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In cycling events, aerodynamic drag contributes most of the resistance experienc
a competitive cyclist. Accordingly, the majority of titmial cycling helmets were
designed to obtain low aerodynamic drag. The question arises what is the best pa
of cycling helmet and its tail flap that resulted in the lowest drag coefficient. This p
presents an aerodynamic drag analysis of helmet with different tail flap positions
constant speed of 60 km per hour. The objective of this paper was totigatsthe

drag coefficient between the different designs of helmet and tail flips using CFL
thoroughly study the airflow near the surface of the cyclist helmet. The results
compared with the exceptional time trial cycling helmet in the market.idgresf a 2B

model of cycling helmets is developed using GAMBIT software. Six helmet di
comprising varying tail flap positions were tested under ideal cycling position.
designs are the existing time trial cycling helmet available in the markem@tdl),

the modified helmets with tail flap at 0, 3, 6 and 9 degrees to horizontal (Helmet
5) and the modified 10 degrees rotated helmet (Helmet 6). The computational

dynamics simulations are performed using ANSYS Fluent and the results ioténens
reduced drag coefficient and flow characteristics for optimal aerodyna
performance are analyzed. It is shown that the tail flap position of 6 and 9 degr
horizontal produce considerably low drag coefficient with 0.06 and 0.05, respecti
while the modified 10 degree rotated helmet recorded the highest drag coefficient
to large frontal area and flow separation. Evidently, closer tail flap to the back o
cyclist and smaller pressure difference resulted in the low drag coefficient.
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1. Introduction

Time is the critical factor when cycling against the clock in a time trial or triathtomer time
taken leads to a better potential result. According to Bradford and Jefikjna cyclist travelling at
20 mph on flat terrain experienced more than 80 percent resistance which is contributed by
aerodynamic drag. Whe a cyclist or trathletes reaches speeds of more than 30 mph, low
aerodynamic drag is a key quality of hMggrformance cycling. Barel[8] studied drag resistance on
three different positions; i.e., high, usual (normal)aw inclination of the head in the time trial. The
result shows that the drag resistance for the usual inclination was the lowest indicating the best
position with 37.2 N. The results for low and high inclinations were 37.8 N and 38.5 N, respectively.
Sheconcluded that helmet shape and inclination of the head can have different impacts on the
projected frontal area of the athlete’s head and thus on aerodynamic drag.

Investigation on 14 timérial helmets was conducted by Blair and Sid¢8{do identify the effect
of different yaw angles on the drag coefficient and performance. They found that theenrétirming
helmets were able to reduce the drag up to 10 percent as compared to that of the poorly performing
helmets. Helmetith extreme high inclination angles produced an overall high drag. However, the
relationship between helmet design and performance was not conducted.

Since the type of boundary layer and its thickness influence the surface friction drag and any flow
sepaation, it is important to know that the layer is strongly influenced by how the pressure varies
along the direction of flow. Other important factors are speed, density and viscosity of the air; also,
for a given geometric shape, the size of the helmanigortant. If the Reynolds number is increased
by increasing the speed of the cyclist, the transition position moves forward, and the boundary layer
becomes thinnef4]. It can, therefore, be seen that the value of the Reynaoldsber is important
in determining the type of flow around the helmet.

When air flows over the top of a surface, the pressure then gradually rises again as the flow speed
decreases. This means that the air has to travel from a low to a high pressuoh, tvban do by
slowing down and losing some of its kinetic energy. The situation can be likened to that of a cyclist
coasting up a hill, which is possible as long as it is travelling fast enough at the §bitdimthe
increase in pressure is gradual, the process of turbulent mixing allows the outer layers to effectively
pull the inner ones along. If the rate of increase of pressure isitglp however, the mixing process
will be too slow to keep the lower part of the layeioving. When this happens, the boundary layer
flow stops following the contours of the surface and separates défir particles downstream of
the separation position tend to move towards the lower pressure in the revarsettn to the main
flow. Besides, surface structure and flow separation affect the drag coefficient. Reseach conducted
by Dandanet al, found that the outward dimple surface caused the flow separation to delay,
resulting in low drag coefficieft].

Besides empirical investigations, numerical modelling such as computational fluid dynamic (CFD)
is an effective tool to simulate complex fluid floj8. Numerous studies have been conductesing
CFD method to investigate the aerodynamic drag of cydistisimprove the aerodynamic design of
the bicycle helmefl]. Blockeret al, studied the aerodynamic drag of two drafting cyclists using CFD
simulation and foundhat the drag reductions decrease when the distance between both cyclists
increased[9]. Defraeyeet al., investigated the accuracy of CFD simulation by comparing with full
scale windtunnel tests for different cyclist positions. They found that the CFD simulation is a
comparably accurate tool to study thdrag of different cyclist positions and to investigahe
influence of smal | a dj u[dQ). Defracyeet ali, (2011) boatinuedyic | i st
investigating drag and convective heat transfer for cyclists at a high spatial resol(ti@y
concluded thathigh dragvalueswere recordedfor the head, legs and arnj&1]. However, to our
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knowledge, limited numerical studies have been performed on the aerodynamic performance of a
modified helmet with tail flip and discuss in detail the airflaithin the boundary layer. Therefore,

the objective of this paper was to investigate the drag coefficient between the different designs of

helmet and tail flips using CFD and thoroughly study the airflow near the surface of the cyclist helmet.

2. Methodology
2.1 Geometry, Computational Domain and Boundary Conditions

To assess the effect of helmet shape on aerodynamic performance, a total of six different design
of the time-trial cycling helmets were selected for this study. Helmet 1 is referred to as existing time
trial cycling helmet in the market. For anonymity, theand name and the manufacturer of the
helmets we not identified in this study. Helmet 2, Helmet 3, Helmet 4 and Helmet 5 are referred to
as a modified helmet with a tail flap of O, 3, 6, 9 degrees to the horizontal, respectively as shown in
Figure 1. Hehet 6 is referred to as a modified helmet rotated 10 degrees coudligrkwise with a
tail flap placed close to the back of the cyclist.

Top

Frontal
area

Tail flap

Ear
cover

Fig. 1. Modified aerodynamic helmet with tail flap

The helmets were numbered as Helmet 1 to 6 as shown in FigédélZelmets were modelled in
GAMBIT based on the ideal cycling position of the cyclist which the helmet tip was very close to the
back of the cyclist.

For this computational fluid dynamics analysis, the geometry and the computational and fluid
domain cmsidered was 15 metres in length and 6 metres in height according to the best practice
guidelinesas shown in Figure 32]. The helmet was positioned at 5 metres from the inlet of the
domain. Only the upper part of the helmend the back of the cyclist were modelled since the
research is focusing on analyzing the airflow at these areas and the computation time will be
minimized[9]. The finer mesh was constructed near the helmet surfaces and ibisasd towards
boundary walls. Quadrilateral elements were used to discretise the flow domain volume. Tetrahedral
elements were built at the area under the tip of the helmet.
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Cycling helmet

Back of cyclist

Helmet 1 Helmet 4
Tail flap

Helmet 2 Helmet 5

Helmet 3 Helmet 6

Fig. 2.2-D models of different tip design and position of tist@l cycling helmets

6m

5m 0.35m

Fig.3. Computational mesh and domain of the CFD analysis

The model was imported to ANSYS Fluent where boundary conditieresapplied. At the inlet
velocity condition, a uniform constant horizontal velocity of 16.7 m/s was imposed. This condition is
based on the time recorded in the tirtegal competition for an elite cyclist which is between 50 to
60 km/h[13]. The speed of 57 to 60 km/h was mentioned to be the average speed for a winning time
[14]. At the outlet, pressure conditions with ambient static pressure were applied.

2.2Meshand Drag Coefficient
Three models with different mesh densities were created. Coarse, medium and fine mesh
densities were compared.he number of cells for coarse, medium and fine mesh were 43121, 96441

and 185903, respectivelfreferring toOuakka and Fantuzidi5], the mesh density for coarse mesh
was decided to be reduced by half of the medium mesh and for fine mesh, the mesh density was
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doubled from the medium mesh. To determine which type of mesh was optimal for further
simulation, the values fodrag coefficient were compared and the percent difference calculated.
Taking the medium mesh density as the benchmark, the difference in drag coefficient with fine mesh
is relatively small which is 5.3 percent as compared to that of the difference vatfse mesh which

is 26.3 percent. Mediurdensity mesh was considered optimal in providing sufficient resolution for
drag coefficient analysis.

The drag coefficient (§} is mainlydependent on the shape of the helmet. In addition to this
shaperelated coefficient, the aerodynamic drag also depends on the frontal area of the helmet, the
air density and the square of the relative air speed. fiélationship between dragoefficientand
these factors can be expressedby. (1) wheredis the aerodynamidr ag, A i s tehe fr
i's the densi tigthespbeed dithe cyclistrelativa to the Hif].

o)

# 20 @

2.3 CFD Simulation

Simulations were performed using ANSYS FluenfTh&. turbulence model is used based on
Reynold’s Number calcul ated, which was 400141,
reasonable results including in swimming and cycling stydids,18] The turbulence model used
was a Standard-Bpsilon model which determined the turbulent length and time scale by solving
t wo separate model transport equations for t he
The seconebrder discretizationschemes weraised to limit numerical dissipation. Standard wall
functions were selected for the neavall treatment of turbulence and the turbulence intensity at
the entry of the field was set at one percent. During computations, the criterion of convesgan
10° was set following previous literatuf@9].

3. Results
3.1 Modelling Validation

The helmet used in previous literature reported by Alatral., [20], with all the venting holes
covered, was used as control. The numerical procedure was validated by comparing with
experimental and computational data. The drag coefficien) (Eported for the helmet is 0.21. For
validation purposes, thdesign of thehelmet wasproduced usingsAMBIT softwar andexported to
ANSYS Fluefdr simulation The drag coefficient recorded after the CFD simulation is approximately
0.19. The difference compared to the literature was approximately 9 percent due mainly to
dissimilarity in the computational domain. Oresults are close to the result deduced from Alam
al.,[20] and the CFD simulation used is acceptable.

3.2 Analysis of Flow Patterns

In timetrial cycling competition, air flowing over the cycling helmet contributed torale
aerodynamics and has a huge impact on the overall performance of the cyclist. Formation of
boundary layer around the helmet when it was exposed to the airflow can be changed by modifying
the shape or design of the helmet. The streamline patterns,ureld by velocity, for Helmet 1, 2 and
3 are shown in Figuré(a)-(c) and analyzed in detalil.

In Figured(a), laminar flow formed at the front part of the helmet (point A). As the flow travelled
further, laminar separation bubbles occurred at point B doeatstrong adverse pressure gradient
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(pressure changes along the surface), which forced the laminar boundary layer to separate from the
curved helmet surface. At point C, the separation reattached to the helmet surface before the layer
separated again anbrmed a vortex at point D. As the flow passed the tip of the helmet, turbulence
formed with a large separation at point E. The vortex formed at this point slowly disappeared. High
drag coefficient value was expected due to the large separation as medtlmnBearman and Morel

[21].
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Fig.4. Streamline patterns colored by velocity for (a) Helmet 1, (b) Helmet 2, and
(c) Helmet 3
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In Figured(b), laminar flow occurred at the front part of the helmet (point A). Bubble separation
at point B formed a little further from the frontal area as compared to Helmet 1. The separation was
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highly sensitive to disturbances. Thus, the flow reattached attg@iand quickly formed a vortex at
point D, very close to the surface, and producing more drag. As the flow travelled further, it
reattached again and quickly forms more vortices with a considerable large separation at the tip of
the helmet. Trailing vorte as well as high pressure formed at point E. The high drag coefficient
obtained probably due to the higpressure area.

At three degrees flap as shown in Figd(e), the separation occurred at point A further back
from helmet face relative to that forélmet 1 and 2. The flow however quickly reattached at point B
and just as rapidly formed a vortex at point C. In this transition zone, the vortex attached closely to
the surface and later reattached under low pressure at point D. Anothepl@ssure vorte formed
beyond this (point E) but did not attach to the surface and was quickly shed. The total drag coefficient
was lower compared to Helmet 2 because most of the low pressures were formed within the
boundary layer in the transition and turbulent flowgiens.

At point A in Figur&(a), the laminar flow formed much earlier as in Helmet 1 and 2. As the flow
travelled further to the back, it enters the transition region where a laminar separation bubble
formed at point B.

As the thickness of the bubble gree vortex appeared at point C. The flow reattached at point
D and produced high pressure at the tip of the helmet. Immediately the flow to the rear formed a
vortex not closely attached to the surface (point E) and where it quickly formed another vanegex. T
trailing vortices however quickly disappeared.

In Figure5(b), the tip of the helmet was placed exactly on the back of the cyclist. Laminar
separation bubble appeared at point A. Inside the bubble, the flow was circular in the opposite
direction to theouter flow at the surface. As the bubble thickened, it rapidly became turbulent
generating a small vortex at point B. A kpnessure vortex than formed at point C but quickly
reattached to the surface. The flow was quite similar to that in Helmet 4 exbapthe separation
bubble formed was smaller and the vortices shed much quicker thus resulting in the lowest drag
coefficient (0.05) of all the tested helmets.

During the competition, the cyclist cannot maintain his or her head at the optimal angle. When
the cyclist rotated the helmet 10 degrees (yaw angle to the horizontal) cownhbekwise, the tail
flap tended to move close to the cyclist’s back. At this position, a frontal area larger than usual would
form resulting in higher drag coefficient as shownFigure5(c). This position also created higher
total force (pressure and viscous force). Since total force is directly proportional to the drag
coefficient, an increase in total force will increase in the drag coefficient. There was a very small
separdion bubble formed at point B. However, as the flow entered point C, sudden changes in
velocity and pressure created a turbulent flow with a trailing vortex at point D. Higher drag
coefficients (0.16) obtained relative to other cases were most probablyaltiee larger frontal area
and large flow separation. This result agrees with one reported by Zdravkeviah [22]. Drag
coefficients for all helmet are summarized in Table 1.
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Fig.5. Streamline patterns colorebly velocity for (a) Helmet 4, (b) Helmet 5, and
(c) Helmet 6

Table 1
The drag coefficient for six helmets

Helmet 1 2 3 4 5 6

Drag coefficient (§§ 0.19 0.10 0.09 0.06 0.05 0.16
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3.3 Analysis of the Pressure Field

According to Gibertini and Grag&i3], the largest proportion to the aerodynamic resistance is
mainly from pressure drag. As air flows around the helmet, the local pressure and velocity change.
An increase in the local pressure resulted in faster movemegasfmoleculeat all directionsthus
creating forcesThe gas molecules that move at the opposite direction to the airflow, which created
forces against the airflowwyas called drag. Graph pressure versus position point on the helmet for
each case was ahaed to show the relationship between pressures and drag as shown in B{g)ire
(H). It can be seen that a stagnation pressure appeared in most of the graphs and showed by a straight
line between the position of 0.1 and 0.25m. The stagnation pressureapd due to a viscous
interaction between the free stream and the stagnating fluid. Higher stagnation pressure caused by
higher amount of energy transferred between the free stream and the stagnating[8d]dThe air
velocity at the stagnation pressure point is equal to zero and the pressure recorded is calculated by
the total pressure point§25].
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Fig.6. Pressure on (a) Helmet 1, (b) Helmet 2, (c) Helmet 3, (d) Helmet 4, (e) Helmet 5, (f) Helmet 6
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Rapid and persistent changes in pressure will easily form separation bubbles, vortices and
turbulent flow. In Figure6(a), the pressure difference between theghest and lowest pressure was
approximately 0.8 MPa for Helmet 1 at the position of O to 0.2ZI'ms zone of pressure difference
was located from middle to the tip dfie helmet.The pressure difference recorded for Helmet 1 was
much higher as compared to that of other helmets which were between 0.4 and 0.5TMRazone
of pressure difference was located from middle to the tip of the helmet. For Helmet 2 to 5 in Figure
6(b-e), respectively, graph fluctuations within the 0 to 0.2 m zone were higher in Helmet 2, decreasing
gradually until Helmet 5. Greater graph fluctuation indicates more pressure changes which bear
influence on the value of drag coefficient. For Helmet 6 in Fig(fje pressure changes in similar
zone range were the smallest. However, higher pressure formed at the frontal area of the helmet
indicated higher drag occurrence. In this way, the frontal area can greatly affect the value of the drag
coefficient.

4. Cortlusions

This study aims tanvestigate the drag coefficierdnd flow behavior fodifferent designs of
helmet and tail flips using CrDalysis The cycling helmet with the tail flap position of 6 and 9 degree
to horizontal, which is very close to the back of the cyclist, produce considerably low drag coefficient
while the modified 10 degree rotated helmet recorded the highest drag coefficient (0.16) due to large
frontal area and flow separation. Formation afrtices, trailing vortices, laminar separation bubbles,
turbulent flow, and separation at the tip of the tail flap was recorded in all designs. However, the
amount of pressure drags, size and position of the streamline flow significantly determine tiee valu
of the drag coefficient.
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