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Abstract
Tip vortices generated by a cambered, single element wing operating in ground effect were studied
using a range of methods including particle image velocimetry (PIV), laser Doppler anemometry
(LDA), surface pressures, force balance measurements, and surface flow visualization. The wing was
placed suction surface down, leading to down-force and a complex system of trailing vortices evolving
in proximity to the ground. The characters of the tip vortex led to changes in the aerodynamic force
behaviour in ground effect. The down-force was found affected by the presence of separation on the
suction surface and the tip vortices. At larger ground heights, a concentrated tip vortex was produced
off the edge of the endplate on the wing through separation, contributing to the down-force
enhancement process. The tip vortex induced an upwash on the wing, leading to an effective reduction
in the incidence of the wing and hence smaller extents of separation near the wing tip. However, vortex
breakdown occurred as the wing was lowered to the ground, leading to a slow down in the force
enhancement.
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= Incidence
µ
= Viscosity
ω
= Streamwise vorticity, = ∂w / ∂y − ∂v / ∂z
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Height at which the maximum rate of down-force enhancement occurs
Height at which the maximum down-force occurs
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1 Introduction
A cambered wing, with its suction surface nearest to a flat surface, can be found on a racing car. The
front wing of a racing car operates in ground effect, at typical heights of 70-100mm from the ground
and produces about 25-30% of the total down-force of the car. The down-force works in conjunction
with the mechanical grip, to improve the acceleration, braking, and cornering speed of the car. The
study of wing-in-ground (WIG) effect is interesting for both performance and safety considerations
(Zerihan & Zhang, [2000]]). Among the many features of the flow, tip vortices generated off a sharp
edge, e.g. endplates, canards, winglets, etc., are of particular importance. They are the products of flow
separation and pressure difference. In turn, they affect the down-force though strong corner flow and
affect the separation on the wing. The vortices have typically low axial velocity at the core, unlike most
of the streamwise vortices on a delta wing, and will burst, leading to adverse influence to aerodynamic
performance of the wheels, under-tray, side-pods, radiators, diffuser, and rear-wing assembly, as they
all operate in the wake and vortices from the front wing. The bursting process of tip vortices is
influenced by a number of factors, such as adverse pressure gradient, separation on the wing (Zhang &
Zerihan, [2000]]), the instability of vortex sheet which forms the tip vortex, etc.
Numerous studies of the trailing tip vortex from a wing have been performed, e.g. using experimental
methods (Devenport et al, [1996]) and computational RANS studies (Khorrami et al, [1999])
examining the roll-up in the near-field region, and the behaviour in the far-field region. At a high angle
of attack, the aerodynamics of vortices over a delta wing bursting appears in a wide range of
documentation, and is discussed by Payne et al, [1988] and Delery, [1994]]. In basic terms, the adverse
pressure gradient induces a rapid deceleration in the axial speed of the vortex. The location of the
breakdown moves upstream along the wing for increasing angle of attack. Vortex breakdown is also
commonly observed in rectangular wings (Khorrami et al, [1999], Delery, [1994]). In addition to

breaking down, vortex unsteadiness resulting in vortex wandering is a phenomenon observed in much
work (Devenport et al, [1996], Gursul & Xie, [2000]). Although earlier studies (Devenport et al,
[1996]) cite the freestream turbulence as the reason for the vortex wandering, Gursul & Xie, [2000]
proposed that vortex wandering is due to Kelvin-Helmholtz instabilities in the shear layer being
ingested into the vortex, for example higher levels of turbulence in the shear layer compared to
freestream, or separated flow.
The motion of a trailing vortex near to the ground has been investigated by Harvey & Perry, [1971]
using experiments in a moving ground wind tunnel. For a lift-producing wing, the vortex moves closer
to the ground as it travels downstream. It was observed that after the descent, the vortex then rises away
from the ground. The vortex was seen to induce a cross flow on the floor, with the suction peak below
the vortex. This results in a cross flow boundary layer under an adverse pressure gradient. For the
vortex sufficiently close to the ground, a bubble of separated flow occurs, with a vorticity opposite to
the main vortex. This forms a secondary vortex that leaves the ground, interacts with the main vortex,
and causes it to rise away from the ground. Other related studies of vortex in ground include
experimental measurements of vortex pairs operating in ground (Cutler & Bradshaw, [1993], Zhang,
[1999]), which showed the long lasting nature of streamwise vortices and the interaction between
vortices. Yeung & Lee, [1999] used PIV technique on a wing tip vortex and demonstrated the difficulty
in measuring the core flow.
It is apparent that, although there exist numerous studies of tip vortices, there is a severe lack of data on
tip vortices associated with wing in ground effect that are supposed to simulate correctly the flow.
Because of the severe effect of the ground, fixed ground tests are not believed to be of significantly
more use than tests in freestream. Without a good understanding of the major physics, computational
modelling effects are deemed to be of little value.
In the current study we focus on tip vortices generated by a generic wing equipped with endplates. It
follows an earlier study on the two-dimensional flow features of the wing-in-ground effect (Zhang &
Zerihan, [2000]). By varying the height of the wing above the ground, we would be able to study the
change in the characters of the vortices generated off the endplates and their role in down-force
behaviour. In the study we use PIV, LDA, surface pressure taps, force balance and oil flow method.

2 Description of Experiments
Studies were performed in the University of Southampton 3.5m by 2.5m wind tunnel for the LDA
survey and the 2.1m by 1.7m wind tunnel for the PIV and the other measurements. The tunnel is of a
conventional closed jet, closed circuit design. For correct modelling of the ground plane, the tunnel is
equipped with a large, moving belt rig. A system is located upstream of the belt for removal of the
boundary layer that grows along the floor of the wind tunnel. The boundary layer is sucked away
through a slot and a perforated plate. With the boundary layer suction applied, the velocity reaches the
freestream value less than 2mm from the ground, corresponding to h/c < 0.01. The freestream
turbulence level is less than 0.2%.
The tests were performed on a single element rectangular wing, un-tapered and un-twisted, of span
1100mm, and chord 223.4mm, corresponding to an aspect ratio of approximately 5. Endplates were
used for the majority of the tests (Fig. 1(a)). Model installation is shown in Fig. 1(b). The current wing
profile has evolved over a large period in time, from a GA(W) type wing. The model was designed as
an 80% scale model. The test speed of 30m/s and model size corresponds to Reynolds numbers in the
range approximately 20% to 50% higher than current racing car testing. The actual Reynolds number
tested at, based on the chord of the wing, falls into the range of 0.430−0.462×106 due to fluctuations in
ambient conditions. The tests were performed at constant velocity.

(a) A view of the test model.

(b) Model installation in the tunnel.

Figure 1. Schematic of the wing and its installation in the wind tunnel.

Results for PIV tests presented here were performed for a range of heights in the force enhancement
and force reduction regions, from h/c=0.067 to h/c=0.671. The height was defined by the distance from
the ground to the lowest point on the wing, with the wing incidence set to 0 deg. The incidence of the
wing was then varied using a rotation about the quarter chord position. Tests were performed at an
incidence of 3.45 deg corresponding to endplates parallel to the ground. Both transition free and
transition fixed (at 10%c) were tested. All LDA and PIV tests were performed on a clean wing, without
pressure taps. Detailed description of the model and measurements can be found in Zerihan & Zhang,
[2000] and Zhang & Zerihan, [2000].
For the transition fixed tests, near-field LDA and PIV surveys were performed over a cross flow area at
x/c=1.5. For the transition free wing, the PIV surveys were conducted at x/c=1.2.
LDA measurements were performed with a three-component Dantec system with a 5W Ar-ion laser.
The system was operated in backscatter mode. Seeding was introduced by three seeding generators
located downstream of the rolling road, behind the model. The LDA signals were analysed using three
Dantec Burst Spectrum Analysers. Generally, more 800 bursts (instantaneous samples) were collected
for each data point (Zhang & Zerihan, [2000]).
PIV was performed using a Dantec PowerFlow system. The region of the flowfield includes the trailing
edge and endplate region, from the ground to above the wing. To facilitate optical access, a Perspex
endplate was used. The analysis sequence used was to cross-correlate the data on 32 by 32 pixels, and
perform a range validation of the resulting vectors, generating a 157 by 125 grid. No filtering was used
as this was found to `blur' the results significantly in regions of high velocity gradients. 50 to 250
images were taken for most heights. Descriptions of errors and uncertainties can be found in Zhang &
Zerihan, [2000].

3 Results and Discussion
3.1 Tip Vortex
The existence of a tip vortex is illustrated in Fig. 2 where the velocity field measured by a LDA survey
is given. In the figure, both the streamwise velocity (contours) and the cross flow velocity (vectors) are
presented. The extent of the survey covers an area extending from the centre of the wingspan to the
endplate. The LDA survey shows the wake region behind the wing. Towards the centre of the
wingspan, a 2D flow field can be established. The tip vortex dominates the flow in the vicinity of the
endplate. An important feature is the low streamwise speed core of the tip vortex, as the vortex is
formed by the separation of the flow on the endplate. This feature is important as the vortex could
breakdown or dissipate quickly further downstream.

Figure 2 Tip vortex and turbulent wake behind the wing. Contours show u / U ∞ . h/c=0.224, x/c=1.5.

The evolution of the tip vortex is illustrated by the PIV surveys (Figs. 3 and 4) at various heights in the
force enhancement region and reduction region. Basic features are similar for both the transition free
case and the transition fixed case. In the force enhancement region, the pressure gradient across the side
plates leads to flow entrainment between the ground and the endplate. The boundary layer separates at
the edge of the plate forming a shear layer. The rolling up of the separated shear layer would form an
attached vortex inside the endplate, which will then trail downstream. This process is shown at heights
h/c=0.448, 0.224, 0.134. The highly concentrated vortex core points to the presence of a stable vortex
flow.
When the model is placed near the maximum down-force height (and in the force reduction region), the
vortex moves inboard. Its size increases significantly (see results at h/c=0.067). Indeed the vortex
appears to dilate, which is a feature of vortex breakdown (Lambourne & Brye, [1962]). In Fig. 5, the
vortex size at two heights is given. In this work we use the definition of a vortex in an incompressible
flow in terms of the eigenvalues of the symmetric tensor S2+Ω2, where S and Ω are respectively the
symmetric and asymmetric parts of the velocity gradient tensor ∇u, following Jeong & Hussain, [1995]
The criteria defines the existence of locally spiralling or curved streamlines. An equivalent hydraulic
diameter, dv, based on the area occupied by the vortex could then defined.

a) h/c=0.448

b) h/c=0.224

Figure 3. Tip vortex evolution at x/c=1.2. Transition free.

c) h/c=0.134

d) h/c=0.067
Figure 3. Continue

It is observed that the size of the vortex remains relatively unchanged, before the height for the
maximum force enhancement rate is reached. For the transition fixed wing, this occurs at h/c=0.179.
For the transition free wing, the height is h/c=0.134. With the force enhancement, there is an increase
in the strength of the tip vortex in terms of the vorticity level. The maximum vorticity levels for both
the transition fixed and transition free cases are reached at hmax rate. Vortex meandering and breakdown
appear after hmax rate, with a substantial rise in the size of the vortex. The vortex breaks down completely
at the maximum down-force height.

a) h/c=0.448.

b) h/c=0.224.

Figure 4. Tip vortex evolution. Transition fixed.

c) h/c=0.134.

d) h/c=0.067.
Figure 4. Continue

a) h/c=0.224.

b) h/c=0.090.

Figure 5. Effect of vortex burst on separation. Transition fixed.

3.2 Effect on suction surface separation
The presence of the tip vortex has a significant effect on the flow near the endplate. The suction surface
flow separations at two heights, one at the maximum down-force and the other after, are shown in
Fig. 6 for the transition free case. At h/c=0.083, the flow on the suction surface nearest to the endplate
stays attached. There exists an induced, secondary vortex flow at the junction between the suction
surface and the endplate. From the surface streaklines, it can be seen that the main vortex initiates from
the peak suction position on the suction surface, at the junction of the endplate and the suction surface.
It then grows along the endplate (not clearly reproduced in flow visualization images). There is vortexinduced suction on both the suction surface and the inside of the endplate. Hence we expect a beneficial
effect on down-force. The delayed separation is caused by the effective reduction in the incidence near

the endplate, caused by the tip vortex. This feature is illustrated in Fig. 7. When the vortex bursts, as
can be seen in the oil streaklines at h/c=0.067, the streaklines diverge towards the trailing edge of the
wing at the corner. The effective upwash disappears or reduces. This feature can be seen in Figs. 4(b)
and 4(d) at h/c=0.224 and 0.067, where the upwash is illustrated by the velocity vectors. The separation
range increase suddenly. The gradual increase in the extent of the separation towards the centre of the
wingspan, as observed at higher heights in the force enhancement region, has now disappeared.

a) h/c=0.083.

b) h/c=0.067.

Figure 6. Effect of vortex burst on suction surface separation. Oil flow on suction surface. Transition
free. Flow from top.

Figure 7. Schematic of upwash induced by a tip vortex and its influence on incidence.

3.3 Effect on down-force
The down-force enhancement rate variation is linked in this study to the generation, evolution and
breakdown of tip vortices of the wing. The existence of the tip vortex would introduce a non-linear
component in the down-force, attributable to the vortex-induced suction. Indeed the drag coefficient
follows the same trend as the down-force, suggesting an induced drag (vortex drag) contribution
(Zerihan & Zhang, [2000]).
The force measurements described by Zerihan & Zhang, [2000]] give the down-force and drag
coefficients. While the drag coefficient continues to increase with a reduction in the model height, the
down-force coefficient first experiences an increase, i.e. the force enhancement phenomenon, and then

a maximum, followed by a reduction, i.e. the force reduction phenomenon. The maximum in downforce is reached at (h/c)max force=0.082 for the transition free case and (h/c)max force=0.090 for the
transition fixed case. The main cause of the force reduction was found to be the suction surface
separation at the lower ground height. What is interesting is the behaviour of the down-force near the
maximum down-force height, as illustrated by Fig. 3 in Zerihan & Zhang, [2000]. While the drag
coefficient increases as the wing is moved to the ground, the rate of drag increase rises as the ground is
approached; the down-force enhancement rate actually slows down before the maximum is reached.
This phenomenon is illustrated in Fig. 8 where the rate of down-force change with the ground height is
shown. It is seen that the down-force enhancement increases rapidly initially until a maximum is
reached, well before the height of maximum down-force. For the transition free case, the height is
(h/c)max rate=0.134. Between this height and the maximum down-force height, the down-force
enhancement still persists but at a slower rate. The slow down in the down-force enhancement, as
illustrated in Fig. 8, is linked to the vortex burst. We observe that the sectional down-force coefficient
change at the tip follows the same characteristics as the overall down-force coefficient, reaching a
maximum at the same height as the overall down-force coefficient measured by force balance. The rate
of change in the sectional down-force coefficient at the centre of the wing reaches a maximum at a
larger ground height We note that, at the centre of the wing, trailing edge separation on the suction
surface occurs earlier at a position closer to the wing tip, hence the earlier force reduction. This point
illustrates to us the important role played by the tip vortex and the effect it has on the force curve (rate
of change) once the tip vortex is burst.

a) Down-force coefficients.

b) Rate of change in down-force.

Figure 8. Down-force coefficient and its rate of change. Transition free.

It seems that between the hmax force and hmax rate there exists an important region for design consideration.
On one hand, the mechanism of down-force enhancement can be employed; On the other hand, the rate
of down-force change can be controlled to minimize some less desirable effects.

4 Summary Remarks
The generation, evolution and breakdown of wing tip vortex are studied in a model experiment using
PIV, LDA and other on-surface measurement techniques. The presence of the tip vortex plays a
secondary role in the down-force enhancement process. However it contributes to the down-force
enhancement and helps to define the force behaviour in the force enhancement region, in particular
near the maximum force height. The rate of change in the down-force curve is linked to the strength of
the vortex. When the maximum down-force height is reached the tip vortex breaks down completely.
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