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Abstract— 

 

The present master thesis given in this paper is a 

follow up of the project thesis presented by the 

writing author and it aims to design a custom 

suit to reduce the drag on a 100m sprinter. 

Knowing that different surface roughness is able 

to modify the flow field around a bluff body, 

different types of surface roughness will be 

analyzed. These different surfaces are obtained 

combining an under layer made with rubber 

strips with a top layer. Tests have been 

conducted in the wind tunnel on different models 

(oval cylinders, tapered cylinders, circular 

cylinders and full scale mannequin) were carried 

out in order to establish the right combination of 

under layer and top layer. Additional tests to 

evaluate how different accelerations affect the 

drag crisis were conducted and a hysteresis 

phenomenon in the drag crisis process was found 

and investigated. A force plate with a high 

natural frequency (470Hz) was utilized to 

measure the aerodynamic drag force. The results  

show that it is possible to trigger early transition 

causing at drag crisis at Reynolds number that 

match the athlete’s speeds during a sprinting 

race (<15m/s). This can be obtained using the 

right combination of strips and top layer. Shape, 

size, angle of attack and yaw angle were proven 

not to play a major role in the drag crisis 

process. A custom underlayer for an existing suit 

has been designed and proved to reduce the 

overall aerodynamic drag when compared with 

the existing suits provided by Adidas. 

 

 

 

 

 

I. INTRODUCTION 

n short distance sprinting races like the 100 m or 

200 m dash, winning and losing can come down 

to a fraction of a second. During these races, most 

of the power output generated by the athletes is 

used to increase the speed (and thus to overcome 

the inertial force) and to overcome the aerodynamic 

drag. Being the drag proportional to the square of 

the speed, its relative importance is negligible for 

low speeds but it might play a relevant role when 

the athletes reach their maximum speed which lays 

between 10 m/s and 15 m/s[1] 

Focusing then on the aerodynamic drag acting 

against a runner, writing the drag [D] as 

D=0.5ρU
2
ACD and being the air density ρ [kg/m

3
] 

and the speed U [m/s] typical quantities that depend 

exclusively on the location and on the performance, 

the possible adjustments that could be done in order 

to reduce the drag have to focus either on the frontal 

area A [m
2
] or on the non-dimensional drag 

coefficient CD [-]. 

The frontal area could be reduced by modifying the 

running posture of the athlete. However, this kind of 

adjustments would require a biomechanical study of 

the running technique in order to be efficient and 

will therefore not be presented in this work.   

The drag coefficient, CD depends strongly on the 

shape, Reynolds number and surface properties of 

the body and some adjustments can be made. The 

drag coefficient can be considered as the sum of a 

skin friction drag coefficient and a pressure drag 

coefficient CD = CDf + CDp, where the subscript f 

indicates the friction drag and the subscript p 

indicates pressure drag[2]. The skin friction drag is 

caused by the viscous friction along the surface of 

the body while the pressure drag is caused by an 

asymmetrical pressure distribution on the upstream 
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and downstream side of the body. Both effects must 

then be considered when trying to minimize the 

total drag coefficient, CD. It is however well known 

that the relative contribution from the pressure- and 

friction drag depends on the object shape. On a 

bluff body such as an athlete body, the pressure 

drag contributes the most to the total drag [3]. The 

friction drag will then be considered negligible and 

the attention will be focused in trigging turbulent 

flow on the body surface. The turbulent flow will 

stay more attached to the body, moving the 

separation point downstream, reducing the wake 

size and thus the pressure drag.  

Flow phases: the flow around a bluff body can have 

two different phases. It can be either laminar or 

turbulent and this division is mostly is governed by 

the Reynolds number, which depends mainly on the 

ratio of inertial forces to viscous forces in the fluid 

and can be defined as Re = UD/ν, where where U is 

the free-stream velocity, D is the characteristic 

length of the model used (e.g. the diameter of a 

cylinder), and ν is the kinematic.  

Laminar flow occurs at low Reynolds numbers, 

where the viscous forces are stronger than the 

inertial forces. The separate region past the body is 

however highly turbulent with a wide turbulent 

wake. When the inertial forces are starting to be 

dominant, a transitional regime occurs. The 

transitional phase is often abrupt and it was studied 

by a number of authors. The transition phase itself 

is associated with three various regimes and each 

regime are explained in detail by Zdravkovich[4, 5]. 

These regimes involve the wake, separated shear 

layer and boundary layer and each phase occurs at 

different Reynolds number.  

In the transition regime the flow evolves from 

laminar to turbulent and an abrupt reduction in 

terms of drag can be observed, this phenomenon is 

called “drag crisis”. The decrease in drag 

coefficient, CD is due to the flow in the boundary 

layer becoming turbulent. This process moves the 

separation point further downstream on the body, 

reducing the size of the wake and thus the 

magnitude of the pressure drag. 

Once the transition is completed, the flow around 

the body is fully turbulent. The turbulent regime is 

characterized by lower value of CD due to the 

shifting of the separation point towards the back 

side of the cylinder and thus a smaller wake and a 

lower pressure drag[4, 5]. A deeper look at the 

transition phenomenon is hereby given. 

Flow transition: The transition phenomenon has 

mostly been studied on circular cylinders and some 

authors gave a detailed description of it. 

Wieselsberger first [6] used the term subcritical and 

supercritical to describe the flow states before and 

after the “drag crisis” (Figure 1). He mentioned that 

a break in the symmetry with two discontinuous 

transitions can be often seen during the transitional 

phase (in cylinders). This is due to the different 

behaviors of the two sides of the cylinder where 

transition occurs separately. 

 
Figure 1 - Typical CD - Reynolds number curve for a 

cylinder and detailed structure of the critical range, with 

two discontinuous transitions, A and B 

 

Schewe and Zdravkovich [4, 7-9] separately 

explained this behavior saying that the transition 

from laminar to turbulent flow in the bundary layer 

occurs first on one side of the cylinder. They called 

this regime “single bubble regime”. The asymmetric 

single bubble regime comes to an end at higher 

Reynolds numbers with yet another discontinues 

fall in drag coefficient, CD. At this stage a secound 

bubble is formed on the other side of the cylinder 

and this stage is then called “two bubble regime”. 

The symmetric two bubble regime occurs in the 

supercritical regime and represents a complicated 

combination of laminar separation, transition, 

reattachment and turbulent separation of the 

boundary layers on both sides of the cylinder. This 
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discontinuous jumps between invidual states can be 

interpreted as subcritical bifurcations.   

The flow transition is a non-linear process and it is 

extremely sensitive to small disturbances, such as 

surface roughness, free stream turbulence, speed 

gradients, non-uniformity of the flow, etc. Being 

unable to modify the other parameters mentioned 

the attention will be focused on the surface 

roughness.  

A large number of previous studies confirmed that 

the introduction of surface roughness on the 

cylinder surface can shift the transition to a lower 

critical Reynolds number which results in a drop in 

terms of CD[10-12].    

These results and studies pushed the research on 

sports garment aerodynamic and led to the design of 

low drag suits where the suits are made with 

different patches each of them characterized by a 

different surface roughness. The first low drag suit 

was developed by NIKE which introduced its 

“NIKE swift suit” in 2002[13] after this success the 

focus of sports companies on low drag skin suits 

suddenly increased. This suit was developed from 

previous studies carried out by Brownile [14]. In his 

work Browlie covered a mannequin in a side 

skating position with different suits built with 

panels with different types of roughness and proved 

that these types of suits were clearly able to 

improve the athlete’s performances.  

Currently, most of the suits developed are optimized 

for relatively high speed sports (speed skating, 

cycling, etc.) and little focus was put on the 

optimization of low drag suits for low speed sport, 

such as running disciplines. In the previous work by 

the writing author [3] the focus was put on a 

preliminary garment optimization for 100m 

sprinting race, where the speeds are relative low 

(<15m/s). In this study the garment optimization 

was not focusing on the fabric itself, but the 

interaction between different topographies and the 

fabric structure. The main goal was to find out how 

the different scales (macroscales and microscales) 

present in the surface structure can influence the 

flow around a cylindrical body.  

The representation of the overall surface as a 

combination of different topographic scales was 

based on a simplified version of what is presented 

in Wieland et al.[15]. In this work a wavelength-

dependent (“window”) roughness method is 

developed and different surface topographies with 

various roughness are seen a combination of macro, 

meso and micro scales. On top of these scales there 

is the hairiness. The simplified version used in [3] 

and in the present work consists in using only 

macroscale, micorsocale and hairiness. The 

microstructure represents the fabric structure 

induced by the knitting or wrapping process. The 

macrostructure can be applied under the fabric to 

represent the overall modification of the fabric. The 

type of yarn used mostly gives the hairiness.  Figure 

2 shows a coarse representation of these structures.      

The hairiness was recently investigated by 

Bardal[16]. He concluded in his work that the 

hairiness present on most of the textiles due to the 

type of yarn used (mostly spun) has effect of 

eliminating the transition process and increasing the 

average drag in a similar matter to what happens on 

tennis balls[17].  

 
Figure 2 - Definition of macro and micro roughness 

 

There are no currently deep investigations on how 

the different types of roughness interacts which 

each other. However in the previous project 

thesis[3] the different topographies (micro-macro 

scale) showed to have remarkable influence on how 

each type of roughness can influence the flow 

transition. Three different fabrics with different 

surface roughness and air permeability were used 

and placed over different number of strips 

representing the macrostructure of the fabric. All 

the fabrics used had no hairiness. Tests where the 

aerodynamic drag was measured were conducted in 

a wind tunnel using a cylindrical model. The results 

showed that the macrostructure can cause 
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remarkable changes in the total roughness and 

influence the flow transition at low critical 

Reynolds number with a consequent drop in drag 

coefficient, CD. The results also showed that the 

different fabrics contribute in different ways. The 

rough fabric showed to have the ability to trigger 

the transition on the cylinder to lower critical 

Reynolds number than the smooth fabric, however 

combining a smooth fabric with the right number of 

strips it was possible to achieve very low critical 

Reynolds number and thus a large reduction in the 

drag coefficient, CD at low speeds with the 

advantage of keeping a low CD also at high speeds. 

A surface with no hairiness, low microroughness 

and high macroroughness was then found to be the 

optimal surface for disciplines like running, where 

the speeds are relative low (<10m/s) like.  

The present work aims to further analyse the effect 

of the interaction of macro and mircro roughness 

giving some basic guidelines for garment 

optimization in low speed sports. Two fabrics (one 

with smooth surface structure and one with rough 

surface structure) will be combined with different 

under layer and their performances on oval and 

tapered cylinders will be evaluated through wind 

tunnel testing. A full size suit made following these 

indications will then be designed and compared 

with the state of the art models from Adidas. 

How the strips geometry influences the performance 

will be evaluated using strips with different 

thickness and width strips.    

 

II. STATE OF THE ART 

 

The human body can be considered as series of 

bluff bodies with different dimensions, proportions, 

angles and inclinations. Horner[18] first postulated 

that the human body can be approximated as a 

series of circular cylinders and this approximation 

was also used by with success by  Brownlie[19, 20] 

who carried out tests on circular cylinders to 

estimate the influence of textiles on the total drag of 

the athlete. Earlier studies by Oggiano[21, 22] and 

Chowdhury[23]used also the simplification in order 

to selectively investigate different  parameters that 

might play a role in the drag crisis phenomena: 

different types of surface roughness, air 

permeability, fabric stretching and fitting, seam 

positioning, etc. A recent study by Sæter [3] 

investigated the influence of flow transition by 

covering a cylinder with different fabrics and 

different under layer topographies. 

Currently, infinite circular cylinders are the most 

common used model in wind tunnel experiments for 

drag optimization of sports garment. Flow around 

cylinders have also archived the most attention and 

was investigated by several authors and presented in 

details by Zdravkovich [4, 9].  

A less crude approximation consists in considering 

the human body as series of finite oval and tapered 

cylinders with varying yaw angle (λ) and angle of 

attack (α).  During the running action, the body 

limbs constantly move and the air flow almost never 

hits the athlete body parts perpendicularly. The 

effect of different inclinations of the limbs due to 

the motions during a sprinting race is then crucial. 

The present work will investigate how different 

surface configurations (underlayer strips placed 

under different fabrics) will behave when it is 

placed over two different models: a finite oval 

cylinder and a finite tapered circular cylinder. Tests 

on the oval cylinder will be carried out at different 

angle of attack (α), 0°, 45° and 90° and a yaw angle 

of 45°. 

Yaw angle: During a sprinting race the athlete’s 

bodies are in constantly different positions due to 

the motion of the athlete. The wind on the different 

body parts is therefore almost never coming from a 

normal direction (perpendicular to the athlete). Each 

body part will experience a different yaw angle (λ) 

and a nice graphical representation was given by 

Grieve[24] and it is presented in Figure 3.  He 

addressed the different angle, where thigh angle: the 

angle between the line of the thigh and the vertical. 

Knee angle:  the angle between the extended line of 

the thigh and the line of the lower leg. 
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Figure 3- Sprinter in a running posture, Angle-angle graph 

 

  Oggiano[25] investigated four different yaw 

angels  from 0°-45° on a finite cylinder covered 

with different textiles with various roughness levels. 

The results showed that with an increase of yaw 

angle 0°-45°, the critical speed and the consequent 

drag reduction gets smaller for all the roughness 

levels. However he noticed that the different 

roughness levels have different impacts on the 

CDMIN relative to the different yaw angels.  

Finite bodies: Previous experiments[26, 27] 

showed that the values for drag coefficient CD for a 

finite length cylinder are lower than the values 

predicted from existing data for an infinite cylinder. 

With an increase in aspect ratio; the drag coefficient 

starts to increase and tends to infinity as L/D → ∞. 

This is due to the frontal area, which appears in the 

dominator in the definition of CD, approaching zero.   

 

Oval cylinders: most of the previous tests on 

aerodynamics of sport garments used circular 

cylinders to represent the human body. However, 

some body parts (like the trunk) are more 

resembling to an oval cylinder than to a circular 

cylinder. The flowfield around a circular cylinder is 

different from the flowfield around an oval cylinder. 

This is mostly due to the fact that oval cylinders are 

not axisymmetric while circular cylinders are. They 

have a major and minor axis and they can have 

different orientations, relative to the direction of the 

flow. The orientation is defined with the angle of 

attack (α) Figure 4. Horner[18] pointed out that the 

pressure distribution around an oval cylinder is 

strongly dependent on the angle of attack (α). The 

pressure distribution is higher when the major 

diameter is perpendicular to the flow direction and 

this to an increase in the drag coefficient, CD. On 

the other hand, when the minor diameter is 

perpendicular to the flow, the CD value is lower due 

to the boundary layer staying attached to the surface 

longer and the resulting pressure recovery.  

 

 

 
Figure 4 - Oval cylinder, angle of attack (α) 0°, 45° and 90° 

 

Tapered cylinders: The flow around a tapered 

cylinder is characterized by three-dimensional 

effects induced by linearly change in diameter. The 

influencing parameters are based on the taper ratio, 

defined as RT= (d2-d1)/l, where d2 and d1 being the 

major and minor diameter and the characterized 

length, l. Bosch[28] conducted wind tunnel 

experiments on tapered cylinders and compared 

with uniform cylinders. He and found out that the 

linearly change in diameter reduce the critical 

Reynolds number and the consequent reduction in 

CD.  

 

Full Body vs. cylinders approximation: Drag 

optimization in sports garment is often carried out 

using simplifications that the different body parts of 

an athlete is considered as different bluff bodies, to 

represent for example legs and arms. The 

limitations in using cylinders for aerodynamics tests 

of sports garment were shown in previous 

studies[19, 29]. D`Auteuil[30] used a 1:1 scale 

mannequin in a side push skating position to 

measure the drag and the surface pressure 

distribution. She found out that the flow developing 

around circular cylinders does not simulate properly 

the 3D flow around and the interactions of the flow 

around the multiple limbs of the body. The 3D flow 
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effects and limb interaction affected the local limb 

flow transition and the Recrit of the limbs.  

Body parts accelerations and hysteresis: During a 

sprinting race the athletes seldom assume a static 

posture and the speed of the limbs are constantly 

varying. While the upper body experiences a 

constant increasing speed, the upper and lower 

limbs experience positive and negative 

accelerations that differ from the average speed of 

the sprinter. This behavior is especially pronounced 

in sports where the legs are used in the propulsive 

phase (speed skating, running, cycling, etc.). A 

previous study [30] was able to capture and have a 

clear idea of the sprinters motion during a running 

phase. This study was carried out on sprinters using 

motion capture techniques which gave a clear 

understanding of how the different moving’s parts 

(and particularly the legs) move during the running 

phase.  A clear analysis of the stride cycle and the 

relative angles between trunk, thigh, calf and foot 

were monitored during the run of a sprinter and 

plotted versus each other. Combining these values 

with the average velocities during a 100 m race 

predicted in by Sykes  in[31] it is possible to have a 

rough estimate of the local velocities on the 

different limbs. Currently, most of the research 

regarding sports garment aerodynamic relies on 

static drag force measurements for different 

increasing wind speeds and this might often lead to 

imprecise results since the effect of the local 

acceleration on the limbs is neglected.  In static 

measurements, models are in fact tested with a 

constant and stable incoming flow, which is not 

simulating approximately the same as real 

conditions. Dynamic drag measurements carried out 

with the speed varying over time are therefore of 

practical importance in terms of garment 

optimization and also plays a relevant role in the 

overall drag reduction process.  

The previous work carried out by the writing author 

[3] proved that the positive and negative 

accelerations that the body limbs experience during 

the run can lead to hysteresis cycles. This type of 

phenomena has previously been found and 

investigated on cylinders by a several authors[7, 8, 

32]. They have all agreed that this type of hysteresis 

phenomena is related to the behaviour of the 

laminar boundary layer separation and transition. 

The same behaviour as for cylinders have also been 

investigated and seen on stall and separation 

process in air foils, with the same explanation. The 

study has also concluded that the ability to the flow 

to remember its past history is responsible for the 

hysteresis phenomena. [33]. 

 

 
Figure 5 - Hysteresis effects for transition A and B 

(increasing Re ↑) and transition A´ and B´ (decreasing Re 

↓) 

 

With respect to sports garment aerodynamic the 

hysteresis phenomena is of practical important 

because it results in to two different critical 

Reynolds numbers in the “drag crisis” process for 

increasing decreasing speed Figure 5. This behaviour 

was previously shown also by Schewe, which found 

that decreasing speeds leads to lower critical 

Reynolds number than increasing speed matching 

the findings shown in [3].   A particular attention to 

the drag crisis hysteresis process will also be given 

in the present work by measure lower accelerations 

than previous conducted by using a cylinder without 

the fabric configuration, to see the possible 

influence in the hysteresis phenomena.  
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III. EXPERIMENTAL SETUP 

 

A. Wind tunnel 

In order to measure the aerodynamic drag acting on 

three different cylindrical geometries and a full 

scale mannequin, two different wind tunnels at the 

department of energy and process engineering at 

NTNU, Trondheim were utilised.   

Drag measurements on the cylindrical models, oval, 

tapered and circular cylinders were performed in the 

small scale wind tunnel. The test section of the wind 

tunnel is 2.00 m long, 0.72 m high and 1.01 m wide. 

The wind tunnel is equipped with a 45 KW fan and 

the maximum reachable speed is ca. 40m/s. 

Drag measurements on the real size mannequin 

were performed in the large scale wind tunnel as 

shown in Figure 6.The test section of the wind tunnel 

is 12.5 m long, 1.8 m high and 2.7 m wide. The 

wind tunnel is equipped with a 220 KW fan that can 

produce a variation speed between 0 – 30m/s. 

 

 
Figure 6 - Large scale wind tunnel at the department of 

energy and process engineering at NTNU, Trondheim 

 

B. Drag measurement 

The drag force component was measured by a six 

component force plate AMTI BP600400HF which 

has a natural frequency of 470 Hz. The force plate 

was used in both wind tunnels and positioned under 

the test section of the wind tunnel. A Pitot – static 

probe was used to measure the free-stream velocity 

and was placed in the flow with the axis parallel to 

the flow. The probe was connected to a pressure 

transducer and the acquired voltage output from the 

force plate and pressure transducer was logged by a 

LabView based logging program. The tree different 

cylindrical geometries and the real size mannequin 

was mounted in the wind tunnel and connected to 

the force plate by a steel support. All the drag 

measurements were conducted twice to ensure 

reliability.  

IV. METHODS 

A. Dynamic and static measurement  

Drag measurements were carried out using a hybrid 

technique which is a combination of static and 

dynamic measurements.  This technique avoids the 

scattering which occurs in the dynamic 

measurements at low speeds (<7m/s) due to high 

relative error in the commuting of the drag 

coefficient.     

The time varying dynamic measurements were 

conducted at (>7m/s) by first increasing the wind 

tunnel speed to the maximum and successively 

decreasing the speed to zero. Time series were 

logged at a sampling frequency of 200 Hz and a 

sample time of 60 seconds. Low speeds (<7m/s) 

from the dynamic measurements was removed in 

the results and replaced with static measurements 

which was conducted with different increasing wind 

speeds (<7m/s). The static measurements were 

taken at a sampling frequency of 1000 Hz and a 

sample time of 40 seconds, which gives a total of 

40 000 samples per measurements.   

Measurements conducted in the small scale wind 

tunnel were taken with a speed range from 0 to 

40m/s, which lead to different Reynolds range 

depending on the applied model. In the full scale 

wind tunnel it was only conducted static 

measurements with different increasing wind speeds 

ranging from 0-20m/s.  

Because of the high frequency noise which occurs 

from the dynamic measurements it was needed to 

add filtering to extract the relevant data from the 

measurements. Data analysis software Origin pro8 

has then been used as a tool for filtering the 

dynamic time series measurements. The filtering 

method used is a Fast Fourier transform (FFT) 

filtering based on Fourier transform which 

decomposes a signal from the time domain to 

frequency domain. High frequency noise was 
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removed with a low- pass FFT filter with a cut-off 

frequency of 10 Hz.  

B.  Oval cylinder 

The oval model used for the experiments is made of 

glass fiber and has a slender diameter of 11 cm, 

broad diameter of 16 cm and span length of 50cm. 

The oval cylinder was considered as finite length, 

where the free end of the top of the oval cylinder is 

exposed freely to the oncoming wind stream. The 

model was mounted in the small scale wind tunnel 

and connected to the force plate by two different 

steel supports arrangements, one in a vertical 

position where the model was placed perpendicular 

to the flow and the second steel support was design 

in a yaw angle (λ) of 45 degrees inclined to the 

direction of the flow Figure 7.  

 

 
Figure 7- Experimental setup, oval cylinder vertical and 

inclined position 

 

The experiments were divided into two parts, where 

the first test was conducted with a steel support in a 

vertical position and design in such way that the 

angle of attack (α) of the model can be adjusted, the 

oval cylinder model was than positioned with three 

different angles of attack 0°, 45° and 90° degrees 

Figure 8 Figure 9 Figure 10, with the following frontal 

area of, 0.08 m
2
, 0.0680 m

2
 and 0.055 m

2
. The 

aerodynamic forces were measured for a range of 

speeds of 0-20m/s and the Reynolds range varied 

dependent on the angle of attack used. The 

Reynolds number was based on the diameter used to 

calculate the frontal area (characteristic diameter in 

the flow direction), Figure 8 Figure 9 and Figure 10. 

The aspect ratio is defined as L/D, where L is the 

length of the oval cylinder and D is the diameter in 

the flow direction. The oval cylinder with angle of 

attack (α) of 0°, 45° and 90° have the following 

aspect ratio 3.1, 3.7 and 4.5.    

 

 
Figure 8- Oval cylinder, angle of attack 0 degrees 

 
Figure 9 –Oval cylinder, angle of attack 45 degrees 

 

 

 
Figure 10- Oval cylinder, angle of attack 90 degrees 

 

To evaluate the impact on the aerodynamic drag 

when the athlete position is non-vertical, the steel 

support arrangement was design to allow the oval 

cylinder to be fixed in a yaw angle (λ) of 45 degrees 

and the oval cylinder was positioned with an angle 

of attack (α) of 0 degrees relative to the wind 

direction with the following frontal area of 0.0663 

m
2
. The model of inclined oval experimental 

arrangement is shown in Figure 7.  
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The aerodynamic forces were measured for a range 

of speeds of 0-20m/s and Reynolds number was 

based on the major diameter (0 degrees). 

Drag data from the measurements of the oval 

cylinder positioned in both yaw and vertically 

position with an angle of attack (α) 0° and the 

vertical oval cylinder positioned with an angle of 

attack 45° were corrected considering the wind 

tunnel blockage. The blockage effect is defined as 

the model frontal area to the cross-sectional area of 

the test section. The blockage effect was calculated 

to be 11 percent (yaw and vertical α=0°) and 9.4 

percent (vertical α=45°) for the largest diameter. 

The value should be less than 7.5 percent[2] and 

was corrected in the calculation of drag. The 

formula[34] was used for the calculation:  

A

S
k

F

F

M

C 1  

where FC is the corrected value, FM is the measured 

value, k is a constant of 2.84, S model frontal area 

and A is cross-sectional area. 

During the experiments the oval cylinder for both 

angular positions was covered with 3 mm wide 2 

mm thick rubber strips and placed under two 

different fabrics and measurements were conducted 

for both static and dynamic.  

C. Tapered cylinder 

 

The tapered cylinder used for the experiments is 

made of glass fiber and has a minor diameter, d1 of 

11 cm, major diameter, d2 of 16 cm, and span length 

of 50 cm, with a consequently frontal area of 

0.0675m
2
 Figure 11.  The Reynolds number is based 

on the mean diameter is 13.5 cm.  

 
Figure 11- Experimental setup tapered cylinder 

 

The tapered cylinder was mounted in the small wind 

tunnel and connected to the force plate with a steel 

support. During the experiments the tapered 

cylinder was also covered with the same strips and 

fabrics, used on the oval cylinder and the same 

measurement technique was used.  

D. Different accelerations 

 

To evaluate how different accelerations affect the 

drag crisis, a cylindrical model made of PVC was 

used and placed in the small scale wind tunnel. The 

cylinder has a diameter of 16cm and length of 50cm 

and a smooth surface. The dimension was chosen to 

ensure that the critical Reynolds number could be 

reached. The blockage effect was neglected in this 

case.   

Dynamic drag measurements were conducted. Time 

series were logged at a sampling frequency of 200 

Hz. The measurements were conducted for a speed 

range 0-40m/s with six different accelerations Figure 

12. The different accelerations are denoted in the 

results as A1, A2, A3, A4, A5 and A6, where A1 

(1.33 m/s
2
) represents the time series with the 

highest acceleration and A6 (0.08m/s
2
) the lowest 

acceleration. The highest acceleration, A1 was used 

in all other dynamic measurements.  
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Figure 12- Different accelerations 

 

E. Surface structure 

Two different fabrics with different roughness level 

and air permeability were used in the present work. 

The fabrics were placed on the oval and tapered 

cylinder models. The fabrics are the same fabrics 

used in the previous project thesis[3] and the same 

names were kept to be consistent. The fabrics are 

characterized by a different surface structure and 

they previously showed clearly different 

behaviours. The smoother fabric showed improved 

aerodynamic performances when a macro 

roughness (strips) was placed under it. 

 

The first fabric denoted as T1 has a dimpled 

structure, and it is a stretchable fabric. The yarn 

type is filament and the fabric has high air 

permeability. The second fabric denoted as T3 is 

not a knitted textile but a plastic polyurethane based 

fabric with a very smooth surface texture, low 

stretching properties and it is impermeable Table 1. 

The fabrics were fitted to the models in the same 

way with a stretching coefficient of 23%. 

 
Table 1- Properties for each textile 

Fabric         

(Structure type) 

T1 T3 

Yarn type Filament - 

Surface structure Dimpled Smooth 

Permeability Permeable Impermeable 

 

F. Under layer strips 

During the experiments the oval and tapered 

cylinders were covered with 3 mm wide and 2 mm 

thick rubber strips. The strips were attached to the 

surface of the different geometries in the axial 

direction and placed under fabric T1 and T3 in 

order to represent the modifying macrostructure of 

the fabric. The strips were placed with an equal 

distance, L between the adjacent strips and fabric 

samples were placed over, Figure 13 paying attention 

to position and the seam on the downstream side of 

the models. The distance between the strips was 

systematically changed and half of the strips were 

removed between each round in order to double the 

distance between them. For the current experiment 

it was chosen to use 32, 16 and 8 strips. 

Measurements with only fabric placed on the 

models without the strips were conducted for 

comparison.  

 
Figure 13 - Concept for the strips attached to the model, 

with equal distance between the strips 

 

The oval and tapered cylinder were tested with the 

same number and size of the strips, but since they 

have different geometries and dimension the 

properties of the length between the strips varies as 

shown in Table 2Table 3. 
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Table 2 - Oval cylinder, number of strips and length 

between two strips 

Number 

of strips 

Thickness and 

width of the 

strips          

[mm] 

Length between two      

strips (center to center)            

[mm] 

32 2×3 10.44 

16 2×3 23.87 

8 2×3 50.75 

 

 
Table 3- Tapered cylinder, number of strips and length 

between two strips 

Number 

of strips 

Thickness and 

width of the strips         

[mm] 

Length between two 

strips                        

(center to center)                        

[mm] 

  d1= 11cm d2=16cm 

32 2×3 10.80 15.70 

16 2×3 21.60 31.41 

8 2×3 43.20 62.83 

 

Strips size: To investigate how the strips size 

influences the CD-Re curves, additional drag 

measurements with strips characterized by different 

thickness and width were conducted. In this specific 

case, a cylindrical model made of PVC was used for 

the experiments. The model is the same used in [3]. 

The circular cylinder used has a diameter of 11 cm, 

length of 40 cm and a consequently frontal area of 

440 cm
2
. The experiments were performed in the 

small scale wind tunnel with the same setup as for 

the other tests. The cylindrical model was covered 

with four different strips samples provided by 

Adidas Table 4 Each sample has the same number of 

strips, but the strip size is different. The strips 

samples are denoted as 1a to 1d.  

 

Table 4- Different thickness and width of the strips 

Strips 

sample 

Number 

of strips 

Thickness and 

width of the 

strips          

[mm] 

Length between 

two strips                     

(center to center)          

[mm] 

1a 24 1×1 1.2 

1b 24 1×3 1.0 

1c 24 3×1 1.2 

1d 24 3×2 1.0 

 

Strips sample 1d are shown in Figure 14, where 

strips made of rubber are attached on the outside 

surface of the fabric. Each strips sample was placed 

under fabric T1 and T3 in order to represent the 

macrostructure of the fabric. Additional tests 

without fabrics placed on the strips were carried 

out. 

 

 
Figure 14 - Strips sample 1d (3×2mm) 

G. Suits 

In order to establish how different suits can affect 

the total drag actin on a human body, a real size 

mannequin of an athlete in a static running posture 

was used. The tests were carried out in the full scale 

wind tunnel. The mannequin tested is made of glass 

fiber, with a height of 1785.61 mm and a frontal 

area 0.4774 m
2
 Figure 15. 
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Figure 15 - Mannequin, running posture with height of 

1785.61 mm 

 

The mannequin was mounted in the wind tunnel and 

drag measurements were conducted with the same 

force plate used in the small scale wind tunnel 

(AMTI BP600400HF). The experimental setup is 

shown in Figure 16. The force plate was positioned 

under the test section of the wind tunnel and the 

mannequin was connected to the force plate with a 

steel support fixed in the back of the mannequin 

Figure 16. During the experiments the mannequin 

was dressed with three suits made by Adidas and 

one suit developed at NTNU in order to evaluate the 

effect of each suit. Drag measurements were 

conducted in a range of speed from 0-20m/s, as 

static measurements and a CD-Speed curve has then 

been plotted. The static measurements were taken at 

a sampling frequency of 1000 Hz and at a sampling 

time of 40 seconds, which gives a total of 40 000 

samples per measurements. All drag measurements 

were conducted twice, to ensure reliability. 

 

 
Figure 16 - Experimental setup mannequin 

 

Adidas suits:  

The suits developed by Adidas were made based on 

the preliminary results from the previous project 

thesis [3]. All the suits were fitted to the mannequin 

in the same way with equal stretching. The fabric 

structure was the same for all suits tested a 

smooth/filament, permeable and stretchable. The 

suits developed by Adidas were denoted as A1, A2 

and A3, shown in Figure 17 Figure 19 and Figure 20. 

Suit A1: 

The suit A1 (Figure 17) is covered with a 

combination of strips (different thickness and 

width) and dots made of rubber placed on the 

outside surface of the fabric. The backside surface 

was without this configuration.  
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Figure 17 - Mannequin low drag suit A1, with strips placed 

on the outside 

 

Figure 18 shows in detail how the strips and dots are 

assigned to each part of the suit. 

 

 
Figure 18 - Low drag suit A1, detailed 

 

Suit A2:   

The suit A2 (Figure 19) is the same suit as A1 (Figure 

17), but turned on the inside out, so that the 

configuration of the strips and dots are on the inside 

surface. The strips and dots will then work as a 

under layer and allow the fabric to form a 

macrostructure which has shown in the previous 

finding[3] to be beneficial because it is possible to 

achieve low critical Reynolds number with a 

consequent drop in the drag coefficient, CD.    

 
Figure 19 - Mannequin low drag suit A2, with strips placed 

on the inside 

 

For comparison, a plain suit without strips and dots 

was tested, A3 (Figure 20). The fabric used for this 

suit is the same used in A1 (Figure 17), but with no 

interventions. 

 
Figure 20 - Mannequin low drag suit A3, without strips 

 

NTNU suit:  
 

The suit is a combination of the suit A3 (Figure 20) 

with a modified under layer. The under layer was 

developed assuming (from previous experiments) 

the right combination of strips and fabric that allows 

to shift the transition from laminar to turbulent 

regime (in cylinders, oval and tapered) at the 

needed speed. 

 

The under layer strips were placed treating each 

body part as a particular geometrical shape with 
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varied dimension and position (angle of attack and 

yaw angle) Figure 21. The upper part of the body and 

the calf were considered as tapered cylinders, while 

the arms and the legs were considered as circular 

cylinders and oval cylinders with different 

dimension and position.    

 

 
Figure 21- Concept drawing of the mannequin, with 

different geometrical shapes 

 

The manipulated under layer was custom made 

placing rubber strips directly on the mannequin. The 

strips had different thickness and width and were 

attached to the mannequin surface in the axial 

direction and placed under the suit A3. The strips 

were placed with an equal distance, L from the 

adjacent strip on both limbs and arms, but the length 

between two strips was varied relative to the 

different body parts, due to the dimensions of each 

body parts differs from each other. The upper arm 

and lower arm were covered with a strips distance 

between two strips respectively of 5cm and 3cm. 

The upper and lower limbs were covered with strips 

placed with a distance of 6cm and 3cm between 

them. Both front and back side of the mannequin 

legs Figure 22 and arms Figure 23  were covered with 

strips to ensure symmetry. Strips were only placed 

on the sides of the trunk Figure 23, with the 

knowledge that the interface between the front and 

backside of the mannequin is the area where the 

flow separates and thus a beneficial place to cover 

strips in terms of drag reduction.  

 

 
Figure 22 - Mannequin legs covered with strips 

 

 
Figure 23 - Mannequin arms covered with strips 

 

 

V. RESULTS AND DISCUSSION 

 

A. Oval cylinder, angle of attack (α)  

In this section the results relative to the oval 

cylinder vertically placed in the wind tunnel is 

presented and discussed. Tests were carried out with 

three different angles of attack (α), 0° (major 

diameter in the flow direction), 45° and 90° (minor 

diameter in the flow direction). Figure 24 to Figure 29 

show the non-dimensional drag coefficient, CD 

plotted versus the Reynolds number for each angle 

of attack. The plots show the results for T1 and T3 

with and without strips placed in the underlayer. 

The results presented are based on the hybrid 

technique where the low Reynolds number 

(<7×10
4
) from the dynamic measurements are 
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replaced with static measurements. The 

aerodynamic drag was measured for a speed range 

from 0 to 40m/s which lead to different Reynolds 

range based on the applied model.  

 

Comparing the results for the configuration with the 

strips placed under fabrics T1 and T3 with the 

results for the same fabrics without strips, some 

clear differences can be seen for all the angles of 

attack (α),(Figure 24-Figure 29). The airflow around 

the model covered with only fabric (without strips) 

remains laminar at higher Reynolds number before 

it reaches the drag crisis. However, when the strips 

are placed under the fabric, the boundary reaches 

transition at much lower speeds. Similar findings 

were found in the previous results tested on a 

cylindrical cylinder[3] where the under layer strips 

showed to trigger the flow transition at lower wind 

speed. These results confirms that, regardless the 

shapes of the models applied and the different 

angles of attack (α) it is possible to trigger early 

transition at low critical Reynolds numbers with a 

consequent drop in CDMIN by introducing a modified 

under layer.  

 

The results show clearly that the CD values are 

largely dependent on angular position (α) and they 

are presented in Figure 24 and Figure 29. The plots 

clearly show that larger angles of attack generate 

lower CD confirming the theory[18]. However this 

type of behavior was not found for all the surface 

configurations. Some surface configurations show 

the opposite effect where the increase of angle of 

attack (α) decreases the CD values.  

     

Figure 24 and Figure 25 show are relative to the oval 

cylinder with an angle of attack (α) of 90° (minor 

diameter in the flow direction). The oval cylinder in 

this case has a streamlined shape which leads to a 

lower CD. Both fabrics, T1 and T3 achieve good 

results with the under layer strips placed under the 

fabrics resulting in large reduction of CDMIN at low 

Reynolds numbers. The CD values in the 

supercritical regime are also lower than the ones 

found in the configuration with no under layer. 

However, with respect to garment optimization and 

running disciplines where the speeds are relative 

low (<15 m/s), 16 strips used as macrostructure for 

fabric T1 and T3 showed to have the best outcome. 

The results show also relative low CD values, which 

have shown in the literature[26, 27] to be common 

for short finite cylinders with high aspect ratio. The 

aspect ratio for the oval cylinder, 90° is 4.5.   

 
Figure 24 – CD - Re curve for oval cylinder, angle of attack 

90°, textile T1 

 

 
Figure 25 – CD - Re curve for oval cylinder, angle of attack 

90°, textile T3 

 

Figure 26 and Figure 27 are relative to the oval 

cylinder positioned with an angle of attack (α) of 0° 

(major diameter in the flow direction). This results 

in a very low aspect ratio of 3.1. The results show 

that when the angle of attack (α) increases, the 

transition from laminar to turbulent it not so 

apparent, excluded without strips (fabric T1), and 

32 strips placed under fabric T1. Both surface 

configurations showed in the results to have the 

ability to shift the transition from laminar to 

turbulent. The results also show that the CD values 

are almost constant in the supercritical regime for 

both fabrics, T1 and T3. The CD values can be 

observed to be relative low. The reduction in CD 

have shown in previous experiments [26, 27] to be 
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in agreement with the literature for  finite model 

with high aspect ratio. 

 
Figure 26 – CD - Re curve for oval cylinder, angle of attack 

0°, textile T1 

 
Figure 27 – CD - Re curve for oval cylinder, angle of attack 

0°, textile T3 

 

The results plotted Figure 28 and Figure 29 show the 

oval cylinder positioned vertically with an angle of 

attack of 45°, aspect ratio 3.7. The results show that 

there are different effects wherever the fabric has a 

rough surface structure, T1 or a smooth surface 

structure, T3. Fabric, T1 Figure 28 is able to shift 

transition to lower critical Reynolds numbers than 

for fabric, T3 Figure 29 (32 strips and without the 

strips). The results also show that 16 strips placed 

under the two different fabrics remarkably affect the 

flow transition lowering the critical Re. With a 

smooth surface structure it is possible to maintained 

lower critical Reynolds numbers with a consequent 

drop in CDMIN than for rough fabric, T1. Regarding 

sports garment aerodynamic 16 strips placed under 

a smooth surface is most beneficial, because it is 

possible to achieve reduction in critical Reynolds 

number and thus a reduction in CD values.    

 

     

 
Figure 28 – CD - Re curve for oval cylinder, angle of attack 

45°, textile T1 

 

 
Figure 29 – CD - Re curve for oval cylinder, angle of attack 

45°, textile T3 

 

B. Oval cylinder, yaw angle (λ = 45°) 

 

During a sprinting race the athlete’s arms and legs 

is almost never perpendicular to the flow. The angle 

of the legs and arms varies constantly, it is therefore 

important to evaluate how the modified surface 

structure affects the flow when the yaw angle (λ) 

changes. In this section the results from the oval 

cylinder fixed in a yaw angle (λ) of 45° and 

positioned with an angle of attack (α) of 0° is 

presented and discussed. Figure 30 and Figure 31 

shows the non-dimensional drag coefficient, CD 

plotted as a function of Reynolds number (0-

4.5×10
5
) and the results shows how each fabric, T1 

and T3 behave when adding strips under the fabrics. 

For comparison results regarding the fabric 
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mounted on the oval cylinder without strips are 

presented in the same figures. 

 

The results for the rough fabric T1, Figure 30 shows 

that the different numbers of strips (32, 16 and 8 

strips) placed under the fabric, have almost the 

same impact on the drag coefficient, CD values in 

the supercritical regime when the oval cylinder is 

inclined. The only differences are in the transition 

area (0-1.0×10
5
) where the flow goes from laminar 

to turbulent. In this regime it is possible to observe 

that the different number of strips have influence on 

the critical Reynolds. The results show that fabric 

combined with all the different number of under 

layer strips have the ability  to achieve lower critical 

Reynolds numbers then without the strips, where 

only the fabric is present.  

 

 
Figure 30 – CD - Re curve for oval cylinder, angle of attack 

0° and yaw angle 45°, textile T1 

 

The results for the smooth fabric T3, Figure 31 

shows that the CD values are almost constant over 

the entire flow field; however the results show 

clearly that the strips the model with strips reaches 

lower CD values than the model without. 

 
Figure 31– CD - Re curve for oval cylinder, angle of attack 

0° and yaw angle 45°, textile T3 

 

By comparing the results presented in Figure 30 

Figure 31 with the oval cylinder positioned vertically 

with an angle of attack (α) of 0°Figure 26 Figure 27. 

The results show that with an increase in yaw angle 

from 0°-45° the drag coefficient, CD values 

decreases. This confirms the findings presented by 

Oggiano[25] who noticed that for larger yaw angles, 

the drag reduction is smaller. The result in Figure 30 

and Figure 31 shows also relative low CD values. The 

reduction in CD was found in previous 

experiments[26, 27] to be in agreement with the 

literature for  finite model with high aspect ratio.   

          

C. Tapered cylinder 

 

In this section the results from the tapered cylinder 

are presented and discussed. Figure 32 and Figure 33 

show the drag coefficient, CD plotted against 

Reynolds number. The results presented are based 

on the hybrid technique. The speed range is from 0-

40 m/s which leads to a Reynolds range from 0 – 

3.5×10
5
.  

 

The results shows clearly different effects whether 

the textile is smooth, T3 or rough, T1. The results 

for the rough fabric, T1 are shown in Figure 32. The 

results show that for a single fabric itself without 

strips it is possible to trigger transition to very low 

critical Reynolds numbers, however by introducing 

a modified under layer to a rough surface structure 

the results shows that it is possible to achieve lover 

critical Reynolds number than for the fabric without 

strips. The disadvantage is in the supercritical 
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regime after transition occurs where the CD values 

starts to increase abruptly which results in 

increasing CD values.  

 

 
Figure 32 – CD - Re curve for tapered cylinder, textile T1 

 

A completely different behavior can be seen in 

Figure 33 where the modified under layer is 

combined with a smooth fabric, T3. This 

combination creates a type of roughness where only 

macro structure is present. This type of roughness 

can shift transition to low critical Reynolds numbers 

(depending on the number of strips) with low CDMIN 

values. The additional advantage is that the CD 

values remain low in the supercritical regime 

allowing a constant drag reduction in the whole 

range. In the transitional regime where the flow 

goes from laminar to turbulent it can be observed 

for fabric T3 without strips and fabric T3 with 32 

strips two unsymmetrical transition jumps which is 

called in the literature single and two bubble 

regime. This behavior results in different critical 

Reynolds numbers. The two unsymmetrical 

transition jumps are confirmed theory and 

separately described by Schewe[8, 32, 35] and 

Zdravkovich[4, 9]  

 

 
Figure 33 – CD - Re curve for tapered cylinder, textile T3 

 

The results showed to have almost exactly similar 

behavior if compared with the results relative to the 

circular cylinder presented in the previous project 

thesis[3].The results presented in this study showed 

that by using the right number of strips (16 strips) 

placed under fabric, T3 it is possible to trigger early 

transition resulting in both reduction in critical 

Reynolds number and a consequent drop in CDMIN 

value. By using rough surface structure it was 

possible to achieve very low critical Reynolds 

numbers, but the CDMIN values was higher than for 

smooth fabric, T3. This indicates that circular 

cylinder and irregular cylinder experience similar 

types of behavior over the entire flow field. 

However the results from the tapered showed lower 

critical Reynolds numbers than for the cylinder in 

the previous work. This confirms with the findings 

by Bosch[28]. 

       

D. Size properties of the strips and fabric structure 

 

All the results in the previous report were relative to 

a circular cylinder [3]. The same model was used in 

the present work to investigate how thickness and 

width of the strips affect the flow field and the drag 

crisis process. Four different strips samples (1a-1d), 

with the same number of strips (24), were used in 

this test. The strips had different thickness and 

width and they were placed under fabric T1 and T3. 

Figure 34 and Figure 35 show the drag coefficient, CD 

plotted against Reynolds number, Re for each fabric 

(T1 and T3) placed over the different strips samples 

(1a-1d). The results are presented in a Reynolds 

range from 0-3.0×10
5
 (0-40 m/s). The results show 
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that there is no remarkable difference between the 

different thickness and width of the strips in terms 

of drag coefficient, CD. A general trend is that a 

smaller thickness and width (1×1mm) is able to 

trigger earlier transition a lower critical Reynolds 

numbers for both fabrics, T1 and T3. The different 

strips structure showed to only have visible 

influence in the critical regime where the flow goes 

from laminar to turbulent for fabric, T3 Figure 35. 

Previous study [3] conducted  with a smooth fabric 

structure placed over different numbers of strips 

have shown that smooth fabrics seems to be more 

sensitive in the drag crisis area than rough surface 

structure, which can be the reason why the different 

strips sample show variations in critical Reynolds 

numbers in the transitional area, which leads still to 

the assumption that smooth surface structure are 

more sensitive in the transitional area than rough 

fabrics.  With respect to optimization of sports 

garments aerodynamics it is important to consider 

the size properties when the strips are placed under 

a smooth fabric.  

 
Figure 34 – CD-Re curve for cylinder, textile T1 placed 

over different strips samples with different thickness and 

with of the strips 

 

The two unsymmetrical transition jumps can be 

observed in Figure 35, where the drag coefficient, CD 

first drops to ca. 0.6 and then at higher Reynolds 

number a new transition occurs with another 

consequent drop in drag coefficient, CD ca. 0.4. The 

unsymmetrical transition jumps are confirmed in the 

theory[4, 8, 9, 32, 35] with the explanation that 

transition in the boundary layer occurs first on one 

side of the cylinder, “single bubble” and then at 

higher Reynolds on the other side of the cylinder, 

“two bubbles”.       

 

 
Figure 35 – CD-Re curve for cylinder, textile T3 placed 

over different strips samples with different thickness and 

with of the strips 

 

 Figure 36 shows the CD-Re plots for the four strips 

samples (1a-1d) used in the previous section, but 

without the fabrics placed over. This means that the 

strips are placed directly on the fabric surface and 

directly interact with the boundary layer. The results 

show clearly that this type of configuration does not 

have the same advantage as when the strips are 

placed under the different fabrics, T1 and T3. With 

this type of configuration the fabric will experience 

a relative higher surface roughness, resulting in 

higher CD values, which is not beneficial. The 

results indicate then the importance and the 

advantage by placing strips under the fabric to 

represent the macrostructure.  

 
Figure 36 – CD-Re curve for cylinder with strips samples 

with different thickness and with of the strips, without 

fabric T1 and T3 
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E. Hysteresis 

 

In this section will it be discussed the hysteresis 

phenomena which occurs in the dynamic 

measurements when increasing and decreasing the 

wind speed. The results presented in Figure 37 and 

Figure 38 are presented for both increasing Reynolds 

number, Re↑ and decreasing Reynolds number, Re↓ 

and plotted against the non-dimensional drag 

coefficient, CD. The Reynolds range varies from 

4.5×10
4
 to 3.5×10

5
 (0-40m/s). The results are not 

presented using the hybrid technique so the low 

Reynolds numbers (< 4.5×10
4
) are removed because 

of the high relative error in the drag coefficient 

computation. Both figures represent the results 

conducted on the circular cylinder. Figure 37 shows 

fabric T1 (rough surface structure) placed over 

under layer sample 1b (1mm×3mm rubber strips) 

and, Figure 38 shows fabric T3 (smooth surface 

structure) placed over under layer sample 1b 

(1mm×3mm rubber strips).  The two asymmetrical 

transition jumps (double bubble) and hysteresis 

cycle can clearly be observed in Figure 38. This 

behavior can often be seen in the transition area 

where the flow goes from laminar to turbulent. 

Schewe and Zdravkovich  [4, 7, 8, 32] This study  

confirms that the hysteresis phenomena are related 

to the behavior of laminar boundary layer 

separation and transition on the cylinder. A similar 

behaviour can also be seen in the stall and 

separation process in airfoils where it is known that 

the hysteresis process is closely related to the 

behaviour of the laminar boundary layer separation 

and the ability of the flow to remember its past 

history is responsible for the hysteresis 

behaviour[33]. Figure 38 shows also significant 

variations of critical Reynolds numbers for 

decreasing increasing speed which confirms with 

the findings by  Schewe[35].  

 
Figure 37 – CD-Re curve, cylinder for dynamic 

measurements increasing, Re↑ and decreasing, Re↓, fabric 

T1 

 
Figure 38– CD-Re curve, cylinder for dynamic 

measurements increasing, Re↑ and decreasing, Re↓, fabric 

T3 

 

The results in Figure 37 and Figure 38 shows that 

there are remarkable difference in the hysteresis 

cycle wherever the fabric has a rough surface 

structure, T1 or a smooth surface structure, T3. The 

hysteresis loop appears to be more pronounced for 

T3 than for T1, which are the same findings as in 

the previous results (same fabrics tested)[3]. This 

leads still to the assumption that smoother fabrics 

might be more sensitive to hysteresis than rough 

surface structure or that the hysteresis cycle was not 

able to be catch when the wind tunnel speeds are 

very low.  

 

Figure 39-Figure 43 for tapered and oval cylinder 

show Recrit plotted against number of strips for both 

increasing, Re↑ and decreasing, Re↓ for each fabric, 

T1 and T3. All figures show that higher surface 

roughness, T1 is able to trigger early transition 
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resulting to lower critical Reynolds numbers than 

for smooth surface structure, T3. This occurs 

regardless of which model (oval and tapered) was 

used. The results from Figure 39-Figure 41 show also 

that when the surface structure is smooth, T3 the 

hysteresis cycle appears to be more pronounced 

than for a fabric with high surface roughness, T1.  

Both findings were found in the previous work [3] 

carried out on a circular cylinder. The results in 

Figure 42 and Figure 43 show that the hysteresis 

phenomena do not occur when the oval cylinder is 

placed vertically with an angle of attack of 0° and 

with an inclined yaw angle of 45° positioned with 

an angle of attack 0°. The results also shows that the 

same critical Reynolds numbers can be achieve 

wherever the model are in a inclined position or in a 

vertically position, this is not the case for fabric T3 

with 16 strips placed under. The results shows that 

it is possible to achieve lower critical Reynolds 

number for a vertically position than for an inclined 

position.   

 

    
Figure 39 - Tapered cylinder. Recrit vs. number of strips 

for both increasing, Re↑ and decreasing, Re↓ for each 

textile, T1 and T3 

 

 
Figure 40- Oval cylinder 90°, Recrit vs. number of strips 

for both increasing, Re↑ and decreasing, Re↓ for each 

textile, T1 and T3 

 

 

 
Figure 41- Oval cylinder 45°, Recrit vs. number of strips 

for both increasing, Re↑ and decreasing, Re↓ for each 

textile, T1 and T3 

 

 

 
Figure 42- Oval cylinder 0°, Recrit vs. number of strips for 

both increasing, Re↑ and decreasing, Re↓ for each textile, 

T1 and T3 

 

 
Figure 43- Oval cylinder 0°, yaw angle 45°. Recrit vs. 

number of strips for both increasing, Re↑ and decreasing, 

Re↓ for each textile, T1 and T3 

 

 

 

 

 



 22 

F. Different accelerations 

 

In this section results relative to how the six 

different accelerations are able to affect the drag 

hysteresis phenomena are presented and explained. 

The drag force results from the dynamic time 

varying measurements was calculated and plotted 

against the speed Figure 44. The measurements were 

conducted on a smooth PVC cylinder without strips 

or fabric, using the same speed range from 0-40m/s 

but with six different accelerations Figure 44. The 

different acceleration are ranging from A1 to A6 

were A1 (1.33 m/s
2
) represents the time series 

which has the lowest sampling time (and thus the 

highest acceleration) and A6 (0.08m/s
2
) the highest 

sample time (and thus the lowest acceleration) 

Figure 44. The hysteresis loop can clearly be 

observed for a speed range lying between 29-38m/s. 

The hysteresis and the break in the symmetry with 

two discontinuous transitions (single and double 

bobble) can also clearly be observed Figure 44 in the 

transition state where the flow goes from laminar to 

turbulent.  confirming the findings of Schewe [7, 8, 

35] and Zdravkovich[4, 9],  

 

 

 
Figure 44- Different accelerations, Drag - speed curve for 

six different speed gradients 

 

Figur 45 shows a zoom in the critical area for the 

highest, A1 (1.33 m/s
2
) and lowest acceleration, A6 

(0.08m/s
2
). It is clear that acceleration have impact 

on the size of the hysteresis cycle. Higher 

acceleration increases the size of the cycle while 

low acceleration reduces it. This confirms to the 

results to the previous findings in the project 

thesis[3]. In this study the lowest acceleration 

conducted was 0.4m/s
2
 [3] and the present results, 

shown in Figure 44, were conducted for the lowest 

acceleration of 0.08m/s
2
. Comparing the result from 

the previous project thesis with the results in this 

study, a smaller hysteresis cycle can be seen in the 

present work.  This is not surprising since the 

measurements were conducted with lower wind 

accelerations than the previous ones. The lowest 

acceleration did not eliminate the hysteresis 

phenomena, so the same assumption drawn from the 

previous results can be drawn from the present 

ones. It can be than speculatively said that if the 

acceleration was reduced even more at some point 

the hysteresis phenomena in the drag crisis process 

will be eliminated and explaining why static 

measurements do not show the hysteresis cycle.  

 
Figure 45- Drag-speed curve for acceleration A1 and A6 

 

G. SUITS, mannequin 

 

In this section the results from the static drag 

measurements on the real size mannequin in a 

running posture are presented and discussed. The 

results will give a clear indication of how different 

suits are able to influence the drag acting on the 

model.  The plots relative to the three suits 

developed by Adidas and the NTNU suit are 

presented in the same Figure 46 and hereby 

described: 

 

A1: Adidas suit with strips and dots placed on the 

outside surface. The strips are only placed on the 

front side of the suit. 
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A2: Adidas suit A1, but turned on the inside out, so 

that the configuration of the strips and dots are on 

the inside surface. 

 

A3: Adidas suit without strips 

 

NTNU: Modified underlayer strip developed at   

NTNU placed under Adidas suit A3.  

 

From the acquired data for static measurements, the 

drag coefficient, CD was plotted against speed. The 

results are in a speed range from 0 to 20 m/s. The 

results indicate that the strips have influence on the 

flow around the athlete’s body.  By using the under 

layer strips placed under the fabric (NTNU), the 

results show that it is possible to reduce the drag 

coefficient, CD with 6.5% by comparing the suit 

without strips (A1). By comparing the suit where 

the strips are placed on the outside surface (A1) 

with the suit where the strips are placed under the 

fabric (A2), the results shows clearly that it is 

beneficial to place strips on the inside surface since 

this configuration have the ability to achieve lower 

CD values than for the strips placed on the outside 

surface. This confirms the results obtained for the 

different types of cylinders. By comparing the 

Adidas suit A2 with the suit developed at NTNU 

the results show that the composition of the strips is 

of great importance and must be consider for further 

work of optimization of low drag suit.       

 

 

 
Figure 46- Mannequin, A1, A2 and A3 low drag suits 

developed by Adidas. NTNU low drag suit developed by 

NTNU 

VI. SUMMARY 

 

The contour plots shown in Figure 47 – Figure 56 

show a graphic representation of the relationships 

between numbers of strips and speed relative to the 

drag coefficient, CD in two dimensions. The results 

shown in the contour plot have already been 

discussed in detail in the previous section; this 

section will just give a summary and a basic 

guideline for further work of sports garment 

optimization.  

 

The results in the contour are based on the dynamic 

time series for increasing wind speed. The variable 

in the X axes represent the speed range from 5-

40m/s, where speeds (<5m/s) were removed 

because of the high uncertainties of drag 

computation at low speeds. The variable in the Y 

axes represent the number of strips, where 32, 16, 8 

and without strips was plotted. The third variable Z 

shows the contour levels for the non-dimensional 

drag coefficient, CD. The color mapping assigns the 

blue color to the minimum CD value of the couture 

and the red color to the maximum CD value and thus 

where the athletes experience the highest resistance 

in terms of drag. All the figures from the contour 

plot are hereby presented. In the discussion only 

low speeds (<15m/s) will be discussed.  

Figure 47 and Figure 48 show the contour plots for the 

oval cylinder placed vertically with an angle of 

attack (α) of 90°. The plots clearly show that both 

fabrics can achieve low CD values, however by 

using a smooth configuration, T3 with 16 strips it is 

possible to achieve lower drag coefficient, CD than 

a rough surface configuration, T1.   
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Figure 47 - Contour plot, oval cylinder angle of attack 90°, 

fabric T1 

 
Figure 48- Contour plot, oval cylinder angle of attack 90°, 

fabric T3 

 

Figure 49 and Figure 50 show the contour plots for the 

oval cylinder placed vertically with an angle of 

attack (α) of 45°. With respect to low speed the 

contour shows that it is beneficial to place 32 strips 

under rough fabric, T1 and for the smooth fabric, 

T3 16 strips is the best option to achieve low CD.         

 

 
Figure 49- Contour plot, oval cylinder angle of attack 45°, 

fabric T1 

 
Figure 50- Contour plot, oval cylinder angle of attack 45°, 

fabric T3 

 

 

Figure 51 and Figure 52 show the contour plots for the 

oval cylinder placed vertically with an angle of 

attack (α) of 0°. Both contour show that the drag 

coefficient, CD is almost constant over the whole 

speed range and the values are almost the same 

wherever the textile is smooth or rough. Focusing 

on low speeds the contour shows that it is beneficial 

to use 32 strips placed under fabric, T1 for optimal 

drag reduction and for fabric, T3 8 strips.    
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Figure 51- Contour plot, oval cylinder angle of attack 0°, 

fabric T1 

 

 
Figure 52- Contour plot, oval cylinder angle of attack 0°, 

fabric T3 

 

Figure 53 and Figure 54 show the contour plots for an 

angle of attack (α) of 0°, placed with a yaw angle 

(λ) of 45°. In terms of drag reduction at low speeds 

will it be beneficial to place 32 strips under fabric 

T1. For fabric T3 will it be beneficial to place 8 or 

16 strips.          

 

 

 
Figure 53- Contour plot, oval cylinder angle of attack 0° 

and sweep angle 45°, fabric T1 

 

 
Figure 54- Contour plot, oval cylinder angle of attack 0° 

and sweep angle 45°, fabric T3 

 

Figure 55 and Figure 56 show the contour plots for the 

tapered cylinder. In terms of drag reduction at low 

speeds both fabric, T1 and T3 shows that it is 

beneficial to place 16 strips under the fabrics for 

maximum optimization.         
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Figure 55- Contour plot, tapered cylinder, fabric T1 

 
Figure 56- Contour plot, tapered cylinder, fabric T3 

 

VII. CONCLUSION 

 

From this study many concluding marks can be 

drawn based on the experimental study of the drag 

optimization in sports garment for 100 m sprinting 

race. The results presented in this work makes it 

possible to take a closer step in the design 

optimization of the garment and also give the reader 

some basic guide lines for further work in design of 

low drag suits.  

The underlayer strips representing the 

macrostructure of the fabric were compared with 

the fabric without the strips, where only the 

microstructure is present. Results clearly showed 

that the modified surface structure strips placed 

under the fabrics have the ability to trigger the flow 

transition at low speed and with low CD values on 

all the models tested (tapered, cylinder and oval 

cylinder with different angularity). This type of 

surface configuration have shown to be beneficial 

for running disciplines (<15m/s), because it is 

possible to shift the transition to very low critical 

Reynolds numbers (speed) and with a consequent 

reduction in CDMIN values.  

 

Different angles of attack (α) on oval cylinders have 

been proven to have a huge influence on the flow 

transition. The results were in agreement with the 

theory. 

 

The tapered shape have shown in the result to have 

the almost exactly the similar behavior as for the 

cylindrical cylinder tested in the previous project 

thesis.    

 

The strips thickness and width showed to have no 

large impact on the drag coefficient, CD, but a 

general trend was that the strips properties for the 

smallest thickness and width (1mm×1mm) have the 

ability to achieve lower critical Reynolds numbers 

(speed) for both smooth and rough surface structure. 

The results also showed that it is important to 

consider the strips properties when a smooth surface 

structure is used, because the different strips 

properties have influence on the drag crisis area 

where the transition goes from laminar to turbulent, 

with the conclusion that the smooth fabrics are more 

sensitive in this area. 

 

Strips placed under the fabric resulted to improve 

performances on all the models tested while strips 

placed on the outside did not show any benefit.       

 

Hysteresis phenomena were found regardless the 

applied model used (except the oval cylinder placed 

in yaw angle of 45° where the hysteresis did not 

occurs) matching the results present in the literature. 

The hysteresis phenomena in the drag crisis process 

showed to be more sensitive for the smooth fabric 

structure than rough fabric structure which confirms 

with previous findings in the project thesis. The 

results also showed that with a rough fabric it is 
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possible to achieve lower critical Reynolds number 

for all applied models (cylinder, oval and tapered), 

than for smooth fabric. However with the right 

configuration of strips it is possible to achieve low 

critical Reynolds number and also to keep the CD 

values low. 

 

The results from the different accelerations test 

conducted showed that higher accelerations produce 

a larger hysteresis cycles than low acceleration.  

      

The final outcome is that it is possible to develop a 

low drag suit with the knowledge on have the flow 

acts around different bluff bodies with different 

shapes, size and angularity and inclination. The 

mannequin tested wearing the custom designed suit 

showed that it is possible to achieve lower drag 

coefficient, CD by using an under layer made of 

rubber strips. Comparing the results obtained for the 

custom designed suit with the results obtained for 

the Adidas designed suit (A2) a large improvement 

can be seen. Further improvements can be made 

rearranging the strips on the model and optimizing 

the distance and the size between them. 
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