly to ensure reliable results. First, the gap-sealing ring is
assembled (See Fig. 3.8). The wooden quarters are joined to form a circle, and then the acrylic quarters
are arranged on top, offset by 45 degrees. Double-sided tape is placed between the two layers to ensure they
remain securely together during testing, preventing any gaps that could allow wind to pass through and
potentially cause damage. Once both circles are correctly aligned, countersunk screws are inserted from the
top and tightened from the bottom with nuts to fully secure the entire gap-sealing ring.

Next, this gap-sealing ring is positioned within the wind tunnel table and clamped down throughout its full
outer edge, with 1mm thick spacers underneath. This ensures that the 10mm thick gap-sealing ring is at
the same height as the 11mm thick removable disc (See Fig. 3.7), making it completely level with the wind
tunnel table. The mass-spring system (See Fig. 3.4) is put on a jack, which forms a stable basis to secure
the set-up in place.

The tire is then placed in the center of the moving table and clamped down using the threaded piece of
plastic and a nut. Once the tire is securely fastened, the appropriate insert (See Fig. 3.10) is put in the tire
to close off the inner diameter. After making sure the insert is at the right height across the entire diameter
of the tire, the table with the tire is adjusted to the right height, meaning only the outermost part of the
tire is exposed to the wind.

Next, the leaf springs are inspected and tightened, ensuring they are not under any tension, which could
cause buckling and deforming. Each leaf spring can be slightly adjusted in height, to make sure the whole
setup is level. Once leveled, the outserts (See Fig. 3.9) fitting the tire dimensions are connected to the
gap-sealing ring to close off any extra space between the tire and the gap-sealing ring. Finally, the wind
tunnel will be closed off from any outside influences and turned on. A final schematic overview is given in
Fig. 3.11.

Figure 3.11: A schematic overview of the measurement setup,
highlighting the different elements
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4 Results and Discussion

4.1 Raw data

After setting up in the wind tunnel and collecting the data, attention turns to analyzing the results. The
primary focus is on evaluating how the addition of the flash impacts the skin friction drag of the medium
tires, as shown in Fig. 4.3 and Fig. 4.4, and how different textures affect the drag coefficient of the large
tires, shown in Fig. 4.5, Fig. 4.6, Fig. 4.7, and Fig. 4.8.

First, the raw data is plotted to get an idea of the behavior of the system.

Figure 4.1: Raw data of small tire 1 Figure 4.2: Raw data of small tire 2

Figure 4.3: Raw data of medium tire 3 Figure 4.4: Raw data of medium tire 4
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Figure 4.5: Raw data of large tire 5 Figure 4.6: Raw data of large tire 6

Figure 4.7: Raw data of large tire 7 Figure 4.8: Raw data of large tire 8

From the raw data, a few things stand out. When examining the plots, a consistent trend is evident: as the
airspeed increases, the drag force also increases. This outcome is expected because a higher air flow speed
means more air is displaced [9], and thus a higher force acts on the tire. This is a good indication that the
setup functioned correctly.

Another noticeable trend in most plots is that the variance of measurements increases with air speed. This
could be attributed to several factors. The most likely cause is that the laminar airflow is disturbed by the
addition of the tire side walls, leading to a boundary layer effect [15], as seen in Fig. 2.3. At higher speeds,
this boundary layer can transition from laminar to turbulent flow [10][15], which is thicker and more chaotic,
thus leading to more interactions between air and tire. These interactions, in turn, cause frictional forces
[11], which can result in greater variability in the measured skin friction drag.

Another possible factor is the dynamic response of the load cell. A load cell has a distinct response time,
which is the time it takes for a load cell to react to changes in force [35]. At higher airflow speeds, the drag
forces can change rapidly due to the changes in airflow turbulence [9]. For a load cell with a lower response
time, these rapid changes cannot all be registered, which causes discrepancies in the measured forces.
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Similarly, the frequency response of a load cell is influential, determining the range of frequencies at which
a load cell can accurately determine rapid changes in force [35]. At higher speeds, these changes in force
could be larger. A load cell with a limited frequency response may not register these rapid changes, leading
to further discrepancies in the measured forces.

Despite the large variance in measurements, there is still valuable data to examine. To get a clear picture
of the behavior of each tire for different flow speeds, the mean value is plotted, depicted as the black line in
the drag force plots. This black line is the mean value of three different tests and provides a useful way to
compare the overall performance of different tires.

When comparing Fig. 4.3 and Fig. 4.4, the difference between the flash around the tire and no flash becomes
very clear. Tire 4 shows a small but noticeable increase in drag force per air speed setting, while tire 3 shows
a significant step increase for each change.

Additional to the change in drag force over time for different air speeds, the raw data sets were used for
a frequency analysis through Fourier transforms. This analysis gives insights into the natural oscillation
frequency of the measurement setup, known as the eigenfrequency [35]. The eigenfrequency is consistent for
all tires, with frequency plots indicating a range between 4.5Hz and 6.5Hz. When looking at Figures 4.4,
4.5, 4.6, 4.7 and 4.8 a second peak at around 15Hz can be seen. This peak is caused by a harmonic of the
eigenfrequency [35]. This means that it is a multiple of the eigenfrequency, at 5Hz. In Figures 4.3, 4.4, 4.5,
4.6, and 4.8 a third peak at 0Hz can be observed. These peaks can be attributed to the offset. This offset
comes from the mean value of the measurement signals [35]. When a mean value of a time-domain signal is
shown in a plot, it is represented by a peak at 0Hz [35]. Each different airflow speed will have a peak at 0Hz
due to its specific mean value.

For future reference, it is recommended that the x-axis for each raw data plot is the same. This standard-
ization improves the comparability between different plots, making them easier to interpret. The current
inconsistency between the different plots is because the air speed was manually adjusted after periods of
20-30 seconds. To improve comparability, it is advisable to use a stopwatch to ensure each air speed is
measured for the same amount of time.
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4.2 Validation test

To account for the effect of the acrylic inserts (See Fig. 3.10) within the inner diameter of the tires on the
overall measured drag force and to validate the measurement setup, a validation test is conducted using a
flat plate made of the same material (See Fig. 4.9). This flat plate is designed to match the dimensions of
the largest tire.

Blasius equations, which describe the behavior of fluid flow near a flat plate, were used to plot theoretical
flat plate drag coefficients for laminar and turbulent flow alongside the validation test results, as seen in
Fig. 4.10. This plot confirms the assumption in Chapter 2.2 of a predominantly laminar flow regime for
the flat plate. More importantly, this flat plate test clearly shows a linear relation between the wind speed
and the drag force. Therefore the setup can be considered validated, as this result aligns perfectly with
expectations. The combination of these theoretical approximations and the validation test also makes it
possible to determine the influence of the tire inserts on the overall drag force measurements, as the inserts
are made from the same material and share the same properties.

Figure 4.9: Test setup for the flat plate validation
test

Figure 4.10: Drag force of the flat plate validation
test
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4.3 Tires

Finally, the average drag force and the corresponding drag force coefficients of the tires are plotted.

(a) Small tires (b) Medium tires (c) Large tires

Figure 4.11: Plot of the average drag force and the skin friction drag coefficient

4.3.1 Small tires

When analyzing the results of the small tires, it is important to note that both tires have very similar
textures, so their performance is expected to be very close. As can be seen from Fig. 11(a), this is the
case. When looking at the total average drag force exerted on the tires and the average drag force caused
by the insert within this tire, it can be concluded that the insert only makes up a small margin of the
overall measured drag force. This is positive, as it means the inserts do not affect the outcome of the mea-
sured skin friction drag coefficients much, which aligns with the specific properties of the chosen acrylic insert.

Additionally, the relationship between air speed and the average drag coefficient is evident. The higher the
flow speed, the bigger the average drag force measured. When looking at Eq. 6, it is clear that the drag
force is proportional to the square of the airflow velocity V∞. Thus, as the air speed increases, the drag
force increases quadratically. The plot in Fig. 11(a) shows this same relationship, confirming that the setup
worked accordingly.

Another important aspect is the determined drag coefficient. As can be seen clearly in Fig. 11(a), the skin
friction drag coefficient decreases as the Reynolds number increases. Reynolds number increases for higher
flow velocities or larger characteristic lengths (See Eq. 2). When this flow velocity increases, the relative
influence of the friction forces due to the internal friction of a fluid through its viscosity decreases, which
causes lower drag coefficients [4]. This trend aligns with the drag coefficient Eq. 4 and Eq. 5, where the
Reynolds number is in the denominator.
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To get a more complete picture of the drag coefficients of the small tires, their drag coefficients for an air
speed of 130km/h, corresponding to a Reynolds number of around 1.57 · 106, are highlighted in Table 4.1:

Tire number Drag coefficient
Tire 1 0.0070
Tire 2 0.0074

Table 4.1: Skin friction drag coefficients of the small tires

4.3.2 Medium tires

While the small tires do not have significant differences in texture and design, the medium tires present
a different scenario. For the medium tires, the focus is on the addition of the flash (See Fig. 2.1). An
additional strip of rubber around the entire surface of the tire is expected to influence its drag performance
a lot, especially compared to the subtle differences in texture that are examined for the small and large tires.

When looking at Fig. 11(b), the difference in performance is immediately apparent. This difference in drag
is most likely due to the occurance of pressure drag around this flash. The addition of a ’vertical wall’ in the
air flow will disturb the natural flow, creating high-pressure zones, and subsequent pressure drag [15] (See
Fig. 1.1). Similar to the small tires, the average drag force does seem to follow an exponential relation with
the air velocity for both medium tires. Another important observation is that, like the small tires, the insert
contributes only a fraction to the overall measured average drag force. Finally, as for the small tires, it can
be observed in Fig. 11(b) that the skin friction drag coefficient decreases as the Reynolds number increases.
This is as expected.

To get a more complete picture of the drag coefficients of the corresponding medium tires, their drag
coefficients for an air speed of 130km/h, corresponding to a Reynolds number of around 1.63 · 106, are
highlighted in Table 4.2:

Tire number Drag coefficient
Tire 3 0.0206
Tire 4 0.0083

Table 4.2: Skin friction drag coefficients of the medium tires

Based on this table, hypothesis 2, which notes that the addition of a flash is anticipated to introduce pressure
drag, which greatly contributes to the overall drag coefficient, can be proven.

4.3.3 Large tires

Contrary to the small and medium tires, there are four different large tires, each with a different texture (See
Fig. 2.2). When looking at Fig. 11(c) it can be observed that the tires exhibit a trend in drag force corre-
sponding to their roughness. Specifically, in terms of average drag force, the tires rank as follows: Tire 8 <
Tire 6 < Tire 5 < Tire 7. These results align with the observable roughness of tire texture, as seen in Fig. 2.2.

Another observation from Fig. 11(c) is that the drag coefficient reduces as the Reynolds number increases.
As explained in the section on small tires, this is expected. The quadratic relation between air speed and
drag force is also clearly visible. Additionally, for the large tires, the effect of the insert is still minimal.

To get a better idea of the actual difference in drag force coefficient, the drag force coefficients for an air
speed of 130km/h, which corresponds to a Reynolds number of around 1.68 · 106, are highlighted in Table
4.3:
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Tire number Drag coefficient
Tire 5 0.0071
Tire 6 0.0062
Tire 7 0.0076
Tire 8 0.0059

Table 4.3: Skin friction drag coefficients of the large tires

Based on this table, hypothesis 1, which notes that it is anticipated that the measured drag force will increase
with the roughness and texture of the tire, can be proven.

4.4 Discussion of results

The measurements of the different tire sizes have provided valuable insight into the impact of various tire
textures and the addition of the flash. A comprehensive overview of all the tire’s performances compared
to each other is not yet provided. The main focus of this research is the measured drag coefficient for each
tire. When looking at Tables 4.1, 4.2, and 4.3, several observations become apparent. After arranging the
drag coefficients from highest to lowest, the following ranking emerges:

Ranking Tire size and number Drag coefficient
#1 Medium Tire 3 0.0206
#2 Medium Tire 4 0.0083
#3 Large Tire 7 0.0076
#4 Small Tire 2 0.0074
#5 Large Tire 5 0.0071
#6 Small Tire 1 0.0070
#7 Large Tire 6 0.0062
#8 Large Tire 8 0.0059

Table 4.4: Ranking of tires and their corresponding drag coefficients at 130km/h

The tire with the added flash has the highest drag coefficient, more than twice as large as the medium tire
without the added flash, which places second. This general ranking also indicates that the tire size has
minimal impact on its drag coefficient, as small and large show similar performance, highlighting that the
texture of the tire sidewall is the biggest determinant of its drag performance.

When zooming in on the skin friction drag coefficient plots in Fig. 4.11, certain observations stand out, that
have not yet been highlighted. In Fig. 11(a), the error bar of tire 1 for the drag coefficient at a Reynolds
number of 0.78 · 106 is a lot bigger than the other error bars. The same can be said for the error bar of the
drag coefficient of tire 5 at a Reynolds number or 1.11 · 106 in Fig. 11(c). This suggests that there may
be significant outliers within these air speeds for those tires. In general, the measurement setup gave some
good and conclusive results.
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4.5 What could be improved

Although the provided results were desirable, the measurement setup and process could be improved or
executed differently in several ways.

For the flat plate validation test, seen in 4.2, three sizes could be used instead of one. This way, a data fit
could result in a relation for the total area of the flat plate against the force outputted on the load cell. This
could then be scaled to the size of the inserts within the tires, meaning an even more precise approximation
of the actual drag coefficient per tire texture could be made. However, when looking at Fig. 4.10, the
linear relation of the laminar flow over a flat plate does suggest that the scaling that was used in this re-
search is a good estimation, as this behavior is as expected, and well within the theoretical laminar flow range.

Another thing that influences the measurements of the system is the leaf flexures. As the leaf flexures are
put under pre-tension, its effect could influence the overall output. The overall results could be corrected,
meaning that the effect of the leaf springs and of the overall used materials, which are not part of the actual
tire textures, could be taken into account. However, for accurate depiction, it was chosen to show these
effects in the error bars within the plots themselves.

The fact that these leaf springs are not perfect did influence the measurements. As can be seen in the raw
data plots in Chapter 4.1, the system vibrates a lot. To minimize the vibrating of the system and thus
provide measurement sets with a lower variance, three ways of dampening were tried.

The first method, as seen in Fig. 12(a), involved attaching a large piece of foam to the setup. The idea
was that as the moving table with the tire shifted, the foam would displace air and create damping forces.
However, this approach proved ineffective, when comparing the damped data to the undamped data sets.

(a) Dampening method 1 (b) Dampening method 2

Figure 4.12: Methods of dampening

The second method of dampening, as seen in Fig. 12(b), was to attach a piece of foam to the tire. This was
intended to reduce vibration by filling the gap between the tire and the outsert, dampening any displacements
of the tire. Despite this effort, the method also did not deliver the desired results.

23



A third method of dampening that was briefly explored was to use weights to weigh down the setup. This
also did not prove fruitful.

Another improvement could be to fully close the space between tire and outsert. Originally, this gap was
intended to allow the tire some room for movement. However, since the design is centered around direct-
ing all forces through the load cell, the setup should not actually be moving in practical use. In retrospect,
the deliberate but small gap may have impacted the measurements and, ideally, should not have been present.

A final improvement would be to streamline the process of setting up each tire. Currently, each tire has to be
manually installed. This involves removing the insert, unscrewing the clamping part, removing the outsert,
taking out the tire, putting the new tire in, clamping it down, attaching the new outsert, inserting the new
insert, and adjusting the setup to the correct height. This process is tedious, with the potential to damage or
disrupt the measurement system. Additionally, leveling the tire each time proved to be somewhat challenging.

To enhance efficiency, a puzzle piece-like design could be implemented to remove the need for unscrewing
and screwing the outserts each time. A lifting mechanism to easily take out the tire could also cut some
time and effort. Moreover, incorporating a rail system to easily adjust and securely fasten the stable part of
the setup to the correct height would address the leveling and height adjustment challenges effectively.

4.5.1 Future research

To start, it is important to note that the results obtained from this measurement setup are reliable and
can be used to draw conclusions. For future research, however, several improvements could be made. As
mentioned earlier in Chapter 4.1, the measurements have a significant variance due to the system’s vibration.
Despite experimenting with three damping methods, little improvement was observed. In future research,
employing a fully damped system could be beneficial. A fully dampened system would prevent vibration,
ensuring that all forces are transmitted through the load cell. Due to time constraints, achieving this was
not possible at this time.

Another potential adaptation for future research involves exploring different measurement methods. The
scope of this research was to create a setup with a horizontal tire, where only the sidewalls of the tire were
exposed to the airflow of the wind tunnel to focus on the side wall texture and flash effects [17]. However,
the author would like to suggest two different methods that could possibly achieve better, more consistent
results [36].

The first one is the use of hot wire anemometry. Hot wire anemometry uses a heated wire to measure the
velocity of air flow, which in turn can be used to determine drag force [37]. In the case of air flow across a
tire in a wind tunnel environment, the following procedure could be implemented:

1. Place the hot-wire sensor behind the tire, in the flow field of the wind tunnel. If available, use multiple
sensors to map the flow profile

2. Calibrate the hot-wire sensor by setting the wind tunnel to different flow speeds and measuring with
the sensor

3. Run the wind tunnel and measure at different speeds

4. Extrude the voltage output of these sensors and convert it into velocity

5. Plot the velocity profiles for different tires.

6. Determine the drag force of different tires by integrating the pressure distribution around the tires
surface area
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The hot wire excels in measuring small changes in velocity and provides a high-frequency response [37]. This,
combined with its ease of adaptation [37], makes it a viable contender for this research. The problems with
vibrations would also disappear.

A second viable solution could be the use of a Preston tube. A Preston tube measures local wall shear stress
[38], which is directly related to skin friction. It does this by measuring the pressure difference between a
point on, or very close to, the surface (in the boundary layer) and the static pressure in the air flow above
[38]. The following procedure could be implemented:

1. Place the Preston tube very close to the tire’s surface, within the boundary layer. If available, use
multiple Preston tubes to map the wall shear stress distribution

2. Extrude the measured pressure difference by connecting the Preston tube to a differential pressure
transducer

3. Calibrate the Preston tube using literature

4. Run the wind tunnel and measure at different speeds

5. Plot the wall shear stress data and integrate it over the surface area of the tire to get the drag force

The advantage of the Preston tube is that you measure the wall shear stress directly without having to
implement a secondary measurement setup. Additionally, a Preston tube has high accuracy when it is
properly calibrated, and it is easy to implement [38].
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5 Conclusion

This thesis attempted to answer two research questions. The first topic of research was the influence of
different sidewall textures on the measured drag force and on the skin friction drag coefficient. The second
was about the influence of an additional flash around the tire on the measured drag force and on the skin
friction drag coefficient. A measurement setup was made, and the results, as shown in Chapter 4.3, were
desirable. Both research questions were effectively adressed.

Hypothesis 1 about the different sidewall textures is correct. The rougher the tire texture, the bigger the
skin friction drag coefficient. This can clearly be seen from Tab. 4.3, when comparing to Fig. 2.2.

The flash around the tire causes more drag than the tire without. This is caused by the eddies formed
behind the flash due to the disturbance in flow. This causes pressure drag to form, which influences the
overall measured drag force. This aligns with Hypothesis 2, that the disruption of airflow causes more drag.
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A Appendix

During the preparation of this work the author(s) used:

• ChatGPT in order to look for certain more formal synonyms and help with finding sources.

• Grammarly to help with structure and synonyms.

After using this tool/service, the author(s) reviewed and edited the content as needed and take(s) full
responsibility for the content of the work.

A.1 List of Materials

Product Material Quantity and Dimensions
Wooden quarters gap-sealing ring Plywood 4x: 900x400x6mm
Acrylic quarters gap-sealing ring Acryl 4x: 900x400x5mm

Insert small tires Acryl 1x: 450x500x10mm
Insert middle tires Acryl 1x: 500x500x10mm
Insert big tires Acryl 1x: 750x550x10mm

Outsert small tires Acryl 1x: 900x600x10mm
Outsert middle tires Acryl 1x: 900x600x10mm

Outsert big tires and flat plate Acryl 2x: 800x450x10mm
Spacers gap-sealing ring Aluminium 44x: 20x20x1mm

Leaf springs Stainless steel 4x: 140x50x0.5mm
Wooden leaf spring reinforcement Plywood 8x: 100x80x4mm

Elastic sealing band Elastic Rubber 8825mm
Moving table Blocan (Aluminum) 3x: 720x40x40mm

2x: 1400x40x40mm
Clamping piece Polycarbonate 1x: 650x1000x1000mm

Threaded center rod Stainless steel 1x: 1500x10x10mm

Table A.1: List of materials used
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A.2 Load cell data

A.3 Real set-up

This section of the appendix presents the actual components used in the setup during testing.

30



Figure A.1: Side view of the wind tunnel
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Figure A.2: Gap-sealing ring used in setup
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Figure A.3: Mechanism to keep tire positioned in middle
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Figure A.4: Complete set-up front view
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Figure A.5: Complete set-up top view
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Figure A.6: Complete set-up bottom view
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Figure A.7: Leaf springs used in setup
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Figure A.8: Load cell used in setup
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