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h i g h l i g h t s

• Wind tunnel and CFD study of tandem cyclists under crosswind conditions.
• Breakdown of drag and lateral forces on athletes and bicycle for 0◦ to 20◦ yaw.
• Best performing turbulence model for drag and lateral forces differs with yaw angles.
• Largest drag area of 0.337 m2 was found at 15◦ yaw.
• Lowest drag area of 0.305 m2 was found at 20◦ yaw.
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a b s t r a c t

Aerodynamics has been an important research aspect in cycling science, with aerodynamic apparel
and equipment, athlete postures, and race strategies all taking advantage of scientific aerodynamics
knowledge. Crosswinds occur when cyclists travel at a non-zero angle to the direction of the wind.
Research into crosswinds has yielded race strategies for able-bodied cyclists such as staggered drafting,
and wind conditions are recognised as a key factor to consider for cyclist safety. The impact of crosswinds
on tandem para-cyclists is less understood. Within the tandem para-cycling discipline, two athletes
compete as a team on a single bicycle with a high degree of flow interaction between both athletes. Wind
tunnel experiments and computational fluid dynamics were utilised in this research to investigate the
drag and lateral forces at yaw angles between 0◦–20◦. No single turbulence model was found superior for
all yaw angles investigated, with the SST k-ω and k-kl-ω turbulence models providing good results for
separate yaw ranges. The individual drag and lateral forces experienced by both athletes and the tandem
bicycle were investigated to provide further clarity on the distribution of wind loads for each yaw angle
tested, and to aid in identifying potential locations for aerodynamic optimisation. 15◦ yaw was found to
be the critical yaw angle where the maximum drag area of 0.337 m2 was experienced. The lateral force
exceeded the drag force by 52.8% at a yaw angle of 20◦.

© 2018 ElsevierMasson SAS. All rights reserved.

1. Introduction

Research on para-cycling aerodynamics is an emerging field in
the world of cycling aerodynamics. The importance of aerodynam-
ics at elite levels of cycling is evident by its persuasive reach across
the sport from riding position, leg motion and race tactics over
equipment and apparel design to the effects of in-race vehicles

∗ Corresponding author at: Department of Civil Engineering, College of
Engineering and Informatics, National University of Ireland Galway, University
Road, Galway, Ireland.

E-mail address: p.f.mannion@tue.nl (P. Mannion).

[1–10]. Evaluating the effect of crosswinds is an important aspect
for cycling and para-cycling aerodynamics research. Athletes at
outdoor cycling events are commonly, if not always, cycling in
crosswind conditions if any wind conditions are present. Tandem
cycling is a Paralympics classified sport that holds some similar-
ities to solo cycling, but lacks a substantial research backing in
the literature, with only two known publications on the topic by
Mannion et al. [11,12]. Given the bluff body aerodynamics interac-
tion between two tandem athletes, the influence of crosswinds is
expected to be amore complex consideration than for solo cycling.
The distribution of the forces acting on a tandem setup is of interest
fromboth a safety and an aerodynamics optimisationpoint of view.

https://doi.org/10.1016/j.euromechflu.2018.11.001
0997-7546/© 2018 Elsevier Masson SAS. All rights reserved.
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Nomenclature

AF Frontal area [m2]
AS Side area [m2]
CD Drag force coefficient [–]
CS Lateral force coefficient [–]
CDAF Drag area [m2]
CSAS Lateral force area [m2]
V Crosswind velocity [m/s]
CP Pressure coefficient [–]
ρ Air density [kg/m3]
%dev Percentage deviation
FD_CFD Drag force simulated using CFD [N]
FD_WT Drag force measured in the wind tunnel

[N]
FS_CFD Lateral force simulated using CFD [N]
FS_WT Lateral force measured in the wind tun-

nel [N]
k Turbulent kinetic energy [m2/s2]
kl Laminar kinetic energy [m2/s2]
ω Specific turbulence dissipation rate [s−1]
ε Turbulence dissipation rate [m2/s3]
α Yaw angle [◦]
X, Y Cartesian coordinates [m]
∆ Difference

Abbreviations

LES Large eddy simulation
DES Detached eddy simulation
RANS Reynolds-averaged Navier–Stokes
SST Shear stress transport
T-SST Transition shear stress transport
BR Blockage ratio
UCI Union Cycliste Internationale
ABS Acrylonitrile butadiene styrene
CNC Computer numerical control

Lukes et al. [13] termed ‘‘the effect of wind’’ as a key compo-
nent of cycling aerodynamics that needs to be addressed. By far,
most experimental and numerical studies on cycling aerodynam-
ics, even very recent ones, did not consider crosswind conditions
(e.g. [1,2,10–12,14–17]. An exception are the studies by Fintelman
et al. [4,6]. Fintelman et al. [4] studied crosswind effects on solo
cyclists using full-scale wind tunnel experiments, with a focus
on cyclist safety by investigating cycling stability under adverse
crosswind conditions. Crosswind angles in increments of 15◦ from
0◦ to 90◦ were investigated, using amannequin to represent a rider.
Several torso angles were tested, along with two bicycle types. The
study concluded that the bicycle type had a larger impact on the
lateral force coefficient than the torso angle of the rider. Measured
lateral force coefficients were up to 34% larger for a TT bike with a
rear disk wheel, in comparison to a road bicycle with two standard
spoked wheels. Fintelman et al. [6] studied crosswind effects using
numerical simulation with computational fluid dynamics (CFD) on
a cycling setup for road race events. Both steady-state Reynolds-
averagedNavier–Stokes (RANS) and transient Detached-Eddy Sim-
ulations (DES) and Large-Eddy Simulations (LES) were utilised.
Yaw angles from 0◦ to 90◦ were investigated in 15◦ increments
using steady RANS, and the angle of 15◦ was simulated using DES
and LES. Discrepancies between experimental data and simulation

results were apparent, with DES deviating from experimental data
by up to 17% at 15◦ yaw. LES provided the best overall result at
15◦ yaw with a drag coefficient error of 5%. However, the RANS
method provided a good agreementwith the experimental data for
all yaw angles tested, with the standard k-ε [18] turbulence model
proving superior to the SST k-ω [19] turbulence model for force
predictions where wall functions based on the log law were used
to solve the near-wall flow. At 15◦, drag was under-predicted by
7% when using the standard k-ε model, but was under-predicted
by 12% when using the SST k-ω model.

Tandem aerodynamics were investigated by Mannion et al.
[11] using wind tunnel experiments and CFD analysis, where both
methods provided individual drag data for the pilot and the stoker.
A variety of challengeswere observed to obtain accurate numerical
results, with a large dependence found for the boundary layer
resolution and choice of turbulence models. The SST k-ω [19]
turbulence model and an average y* resolution of 1 provided the
most accurate drag predictions with a drag deviation of 4.0% and
4.2% from the measurements, calculated for both the pilot and
stoker respectively. Mannion et al. [12] investigated four tandem
setups at 0◦ yawusing CFD; upright, dropped, time-trial and frame-
clench setups. The frame-clench setup was a variation of the time-
trial setup that resulted in the lowest CDA of the four setups tested,
at 0.286 m2.

By considering simplified geometries for the tandem athletes
such as cylinders, some parallels can also be drawn between tan-
dem athletes and two inline cylinders where two cylinders can
be considered as simplified forms of the tandem athletes’ torsos.
Cylinders have been used as simplified representation of cyclists
in a team time-trial by Íñiguez-de-la Torre and Íñiguez [20] who
found that the cyclist in front benefits by 5% from the trailing
riders. Staggered cylinder configurations in effect simulate non-
zero incidence angles for the oncoming flow. Depending on the
spacing of two staggered cylinders, they can experience proximity
interference effects and wake interference effects with interaction
from separated free shear layers and von Kármán vortices [21].
Similar complexity can be expected for tandem Para-cycling in
crosswind conditions.

The importance and relevance of understanding the drag and
lateral forces of each athlete under crosswind conditions is made
apparent by the directions taken by athletes and cycling teams
to gain aerodynamic improvements. Limitations are placed on the
design of tandem bicycles by the Union Cycliste Internationale
(UCI) to promote fairness and safety in race events [22]. As a
result, athletes’ postures and positioning have become the focus of
aerodynamic refinements in modern day cycling. Understanding
how the tandem athletes’ drag and lateral forces react individually
in crosswind conditions could provide insights intowhere and how
aerodynamic refinements can be obtained.

There is a gap in knowledge regarding the performance of tan-
dem cyclists in crosswind conditions, with no known prior studies
investigating crosswind aerodynamics for tandem cycling, to the
best of the authors’ knowledge. This research aims to close this
gap using wind tunnel experiments and CFD simulations. In this
study, various turbulence models are evaluated over a range of
yaw angles to determine if the sensitivity to turbulence modelling
demonstrated byMannion et al. [11] at 0◦ also applies to other yaw
angles. Yaw angles between 0◦–20◦ were identified as the range
that tandem cyclists most commonly experience in crosswinds.
5◦ increments were chosen to explore this yaw range. A tandem
cycling setup resembling an outdoor road race scenariowas chosen
to provide the geometricalmodel for this research.Wind tunnel ex-
periments were conducted with quarter-scale geometries at high
velocities for Reynolds number matching, where the aerodynamic
forces on both athletes could also be measured simultaneously.
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2. Wind tunnel experiments

2.1. Experimental setup

The tandem geometry was subjected to analysis for five differ-
ent yaw angles (α), namely 0◦, 5◦, 10◦, 15◦ and 20◦. The analysis
was conducted with wind tunnel experiments in the aeronautical
test section of the wind tunnel in the University of Liège, Bel-
gium (Fig. 1a). The experiments were designed to extract drag and
lateral force data from both athletes separately under crosswind
conditions. As such, quarter-scale models of a tandem bicycle and
athletesweremanufactured, and a systemof two force transducers
that collected force data independently and simultaneously was
devised. Geometrical information for the tandem model was ac-
quired via 3D scanning using an Eva structured light scanner [23].
Written consent of the scanned cyclist was obtained. The geometry
of the same single athlete was used to represent both the pilot and
the stoker to remove any inferred drag bias from having different
anthropometric characteristics for the two athletes. An aggressive
drops posture was adopted by the scanned athlete which was
representative of a posture adopted by both the pilot and stoker in
a road race scenario. The quarter-scale tandemmodel was divided
into four components to separate the pilot and stoker geometries
from the tandem bicycle geometry. Fig. 1b illustrates, via colour,
the separation of these geometries. The tandem bicycle was split
in the middle to allow for complete disassembly of the model.
Tight fitting sleeves joined the frame tubes at their separation
point to provide a complete joint and to remove vibrations during
testing. The tandem handlebars were included with the athlete
components, and were not attached to the bicycle frame.

Each of the four components, the pilot, stoker, and the front
and rear tandem bicycle halves were manufactured separately
from blocks of acrylonitrile butadiene styrene (ABS) plastic using
CNC milling. The resulting surfaces were considered to be smooth.
Each of the four components had a baseplate (labelled in Fig. 1b)
included in the manufacturing process to allow for the two athlete
geometries to be attached to the force transducers, and for the
tandem bicycle components to be secured. Two Delta model six
axis force transducers were used from ATI Industrial Automation
[24]. Both force transducers were aligned with the centres of grav-
ity of the individual athletes. Additional support structures were
required for each component to prevent vibrations from occurring
under wind loads. These support structures included vertical sup-
ports connecting the athletes to their respective baseplates, and
rectangular supports encompassing the wheel hubs to securely
connect the bicycle components to their respective baseplates. This
is displayed in the corresponding computational geometry for the
tandem athletes and bicycle in Fig. 1b. A rotational plate with a
diameter of 1 m was built into the centre of the platform on to
which the tandem model was placed. The platform and rotational
plate raised the tandem geometry by 0.3 m from the boundary
layer at the floor of the test section of the wind tunnel to reduce
the boundary-layer height of the flow approaching the model. The
platformwas sharp-edged tominimise flow disturbance upstream
of the test model. The measured boundary layer height at the
location of the tandem geometry was 0.06 m, which is below the
feet of the cyclists. Above this height of 0.06 m, the approach-flow
turbulence intensity in the test section of thewind tunnelwas 0.2%.

The desired full-scale flow velocity for tandem athletes was
15 m/s. As such, a velocity of 60 m/s was used for the quarter-
scale tandem models to match the Reynolds number of a full-
scale tandem. The two force transducers were zeroed before each
experiment commenced under zero velocity conditions. Force data
was sampled every 0.1 s and averaged over a period of 180 s.
Before the data was sampled, the testing velocity of 60 m/s was
held for 30 s in the wind tunnel to provide a settling period for the

force transducers. The force transducers maximum error estimate
was 1.24 N at a 95% confidence interval. The error estimate was
obtained from the calibration of the two transducers; 0.75% of
the maximum loads for drag and lateral forces. Stream-wise air
velocity was measured using a pitot tube in the wind tunnel test
section along with the air temperature for each experiment. Thus,
the force data acquired were corrected for any deviations from
the measured 60 m/s. The velocity of 60 m/s was measured using
a Pitot tube located at a height of 1 m above the ground of the
floor of the test section of the wind tunnel, i.e. 0.7 m above the
raised platform. The probe was located 0.5 m upstream of the
centre of the turn table in the platform.The recorded force data
was also corrected for air density at 1.225 kg/m3 using temperature
measurements and local atmospheric pressure. The approach-flow
turbulence intensity in the test section of thewind tunnel was 0.2%
above the thin boundary layer (0.06 m).

2.2. Results from the wind tunnel experiments

The recorded forces in the wind tunnel demonstrate different
drag trends for the pilot and stoker as the yaw angle increased
(Fig. 2a). The pilot experienced a steady decline in drag force with
increasing yaw angle, a total difference of −12.6% between 0◦ and
20◦ yaw. In contrast, the stoker experienced an increase in drag
force from 0◦–10◦ by 19.7%. With increasing yaw angle from 0◦–
10◦, the stoker benefited less from the drafting effect behind the
pilot and experienced a larger drag force from the oncoming flow.
However, the stoker began to experience the same reductions in
drag as the pilot experienced, as the yaw angle increased beyond
10◦, and a reduction in drag of −12.2% was found between 10◦–
15◦. The drag experienced by the stoker continued to decrease as
the yaw angle increased to 20◦. At 20◦, the drag experienced by the
stoker was lower than the initial drag experienced at 0◦ by 4.6%.
Large lateral forces were experienced by the pilot and stoker as
the yaw angle increased, by comparison to the drag forces (Fig. 2b).
The lateral force experienced by the pilot at 20◦ was 96.4% larger
than the drag force at the same angle, while that by the stoker at
20◦ was 166.9% larger. The largest lateral force experienced by the
pilot and the stoker was at 20◦ yaw. Compared to the pilot, the
stoker experienced a smaller lateral force for all yaw angles tested.
However, it is expected that the support structures for the athletes
located at their feet (Fig. 1b) impacted the lateral force to a greater
degree than the drag force due to the larger side area exposed to
the oncoming flow.

3. CFD simulations: Validation study

3.1. Computational grid and boundary conditions

CFD simulations were performed to replicate the wind tunnel
environment presented in Section 2. The aeronautical test section
of the wind tunnel laboratory in the University of Liège had a
cross sectional area of 2 × 1.5 m2, presenting a Blockage Ratio
(BR) of 2.2% when the tandem geometry was at 0◦ yaw, and a BR
of 3.3% when at 20◦ yaw. The platform and supporting structures
were included in the BR calculation. The BR was determined as
small enough (≈3%) to prevent any severe effects [25,26], but large
enough to be taken into consideration to provide accurate valida-
tion data for CFD simulations. No solid blockage corrections were
applied to the force data acquired in the wind tunnel experiments.
Instead, CFD simulations were performed that matched the wind
tunnel dimensions (Fig. 3) and thus capture any solid blockage
effects, allowing for the resulting drag and lateral forces to be com-
pared directly. All support structures and geometry simplifications
necessary for the wind tunnel experiments were included in these
CFD models, as illustrated in Fig. 1b and Fig. 3. Furthermore, the
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Fig. 1. (a) Photos of the quarter-scale tandem setup in thewind tunnel of theUniversity of Liège, showing the rotational plate used to vary the yawangle of the tandemmodel.
(b) Tandem geometry representative of the quarter-scale wind tunnel experiments and of the corresponding CFD simulations. Axis directions are defined and geometry
components are labelled.

Fig. 2. (a) Drag and (b) lateral force results fromwind tunnel experiments. The error
bars represent the conservative error range of ±1.24 N.

raised platform from the wind tunnel experiments was also in-
cluded in the numerical simulation. A no-slipwallwith zero rough-
ness was specified to represent the tandem geometry, support
structures, platform geometry and the walls of the wind tunnel.
A velocity of 60 m/s was set at the velocity-inlet boundary, and
a zero static gauge pressure was imposed at the outlet boundary.
An inlet turbulence intensity of 0.2% and a hydraulic diameter of 1
m were used, where the turbulence intensity matched that of the
wind tunnel experiment. Also in the wind tunnel test, the mean
velocity approaching the cyclist model was uniform except for a
thin boundary layer that was present at the platform surface and
that reached a height of 0.06 m at the position of the cyclists.
For the validation study, the geometry of the wind tunnel test
section and test set-up including the raised platform and support
structures were included in the computational domain to allow
similar boundary layer development over the platform as in the
wind tunnel experiments. The air was specified to have a density
of 1.225 kg/m3 and a dynamic viscosity of 1.789e−5 kg/m s. A
cylindrical interface was used to allow for the rotation of the
tandem geometry and the closed container below the rotational
plate (Fig. 3) which held the two force transducers.

Polyhedral cells were used to discretise the fluid domain, with
surface face sizes and cell volume sizes based on the grid sensitivity
studies conducted by Mannion et al. [11]. As recommended by
Mannion et al. [11], inflation layers were used to capture wall
bounded flow, and to yield an average y* value of 0.8. The yP value
for the first cells at the surface of the scaled tandem geometry was
5 µm. The total number of computational cells was 18,981,392.
Fig. 4a illustrates the grid on a section plane through the centre
of the fluid domain. Fig. 4b–c illustrate grid densities on part of the
athlete geometry and on part of the bicycle geometry, respectively.
Fig. 4d–e illustrate the inflation layers from the athlete geometry
and the tandem bicycle wheel geometry.
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Fig. 3. Elevation and plan view of the computational domain for the quarter-scale tandem geometry. The tandem geometry and dimensions of the flow domain are
representative of the wind tunnel experimental setup.

3.2. Solver settings

ANSYS Fluent 16 [27] was used to perform the RANS simula-
tions. The choice of turbulence model for closure was based on a
sensitivity analysis, described in the following subsection. Second-
order discretisation schemes were used, with second-order pres-
sure interpolation, the Coupled algorithm for pressure velocity
coupling, and the Least Squares Cell Based method to compute
gradients. Tandem cycling aerodynamics is inherently unsteady
due to the bluff body aerodynamics and the proximity of the pilot
and stoker athletes. Hence, the pseudo transient solver was used,
because conventional steady-state proved unsuitable to attain ac-
ceptable convergence, and force values were averaged over 4000
iterations after a stable oscillatory phase had been achieved, with
a pseudo-transient time-step of 0.000625 s. The averaging time
period of 2.5 s (4000 steps) was determined through comparisons
with drag and lateral forces for the pilot and stoker, averaged over
progressively larger time scales as illustrated in Fig. 5.

3.3. Turbulence model study

A turbulence model sensitivity analysis was conducted consid-
ering 20◦ yaw to gauge the sensitivity of turbulence modelling
to the yaw angle. Based on the findings by Mannion et al. [11],
four turbulence models were used in the sensitivity analysis; the
1-equation Spalart–Allmaras (S–A) turbulence model [28], the 2-
equation SST k-ω model [19], the 3-equation k-kl-ω model [29],
and the 4-equation on T-SST turbulence model [30]. Fig. 6a–b
presents a comparison of forces predicted by each turbulence
model on the pilot and stoker respectively, against thewind tunnel
findings for 20◦ yaw. Awide spread of force predictions was found,
with the k-kl-ω turbulence model providing the most accurate
results. The k-kl-ω predicted the drag and lateral forces on the pilot
within −12.0% and 10.8% respectively to the wind tunnel results
for 20◦ yaw. The drag on the stoker was predicted to be within
1.7%, and the lateral force to be within −11.1%. The SST k-ω and
T-SST turbulence models under-predicted the lateral force on the
pilot and stoker in excess of −20%. The drag predictions for the
pilot and stoker using the T-SST and SST k-ω models were over-
predicted; exceeding 20%. The S–A provided a reasonable drag

prediction for the pilot with a deviation of 7.4%, but the drag for
the stoker deviated by 18.3%. Lateral force predictions for the S–
A model for both the pilot and stoker exceeded 20%. The k-kl-
ω turbulence model was chosen for further study across all yaw
angles based on the results of this study. Mannion et al. [11] found
that the SST k-ω model provided good predictions for tandem
cycling aerodynamics at 0◦ yaw (drag deviations< 5%) from awide
selection of turbulence models. Thus, this turbulence model was
also chosen for further evaluation across a range of yaw angles,
detailed in Section 3.4.

3.4. Validation study

In addition to the individual force component comparisons, the
combination of the drag and lateral forces via the force magni-
tude calculation was also used as an indicator for the agreement
between the wind tunnel and CFD results, and the percentage
deviation of the CFD results was calculated by:

%dev =

√
F 2
D_CFD + F 2

S_CFD −

√
F 2
D_WT + F 2

S_WT√
F 2
D_WT + F 2

S_WT

(1)

where FD_CFD is the drag force predicted by CFD, FS_WT is the lateral
force predicted by CFD, FD_WT is the drag force predicted in wind
tunnel experiments, and FS_WT is the lateral force predicted inwind
tunnel experiments.

The k-kl-ω and SST k-ω turbulence models were used in the
validation study across all the yaw angles investigated in the wind
tunnel experiments (0◦, 5◦, 10◦, 15◦ and 20◦). Fig. 7a–b compare
the drag and lateral force data for the pilot and the stoker, respec-
tively. The SST k-ω model provided more accurate aerodynamic
force predictions than the k-kl-ω model for both the pilot and
stoker at 0◦ and 5◦, with deviations (Eq. (1)) of 3.6% and 8.5% for
the pilot, and 6.5% and −5.4% for the stoker at both yaw angles
respectively. However, the k-kl-ω model provided more accurate
drag and lateral predictions for the yaw range of 10◦ to 20◦. The
predictions for the force magnitude on the pilot and stoker using
the k-kl-ω turbulence model for 10◦, 15◦ and 20◦ yaw were all
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Fig. 4. (a) Parts of the computational grid: (a) in a plane through the centre of the fluid domain, (b) the athlete geometry, (c) the tandem front wheel, (d) inflation layers on
the athlete geometry, (e) inflation layers on the tandem wheel geometry. 18,981,392 polyhedral cells exist in the grid.

Fig. 5. Drag and lateral areas over time for the pilot and stoker, at 0◦ yaw using the SST k-ω turbulence model.
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Fig. 6. Comparison of experimental and numerical of drag and lateral forces on the
(a) pilot, and (b) stoker, at 20◦ yaw.

within the 10% deviation from the results of the wind tunnel ex-
periments (Fig. 7c), outperforming the predictions from the SST k-
ω turbulencemodel. The k-kl-ω predictions of the forcemagnitude
for the pilot deviated by 1.4%, 2.0% and 6.5% for 10◦, 15◦ and 20◦

respectively. Fairly good force magnitude predictions were also
found for the stoker with deviations of 8.8%, 5.3% and −9.5% for
10◦, 15◦ and 20◦ respectively (Fig. 7c). Between 10◦–20◦ yaw, the
SST k-ω model under-predicted the lateral force on the pilot and
over-predicted the drag force. Deviations (Eq. (1)) were in excess
of 10% for 10◦–20◦ yaw for the SST k-ω model. The k-kl-ω model
over-predicted drag forces on the pilot and stoker at 0◦ and 5◦ yaw,
but provided more reliable force predictions at higher yaw angles
(10◦–15◦), most notably where the SST k-ω under-predicted the
lateral forces on the pilot and stoker at 20◦ yaw.

Differences in the flow predictions between the k-kl-ω and SST
k-ω turbulence models are presented in Fig. 8a–b for 20◦ yaw. The
SST k-ω turbulence model was found to generate larger under-
pressure zones and smaller over-pressure zones than the k-kl-ω
model. Flow separation was delayed when using the k-kl-ω model
by comparison to the SST k-ω, resulting in improved pressure
recovery from the separation occurring farther to the rear of the
tandem athlete geometry. The difference in the predictions of the
flow separation locations is thought to impact the drag and lateral
force predictions by determining the location of themaximum and
minimumpressure differentials on the torso of the athlete. Fig. 9a–
b illustrates the difference in flow separation locations between
the k-kl-ω and SST k-ω models respectively on the backs of the
pilot and the stoker at 20◦ yaw, where the SST k-ω was found to
predict flow separation at locations upstream to those predicted
by the k-kl-ω model. Compared to the wind-tunnel results, the k-
kl-ω correctly predicted the decreasing drag forces on the pilot and
stoker between 10◦–20◦ yaw, and the corresponding high increase
in lateral forces at the same yaw angles; 166.2% increase in lateral
force for the pilot using the k-kl-ω model by comparison to 82.6%
by the SST k-ω model. The difference in flow separation locations

predicted by the two turbulence models, further impacted vortex
locations and their directions. Fig. 8 demonstrates the difference in
normalised vorticity predictions between the k-kl-ω and SST k-ω
models in a horizontal plane at 20◦ yaw. The interactions of the vor-
tices from the pilot on the stoker downstream further impact the
difference in flow predictions between both turbulence models.
The correct prediction of flow separation locations by the k-kl-ω
model at higher yaw angles may also be partly due to the laminar–
turbulent transition calculation enabled by this turbulence model.
It is noted that the Transition SST (T-SST) k-ω turbulence model
[30] also enables a laminar–turbulent transition to be resolved in
the boundary layer, but this model did not provide benefits over
the SST k-ωmodel at 20◦ yaw for the pilot. However,more accurate
lateral force predictions were provided for the stoker using the T-
SST model, indicating that the laminar–turbulent transition may
be important in tandem aerodynamics modelling in crosswind
conditions. The k-kl-ω turbulence model drag predictions for the
pilot and stoker were less accurate than the SST k-ω model at 0◦

and 5◦. However, although the SST k-ω provided more accurate
drag force predictions at 0◦ and 5◦ yaw, it did not correctly predict
the drag and lateral force trends as the yaw angles increases to 10◦,
15◦ and 20◦ (Fig. 7). Thus, it is recommended that the turbulence
model employed should consider the yaw angle of interest. The
SST k-ω turbulence model was chosen for further study for 0◦

and 5◦ only, while the k-kl-ω was used for the yaw angles of 10◦,
15◦ and 20◦, as highlighted in Fig. 7c where the better performing
turbulence model is highlighted using brackets for each respective
yaw angle.

4. CFD simulations: Aerodynamic analysis of crosswind condi-
tions

4.1. Computational settings

The geometrical model of the tandem and the athletes used
in this section were obtained by removing the structural sup-
port/stiffness elements present in the quarter-scale wind tunnel
model. In addition to removing the supporting structures attached
to the wheels and athlete legs, the tandem was raised 0.02 m
from the ground surface to prevent highly skewed cells at the
contact patch between the tyres and road surface. Accurate rep-
resentations of the front forks, chain stays, wheel hubs, pedals,
cranks and handlebars were included in the simulations (Fig. 10).
However, some elements of the tandem bicycle were neglected
from the geometrical model that were considered small enough
not to influence the characteristic flow around the tandem. These
included the chains, sprockets, and also brake and gear cables and
mechanisms. The projected frontal area of the tandem geometry
was 0.399 m2, and the projected side area was 1.364 m2.

The computational domain was represented by a cuboid with
dimensions of 80 × 28 × 28 m3 (Fig. 10). The resulting maximum
blockage ratio at 20◦ yaw was 0.1% to negate any blockage ef-
fects. A maximum blockage ratio of 3% is recommended by Franke
et al. [25] and Tominaga et al. [26]. Fig. 10 depicts the boundary
conditions implemented for the computational domain. An inlet
velocity of 15 m/s was used, which is representative of the high
velocities that tandem athletes can achieve. All surfaces of the
tandem bicycle and the athletes were represented using a smooth
no-slip wall with zero roughness. A symmetry boundary condition
with a zero-normal gradient for all variables was imposed on the
outer boundaries of the domain. A pressure-outlet condition with
0 Pa static gauge pressure was imposed on the outlet boundary.
An interface was used to facilitate a cylindrical volume around the
tandem’s geometry which could be rotated to specific yaw angles
(Fig. 10). A pseudo-time-step of 0.01 swas used for the simulations,
which was scaled from the quarter-scale simulations using the
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Fig. 7. Drag and lateral force comparison on (a) the pilot and (b) the stoker for the wind tunnel and CFD simulation results. (c) The difference between the force magnitude
predictions (%) of the wind tunnel experiments and CFD simulations for the pilot and stoker. The brackets indicate the chosen turbulence model specific to a yaw angle
which was used for the remainder of the study.

Courant–Friedrichs–Lewy (CFL) condition described in Eq. (2), to
ensure the time-step size was representative of the geometrical
scale and fluid velocity. The numerical methodology described in
Section 3.2 was followed to set up the full-scale simulations. In
addition, the grid sizes used for the full-scale simulations were
scaled directly from the quarter-scale simulations described in
Section 3.1. The average y* for the full-scale simulation was below
1 as per the quarter-scale simulations. The yP value for the first
cells at the surface of the athletes and tandem bicycle was 10 µm.
Fig. 11 illustrates the y* distribution at 0◦ yaw for the quarter-scale
and full-scale simulations for comparison.The SST k-ω turbulence
model was used for the 0◦ and 5◦ yaw angles, while the k-kl-ω
turbulence model was used for the 10◦, 15◦ and 20◦ yaw angles
following the findings outlined in Section 3.4.

C =
U∆t
x

(2)

C is the Courant number [–], U is the velocity [m/s], ∆t is the time-
step size [s], and x is the length scale [m].

4.2. Crosswind force predictions

The drag area (CDAF) and the lateral force area (CSAS) were used
to describe and compare the forces on tandem cycling in crosswind
conditions:

CDAF =
FD

0.5ρV2 (3)

CSAS =
Fs

0.5ρV2 (4)

where FD is the drag force [N], V is the crosswind velocity [m/s]
(free-stream velocity in the computational domain), ρ is the den-
sity [kg/m3], AF is the frontal area [m2], and FS is the lateral force
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Fig. 8. Comparison of pressure coefficient, normalised velocity, and normalised vorticity at 20◦ yaw for (a) the k-kl-ω, and (b) the SST k-ω turbulence model.

Fig. 9. Comparison of normalised shear stress on the quarter-scale tandem simu-
lations at 20◦ yaw using (a) the k-kl-ω, and (b) the SST k-ω turbulence models.

[N]where the sub-script letter ‘S’ represents the side (lateral) force,
90◦ to the drag axis (Fig. 10).AS is the projected side area [m2] of the
tandem, CD is the drag force coefficient and CS is the lateral force
coefficient.

The results are provided in Fig. 12. The CDAF was found to in-
creasewith increasing yawangle up to 15◦. It reached itsmaximum
value at 15◦ with an increase of 8.4% from 0◦. The drag at 20◦

dropped by 9.5% from its value at 15◦; slightly lower than the
drag originally experienced at 0◦. The CSAS increased steadily with
yaw angle, providing a near match to the drag force at 15◦ (3.9%
difference). At 20◦, the CSAS was larger than the CDAF by 52.8%.

Fig. 13a presents the drag forces on the pilot, stoker and tandem
bicycle. The inclusion of data on the tandem bicycle lends clarity
to the distribution of the drag forces, and their impact on the CDAF
displayed in Fig. 12. The pilot experienced a maximum drag at 0◦

Fig. 10. Isometric view of the computational domain used for the aerodynamic
analysis and the full-scale tandem geometry.

and a reduction thereafter with increasing yaw angle. The stoker
experienced a maximum drag at 15◦. The bicycle experienced a
steady increase in drag with increasing yaw angle. This elucidates
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Fig. 11. Comparison of y∗ at 0◦ yaw for the full-scale and reduced-scale simulations.

Fig. 12. A comparison of drag area (CDAF), and the lateral force area (CSAS) for the
full tandem geometry (pilot, stoker and bicycle) as obtained from the full-scale CFD
simulations.

the increase in drag area (Fig. 12) with increasing yaw angle from
0◦–15◦, where the drag increase experienced by the bicycle and
the stoker offsets the drag reduction experienced by the pilot.
However, between 15◦–20◦, the stoker experienced a reduction in
drag. This drag reduction experienced by the stoker in addition to
the reduction experienced by the pilot resulted in a net reduction
for the total drag, providing a CDAF slightly less even than the value
predicted for 0◦. The bicycle experienced an equivalent drag force
to the stoker at 20◦ yaw, and contributed 31.6% to the total drag
force, in comparison to a 21.1% contribution at 0◦ yaw, illustrating
the extent to which the drag increased on the bicycle as the yaw
angle increased.

The lateral forces experienced by the pilot and stoker are pre-
sented in Fig. 13b. The tandem bicycle was also found to follow a
comparable trend to the athletes, with larger lateral forces with
increasing yaw angle. The bicycle experienced lateral forces com-
parable to the pilot, and the stoker experienced a lesser lateral
force than the pilot at yaw angles between 5◦–20◦. At 5◦, the stoker
experienced a near-zero lateral force of 0.11 N, which is not visible
in Fig. 13b.

5. Discussion

The range of deviations between wind tunnel and numerical
studies at different yaw angles found in this study are comparable
to those found by Fintelman et al. [6] using RANS methods, who
reported typical deviations of 9% for drag forces, and 21% for lateral
forces. Deviations in excess of 10% for lateral forces were also
found by Fintelman et al. [6] for 15◦ using LES and DES methods.
The best performing turbulence model for each yaw range yielded
aerodynamic force deviations (Eq. (1)) < 10% in the present study;

Fig. 13. Drag (a) and lateral (b) forces experienced by the pilot, stoker and the
tandem bicycle through the investigated yaw angles as obtained from the full-scale
CFD simulations.

the SST k-ω model for 0◦–5◦ yaw and the k-kl-ω model for 10◦–15◦

yaw. Deviations outside of this selection were in excess of 20% for
some turbulence models.

This study found that the drag of a tandem (pilot, stoker and
tandem bicycle) rises by up to 8.4% with increasing yaw angles
from 0◦–15◦. However, at 20◦, a reduction in drag was found, with
the resulting drag force 1.9% less than the force experienced at
0◦. The CSAS was found to be 52.8% greater than the drag force at
20◦ yaw, whereas at 15◦ yaw, the lateral force was 3.9% less than
the drag force. The athletes contended with a higher lateral force
than the drag force at 20◦ yaw, which could have implications for
cyclist stability. Fig. 14 details pressure coefficient contour plots
on the model surfaces for each yaw angle tested. An extensive
low-pressure region developed on the sides of the athletes’ legs
and arms leeward to the stream-wise flow direction. The pilot
experienced larger pressure gradients than the stoker at lower yaw
angles at equivalent locations, as the stoker was shielded from the
oncoming flow by the pilot. However, at a yaw angle of 20◦, the
stoker experienced a comparable under-pressure region onhis legs
and helmet, along with a similar over-pressure region on the front
of his right arm, right leg and helmet (Fig. 14). The drafting effect
experienced by the stoker was reduced as the yaw angle increased
and the stoker was partially removed from the wake of the pilot.
However, at 20◦, the drag benefit from the crosswind outweighed
the drag losses frombeing removed from thewake of the pilot. This
finding for the stoker experiencing a reduction in drag at 20◦ was
similar to the pilot’s reduction in drag at the same yaw angle (13.1%
and 14.2% respectively).

The combinations of various flow phenomena contributed to
the trends in aerodynamic forces, including flow separation and
reattachment locations, pressure recovery on the bodies of the
pilot and stoker athletes, the interaction of the wake flow from
the pilot with the stoker, and the subsonic upstream disturbance
from the stoker on the pilot. A noticeable trend in the drag forces of
the pilot and stoker athletes was that the difference between the
drag of both athletes was reduced with increasing yaw angle. At
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Fig. 14. Pressure coefficient contours plotted on the tandem surfaces for each yaw angle investigated.

yaw angles of 15◦ and 20◦, the drag difference between the pilot
and stoker was just 16.2% and 15.1% respectively. The stoker was
partially removed from the wake of the pilot at these yaw angles
(Figs. 14 and 15), however, Fig. 15a2–b2 shows a local acceleration
in the flow in Plane B between the pilot and stoker, which resulted
in higher velocity gradients on the right side of the stoker torso
(athletes perspective) similar to that of the pilot. This local accel-
eration effectively separated the low velocity wake field from the
pilot and the approach flow for the stoker to some extent. An over-
pressure region on the surface of the stoker and in the flow field
ahead of the torso formed, similar to that of the pilot; excluding
the stoker’s right armwhich is firmly in thewake of the pilot at 15◦

and 20◦ yaw. This flow phenomenon induced flow fields around
the stoker similar to that of the pilot, andmay also be attributed to
the stoker experiencing a reduction in drag between 15◦–20◦ yaw
similar to the pilot. Furthermore, the pressure coefficient fields
around the legs of the stoker at 20◦ (Fig. 15a1–b1) resembled that of
the pilot. The right leg of the pilotwas also impacted from thewake
flow of the frontwheel and tandem framewhichmay have aided in
the similarities between the two pressure-fields at this yaw angle.

The drag reduction found for both the pilot and stoker athletes
between 15◦–20◦ was due in part to the shifting locations of max-
imum and minimum pressure differentials around the body of the
athlete, which resulted in larger lateral forces. However, the drag
of an isolated cyclist [6], and indeed even of a hand-cyclist [31],
has been shown to increase between 0◦–15◦ yaw before reducing
at subsequent higher yaw angles. This phenomenonwas not found
for the pilot in this study, likely due to the upstream impact of the
stoker. The upstream disturbance from the stoker likely reduced
the absolute under-pressure on the back and left side of the pilot’s
torso as the yaw angle increased, improving pressure recovery
and delaying flow separation by comparison to what might occur
with a solo cyclist; possibly contributing to the acceleration of the
flow between both athletes at yaw angles of 15◦ and 20◦. Similar
instances of upstreamdisturbance froma trailing athlete have been
reported in the literature for two drafting cyclists [1] and also for
tandem cyclists at 0◦ yaw [12]. However, when evaluating the
total drag of the pilot, stoker and tandem bicycle combined, it is
interesting to note that the maximum drag also occurs at 15◦, as
per the findings of Fintelman et al. [6,7] andMannion et al. [31] for
a solo able-bodied cyclist and a hand-cyclist respectively.

Among the yaw angles tested, the largest drag force experi-
enced by the pilot was at 0◦, and the stoker at 15◦. It is recom-
mended that tandem bicycles should also be a focus of drag opti-
misation in the design phase to ensure good overall aerodynamic
performance of a tandem. It should be noted that the critical angle
to a single degree increment where the dominant aerodynamic
force switches from drag to lateral, is not quantified in this study,
and is expected to be dependent on individual and unique athlete
anthropometrics. It is also noted that the findings of this studymay
not hold for all tandem athlete posture/positioning combinations,
and that further research is required in this area.

The accessibility and computational cost of the RANS approach
makes it an effective choice for tandem cycling aerodynamics,
provided that the simulation results adhere to best practice guide-
lines (e.g. [25,26]) and are validated. However, methods such as
Large Eddy Simulation (LES) may provide accurate solutions with
less dependency on turbulence modelling. Furthermore, methods
such as Detached Eddy Simulation (DES) (or sub-variants thereof)
and Scale Adaptive Simulation (SAS) may also provide accurate
solutions. If validated, the potential benefit of suchmethodswould
be the provision of a single method with a higher accuracy than
RANS [32], applicable for all tandem cycling simulations and re-
ducing uncertainty onwhich turbulencemodel to use for any given
investigation. However, the cost benefit of RANS in both time and
computing resources currently makes it a more accessible method
than LES.

There were several simplifications made in this experimental
and numerical research of tandem cycling. Firstly, the wheels were
modelled as static. In reality, they would be rotating at a velocity
dependent on the linear speed at which the cyclist would be
travelling. Secondly, the full-scale wheel spokes were simplified to
twelve 0.012mdiameter spokes. The quarter-scale tandemmodels
manufactured for the wind tunnel experiment had a diameter
limitation of 3 mm for manufacturing purposes, and the spokes for
the computational model matched in scale. The full-scale tandem
computational model contained additional geometrical complex-
ity than the quarter-scale wind tunnel geometry. However, there
were still geometrical simplifications present such as neglected
cables, chain, sprockets, brake mechanisms and gearing mecha-
nisms. The added computational effort to accurately capture the
flow around these small components was deemed too prohibitive
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Fig. 15. Pressure coefficient and normalised velocity on (a) plane A, and (b) plane B, respectively.

given the small influence they would likely have on the flow
characteristics in tandem cycling. In addition, all surfaces were
modelled as smooth surfaces with zero roughness, when in reality
there may be varying roughness on surfaces such as the rider’s
skinsuit, or bicycle tyres. The impact of roughness on skin-suits for
tandem cycling is an open field for future research.

6. Conclusions

Wind tunnel experiments and CFD simulations were conducted
to assess the accuracy of CFD simulations for modelling tandem
cycling aerodynamics in yaw conditions. CFD simulations were
designed tomatch the physical parameters of thewind tunnelwith
a high degree of detail for validation purposes. A second set of full
scale simulations were created to mimic tandem cycling in free
air conditions. Flow velocities were representative of those expe-
rienced by tandem athletes at outdoor race events. It was found
that a single turbulence model does not provide reliable results for
all yaw angles tested. The SST k-ω turbulence model was found
to be most accurate at 0◦ and 5◦ yaw angles for predicting drag
and lateral forces, but less accurate at higher yaw angles. However,
at these higher yaw angles the k-kl-ω turbulence model followed
the trends set in the wind tunnel, and yielded more accurate force
predictions at 10◦, 15◦ and 20◦ yaw.

For the whole tandem system (pilot, stoker and bicycle), a CDAF
of 0.311 m2 was found for 0◦ yaw using full-scale CFD, which
increased to 0.337 m2 at 15◦. However, a reduction in drag was
found at 20◦ with a CDAF of 0.305 m2. The pilot was found to
experience decreasing drag with increasing yaw angle. The stoker
experienced increasing drag from 0◦ to 15◦ and a drag reduction
between 15◦ to 20◦. The tandem bicycle was found to experience
larger drag forces with increasing yaw angles, and contributed to
31.6% of the net drag at 20◦ yaw, in comparison to 21.1% at 0◦ yaw.

ThemaximumCSAS was recorded at 20◦ yaw. The CSAS recorded
at 20◦ yaw was 52.8% greater than the CDAF at the same angle. A
significant CSAS was also recorded at 15◦, only 3.9% less than the
CDAF recorded at the same angle. The distribution of lateral forces
was 42.1%, 21.0%, and 36.9% between the pilot, stoker and tandem
bicycle respectively at 20◦ yaw.

For future work, it is recommended that tandem crosswind
scenarios are modelled with additional yaw angle resolution, and
with different athlete postures/positioning combinations, to pro-
vide greater understanding of the response of tandem cycling to
crosswind effects. For practice it is recommended that athlete
posture and apparel drag optimisation studies be conducted under
crosswind conditions, with at least 0◦ and 15◦ recommended as
key yaw angles from this research.
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