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ABSTRACT

In motorcycle competitions, aerodynamics play a fundamental role. In order to improve the
performance of racing motorbikes, different front-wheel geometries have been studied by means of
numerical CFD simulations. Different lean angles were analysed for each geometry and the air motion-
field were calculated. The considered geometries range from standard spoked design to solid wheels.
Both steady-state and dynamic simulations were run using the open-source free software OpenFOAM®.
This open-source code was selected because, like all the computer programs of this type, it allows a
higher flexibility with respect to any close-source commercial software, allowing a customization of
the code by implementing specific models for the analysis of the physical problem of interest and also,
at the same time, a higher parallelization of the computations. Steady-state simulations were performed
using a rotating reference frame (MRF) while, for the transients, a partially-rotating mesh was adopted,
thus taking advantage of the internal sliding interfaces (AMI). Drag, lift and force-moments have been
calculated with the aim of examining the stability and manoeuvrability of the different configurations.
Keywords: CFD, MRF, AMI, MotoGP, wheel, performances, OpenFOAM®.

1 INTRODUCTION
Different from every-day applications [1], in car and motorcycle competitions, acrodynamics
are fundamental and the racing teams are becoming increasingly aware of it: minimal time
differences on each lap can affect the race results. The high costs of wind-tunnel tests act still
as a deterrent to an experimental-driven aerodynamic design of vehicles, but in the last years
CFD modelling gives an important contribution in bypassing this problem and to widespread
a more aware use of some design solutions.

Concerning in particular the motorcycles, the main contributors to aerodynamic forces in
such a vehicle are well-known and are: the rider, the bodywork and the wheels. Kyle [2] and
Lukes et al. [3] tried to identify the most relevant contributions to the overall aerodynamic
resistance. Greenwell et al. [4] have observed that the average contribution of the wheels to
the total drag is approximately 10—15% and that relevant improvements are still possible. For
example, Zdravkovich [5] showed that the adoption of proper flaps could lead to a drag
reduction up to 5%. Tew and Sayers [6] have compared the aerodynamic performance of
optimized and traditional wheels. They observed a reduction of the drag up to 50%. Kyle and
Burke [7] and Kyle [8], [9] observed a significant drag reduction for rotating wheels with
respect to stationary ones. The same trend was observed by Fackrell and Harvey [10], [12]
and Fackrell [11] for car tires.

Few examples of CFD applied to study the air flow around a rotating wheel in contact
with the ground can be found in the actual scientific literature. Wray [13] performed
numerical simulations to investigate the effect of the yaw angle on the drag and lift forces.
McManus and Zhang [14] use the results proposed by Fackrell and Harvey to validate their
CFD results. Godo et al. [15] observed a transition from the expected downforce to a lift
force at a yaw angle between 5 and 8 degrees. A comprehensive study of the flows around
bike wheels and the related forces was made by Godo et al. [16].
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In this paper, the authors applied an open-source CFD simulation code, OpenFOAM® [17]
to study the aerodynamic forces acting on a racing motorbike wheel in different operating
conditions. Both steady state and dynamic simulations were performed at different lean
angles and with three wheel profiles. More in detail, steady state simulations were performed
adopting a rotating reference frame (MRF) [18] coupled with a solver specifically thought
for incompressible flows. Transient simulations were performed by partitioning properly the
spatial computational domain, by setting as rotating a part of the mesh and adopting arbitrary
interfaces (AMI) [19].

2 WHEEL GEOMETRY AND OPERATING CONDITIONS
Different front wheel geometries have been analysed. The reference geometry (namely:
“REF7”) has 7 spokes. The second wheel (“MGD6”) has 6 spokes, while the last one is a
solid-disk wheel (“DSKW?”). All the three wheels mount the same tire.

3 MODEL SET-UP
Each of the presented wheels was modelled as if it was in contact with the ground, for a
greater similarity with reality. The dimensions of the computational domain have been
chosen to be sufficiently large to not influence the results (i.e. including a fully-developed
aerodynamic wake) however letting the solver converge in a reasonable amount of time.

A cylindrical partition of the domain, containing the wheel rim only (i.e. not the tire),
allows to apply a rotating reference frame or to set into rotation the wheel boundary.

Both on the “Ground” and on “Wheel” and “Tire”, three prismatic boundary layers have
been created. The height of the first cell was selected in order to maintain the y+ value
between 50 and 500. In this manner, the velocity profile can be correctly reconstructed by
applying wall functions.

A uniform velocity profile was applied both to the “Inlet” and to the “Ground” surfaces,
in order to simulate a constant travelling speed of the motorbike. The pressure at the “Outlet”
surface was set to 1 bar (ambient absolute pressure). The surfaces of the “Wheel” and the
“Tire” were treated as moving walls. Their velocities are referred to the rotating reference
frame (rotating frame — steady simulations, or rotating mesh — transient simulations). For this
reason, the relative velocity has been set to zero. The rotational velocity of the wheel and of
the tire was set to 0.05 rad/s. For a tire radius of 0.299 m, this leads to a tangential velocity
of 60 m/s.

(b)
Figure 1: Analysed wheel geometries. (a) REF7; (b) MGD6; (c) DSKW.
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Figure 2: Mesh partitioning and boundaries.

Table 1: Boundary conditions.

Wheel Tire
Ground Sides/Top Inlet Outlet
MRF/AMI | MRF/AMI
U Fixed value Symmet Fixed value Zero gradient xﬁ)\/clirtlg l‘lxﬁlf} 32;)0\;13% L\:ilallf!
unif. 60 m/s y Y unif. 6/s & y ’ Y ’
0 m/s 0 m/s
. . Fixed value Zero Zero
p | Zero gradient | Symmetry | Zero gradient unif 1ESPa gradient gradient

Epsilon wall Epsilon wall | Epsilon wall

eps Symmetry | Fixed value | Inlet outlet

function function function
kqR wall . kqR wall kqR wall
k function Symmetry | Fixed value Inlet outlet function function

3.1 MREF approach — steady-state calculations

The MRF model is a steady-state approximation in which individual cell zones move at
different rotational speeds [20]. The flow at each moving cell zone is solved using the
equations in the moving reference frame, including also the additional terms related to the
Coriolis acceleration (2w X v,.) and the centripetal acceleration (w X @ X ) into the
momentum conservation equation:

%(pvr) + V- (pv,v,) + pRw X v, + @ X w X 1) = =Vp + V- [u(Vv, + VW) + pg + F, (1)

where: p is the pressure, p is the density, u is the viscosity, g is the gravitational force, F
represents the resultant of the external body forces, w is the angular velocity referred to a
stationary (inertial) reference frame and v,, = v — @ X r, where 7 is the position vector from
the origin of the rotating frame.

The continuity equation is written in terms of relative velocities:

a
~+V-(pv,) = 0. )

At the interfaces between the two cell zones, a local reference frame transformation is
performed to enable flow variables in one zone to be used to calculate fluxes at the boundary
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of the adjacent zone. It should be noted that the MRF approach does not account for any
relative motion of a moving zone with respect to its adjacent zones; the grid remains fixed
for the computation. This is analogous to freezing somehow the motion of the moving part
in a specific position and observing the instantaneous flow-field with the rotor in that
position. Although the MRF approach is clearly an approximation, it can provide a reasonable
modelling of the flow for many applications, by considerably reducing the computational
effort with respect to the sliding mesh approach. However, the MRF model does not
accurately simulate the transient start-up but gives just a regime solution of an unsteady
problem.

3.2 AMI approach — transient calculations

The approach, in which a portion of the grid is set into rotation (here referred to as AMI), is
able to correctly describe the transient start-up but it is more computationally demanding
with respect to the MRF approach [20].

The common surface of adjacent cell zones (partitions) forms an arbitrary mesh interface
(AMI). In this specific case, the interface is a cylindrical surface. The internal cell zone will
slide along the mesh interface in discrete steps. The AMI operates by projecting the patches
of the boundary mesh of one partition onto the other. This ensures that the values of a generic
field are the same on both sides of the interface.

3.3 Other techniques

Another option is to have one single partition, and to move the boundaries corresponding to
wheel and tire but this will lead to a mesh distortion. When the quality of the computational
grid decreases under a set level, it should be updated [21]. This approach is very powerful
but also computationally demanding. A reduction of the calculation effort can be achieved
by updating only part of the grid (taking advantage of partitioning as in MRF and ADI) [22]
or by using advanced mesh-handling algorithms [23], [24].

4 NUMERICAL SETTINGS

For compressible flows, the unknown quantities are the velocity components and the density,
while the pressure is evaluated by using the constitutive equation. For incompressible flows,
however, the variables are the pressure and the velocity components. Such a system of
equations for incompressible flows has a solution because there are no equations where the
pressure is explicitly defined. To calculate it, the continuity equation is substituted with a
pressure equation; after some manipulation of the formulae, the pressure appears as the
unknown term in the momentum equation.

For steady-state calculations, the SIMPLE (Semi Implicit Method for Pressure-Linked
Equations) scheme was adopted to solve the pressure-velocity-coupling, while for transient
analyses, a PIMPLE (merged PISO-SIMPLE) scheme was adopted.

The SIMPLE algorithm was developed with the aim of reaching a very fast convergence.
This approach is very effective but does not contain any time-domain information. To provide
a numerically-stable simulation, a relaxation factor is usually introduced. The PISO
algorithm, developed for transient simulations, is time-conservative. The drawback is that, to
ensure the convergence, the time step should be reduced significantly and, consequently, the
simulation time increases. The PIMPLE combines both methods, performing all iterations in
SIMPLE mode (with relaxation) to ensure convergence also for large time steps and
performing also an additional final iteration without relaxation in PISO mode to ensure the
time consistency.
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Figure 3: Details of the mesh for the wheel and the ground in the contact point.

5 RESULTS
Forces on each wheel geometry are reported (Table 2) into the separate components
corresponding to: the drag force (// to the motorbike velocity), the lift force (L to the axis of
the wheel and to the velocity of the motorbike) and the lateral force (// to the wheel axis)
[25]. The shear between inertial and viscous contributions is also shown.
Figs 4 and 5 show the velocity contour plot on the axial symmetry plane of the wheel and
the vorticity. Vorticity is defined as:

w=VXu, 3)

where U is the velocity vector. Vorticity describes the local spinning motion of the fluid. It
has been observed that an increase in the vorticity is related to a reduction of the drag forces.
This is because a shifting downstream of the flow separation point corresponds to a higher
vorticity [26].

Figure 4:  Velocity contour plot and vorticity — wheel mid plane. (a) REF7; (b) MGD®6;
(c) DSKW.

(b)

Figure 5: Velocity contour plot and vorticity. (a) REF7; (b) MGD6; (c) DSKW.

WIT Transactions on Engineering Sciences, Vol 120, © 2018 WIT Press
www.witpress.com, |SSN 1743-3533 (on-line)



190 Advancesin Fluid Mechanics X1

Table 2: Drag and lift — steady-state calculations.

Total (inertial, viscous) forces

REF7

MGD6

DSKW

Drag [N] (y)

163.16 (156.96, 6.20)

93.32 (87.57, 5.75)

72.15 (66.18, 5.97)

Lift [N] (x)

-14.48 (-14.95, 0.47)

-24.26 (-24.63, 0.47)

-27.89 (-28.59, 0.69)

Axial [N] (z)

-51.52 (-51.43, -0.08)

-73.64 (-73.46, -0.18)

-15.62 (-15.52, -0.10)

A significant reduction of the drag can be observed with the new MGD6 geometry with
respect to the reference one (REF7). DSKW ensures a further reduction. On the other side,
the lift force increases (from REF7 to DSKW). Instead, the axial force has an oscillating
trend.

Inertial effects control the drag, the lift and the axial forces. Viscous effects are
comparable for the different geometries, but their contribution is of a lower order of
magnitude.

The frontal surface area is equal to 0.09 m? (for each design). The corresponding drag
coefficients result to be: 0.55 (REF7), 0.40 (MGD®6) and 0.35 (DSKW).

6 CONCLUSIONS

Different racing motorbike wheel geometries were studied in terms of drag, lift and axial
forces with a CFD approach. The results of the simulations have shown that the drag force
can be halved by introducing a solid disk design. However, the wider lateral surface of this
design is associated with additional axial forces that may reduce the drivability and
manoeuvrability of the motorbike.

The considered different solutions show both benefits and limitations that deserve to be
inquired further, so a second and more detailed study will follow this initial screening.
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