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Abstract

Aerodynamic drag is the main resistive force in cycling at high speeds and on flat terrain. In wind tunnel tests or computa-
tional fluid dynamics simulations, the aerodynamic drag of cycling wheels is often investigated isolated from the rest of the
bicycle, and sometimes in static rather than rotating conditions. It is not yet clear how these testing and simulating conditions
influence the wheel aerodynamic performance and how the inclusion of wheel rotation influences the overall measured or
computed cyclist drag. This study presents computational fluid dynamics simulations, validated with wind tunnel tests, that
indicate that an isolated static spoked front wheel has a 2.2% larger drag area than the same wheel when rotating, and that a
non-isolated static spoked front wheel has a 7.1% larger drag area than its rotating counterpart. However, rotating wheels are
also subjected to the rotational moment, which increases the total power required to rotate and translate the wheel compared
to static conditions where only translation is considered. The interaction with the bicycle frame and forks lowers the drag
area of the front wheel by 8.8% for static and by 12.9% for the rotating condition, compared to the drag area of the isolated
wheels. A different flow behavior is also found for static versus rotating wheels: large low-pressure regions develop from the
hub for rotating wheels, together with a lower streamwise velocity region inside the circumference of the wheel compared to
static wheels. The results are intended to help in the selection of testing/simulating methodologies for cycling spoked wheels.

Keywords Wheel acrodynamics - Cycling aerodynamics - CFD simulations - Cycling spoked wheel - Static and rotating
wheels

1 Introduction

Aerodynamic drag has a large impact on the cyclist overall
resistance, up to 90% when riding on flat terrain at racing
speeds [1, 2]. The aerodynamic drag is mainly caused by the
cyclist body, which is responsible for between 60 and 82% of
the total drag [2-5], whereas the remaining part is caused by
the bicycle. Previous research reported that both wheels can
be responsible for up to 10-15% of the total aerodynamic
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drag [6]. Reducing the aerodynamic drag and the rotational
moment of the wheels is, therefore, important for improving
the cyclist performance.

An overview on cycling wheel aerodynamics was pro-
vided in [7, 8], whereas specific wind tunnel (WT) and
computational fluid dynamics (CFD) studies on cycling
wheels are reported in Tables S1 and S2 in the supplemen-
tary material, respectively. The majority of these studies
have been performed on isolated wheels and they focused
on comparisons of the drag of different wheels [6, 9-15], on
the aerodynamic drag reduction by adding external elements
like claddings or splitter plates [16, 17], on the aerody-
namic influence of the tire width to rim width ratio [18], the
impact of wheel rotation on the aerodynamic drag [16, 19],
the influence of the rotational moment on the total power
required to move the wheel [11] and the influence of com-
putational parameters and the type of wheel/ground contact
modeling to the aerodynamics of spoked wheels [20-22].
Only a few studies have focused on the aerodynamics of
non-isolated cycling wheels, including those by Godo et al.
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[23], Barry et al. [24] and Petrone et al. [25]. In addition,
Kyle [26] mentioned that rear wheels had about 40% lower
drag than front wheels, as rear wheels are situated partly in
the wake of the rest of the bicycle. The main results of the
studies on non-isolated wheels are briefly discussed below,
with more details provided in the supplementary material.

Godo et al. [23] found that the computed wheel drag was
only slightly influenced by the presence of a fork and the
remaining bicycle components. Only the front part of a cut
racing bicycle frame was included in the CFD simulations
and that two deep-rim spoked wheels and a tri-spoke wheel
were considered. Barry et al. [24] found that the drag behav-
ior at yaw angles larger than zero was different for a bicy-
cle tested with and without a cyclist mannequin. The drag
values were also dependent on the type of the front wheel
used, disc, tri-spoke and spoked wheels with shallow or deep
rims. Petrone et al. [25] tested three sets of spoked wheels
on a bicycle with a cyclist in a WT. The results were then
used as input into a mathematical model which computed
the time necessary to complete a flat but not straight track
of 57 km. A cyclist pedaling at 350 W would save 154 s and
399 s choosing the most aerodynamic wheelset compared
to the other two.

There seems to be no consensus in the scientific liter-
ature about the impact of wheel rotation on the resulting
aerodynamic forces and moments on isolated wheels. Kyle
[13, 27], reported a 22-25% drag increase at 13.41 m/s
for two types of rotating spoked wheels compared to the
same wheels when kept static in the WT. Kyle provided the
results for the rotating wheels as the sum of the translational
drag and an equivalent drag caused by the wheel rotational
moment. Kyle [28] reported that the contribution of the rota-
tional moment to the total drag of the rotating wheel ranged
between 20 and 40%. This implies that the translational
drag—thus excluding the rotational moment contribution
to the total drag—of isolated static spoked wheels is com-
parable or higher than the same wheel rotating. Sayers and
Stanly [16] reported a translational drag coefficient increase
of up to 90% at a speed of 5 m/s for a commercially available
wheel with aero-rim and 32 rounded spokes when rotating
compared to a static condition, and a 15-25% translational
drag coefficient increase at speeds between 10 and 20 m/s.
Similarly, Karabelas and Markatos [19] computed a trans-
lational drag coefficient increase of about 18% for a rotating
wheel compared to the same wheel but static. They per-
formed unsteady simulations with a standard wall function
approach for near wall modeling, which was found, together
with the height of the first cell, to highly influence the results
in other studies on cycling aerodynamics [29, 30]. Moreover,
Karabelas and Markatos [19] performed WT tests only on a
static wheel, and their CFD results underestimated the meas-
ured drag coefficient by 18-28%. Last, Crane and Morton
[18] reported only a 3.9+ 0.6% translation drag area increase
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for a rotating wheel compared to a static wheel over several
trials, a discrepancy in the order of the experimental repeat-
ability (2.3 +1.0%).

The information above indicated a lack of previous
studies comparing the two most common methodologies
to investigate wheel aerodynamics, i.e. isolated and non-
isolated from the entire cyclist-bicycle system. In addition,
substantial discrepancies could be noted among previous
studies concerning the forces acting on a static and rotat-
ing wheel. Therefore, the present study compares the aero-
dynamics of a static and rotating wheel, both isolated and
non-isolated from the remaining bicycle components and
the cyclist, at zero degree yaw angle, and attempts to clarify
discrepancies from previous studies.

2 Wind tunnel experiments

The WT experiments were performed in the closed-circuit
WT of Eindhoven University of Technology in the Nether-
lands. The WT has a test section with a cross-section of 3 m
width X 2 m height and a length of 27 m. The tests were
performed using a full-scale time trial bicycle and cyclist
mannequin wearing an aero-helmet (Fig. 1).

The mannequin was manufactured by CNC milling of
high-density polyurethane based on a 3D scan of an elite
cyclist. Afterwards a smooth surface treatment was applied.
Rider consent was obtained for scanning and the procedure
was approval by the Ethical Review Board of Eindhoven
University of Technology with Nr. ERB2020BE_1859456_
WT. No skinsuit or socks was used so a uniform roughness
was present over the cyclist’s surface, except for the helmet
and the shoes. The bicycle was equipped with aero-bars, a
rear full disc wheel and a front spoked wheel with sixteen

Fig. 1 Elite cyclist mannequin in time trial position in the closed cir-
cuit wind tunnel at Eindhoven University of Technology in the Neth-
erlands. Note that the skinsuit was not used in the WT tests reported
in the present paper
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bladed spokes. The frontal area of the cyclist and the bicycle
was 0.338 m?, yielding a blockage ratio of 5.6%. The bicy-
cle and the cyclist were placed on a sharp-edged platform
that included an embedded force sensor with an accuracy
of about 0.1 N. The platform was elevated 0.1 m from the
WT floor to limit the boundary layer development on the
platform. The bicycle was fixed on the platform by a com-
mercial Tacx system. The present supporting system did not
enable the wheel rotation so static testing was performed.
The drag force was sampled at 240 Hz for about 30 s. The
measurement was conducted with a reference speed of about
15.0 m/s and repeated twenty times to obtain the mean value
and standard deviation. The reference speed was measured
by a cobra probe located about 0.15 m in front of the most
forward point of the geometry of the cyclist-bicycle system,
about 0.3 m above the cyclist upper point and 0.7 m laterally
from the cyclist centerline. The approach-flow turbulence
intensity was about 0.5%. The drag force of the support sys-
tem was measured separately and deducted from the total
measured drag to obtain the value pertaining to the cyclist
and the bicycle alone. The drag area, CpA, is defined as
follows:

D
CpA =
b 0.5pU2

(m?), (1)

where D is the wheel drag (N), p the air density (kg/m?),
and U the speed measured by the cobra probe (m/s). Simi-
larly, the wheel rotational moment area, Cy,A, is defined as
follows:

M

CyA = ———
M 0.5pU2r

(m?) )

where M is the wheel rotational moment (Nm) and
r the wheel radius (m). The measured drag area was
0.231 +0.001 m?. The rotational moment was not measured
in the WT experiments, but it is included in the computa-
tional part of the present study due to its importance in the
wheel performance [11, 21, 28].

3 CFD simulations: settings and parameters
3.1 Isolated wheel
3.1.1 Geometry, computational domain and grids

The front wheel mounted on the bicycle described in Sect. 2
was selected for this part of the study. An Artec Eva 3D
scanner [31] was used to acquire the main features of the
wheel, from which the tire-rim profile and the hub profile
were obtained using the software ANSYS/SpaceClaim.
These profiles were revolved around the rotation axis to

generate the entire wheel geometry, and later the spokes
were added manually. Figure 2a—e shows the wheel shape,
with details of the hub with quick-release bolts, the spoke
cross-section, rim and tire. The tire was assumed to have
a smooth surface without grooves. The tire and rim had a
maximum width of about 24 and 29.5 mm, respectively. The
combined tire and rim depth was about 80 mm. The exter-
nal wheel diameter was about 680 mm. The computational
domain (Fig. 2f) was based on the best practice guidelines
for wind flow in the urban environment [32-34] and auto-
motive external aerodynamics [35], as shown in Fig. 2f. A
displacement height of 5 mm was present between the wheel
and the ground, as suggested in Malizia and Blocken [21].
A moving reference frame (MRF) volume of elliptical shape
was present around the spokes, the inner part of the hub
and the inner part of the rim (Fig. 2e). The elliptical shape
was used to allow the MRF volume to fit inside the bicycle
forks, which were included in the simulations for the non-
isolated case.

Four computational grids were created for the grid sen-
sitivity analysis. Details of the computational grids are pro-
vided in Figs. 3 and 4. Two medium grids were created with
a different spatial discretization on the spokes and different
prismatic layer settings. For the first medium grid (IM1), the
first cell height was of 0.08 mm and the number of prism
layers was 12, whereas a 0.025 mm first cell height and 20
prism layers were used for the second medium grid (IM2).
For both medium grids the last-ratio growth approach was
used [36], and the last-ratio was set to 35%. External to the
prism layers, tetrahedral cells were used to fill the domain,
with pyramidal cells only used in the transition zones
between the hexahedral cells and the tetrahedral cells used
in the rest of the domain. The resulting grid sizes were 7.4 M
(I0C), 18.1 M (IM1), 24.3 M (IM2) and 45.6 M (IF). Further
details about the grids are provided in the supplementary
material. All the simulations in this paper are performed at
zero degree yaw angle.

3.1.2 Boundary conditions and rotation modeling
approach

A uniform velocity U=13.41 m/s, turbulence intensity
TI=0.5% and hydraulic diameter of 2.4 m were imposed at
the inlet boundary. These values were used for consistency
with the non-isolated wheel case (see Sect. 3.3). Zero static
gauge pressure was imposed at the domain outlet. A sym-
metry boundary condition was applied on the lateral and top
faces, whereas a moving no-slip wall boundary condition
was applied on the ground, for both static and rotating wheel
cases. The ground velocity was set to the same as the inlet
velocity. The wheel rotation was modeled with the hybrid
MRF-RW approach [rotating wall (RW)] [20]. The rota-
tional velocity applied to the cells inside the MRF volume
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Fig.2 a Computational geometry of the spoked front wheel used in
the wind tunnel tests, with close-up views of: b rim and tire cross-
section; ¢ spoke cross-section; d cross-section of hub and quick
release bolts. e MRF volume shape with close-up view near the inter-

and on the wheel components outside this volume (tire, outer
rim and outer hub) was equal to @ = U/r.

3.2 Non-isolated wheel
3.2.1 Geometry, computational domain and grids

The combined cyclist-bicycle setup described in Sect. 2
was considered. The wheels and the bicycle chain were
first 3D scanned and then the remaining part of their geom-
etry was reconstructed via CAD modeling. Two different
computational domains were built, a low blockage domain
(Fig. 5a) following the best practice guidelines mentioned
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Mov.Wall

@ = wheel diameter

section with the rim and the hub. f Computational domain used for
the isolated wheel study. Boundary condition symbols: V.I. = velocity
inlet; P.O.=pressure outlet; Sym.=symmetry; Mov.Wall=moving
no-slip wall

in Sect. 3.1.1 and a WT based domain (Fig. 5b), with the
same cross-section as the WT test section. The latter was
used for validation, while the former was representative of
non-confined conditions as in the field. The sharp-edged
platform used during the measurements was also included
in the WT based domain. A displacement height of 50 mm
was present between the plate and the two wheels to resem-
ble the actual experimental conditions. The wheel supports
were not included.

For the low-blockage domain, three computational grids
were built for the grid sensitivity analysis. The main char-
acteristics of these grids are shown in Figs. 6 and 7. The
same front wheel surface grid as in Sect. 3.1.1 is employed
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Fig.5 a “Low blockage” computational domain used for the non-iso-
lated wheel study. b Computational domain based on the wind tun-
nel test-section shown in Fig. 1 and described in Sect. 2. The latter

in this part of the work, for consistency and for a clear
comparison between the isolated and non-isolated cases.
The surface of the cyclist and bicycle, including the two
wheels, was discretized with 687-1953 k surface cells.
The volume grid was built for the three grids using prism
layers near the walls of the domain, and tetrahedral cells
in the rest of the domain. The total number of cells was
152 M (NC), 44.0 M (NM) and 82.4 M (NF) for the coarse
(C), medium (M) and fine (F) non-isolated wheel grids,
respectively. For the WT based domain, the surface grid
used for the cyclist-bicycle system was built up in the same
way as for the low-blockage domain. Further details about
the grids can be found in the supplementary material.
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domain was used during the CFD validation stage of the non-isolated
wheel. Symbols are explained in Fig. 2

3.2.2 Boundary conditions and rotation modeling
approach

The rotation of the front wheel was modeled with the
MRF-RW wheel rotation approach as in the isolated
wheel case and with the same MRF volume for consist-
ency. The rotation of the rear disc wheel was modeled
with a RW approach, as this type of wheel is a body of
revolution.

In the low blockage domain, the no-slip moving wall
boundary condition was applied on the ground, whose veloc-
ity was the same as at the inlet face, 13.41 m/s, consistent
with the WT speed. The inlet had a uniform velocity applied
on it, with the turbulence intensity and hydraulic diameter
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Fig.6 a Medium (NM) surface a
grid on the cyclist and bicycle.

Close-up views of the surface

grid near the b cyclist; ¢ saddle

and seat tube; d gear-set, chain,

chain stays and disc wheel.

Total surface cell count was

1,112,606 and total volume cell

count was 43,963,203

Fig.7 a Medium (NM) volume
grid for the cyclist-bicycle case
with b close-up views near the
cyclist. Total cell count was
43,963,203

based on the values measured in the WT test. The lateral
and top faces had a symmetry boundary condition and at the

outlet face zero static gauge pressure was imposed.

S
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In the WT based domain, the velocity at the inlet was set
to 14.5 m/s, with TI=0.5% and hydraulic diameter of 2.4 m
to resemble the experimental conditions. This inlet velocity
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was selected to obtain the same velocity at the position of
the Cobra probe as in the WT test (13.41 m/s). Moreover,
no Reynolds number sensitivity was observed in the speed
range between 13.41 and 15.00 m/s. All the lateral faces of
the test section region, the plate and the balance had a static
no-slip wall boundary condition applied on them.

3.3 Solver settings

The commercial CFD code ANSYS/Fluent 2019 was used
for the simulations [37]. The 3D RANS equations were
solved with two turbulence models: the k-o SST model and
the k-0 SST intermittency model (ySST). Compared to the
k- SST turbulence model [38], the latter includes an addi-
tional transport equation to model the laminar-to-turbulent
transition [39]. These turbulence models had already been
successfully employed to predict the aerodynamic forces in
various cycling aerodynamics studies (e.g. [20, 29, 30, 40,
41]). The transitional SST turbulence model, widely used
in cycling aerodynamics (e.g. [42—44]), could not be tested
since it is not Galilean invariant: turbulence models should
be Galilean invariant when either the MRF or the MRF-RW
wheel rotation approaches are used [37].

The coupled algorithm was used for the pressure—velocity
coupling, together with pseudo-transient under-relaxation.
The pseudo-time step was computed following the approach
for cases with rotational velocities [37]:

_ 0.1

= == =261 x 10735
()

Aty
The gradient evaluation was performed with the Green-
Gauss node-based method, second-order interpolation was
used for the pressure and second-order schemes were used
to discretize the remaining equations. The maximum values
for the residuals were 7 X 10~* for continuity, 5 x 107 for
momentum, 1 X 10~ for turbulent kinetic energy, 6 x 107
for the specific dissipation rate and 6 x 107’ for intermit-
tency. The forces and the moment were averaged over the
last 8000 pseudo time steps from a total of 10,000.

4 Results
4.1 Isolated rotating wheel: grid sensitivity

The grid sensitivity analysis for both tested turbulence mod-
els, k—o SST and ySST, pointed to the same wheel grid,
IM2, to be retained for the grid sensitivity study of the non-
isolated wheel. The differences in terms of CpA and CA
were max 1.3% compared to the finer grid (IF), while for
the IM1 and IC grids these values were up to 5.0 and 8.4%,
respectively.
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For the front spoked wheel, the main contribution to the
C\A for both turbulence models was given by the combined
tire and rim (~70%) and the remaining by the sixteen spokes
(~30%), whereas the hub did not significantly contribute to
CyA (<0.1%). The 16 spokes contributed less to the total
C\A than the 16 spokes of a different spoked wheel (45 vs.
30% in the present study) which was simulated by Malizia
and Blocken [21]: in this previous study, the spokes had a
rectangular cross-section shape, whereas in the present study
they had a rounded leading and trailing edge. The combined
tire and rim was responsible for the largest absolute devia-
tions in the results between the coarse/medium grids and the
IF grid. In addition, the combined tire and rim represented
about 60% of the total CpA and about 70% of CyA. The
results for the quick releases were not included in the results
above as their geometry was slightly different in the isolated
versus the non-isolated wheel case.

Further details of the grid sensitivity analysis are given
in the supplementary material.

4.2 Non-isolated rotating wheel: grid sensitivity

The grid sensitivity analysis for both tested turbulence
models pointed to the same grid, NM, to be retained for the
remainder of the study. The differences in terms of CpA and
CyA were max 1.1% compared to the finer grid (IF), while
for the IC grids these values were up to 8.8%.

The Cy,A contribution of the front wheel to the total C,A
was about 60%. The different contribution of the two wheels
to the total Cy;A should be mainly attributed to their different
typology—spoked versus disc—rather than to their location
in the bicycle—front versus rear. For example, Jermy et al.
[11] measured the power needed for a wheel to overcome
the rotational moment and found that the three tested disc
wheels required 36-64% less (aerodynamic) power to rotate
compared to the two tested spoked wheels.

4.3 Isolated wheel: CFD validation

In this study, the computational settings and the wheel/
ground contact modeling approach were selected according
to Malizia et al. [20] and Malizia and Blocken [21]. In the
latter two studies, the CFD results for an isolated spoked
wheel—although slightly different than the one in this
study—were validated with WT tests by Tew and Sayers
[15] and Greenwell et al. [6], respectively. Only the main
results are reported here.

Malizia et al. [20] investigated the impact of computa-
tional parameters, such as the grid topology, wheel rotation
modeling and turbulence modeling, on the aerodynamics of
an isolated cycling wheel. The simulations did not include
the ground to resemble the testing condition of the WT tests
[15]. With a proper selection of these computations settings,
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a maximum discrepancy of 3.4% was found for the drag
coefficient between the CFD results and the WT tests at zero
degree yaw angle.

Similar computational settings were also used in Mali-
zia and Blocken [21]. The aim of this study was to inves-
tigate the influence of the wheel/ground contact modeling
approach on the wheel aerodynamics. The CFD results for
a spoked rear-wheel in proximity with the ground were vali-
dated against literature available WT tests [6]. The com-
puted drag coefficient values for two ground speeds (4.47,
8.94 m/s) were within the range of measured drag coeffi-
cient [6], whereas the computed drag coefficient at 13.41 m/s
speed deviated only 0.3% from the minimum measured drag
coefficient. Tew and Sayers [15] and Greenwell et al. [6]
tested isolated wheels and measured the forces using force
balances specifically intended for testing isolated wheels.
For example, the balance accuracy was reported to be equal
to 0.0005 in Tew and Sayers [15] in terms of Cp,, which was
equivalent to 0.0002 m? in terms of drag area CpA.

Given the good agreement between previous CFD results
[20, 21] with available WT tests for spoked wheels available
in the literature [6, 15], similar computational settings were
considered appropriate in the present study.

4.4 Non-isolated wheel: CFD validation

The CFD validation was based on the WT tests with the
mannequin described in Sect. 2. The wheels were static in
the CFD simulations, to resemble the WT testing conditions.
The velocity computed at the same position of the cobra
probe used in the WT tests had about 0.7% difference with
the measured one, and it was used as reference velocity to
calculate the CpA. The total CphA was underestimated with
9.1 and 4.8% by the k—w SST and the ySST model, respec-
tively, compared to the WT value (for details, see Table S9
in supplementary material). While the WT tests only pro-
vided the total CpA, however, the CFD simulations revealed
that the cyclist body, the static front wheel and the static rear
wheel accounted for about 77, 4 and —0.5%, respectively,
of the total CpA. For both turbulence models, the rear disc
wheel had a negative CpA value, thus this component pro-
vided a small thrust to the system, reducing the total drag
by about 0.5%. The best performing turbulence model, the
vSST model, was chosen for the remainder of the study.

4.5 Isolated versus non-isolated wheel and static
versus rotating wheel

Table 1 shows that the CpA of the isolated static wheel was
2.2% larger than the CpA of the same wheel but rotating.
This difference arose by the increased CpA of the combined
tire and rim (7.7%) for the static wheel, whereas the CpA
of the spokes (8.0%) and the hub (—4.9%) decreased. For a
rotating wheel, also a CyA is generated. The resulting sum
of CpA and CyA for a static wheel was 28% lower than for
arotating wheel.

Figure 8 shows the pressure coefficient Cp along the
external tire centerline. For the isolated case, the static and
rotating wheels had a similar Cp, profile for 8 between —105°
(255°) and 45°, thus for the most forward part of the tire and
the top of the tire. At =90°, thus near the ground, the Cp
profile of the static wheel did not show the peak that was
present for the rotating wheel. A similar peak was already
observed in Malizia and Blocken [21] for a different spoked
wheel with the wheel/ground contact modeled with a gap,
whereas a Cp peak with values larger than one was found
when the wheel/ground contact was modeled through a
step. The Cp behavior on the tire centerline in the wheel
bottom/rear was influenced by the flow behavior around
the wheel (Fig. 9). For the rotating wheel, a low-pressure
region emerged at the hub and extended towards the ground
(Fig. 9b), in contrast to the static wheel (Fig. 9a). This was

——Isolated-Rot

-0.5 [~ - ~Non-isolated-Rot
Isolated-Stat

— Non-isolated-Stat

245°‘ ‘255°
90 135 180 225 270 315 360
0 [°]

0 45

Fig. 8 Pressure coefficient Cp along the tire centerline for the isolated
and non-isolated wheel case, with static and rotating wheel. The tire
angle € has the zero value in the most forward point, and it increases
in counterclockwise direction

Tablg 1 Dragarea (CpA) and Isolated wheel CpA (m?) CyA (m?) Sum (m?)

rotational moment area (CyA)

for a static and rotating isolated Tire and rim Spokes Hub Total Total

spoked wheel at 13.41 m/s wind

speed Static 0.00612 0.00150 0.00196 0.00958 - 0.00958
Rotating 0.00568 0.00163 0.00206 0.00937 0.00394 0.01331
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Fig. 9 Contours of pressure
coefficient Cp on the ground
and on the isolated/non-isolated
wheel together with isosur-
faces of Cp=—0.2 (gray) for: a
isolated static wheel; b isolated
rotating wheel; ¢ non-isolated
static wheel; d non-isolated
rotating wheel

also shown in Fig. 10a, b, e, f by means of contours of Cp
and normalized streamwise velocity in the wheel center-
plane. For the static condition, the wake generated by the
hub developed in the streamwise direction, which caused
the oscillation in the Cp profile near §=180° (Fig. 8, dash-
dotted yellow line). For the rotating wheel, a low stream-
wise velocity region was present in the inside of the wheel,
with two low pressure flow regions that developed behind
the hub towards the ground, with a high-pressure region in
between. This flow behavior caused the small peaks and dips
in the Cp, profile in the rear-bottom of the wheel, at € angles
between 115° and 180° (Fig. 8, solid blue line). Moreover,
the low streamwise velocity region inside the rotating wheel
(Fig. 10f) and the lower Cp in front of the rear section of the
rim (Fig. 10b) compared to the static wheel (Fig. 10a, e)
contributed to the lower CpA of the isolated rotating wheel
with respect of the static wheel.

The non-isolated wheel case also showed a smaller Cp,A
(6.6%) for the front wheel when the wheel was rotating
rather than static, see Table 2. The rear static wheel had a
more negative CpA value than when rotating, although its
absolute value was small, reducing the total CpA by only
0.7%. A CpA increase was instead experienced for the bicy-
cle (+0.1%) and the cyclist (+0.5%) due to the wheel rota-
tion, causing a total CpA increase of 0.5% for the rotating
case compared to the static one. The CpA distribution on the
bicycle components was different for the static and rotating
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wheel conditions: for example, the CpA on the forks reduced
by 1.9% for a rotating wheel compared to its static counter-
part, see Table 3. Focusing on the front wheel component
(Table 3), in the non-isolated configuration the CpA for the
rotating wheel was 14.3% lower on the combined tire and
rim, and 9.8 and 3.6% larger on the spokes and hub, respec-
tively. The CyA contributed by 2.9% to the CpA and CyA
sum for the non-isolated wheel case with rotating wheels,
which rendered the CpA and CyA sum for the rotating wheel
case 3.5% larger than with static wheels.

Both Cp profiles for static and rotating non-isolated
wheel showed a similar behavior for almost all 8 than for
the isolated spoked wheel (Fig. 8). A main difference occurs
at 0=245°-255°, where the tire was near the intersection
between the head tube and the forks and between 180° and
245°, where the tire was in close proximity with the down
tube. A high Cp area occurred on the front of the head tube
(Fig. 9c, d), which caused the Cp, peak at §=255°. The
main differences in the Cp and velocity streamwise contours
between the static and rotating wheel cases for the non-iso-
lated wheel were localized near the two wheels, and near the
lower section of the bicycle and cyclist legs.

Comparing the isolated and the non-isolated case
(Tables 1, 3), the CpA of the front wheel was 8.8 and
12.9% lower for the non-isolated wheel case compared
to the isolated wheel case for the static and rotating con-
ditions, respectively. In both conditions, all the wheel
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Fig. 10 Contours of the pres-
sure coefficient Cp in the wheel
centerplane for: a isolated
static wheel; b isolated rotating
wheel; ¢ non-isolated static
wheel; (d) non-isolated rotating
wheel. Contours of the mean
streamwise velocity component
normalized by the reference
velocity in the wheel center-
plane for the: e isolated static
wheel; f isolated rotating wheel;
g non-isolated static wheel; h
non-isolated rotating wheel

Table 2 Drag area (CpA) and rotational moment area (Cy;A) for a static and rotating non-isolated spoked wheel at 13.41 m/s wind speed

Non-isolated wheel CpA (m?) CyA [m?] Sum (m?)
Wheel-fr ~ Wheel-rr Bicycle frame Cyclist Total Wheel-fr ~ Wheel-rr  Total
Static 0.00874 —0.00152  0.04227 0.16384  0.21333 - - - 0.21333
Rotating 0.00816 —0.00062  0.04230 0.16465  0.21449  0.00366 0.00257 0.00623 0.22072
Table3 Local ‘?rag area Non-isolated wheel CpA (m?)
(CpA) for a static and rotating
non-isolated spoked wheel at Tire and rim Spokes Hub Wheel-fr Bicycle-forks
13.41 m/s wind speed
Static 0.00538 0.00144 0.00192 0.00874 0.00695
Rotating 0.00460 0.00157 0.00199 0.00816 0.00682

components experienced a CpA reduction in the non-iso-
lated configuration: for instance, for the rotating wheel,
the CpA on the tire-rim combination, the spokes and the

hub was —19.0, —3.7 and —3.4% lower, respectively. In

addition, the non-isolated wheel was also characterized
by a —7.1% lower C\;A compared to the isolated wheel:
the combined tire and rim showed again the largest Cy;A

INTERNATIONAL SPORTS ENGNEERING ASSOCATION
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reduction (—8.5%), whereas the spokes experienced a
smaller Cy;A reduction (—4.1%).

5 Discussion and future work

The small drag area difference found in the present paper
between static and rotating isolated wheels is in line with
the results of Crane and Morton [18], although of opposite
sign. In the present study, the rotating spoked wheel has a
2.2% lower drag area than its static counterpart, whereas
a 3.9+ 0.6% higher drag area was measured by Crane and
Morton [18] for the rotating wheel. However, the wheels
in these studies are different, and likely with a different
tire mounted on it: the tire provides the largest contribu-
tion to the total drag area (~60% for both static and rotat-
ing wheels); therefore, differences in tire shape can partially
explain these deviations. Moreover, rotating wheels are sub-
jected to a rotational moment. The sum of the rotational
moment area and drag area for the rotating wheel is 39%
higher than the drag area of the static wheel in the present
study: this difference is larger than the one measured by
Kyle [13, 27], who reported a 22-25% increase. However,
the rotational moment area contribution to this sum is in
line with the 20-40% reported by Kyle [28] for a spoked
wheel. A different drag behavior between static and rotating
wheels was instead reported by Sayers and Stanley [16] and
Karabelas and Markatos [19]. Both studies reported about
20% larger drag coefficients for rotating wheels compared to
static wheels, at comparable speeds with the present study.
Different causes might be responsible of this opposite behav-
ior, among which the different wheel and tire considered
in these studies. The WT tests by Sayers and Stanley [16]
did not include the ground. Although Malizia and Blocken
[21] found that the ground has only a small influence on the
aerodynamic forces of a rotating wheel, this is not known
for a static wheel yet. Moreover, in the CFD simulations
by Karabelas and Markatos [19], the computed drag coef-
ficient for a static wheel underestimated the measured drag
coefficient for the same static wheel by 18-28%, whereas
no WT tests were performed for the rotating wheel. The
discrepancy between CFD and WT results for static wheels
in Karabelas and Markatos [19] might partially explain the
large deviations between these and the present results for
static and rotating wheels.

Future work should extend this study by analyzing dif-
ferent shapes of spoked wheels and type of wheels, like tri-
spoke and disc wheels. Increasing research efforts on the
aerodynamics of different wheels and bicycles may also
lead to establish relations on their mutual impact. Moreo-
ver, disc brakes are increasingly replacing caliper brakes
on many bicycles, however, studies on their aerodynamic
influence on the bicycle and wheel has not yet been reported
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in the scientific literature. The inclusion of crosswind in the
analysis and additional WT tests, including velocity meas-
urements in the wheel’s wake and pressure on the wheel
surface, can also provide further insights.

6 Conclusions

The present paper compared, to the best of the authors’
knowledge for the first time, the aerodynamics of an iso-
lated and non-isolated—including a time trial bicycle and a
cyclist—cycling spoked wheel. Moreover, this paper further
investigated the aerodynamic differences between static and
rotating wheels, as several discrepancies were observed in
the literature. Flow visualizations were also employed to
identify the differences in the flow behavior between static
and rotating wheels.

The static wheel had a larger CpA, both in the isolated
(+2.2%) and non-isolated (+7.1%) configuration compared
to the same wheel but rotating. However, the rotating wheel
was also subjected to the rotational moment which influ-
enced its aerodynamic performance. The sum of CpA and
CyA was 38.9% and 3.5% higher for an isolated and non-
isolated rotating wheel, respectively, compared to the same
wheel but static. The Cy;A of both wheels also increased the
sum of CpA and CyA for the whole cyclist-bicycle system
by 2.9%.

The CpA for the non-isolated wheel was 8.8 and 12.9%
lower than for the isolated wheel in static and rotating condi-
tions, respectively. This was mainly caused by the interaction
of the wheel with the down tube, forks and head tube on the
rear and upper part of the wheel. Moreover, the Cy,A for the
non-isolated wheel was 7.7% lower than that for the isolated
one. The differences mainly originated from the combined
tire and rim.

The flow behavior around static and rotating isolated
wheels was different, although they had a similar drag
area. The Cp profile on the external tire centerline for static
and rotating wheels was similar only in the front part of
the wheel, whereas it displayed large differences near the
ground and in the wheel rear section. Near the ground, the
Cp peak observed for the rotating wheel was not present
for the static wheel. Moreover, a large low-pressure region
emerged from the hub and reached the ground for both the
isolated and the non-isolated rotating wheel, whereas this
flow behavior was not observed for the static wheel. This
low-pressure region could interact with the components of
the bicycle located near the ground and with the feet and
lower legs of the cyclist.

These results are intended to help researchers and manu-
facturers in choosing the most appropriate testing and sim-
ulating configurations for aerodynamic studies of cycling
wheels.
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