
ABSTRACT
For open wheel race cars the front wheel flow and the
interaction of its wake with downstream components is of
significant importance. Considerable effort goes into the
design of front wing end plates, barge boards and underfloor
components in order to manage the front wheel flow. In this
study a 50% scale Formula One front wheel assembly has
been tested in the Durham University 2m2 open jet wind
tunnel to evaluate the effect of through-hub flow on its
cooling drag and flow structures. Varying the amount of
through-hub flow gave rise to a negative cooling drag trend
whereby increasing the flow through the hub resulted in a
decrease in drag.

This observation has been explained both qualitatively and
quantitatively by inlet spillage drag. Lower than optimum
airflows through the brake scoop result in undesirable
separation at the inside edge and hence, an increase in drag
(reversing the cooling drag trend). The dominant processes at
different flow rates have been assessed by applying several
modifications to the scoop design in order to suppress or
overcome the contributions to the drag change. This
methodology has also shown a greater aerodynamic
efficiency across the whole through-hub flow range for the
case with rounded edges.

A combination of PIV, pressure probe wake maps, CFD and
surface flow visualisation techniques have been used to
investigate the effect of through-hub flow on the overall wake
of the wheel. The well documented counter rotating vortices
or ground lobes are shown to be displaced toward the
outboard side due to the outflow of the cooling flow causing
a lower pressure. The size of these vortices also changes

significantly with through-hub flow rate. The effect of
outboard wheel fairings has been investigated in the context
of through-hub flow. By positioning the exit orifice facing
downward or rearward, the overall drag was significantly
reduced and the structure of the wake was further altered
toward the outboard side.

INTRODUCTION
OPEN WHEEL AERODYNAMICS
Isolated and exposed wheel flows have been a subject of
investigation for decades due to their influence on the overall
vehicle flow field. However, the complexity in recording data
from a rotating object has resulted in relatively slow progress
in our understanding. It has been reported that the exposed
rotating wheels of a grand prix car contribute between 35 and
50 percent of the overall drag of the vehicle (Dominy [1]).
The downstream wake structure and flow field around the
front wheels are significant as the majority of the car is
affected by these. Formula One (F1) aerodynamicists spend a
considerable amount of time redirecting the flow upstream
and downstream of the front wheels in order to achieve a
suitable airflow for downstream components such as the side
pods and rear wing. Front wing end plates, barge boards and
underfloor components are examples of devices used to
achieve this. The technical regulations of racing formulae
such as F1 dictate that the wheels must not be enclosed.
Recently, further restrictions have been put in place, such as
banning outboard wheel fairings, further curtailing how an
aerodynamicist can control the flow field of the wheel.

One of the earliest fundamental studies of rotating wheel
flows in isolation was conducted by Fackrell and Harvey
[2-3] (more depth in Fackrell [4]). The study established
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positive lift and drag which are characteristic of a wheel in
ground contact and demonstrated how both quantities reduce
with rotation due to the forward movement of the separation
point. Due to the varying ground reaction force experienced
by a rotating wheel, lift measurement becomes problematic as
separating the mechanical from aerodynamic forces is
unreliable.

Morelli [5] attempted to overcome this by raising the wheel
off the floor. This method highlights the necessity to maintain
full ground contact at all times as this led to negative lift
conclusions. The reason for this downforce was due to the
accelerating airflow under the tyre which caused a low
pressure region. Stapleford and Carr [6] used a similar
method but blocked the gap with strips of paper to prevent
the negative lift measurement problem.

Generally, the accepted method of testing a wheel in a wind
tunnel comprises a moving ground plane with the wheel in
full contact across its full width. Mears et al. [7,8,9] used a
radio telemetry system to measure surface static pressure at
different locations on the tyre's tread. This resulted in
confirming Fackrell's summary of the aerodynamics of a
rotating wheel, particularly illustrating the concept of front
and rear ‘jetting’ and ‘wake breathing’. These effects are
described in more depth in Mears [10].

Saddlington et al. [11] combined published work of the flow
field combined with their own LDA measurements to
produce a comprehensive description of the downstream flow
field. The concept of two large ground vortices or lobes with
a central downwash and two smaller counter-rotating vortices
on the tyre's upper shoulder was described. Knowles'
conclusion (outlined in [11]) was that these vortices had
rolled off the tyre's sidewall. As Fackrell's previous work also
illustrated, the sidewall and profile as well as aspect ratio
have a large effect on the aerodynamic characteristics of the
wheel.

COOLING DRAG
Usually, cooling flows increase drag due to a proportion of
the pre-entry streamtube momentum being lost at any one of
the crucial stages (Seddon et al. [12]): the intake, cowl
(friction drag from the surface), cooling or engine
components' resistance and then most significantly, the exit
(Barnard [13]). Flow approaching an inlet duct or scoop splits
to follow one of two domains, the internal flow and the
external flow. Generally, the design of an inlet is intended to
carefully optimise the two flows in order to provide useful
internal airflow combined with a minimal effect on the
external flow and therefore the overall aerodynamic
performance of the device.

Figure 1. Illustrating the effect of introducing an intake
restriction. Spillage separation is clearly shown in the

lower part.

Typically, a study of through-body and cooling flows would
illustrate the fact that increasing such flow will result in an
increase in drag (Hucho [14]). An upper limit, named ‘ram
drag’, seen in Equation 1, is often associated with cooling
flows. This was found by Williams [15] to be an
overstatement in the cooling drag penalty for production
vehicles. Inlet spillage drag is an effect which is very
prominent in aircraft inlet design, particularly at high
subsonic and supersonic speeds where shocks are present
(Seddon et al. [12]). It has not been extensively researched
for low sub-sonic velocities. This process describes drag
being induced by excess flow within the inlet capture
streamtube which is being ‘spilled’ or diverted around the
inlet without entering it (as in Figure 1). Lower or even
negative cooling drag effects (Wiedemann [16]) are caused
by this inlet spillage which is usually negligible in smooth or
faired cases, where the streamtube's pre-entry momentum is
fully recovered. Wiedemann also suggested a cooling flow
dependent external yawed flow which increased the drag of
the wheel as is consistent with the findings of Cogotti [17].

(1)
Williams [15] produced an analytical formula, as shown in
Equation 2, for predicting the contributions of the cooling
drag. The initial term refers to the free stream momentum of
the pre-entry streamtube. This momentum refers to the ram
drag above and is essentially the drag from the internal flow.
The second term is the contribution from the inlet on the
external flow and the final term is the contribution from the
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exit on the external flow. The inlet component (shown in
Equation 3) comprises a thrust recovery coefficient which is
unity when all pre-entry streamtube momentum is recovered
and approaches zero when there is a complete energy loss.
The assumption of this formula is that the inlet spillage drag
effect disappears entirely once the through body flow equals
that of the free stream. Figure 2 shows the form of the
spillage drag with varying thrust coefficients.

(2)

(3)

Figure 2. After Williams [15], illustrating the normalised
drag contribution for varying velocity ratios and inlet

thrust coefficients.

Few previous studies have investigated the effect of through-
hub flow on a wheel's aerodynamic characteristics. In this
study, a detailed investigation of through-hub flow is
provided to build upon the now fairly well understood flow
field of an isolated wheel. The aim of this investigation was
to replicate, using realistic F1 geometries, a front wheel
assembly including brake cooling channels and hub
components to test varying levels of through-hub flow in
order to investigate the relationship with drag and the form of
the flow field and wake. Figure 3 illustrates a suggested
internal hub-flow route.

Figure 3. Common F1 front wheel assembly geometry
and suggested through-hub flow pattern.

EXPERIMENTAL CONFIGURATION
AND TECHNIQUES
WIND TUNNEL CONFIGURATION
A 50% scale Formula One front wheel assembly was tested in
the Durham University 2m2 open jet, open return wind
tunnel. The wheel model being used generated a blockage of
3.66% including the sting arm and scoop and the tests were
performed at a Reynolds number (based upon wheel
diameter) of Re = 4.80×105 (in the supercritical regime, the
importance of this was emphasised by Fackrell [4]). The tests
were performed with a moving ground plane synchronised
with the free stream velocity and full contact across the tyre's
tread was ensured throughout. These data are consistent with
accepted values for accurate wind tunnel testing of a rotating,
exposed wheel.

The tyre used in this investigation was rigid in construction,
made from carbon fibre and conical to allow tests at a camber
angle of 3.5°, typical of a grand prix racing car front wheel.
The tyre was mounted on an aluminium rim and attached to
the hub assembly. A cross section of the assembly can be
seen in Figure 4. The shrouding drum and brake scoop were
produced by rapid prototyping techniques and were based on
real F1 geometries. The tyre had an aspect ratio of 0.58, the
dimensions of which conform to the FIA technical
regulations for F1 and is comparable with the work of
Fackrell [4].
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Figure 4. Centreline cut through of the wheel assembly
(full scoop shown).

The intention was to investigate the effect of net through-hub
flow and as a result the internal geometry was simplified.
Instead of a brake disc, fine wire meshes were used at the
interface between the scoop and the drum to vary the level of
restriction (Figure 4). Common F1 practice is to intentionally
design over sized brake ducts or scoops and then control the
cooling flow at this interface depending on requirements of
individual race circuits. Using meshes in this position
allowed a range of through-hub flow conditions from fully
closed (sealed) to fully open. In all cases, the scoop inlet area
was left open so that any change on the external flow would
purely be caused by the change in through-hub flow and not
due to converting a scoop into a solid bluff body.

The drag measurements were performed using a strain gauge
load cell situated within the hub (as shown in Figure 4). Each
configuration was tested under two wind conditions. Firstly, a
low speed tare was taken to account for bearing resistance
which was considered velocity independent. This was
performed at 1ms−1 with no wind ensuring negligible
aerodynamic forces. This value was subtracted from the
subsequent measurements which were performed at a
velocity of 25ms−1. This way, the drag measurements
calculated were purely the aerodynamic contributions. The
voltages were recorded using a computerised data logger
which recorded data for 65.5 seconds at 500Hz. The scoop
velocities were measured by means of a pitot-static tube,
made with rapid prototyping techniques and built into the
scoop. This measured the velocity at the inlet cross section of
the scoop where the flow was considered to be parallel to the
freestream. These pressure measurements were recorded via
the use of pressure transducers connected to the same data
logger recording at the same frequency.

(4)

For scalability, the through-hub velocity was non-
dimensionalised and termed the Hub Flow Number (HFN)
defined by Equation 4. As there was an anticipated level of
spillage from the open sided brake scoop, the flow velocity
measured at the scoop would be larger than the through-hub
velocity. A correction was formulated in order to convert
scoop velocities into through-hub flow rates. This was done
by using the CFD prediction (see later sub-section) to
calculate the ratio between the scoop velocity and the
through-hub velocity at the fully open case and for each
scoop modification an empirical offset was measured for the
closed case, as a closed intake could not possibly allow any
through-hub flow. The correction is presented in Equation 5.

(5)

PRESSURE PROBE MEASUREMENT
Flow field data were measured at crossplane configurations
(YZ) at 2D (two wheel diameters) downstream of the wheel's
axle. This allowed an empirical measurement of the counter-
rotating vortices under open and closed scoop conditions. The
probe used was a five-hole configuration produced with rapid
prototyping techniques and had a pitch and yaw sensitivity of
±40°. It was mounted on a slender mounting which in turn
was connected to an automated three axis traverse unit built
into the tunnel. These data were recorded at 800Hz for 2.56
seconds and with a grid spacing of 15mm in both directions
resulting in a grid comprising 945 points.

PARTICLE IMAGE VELOCIMETRY
(PIV)
The PIV was set up in two orientations referred to as
longitudinal (XZ) planes and crossplanes (YZ) as defined by
the axes in Figure 5. These were the most logical orientations
in order to capture the motion of the flow around the wheel
and through the hub. Two cameras (12 Bit Sensicam
1280×1024 with chip cooling) were mounted to take
simultaneous instantaneous flow fields thus doubling the size
of the captured image. The cameras were mounted on a one
dimensional automated traverse unit and by traversing to four
different locations downstream, a time-averaged flow field
map could be produced which extended to 1.86D downstream
of the axle. This region corresponded to the recirculation
zones and flow field which were out of range for a five-hole
pressure probe.
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Figure 5. PIV Crossplane layout. XZ planes were
performed by swapping the cameras and the laser sheet

optics.

The flow was seeded by the use of a compressed air fed, 12
nozzle DEHS oil atomiser. This produced particle sizes of
1µm which are considered to follow the flow of the air
without disturbing the measurements [18]. The seeding was
injected into the airflow by means of a smoke rake positioned
upstream of the nozzle contraction where it dispersed to the
correct size by the model as well as providing minimal
disruption to the airflow upstream of the model.

The crossplanes were constructed by similar means but with
three camera locations instead of four, this time centred about
the centreline of the wheel. Crossplane seeding was more
complex than the former case as a volume rather than a plane
needed to be filled with smoke. This was achieved by using
four of the rakes previously used, side by side. PIV is
challenging for crossplanes as the flow is almost entirely out
of plane. Since the in-plane velocities were much smaller
than in the XZ planes the timing had to be longer to ensure no
signal drop out. It is a requirement to have a large enough
separation time in order to allow significant particle
movements between images (several pixels) but short enough
to ensure the particles in both frames are the same ones in
order to detect movements. An image separation of 25µs was
used (compared to 15µs for the longitudinal case) which gave
the best balance between allowing reasonable pixel
movement and keeping the seeding within the flow. Since the
particle movement was only of the order of one or two pixels,
larger particles were a benefit. This is because Gaussian
detection can be used in order to find the centre of a particle
which is more than one pixel in diameter and therefore, to an
extent, track sub-pixel movements. It was found that by
defocusing the laser very slightly the particle sizes were
increased at the cost of intensity. Moving the laser's focal
length by around 150mm (over a focal length of 1.3m) caused
an apparent particle size increase of 32% (2.2±0.1 to 2.9±0.1
pixels). This was assumed to be due to the slightly wider
beam (in the process of converging or diverging) leading to a
wider range of scattering angles from each particle, thus by
the time the light reached the detector, the particle size was

larger. This fact was considered in the setup of the crossplane
measurements in order to ensure particle detection at such
low in-plane velocities during short timescales. However, the
sacrifice in intensity was sometimes detrimental so the level
of defocusing used was judged and adjusted according to the
image quality at the time.

The laser used was a class IV 120J double headed Nd:YAG
cavity manufactured by New Wave Research. Beam delivery
was achieved via an articulated arm attached to light sheet
optics, optimised for the length scales involved in the size of
tunnel being used. Ensuring a narrow beam with no clipping
and as small a plane divergence angle as possible allowed the
intensity to be maximised. The frequency of image pairs was
set at 5Hz and 200 image pairs were collected in the case of
the longitudinal planes. 300 image pairs were recorded for the
crossplanes.

SURFACE FLOW VISUALISATION
The local flow around the scoop was investigated using
surface flow visualisation techniques. A fluorescent powder
was mixed with kerosene and spread evenly on the scoop
surface which was subsequently placed in the airflow. The
airflow evaporated the kerosene leaving a powder trace which
displayed the flow field information on the surface.
Subsequently, small black ink dots were placed on the surface
in regions of interest. This was achieved using a hypodermic
needle to ensure consistency of quantity and size. The test
was run again which made apparent the forces and velocities
as well as the direction which the initial fluorescent paint had
shown. This was done for the open and closed scoop cases in
order to see any dramatic changes in the airflow. The images
produced were captured with a 6MP digital camera with UV
lighting to provide greater contrast.

COMPUTATIONAL FLUID DYNAMICS
(CFD)
Ansys Fluent was used with the Gambit mesh generation
software to produce the domain. The high performance
computing network was utilised which comprises a dedicated
cluster of nodes with 802 processor cores available. The mesh
contained 4.4 million cells and had a domain spanning 7D
upstream of the wheel and 10D downstream with an area
blockage of less than 4%. The mesh was tetrahedral with high
detail in the hub section close to the tyre surface and scoop
with lower resolution further away from the wheel. The
interface between the scoop and hub plate was defined with a
constant loss coefficient which was altered to match the
experimental ranges. This allowed the required variation of
through-hub flow to occur whilst keeping the external flow
unaltered.

Various turbulence models were tested including the popular
k-ε and k-ω models. The turbulence model used in this
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