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Abstract

Aerodynamic drag is the major source of resistance experienced by athletes in activities
such as road cycling. Over bluff bodies, which is how an athlete is typically modelled, passive
flow control methods such as surface roughness and boundary layer tripwires appeared to be
particularly relevant in transitioning the local boundary layer at the surfaces to turbulence,
resulting in a lower drag at smaller Reynolds numbers. In the experimental study, a cylindrical
model equipped with textiles and tripwires that had 2D and zigzag geometries were connected
to a custom force balance to understand the effects of these surface modifications on the drag.
Fabrics with varied seam positions achieved a maximum drag reduction of 40% relative to a
smooth cylinder. Tripwires achieved a maximum drag reduction of 20% relative to a smooth
cylinder. It was also found that a combination of fabric seams and tripwires that are placed
symmetrically from the stagnation point had a similar flow behaviour to a single tripwire
when the thickness of the fabric seam and tripwire are the same regardless of roughness.

Moreover, utilizing these flow control methods can provide potential time gains for a cyclist.
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Chapter 1

Introduction

1.1 Motivation and Research Objectives

In the late 1970’s, skinsuits gained popularity to reduce drag relative to previous loose-fitting
garments and improve cooling for cycling applications [1]. Aerodynamic drag accounts for
approximately 90% of the resistance experienced by cyclists when travelling at racing speeds
on a flat surface [2]. Pressure drag mainly contributes to the aerodynamic resistance of bluff
bodies such as cyclists compared to viscous drag that causes skin friction in the boundary
layer on the cyclist’s surface [3]. The magnitude of the pressure drag is proportional to the
pressure difference between the windward and leeward side of a cyclist. Flow separation
around cyclists occurs from the formation of a turbulent wake and the presence of large scale
low pressure vortices [2]. Pressure drag can be reduced by decreasing the frontal area of the
cyclist or wearing an aerodynamic skinsuit. The cyclist body and wearable components such
as helmets and skinsuits contribute from 64% to 82% of the total drag [3]. In sports such as
cycling, the design of skinsuits can be optimized where combinations of smooth and rough
fabrics can affect the flow around the body and decrease aerodynamic drag [4]. Seams are
also included in the design of skinsuits where they behave as tripwires. Tripwires work as a
row of vortex generators by adding momentum to the lower part of the boundary layer to

transition flow to turbulence.



1.2 MODELLING THE FLOW OVER A CYLINDER

In the past, previous researchers have investigated the effects of fabric roughness on the
drag of a cylinder without the influence of seams. Although there was discussion in the
past on cylinders fitted with tripwires, there was limited experimental testing on attaching a
tripwire to a fabric at different angles relative to the incoming flow direction. In the present
work, the research objective is to explore the effects of drag reduction when fabrics with
multiple number of seams are wrapped on a cylinder. The impact of drag reduction is also
investigated when tripwires with 2D and zigzag geometry are attached on a cylinder at specific
angles relative to the incoming flow direction. Lastly, recommendations for skinsuit design are
made by comparing the drag reduction performance when a tripwire is attached to a fabric
with different levels of roughness. A hypothesis is that textile roughness can influence the
performance of tripwires created by seams. Flow control methods such as surface roughness of
fabrics and tripwires promote turbulence in the boundary layer. This delays flow separation
for a cyclist by allowing the turbulent boundary layers to overcome adverse pressure gradients
in the flow due to having larger momentum [5]. Furthermore, this decreases the width of the

wake and ultimately decrease the drag which can improve the performance of cyclists.

1.2 Modelling the Flow over a Cylinder

The flow around a cyclist is known to exhibit large regions of separated flow such that the
flow problem is modelled as a bluff body [2]. A circular cylinder is a type of bluff body that
has been often used to model the limbs of an athlete [6]. Cylindrical geometry has been used
in the past to evaluate aerodynamic properties of textile features such as stitch position and
surface morphology to understand the flow behaviour when subject to moderate Reynolds
numbers experienced by a cyclist [5, 7]. The flow separation around a cylinder is dependent
on the Reynolds number in identifying flow regimes where laminar and turbulent separation

patterns occur [8]. The Reynolds number, Rep, is the ratio of inertial to viscous forces for a



1.2 MODELLING THE FLOW OVER A CYLINDER

circular cylinder as shown in Equation 1.1 where Uy, is the flow velocity, D is the cylinder

diameter and v is the kinematic viscosity.

Figure 1.1: Cylinder representation of a cyclist for 1) forearms, 2) upper arms, 3) lower back
and 4) thigh regions. Reprinted with permission from Chowdhury [6].

P 0

The most significant changes in flow topology for the limbs of a cyclist generally occur
at speeds ranging from 10 to 15 m/s [8]. The critical flow condition can be achieved on all
limbs of a cyclist if the roughness on the upper arm and lower leg is utilized for effective
drag reduction [8]. That is why the diameter, D found in Equation 1.1 represents the upper
arm width of a cyclist in cross flow. In the work of Malizia and Blocken, a cylinder with a
diameter of 0.11 m represented the upper arm of a cyclist in reaching a Reynolds number
of 1.10 x 10° at an airspeed of 15 m/s [9]. In addition, the characteristic length scale, D
considered for the present work is 4 inches or 0.1016 m. The Reynolds numbers of a cylinder
with a diameter of 4 inches would range from 6.0 x 10 to 1.0 x 103 when subject to cycling
speeds that vary from 10 to 15 m/s. At these Reynolds numbers, the boundary layer over the
cylinder must be tripped using methods such as surface roughness and tripwires to cause a

drop in drag found over bluff bodies such as the circular cylinder at greater Reynolds numbers.



Chapter 2

Literature Review

2.1 Overview

In this chapter, the flow regimes of a single smooth cylinder was discussed from previous
literature. The flow behaviour of a roughened cylinder was also explored to understand
how surface roughness affects the drag at different flow regimes. It was compared with
other variables such as pressure, lift and Strouhal number which will be discussed further
in this chapter. The flow behaviour of tripped cylinders was analyzed to understand the
main parameters in producing a tripwire such as thickness, spatial wavelengths and angular

location relative to the stagnation point of a cylinder.

2.2 Flow over a Smooth Circular Cylinder

The drag coefficient, Cp, is usually dependent on the shape, surface roughness (texture)
and Reynolds numbers for bluff bodies such as a cylinder [10]. It is determined from Equa-

tion 2.1 where Fp is the drag force, p., is density, A is frontal area and U, is the flow velocity.
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In Figure 2.1, there are 4 distinct regions in the variation of the drag coefficient with
Reynolds number curve which divide into subcritical, critical, supercritical, and transcritical
flow regimes for a single isolated circular cylinder. At low subcritical Reynolds numbers of less
than 1.0 x 10°, the boundary layer for a smooth cylinder remains laminar with a separation
angle of approximately 82° from the forward stagnation point [8]. In the subcritical flow
regime, the boundary layer over the cylinder is laminar where early flow separation occurs
resulting in a wake with a high pressure drag [11]. In the critical flow regime, the boundary
layer that develops on the surface of the cylinder is initially laminar at separation but
eventually transitions to turbulence. In the turbulent state, external fluid can be efficiently
entrained into the separated shear layer [12]. This allows for the flow to reattach onto the
surface of the cylinder within a short distance and separate further downstream near the
rear end of the cylinder. A separation bubble forms in the critical regime which is the region
between laminar separation and turbulent reattachment. First, a one bubble state behaviour
occurs when the bubble initially forms on one side of the cylinder bi-stably. Asymmetry in
the pressure distribution occurs when a single bubble appears on one side of the cylinder,
leading to a large lift coefficient. Flow acceleration occurs on the bubble side of the cylinder
while experiencing flow deceleration on the opposite side. Accelerated flow found on the
bubble side of the cylinder is more favourable for flow reattachment while decelerated flow
found on the opposite side of the bubble delays transition to turbulence [13]. The drag
crisis phenomenon where maximum drag reduction occurs in the critical flow regime happens
after having laminar separation bubbles form on each side of the cylinder as the Reynolds
numbers increase. In the supercritical flow regime, the boundary layer over the surface of the
cylinder is turbulent on both sides of the cylinder. However, it is not fully turbulent since the
transition to turbulence is located somewhere between the stagnation point and separation

point [14]. The wake of a bluff body narrows when transitioning from the subcritical to
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supercritical flow regime where there is a lower velocity deficit. The velocity deficit is the
difference between the mean streamwise velocity and the free stream velocity. Finally, there

is a transcritical flow regime where the boundary layer is virtually turbulent everywhere [14].
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Figure 2.1: Variation of the drag coefficient with Reynolds number for a smooth circular
cylinder. Reprinted with permission from Fredsoe et al. [14].
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2.3 Flow over a Roughened Cylinder

2.3.1 Effect of Different Roughness Methods

Surface roughness does not only promote boundary layer transition from laminar to turbulence
but can affect the subsequent flow behaviour at Reynolds numbers beyond the critical flow
regime [15]. Roughened cylinders prematurely transition the boundary layer to turbulence
by shifting the separation point downstream from the leading edge of the cylinder. At the
critical flow regime, surface roughness disturbs the separation bubble by limiting its presence
to a narrow range of Reynolds numbers to form the one and two bubble regime shown in
Figure 2.2 [16]. A stable two bubble state forms at the Reynolds number where the minimum

drag occurs for a smooth cylinder as shown in Figure 2.2.

Earlier flow separation occurs for roughened cylinders compared to a smooth cylinder due
to the thickening of the boundary layer induced by roughness [17]. Increasing the surface
roughness of a fabric would cause the minimum drag coefficient to increase at a lower critical
Reynolds number as shown in Figure 2.3. Figure 2.3 illustrates the drag coefficient as a
function of Reynolds numbers for roughened cylinders with different relative roughness values.
The relative roughness is a dimensionless parameter that is found by dividing the roughness
heights, k or ks of a surface by the cylinder diameter, D to obtain k/D or ks/D. For example,
a cylinder with a high relative roughness, k,/D of 2000 x 1075 achieves a minimum drag
coefficient at the smallest critical Reynolds number of approximately 5.0 x 10*. However,
the drag coefficient would increase in the supercritical flow regime when there is a higher
roughness on the surface of the cylinder. In the transcritical flow regime, the drag coefficient
becomes constant. This shows that the wall shear stresses are independent of the Reynolds
number and are only a function of the roughness parameter in the transcritical flow regime. A
relative Nikuradse’s sand grained roughness of 400 x 107 < ky/D < 700 x 107° is a suitable

range in achieving the drag crisis at a Reynolds number range experienced by the upper arm
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region of a cyclist of 6.0 x 10% to 1.0 x 10°. The Nikuradse’s sand grain roughness method was
used in finding the average diameter of the sand grains on the surface of a cylinder through

which friction of the flow was measured [18].
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Figure 2.2: Variation of pressure, drag and lift coefficients with Reynolds number for a smooth
circular cylinder. Reprinted with permission from Hsu et al. [12].

In the work done by Zheng et al., a grooved fabric was wrapped on a cylinder with a
diameter of 0.064 m [20]. The arithmetic average roughness height, & was used to quantify
the surface roughness of the grooved fabric by taking the average of the absolute value of
the roughness profile along the sampling length. The arithmetic roughness height, £ of the
grooved fabric was approximately 0.159 mm with a relative roughness, k/D of 2.49 x 1073,
The longitudinal grooved fabric achieves a minimum drag coefficient of less than 0.60 at a

critical Reynolds number of approximately 8.0 x 10%.
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Figure 2.3: Variation of the drag coefficient with Reynolds number for a roughened cylinder

with different relative roughness values where A, ky/D = 110 x 107%; O, k,/D = 450 x 10~5;
O, ks/D = 900 x 107°. Reprinted with permission from Cambridge University Press [18, 19].
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In Figures 2.4 to 2.5 found below, the variation of the relative roughness with drag and
pressure coefficients were illustrated. The geometric roughness height of fabrics, k; were
determined from taking the sum of the five highest peaks and five deepest valleys within
the fabric surface area [12]. The Reynolds number where the drag crisis for Nikuradse’s
sand grained roughness, ks occurs can be calculated from Equation 2.2 [12]. The minimum
drag coefficient increases for fabrics with a larger relative roughness. The pressure coefficient
becomes less negative for fabrics with larger relative roughness values from Figure 2.5. As
the relative roughness increases, two separation bubbles forming at the given Reynolds
number become less significant [12]. A symmetric state occurs in the flow where there are no
separation bubbles on either side of the cylinder [21]. This causes a larger drag to occur in
the supercritical flow regime for fabrics with a larger relative roughness as it approaches a
symmetric state condition. Furthermore, the drag crisis phenomenon becomes less significant

for fabrics with a larger surface roughness.
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2.3.2 Effect of Rib Spacings and Rib Heights

Ribs found in athletic garments were commonly used to reduce the drag at a smaller critical
Reynolds number because separation always occurred upstream of the last rib [5]. The
aerodynamic properties found in [5] was explored for equally distributed semicircular ribs
attached on a cylinder that were normal to the incoming flow direction when placed inside
a wind tunnel. Surface coatings were covered on a cylinder and consisted of two layers of
fabric with 3D printed ribs laminated between the two layers [5]. The size and spacing of the
ribs were altered for three different micro roughness coatings that have maximum roughness
heights, k"** of 0.10, 0.20 and 0.42 mm. The Strouhal number variation with Reynolds
number was also illustrated for all surface coatings with different rib heights and spacings.
The Strouhal number, St is a function of the vortex shedding frequency f, diameter of the

cylinder D and flow velocity, U, as shown in Equation 2.3.

_ D

St
Uso

(2.3)

When a fabric’s relative spacing exceeds the critical spacing, the addition of ribs would
act to increase the surface area rather than to reduce the drag. This would subsequently
cause the Strouhal number to decrease for fabrics with large rib spacings and rib heights. In
the curve that illustrates the variation of the drag coefficient with Reynolds number shown
in Figure 2.6, a minimum drag coefficient of 0.57 was achieved at a critical Reynolds number
of 7.5 x 10* when there is a small rib height h, of 0.5 mm and maximum roughness height of
0.42 mm for a ribbed surface fabric, S. hgs A1p. A minimum drag coefficient of 0.52 was
achieved at a large critical Reynolds number of 9.7 x 10* when there is a small rib height of
0.5 mm and maximum roughness height of 0.2 mm for a ribbed surface fabric, Sg hgs Aio.
These two surface coatings reaches the drag crisis at critical Reynolds numbers of 7.5 x 10*
to 1.0 x 10° which occurs at the Reynolds numbers experienced by the upper arm region

of a cyclist. It is also noticed that a lower drag coefficient corresponds to a larger Strouhal

11
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number as shown in Figure 2.6 because the vortices detach downstream from the wake of
the cylinder. This delays flow separation and increase the vortex shedding peak, promoting
effective drag reduction relative to a smooth cylinder. Moreover, a smaller rib height and
rib spacing causes a vortex shedding peak to occur at a higher Reynolds number where flow

reattachment occurs downstream of the cylinder surface.
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Figure 2.6: Variation of drag coefficient and Strouhal number with Reynolds number for
textiles with h/d = 0.067 and A/h = 20 where d is 75 mm. Reprinted with permission from
Skeide et al. [5].
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2.4 Flow over a Tripped Cylinder

2.4.1 Flow over a Cylinder with a Single Tripwire

Tripwires may be used as a passive flow control method that can influence the drag of a
circular cylinder by transitioning the boundary layer to turbulence. The important geometric
parameters for 2D cylindrical tripwires are the relative height compared to the cylinder
diameter, d/D and the location from the stagnation point. For circular cylinders with a
zigzag tripwire, the spatial wavelength of the zigzag tripwire is an additional parameter
that is required to characterize the flow behaviour past the cylinder. The tripwires affect
the boundary layer occurring over the cylinder surface and modify the reattachment and
separation patterns of the wake [22]. For a smooth circular cylinder without a tripwire
installed, a single drag crisis occurs as was shown previously in Figure 2.1. On the other hand,
a two stage drag crisis may occur for a cylinder with a tripwire as shown in Figures 2.7(a)
and 2.7(b). In the first stage drag crisis of a tripped cylinder, the flow becomes asymmetric
with respect to the incoming flow direction in having the upper half of the cylinder reach a
critical state while the bottom state reaches a subcritical state when a tripwire is mounted.
Transitioning the boundary layer on the upper half of the cylinder with a tripwire causes the
flow to achieve turbulence and reach a critical state at a lower Reynolds number. This allows
for the flow to reattach to the cylinder where the near wake becomes narrower, leading to
a rapid drag reduction. However, the boundary layer in the bottom half of the cylinder is
in a subcritical state as shown in Figure 2.7(a). It experiences laminar separation since the
tripwire does not significantly influence the flow in the bottom half of the cylinder in the first
stage of the drag crisis [23]. In the second stage drag crisis, the flow regains symmetry with
respect to the free stream in achieving a critical state on the upper and lower halves of the

cylinder as shown in Figure 2.7(b).

13
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(a) (b)
Critical Critical
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Figure 2.7: Two stage drag crisis behaviour for a cylinder mounted with a tripwire that has a
wake behaviour state for (a) first drag crisis and (b) second stage drag crisis. Reprinted with
permission from Behara et al. [23].

Thicker tripwires would cause the drag crisis to occur at a smaller angle from the stagna-
tion point of the cylinder surface for a given Reynolds number. For example, a zigzag tape
with a thickness of 0.93 mm causes the drag crisis to occur at a critical Reynolds number of
1.0 x 10° when placed 45° from the stagnation point of a cylinder [24]. On the other hand,
the drag crisis occurs at the same critical Reynolds number when a zigzag tape with a larger

thickness of 2 mm is placed 30° from the stagnation point of a cylinder surface.

2.4.2 Flow over a Cylinder with One and Two Tripwires

A one wired cylinder has an angular location with respect to the time averaged forward
stagnation point as shown in Figure 2.8(a). The angular location of the tripwire from the
stagnation point influences the mean recirculation bubble acting on the cylinder. The mean
recirculation bubble length is the distance between the center of the cylinder to the point of
zero velocity at the rear of a wake [25]. Maximum bubble extension promotes flow attachment
due to asymmetry of the near wake. Critical angles are angles from the stagnation point
where the maximum bubble extension occur at the rear wake of the cylinder. The range of

the critical angle for maximum bubble extension are affected by the Reynolds number and
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Figure 2.8: Diagram of (a) one wired and (b) two wired cylinders.

wire aspect ratio which can be expressed as the diameter of the wire over the diameter of the
cylinder, d/D. An increase in the wire size at a critical Reynolds number leads to a decrease
in the angular location of the first critical angle for maximum bubble extension. Bistable
instability also occurs at the first critical angle of a tripped cylinder where the flow switches
between shear layer reattachment and early flow separation [26]. On the other hand, the
second critical location which usually occurs 10° after the first critical angle cause maximum
bubble contraction to occur. Maximum bubble contraction causes the boundary layer of
the tripwire to permanently separate from the surface of the cylinder. It occurs from hav-

ing a lack of fluid that can satisfy the entrainment demands of the shear layers in the wake [25].

When both of the tripwires in a two wired case are located in the same angular range
where a single tripwire promotes a peak in the Strouhal number, there would be a delay of
approximately 5° to 7° of the first critical angle in a two wired case compared to its value
found in a one wired case. At the critical location, the single tripwire has a large mean
recirculation bubble length in the near wake. However, two tripwires would have an opposite
effect of a significant reduction in the mean recirculation bubble length when placed at the
same angular range as a single tripwire. The near wake asymmetry and bubble extension
found in the one wired case has an early transition in one of the separating shear layers,
specifically the wired side shear layer [25]. Meanwhile, the symmetric near wake condition
associated with the bubble contraction of a two wired case is caused by the early transition

of both shear layers when placed in the same angular range as a single tripwire. Furthermore,
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this would cause a delay in the first critical angle of a two wired case due to the shortage in

the amount of fluid to satisfy the entrainment demands from the two shear layers.

2.4.3 Effect of Angular Positions of Tripwires

The drag crisis for a two wired case with small wire aspect ratios of d/D < 0.003 effectively
reduce drag from 65° to 70° from the stagnation point [19, 27]. Large wire aspect ratios of
0.011 < d/D < 0.045 would effectively reduce drag from 35° to 50° from the stagnation point
28, 29]. In Figure 2.9(a), there is a plot that depicts the variation of the drag coefficient at
different angles from the stagnation point for a two wired fitted case where the wire aspect
ratio is d/D = 0.045. In regime A where two tripwires are placed at angles less than 20°
from the stagnation point, laminar flow occurs where there is a slight effect on the wake. In
regime B where the tripwire is placed at angles between 20° to 35° from the stagnation point,
the boundary layer separating from the tripwire begins to reattach onto the cylinder surface
due to the transition to turbulence. This caused an increase in the Strouhal number and
a decrease in the drag coefficient. In regime C, a turbulent reattachment occurs when the
tripwire is placed at angles ranging from 35° to 40° from the stagnation point. This allows
for the drag coefficient to reach its minimum value while the Strouhal number reaches its
maximum value as shown in Figures 2.9(a) and 2.9(b). In regime D, the boundary layer
is in a critical condition where two tripwires that are placed at angles ranging from 40° to
45° from the stagnation point experience bistable flow where it alternates between states of
reattachment and flow separation as shown in Figure 2.9(b). In mode I, the boundary layer
separating from the tripwire reattaches onto the cylinder surface. In mode II, the boundary
layer separating from the tripwire does not reattach due to having a wider wake or a reduced
vortex shedding frequency [28]. In regime E, the drag coefficient increases for the angular
range of 45° to 70° from the stagnation point because the boundary layer of the cylinder

surface separates from the tripwire due to having a wider wake.
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Figure 2.9: Variation of (a) drag coefficient at given angles from stagnation point for different
Reynolds numbers and (b) Strouhal number at given angles from stagnation point at a
constant Reynolds number of 6.0 x 10* in a two wired fitted case where the drag crisis occurs
from 35° < a < 40° and the bistable flow occurs from 40° < o < 45°. Edited with permission
from Alam et al. [28].

In another case, two tripwires that have a wire aspect ratio of d/D = 0.011 achieve a
minimum drag coefficient of approximately 0.65 at a critical Reynolds number of 1.10 x 10°
when placed 40.5° from the stagnation point as shown in Figure 2.10 [30]. The boundary
layer reattaches downstream and can transition to turbulence when placing two tripwires at
angles of 20° to 40° from the stagnation point. The tripwires with large wire aspect ratios
such as d/D = 0.045 cause the boundary layer to permanently separate when placed at
angles larger than 45° from the stagnation point [28]. On the other hand, flow separation of
the reattached boundary layer can be delayed at large angles up to 70° for tripwires with
a smaller wire aspect ratio. Overall, tripwires have a considerable effect on the wake of a

cylinder when placed at angles of 20° to 70° from the stagnation point for a two wired case [28].
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Figure 2.10: Variation of drag coefficient with Reynolds number for a two wired cylinder that
has two tripwires of different aspect ratios placed 40.5° from the stagnation point. Reprinted
with permission from Pelacci et al. [30].

2.4.4 Determining Thickness of Tripwires

The variation of the boundary layer thickness at given Reynolds numbers of a circular cylinder
is determined using the Blasius method [31]. The pressure coefficient around a cylinder is first
obtained using Equation 2.4 where 6 is expressed in radians. The circumferential distribution
of the streamwise velocity at the boundary layer edge is expressed using Equation 2.5 as a
function of the pressure coefficient derived from Equation 2.4. The coefficients of the velocity
distribution of uy, us, us found from Equation 2.6 is obtained using a curve of fit [32]. At each
angular location of 6, Equation 2.7 is used to construct the velocity profiles found in Figure

2.11 using similarity parameters, n defined from Equation 2.8. This helped to determine the

U(6,n)
Uso

similarity parameter at the boundary layer edge, ng; where the velocity distribution,
reaches 99% of the free stream velocity, using Equation 2.7 for each angular location from

the stagnation point of the cylinder.
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Lastly, the boundary layer thickness, 6 can be obtained from Figure 2.12 at different

angular positions along the cylinder at a given Reynolds number using Equation 2.9.

Cp =1—4sin®(0) (2.4)

u) _
i J1—Cp (2.5)

0
O 26)

U(,n)
Uss

= w1 0] (n) + 4us6 fi(n) + 6us0° fi(n) (2.7)

n = (y/D)\/2uiRep (2.8)

é __ "BL (2.9)
D \/2’U,1R€D ‘
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Figure 2.11: Velocity profiles at different angles from the stagnation point for a circular

cylinder.
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The velocity at the trip height when placed at an angle from the stagnation point for
a given Reynolds number is obtained by first finding the similarity parameter shown in
Equation 2.8. In Equation 2.8, y represents the tripwire height, k£ in this application since it
is the distance from the cylinder surface. This can help obtain the Reynolds number at the
tripwire height location shown in Equation 2.10 where wy, is the velocity at the height of the
tripwire location in the undisturbed laminar boundary layer, k is the tripwire height and v is
the kinematic viscosity [33]. The height of the tripwires were chosen such that the Reynolds
number based on the tripwire, Rey , is greater than the minimum critical Reynolds number
to initiate transition to turbulence for a tripwire of 200 [33, 34]. This ensures that the flow
becomes turbulent in the nearest downstream location behind the tripwire. The appropriate
trip heights are 0.5, 1 and 2 mm because the Reynolds numbers at the respective trip heights
are greater than 200 and the values ranged from approximately 400 to 1780.

k
Repy, = U’; (2.10)

2.4.5 Spatial Wavelengths and Spike Angle of Zigzag Tripwires

In Figure 2.13, the spatial wavelengths are shown for a zigzag tripwire which consists of
the streamwise and spanwise wavelengths. Streamwise wavelength is the spanwise distance
between adjacent streamwise vortex pairs in the wake. Spanwise and streamwise wavelengths
for a tripwire are determined based on mode instabilities [35]. In mode D-E, a shear layer
transition regime forms for Reynolds numbers ranging from 1.0 x 103 to 2.0 x 10% where 2D
Reynolds stresses occur [11]. Streamwise wavelength, Agy, is the spanwise distance between
adjacent streamwise vortex pairs in the wake which is found using Equation 2.11 [11]. Span-
wise wavelength, A\zgy is the distance between the streamwise vortices in the separating shear
layer and is determined from Equation 2.12 [11]. The length of the shear layer is limited by
the streamwise extent of the vortex formation region. The vortex formation length, L is the

streamwise distance between the cylinder surface and the point where the vortex is shedding
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from the wake [36]. The vortex formation can be determined by identifying the location of
the maximum root mean square (r.m.s.) fluctuation in the streamwise velocity component
[11]. A larger vortex formation length, Lr/D indicates lower level of maximum velocity
fluctuations and Reynolds stresses. When the Reynolds number increase, more streamwise
vortex pairs are found along the cylinder’s span, causing a decrease in spanwise wavelength
[11]. For instability to occur in the near wake for large Reynolds numbers, the streamwise
wavelength should be less than the vortex formation length where Ag;, < Lp. As shown in
Figure 2.14 from [37], the vortex formation length would be 127 mm for a cylinder with a
diameter of 101.6 mm. The streamwise wavelength values for a tripwire at Reynolds numbers
experienced by a cyclist ranging from 6.0 x 10* to 1.0 x 10° occur from 12 to 15 mm using
Equation 2.11 [11]. Moreover, the vortex formation length of 127 mm is greater than all
streamwise wavelength values of 12 to 15 mm that occurs at Reynolds numbers experienced

by the upper arm region of a cyclist ranging from 6.0 x 10* to 1.0 x 10°.

The spike angle is the angle between the vertex of the zigzag tripwire section as shown
below in Figure 2.13. A spike angle of 60° is commonly used for a zigzag tripwire because it
forms a wide hairpin vortex behind the curved shear layer of a trip to effectively transition to
turbulence. A pair of vortices build up along each tooth of the zigzag tripwire and separate
at the end of the tooth. Wider hairpin vortices allow for mixing and increase the velocity
gradients in the flow and generate turbulence [38]. Increasing the spanwise wavelength can
help form broader recirculation regions behind the downstream pointing spikes of a zigzag
tripwire [39]. Moreover, this allows for majority of the hairpin vortices to move closer towards

the tripwire to promote an effective transition to turbulence.
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Figure 2.13: Spatial wavelengths and spike angle of 60° for a zigzag tripwire where Agy, is the
streamwise wavelength and \zgy, is the spanwise wavelength.
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Figure 2.14: Vortex formation length for different Reynolds numbers for a circular cylinder.
Reprinted with permission from Norberg [37].
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Chapter 3

Experimental Setup and Data
Acquisition Methods

All experiments were performed in the Flow Control and Experimental Turbulence (FCET)
laboratory at the University of Toronto Institute for Aerospace Studies (UTIAS). The details

of the experimental setup and the data acquisition methods are explained in this chapter.

3.1 Experimental Setup

All tests were performed on a cylinder placed in the wind tunnel. Two load cells were used
to measure the drag force on an active portion of the cylinder as shown by the free body
diagram in Figure 3.1. As shown, the drag force should be linearly distributed across the span
of the cylinder in the z direction. Each load cell measured three forces of (F, F,, F,) and
three moments of (M,, M, and M,). A press fit bearing block support was used to ensure
that the cylinder rotates at a specified angle while the top load cell remained fixed. Dummy
cylinders were used to decouple the boundary layer effects of the wall as shown below in
Figures 3.2, 3.3 and 3.5. Four halves of the dummy cylinder were 3D printed to mount at the

top and bottom of the wind tunnel test section. Figures 3.1 to 3.4 depicted the experimental
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3.1 EXPERIMENTAL SETUP

setup mounted in the wind tunnel section. The active cylinder was rotated using a rotary
table that is found underneath the wind tunnel test section as shown in Figures 3.2 and 3.3.
The tubes from the top load cell and rotary table were connected to the shaft of the active
cylinder using flexible shaft couplings to handle misalignments. The cylindrical model was
placed inside the wind tunnel with an area blockage ratio of 7% and aspect ratio (length over
diameter) of 6. The blockage ratio is the ratio of the projected area of the cylinder on the
flow normal plane to the cross-sectional area of the wind tunnel test section [40]. In the work
done by Bishop et al., the aspect ratio of the cylinder is 14 for blockage ratios of 5% and
8%. There was a low uncertainty in the Strouhal numbers of 4 /- 0.005 when the blockage
ratios of the cylinder were 5% and 8% regardless of the wall configurations of the wind tunnel
having geometrically straight, asymmetrically straight or streamlined walls [40]. Despite the
blockage ratio being slightly above the 6% recommendation from [41], the Strouhal numbers
were roughly around 0.19 to 0.21 in the subcritical flow regime for a cylinder at a blockage
ratio of 8% [40]. Given the maximum height of the UTIAS wind tunnel test section being
800 mm and the cylinder diameter representing the width of an upper arm of a cyclist of
101.6 mm (4 Inches) as shown in Figure 3.2, an aspect ratio of 6 and a blockage ratio of 7%

were appropriate testing conditions for the present work.
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3.1 EXPERIMENTAL SETUP
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Figure 3.2: CAD model showing the dimensions of the experimental setup inside UTIAS
wind tunnel test section.
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3.1 EXPERIMENTAL SETUP
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Figure 3.3: CAD model of front view of experimental setup where the top aluminum extrusion
is removed to show the detail of the top load cell. Half of the dummy cylinders are also
removed to show the details of the worm drive clamps and flexible shaft couplings.

Figure 3.4: CAD model of isometric view of experimental setup.
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3.1 EXPERIMENTAL SETUP
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Figure 3.5: Experimental setup inside UTIAS closed loop wind tunnel.

The seams of the fabric shown in Figures 3.6 and 3.7 each had a thickness of 1 mm. They
were rotated at different angles from the stagnation point of the cylinder ranging from 30°
to 60° for one, two, three and four seam configurations as shown below in Figure 3.7. The
2D and zigzag tripwires with thickness of 0.5, 1 and 2 mm were 3D printed and glued onto
the cylinder surface. In Figure 3.8, ZZ60K represents a zigzag tripwire with streamwise
and spanwise wavelengths evaluated at Rep = 6.0 x 10* using Equations 2.11 and 2.12.
These spatial wavelengths for a ZZ60K tripwire that consist of streamwise and spanwise
wavelengths are represented as Age,—gor. Similarly, ZZ80K represents another zigzag tripwire
with streamwise and spanwise wavelengths evaluated at Rep = 8.0 x 10*. These spatial
wavelengths for a ZZ80K tripwire are represented as Ag.,—sox. A single tripwire was attached
to the fabric when rotated at angles of 30° to 60° from the stagnation point. They were

arranged in different orientations which is discussed further in chapter 4.
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3.1 EXPERIMENTAL SETUP

Figure 3.6: Fabric covered on a cylinder inside UTTAS wind tunnel.
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3.1 EXPERIMENTAL SETUP
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Figure 3.7: Angular variations of fabrics with one, two, three and four seams relative to the
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3.3 VELOCITY MEASUREMENTS

3.2 Scanning Roughness Heights of Fabrics

A laser displacement sensor was used to scan the roughness of seven fabrics by finding the
relationship between voltage and displacement. The cylinder was spun with a sampling time
of 60 seconds at an arc length at 30° rotation. The arc length at 30° rotation represented
the evaluation length, [, where surface irregularities occur along the roughness profile of
the respective fabric. The arithmetic average roughness height was obtained by taking the
integral of the absolute value of the roughness profile, Z(z) of the fabric along the evaluation
length and then dividing it by the respective evaluation length as shown in Equation 3.1 [42].
The integral of the roughness profile of the fabric was found by constructing a mean reference
line in the profile such that the areas of the profile above and below the mean line were equal
in magnitude. The sum of the absolute areas were divided by the evaluation length to obtain

the arithmetic average roughness height, R, of each fabric.

1 b
R, = lr/o \Z(2)| dx (3.1)

3.3 Velocity Measurements

The velocity was measured using a pitot tube which was connected to a pressure transducer.
The pressure transducer sent a voltage signal to the pitot tube that is proportional to the
pressure difference between the static and total pressure. The pressure difference was equal
to the dynamic pressure which is a function of density, p., and velocity, U,. Furthermore,

the velocity was determined using Equation 3.2.

2AP
P
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3.5 DRAG FORCE MEASUREMENTS USING LOAD CELLS

3.4 Strouhal Number Measurements

Six velocities were sampled at 3 minutes for each fabric and tripwire to evaluate the vortex
shedding phenomena in the wake of the cylinder with a sampling frequency of 2 kHz. The
constant temperature anemometer (CTA) probe was placed 7 diameters in the z direction and
2 diameters in the y direction as shown below in Figure 3.9. The vortex shedding frequency;,
f was obtained using power spectral density. This helped to determine the Strouhal number

at a given velocity using Equation 2.3.

Flow Direction
e Nk *
LY |
n i_ CTA Probe

Figure 3.9: Location of constant temperature anemometer (CTA) probe relative to the center
of the cylinder inside UTIAS wind tunnel.

3.5 Drag Force Measurements Using Load Cells

The drag force acting on the cylinder was determined while slowly increasing the wind tunnel
velocity. This method was also used by Skeide et al. [5] to better capture variations in the Cp
versus Rep curve. Six drag static measurements of the drag coefficient values were obtained
at various velocities to validate that the dynamic measurement method did not introduce
potential errors. For the dynamic case, the velocity steadily increased from 5 to 20 m/s over
a duration of four minutes. Each measurement was repeated five times for each fabric and
tripwire case placed on the cylinder, giving 5 independent Cp-Rep curves. These 5 curves

were averaged to yield a continuous curve for each fabric and tripwire case. In Figure 3.10,
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3.5 DRAG FORCE MEASUREMENTS USING LOAD CELLS

the averaged dynamic drag and static drag measurements were in agreement over a large
range of Reynolds numbers for a smooth cylinder. The percentage value of uncertainty for
the forces, F;, F, and F, is 0.75% for a full scale reading. This helped to obtain the error

bars discussed further in the appendix.
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Figure 3.10: Comparison of the averaged dynamic drag measurements with static drag
measurements for a smooth cylinder.
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Chapter 4

Results and Discussion

4.1 Overview

In this chapter, the effect of fabrics with different arithmetic roughness heights and surface
trips on the drag coefficient are presented and discussed. First in Section 4.2, the experimental
setup is validated by comparing the drag coeflicient and Strouhal numbers of a smooth cylinder
to previous literature. After, seam locations are varied at different angles from the stagnation
point for seven fabrics with one, two, three and four seams. These variations demonstrate how
the drag crisis changes when reaching the Reynolds number range experienced by the upper
arm region of a cyclist. In the next section, the effect of tripwires with 2D and zigzag geometry
on the drag coefficient and Strouhal number is explored at various angles from the stagnation
point. Thickness and spatial wavelengths are compared for the tripwires to determine its
effectiveness in reducing drag at specific angles from the stagnation point. In the final
section, the variation of the drag coefficient with Reynolds number is explored for tripwires
attached to smooth, medium and rough fabrics. The flow behaviour of a combination of
fabrics and tripwires are compared to placing only fabrics and tripwires separately on a cylin-

der to determine its effectiveness in drag reduction at various angles from the stagnation point.
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4.2 BENCHMARKING EXPERIMENTAL SETUP

4.2 Benchmarking Experimental Setup

The smooth cylinder is compared to previous literature such as [5] and [43] found in Figure
4.1. The comparison is done to verify that the drag coefficient values of a smooth cylinder
range from 0.9 to 1.2 at subcritical Reynolds numbers with orders of magnitude of 10* to 10°
before reaching the critical flow regime at a critical Reynolds number of 3.0 x 10° [43]. In
the works of Skeide et al. and Kleissl et al., the blockage ratios vary from 7% to 8% which is
within the range from the present work. The work from Skeide et al. had a cylinder aspect
ratio of 5.56 and used dummy cylinders as their end conditions similar to the experimental
setup in the present work. No blockage corrections were employed from Skeide et al. and the
present work. The drag coefficient values from Kleissl et al. were similar to the present work
despite having a large cylinder aspect ratio greater than 10 and being placed horizontally
normal to the flow direction with end plates. The values were corrected using the Maskell I1I
blockage correction method that applies for experimental setups that use normal flat plates
as their end conditions [43, 44]. Moreover, the drag coefficients and Strouhal number values
obtained with the present setup compare well with the previous literature, lending confidence

in the setup.
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4.3 EFFECTS OF FABRIC ROUGHNESS AND SEAMS
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Figure 4.1: Comparison of (a) drag coefficient and (b) Strouhal number at given Reynolds
numbers for a smooth cylinder and literature.

4.3 Effects of Fabric Roughness and Seams

4.3.1 Effects of Fabric Patterns and Roughness

The effect of surface roughness associated with different fabrics is considered. A series of
textile sleeves were created with a single seam. The seven different fabrics considered are
shown in Figure 4.2. Scans of the surface geometry were made to determine the arithmetic
average roughness height. An example of the roughness profile is shown for fabric 3 in Figure
4.3. The green and red shaded regions have equal areas. The sum of the areas enclosed
between the roughness profile and the mean reference line was divided by the evaluation
length which is the arc length of the cylinder at 30° rotation to obtain the arithmetic average
roughness height of a fabric. A summary of the arithmetic average roughness heights for
each the fabrics is given in Table 4.1 in order of the smoothest (F7 with R, = 0.03 mm) to
roughest (F3 with R, = 0.1 mm).
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4.3 EFFECTS OF FABRIC ROUGHNESS AND SEAMS

Figure 4.2: Seven tested fabrics in order from smoothest (F7) to roughest (F3) where each

image has dimensions of 1- Inches x 1= Inches given that the width scale is 1:3 and the

length scale is 1:20 relative to the actual fabric.
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4.3 EFFECTS OF FABRIC ROUGHNESS AND SEAMS
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Figure 4.3: Roughness profile of fabric 3 along the evaluation length, [,.

Table 4.1: Fabrics with relative roughness ratios between arithmetic average roughness heights
and cylinder diameter in ascending order where fabric 7 (F7) has the lowest roughness and
fabric 3 (F3) is the roughest.

Fabric # R, k/D
F7 0.030 mm | 2.95 x 10~*
F4 0.037 mm | 3.64 x 10~*
F2 0.055 mm | 5.41 x 10~*
F5 0.058 mm | 5.71 x 10~*
F1 0.065 mm | 6.40 x 10~*
F6 0.072 mm | 7.09 x 10~*
F3 0.10 mm | 9.84 x 10~*

Each fabric sample had at least one seam that is required to create the sleeve. The
seam was placed at 180° from the leading edge of the cylinder during aerodynamic testing
to prevent any possible trip effect by it. The drag coefficient as a function of Reynolds
number is plotted in Figure 4.4 for seven different fabrics. Fabrics 1, 3 and 6 are found
to be the roughest in reaching the drag crisis at a smaller critical Reynolds number in the
critical flow regime. Fabrics 4 and 7 appeared to be smoother with the least impact on drag

reduction as shown in Figure 4.4. Fabrics with a larger arithmetic average roughness height
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4.3 EFFECTS OF FABRIC ROUGHNESS AND SEAMS

can reach a minimum drag coefficient at a smaller critical Reynolds number compared to
smoother fabrics without the effect of the seam. Rougher fabrics 3 and 6 that have relative
roughness ratios, k/D ranging from 7.09 x 10™* to 9.84 x 10~ share a similar flow behaviour
at Reynolds numbers past 1.0 x 10° in reaching a minimum drag coefficient of approximately
0.57 at a critical Reynolds number of 1.30 x 10°. In the work from Zheng et al., a grooved
fabric with a higher arithmetic average roughness ratio, k/D of 2.49 x 10~3 achieves a similar
minimum drag coefficient as fabrics 3 and 6 from the present work but at a smaller critical
Reynolds number of 8.0 x 10* [20]. A minimum drag coefficient that was slightly below the
values for fabrics 3 and 6 of 0.53 occurred at a critical Reynolds number of 1.23 x 10° at a
relative maximum roughness height ratio, k,/D of 1.33 x 107 from Skeide et al. [5]. In the
work of Skeide et al., it was observed that the drag coefficient had rapidly decreased from a
Reynolds number of 6.0 x 10* to a minimum value of 0.53 at a critical Reynolds number of
1.23 x 10° for the surface coating, S4 hos As. However in the present work, the drag coefficient
values for the roughest fabrics began to decrease at larger Reynolds numbers past 1.0 x 10°

before achieving a minimum drag coefficient of 0.57 at a critical Reynolds number of 1.30 x 10°.
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4.3 EFFECTS OF FABRIC ROUGHNESS AND SEAMS
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Figure 4.4: Variation of the drag coefficient with Reynolds number for all seven tested fabrics
with one seam placed 180° from the stagnation point.

4.3.2 Effect of Seam Locations for Fabrics with Multiple Seams

The variation of the drag coefficient and Strouhal numbers for all seven fabrics with one,
two, three and four seams is evaluated. In the critical flow regime, the drag crisis phe-
nomenon occurs when the minimum drag coefficient is achieved at the critical Reynolds
number due to the separation point moving downstream, decreasing the wake width [10, 16].
In plots that illustrate the variation in drag coefficients with Reynolds numbers from the
thesis, the drag crisis was shown by selecting the minimum drag coefficient values at the
corresponding critical Reynolds numbers for the tested cases. The drag coefficient values
are averaged at different Reynolds number ranges. The Reynolds numbers ranging from
6.0 x 10* to 1.0 x 10° have a greater emphasis in the discussion of the results because it
is obtained when the cyclist’s upper arm that has a width of 4 inches is subject to racing
speeds of 10 to 15 m/s. It is observed that a larger Strouhal number occurs at smaller
drag coefficients from the tested cases. This is a similar finding from the work of Skeide

et al., where the Strouhal number is relatively constant until the drag crisis is achieved at
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4.3 EFFECTS OF FABRIC ROUGHNESS AND SEAMS

which point the shedding frequency increases rapidly, before settling back to a supercriti-
cal state that resembles the subcritical state based on the Reynolds numbers explored [5].
Fabrics with low, medium and high roughness that have one and three seams placed at an

angle from the stagnation point that yield drastic drag reduction were compared to each other.

The drag coefficient and Strouhal number as a function of Reynolds number is plotted in
Figures 4.5 and 4.6 for fabric 1 with one, two, three and four seams. In Figure 4.5(a), fabric 1
with one seam placed 60° from the stagnation point can decrease the drag coefficient to values
of roughly 0.8 at Reynolds numbers ranging from 8.0 x 10 to 1.2 x 10° before achieving a
minimum drag coefficient of 0.70 at a critical Reynolds number of 1.30 x 10°. When fabric 1
with two seams is placed 45° and 50° from the stagnation point as shown in Figure 4.5(c), a
similar flow behaviour is observed past a Reynolds number of 9.0 x 10*. Adding four seams
to fabric 1 allows the minimum drag coefficient values to be approximately 0.65 to 0.70 at
angles of 35° to 45° from the stagnation point at critical Reynolds numbers ranging from
8.0 x 10* t0 9.0 x 10* from Figure 4.6(c). The drag coefficient and Strouhal number values
are similar at angles of 35° to 45° from the stagnation point in the transcritical flow regime

at Reynolds numbers greater than 1.1 x 105,
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4.3 EFFECTS OF FABRIC ROUGHNESS AND SEAMS

—— 0 =180° 0 =30 ——0=235 9 = 30° O 9 = 350 s 0 = 40°

O 0=40° —O—0=45 —— 0 =50
>0 —60° —@— Smooth —O0—0=45 —0— 6 =50° —@— Smooth

(a) 1.4
13t

1.2

1.1 51

Q 1]
O o9t
0.8}
0.7+
0.6

0.5

(b) 03
0.28
0.26
0.24

& 0.22f
0.2
0.18 | (&&=
0.16
0.14

4 6 8 10 12 14 4 6 8 10 12 14
Rep «104 Rep x10*

Figure 4.5: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 1 with one seam (a), (b) and two seams (c), (d).
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Figure 4.6: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 1 with three seams (a), (b) and four seams (c), (d).
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Figure 4.7: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 2 with one seam (a), (b) and two seams (c), (d).

The drag coefficient and Strouhal number as a function of Reynolds number is plotted in
Figures 4.7 and 4.8 for fabric 2 with one, two, three and four seams. In Figure 4.7(a), fabric
2 with one seam has maintained an average drag coefficient value of 0.80 from a Reynolds
number of 8.0 x 10* and greater when placed at angles of 40° and 45° from the stagnation
point. Adding the second seam for fabric 2 decreases the drag coefficient to an average
value of approximately 0.80 at Reynolds numbers experienced by the upper arm region of
a cyclist of 8.5 x 10* to 1.0 x 10° before reaching a minimum drag coefficient of 0.60 at a
critical Reynolds number of 1.30 x 10% when placed 45° and 50° from the stagnation point.
At Reynolds numbers past 1.20 x 10°, fabric 2 with two seams have the same flow behaviour
at all angles in Figure 4.7(c). At 60°, fabric 2 with three seams has the lowest drag coefficient
values at a large range of Reynolds numbers from 6.0 x 10* and greater compared to other

angles in Figure 4.8(a). At 30°, fabric 2 with four seams reaches the lowest drag coefficient of
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4.3 EFFECTS OF FABRIC ROUGHNESS AND SEAMS

0.58 at the highest critical Reynolds number of 1.3 x 10° compared to other angles in Figure
4.8(c). In Figure 4.8(c), a minimum drag coefficient of 0.63 is achieved at the smallest critical
Reynolds number of approximately 9.0 x 10* when four seams of fabric 2 are placed 45° from

the stagnation point compared to other angles.
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Figure 4.8: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 2 with three seams (a), (b) and four seams (c), (d).

The drag coefficient and Strouhal number as a function of Reynolds number is plotted
in Figures 4.9 and 4.10 for fabric 3 with one, two, three and four seams. The critical flow
regime for fabric 3 with one seam occurs at a critical Reynolds number of 1.3 x 10° for all
angles including 180° where the seam is located at the rear of the incoming flow direction.
This shows fabric 3 to be the roughest fabric that decreases the drag coefficient values at the
smallest critical Reynolds number compared to other fabrics when one seam is placed 180°

from the stagnation point as shown in Figures 4.4 and 4.9(a). In Figure 4.9(c), fabric 3 with
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4.3 EFFECTS OF FABRIC ROUGHNESS AND SEAMS

two seams reaches a drag crisis for all angles where the average minimum drag coefficient is
approximately 0.65 at a critical Reynolds number of approximately 1.15 x 10°. In Figure
4.10 (a), the drag crisis for fabric 3 with three seams placed at angles of 30° to 50° from the
stagnation point occur at critical Reynolds numbers ranging from approximately 7.0 x 10* to
9.0 x 10*. However, the transcritical flow regime at angles of 30° to 50° from the stagnation
point are close to the drag coefficient values found for a smooth cylinder. When fabric 3 with
three seams are placed 60° from the stagnation point from Figure 4.10(a), the drag coefficients
are lower than other angles with an average value of approximately 0.68 at Reynolds numbers
ranging from 6.0 x 10* to 1.3 x 10°. The critical flow regime occurs at critical Reynolds
numbers ranging from 7.5 x 10* to 9.0 x 10* when four seams of fabric 3 are placed at angles
of 30° to 45° from the stagnation point as shown in Figure 4.10(c) with 30° yielding the

highest minimum drag coefficient of approximately 0.70.
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Figure 4.9: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 3 with one seam (a), (b) and two seams (c), (d).
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Figure 4.10: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 3 with three seams (a), (b) and four seams (c), (d).

The drag coefficient and Strouhal number as a function of Reynolds number is plotted in
Figures 4.11 and 4.12 for fabric 4 with one, two, three and four seams. In Figure 4.11(a),
fabric 4 with one seam shares a similar flow behaviour past a Reynolds number of 8.0 x 10*
when placed 50° and 60° from the stagnation point. It is most effective in reducing the
drag coefficient to an average value of 0.80 at Reynolds numbers experienced by the upper
arm region of a cyclist ranging from 6.0 x 10* to 1.0 x 10° when fabric 4 with one seam is
placed 60° from the stagnation point compared to other angles. On the other hand, the drag
coefficient values are close to the values found for a smooth cylinder at Reynolds numbers
ranging from 4.0 x 10* to 1.0 x 10° when a single seam of fabric 4 is placed at angles of 30°
and 35° from the stagnation point. When a single seam is placed 180° from the stagnation
point, the drag coefficient values are also close to the values found for a smooth cylinder

for all Reynolds numbers. In Figure 4.11(c), fabric 4 with two seams share a similar flow

47
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behaviour past a Reynolds number of 1.0 x 10° when placed 45° and 50° from the stagnation
point. Fabric 4 with three seams achieves the lowest drag coefficient of approximately 0.66 at
a critical Reynolds number of 8.0 x 10* when placed 60° from the stagnation point in Figure
4.12(a). The drag coefficient values for the supercritical flow regime at 60° are lower than the
drag coefficient values at the critical flow regime for lower angles from the stagnation point for
fabric 4 with three seams. At 45° from the stagnation point in Figure 4.12(c), fabric 4 with
four seams decreases the drag coefficient to a minimum value of 0.67 at a critical Reynolds

number of approximately 1.0x 10° and remains relatively constant at higher Reynolds numbers.
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Figure 4.11: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 4 with one seam (a), (b) and two seams (c), (d).

48



4.3 EFFECTS OF FABRIC ROUGHNESS AND SEAMS

—D—9:3OU 0:350 —D—0:400 9:300 0:350 9:400
0 =45 ——0 = 50° —P>— 0 = 60° = H

B— Smooth —— 0 = 45° —— Smooth

(a) 1.4

0.28
0.26
0.24

& 0.22f

0.2
0.18}
0.16
0.14

4 6 8 10 12 14 4 6 8 10 12 14
Rep «104 Rep x10*

Figure 4.12: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 4 with three seams (a), (b) and four seams (c), (d).
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Figure 4.13: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 5 with one seam (a), (b) and two seams (c), (d).

The drag coefficient and Strouhal number as a function of Reynolds number is plotted in
Figures 4.13 and 4.14 for fabric 5 with one, two, three and four seams. In Figure 4.13(a),
placing a single seam of fabric 5 at angles of 45° and 50° from the stagnation point is effective
in decreasing the drag at Reynolds numbers experienced by the upper arm region of a
cyclist of 8.0 x 10* and greater with a constant average value of approximately 0.80. On
the other hand, placing the single seam 30° and 180° from the stagnation point causes the
drag coefficient values to be close to the values found for a smooth cylinder at all Reynolds
numbers tested. In Figure 4.13(c), the drag coefficient values are relatively constant with
an average value of 0.80 when two seams of fabric 5 are placed at angles of 40° to 50° from
the stagnation point at Reynolds numbers greater than 8.0 x 10*. Fabric 5 with two seams
reaches the drag crisis at the largest critical Reynolds number past 1.2 x 10° when placed 30°

from the stagnation point compared to other angles in Figure 4.13(c). The drag coefficient
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values for fabric 5 with three seams gradually decreases from a value of approximately 0.85 at
a Reynolds number of 6.0 x 10* and reaches a lower value of 0.70 at Reynolds numbers past
8.0 x 10* when placed 60° from the stagnation point in Figure 4.14(a). Fabric 5 with three
seams placed 60° from the stagnation point are observed to be the most effective in reducing
drag in the Reynolds numbers experienced by the upper arm region of a cyclist of 6.0 x 10*
to 1.0 x 10° compared to having one, two and four seams on the same fabric. Fabric 5 with
four seams has achieved a drag crisis at the lowest critical Reynolds number of 1.0 x 105 with
a minimum drag coefficient value of approximately 0.63 when placed at an angle of 45° from
the stagnation point compared to other angles as shown in Figure 4.14(c). At 30° and 35°
from the stagnation point, the subcritical low regime have a similar flow behaviour with an
average drag coefficient value of approximately 0.80 being achieved at Reynolds numbers

ranging from 7.0 x 10* to 1.0 x 10 for fabrics 4 and 5 with four seams.
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Figure 4.14: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 5 with three seams (a), (b) and four seams (c), (d).
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The drag coefficient and Strouhal number as a function of Reynolds number is plotted in
Figures 4.15 and 4.16 for fabric 6 with one, two, three and four seams. At all angles including
180° in Figure 4.15(a), fabric 6 with one seam reaches the critical flow regime at a Reynolds
number of 1.3 x 10°. Angles of 45° and 55° has the first drop in the drag coefficient at a
Reynolds number of 6.0 x 10* compared to other angles before reaching a lower value past a
Reynolds number of 1.20 x 10°. In Figure 4.15(c), the drag crisis for fabric 6 with 2 seams
occurs at a critical Reynolds number of 1.20 x 10° for all angles where 30° position from the
stagnation point achieves the lowest minimum drag coefficient of approximately 0.60. Fabric
6 with two seams is most effective in reducing the drag at Reynolds numbers experienced by
the upper arm region of a cyclist of 7.0 x 10* to 1.0 x 10° before reaching the drag crisis at a
critical Reynolds number of 1.20 x 10% when placed 45° and 50° from the stagnation point.
In Figure 4.16(a), placing fabric 6 with three seams at angles ranging from 35° to 50° relative
to the stagnation point achieves the drag crisis at critical Reynolds numbers ranging from
7.5 x 10* to 1.0 x 10° with minimum drag coefficient values varying from 0.80 to 0.86. The
drag coefficient is relatively constant at a value of 0.70 for Reynolds numbers of 7.0 x 10*
and greater when three seams of fabric 6 are placed at an angle of 60° from the stagnation
point. In Figure 4.16(c), fabric 6 with four seams decreases the minimum drag coefficient to
values of 0.60 to 0.70 at critical Reynolds numbers ranging from 8.0 x 10* to 1.0 x 10° when
placed 30° to 45° from the stagnation point.
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Figure 4.15: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 6 with one seam (a), (b) and two seams (c), (d).
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Figure 4.16: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 6 with three seams (a), (b) and four seams (c), (d).

95



4.3 EFFECTS OF FABRIC ROUGHNESS AND SEAMS

i e o i —o—sow o
0 — 60° Smooth —— 0 =45° —3— 0 = 50° —— Smooth
(a) 1.4 T T T T (c) 1.4
1.3} 1 -
1.2k
1.1 R
S
O o9}
0.8f
0.7+t
06
0.5 : : : : . : : : :
4 6 8 10 12 14 4 6 8 10 12 14
4 4
(b) 03 ' _Rep %10 (d) 03 Rep x10
0.28 1 0.28
0.26 1 0.26
0.24 . 0.24 1
& 0.22F 133 022+
0.2t 1 0.2+t
0.181 ¥ = - 0.18 1
0.16 1 0.16 |
0.14 : : : : 0.14 : : : :
4 6 8 10 12 14 4 6 8 10 12 14
Rep «10% Rep x10%

Figure 4.17: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 7 with one seam (a), (b) and two seams (c), (d).

The drag coefficient and Strouhal number as a function of Reynolds number is plotted in
Figures 4.17 and 4.18 for fabric 7 with one, two, three and four seams. In Figure 4.17(a),
placing fabric 7 with one seam at angles of 180° and 30° from the stagnation point causes the
drag coefficient values to be similar to a smooth cylinder. When fabric 7 with one seam is
placed 50° from the stagnation point, drag reduction is the most effective for the upper arm
region of a cyclist compared to other angles in achieving the lowest average drag coefficient
of approximately 0.80 at Reynolds numbers ranging from 8.0 x 10* to 1.0 x 10°. At Reynolds
numbers greater than 1.0 x 10°, the single seam of fabric 7 placed at an angle of 45° from
the stagnation point is shown to be effective in reducing the drag compared to other angles
found in Figure 4.17(a). Fabric 7 with two seams has high drag coefficient values close to a
smooth cylinder at angles of 30° and 35° from the stagnation point in Figure 4.17(c). This

is also evident from having low Strouhal number values shown in Figure 4.17(d). The drag
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coefficient reduces to an average value of 0.80 at the lowest critical Reynolds number of
approximately 1.0 x 10° and greater when fabric 7 with two seams is placed 50° from the
stagnation point. In Figure 4.18(a), placing fabric 7 with three seams at an angle of 60°
from the stagnation point decreases the drag coefficient drastically to a minimum value of
approximately 0.65 at Reynolds numbers greater than 1.0 x 10°. Fabric 7 with four seams
is least effective when placed 30° from the stagnation point compared to other angles as
shown in Figure 4.18(c). Fabric 7 with four seams has the lowest drag coefficient value of
approximately 0.80 at Reynolds numbers for the upper arm region of a cyclist that ranges
from 6.0 x 10* to 9.0 x 10* when placed 35° from the stagnation point. However, a minimum
drag coefficient of 0.60 is reached at Reynolds numbers greater than 1.0 x 10° when four

seams of fabric 7 are placed 45° from the stagnation point.
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Figure 4.18: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
and angular locations of fabric 7 with three seams (a), (b) and four seams (c), (d).
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All of the tested fabrics with one, two, three and four seams are compared at angles
of 30° and 45° from the stagnation point to explore its effect on drag reduction in Figures
4.19 and 4.20. Fabrics with one seam reaches the drag crisis at critical Reynolds numbers
greater than 1.2 x 10° when placed 30° from the stagnation point. In Figure 4.19(b), fabric 3
with two seams has the lowest average drag coefficient value of approximately 0.80 at the
Reynolds number range of the upper arm of a cyclist from 8.5 x 10* to 1.0 x 10° compared
to other fabrics with two seams before reaching a drag crisis at a critical Reynolds number
of 1.15 x 10°. Fabric 3 with three seams has achieved a drag crisis at the smallest critical
Reynolds number of approximately 9.0 x 10* when placed 30° from the stagnation point.
Fabric 1 with three seams has reached the lowest average drag coefficient of 0.71 at Reynolds
numbers past 1.0 X 10° compared to other fabrics with three seams in Figure 4.19(c). Fabric 4
with four seams has fairly constant drag coefficients with an average value of 0.76 at Reynolds
numbers greater than 8.0 x 10* when placed 30° from the stagnation point. Fabrics 2 and 5
with four seams placed 30° from the stagnation point has a similar flow behaviour in achieving
an average drag coefficient of approximately 0.80 for Reynolds numbers ranging from 7.0 x 10*
to 1.2 x 10° before reaching the critical flow regime. The drag coefficient decreases rapidly to
a minimum value of 0.60 at a critical Reynolds number of approximately 1.30 x 10° when

fabrics 2 and 5 with four seams are placed 30° from the stagnation point.

At 45° from the stagnation point in Figure 4.20(a), fabrics 2, 4 and 5 with one seam
has constant drag coefficients with an average value of roughly 0.80 at Reynolds numbers
starting from 8.0 x 10*. Fabric 1 with one seam reduces drag at the smallest Reynolds
number of approximately 6.0 x 10* with a constant average value of roughly 0.85. Fabrics
3 and 6 with one seam share a similar flow behaviour in having the lowest minimum drag
coefficients ranging from 0.62 to 0.65 at a critical Reynolds number of approximately 1.3 x 10°.
Majority of the fabrics with two seams reach the drag crisis at critical Reynolds numbers
greater than 1.20 x 10° when placed 45° from the stagnation point. Fabric 5 with two seams

has the lowest drag coefficient with an average value of 0.80 compared to other fabrics at
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Figure 4.19: Variation of the drag coefficient at given Reynolds numbers for all tested fabrics
placed 30° from the stagnation point for (a) one seam, (b) two seams, (c) three seams and
(d) four seams.

a Reynolds number range of 7.5 x 10* to 1.0 x 10° before reaching the critical flow regime
at Reynolds numbers past 1.20 x 10° in Figure 4.20(b). Fabric 4 with three seams has a
constant drag coefficient past a Reynolds number of 1.0 x 10° with an average value of 0.80
when placed 45° from the stagnation point as shown in Figure 4.20(c). Fabric 3 with three
seams are found to be the least effective at 45° from the stagnation point since the drag
coefficient values for a large range of Reynolds numbers are close to the values found for
a smooth cylinder in Figure 4.20(c). In Figure 4.20(d), fabrics 1, 3 and 6 with four seams
achieves the drag crisis at the lowest critical Reynolds number of approximately 8.0 x 10%

with similar minimum drag coefficient values that have an average value of approximately 0.70.

Fabrics 3, 5 and 7 with one seam placed 50° from the stagnation point are found to be
generally effective in reducing drag at Reynolds numbers ranging from 6.0 x 10* to 1.0 x 10°.
These cases are compared in Figure 4.21 to find the overall effectiveness of a fabric with

one seam that has smoothest (fabric 7), medium (fabric 5) and highest (fabric 3) arithmetic
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Figure 4.20: Variation of the drag coefficient at given Reynolds numbers for all tested fabrics
placed 45° from the stagnation point for (a) one seam, (b) two seams, (c) three seams and
(d) four seams.

roughness heights. They had also been compared when three seams are used and placed at
60° from the stagnation point because they have yielded the most drastic drag reduction.
Fabric 5 is the most effective in reducing the drag in the upper arm region of a cyclist of
6.0 x 10* < Rep < 1.0 x 10° with average drag coefficients ranging from 0.81 to 0.86 when
one seam is placed at an angle of 50° from the stagnation point. In Figure 4.21 and Table
4.2, fabric 3 with one seam placed 50° from the stagnation point has the highest average
coefficients past a Reynolds number of 8.0 x 10*. However, fabric 3 with one seam has the
lowest minimum drag coefficient of 0.73 at a critical Reynolds number of approximately
1.3 x 10° compared to other fabrics when placed 50° from the stagnation point. Each seam of
all fabrics have an aspect ratio, d/D of approximately 0.98% relative to the cylinder diameter.
The single seam fabrics with different roughness heights has a lower drag compared to a
single tripped cylinder from Truong et al. that reached a minimum drag coefficient value of

approximately 0.80 when placed with 2D tripwires having aspect ratios, d/D of 0.6%, 1.6%,
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3.2% and 6.3% at their respective critical angles [45]. Furthermore, fabrics with a single seam
that is 1 mm thick are more effective in reducing drag compared to a single 2D tripwire fitted

on a cylinder due to the effects of roughness.

Fabric 3 with three seams is most effective in reducing the drag at a large range of Reynolds
numbers when placed at an angle of 60° compared to other fabric cases. It is observed from
Tables 4.2 and 4.3 that smooth, medium and rough fabrics with one and three seams has
the smallest variation in drag coefficients at Rep > 1.0 x 10° compared to other Reynolds
number ranges. In the work of Ekmekci, a cylinder was fitted with three helical wires that
had an aspect ratio, d/D of 1.2% at a Reynolds number of 1.0 x 10* [26]. A significant bubble
extension in the near wake occurs when two of the front tripwires are located 60° from the
stagnation point while the third one is located at the base of the cylinder at 180° from the
stagnation point similar to the orientation found when three seams of the fabric are placed
120° apart from each other. All of the fabrics with three seams achieve a drastic drag reduction

and vortex shedding over a large range of Reynolds numbers when placed in this configuration.

Table 4.2: Average Cp values for the smoothest fabric (F7), roughest fabric (F3) and medium
roughness fabric (F5) with one seam placed 50° from the stagnation point at a range of
Reynolds numbers.

4.0 x 10* < Rep | 6.0 x 10* < Rep | 8.0 x 10* < Rep Rep >
Type < 6.0 x 104 < 8.0x 10* < 1.0 x 10° 1.0 x 10°
(6 - 10 m/s) (10 - 13 m/s) (13- 15 m/s) (15 - 20 m/s)
F3-S1 1.03 0.89 0.86 0.81
F5-S1 1.07 0.86 0.81 0.78
F7-S1 1.11 0.91 0.83 0.80
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Figure 4.21: Variation of the drag coefficient at given Reynolds numbers for roughest fabric
(fabric 3), smoothest fabric (fabric 7) and fabric with medium roughness (fabric 5) with one
seam placed 50° from the stagnation point.
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Figure 4.22: Comparison of drastic drag reduction for roughest fabric (fabric 3), smoothest
fabric (fabric 7) and fabric with medium roughness (fabric 5) with three seams placed 60°
from the stagnation point.
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Table 4.3: Average Cp values for the smoothest fabric (fabric 7), roughest fabric (fabric 3)
and medium roughness fabric (fabric 5) with three seams placed 60° from the stagnation
point at a range of Reynolds numbers.

4.0 x 10* < Rep | 6.0 x 10* < Rep | 8.0 x 10* < Rep Rep >
Type < 6.0 x 10* < 8.0 x 10* < 1.0 x 10° 1.0 x 10°
(6 - 10 m/s) (10 - 13 m/s) (13- 15 m/s) (15 -20 m/s)
F3-S3 0.90 0.69 0.68 0.68
F5-S3 0.96 0.77 0.71 0.67
F7-S3 0.99 0.83 0.73 0.66

Moreover, adding seams on a fabric are effective in reducing the drag of a cylinder to
a smaller critical Reynolds number. Rougher fabrics such as fabrics 1, 3 and 6 with four
seams achieve the drag crisis at critical Reynolds numbers ranging from 6.0 x 10% to 1.0 x 10°
for angles placed from 30° to 45° from the stagnation point. They also have a similar flow
behaviour past a critical Reynolds number of 8.0 x 10* when placed 45° from the stagnation
point. The maximum drag reduction for a fabric with multiple seams relative to a smooth
cylinder is approximately 40% at the Reynolds numbers experienced by the upper arm region

of a cyclist when subject to speeds of 10 to 15 m/s.

4.4 Effect of a Single Spanwise Tripwire

The influence of the tripwire has an effect on the wake at angles greater than 30° from the
stagnation point in a one wired case [46]. That is why the position of all tested tripwires are
varied from 30° to 70° from the stagnation point with wire aspect ratios ranging from 0.00492
< d/D < 0.0197 with thickness values of 0.5, 1 and 2 mm. Thickness comparison is explored
for 2D and zigzag tripwires at Age,—gor and Agre,—sor. Wavelength comparison is also explored
for zigzag tripwires with a constant thickness of 1 mm. These comparisons are investigated
in this section because thickness and spatial wavelengths are the main characteristics that
influence the angular location of the tripwire along the surface of the cylinder in effectively

reducing drag. The variation of the drag coefficient and Strouhal number with Reynolds
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number is plotted for all tripwires when placed at their respective critical angles. This helped

to obtain optimal cases that is most effective in reducing drag.

4.4.1 Thickness Comparison for 2D Tripwires

The drag coefficient as a function of Reynolds numbers is plotted in Figure 4.23 for 2D trip-
wires with thicknesses of 0.5, 1 and 2 mm. A 2D tripwire with a 0.5 mm thickness decreases the
drag coefficient at higher Reynolds numbers at angles of 60° and 70° from the stagnation point
in Figure 4.23(a). The 1 mm thick 2D tripwire can reduce drag at higher Reynolds numbers at
an angle of 50° from the stagnation point in Figure 4.23(b). In the work of Ekmekei, a cylinder
fitted with end plates inside a water channel had a length to diameter ratio, L/D of 8.78 [26].
A single 2D tripwire that had an aspect ratio, d/D of 0.012 relative to the cylinder diameter
is placed at a critical angle of 60° from the stagnation point at a Reynolds number of 1.0 x 10*
due to having the greatest extension in the mean recirculation bubble length. In the present
work, the 1 mm thick 2D tripwire can effectively reduce drag at a lower critical angle of 50°
from the stagnation point compared to past literature. The 2 mm thick 2D tripwire is effective

in reducing drag at angles of 30° and 40° from the stagnation point as shown in Figure 4.23(c).

4.4.2 Thickness Comparison for Zigzag Tripwires

In Figure 4.24, the drag coefficient as a function of Reynolds number is plotted when the
thickness of zigzag tripwires are varied from 0.5 mm and 1 mm at Ag.,—gox. The 1 mm thick
zigzag tripwire with Ag.,—eor is effective in drag reduction at higher Reynolds numbers for
angles of 30° and 40° from the stagnation point in achieving a minimum drag coefficient of
approximately 0.80 at a critical Reynolds number of 1.3 x 10° in Figures 4.24(b) and 4.25.
In Figures 4.25 and 4.26, a zigzag tripwire that is 0.5 mm thick is more effective in drag re-

duction at angles of 50° to 70° from the stagnation point compared to having a 1 mm thickness.
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Figure 4.23: Variation of the drag coefficient at given Reynolds numbers for 2D tripwires
with thicknesses of (a) 0.5 mm, (b) 1 mm and (c) 2 mm at angles of 30° to 70° from the
stagnation point.
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Figure 4.24: Variation of the drag coefficient at given Reynolds numbers for zigzag tripwires
with Age,—eox for (a) 0.5 and (b) 1 mm thickness at angles of 30° to 70° from the stagnation
point.
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Figure 4.25: Variation of the drag coefficient at given Reynolds numbers for zigzag tripwires
with Agre,—eor for 0.5 and 1 mm thickness at angles of 30°, 40° and 50° from the stagnation
point.
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Figure 4.26: Variation of the drag coefficient at given Reynolds numbers for zigzag tripwires
with Age,—¢ox for 0.5 and 1 mm thickness at angles of 60° and 70° from the stagnation point.
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In Figures 4.27(a) and 4.27(b), two different thickness values of 1 and 2 mm for the zigzag
tripwires are compared at Ag.,—sox. An angle of 30° from the stagnation point is the most
effective location for drag reduction for both thickness values at high Reynolds numbers. In
Figures 4.27(b), 4.28 and 4.29, a 2 mm thick zigzag tripwire at Ag.,—sox loses effectiveness

at angles larger than 50° from the stagnation point, indicating permanent boundary layer

separation.
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Figure 4.27: Variation of the drag coefficient at given Reynolds numbers for zigzag tripwires
with Age,—sor for (a) 1 and (b) 2 mm thickness at angles of 30° to 70° from the stagnation
point.

At 30°, a 2 mm thick zigzag tripwire is more effective at reducing the drag coefficient
at higher Reynolds numbers compared to a 1 mm thick zigzag tripwire with Age,—gox from
Figure 4.28. A 1 mm thick zigzag tripwire has a lower drag at larger angles of 40° to 70° from

the stagnation point compared to a tripwire with a 2 mm thickness from Figures 4.28 and 4.29.
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Figure 4.28: Variation of the drag coefficient at given Reynolds numbers for zigzag tripwires
with Age,—sor for 1 and 2 mm thickness at angles of 30°, 40° and 50° from the stagnation
point.
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Figure 4.29: Variation of the drag coefficient at given Reynolds numbers for zigzag tripwires
with Agre,—sor for 1 and 2 mm thickness at angles of 60 and 70° from the stagnation point.
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4.4.3 Wavelength Comparison for Zigzag Tripwires

In Figure 4.30, two zigzag tripwires with different spatial wavelengths are compared at a
given thickness of 1 mm. At angles of 30° to 70° from the stagnation point, the tripwire
with lower spatial wavelengths, Age,—sor has a lower drag compared to a tripwire with higher
spatial wavelengths, Ag.,—eor in Figures 4.31 and 4.32. There is a small variation in drag for
both tripwires in Figure 4.31 past a Reynolds number of 1.0 x 10° when placed at angles of
30° to 50° from the stagnation point.
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Figure 4.30: Variation of the drag coefficient at given Reynolds numbers for Imm thick zigzag
tripwires with (a) Agep—6or and (b) Agre,—sox for angles of 30° to 70° from the stagnation
point.
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Figure 4.31: Variation of the drag coefficient at given Reynolds numbers for 1mm thick zigzag
tripwires with Ag,—sor and Age,—sor for angles of 30°, 40° and 50° from the stagnation point.
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Figure 4.32: Variation of the drag coefficient at given Reynolds numbers for I1mm thick zigzag
tripwires with Agre,—sor and Age,—sor for angles of 60° and 70° from the stagnation point.
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4.4.4 Optimal Tripwire Cases

The variation of the drag coefficient at given Reynolds numbers are obtained for 2D and zigzag
tripwires with thickness values of 0.5, 1 and 2 mm at angles of 30° to 70° from the stagnation
point in Figure 4.33. The boundary layer of a thick tripwire reattaches downstream of the
cylinder surface at an angular range of 30° to 50° from the stagnation point by transitioning
to turbulence, causing the shedding frequency and loading to be modified [22]. In Figures
4.34, 4.36 and 4.37, the variation of the drag coefficient and Strouhal number with Reynolds
number has been obtained for 2D and zigzag tripwires with thicknesses of 1 and 2 mm at
critical angles ranging from 30° to 50° from the stagnation point where drag reduction occurs.
It is important to note that the boundary layer becomes permanently separated for larger
tripwires with a thickness of 2 mm when placed at angles larger than 50° from the stagnation
point. However, smaller tripwires with a thickness of 0.5 mm can remain attached to the
cylinder at large angles up to 70° from the stagnation point. In Figure 4.35, the variation of
the drag coefficient and Strouhal number with Reynolds number have been obtained for 2D
and zigzag tripwires with a thickness of 0.5 mm at critical angles ranging from 50° to 70°

from the stagnation point where drag reduction is evident.
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Figure 4.33: Variation of the drag coefficient with Reynolds numbers for all tripwires at

angles of (a) 30°, (b) 40°, (c) 50°, (d) 60° and (e) 70° from the stagnation point.
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Figure 4.34: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
for 2D tripwires with thickness values of 1 mm (a), (b) and 2 mm (c), (d) at angles of 30° to
50° from the stagnation point.
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Figure 4.35: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
for 0.5 mm thick tripwires with 2D geometry (a), (b) and zigzag geometry with Ag.,—eox (c),
(d) at angles of 50° to 70° from the stagnation point.
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Figure 4.36: Variation of the drag coefficient and Strouhal number at given Reynolds numbers
for 1 mm thick zigzag tripwires with Age,—gox, (a), (b) and Age,=sor (c), (d) at angles of 30°
to 50° from the stagnation point.
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Figure 4.37: Variation of (a) drag coefficient and (b) Strouhal number at given Reynolds
numbers for 2 mm thick zigzag tripwire with Ag.,—gor for angles of 30° to 50° from the

stagnation point.
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The larger the thickness of tripwires, the more easily it can trip the flow to turbulence
and decrease drag at lower angles from the stagnation point [45]. The effective angular range
for tripwires with thickness values of 1 and 2 mm was 30° to 50° from the stagnation point.
The effective angular range for 2D and zigzag tripwires with thickness of 0.5 mm is 50° to
70° from the stagnation point. When a tripwire is placed at an angular location smaller than
the critical angle, the shear layer becomes reattached to the surface of the cylinder [26]. At
the critical location where the minimum drag coefficient and maximum Strouhal number
occurs, the shear layer experiences a bistable state in the cylinder cross-section by alternating
between flow reattachment and separation patterns [26]. When a tripwire is placed at the
respective critical angle, early development of shear layer instability is triggered in the wire
shear layer. This increases the Strouhal number because it allows the mean recirculation
bubble length to attain its maximum value in meeting the entrainment demands of the
shear layer. On the other hand, the shear layer would always be separated if the tripwire is
positioned at an angular location larger than the critical angle. For example, a 1 mm thick
2D tripwire effectively decreases drag at a high Reynolds number from a low angle of 30° to a
maximum critical angle of 50° from the stagnation point where the shear layer is attached to
the cylinder surface. Increasing the angular position beyond the critical angle of 50° such as
60° and 70° from the stagnation point causes the shear layer to permanently separate from
the cylinder surface, leading to a larger drag. This causes the mean recirculation bubble

length to contract, causing the Strouhal number to decrease.
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The drag coefficient plotted as a function of Reynolds numbers found in Figure 4.38 shows
the optimal cases where the given tripwire can effectively reduce drag at a specific angle from
the stagnation point based on thickness and spatial wavelengths. In the optimal tripwire
cases found below in Figure 4.38 and Table 4.4, the 2D tripwire with 0.5 mm thickness has
the lowest average drag coefficient of 0.80 past a Reynolds number of 1.0 x 10° when placed
70° from the stagnation point. The 2 mm thick tripwire with 2D and zigzag geometry at
ARep—sor has similar effectiveness past a Reynolds number of 8.0 x 10* when placed 30° and
40° from the stagnation point as shown in Table 4.4. It is observed from Figure 4.38 and
Table 4.4 that there is a small variation in the drag coefficient for all optimal tripwire cases
for Reynolds numbers greater than 8.0 x 10* except for a 2D tripwire with 0.5 mm thickness
placed 70° from the stagnation point. Overall, the maximum drag reduction of a tripwire
relative to a smooth cylinder is approximately 20% when placed at its respective critical

angle from the stagnation point.

14 T T T T

> 7760K-0.5
0 = 60° -

7760K-1 mm

—>—

7] ZZ80K-1 mm
0 = 30°
ZZ80K-2 mm

s

0.7 ' ! ! ! —— Smooth

4 6 8 10 12 14

Rep %10%

F‘igure 4.38: Variation of the drag coefficient with Reynolds number for the tripwire cases
producing the lowest drag as previously identified.
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Table 4.4: Average Cp values for optimal tripwire cases with 2D and zigzag geometry at a
range of Reynolds numbers.

4.0 x 10* < Rep | 6.0 x 10* < Rep | 8.0 x 10* < Rep Rep >
Type < 6.0 x 10* < 8.0 x 10* < 1.0 x 10° 1.0 x 103
(6 - 10 m/s) (10 - 13 m/s) (13- 15 m/s) (15 - 20 m/s)
2D-0.5 mm,
0 — 700 1.09 0.94 0.87 0.80
2D-1 mm,
§ — 500 0.99 0.89 0.86 0.83
2D-2 mm,
0 — 40° 1.00 0.89 0.85 0.81
ZZ60K-0.5 mm, 1.05 0.91 0.86 0.83
6 = 60°
Z2760K-1 mm,
0 — 40° 1.06 0.93 0.88 0.84
Z780K-1 mm,
0 — 30° 1.13 0.96 0.87 0.82
Z780K-2 mm,
0 — 30° 1.06 0.92 0.85 0.82

4.5 Effect of Single Tripwire on Fabric

In this section, a single tripwire is attached to fabrics with low, medium and high roughness
to help support the design of skinsuits for a cyclist. The flow behaviour for fabric and tripwire
combinations is compared to wrapping fabrics and mounting tripwires alone on a cylinder
at angles of 30° to 60° from the stagnation point. This helps to explore the influence of
the combined effects of surface roughness of fabrics, geometry and location of tripwires on
the drag of a cylinder. The average drag coefficient values for Reynolds number ranges are
tabulated for smooth, medium and rough fabrics with tripwires that are symmetrically placed

at angles of 30° to 60° from the stagnation point.
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Flow Direction 4]
0
ol

Tripwire

Figure 4.39: Schematic of a tripwire and a fabric seam placed symmetrically from the
stagnation point.

4.5.1 Single Tripwire on a Smooth Fabric

In Figure 4.39, the fabric seam and the respective tripwire is placed symmetrically at an
angle, 0, apart from the stagnation point. A single zigzag tripwire with 1 mm thickness and
ARep=6ok 1S attached onto the smoothest fabric. In Figures 4.40 and 4.41, the variation of
the drag coefficient with Reynolds number is compared for fabric 7 with one seam, 1 mm
thick zigzag tripwire with Age,-¢or and when both are attached together in a symmetric
orientation at angles of 30° to 60° from the stagnation point. At a low angle of 30° from
the stagnation point, fabric 7 with a 1 mm thick zigzag tripwire that has Ag.,—eor attached
in a symmetric orientation achieves the lowest minimum drag coefficient of approximately
0.77 at a critical Reynolds number of approximately 1.3 x 10° compared to using only fabric
7 and a tripwire separately from Figure 4.41(a). At 30°, fabric 7 with a tripwire and the
tripwire alone begins to have a similar flow behaviour at Reynolds numbers past 1.0 x 10°. A
1 mm thick ZZ60K tripwire has a similar low behaviour to the single seam of fabric 7 and
the same zigzag tripwire placed symmetrically at angles of 40° to 60° from the stagnation
point. They both have a lower drag coefficient compared to fabric 7 with one seam at a
low angle of 30° from the stagnation point. At higher angles of 40° to 60° from the stagna-
tion point, fabric 7 with 1 seam has the lowest drag coefficient from Figures 4.41(b) to 4.41(d).
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Figure 4.40: Variation of drag coefficient with Reynolds number at angles of 30° to 60° from
the stagnation point for (a) fabric 7 with one seam, (b) 1 mm thick zigzag tripwire with
ARep—60k » () fabric 7 with one seam and 1 mm thick zigzag tripwire with Age,—eox that are
placed symmetrically from the stagnation point.
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Figure 4.41: Variation of drag coefficient with Reynolds number for fabric 7 with one seam,

a 1 mm thick zigzag tripwire with Ag.,—¢or and a combination where both are placed

symmetrically at angles of (a) 6 = 30°, (b) 6 = 40°, (¢) # = 50° and (d) 6 = 60° from the
stagnation point.
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4.5.2 Fabric and Tripwire Combinations for Medium and Rough

Fabrics

Medium and rough fabrics have been attached with tripwires in three different orientations
found in Figure 4.42 with respect to the incoming flow direction. T-S orientation means that
the tripwire and fabric seam is 180° apart with the tripwire facing first with respect to the
incoming flow direction as shown in Figure 4.42(b). S-T orientation means that the tripwire
and fabric seam is 180° apart with the seam facing the incoming flow direction before the

tripwire as shown in Figure 4.42(c).
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(a) Fabric Seam (b)
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Flow Direction
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Figure 4.42: Fabric seam and tripwire that are (a) placed symmetrically from the stagnation
point, (b) 180° apart where the tripwire is facing the incoming flow direction before the seam
in a T-S orientation and (c) 180° apart where the seam of the fabric is facing the incoming
flow direction before the tripwire in a S-T orientation.
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4.5.2.1 Single Tripwire on a Fabric with Medium Roughness

A 2 mm thick 2D tripwire is attached on fabric 5 with one seam that has an intermediate
roughness in three different orientations as previously shown in Figure 4.42. The flow
behaviours for the multiple orientations of fabric 5 with one seam and a 2D tripwire with 2
mm thickness are compared to only placing fabric 5 with one seam and the tripwire separately
at angles of 30° to 60° from the stagnation point in Figures 4.43 to 4.45. Similarly, a 2 mm
thick zigzag tripwire with Ag.,—sor is attached in three different orientations and compared

to other cases found in Figures 4.46 to 4.48.
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Figure 4.43: Variation of drag coefficient with Reynolds number at angles of 30° to 60° from
the stagnation point for (a) fabric 5 with one seam, (b) 2 mm thick 2D tripwire (c) fabric 5
with one seam and 2 mm thick 2D tripwire that are placed symmetrically from the stagnation
point.
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Figure 4.44: Variation of drag coefficient with Reynolds number at angles of 30° to 50° from
the stagnation point for fabric 5 with one seam that is 180° apart from a 2 mm thick 2D
tripwire in (a) T-S orientation where the tripwire is facing the incoming flow direction before
the fabric seam and (b) S-T orientation where the fabric seam is facing the incoming flow
direction before the tripwire.
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Figure 4.45: Variation of drag coefficient with Reynolds number for fabric 5 with one seam, a
2 mm thick 2D tripwire and a combination where both are placed symmetrically at angles of
(a) 8 = 30° (b) 6 = 40°, (c) = 50° and (d) 6 = 60° from the stagnation point.
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In Figure 4.43(a), fabric 5 with one seam has drag coefficient values close to a smooth
cylinder when placed 30° from the stagnation point. Fabric 5 with the 2 mm thick 2D tripwire
attached in a T-S orientation is most effective at 30° from the stagnation point compared to
other cases with an average drag coefficient of 0.76 at Reynolds numbers of 8.0 x 10* and
greater as shown in Figures 4.44(a) and 4.45(a). In Figure 4.44(b), fabric 5 with the 2 mm
thick 2D tripwire attached in a S-T orientation are effective at Reynolds numbers greater than
1.0 x 10° in achieving an average drag coefficient value of approximately 0.77 when placed at
angles of 40° and 50° from the stagnation point. The seam of fabric 5 and 2 mm thick 2D
tripwire arranged in a symmetric orientation have a similar flow behaviour as placing a 2

mm thick 2D tripwire alone for majority of the angles from the stagnation point in Figure 4.45.

At 6 = 50°, the 2 mm thick 2D tripwire alone and fabric 5 with symmetric and T-S
orientations have similar drag coefficient values past a Reynolds number of 9.0 x 10? as
shown in Figure 4.45(c). In Figure 4.45(c), fabric 5 with one seam only and with a 2 mm
thick 2D tripwire attached in a S-T orientation has a similar flow behaviour past a Reynolds
number of 6.0 x 10* at 50° from the stagnation point with an average drag coefficient value
of approximately 0.80. At 60° from the stagnation point, fabric 5 with one seam has a lower
drag coefficient than the other cases in Figure 4.45(d). Fabric 5 with one seam that is placed
symmetrically from a 2 mm thick 2D tripwire and the same tripwire placed alone at an
angle of 60° from the stagnation point experiences a similar flow behaviour in having drag

coefficient values greater than the smooth cylinder in Figure 4.45(d).
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Figure 4.46: Variation of drag coefficient with Reynolds number at angles of 30° to 60° from
the stagnation point for (a) fabric 5 with one seam, (b) 2 mm thick zigzag tripwire with
ARep—sok, (€) fabric 5 with one seam and 2 mm thick zigzag tripwire with Ag.,—sox that are
placed symmetrically from the stagnation point.

At 6 = 30°, fabric 5 with the 2 mm thick ZZ80K tripwire attached in a S-T orientation
has a large drag coefficient up to a Reynolds number of 1.0 x 10 and decreases to a minimum
drag coefficient value of 0.80 at a critical Reynolds number of approximately 1.3 x 10° as
shown in Figures 4.47(b) and 4.48(a). The 2 mm thick ZZ80K tripwire placed 30° from the
stagnation point has a similar flow behaviour to the fabric 5 seam and the corresponding
tripwire arranged in a symmetric orientation as shown in Figure 4.48(a). Fabric 5 with the 2
mm thick ZZ80K tripwire attached in a T-S orientation has maintained a low drag coefficient
with an average value of 0.77 at Reynolds numbers starting from 6.5 x 10* and greater when

placed 30° from the stagnation point.
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Figure 4.47: Variation of drag coefficient with Reynolds number at angles of 30° to 50° from
the stagnation point for fabric 5 with one seam that is 180° apart from the 2 mm thick zigzag
tripwire with Age,—sox in (a) T-S orientation where the tripwire is facing the incoming flow
direction before the fabric seam and (b) S-T orientation where the fabric seam is facing the
incoming flow direction before the tripwire.
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Figure 4.48: Variation of drag coefficient with Reynolds number for fabric 5 with one seam, a
2 mm thick zigzag tripwire with Ag.,—gor and a combination where both are symmetrically
placed at (a) 6 = 30°, (b) 6 = 40°, (c) # = 50° and (d) # = 60° from the stagnation point.
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At 0 = 40°, fabric 5 with the 2 mm thick zigzag tripwire attached in symmetric and T-S
orientations have a similar flow behaviour at Reynolds numbers greater than 8.0 x 10% in

Figure 4.48(b). Fabric 5 with the 2 mm thick ZZ80K tripwire attached in a S-T orientation
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has the lowest drag coefficient with an average value of 0.78 past a Reynolds number of

1.0 x 10° compared to other cases placed 40° from the stagnation point.

At 0 = 50°, fabric 5 with the 2 mm thick zigzag tripwire placed in symmetric and T-S
orientations also have a similar flow behaviour past a Reynolds number of 8.0 x 10* as shown
in Figure 4.48(c). At 6 = 50°, fabric 5 with one seam attached with a tripwire in a S-T
orientation has a similar flow behaviour to using only fabric 5 with one seam in achieving the
lowest drag compared to other cases regardless of the tripwire having a 2D or zigzag geometry
from Figures 4.45(c) and 4.48(c). At @ = 50° and 60°, the 2 mm thick ZZ80K tripwire has
large drag coefficients with values close to the smooth cylinder as shown in Figures 4.48(c)
and 4.48(d). However, fabric 5 with one seam and a 2 mm thick ZZ80K tripwire arranged
in a symmetric orientation share a similar flow behaviour to fabric 5 with one seam placed
alone at an angle of 60° from the stagnation point. Moreover, the symmetric orientation is
found to be more effective than only using a 2 mm thick zigzag tripwire at angles larger than

30° from the stagnation point.

Fabric 5 with one seam is more effective than placing only a 2D or zigzag tripwire with a
thickness of 2 mm and Ag.,—sor on a cylinder at angles of 50° and larger from the stagnation
point. Fabric 5 with a 2 mm thick zigzag tripwire having Ag.,=sor arranged in a symmetric
orientation has effectively decreased the drag coefficient at large angles of 50° and 60° from
the stagnation point compared to having the fabric attached with a 2 mm thick 2D tripwire

in the same orientation as shown in Figures 4.45(c), 4.45(d), 4.48(c) and 4.48(d).

At 6 = 307, attaching a 2D or zigzag tripwire with a thickness of 2 mm and Ag.,—gox on
fabric 5 has the lowest average drag coefficient of approximately 0.76 in a T-S orientation
at Reynolds numbers greater than 8.0 x 10? as shown in Figures 4.45(a) and 4.48(a). At
0 = 50° in Figure 4.45(c), drag reduction is least effective when only a 2D tripwire, fabric

and tripwire that are arranged in symmetric and T-S orientations are used because all drag
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coefficient values are close to the flow behaviour of a smooth cylinder. On the other hand,
drag reduction is effective in the Reynolds number range experienced by the upper arm region
of a cyclist past 8.0 x 10* at large angles of 40° and 50° from the stagnation point when
attaching a 2 mm thick tripwire with either 2D or zigzag geometry having Ag.,—sor on fabric

5 in a S-T orientation.

4.5.2.2 Single Tripwire on Roughest Fabric

The roughest fabric, fabric 3 is attached with a 1 mm thick ZZ60K tripwire in three different
orientations found in Figure 4.42. It is compared with other cases such as placing only a
fabric and a tripwire separately on a cylinder at angles of 30° to 60° from the stagnation point.
Fabric 3 with a 1 mm thick ZZ60K tripwire attached in a T-S orientation has the lowest
drag coefficient of approximately 0.60 to 0.63 at all angles at a critical Reynolds number of
approximately 1.3 x 10° in Figures 4.49(d) and 4.50. Overall, it has a lower drag than other
cases at higher Reynolds numbers past 1.0 x 10° for angles ranging from 30° to 50° from the
stagnation point. It is also shown to be effective for a large range of Reynolds numbers that
occur from 6.0 x 10* to 1.30 x 10° when placed 60° from the stagnation point. The roughest
fabric (fabric 3) and smoothest fabric (fabric 7) with one seam that is placed symmetrically
with a 1 mm thick ZZ60K tripwire relative to the stagnation point has a similar flow behavior
to using the same tripwire alone on a cylinder at angles ranging from 30° to 60° from the

stagnation point regardless of fabric roughness.
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Figure 4.49: Variation of drag coefficient with Reynolds number at angles of 30° to 60° from
the stagnation point for (a) fabric 3 with one seam, (b) 1 mm thick zigzag tripwire with
ARep=60k , () fabric 3 with one seam and 1 mm thick zigzag tripwire with Age,—eor arranged
in a symmetric orientation, (d) fabric 3 with one seam that is 180° apart from the 1 mm
thick zigzag tripwire with Age,—¢or Where the tripwire is facing the incoming flow direction
first (T-S) and (e) fabric 3 with one seam that is 180° apart from the 1 mm thick zigzag
tripwire with Age,—eor Where the seam is facing the incoming flow direction first (S-T).
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4.5.3 Comparison of Fabrics and Tripwires Arranged in a

Symmetric Orientation

In Figure 4.51, the drag coefficient is plotted as a function of Reynolds numbers when fabrics
3, 5 and 7 is attached with their respective tripwires in a symmetric orientation at angles of
30° to 60° from the stagnation point. It is observed that fabric 5 with a 2 mm thick ZZ80K
tripwire has the lowest drag compared to fabrics 3 and 7 arranged in a symmetric orientation
with other tripwires for a large range of Reynolds numbers when placed 40° to 60° from the
stagnation point. Tables 4.5 to 4.8 shows the average drag coefficient values for a range of
Reynolds numbers for fabrics 3, 5 and 7 with the respective tripwires attached in a symmetric
orientation. In Tables 4.5 to 4.8 and Figure 4.51, fabrics 3 and 7 attached with the 1 mm
thick zigzag tripwire in a symmetric orientation have a similar flow behaviour when placed at
angles of 40° to 60° from the stagnation point for the entire range of Reynolds numbers from

4.0 x 10* to 1.30 x 105. Fabric 5 with the 2 mm thick 2D tripwire arranged in a symmetric
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orientation is the least effective in reducing drag at an angle of 60° from the stagnation
point. Fabric 3 with the 1 mm thick ZZ60K tripwire arranged in a symmetric orientation has
the lowest drag coefficient of 0.77 at a critical Reynolds number of approximately 1.3 x 10°
when placed at angles of 40° and 50° from the stagnation point. The largest variation in the
average drag coefficients for all cases in a symmetric orientation occurs at an angle of 60°

from the stagnation point compared to other angles past Rep = 6.0 x 10%.
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Figure 4.51: Variation of drag coefficient with Reynolds number for roughest fabric (fabric
3), smoothest fabric (fabric 7) and fabric with medium roughness (fabric 5) with tripwires
arranged in a symmetric orientation at angles of (a) 6 = 30°, (b) = 40°, (c¢) § = 50° and
(d) & = 60° from the stagnation point.
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Table 4.5: Average Cp values for smoothest fabric (fabric 7), roughest fabric (fabric 3) and
fabric with medium roughness (fabric 5) with tripwires arranged in a symmetric orientation
at a range of Reynolds numbers when placed 30° from the stagnation point.

4.0 x 10* < Rep | 6.0 x 10* < Rep | 8.0 x 10* < Rep Rep>
Type < 6.0 x 10* < 8.0 x 10* < 1.0 x 10° 1.0 x 10°
(6- 10 m/s) (10 - 13 m/s) (13-15m/s) | (15 - 20 m/s)

F3-S1

& 7760K-1 mm 1.15 1.03 0.90 0.84
F5-S1

& 2D-2 mm 1.09 0.95 0.87 0.83
F5-S1

& 7780K-2 mm 1.15 0.93 0.84 0.80
F7-S1

& 7760K-1 mm 1.14 1.08 0.94 0.80

Table 4.6: Average Cp values for smoothest fabric (fabric 7), roughest fabric (fabric 3) and
fabric with medium roughness (fabric 5) with tripwires arranged in a symmetric orientation
at a range of Reynolds numbers when placed 40° from the stagnation point.

4.0 x 10* < Rep | 6.0 x 10* < Rep | 8.0 x 10* < Rep Rep >
Type < 6.0 x10* < 8.0x10* < 1.0 % 10° 1.0 % 10°
(6 - 10 m/s) (10 - 13 m/s) (13-15m/s) | (15- 20 m/s)
F3-S1
& Z7Z60K-1 mm 1.02 0.93 0.90 0.85
F5-S1
& 2D-2 mm 1.03 0.94 0.90 0.86
F5-S1
& 7780K-2 mm 1.03 0.89 0.84 0.81
F7-S1
& 77Z60K-1 mm 1.08 0.94 0.88 0.85
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Table 4.7: Average Cp values for smoothest fabric (fabric 7), roughest fabric (fabric 3) and
fabric with medium roughness (fabric 5) with tripwires arranged in a symmetric orientation
at a range of Reynolds numbers when placed 50° from the stagnation point.

4.0 x 10* < Rep | 6.0 x 10* < Rep | 8.0 x 10* < Rep Rep >
Type < 6.0 x 10* < 8.0 x 10* < 1.0 x 10° 1.0 x 10°
(6 - 10 m/s) (10 - 13 m/s) (13-15m/s) | (15- 20 m/s)
F3-S1
& ZZ60K-1 mm 0.99 0.93 0.91 0.87
F5-S1
& 2D-2 mm 1.00 0.94 0.91 0.89
F5-S1
& 7780K-2 mm 1.00 0.90 0.85 0.83
F7-S1
& ZZ60K-1 mm 1.03 0.93 0.89 0.87

Table 4.8: Average Cp values for smoothest fabric (fabric 7), roughest fabric (fabric 3) and
fabric with medium roughness (fabric 5) with tripwires arranged in a symmetric orientation
at a range of Reynolds numbers when placed 60° from the stagnation point.

4.0 x 10* < Rep | 6.0 x 10* < Rep | 8.0 x 10* < Rep Rep >
Type < 6.0 x 10* < 8.0 x 10* < 1.0 x 10° 1.0 x 10°
(6- 10 m/s) (10 - 13 m/s) (13- 15m/s) | (15-20 m/s)
F3-S1
& ZZ60K-1 mm 1.02 0.95 0.94 0.89
F5-S1
& 2D-2 mm 1.10 1.04 1.02 1.00
F5-S1
& ZZ80K-2 mm 1.00 0.89 0.85 0.84
F7-S1
& ZZ60K-1 mm 1.04 0.95 0.92 0.89
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Furthermore, varying the angular locations of fabric seams and tripwires from the stagna-
tion point can effectively decrease the drag at Reynolds numbers experienced by the upper
arm region of a cyclist. Drastic drag reduction mainly occurs for fabrics with three seams
that are placed 60° from the stagnation point. The drag reduction for a single tripwire placed
at a critical angle from the stagnation point on a cylinder is similar to the literature with a
minimum drag coefficient value of approximately 0.80 at high Reynolds numbers [45]. The
influence of tripwires with a large thickness of 2 mm decreases the drag coefficient effectively
at critical angles ranging from 30° to 40° from the stagnation point and permanently separate
at larger angles. The separation of the reattached boundary layer is delayed at large angles
up to 70° from the stagnation point for smaller tripwires with a thickness of 0.5 mm. The
overall relationship between the thickness and the critical angular location of the tripwire

placed along the cylinder is in close agreement with previous literature findings [22, 32].

The results also provide an insight of how attaching a tripwire with the same thickness as
a seam of the fabric in a symmetric orientation has a similar flow behaviour as attaching only
a tripwire with 1 mm thickness regardless of the fabric roughness. The combination of fabrics
and tripwires has a similar flow behaviour at specific angles compared to attaching only
fabrics or tripwires onto a cylinder. Fabric 5 with an intermediate roughness attached with a
2 mm thick 2D tripwire in a symmetric orientation would reduce drag at a low critical angle
of 30° and have high drag at larger angles of 50° and 60° from the stagnation point similar to
attaching the same tripwire alone on a cylinder. Moreover, attaching a 2D tripwire on a fabric
with intermediate roughness that is thicker than the seam in a symmetric orientation would
have similar flow attachment and separation patterns as placing the same tripwire alone on a
cylinder for all angles. However, attaching a zigzag tripwire on a fabric with intermediate
roughness would have different flow patterns than placing a zigzag tripwire alone at locations
larger than the critical angle of the respective tripwire. For instance, a 2 mm thick zigzag
tripwire placed alone on a cylinder has the same flow behaviour as fabric 5 with the same

tripwire attached in a symmetric orientation when placed 30° from the stagnation point. At
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50° and 60° from the stagnation point, the drag coefficient values for a 2 mm thick zigzag trip-
wire placed alone on a cylinder increases, indicating a permanent boundary layer separation.
However, fabric 5 with a 2 mm thick zigzag tripwire that is arranged in a symmetric orienta-
tion has maintained a lower drag coefficient at angles greater than 40° from the stagnation
point compared to placing only a 2 mm thick zigzag tripwire on the cylinder. This shows how
a fabric with intermediate roughness attached with a tripwire that is thicker than the seam
in a symmetric orientation has the same flow behaviour as the corresponding tripwire being
placed alone on a cylinder at the same critical angle of a tripwire regardless of having a 2D
or zigzag geometry. At locations larger than the critical angle of the zigzag tripwire attached,
the fabric with the zigzag tripwire that is thicker than the seam is no longer under the
influence of the respective tripwire but begins to share a similar flow behaviour as wrapping
the cylinder with only a fabric of the same roughness that has a single seam. Furthermore,
fabrics with an intermediate roughness attached with a zigzag tripwire that is thicker than

the seam would have lower drag at locations larger than the critical angle of the same tripwire.

Fabric 5 with a 2 mm thick zigzag tripwire with Ag.,—gor arranged in a symmetric ori-
entation has the lowest drag compared to other fabric and tripwire combinations with the
same orientation at angles of 30° to 60° from the stagnation point. An S-T orientation is the
most effective at larger angles of 40° and 50° from the stagnation point for fabric 5 with a 2
mm thick tripwire that has 2D or zigzag geometry in producing an average drag coefficient
value of 0.80 at Reynolds numbers greater than 8.0 x 10%. Fabric 3 with a 1 mm thick zigzag
tripwire with Age,—eor in a S-T orientation is generally effective at angles of 30° to 60° in
reducing the drag coefficient at Reynolds numbers ranging from 6.0 x 10* to 1.0 x 10°. Fabric
3 with a zigzag tripwire arranged in a T-S orientation is effective for Reynolds numbers
greater than 8.0 x 10% at large angles of 50° and 60° from the stagnation point. Moreover,
these fabric and tripwire combinations can reduce drag by approximately 20% relative to a

smooth cylinder at Reynolds numbers experienced by the upper arm region of a cyclist.
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4.6 Potential Time Gains for Cyclists

Reducing the drag of a cyclist can help provide potential time gains with the same power
input. The total drag area, CpA of the cyclist and bicycle is 0.211 m? in a time trial position
[3]. The most significant drag reductions occur along the upper arms and lower legs of a
cyclist [8]. In a time trial position, the drag areas of the upper arms and lower legs contribute
to 13% and 22% of the drag area of the cyclist, 0.134 m? [3, 47]. In 2022, female cyclist, Ellen
van Dijk, and male cyclist, Filippo Ganna, had a record of cycling at average speeds of 13.68
and 15.78 m/s within an hour [48]. The records can be improved further by applying drag
reductions up to 50% for the upper arms, lower legs and combined for each of the cyclists
to increase potential time gains as shown in Figure 4.52. The potential time gains were
calculated by assuming that the cyclists have the same drag force and power before and after
drag reduction [49, 50]. It was observed from Figure 4.52 that the greatest potential time
gains occur when drag reductions were applied on the upper arms and lower legs of both

cyclists due to having a large increase in speed.
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Figure 4.52: Variation of potential time gains when drag reduction is applied up to 50% for
the upper arms and lower legs of cyclists with an hourly record in 2022.
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Chapter 5

Conclusions and Future Work

The research objective of making design recommendations for skinsuits were implemented by
attaching a tripwire onto fabrics with smooth, medium and high levels of roughness. The
drag performance was compared to having only a fabric and tripwire placed separately on a
cylinder at various angles from the stagnation point. Optimal cases of fabric and tripwire
combinations were determined based on their flow behaviour in reducing drag at the Reynolds
numbers experienced by the upper arm region of a cyclist. The hypothesis of the research
has been met from the experimental campaign in proving that seams found in fabrics behave
as tripwires when exposed to the oncoming flow of the wind. They both have an effect on
the aerodynamic drag since it changes the flow regimes locally based on its’ size and position

relative to the incoming flow direction [6].

5.1 Benchmarking Experimental Setup

The current experimental setup that consists of a cylindrical model connected to two parallel
mounted load cells was validated from previous literature in having similar drag coefficient
values to a cylinder in subcritical flow. Strouhal number measurements were also conducted

to assess the wake patterns when fabric seams and tripwires are placed on a cylinder.
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5.2 Effects of Fabric Roughness and Seams

Fabric 3 with a highest roughness can decrease the drag coefficient at smaller critical Reynolds
numbers while fabric 7 with the lowest roughness can decrease the drag coefficient at larger
critical Reynolds numbers when the seam was placed 180° from the stagnation point. Fabrics
with three seams yielded a drastic drag reduction compared to having one, two and four
seams when placed at an angle of 60° from the stagnation point. Fabrics with four seams
were able to decrease the drag coefficient values effectively near the Reynolds number range
of the upper arm region of a cyclist from 6.0 x 10* to 1.0 x 10° at angles varying from 30°
to 45° from the stagnation point. Moreover, adding more seams to a fabric allows the drag

crisis to occur at a smaller critical Reynolds number.

5.3 Effects of 2D and Zigzag Tripwires

When a tripwire was placed at a critical angle from the stagnation point of a cylinder, a
turbulent reattached boundary layer formed with a delayed final separation. The Strouhal
number increased to a maximum value to indicate that there is maximum extension of the
mean recirculation bubble length. When the tripwire was placed at an angular position past
the critical angle, the Strouhal number decreased sharply to a minimum value. A separation
bubble formed at the front of the tripwire but the flow behind it would be unable to reattach.
This occurred from having a large spacing between the shear layers and vortices in the
longitudinal direction. The vortex convection velocity decreased which subsequently led to a
lower base pressure and a higher drag coefficient. Furthermore, boundary layer separation
occurs when a tripwire is placed at an undesired angle such as placing thick tripwires at large

angles and thinner tripwires at small angles from the stagnation point. It was also observed
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that zigzag tripwires with varying spatial wavelengths and a nominal thickness of 1 mm was
effective in decreasing the drag coefficient at high Reynolds numbers while a 2D tripwire with
the same thickness increased the drag coefficient values greater than a smooth cylinder when

placed 70° from the stagnation point.

5.4 Effect of Single Tripwire on a Fabric

Fabrics with tripwires were attached to compare its effect on drag reduction compared to
placing only fabrics and tripwires alone on a cylinder. It was observed that fabrics attached
with tripwires that have the same thickness as a seam generally have a similar flow behaviour
at all angles ranging from 30° to 60° from the stagnation point. Attaching a 2D tripwire onto
a fabric with intermediate roughness that is thicker than a seam in a symmetric orientation
experienced the same flow behaviour as attaching the same tripwire alone on a cylinder at all
angles. For instance, fabric 5 with a 2 mm thick 2D tripwire that was arranged symmetrically
from a 1 mm thick seam relative to the stagnation point had the same flow behaviour as
having a 2D tripwire placed alone on a cylinder at angles ranging from 30° to 60° from the
stagnation point. A fabric with an intermediate roughness that has a seam arranged in a
symmetric orientation from a 2 mm thick 2D tripwire when placed on a cylinder would reduce
drag at a low angle of 30° and experience flow separation at angles larger than 40° from the
stagnation point similar to placing a 2 mm thick 2D tripwire alone on a cylinder. On the
other hand, attaching a zigzag tripwire onto a fabric with intermediate roughness that is
thicker than the seam experienced a different flow behaviour when placed beyond the critical
angle of a tripwire. For example, fabric 5 with a seam that is arranged symmetrically from
the zigzag tripwire with a thickness of 2 mm had the same flow behaviour at the critical
angle of a tripwire of 30° from the stagnation point. When placed at angles greater than
40°, the boundary layer of the tripwire alone would permanently separate from the surface

of the cylinder. However, the fabric with a seam that is arranged symmetrically from the 2
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mm thick zigzag tripwire would begin to share a similar flow behaviour as wrapping only a
fabric onto the cylinder at angles greater than 40° from the stagnation point where they both
experience drag reduction at high Reynolds numbers. Moreover, the use of tripwires and
positioning of fabric seams are useful recommendations to consider for designing skinsuits

because it can help provide potential time gains for cyclists.

5.5 Recommendations for Future Work

The pressure is high for body parts that act as stagnation points for the flow of a cyclist such
as shoulders to arms and thighs to the feet because they are perpendicular to the oncoming
flow of the wind. This causes the flow to collide and stop moving, leading to a larger pressure
[51]. That is why it is recommended to place fabrics and tripwires on the upper arm and
lower leg regions of a mannequin in a cycling position for future wind tunnel testing. The
critical flow condition where the drag reduction occurs can be achieved on all limbs of a
cyclist if rougher fabrics are used on the upper arms and lower legs while using smoother
fabrics for the upper legs [8]. Decreasing the critical velocity of the upper arm using passive
control methods such as surface roughness and trips are partly balanced by the increase in
drag of the upper leg due to having a lower velocity deficit approaching it. A passive grid
can also be installed upstream of the wind tunnel to help explore the wind gustiness effects

that are commonly experienced by a cyclist in crosswind conditions.
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Chapter 6

Appendix

6.1 Uncertainty Analysis of Drag Coefficient

Bias errors occur from pressure transducers when the value of the output signal does not
correspond to the measured pressure. A hysteresis is a measurement error that occurs for
load cells from the residual effects of previously applied loads. Offset compensation is the

correction of errors that change the zero point of the readings of a load cell.

The average of 5 ramps were taken to obtain a single continuous curve that shows the
variation of the drag coefficient with respect to Reynolds numbers. The squared differ-
ence was taken between each velocity value for an individual ramp and the corresponding
mean velocity from the averaged curve. This was conducted for all the data points for
each respective ramp. The standard deviation for velocity, 6U of a smooth cylinder was
obtained by dividing the sum of the squared differences between the individual velocities,
U; of each ramp and the corresponding mean velocity, Uy, 7 by 5 ramps and taking the
square root as shown in Equation 6.1. The standard deviation of the drag coefficient of the
smooth cylinder of each individual data point from the ramp was obtained from Equation
6.2. Equation 6.2 was simplified because there were negligible differences in the density

measured and the frontal area of the cylinder was constant. The standard deviation of the

106



6.1 UNCERTAINTY ANALYSIS OF DRAG COEFFICIENT

drag force that is measured from two SI-32-2.5 load cells was approximately 0.34 N for a full
scale reading. The standard error of the mean, SEM was found in equation 6.3 by dividing
the standard deviation of the drag coefficient, 6Cp by the square root of the total num-

ber of ramps, N, performed. The error bar is twice the value of the standard error of the mean.

SU = \/Z(U" _NUM’ i)? (6.1)
e (0:2)
s =22 (6.3)

VN
The bias errors were more predominant in the force measurements of load cells with
a standard deviation of 6Fp = 0.34 N compared to pressure transducers with an average
standard deviation of 60Uy, = 0.017 m/s. A larger drag force found at higher velocities
decreased the standard deviation of the drag coefficient. This caused the error bars to
decrease and approach closer to the averaged Cp value of a smooth cylinder as Reynolds

numbers increase.
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