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Abstract. A complex adjustable car spoiler opens or closes in dependence on ride properties: the
closed state increases negative lift (better for curves), while the open state ensures lower drag (better
for straight segments of the road). Both these configurations are studied by using Particle Image
Velocimetry method in a wind tunnel at model scale. The three measured planes are perpendicular to
the main flow. The wake is characterised by upwind (stronger past the closed variant) and by a pair
of wing-tip vortices, although the spoiler wing has no end, it is rounded downwards instead. These
vortices are stronger past the closed variant, they migrate towards each other, while their positions
correlate by about 30 %. The circulations of both vortices are strongly correlated by about 90 % for the
closed case, while this correlations is much smaller (∼ 25 %) for the open case.
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1. Introduction
In the car industry, spoiler is established and well
known part coming from the car racing branch. As
the racing car has become faster over time, the need to
keep them capable of steering through bends at higher
speeds without loosing the car control. The most dan-
gerous situation, where the driver loses control, is the
absence of grip between tires and the surface of the
track. The gripping force correlates with the track
and tire’s surface material and the resulting force reac-
tion perpendicular to the contact surface that pushes
the tire and track together. The designers developed
a solution to this problem in a form of a car part
named spoiler, which may be seen as flipped airplane
wing, increasing the pressure force (negative lift) while
not significantly increasing the weight of the car, and
ideally without increasing the car’s aerodynamic drag.
Through the history, the design of the spoiler devel-
oped and not only fixed spoilers are used but also
retractable or adjustable spoilers.

An additional function is required from spoilers
used for trucks. Improvements are required to the
aerodynamics and to reduction of a vortex coming
from the airflow against the trailer behind the truck.
These might be optimised also for the configuration
without the trailer.

Negative lift coming from the spoiler geometry is
quadratically dependent on the car speed [1]. However,
optimisation of fixed spoiler design for negative lift is
for specific speed range – air velocity. An adjustable

spoiler might help to wider the optimal speed range
of the car and improve its performance on straight or
curved roads.

Vortices, that are created by air while passing the
spoiler have a strong effect on the aerodynamic [2].
Such vortex is a long-lived structure, whose effect does
not limit to the car with a spoiler, but it affects the
aerodynamics of cars behind [3–5]. Understanding
their behaviour is an important precursor of an op-
timised design. Therefore, we decided to study this
behaviour in our research.

2. Materials and methods
2.1. Model
The basic idea of the investigated spoiler comes from
professor Zdeněk Hejda from the Škoda Auto Univer-
sity. Unfortunately, prof. Hejda has discontinued his
research. Therefore, we do not know the ideas and
motivations behind his design. This complex-shaped
spoiler has two prismatic airfoils in its active part.
The second one can be adjusted during the ride to
two positions:
(1.) The open configuration, where the second airfoil

is horizontal and there is a gap between the trailing
edge of the first airfoil and leading edge of the
second one.

(2.) The closed configuration, where the second airfoil
almost touches the first one (see Figure 1 for easier
imagination).
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(a). Photograph of both models: open left, closed
right.

(b). Differences between optical scan of the model
and CAD.

(c). Airfoil profiles of the prismatic part of the spoiler.

Figure 1. Top: photograph of the models used for the
measurement made of Polymerized lactic acid (PLA).
Middle: real geometry obtained by using optical scan-
ning by Atos Core device compared with original de-
sign (CAD – computer-aided design) made by prof.
Zdeněk Hejda. Bottom: xy-section of the geometry
focused on the airfoil profile in the prismatic part;
single grey square represents 2 × 2 mm2.

The model is 3D printed using polymerised lactic
acid (PLA) [6] in two variants – first one is the open
variant of the adjustable spoiler and second one is the
closed state. It was impossible to scale the adjust-
ing mechanism to the size suitable for wind tunnel
experiments. Photograph of both models is shown in
Figure 1a. Both printed models are scanned using op-
tical 3D scanner Atos Core from the company Gom [7].
The neon-orange color is found to be very suitable as
the fluorescent effect is activated by the blue light used
for 3D scanning [8–10], but it is inactive in green light
used for PIV measurement. Therefore, the object is
well visible by the scanner without any need for some
extra layer of coating [10]. And, at the same time, it is

Dimension Open Closed CAD
[mm] [mm] [mm]

1st airfoil chord 33.2 33.2 33.3
2nd airfoil chord 16.9 16.7 17.7
1st airfoil thickness 5.41 5.38 5.49
2nd airfoil thickness 1.37 1.42 1.40
2nd leading edge thick. 1.16 1.18 1.25
Dist. of leading edges 8.04 ×

Table 1. Dimensions of the airfoil profiles.

effectively black if it is illuminated by green light and
observed through green filter during a PIV measure-
ment. Figures 1b, 1c and Table 1 show the comparison
of optical scan and original CAD developed by prof.
Hejda. When the spoiler opens, the second airfoil
rotates around its trailing edge into almost horizontal
position. The distance between the leading edges in
open and closed configurations is 8 mm.

2.2. Wind tunnel
The experiment is carried out in a wind tunnel [11]
at the University of West Bohemia in Pilsen. This
open low-speed wind tunnel is powered by a radial
fan, its working fluid is ambient air and the velocity
in test section is stabilised via back-loop of pressure
drop at the contraction section. The test section
cross-section has dimensions of 300 × 200 mm2. The
tested model is placed in various distances upwind
from the measured plane: 88, 180, and 273 mm, see
Figure 2. Therefore, the boundary layer thickness is
different at each location, but this effect is considered
to be only small and to not affect the effective wind
velocity at the model position. Reference velocity Uref
measured via the pressure drop along the wind tunnel
contraction section was 5 m s−1.

2.3. Measurement method
Particle Image Velocimetry (PIV) in stereo configu-
ration [12–14] is used to measure the velocity fields
around the model in discussed locations. The principle
of this method is that there are small particles carried
by the fluid – in current setup droplets of glycerin-
based solution known under commercial name Safex.
These particle are small enough to neglect the inertial
and gravitational forces, which scale with particle vol-
ume, i.e. as ∼ r3, while the forces from fluid-particle
interaction scale as ∼ r2 or even as ∼ r1 in the case of
laminar flow at low relative velocities. Therefore, the
volumetric forces are much smaller than forces from
the fluid and it can be assumed, that these particles
follow the motion of the fluid. The experience confirms
the usage of this technique up to very high velocities,
see e.g. the work of Koschatzky et al. [15] or measur-
ing inside of a model steam turbine [16, 17] or even
in supersonic flows [18]. Hong et al. [19] even used
natural snow as tracer particles for PIV method. The
particles carried by the fluid are illuminated in a plane
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Figure 2. The sketch of measured planes in respect to the obstacle (model spoiler without a car) in open variant.
The positions are measured from the axis of rod.

by using laser defocused in one direction to form the
plane (or laser-sheet). The illuminated particles are
observed by a pair of cameras from two directions.
The combined images of a single scene allows to mea-
sure not only the motion on illuminated plane, but
also in a direction perpendicular to it. Of-course, the
plane has to have a finite thickness in order of mil-
limeters, in order to the moving particle to still be
illuminated in the following snapshot. The laser and
the cameras operate in a double-pulse regime, the two
pulses are separated by ∆T = 350 µs (used in the cur-
rent experiment for velocity Uref = 5 m s−1). Details
about the processing can be found in literature [20]
and the uncertainty is discussed in article [21]. The
images are processed using commercial software Dan-
tec Dynamic Studio into a number of stereo vector
fields. These vector fields are exported and further
processed by home-made software [22].

3. Results
3.1. Mean field
Figures 3 and 4 display the measured mean velocity
fields in three explored planes downstream of two vari-
ants of the spoiler wing. We can clearly observe that
the open variant (left columns of Figures 3 and 4)
keeps the wake core approximately at the same verti-
cal (z) position, while the vortices past the wing bend
move slightly upwards. Accordingly, past the closed
variant, the entire wake core moves similarly as the
vortices. This upward motion is associated with the
force produced by this wing, as expected – the change
of fluid’s momentum is equal to the acting force [23].
The up-movement depicted in colour in Figure 4 is
much stronger past the closed variant, however, it is
partly compensated by the strong stream-wise vor-
tices pushing the fluid down outwards of the wake.
The stream-wise velocity deficit and thus expected
drag force is much stronger in the closed variant as
well, hence one can conclude that the change of the
angle of attack of the central part of the spoiler wing
affects the vehicle performance as expected, although
the shorter edges of the wing, which are not changing

Figure 3. Spatial map of mean stream-wise velocity
in three measured planes downstream the model. Left:
open spoiler to decrease drag. Right: closed to increase
negative lift.

the angle of attack, still produce a stream-wise vortex
and a weak extra lift and drag.

3.2. Stream-wise vortices
The arrows in Figures 3 and 4 show the vortices in
the mean field, especially past the closed variant of
the wing. However, the spatial distribution of mean
stream-wise vorticity ⟨ωx⟩T in Figure 5 is not so con-
vincing, mainly past the open variant. The reason
is that vorticity is sensitive not only to rotation but
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Figure 4. Spatial map of mean normal velocity in
three measured planes downstream the model. Note
that red colors correspond to downwards flow and thus
contribute to lift, while the blue ones represent vertical
movement of the air and thus contribute to negative
lift (downforce).

to shear as well. To face this mathematical property,
many of other parameters have been proposed [26–
28], here we can look at the spatial distribution of
Graftieaux’s Γ2 criterion [24] calculated as:

Γ2(x⃗; r) =

= 1
N

∑
∀y⃗,|x⃗−y⃗|≤r

(x⃗ − y⃗) ×
(

u⃗(y⃗) − ⟨u⃗⟩|x⃗−y⃗|≤r

)
|x⃗ − y⃗| ·

∣∣∣u(y⃗) − ⟨u⃗⟩|x⃗−y⃗|≤r

∣∣∣ .
(1)

This parameter geometrically quantifies the ratio of
velocity vectors orbiting a certain point x⃗ within an
area of radius r. This radius is an arbitrary parameter
of this method and makes it a non universal solution,
hence the λ2 criterion [27] is used in the majority of
works to detect vortices. In Equation (1), N is the
number of velocity vectors in an area of radius r and
⟨u⟩|x⃗−y⃗|≤r represents the average velocity in that area.

Figure 6 shows the spatial distribution of Γ2 with
chosen radius r = 8.8 mm at the middle position (dis-
tance x = 180 mm) for the open and closed variants.
In contrast to ω in Figure 5, here, the presence of
strong stream-wise vortices even past the open vari-
ant is evident. The vortex is weaker (as expected),
but its geometrical signature is strong enough. This

Figure 5. Mean stream-wise vorticity in inverse sec-
onds.

observation allows us to apply the individual vortex
searching algorithm [22, 25] with Oseen vortex model:

uθ(r) = Γ
2πR

· R

r
·
(

1 − e−(r·R−1)2)
, (2)

where r is the actual distance from the vortex centre,
R is the vortex core radius and Γ is vortex core circu-
lation, however, due to numerical stability, this is not
a fitting parameter – the circumferential velocity in
the form:

G = Γ
2πR

(3)

is used instead.
The vortices fitted to mean fields are shown in

Figure 6b as colour circles for different distances past
the obstacle. These mean-field vortices are used as an
ansatz for instantaneous vortices in order to be sure
that the correct vortex is selected (see the wilderness
in Figure 6a) and that these vortices are indexed
properly (i.e. the left vortex always has an index of 0
and the right one has an index of 1).

Figures 7 and 8 show the distribution of properties
of fitted vortices: the core radii and circumferential
velocities. Radii display wide distribution, which is
wider and more flat in the case of the closed variant,
past the open variant, the radii are more concentrated
around smaller values. There is no strong observable
stream-wise development.
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(a). Spatial distribution of Graftieaux’s Γ2 crite-
rion [24] in few instantaneous snapshots in the distance
of x = 180 mm.

(b). Ensemble averaged Γ2 (note that it si different
from Γ2 of mean field) and the color circles depict po-
sitions of vortices in mean field detected by using our
method [22, 25].

(c). Standard deviation of the ensemble.

Figure 6. Analysis by using Garftieux’s Γ2 criterion.

Figure 7. Histograms of vortex core radii of individ-
ual vortices.

The circumferential velocities behave as expected –
larger values past the closed variant, and it decreases
downstream. Due to non-linear damping, the outliers
lose more energy and the distribution gets narrower

Figure 8. Histograms of circumferential velocities G
of the individual vortices.

(a). y-coordinate (horizontal in figures).

(b). z-coordinate (vertical in figures).

Figure 9. Histograms of the individual vortex posi-
tions.

with the distance, which is more observable past the
open variant.

Two in-plane vortex positions (y and z) are another
two fitting parameters (i.e. four in total). Their distri-
bution is shown in Figure 9. The top panel shows the
y-position (i.e. horizontal in other figures) and we can
clearly see two maxima, which widen and are approach-
ing each other as move downstream. For the closed
variant, this approaching is more pronounced, while
widening is more pronounced for the open variant.
Additionally, some asymmetry caused by non-ideal
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Figure 10. Stream-wise development of correlation
between positions of detected vortices. Filled blue
symbols and dashed lines represent closed variant,
while the open red symbols and dotted lines play for
open variant.

mounting of the model inside the wind-tunnel can
also be seen. Vertical positions (z) display upwards
drifting and distribution widening as well.

3.3. Vortex correlations
Correlation of vortex parameters allows us to discover
some coherent behaviour, if it exists. However, it is
important to keep in mind that zero correlation does
not mean independence (it can just mean a phase
shift by π

2 ), and that existing correlation signify some
causality, however, the arrow of causality cannot be
determined by correlation only. The correlation R of
vortex parameter y (or other) is calculated as follows:

Ryy =
⟨(y0 − ⟨y0⟩T ) · (y1 − ⟨y1⟩T )⟩

T

σT [y0] · σT [y1] , (4)

where y0 signifies y-coordinate of the left vortex, while
y1 that of the right one. ⟨yi⟩T represents the ensemble
average over measured snapshots of left/right vortices
in each snapshot (time T ). Similarly, σT [yi] is the
standard deviation in respect to the ensemble.

The y-position shows a slight anticorrelation (only
about ∼ 10 %, see Figure 10 (blue circles)) for the
closed variant, which means that statistically, vortices
move towards each other or oppositely. But the statis-
tical coincidence is only 10 %. In the case of the open
variant, the correlation is positive, but it is so small,
that it can be considered as statistically negligible.
However, as mentioned above, it can signify a phase
shift of some wave propagating on the vortex pair.
Only a time-resolved PIV could answer this question.

Conversely, the correlation of z-positions (up-down)
is positive and around ∼ 30 %, suggesting that both
vortices move together up or down. The open variant
displays weaker signal again. In all cases, it weakens
downstream.

Very interesting is the strong correlation of vortex
circulations plotted in Figure 11 as circles. Note that
vortices rotate oppositely, thus circulations have an
opposite sign and negative correlation stays, that if

Figure 11. Correlation of left and right vortex circu-
lations Γ (circles) and stream-wise velocities at vortex
center uC (diamonds).

the left one is faster, then the right one is faster as well
but in the opposite direction. Again, the open variant
displays a weaker correlation, under 30 %. The corre-
lation of vortex circulations weakens downstream past
the closed spoiler, while that past the open variant
is weakly correlated in the vicinity; the correlation
establishes in larger distances.

One could argue, that this observed correlation
might be connected, for example, to fluctuations of
the wind tunnel velocity or the fluctuations of the
entire wake. Such a hypothesis is disproven by the
correlation of stream-wise velocities in the vortex cen-
ters, which display very small correlation past both
variants as it is shown by using diamonds in Figure 11.
Therefore, the correlation of circulations is a conse-
quence of collective dynamics [5] of a vortex pair, not
that of the wake.

4. Conclusion
An adjustable spoiler for cars of brand Škoda has
been developed by prof. Zdeněk Hejda at the Škoda
Auto University. The spoiler can switch between two
configurations: open and closed. These two variants
were 3D printed and measured in wind tunnel at the
University of West Bohemia. Particle Image Velocime-
try (PIV) has been used to map the velocity field in
three planes behind the spoiler.

The closed variant displays a wider wake with
deeper velocity deficit and stronger upwind. Sur-
prisingly, the velocity deficit past the open variant
sustains longer as the wake is more stable [29]. In
both cases, strong wing-tip vortices are formed, al-
though the spoiler does not have tips – the airfoil
profile converts into thin sheet and turns down (see
Figure 1). When closed, these vortices are stronger,
as expected. They migrate towards each other. Their
meandering displays weak anticorrelation (∼ −10 %)
in horizontal plane and correlation (∼ 30 %) in vertical
plane. Strong correlation of vortex strength suggest
independent energy sources and interaction through
the wake.
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We feel that it is important to emphasise two ma-
jor troubles connected with cars: the first one is the
safety, the second one is the ecology. The correct usage
of Hejda’s spoiler could eliminate the need for brak-
ing and consecutive acceleration at curves together
with decreased air drag (and thus decreased emissions
from both: engine and brakes). Additionally, closing
the spoiler could increase the total breaking force in
emergency situations.

However, we are afraid that the net effect will be
negative as the improved adjustable aerodynamics
will lead to a false feeling of safety and thus to more
dangerous behaviour of drivers. But the exact analysis
of such effects belongs into some psychological study.
In total, we do not believe this component would have
a positive impact to the nature and the safety of traffic.
Instead, we recommend wise usage of cars only for
the purposes, when neither a train, bus, bicycle, nor
walking would suffice for the transportation needs.

List of symbols
Uref Reference velocity used in Wind Tunnel experiment

[m s−1]
u Stream-wise velocity component (perpendicular to

measured planes) [m s−1]
v Span-wise velocity component (left-right in measured

planes) [m s−1]
w Normal velocity component (up-down in measured

planes) [m s−1]
G Circumferential velocity of the vortex core; G = Γ

2πR
,

where Γ is the circulation and R the core radius [m s−1]
R Radius of vortex core [mm]
Γ Circulation of a vortex, Γ =

∮
u⃗ · dℓ⃗. [mm2 s−1]

Γ2 Graftieaux’s Γ2 criterion, here, radius of 3 grid points,
i.e. 8.8 mm; see more details in [24]. [1]

ω Vorticity, ω⃗ = ∇ × u⃗; here, only its x-component
is calculated using second-order central differentiation
scheme. [s−1]

⟨. . .⟩ Ensemble average [. . .]
σ[. . .] Standard deviation [. . .]
IA Interrogation area – the size of a virtual square on the

captured snapshot, where the correlation of particle’s
translation is calculated. Here 1 IA = 2.92 mm [mm]
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