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Abstract The wake of a 3D bluff body is studied in a
hydrodynamic flow. The high Reynolds number (about
2·106) corresponds to the case of a full-scale road vehicle
in a wind tunnel. A cavitation technique is proposed to
identify the lowest pressure regions. It is found that these
regions correspond to the two longitudinal vortices pro-
duced at the edges of the rear part of the vehicle. This
technique also provides non-intrusive bulk measurements
of the pressure minimum. It is found that the pressure
coefficient of the longitudinal vortices is equal to
Cp=)1.67, which underlines their strong contribution to
the global drag. We show that cavitation can be a very
useful technique to get three-dimensional information
which is difficult to obtain through classical wind tunnel
measurements.

1
Introduction
It is now common knowledge that industrial pollution
endangers the earth’s ecosystem and that there is a clear
political trend toward reducing the emission of carbon

dioxide gas (CO2) responsible for the greenhouse effect. A
significant part of this pollution is related to the increasing
number of road vehicles and their gas emissions. For the
automotive industry, two major axes exist to reduce gas
emissions and thereby fulfill the European objectives of
the CAFE 2008 (Corporate Averaged Fuel Emission) lim-
iting the average CO2 emission per vehicle to 140 g/km.
The first and most obvious one consists in improving the
efficiency of the engines, and the second one consists in
reducing the aerodynamic drag of the vehicles. As a matter
of fact, aerodynamic forces play a prominent role in en-
ergy dissipation for vehicle velocities higher than 80 km/h.
As a consequence, one can estimate that a 10% drag
reduction leads to a 5% reduction of the gas consumption
of a road vehicle (Hucho and Sovran 1993; Hucho 1998).
Since the pioneering work of Morel (1978) and Ahmed
(1983) about aerodynamics of road vehicles, there has
been a renewed interest for experimental (Gillieron and
Chometon 1999; Shaw et al. 2000; Lienhart et al. 2000;
Aider et al. 2001) and numerical (Aider et al. 2000; Howard
and Pourquie 2002; Verzicco et al. 2002; Krajnović and
Davidson 2004) studies about vehicle wakes which show
that the aerodynamics of road vehicles is mainly governed
by the detached flow produced at the rear part (Morel
1978; Ahmed et al. 1984; Hucho and Sovran 1993; Hucho
1998).

Ahmed et al. (1984) propose a reference car model with
a variable slant angle. As depicted in Fig. 1, it exhibits the
main features of automotive aerodynamics, namely a re-
circulation torus on the base and two counter-rotating
longitudinal vortices arising on the lateral upper edges of
the rear part. For certain slant angles (above 30�), a sep-
aration bubble appears in the center of the rear part. In
their experimental study Ahmed et al. (1984) show that up
to 85% of the total drag is governed by pressure drag and
that, in some vehicle configurations, more than 75% of the
pressure drag is due solely to the averaged force applied on
the rear part of the model while only 9% is due to the force
applied on the forebody. Moreover the forces are not
homogeneously distributed but localized in several regions
corresponding to the locations of pressure minima. For a
slant angle lower than 30� the dominant structures are the
two longitudinal vortices (see Fig. 1) which are responsible
for a very significant part of the lift and drag (Ahmed 1983;
Drouin et al. 2002). Onorato et al. (1984) highlighted the
contribution of these structures to the drag applying the
momentum theorem to a finite stream tube containing the
test-model. It revealed that the drag coefficient can be
written as the sum of the momentum deficit and the
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pressure loss in the wake. In road vehicle flows, this
pressure loss can be written as the sum of two contribu-
tions (Onorato et al. 1984): the first one corresponds to the
pressure loss into the core of the vortices and the second
one corresponds to the pressure loss due to high rotational
velocities induced by the vortices outside the core. Hence
they introduced the concept of ‘‘vortex drag’’ taking into
account both the pressure loss in the core and the induced
rotational kinetic energy. Later Chometon and Laurent
(1990), as well as Ardonceau and Amani (1992), estab-
lished the link between the so-called vortex drag and the
induced drag which is a classical concept in the case of
finite span airfoils. These studies have shown that in road
vehicle flows the longitudinal vortices have a strong con-
tribution to the drag that could be reduced by decreasing
their strength, which is related to the pressure in the core.
It suggests that the study, and later the control, of these
longitudinal structures should be of great practical
importance for improvement of stability (ruled by the lift
force) and gas consumption (due to the drag). It is then
essential to develop some experimental techniques allow-
ing a better insight into the features of these vortical
structures. For further objectives of shape optimization or
flow control, it would be useful to have a simple diagnostic
answering the basic questions: what do the vortices look
like for a given geometry and what are their strengths? For

this purpose we propose to use cavitation (see for instance
Ran and Katz 1994) to overcome two major difficulties of
the investigation of high Reynolds numbers aerodynamic
flows. Actually, turbulent flow visualization is a very dif-
ficult task since classical injection methods often fail be-
cause of smoke or dye turbulent diffusion due to high
velocities. It is also very challenging to perform non-
intrusive bulk pressure measurements to evaluate the
intensity of three-dimensional vortices. Hence we propose
to use a cavitation technique to obtain both longitudinal
structures visualizations and pressure coefficients mea-
surements at very high Reynolds numbers (more than
2·106). We show that hydrodynamic studies, and more
precisely cavitation, can be a very good alternative way to
get useful information for high Reynolds number aero-
dynamic flows around ground vehicles.

2
Experiments and techniques

2.1
Hydrodynamic tunnel
The tests were conducted in the Petit Tunnel Hydrody-
namique of the Bassin d’Essais des Carènes (Val de Reuil,
France). It is a 3 m long closed-return water tunnel with a
0.6 m·0.6 m square cross-section. For the present exper-
iments, the free stream velocity U0 ranges from 3 m/s to
6 m/s (with free stream turbulence level under 1%) and the
free stream static pressure P0 ranges from the atmospheric
pressure (105 Pa) to 3,000 Pa. The free stream static
pressure and velocity are respectively measured by a
sensor and a one component Laser Doppler Anemometer
(LDA) located in the tunnel upstream from the model. The
temperature of the water flow is 16�C so that the steam
vapor pressure is 1,818 Pa.

2.2
Description of the model
The model we choose is the reference Ahmed body with a
25� slant angle, whose description and dimensions are
reported in Fig. 2. In this case the flow topology is de-
picted by Fig. 1. The model is made of aluminum and fixed
upside down on the tunnel ceiling (the pictures in the
following figures are rotated by an angle of 180� for better
viewing). The blockage ratio defined as the ratio of pro-
jected surface of the forebody to test section is 7.77%. The
Reynolds number based on the body length ranges from
about 1.31·106 to 2.62·106. We emphasize the fact that
because the fluid is water, the magnitude of Reynolds
numbers corresponds to the case of a full-scale vehicle in a
wind tunnel.

2.3
Using cavitation bubbles as pressure sensors
If the pressure in a liquid goes below the vapor pressure, a
vapor bubble can grow without being bound by conver-
sion of liquid to vapor at the bubble interface: this is called
cavitation. There is a large amount of literature about this
phenomenon and its applications (see Djeridi et al. 2004;
Plesset and Prosperetti 1981; Ran and Katz 1994 and ref-
erences therein) but in our experiments we only use its

Fig. 1. 3-D view of the Ahmed body and the large coherent
structures created on the rear part (from Ahmed et al. 1984).
Regions A and B correspond to the torus over the base and C to
one of the longitudinal vortices on the slant edges. For slant
angles higher than 30� a separation bubble appears over the slant.
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very classical and basic properties. The critical pressure
value for cavitation depends on the vapor pressure Pv of
the water, on the properties of the gas micro-bubbles al-
ready present into the flow and on the turbulence char-
acteristics of the flow in which the cavity occurs. The basic
model due to Blake (1949), which is only concerned with
the bubbles equilibrium state, considers a primary bubble
of initial size R0. It is filled with a mixture of dissolved
ideal gas and vapor of respective partial pressure Pg0 and
Pv. The equilibrium state for such a bubble in a liquid at
rest with a static pressure P10 is given by the following
equation:

Pv þ Pg0 ¼ P10 þ
2r
R0

ð1Þ

The sum of the partial pressures on the left-hand side is
the total pressure in the bubble, and r the surface tension.
We now consider the transformation by changing the

static pressure in the liquid from P10 to P1. If a new
equilibrium state is reached with a bubble size of R, then
the new partial pressure Pg of dissolved gas in the bubble
(whose quantity is assumed to remain constant) will be:
Pg ¼ Pg0ðR0RÞ3, assuming the transformation to be iso-
thermal. Writing the pressure equilibrium equation again
for the new state and substituting by the initial partial
pressure of dissolved gas, we obtain the relationship be-
tween the liquid static pressure P1 and the bubble size R:

P1 ¼ Pv þ Pg0ð
R0

R
Þ3 � 2r

R
ð2Þ

The function P1 Rð Þ presents a minimum of coordi-
nates P1c , Rc. The critical pressure P1c represents the
minimum admissible pressure for an equilibrium state of
the bubble. If the liquid static pressure goes below P1c , no
equilibrium state can exist and the bubble will grow with
no bounds. Thus, this quantity defines the cavitation
threshold :

P1c ¼ Pv �
4r
3Rc

; Rc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3ðP10 � Pv þ 2rR0ÞR3
0

2r

r

ð3Þ

In the PTH tunnel, primary bubbles are seeded up-
stream and their typical size is 50 l. The initial liquid
pressure around the bubble P10 is simply given by the free
stream static pressure which is measured in the tunnel.
The surface tension at 16�C is r=0.0733 N/m and the va-
por pressure Pv=1,818 Pa.

3
Results and discussion
For a typical experiment, we set the free stream velocity U0

and decrease the free stream static pressure P0 until cav-
itation occurs. At this threshold we observe the formation
of two stretched bubbles on each edge of the rear part
(Fig. 3) corresponding to the position of the two counter-
rotating longitudinal vortices.

We use a fast camera (Fastcam Super 10 K/10KC) in
order to catch the dynamics of the bubble formation
(Fig. 4). A first interesting fact is that the bubble appears
in the bulk, next to the rear slant (Fig. 4b) suggesting that
this location corresponds to the lowest pressure region
(note that the exact location of the first bubble slightly
changes from one experiment to another, but Fig. 4b is

Fig. 3. Global flow visualization around
the model in the cavitation regime:
U0=3.54 m/s and P0 is set to 14,000 Pa. The
low pressure regions correspond to the
longitudinal vortices, visible in this case
due to the liquid-gas interface.

Fig. 2. Description of the Ahmed model (side view and top view).
The slant angle is equal to 25�. All dimensions are given in
millimeters.
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quite representative in its statistical average position).
After a few milliseconds the bubble reaches the edge of the
slant and develops downstream. These experimental
observations are very consistent with previous ones (Ah-
med 1983; Ahmed et al. 1984) since the location of these
low-pressure regions corresponds to the center of the
longitudinal vortices sketched by Ahmed et al. (1984)
(Fig. 1). The path of the vortices is well observed in the
cavitation regime and is in good agreement with the one
deduced from the ten-holes probe wake survey performed
by Ahmed et al. (1984) or the laser doppler anemometry
measurements reported by Lienhart et al. 2000. Moreover
the similarity between the structures displayed on Fig. 3
and the isosurface of the second invariant of the velocity
gradient (usually called Q) obtained by Krajnović and
Davidson (2004) from a large-eddy simulation is very
convincing.

For different values of the free stream velocity U0, we
report in Fig. 5a, the value of the free stream pressure, say
P10 , that allows cavitation in the longitudinal vortices. The
cavitation threshold gives non-intrusive measurements of

the pressure inside the longitudinal vortices since cavita-
tion occurs when the pressure in the core of the longitu-
dinal vortices approaches the critical pressure of Eq. 3.
Thus, we can obtain an estimation of the pressure coeffi-
cient of the longitudinal vortices which is simply given by:

Cp ¼
P1c � P10

1
2 qU2

0

ð4Þ

Figure 5b shows the pressure coefficient Cp (crosses)
deduced from the Blake model (1949) of Eq. 3 (the bubbles
size is assumed to be 50 l). We obtain, for the first time,
an indirect but non-intrusive pressure measurements of
the longitudinal vortices in the bulk of the flow. We find a
pressure coefficient close to Cp=)1.67 which is very large
compared to the drag coefficient of the model, close to
Cx=0.30 in this configuration (Ahmed et al. 1984). This
result underlines the strength of these vortices and con-
firms that the pressure loss they induce is responsible for a
significant part of the global drag (Onorato et al. 1984;
Chometon and Laurent 1990). Additionally, this value of

Fig. 4. Time series of the formation of the
vapor bubble at the cavitation threshold.
The forebody is at the top of the pictures.
The upstream velocity is U0=3.54 m/s. One
can clearly see the appearance (see the
second frame) and growth of the bubble.
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Cp=)1.67 is in quite good agreement with the minimum
surface pressure coefficient of )1.57 measured by Lienhart
and Becker (2003) for the same geometry. Another inter-
esting fact is that the location of their minimum surface
pressure coefficient is in the vicinity of the first cavitation
bubble of Fig. 4b.

The pressure evaluation using the cavitation technique
is dependent on the initial bubbles typical size, which is
not a well-defined parameter. We only know that the
largest bubbles size is 50 l. Hence we add on Fig. 5b a
pressure coefficient C�p computed simply by assuming that
the pressure in the vortices core is equal to the vapor
pressure Pv at the cavitation threshold (it is similar to
neglect surface tension effects or to assume that the seeded
bubbles are very large). We can see that for high free
stream velocities C�p ’ Cp, suggesting that the technique of
pressure measurements is poorly sensitive to the seeded
bubbles typical size.

The experimental uncertainties due to the cavitation
inception detection is small because all the different
measurements displayed in Fig. 5 give )1.67 in an interval
of ±0.05. The relative uncertainty is then about 6%.
However we believe that this technique may be very sen-
sitive to systematic uncertainties. Among them, the effect
of free stream turbulence (FST) is probably the most dif-
ficult to quantify in our configuration, but it is known that
the free stream turbulence level generally influences the
cavitation inception (Rood 1991; Korkut and Atlar 2002),
especially in Reynolds-dependent flows. A more accurate
study should then take into account this effect. However
since in our experiment the FST level is under 1% and
since the structures we study are very robust (Shaw et al.
2000) and poorly sensitive to the Reynolds number
(Krajnović and Davidson 2004), we believe that this
parameter has only little influence on the pressure evalu-
ation.

Finally, if we go on decreasing the free stream static
pressure after the threshold, some other cavitation regions
appear on the forebody and on the rear surface. At this
stage, the cavitation bubbles strongly interact with the flow
and significantly modify the wake. It is then important to
point out that our technique is valid since it provides

pressure measurements at the very threshold of cavitation,
i.e., before cavitation bubbles interfere with the wake.

4
Conclusion
We show that the lowest pressure regions in the flow over
a simplified road vehicle correspond to the longitudinal
vortices produced at the rear part. We succeed in char-
acterizing them using a non-intrusive cavitation technique
which provides both visualization and pressure measure-
ments of these structures at high Reynolds numbers. The
value of the pressure coefficients obtained by this method
is consistent with previous works and confirms that such
vortices are very intense in road vehicle flows. As a result
we believe that, although the effect of the vapor structures
on the flow are not negligible for developed cavitation, this
cavitation threshold technique could be a powerful tool for
further thorough studies of passive or active control of the
vortices (or more generally of any kind of vortical flow).
Using this cavitation technique we are working on the
effect of the slant angle on the localization and strength of
the longitudinal vortices.
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