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Abstract

An experimental and numerical study of the aerodynamics of a
cyclist in a typical racing position is presented. The staitys

to provide understanding of the fundamental aerodynandc-ch
acteristics which underpin variations of drag with changes
rider shape and position. Experimentally, for a mannequith(
static crank/leg position) in a wind tunnel, velocity fieltssev-

eral streamwise stations are measured by traversing the pla
with a probe. The structure of the wake depends strongly on
the leg position, is associated with the flow around the hijgs a
can lead to large variations in the drag. Numerically, thaea
mannequin geometry is modeled and the flow simulated using a
commercial fluid flow solver (ANSYS—CFX). Similar variation
with crank angle of drag and flow topology is observed. Tran-
sient flow simulations are found to match better with the mean
velocity experimental measurements. It is found that fonso
crank angles, the wake is defined by a relatively strong xorte
pair, and for others the wake is more oscillatory.

Introduction

Cycling at high speeds, such as in racing, the aerodynarag dr

can account for up to 90% of the resistance experienced by the

cyclist[1, 4]. The drag forceD is described by:
D = 0.5pU2CpA, (1)

wherep is the density of airlJ is the cyclist velocityCp is

the coefficient of drag and is the frontal area of the cyclist.

At high speed, the cyclist can reduce the drag experienced by

minimizing frontal area,A, or by configuring their position

to achieve a flow minimizing drag coefficier€@p. Any ap-

proach taken must be balanced with the optimal rider pasitio

for power output, as well as being within the rules set by the

competition regulators.

There is only limited work on cyclist aerodynamics using eom
putational fluid dynamics in the literature. Defraeye, B,
Koninckx, Hespel and Carmeliet[5] have analyzed the flovt pas
a rider at fixed leg position without bike using CFD, emplayin
both steady-state RANS and transient LES turbulence models
They found agreement with their wind tunnel experiments, bu
limited their comparisons to pressure tap measurementiseon t
rider surface, without examining the wake flow structure.

To inform strategies for reducing drag, this study seekaito f
ther understanding of the factors influenci@g, namely the
fluid dynamics, using both wind tunnel observations and nume
ical simulation. The study builds upon recent wind tunneame
surements performed within the research group[2, 3]. Thempa
seeks to find strong comparisons between numerical and-exper
imental data, so to better characterize the fundamentalféaw
tures of a cyclist wake and how these effect aerodynamic. drag

Method

All flows were run with a freestream velocity = 16 m/s, or
57.6 km/h. The model of the cyclist was based on a typicaktrac
bike with a cyclist in a static racing position; figure 1 shaivs

two experimental and numerical models tested. For the wind
tunnel experiments, a mannequin was produced which prdvide
rotation at the hips and knees, allowing the full range ohkra
positions to be tested. Crank angles were measured with the

Figure 1: The two cyclist models employed. At top, the man-
nequin used in the wind tunnel experiments, and at bottom a
sketch of the cyclist model used in the numerical simulation

reference (crank anglé,= 0) located where the left foot is at its
furthest downstream position, or, where the pedals ar¢ dexk
the right foot is towards the front of the bike. In the streasav
or x direction,x = 0 is defined as co-located with the rear axle
of the bicycle. The bicycle consisted of a carbon fibre Bike
Technologies (BT) frame, fitted with Shimano wheel rims.

Experiments were carried out in the Monash Large Wind Tun-
nel at Monash University. Measurements of the time-avetage
three component velocity field were taken using a four hote dy
namic pressure probe, commonly referred to as a Cobra probe.
The position of the probe was controlled with a two axis tra-
verse. Measurements were taken on and behind the body of the
cyclistin planes perpendicular to the direction of flow,iméach
measurement sampled at 1250Hz for 15 seconds. A six com-
ponent kistler force balance of the piezoelectric type was e
ployed, which enabled the measurement of drag and lift force
experienced by the model. The force balance was positioned
beneath the wind tunnel floor; struts were used on the froat an
rear axles to firmly fix the model. Force measurements were
taken as the mean of three separate tests sampled at 500 Hz for
30 seconds. The model was placed on a raised box with a can-
tilevered splitter on the leading edge to limit the effectttod
raised box and the floor boundary layer on the flow and mea-
surements.

Numerically, flows were simulated using ANSYS—CFX. The
numerical model of the rider was created from the dimensions
of the experimental mannequin, while the head and helmet wer
taken from a scan. Some details of the experimental mode& wer
not recreated exactly, with the muscled mannequin armgbein
depicted with simpler tapered cylindrical and ellipticatgons.

A small stand near the rear axle, used to hold the experimen-
tal model in a stable vertical position was not included ia th
numerical model. For the bicycle, a generic model was cdeate
based on the major dimensions of a typical track bicycle. &/he
spokes were not included. Meshes were constructed over the
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Figure 2: Plot ofCpA against crank angle for both wind tun-
nel measurements and ANSYS numerical simulations (points)
Also plotted are the angles of each of the thighs through the
crank angle cycle (lines).

range of crank angles, with each consisting of approximatel
25 million elements.

The numerical results presented in this paper were takewg usi
both steady-state and transient simulations. For stetady;$he
Shear Stress Transport (SST) turbulence model is bestsuite
for strongly three-dimensional separated flow, such as seen
the flow over a cyclist. For similar reasons, for transient so
lutions, the Scale-Adaptive Simulation Shear Stress frams
(SAS-SST) model[6] was judged to be most suitable. All solu-
tions were iterated until the root-mean-squared residuahg
tities were of the order of I®. A grid resolution study was
undertaken, whereby resolution of the surface elementh®n t
rider surface was increased. No change greater than 1% in mea
sured mean lift or drag forces was found at resolutions tighe
than that used for the results presented here, for bothysteat
transient simulations. For transient simulations, a tieg®of

5x 10* seconds was employed; timestep sensitivity was tested
down to a timestep of & 10* and no appreciable difference was
observed in either the mean or transient behaviour of treefor
measurements or averaged vorticity fields.

Results

Figure 2 plots the measured drag in both the experiments and
numerics. Due to the changing frontal area of the geometry
through the crank angle cycle, in this paper the quantityragd
coefficient times are&pA, is used to represent the drag on the
cyclist; namelyCpA = %, whereD is the drag force ang

is the density of the flzuid. From figure 2, it is apparent that
the numerical model underpredicts tBgA compared to the
experimental model. There are several possible explaratio
for this: firstly, the geometry used in the numerical modedsio
not match exactly the model used experimentally; there are n

measurements are mean values. The numerical solver gerate
towards a particular solution, not the mean of a time-degend
solution. Results of transient simulations are shown latéris
paper.

A good comparison that can be made lies in the variation of the
measured values @A with crank angle, which the numerical
simulations predict well. A minimum in drag is observed for
crank angles of 15 and 195 degrees; geometrically, thesbare
angles at which the left and right thigh of the rider are eyenl
aligned (see the bottom right image of figure 1). The maxima in
drag occur at crank angles of 75 and 255 degrees; these are the
positions where one of the legs is almost straight and theroth
is folded up. Since figure 2 presents value€g#, there is a
question over whether the variation seen is based on chamges
the flow Cp) or in the change in frontal area of the geometry
(A). Though not shown here, the frontal area of the geometry
varies through the crank cycle. Its variation only accodats
approximately half of the variation iBp A seen in figure 2, indi-
cating that a large proportion of the variation is due to ¢jesn

in the wake flow with crank angle.

Also plotted on figure 2 is the angle of each thigh from the hor-
izontal as it varies throughout the crank angle cycle. Thg-ma
ima of this angle (which indicate a straightening leg) matph
closely with the maxima i€pA. The outstretching of one leg
appears to lead not only to an increase in frontal area, bot al
an increase in drag coefficie@p.

To visualize the changes in wake flow structure responsdle f
the variation inCp A over the crank angle cycle, figures 3 and 4
plot contours of vorticity at several planes in cross-secto the
direction of the flow, for the experimental and numericaladat
sets and for crank angles of 15 and 75 degrees. Regarding the
results obtained with the SST model, of note is that averaged
mean vorticity contours for the wind tunnel results are pein
compared with numerical solutions obtained with the steady
state solver. The 15 degree crank angle case in figure 3 dbes no
provide a good comparison. The experimental result (at)igh

is symmetric, while the steady-state numerical resultgfi} is
biased to one side. Additionally, tk@p A for the 15 degree case
did not converge to as high an accuracy as for some other crank
angles; indeed, if the vorticity is allowed to iterate fuaththe
alignment of the wake can deflect in the other direction,-indi
cating a time-dependent flow. If this is the case, the usefisin

of the steady-state numerical simulation is limited; thpezx
imental result may represent an average of a “flapping” of the
wake from one side to the other.

The plots for the 75 degree crank angle case in figure 4 show a
more consistent bias to one side. In all the numerics andein th
experimental measurements for this case, the flow is deflecte
to the side of the domain corresponding to the side with the
straight leg. In this configuration, the straight leg proehia
cavity of sorts in the side of the geometry, as compared to the
side where the leg is folded up close to the chest. The geome-

merous small differences, such as the presence of a stand on tyy jtself becomes significantly more asymmetric than in16e

the rear axle to hold the experimental model in place. The bi-
cycle of the numerical model is of a simpler design than that
used experimentally; there has not been an exact replicafio

the handle bars in the numerical model, nor have wheel spokes
been included. All of these small modifications have small ef
fects; however, cumulatively, they may represent a sigitic
difference in the measured drag.

Other than differences in the geometry, the discrepanGpit
may also come down to the numerical difficulties in simulgtin
a turbulent flow with a highly three-dimensional geometoy,d
Reynolds number of the order of&0A further consideration is
that the numerical results plotted in figure 2 have been péthi
using a steady-state numerical solver, whereas the expetan

degree case, and this is reflected in the wake flow.

The usefulness of the steady-state numerical simulatgolits i

ited if the flow is significantly time-dependent. Therefdran-
sient simulations have been run for the two main cases afinte
est, crank angles 15 and 75 degrees (the low and high drayg case
These simulations take approximately 30 to 40 times longer t
run than the steady state simulations, so the transientiaimu
tions have been limited to these two cases.

For the 15 degree case, the average vorticity field taken finem
transient simulation (middle column of figure 3) gives a &ett
comparison to the wind tunnel measurements. Essentialy th
same vorticity structure is seenjat= 0.32 m for both the ex-
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Figure 3: Contours of streamwise vorticity with vectors of
cross-stream velocity, for a cyclist at crank angle of,1at
cross sectiong = —0.04 m (top), 0.32 m (middle) and 0.6 m
(bottom), for both numerical steady-state (left), numedrican-
sient (middle) and experimental (right) results. Contotasy
across the range 10051 < wy < 100571,

perimental and transient numerical resultsxat 0.60 m, the
vorticity structure persists in the numerical case, butekyger-
imental result is less well-defined. The instantaneousdiefd
vorticity (as shown later in figure 5) do not closely resemble
the averaged field; the wake flow oscillates from one side®f th
rider to the other, and the experimental and transient nicaier
results of figure 3 show the symmetric average of this oscilla
tion.

Regarding the comparisons for the 75 degree crank angle case
in figure 4, although the steady-state numerical simulation
matches well with the experimental observation, the teasi
simulation is an improvement. The same settling of the wake
flow to the side of the outstretched leg is evident. In contias

the 15 degree state, the steady-state simulation compailés w
with the experiment, indicating that the flow is not as stitgng
time-dependent and that stronger more well-defined vuytici
structures exist. Indeed, the instantaneous fields ofoityrfor

the 75 degree case (an example of which is found in figure 5)
exhibit the same sideways bias as seen in figure 4, as well as
the two main concentrations of positive and negative vitytic
evident at thex=0.32 m and 0.60 m planes.

numerical steady state numerical transient experimental
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Figure 4: Contours of streamwise vorticity with vectors of
cross-stream velocity, for a cyclist at crank angle of, 4 cross
sectionsx = —0.04 m (top), 0.32 m (middle) and 0.6 (bottom),
for both numerical steady-state (left), numerical trams{enid-
dle) and experimental (right) results. Contours vary atbe
range—100s1 < wy < 100571,

The two crank angle cases of 15 and 75 degrees were chosen
as they are representative of the low and high drag cases evi-
dent in figure 2. With a difference i@pA, a difference should
exist in the velocity defect in the wake flow of each case; or,

a difference in the amount of energy in the wake flow of each
case. This can be seen qualitatively in figure 5, which plots ¢
tours of streamwise vorticity in the wake of the cyclist fartip

the 15 and 75 degree cases, taken from the transient nuinerica
simulations. The stronger velocity defect is evident far #b
degree crank angle case and appears to be centered on the main
negative-positive vorticity concentrations of figure 4.eTarge

area of reduced streamwise velocity component in the higg-d

75 degree crank angle case is also apparent in the instanane
velocity fields, which are shown in figure 5. Even in the in-
stantaneous field, the flow for 75 degree crank angle extabits
relatively well-defined vortex pair, in contrast with theviléor

15 degrees.

As well as the mean quantities, the transient behaviour @f th
flow is also of interest. Figure(6) plots time series ofi, vand

w velocities for a probe placed in the wake for the 15 degree
crank angle case, at=0.32,y = 1.0 andz= 0, or, around the
midpoint of the middle image of figure 3. The signals contain
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Figure 5: At left, contours of streamwise velocity in a plane
located atx = 0.60 m, for the 15 (top) and 75 (bottom) degree
cases. Middle, the same contours but for an instantanedds fie
At right are the corresponding instantaneous streamwigi&Evo
ity contours, for the same levels as in figures 3 and 4.

high frequency oscillations. Figurél§ plots the corresponding
power spectrum for the horizontal cross-straafrelocity. The
spectrum exhibits a strong peak at approximately 34Hz hieurt
work is ongoing on other frequencies in the flow, throughbaet t
wake, which may give further information on the wake fluctua-
tions.

Of importance is the question of relevance for the flow pagta c
clist with rotating legs, of whether a quasi-steady assionps
valid. The frequencies observed so far in the flow past th&sta
mannequin are greater than the frequencies associategaudth
aling under racing conditions (approximately 2 Hz). Theespe
of the oncoming flowlJ, is also far greater than the speed of the
moving legs. Furthermore, by running transient simulatjon

is observed that some flow features, such as the drag and lift, [3]

settle into their steady state within 0.1 to 0.2 seconds.ditm
less, this is an assumption which will need to be tested éurth
and is the subject of ongoing work.

Conclusions

This paper has presented numerical and experimental data on [4]

the flow past a model of a racing cyclist, over a range of static

leg positions. In all data sets, a dependence of drag on crank
angle was observed, with high drag measurements correspond [5]

ing with rider geometries with one leg extended to nearly ful
length and the other folded up close to the torso. The low drag
case corresponds to the rider position where both thighatare
the same angle. Numerically, transient simulations wenado

to provide the best flow field comparisons with the experimlent
results. A shifting of the wake flow to one side for the highgira

cases was observed, while for the low drag case, a weakly de-

fined wake structure was observed, the average of which¢ead t
a nearly symmetric flow field. The implication for further CFD
work is that, depending on crank angle, steady-state stiook
may not capture all of the flow features.
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Figure 6:(a) Time series of the cross-streamandv-velocity

and the streamwise-velocity components, taken at= 0.32,

y =10 andz = 0, for the 15 degree caséb) correspond-
ing power spectrum for the cross-stream (horizontalglocity

component.
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