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Abstract In this study, a passive flow control experiment
on a 3D bluff-body using vortex generators (VGs) is pre-
sented. The bluff-body is a modified Ahmed body (Ahmed
in J Fluids Eng 105:429-434 1983) with a curved rear part,
instead of a slanted one, so that the location of the flow
separation is no longer forced by the geometry. The influ-
ence of a line of non-conventional trapezoidal VGs on the
aerodynamic forces (drag and lift) induced on the bluff-
body is investigated. The high sensitivity to many geo-
metric (angle between the trapezoidal element and the wall,
spanwise spacing between the VGs, longitudinal location
on the curved surface) and physical (freestream velocity)
parameters is clearly demonstrated. The maximum drag
reduction is —12%, while the maximum global lift reduc-
tion can reach more than —60%, with a strong dependency
on the freestream velocity. For some configurations, the lift
on the rear axle of the model can be inverted (—104%). It is
also shown that the VGs are still efficient even downstream
of the natural separation line. Finally, a dynamic parameter
is chosen and a new set-up with motorized vortex generators
is proposed. Thanks to this active device. The optimal
configurations depending on two parameters are found more
easily, and a significant drag and lift reduction (up to —14%
drag reduction) can be reached for different freestream
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velocities. These results are then analyzed through wall
pressure and velocity measurements in the near-wake of the
bluff-body with and without control. It appears that the
largest drag and lift reduction is clearly associated to a
strong increase of the size of the recirculation bubble over
the rear slant. Investigation of the velocity field in a cross-
section downstream the model reveals that, in the same
time, the intensity of the longitudinal trailing vortices is
strongly reduced, suggesting that the drag reduction is due
to the breakdown of the balance between the separation
bubble and the longitudinal vortices. It demonstrates that
for low aspect ratio 3D bluff-bodies, like road vehicles, the
flow control strategy is much different from the one used on
airfoils: an early separation of the boundary layer can lead
to a significant drag reduction if the circulation of the
trailing vortices is reduced.

1 Introduction

Flow control of separated and complex flows is a challenge
in both academic and industrial research. From the indus-
trial point of view, flow control is a way to increase the
performance of a given vehicle (aeronautics, car manu-
facturer, naval industry) or of the production apparatus
(chemical industry, energy production). From the academic
point of view, it is an exciting theoretical and experimental
problem implying a good knowledge of the target flow in
order to choose the optimal perturbation to control the
flow. The first step is then to define a control strategy to
modify the flow in order to reach the chosen objective. If
the objective is to reduce the drag or lift forces it is then
important to identify the flow structures that contribute the
most to the aerodynamics forces to be able to choose and to
place properly the actuator.
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Fig. 1 a Side view and upper view of the original Ahmed body with a
30° rear slant. b Schematic view of the rear of the model together with
a sketch of the main flow structures expected over the rear of the
Ahmed body with a rear slant angle 15° < 0 < 30°: recirculation

The strategy to control the flow over a road vehicle is
very different from the one used to control the flow over an
airfoil or the body of an airplane (Joslin 1998): the ground
effect, the rotation of the wheels and the complex geom-
etries lead to a fully unsteady and complex 3D flow (Hucho
1998). Moreover skin friction is negligible and the aero-
dynamic forces (especially drag and lift forces) are mainly
governed by pressure losses. The consequence is that the
control of wall turbulence (Bewley et al. 2001; Kim 2003)
has rarely been tested in automotive aerodynamics com-
pared to the control of separation and large coherent
structures (Gad-El-Hak and Bushnell 1991; Greenblatt and
Wygnanski 2000).

As it is difficult to deal with all the complexity of the
flow over a real vehicle, it is important to define a simple 3D
geometry to study the relation between the structures of the
near-wake and the aerodynamic forces. The most famous
bluff-body used in automotive aerodynamics is the so-
called “Ahmed body” (Ahmed 1983), which has a blunt
forepart and a rear part defined with different slant angles,
flat panels and sharp edges (Fig. 1a). The forepart is
designed to avoid separation so that the aerodynamic forces
are mainly governed by the large vortical structures created
on the rear part of the bluff-body (Fig. 1b): a closed or open
separation bubble over the rear slant (for slant angle
15° < 6 < 30°), a torus on the base of the rear part and two
longitudinal vortices created on the side edges of the rear
slant (the so-called “C-pillar vortex” in automotive aero-
dynamics). The example of the 30° rear slant has been
chosen to illustrate the discussion because, even if it is
highly unstable, there is a competition between the main
flow structures one can expect over the rear of a 3D bluff-
body, unlike the 0 < 15° or the 0 > 30° where either the
rear slant bubble or the longitudinal vortices are missing.
Here, one should emphasize that our description is a
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bubble, longitudinal vortices and recirculation torus. This sketch is
taken from an experimental study of Vino et al. (2005) on an Ahmed
body with a 30° rear slant and an a Reynolds number Re; = 2.8 x 10°

simplification of the real topology of the flow as demon-
strated by Spohn and Gilliéron (2002) for the 6 = 25°
configuration and by Vino et al. (2005) for the 6 = 30°
configuration, but it is sufficient for the following discus-
sions. In particular, the unsteady characteristics of the flow
would not be considered in order to focus on the time-
averaged structure of the near-wake. One of the main dif-
ferences in the description of the flow given by Vino et al.
(2005), compared to the one of Ahmed et al. (1984) is that
the separated flow does not reattach over the rear slant
leading to strong interaction with the recirculation torus as
shown also by Gilliéron and Chometon (1999). One can
also notice that this sketch shows vortex shedding in the
recirculation bubble, which can be witnessed only in
instantaneous visualizations or measurements. They are
cancelled out by time-averaging, which may be an expla-
nation for the fact that these spanwise vortices were not
observed in other studies. Whatever the exact topology of
the flow, one of the main interest of this geometry is that it
reproduces the main features of the near-wake of a hatch-
back vehicle. It was also especially useful to demonstrate
the influence of the rear slant angle on the near-wake
structure and on the drag force. In the perspective of flow
control, and more precisely boundary layer manipulation,
the rear part of the Ahmed body has been modified. The new
geometry is detailed in Sect. 2.

From a general point of view, one can distinguish many
different strategies to control a separated flow. Depending
on the configurations and objectives, one can:

e control the shear layer at the separation (Chun et al.
1999; Aider and Beaudoin 2008; Verzicco et al. 2002).
It is easier when the location of the separation is well
defined like in the case of the backward-facing step or
the Ahmed body (Leclerc et al. 2006).
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e control the boundary layer upstream of the separation
(Song and Eaton 2002), which is a less common
strategy in automotive aerodynamics. It is interesting
when the location of the separation is not geometrically
imposed like in the case of a smoothly contoured ramp
(Duriez et al. 2006). The interest, and complexity, of
such a strategy is that controlling the upstream
boundary layer will modify both the location of the
separation and the properties of the shear layer.

e control the flow using actuation along the wall down-
stream the separation, like blowing, suction or both
blowing and suction (synthetic jets). It can be efficient
to control the separation (Roumeas et al. 2009), but the
energy balance may be less favorable than its upstream
counter-part.

e control the flow using actuation in the volume down-
stream the separation. For instance, it has been
demonstrated both experimentally (Strykowski and
Sreenivasan 1990; Dalton et al. 2001) and theoretically
(Giannetti and Luchini 2007) that it is possible to
modify the structure of the near wake of cylinder of
diameter d using a smaller cylinder (typically d/10).

The objective of the present study is to modify the
boundary layer properties using vortex generators to
control the separated flow over the rear part of a 3D bluff-
body. There are many ways to produce longitudinal
vortices leading to a large set of mechanical or fluidic
vortex generators that could be appropriate (Betterton et al.
2000; Smith 1994). In this study, an original vortex gen-
erator geometry is proposed and will be discussed later in
the paper.

The parameters defining the VGs have a strong influence
on their efficiency. This is the reason why a parametric
study has been carried out to show the sensitivity of the
drag and lift to the different parameters. Another objective
is also to find one geometric parameter that could be used
as a dynamic parameter in a closed-loop experiment
(Beaudoin et al. 2006).

(a)

Fig. 2 On the left (a) side view of the bluff-body used in this study.
The front part (on the left of the picture) is similar to the original
Ahmed body while the rear part has a constant radius cross-section
(0.45 m) in order to create an unsteady separation /ine. The origin of

The paper is organized as follows. In the first section,
the experimental set-up and the 3D bluff-body are descri-
bed. In the following sections, the vortex generators
geometry and the corresponding parameters are presented
before turning to the results of a detailed parametric study.
The first results obtained with motorized VGs is also pre-
sented. It allows an easier two-parameters study leading to
a global representation of the aerodynamic forces as a
function of these parameters. An experimental investiga-
tion of the near-wake of controlled and uncontrolled bluft-
body is then presented to try to understand the mechanisms
associated to the drag and lift reduction. The last section is
the conclusion.

2 Experimental set-up and reference flow
2.1 Description of the bluff-body

In order to deal with a 3D separated flow with a free
separation line, the rear of the original Ahmed bluff-body
(Ahmed et al. 1984), as shown on Fig. 1a, has been mod-
ified. The front part is unchanged (Fig. 2a), but the sharp
edges and flat walls on the rear part are replaced by a
rounded wall (Fig. 2b): the longitudinal cross-section of
the rear part is now a constant radius circle arc. Thanks to
this rounded slant, the separation line is no longer forced
by the geometry. One can expect that the overall structure
of the flow over the rear of the model should be a little
different from the one of the Ahmed body shown on
Fig. 1b: indeed, one can only expect a competition between
the recirculation bubble induced by the separation over the
rounded slant and the longitudinal vortices created along
the side edges of the rear slant. At that point, it is conve-
nient to introduce a curvilinear coordinate s to define
properly the location of the VGs over the rounded wall. Its
origin s = 0 is located at the beginning of the rounded wall
and it is positive toward the rear of the model (Fig. 2a).

(b)

the curvilinear coordinate s is at the beginning of the rounded wall
and is positive toward the downstream direction. On the right (b)
Upper view showing the 3D geometry
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Fig. 3 Description of the

experimental facility. The cross-
section of the wind tunnel is

5 m wide. The model is
mounted over a raised floor so
that the incoming turbulent U,
boundary-layer is smaller than —
over the floor of the wind
tunnel. The scales are not

2.100m

3m 0.209m

respected

0.054m

0.18lm b .'o 4 0390m

Streamlined base

The model is 0.29 m high, 0.34 m wide and 0.90 m
long. One should notice here that the dimensions are
different from the original Ahmed body. The objective
was to modify the original dimensions to be closer to the
dimensions of a modern quarter-scale small vehicle
(typically a 206 Peugeot at the time of the study). The
curvature radius of its rear slant is 0.45 m. There are two
other differences with the classic Ahmed body: the height
of the underbody is smaller than the one of the Ahmed
body (0.04 m instead of 0.05 m) to be closer to realistic
configurations, and the struts are profiled to minimize the
perturbations induced by the the original rounded struts.
One should mention that the same model has recently
been used in the framework of a flow control experiments
with flaps (Aider and Beaudoin 2008). The major differ-
ence is that the rear of the model was a flat slanted rear
panel similar to the Ahmed body. The overall dimensions
were the same as the ones of the model used in this study.
Some information about the near-wake structure and
aerodynamic coefficients of this more classic configura-
tion can be found in this reference.

2.2 Wind tunnel

All the measurements are carried out in the PSA Peugeot-
Citroén in-house open wind tunnel (located in La Ferté
Vidame, in France) which has a 6 m long closed test sec-
tion, with a rectangular cross-section 2.1 m high and 5.2 m
wide. The main characteristics of the flow in the wind
tunnel are the following:

e free-stream velocity ranging from Uy =20 m s™' to
Up=40m s~ !

e zero yaw angle

e Reynolds number Re = %L = 1.2 x 10° to 2.4 x 10°,

L being the length of the model
e turbulence intensity = 1.3%

@ Springer

The coordinate axis are the following: x is the stream-
wise direction and is positive downstream, y is the span-
wise direction and is positive left, while z is the vertical
direction and is positive upward, as it is the convention in
automotive aerodynamics. The axis system origin is loca-
ted on the ground at mid-wheelbase and mid-track. The
velocity components (u, v, w) are then defined respectively
along the (x, y, z) axis.

As can be seen in Fig. 3, a fixed raised floor was used
for the measurements. The interest of such a configuration
is to control the boundary layer thickness. It can be seen as
an alternative to a boundary layer suction device. The
raised floor is 3 m wide and 0.052 m thick. The overall
blockage coefficient, including the bluff-body, the raised
floor and its profiled struts, is about 5%. The leading edge
of the raised floor has been covered with sandpaper to
avoid separation and generate a turbulent boundary layer
over the raised floor. It has been checked through visuali-
zation and hot-wire velocimetry. The boundary layer
thickness 0 (reached when u = 0.99 x U,) upstream of
the model quickly decreases with tunnel speed: 6 = 6 X
102m for U,=20m s ', 0=35x102m for
U,=30ms 'and d = 1.6 x 107> m for U, =40 m s ..
A detailed analysis of the boundary layer over the raised
floor can be found in Golhke et al. (2008) where it is
clearly shown that the boundary layer is turbulent.

2.3 Experimental measurements
2.3.1 Aerodynamic balance

To evaluate the efficiency of the VGs on the aerodynamic
forces, a six-components aerodynamic balance is used.
Only the results on the drag and lift forces will be dis-
cussed. C,; and C) are respectively the global drag and lift
coefficients, while Cjre,, 18 the lift coefficient applied on
the rear-axle. They are defined as:
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Table 1 Reference values of the drag, global lift and rear-axle lift of
the bluff-body for the three freestream velocities

U, (ms™") Ca G Crrear
20 0.315 0.460 0.193
30 0.291 0.396 0.147
40 0.278 0.352 0.117
Fx Fz FzRear
Ci=—2" C=—and Crey = (1)
wSU; " 3pSU; osu3

where F,/, is the force in the x or z direction, and S is the
projected area of the model on the transverse plane. F gy, iS
the lift force on the rear axle of the model. From the engineer
point of view, F g, is more important than the global lift as
it will be responsible for the loss of stability of vehicles in
zero yaw and high speed situations. In the following, only
the global lift coefficient will be discussed. Nevertheless, the
rear axle lift will be mentioned in tables summarizing the
aerodynamic coefficients. The typical error on the mea-
surement of the aerodynamic forces is less than 1%.

In Table, 1 the evolution of the drag and lift of the bluff-
body for Uy = 20 m s, Uy=30ms ' and Uy = 40 m
s~ ! are summarized. As expected, one can see a decrease of
the drag and lift coefficients when the freestream velocity
(Reynolds number) is increased. One can notice here that
the drag coefficient of the bluff-body for Uy = 40 m s~ " is
close to the one of the Ahmed body with a rear slant angle
0 ~ 25° (Ahmed et al. 1984).

2.3.2 Wall pressure measurements

The static wall pressure coefficients C, are defined by
Eq. 2:

where U, and P, are respectively the free-stream velocity
and pressure measured upstream of the model, and p is the
density of the fluid. The pressure coefficients are measured
on the vehicle body with 8 x 10™* m diameter pressure taps
(Driick©). A total of 68 pressure taps are drilled through the
vehicle wall. 62 sensors are located on the left half of the rear
part of the model as shown in Fig. 4 (open circles over the
curved wall), while the 6 remaining sensors are located on
the other half in order to check the symmetry of the time-
averaged flow. Since the plane y = 0is actually a symmetry
plane for the mean flow, the pressure coefficients distribution
will be shown only on the left part. The data are recorded as
long as necessary to reach a well converged mean value. The
typical acquisition time for each probe is 10 s.

2.3.3 Particle image velocimetry set-up and base flow

The Particle Image Velocimetry (PIV) set-up is used to
measure two-components mean velocity field in different
planes:

(v, w) in the x = const = (.58 m plane,
(u, w) y = 0 plane,

(u, w) y = 0.12 m plane,

(u, v) z = const = 0.15 m plane

Thanks to these different PIV measurements, one can
identify the 3D structures of the flow. During the data
acquisition, both laser source and camera are placed out-
side the test-section and the measurements are performed
through transparent walls or sufficiently small holes to
avoid perturbations (Fig. 5). The air-flow is seeded 12 L
upstream from the model using a grid injection device,
which is far enough not to perturb the incoming flow. In
particular, the turbulent intensity is unchanged with or

_P-P 2) without the injection grid. Two Nd:Yag laser sources
P LUl (120 mJ during a 10 ns pulse) provide double-pulsed light
Fig. 4 Distribution of the 62 2
pressure taps over the rear slant
of the model together with the ! ¥ C, Velocity modulus (m/s)
wall pressure field and the X 4] 25
longitudinal velocity field 0,057 22.9
obtained from PIV :
measurements in the vertical -0.128 = 204
symmetry plane for the -0.200 = 178
reference case with ! =
U,=20m s~ -0.271 = 15.3
0342 B 127
-0.414 = 102
-0.485 =
-0.557 5
-0.628 2.5
-0.700 O
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Fig. 5 PIV set-up used for measurements in transversal planes
(x = cst = 0.53 m). The laser source and the CCD camera are placed
above the test-section roof. The angle between the camera axis and
the streamwise direction is relatively small (30°)

sheets, which are approximately 3 x 10~ m thick. Images
are recorded using a 1280 x 1024 pixels CCD camera with
a 4 Hz acquisition rate. The typical physical dimensions of
the PIV images are 0.4 m x 0.5 m. A 16 x 16 pixels
interrogation window with a 25% overlap is used for the
data-processing, leading to 4.8 x 107> m spatial resolu-
tion. Two hundred and fifty instantaneous velocity fields
are necessary to obtain the time-averaged wake of the
bluff-body. The seeding particles are olive oil droplets in
the range 1-10 um. The size of the droplets is a good
compromise to both follow the large-scale motions and be
tracked by the PIV camera over a relatively large field. The
droplets have also very satisfactory reflection properties.

To reduce the perturbations induced by the reflection of
the laser beam on the wall of the model, a special fluo-
rescent paint, FP R6G (Flow Visualization Component), is
used. The paint absorb 99% of the laser light and reflects
the remaining part at a 565 nm wavelength. An narrow-
band optical filter is then used on the video-camera filtering
the wavelengths outside the range 532 + 5 nm, and lead-
ing to a large reduction of the perturbations induced by the
reflection of the laser light. Thanks to this set-up, one can
see particles as close as 107> m from the wall.

A particular care is necessary for the PIV measurements in
transversal planes (x = const) because particles may have a
strong longitudinal velocity component. As a result, it is
important to thicken the laser sheet (up to 5 x 10~ m) and
to shorten the time between two consecutive images (from
70 ps in the case of y = const or z = const, to only 10 psin
the case x = const) in order to ensure that the particles
remain in the laser sheet between two laser pulses. Moreover,
a classic second order dewarping technique Raffel et al.
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(2007) is applied in this particular case to take into account
the 30° angle between the camera axis and the streamwise
direction (Fig. 5). No Scheimpflug optics was used so that
there is no corrections for the out-of focus particles. Some
errors can be expected due to the projection of the streamwise
component on the local viewing angle, especially in the
upper part of the picture where the streamwise velocity is
larger. As the streamwise velocity is not constant over the
cross-section, it is impossible to evaluate the error precisely.
Moreover, in the following, one will only discuss the mod-
ification of the intensity of the trailing vortices which are low
streamwise velocity regions so that one can consider that the
expected error does not modify our conclusions about the
modification of the structure of the near-wake.

As shown in Fig. 17a, b, the flow around the model
exhibits the main features of automotive aerodynamics,
since one can see both the recirculation torus on the base of
the vehicle in the symmetry plane (Fig. 17a) and the lon-
gitudinal vortices arising on the sides of the rear part
(Fig. 17b). These streamwise structures are low velocity
regions (about 5 m/s to be compared with Uy = 20 m/s).
Their length is significantly larger than the size of the
recirculation bubble. As shown by Beaudoin et al. (2004)
through a cavitation experiment, the trailing vortices are
also the lowest pressure regions in the near-wake, so that
one can expect that they contribute significantly to the
global drag of the bluff-body. One can notice that the
overall structure of the near wake is different from the one
shown on Fig. 1b for a 30° rear slant. In fact, the structure
of the flow is closer to the 25° rear slant configuration, i.e. a
recirculation torus interacting with the trailing vortices.

Due to the three-dimensionality of the near-wake, the
separation line is not parallel to the y axis. From both PIV
and pressure taps measurements, the position of the natural
separation line could be estimated in terms of curvilinear
coordinate (Fig. 2a): s, ~ 0.26 m. Moreover, it is inter-
esting to notice that the wall pressure is nearly uniform and
reaches its highest value in the recirculation zone.

2.3.4 Hot wire measurements

A standard one component boundary-layer hot-wire probe
(Dantec® boundary layer probe 55p15) is used to investigate
the boundary layer profile over the bluff-body. The single
wire probe is moved over the bluff-body using a motorized
device. Each velocity measurements is the average of
1.31 x 10° data with a 1 kHz sampling frequency.

3 Vortex generators for flow control

The vortex generators used in this study are trapezoidal
blades as shown in Fig. 6. The geometry is defined by four
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Fig. 6 Description of the VGs geometry with the typical dimensions
characterizing the device used in these experiments. The angle
between the blade and the wall, «, is equal to = 60° on this sketch but
it is one of the parameters that will be varied in this study

0
\
iy S
o

parameters (Aider et al. 2003): the length L, base width wy,
and upper edge width w, of the trapezoidal blade and the
angle o between the blade and the wall. The thickness of
the blade is constant and equal to 10~ m. In most of the
following study, the length L of the VG will be L = 1072
m and the angle oo = 60° or o = 120°, so that the apparent
height of the VG is & = Lsin(a) = 8.5 x 107> m.

The geometry of the VGs is rather unusual compared to
classic vane type VGs used in aeronautics (Smith 1994;
Betterton et al. 2000; Angele and Grewe 2002). The nature
of the perturbations induced by the VG in a flat-plate
boundary layer can not be easily guessed. As a matter of
fact, it requires a detailed experimental study, which has
been carried out in another experimental set-up. The results
are detailed in a companion paper (Aider et al. 2009a),
where it is shown that the vorticity is induced by the
horseshoe vortex created around the base of the VG
through a junction flow mechanism (Simpson 2001). The
arms of horseshoe vortices interact with each other to
finally create pairs of counter-rotating longitudinal vortices
that will modify the properties of the boundary layer,
depending on the spacing. A qualitative description is
given in Fig. 7 where we show that a single trapezoidal
blade creates one pair of counter-rotating streamwise
vortices.

Another interest of this geometry is that the angle o
between the blade and the wall on which the VG is
mounted (Fig. 6) can be used as an active parameter, i.e.
one can use o(/), I being an input in a closed-loop control.
As will be shown in the following, one can design a
motorized device where the input parameter / could be the
freestream velocity U, or the speed of the vehicle, in the
case of an application on a real car (Aider et al. 2003).
Such an application has been achieved on a Citroén con-
cept-car called C-Airlounge (see Aider et al. 2009b and

(a)

Fig. 7 Comparison between the vortex generators used in this study
(a), and the ones used by Angele and Grewe (2002) (b) or by
Betterton et al. (2000) (c) which are classic winglets. A single
trapezoidal blade creates a pair of counter-rotating vortices which is
usually created by two winglets

http://www.citroen.com/CWW/{fr-FR/CONCEPTCARS/
C-AIRLOUNGE/Cairlounge_1/).

In these passive control experiments, the VGs are
set along a line parallel to the y axis (Fig. 6), and are moved
downstream along the curved surface. Their position is
given in the curvilinear coordinate s as defined on Fig. 2a).

There are many other parameters which will play an
important role in the efficiency of the VGs. For a given
geometry of the trapezoidal blade, one can still vary four
important parameters:

e the angle o between the VG blade and the surface,

e the curvilinear position of the line of VGs on the
surface,

o the wavelength A corresponding to the spacing between
two neighboring VGs

e the length of the line of VGs, which will depend on the
number of VGs used together and of their spacing.

In the following, the influence of the four parameters
will be studied. As the space parameter is very large, only a
few configurations could be studied for each parameters.
Nevertheless, it will give some insights into their influence
on the aerodynamic forces.

4 Parametric study of the influence of the vortex
generators on the aerodynamic forces

4.1 Influence of the longitudinal position and angle
of the vortex generators

Since it is not possible to predict numerically or through a

stability analysis the right perturbation, it is necessary to
investigate the receptivity of the flow through a parametric

@ Springer


http://www.citroen.com/CWW/fr-FR/CONCEPTCARS/C-AIRLOUNGE/Cairlounge_1/
http://www.citroen.com/CWW/fr-FR/CONCEPTCARS/C-AIRLOUNGE/Cairlounge_1/

778

Exp Fluids (2010) 48:771-789

study. In this section 17 vortex generators are distributed
along the width of the rear slant of the bluff-body, leading
to a wavelength A (or spanwise spacing) equal to 0.02 m.
Drag and lift measurements are carried out for different
curvilinear positions of the VGs on the rear part of the
bluff-body. The evolution of the drag and lift as a function
of the position of the VGs is shown in Fig. 8 for two dif-
ferent blade angles relative to the wall: o = 60° (the blade
facing the flow as shown on Fig. 6 and o = 120° (with the
tips of the blade pointing downstream). The drag of the
bluff-body without flow control for U, = 20 m s7!is
C, = 0.32, while the lift is C; = 0.46.

The first observation is the strong influence on the drag
coefficient: in both cases, the drag is decreased, with a
reduction about —12%. The second observation is the
evolution of the drag reduction as a function of the longi-
tudinal position of the VGs: in both cases, one can see a
clear single minimum, and a relatively large longitudinal
region where the VGs are efficient. The longitudinal extent
of these regions is about 0.12 m long in both cases and the
position of the minimum is the same for both configura-
tions: Spmin, ~ 0.20 m for o« = 120° and o = 60°. The
optimal position of the VG line is, in both cases, clearly
upstream of the position of the natural separation of the
boundary layer (sp,; ~ 0.26 m). To be noticed is the fact
that a significant drag reduction is also obtained when the
VGs are located downstream of the natural separation line.

The same kind of evolution is observed for the lift
coefficient, with a maximum reduction of more than —54%
for the o = 60° case. The optimal position of the VG line is
also different in both cases: the maximum lift reduction for
o = 120° is observed 0.02 m downstream of the o = 60°
configuration.
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Fig. 8 Influence of the position of the Vortex Generators /ine on the
drag (full lines and left axis) and lift coefficients (dotted lines and
right axis) for two angles of the VGs relative to the wall (x = 60° or
o = 120°) for U, = 20 m s~'and a 0.020 m spacing. The vertical
dotted line indicates the position of the mean natural separation /ine
i.e. without vortex generators. The horizontal lines indicate the drag
and lift reference values
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The rear-axle lift follows the same evolution as the total
lift, with a minimum located on the same curvilinear
position. The reduction is much higher than the global lift:
—93.3% for the & = 60° configuration and —90.7% for the
o = 120° case. The difference with the global lift is easily
explained as the vortex generators modify the pressure
distribution over the rear slant of the model. This result is
of course very interesting from the automotive engineer
point of view as the rear-axle lift is very important for the
stability of a vehicle.

4.2 Influence of the spacing between the vortex
generators

It is well known from previous studies (Godard and
Stanislas 2006; Lin et al. 2002) that the spacing between
the 3D perturbations induced by vortex generators has a
strong influence on their efficiency on the forced flow. The
optimal amplification of the perturbations by the boundary
layer is closely associated to its stability properties. When
the objective is to control a separated flow, one has to deal
with two challenges: the first is to find the right perturba-
tions that will be amplified by the boundary layer (Duriez
et al. 2009; Andersson et al. 2002), while the second is to
modify the properties of the boundary layer in the proper
way to control the separated flow (Duriez et al. 2008).
These are still open questions and very active research
fields. Parametric studies are still the only way to search for
critical spacing leading to better results for a given con-
figuration of VGs.

In this section, the spacing between the VGs is changed
from 2 = 0.02 m to 4 = 0.015 m. As the VGs are distrib-
uted along the all width of the rear slant, the number of VGs
is also changed from 17 to 22. The same kind of drag and lift
evolution as in the previous section is plotted on Fig. 9. One
can notice that the drag and lift longitudinal evolutions are
clearly different from the ones obtained with the 0.020 m
spacing. The comparison between the two spacings is easier
if substracting the drag (or lift) coefficients obtained with a
0.015 m spacing to the one obtained with a 0.020 m spacing
(Fig. 10). The first observation is that the drag or lift
reductions are larger with a 0.015 m spacing for nearly all
the position and for the two different angles. The most
important difference is the longitudinal extent of the region
where the drag is reduced. One can see a drag reduction
with a line of VGs up to s ~ 0.32 m, i.e. further down-
stream of the previous case, and even downstream of the
natural separation line. One can also notice that when the
VGs are located at s = 0.14 m, the drag is strongly
increased reaching a very high value (C,; = 0.405). This
drag value has not been included in the graph to make the
downstream evolution of the drag clearer especially in the
region where the drag is minimum.
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Fig. 10 Difference between the drag (or lift) of the bluff-body
obtained with a 0.015 m spacing and the a 0.020 m spacing for
U,=20 ms " and for o = 120° and & = 60°. Open (respectively full
and red) markers are used for the drag (respectively lift) coefficient.
One can see that the a 0.015 m spacing leads to better results in most
of the cases

The optimal longitudinal position for the lift reduction is
different than the one for the drag reduction in the
o = 120° case. We also emphasize the fact that we can still
observe a lift reduction, in the case « = 120°, when the line
of VG is located downstream of the natural separation line.
From a practical point of view, the « = 60° may be more
interesting, as the drag and lift reduction is optimized for
nearly the same longitudinal position of the VGs line. The
lift reduction is also slightly larger (—61%) than in the
A = 15 mm configuration.

As in the previous section, the rear-axle lift follows the
same evolution as the total lift, with a minimum located on
the same curvilinear position. The reduction is also much
higher than the global lift: —103.9% for the o = 60°
configuration and —101% for the o = 120° case. In both

cases, the sign of the lift on the rear axle is reversed, i.e. the
model is no longer lifted up but pulled down to the ground.
Such a result is of course very interesting for automotive
applications to improve longitudinal stability of the vehi-
cle. The slight differences between the optimal positions
for drag or lift reduction and the much larger lift reduction
compared to the drag reduction can be explained by the
fact that the lift force is mainly associated to the pressure
distribution over the rear slant. The low pressure over the
rear slant is at the origin of the vertical force pulling
upward the vehicle. The origin of the drag force is more
complex and is also influenced by the longitudinal structure
as will be discussed in the last section. The large lift
reduction shows that the wall pressure distribution is
strongly modified, and the pressure globally increased over
the rear slant by the VG.

In Fig. 11a, the drag evolution is plotted as a function of
the curvilinear position of the vortex line for three different
spacings for the VGs (4 = 15, 20 and 25 mm) and for the
o = 120° configuration. As mentioned previously, the VGs
are regularly distributed along the width of the model so
that the 4 = 25 mm configuration is obtained with 13 VGs.

@ Springer



780

Exp Fluids (2010) 48:771-789

The same kind of longitudinal evolution is recovered, but a
strong influence of the spacing of the VGs on the efficiency
of the vortex line can be noticed: if the spacing is too large
the line of VGs looses its efficiency. It seems reasonable to
assume that there exist an optimal spacing (in this case,
around 20 mm) to get the maximum drag and/or lift
reduction.

If the same experiment is carried out with the o = 60°
configuration, the influence of the spacing is very different.
As a matter of fact, this configuration appears to be far less
sensitive to the wavelength (Fig. 11b). The optimal posi-
tion as well as the maximum drag reduction are nearly the
same for the three wavelengths. The only clear difference
is the extent of the longitudinal regions where the line of
VGs is efficient. As in the previous section, the o = 60°
configuration is interesting because of its dependence on
the spacing of the VGs. The relatively large differences
between the drag evolution shown on Fig. 11a and b can be
interpreted as a clear indication that the perturbations
induced by the VGs are also different when o = 60° or
o = 120°. The o = 120° configuration is much more sen-
sitive to a spacing variation than the o = 60° configuration
suggesting that the longitudinal vortices induced by a sin-
gle VG (1 = o0) are much weaker in the case o = 120°
than in the case o = 60°. This would require a detailed
analysis of the flow over isolated VGs with different angle
o to confirm such an hypothesis.

The right curvilinear position for the VGs is approxi-
mately 50-60 mm upstream of the location of the separa-
tion line. Nevertheless, there is still a drag reduction when
the line of VGs is located downstream of the natural sep-
aration line. This is also an interesting result, even if it
cannot be explained for the moment as it would require a
detailed investigation of the near wake for this configura-
tion. Nevertheless, two hypothesis can be drawn. The first
is that the VGs do not modify the recirculation bubble. In
this case, most of the VGs are into the recirculation bubble,
but the VGs close to the side edges can perturb the lon-
gitudinal trailing vortices leading to a slight drag reduction.
The second hypothesis is that the perturbation induced by
the VGs is strong enough to modify the boundary layer
upstream of the VGs.

Before turning to next section, one should mention
here that a classic rear spoiler has also been tested on the
model. It was an important question we had to answer
indeed: are the VGs more or less efficient than a rear
spoiler, which is the classic device used in automotive
aerodynamics? To answer this question, a spoiler has
been tested on the same curvilinear position where the
VGs are the most efficient, i.e. at s = 0.2 m. It leads to a
6.3% drag reduction, for a total 62.8% lift reduction
corresponding to a 107.3% reduction of the rear-axle lift.
The rear spoiler gives a comparable lift reduction but a
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lower drag reduction than the best configurations of vor-
tex generators.

4.3 Influence of the Reynolds number

After exploring the sensitivity of the aerodynamic forces to
both wavelength and curvilinear position of the perturba-
tions induced by the VGs for a given free-stream velocity,
the influence of the Reynolds dependence still has to be
investigated (Table 1). The objective here is to check if the
VGs remain efficient even for higher Reynolds number.

The influence on the drag coefficient of a given line of
VGs (= 60° and 2 = 0.015 m) as a function of the
longitudinal position of the line is investigated for three
free-stream velocities. The result is shown in Fig. 12. One
can notice that the drag reduction (compared to the
respective reference values) obtained with a given config-
uration is decreasing: —12.2% for Uy = 20 ms™', —7.1 %
for Uy =30 m s~ and —3.7% for Uy = 40 m s~ ! (every
gains are relative to the drag reference value obtained for
each freestream velocity).

The same configuration with a different angle (o0 = 40°)
is studied for U, = 40 ms~' and s ~ 0.2 m. Thanks to this
small modification, one can get a —7.1% drag reduction.
To keep a significant drag or lift reduction, even if the
freestream velocity is changing, it will be necessary to use
Active Vortex Generators. It implies to find a proper
dynamic parameter to be used in a closed-loop experiment.
The previous results with passive actuators clearly show
that the angle of the blade compared to the wall could be
driven as a function of the freestream velocity or other
parameters like wall pressure in critical area. It will be very
useful for automotive aerodynamics to deal with many
transients situations like wind gusts, vehicles crossings or
different speed limits.
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Fig. 12 Drag reduction obtained with a line of a given VG (o0 = 60°

and A = 0.015 m) for three different free-stream velocities for
U, = 20, 30 and 40 m s~
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Fig. 13 Sketch of the three
configurations studied, with
three distributions of the VGs
along the width of the model for
s =020 m

Complete line

Table 2 Drag coefficients for different distributions of VGs along
the line s = 0.20 m

Reference Complete 14 VGs in 4 VGs on
flow line the center each side
Cy 0.315 0.280 0.272 0.334

4.4 Influence of the distribution of the vortex
generators along the width of the model

The following step in the analysis of the drag reduction
mechanism is to identify the VGs which are responsible for
the diminution of the trailing vortices intensity. Only one
configuration is considered for this study: 22 VGs distrib-
uted along the width of the model with a 4 = 0.015 m
spacing and a 60° angle. To evaluate the importance of the
different regions of the line of VGs, a few VGs have been
removed from the center or from the sides of the optimal
line of VGs (s = 0.20 m on Fig. 9), as shown on Fig. 13.
The row of VGs is still located at s = 0.20 m where the
drag is minimum for this configuration, and some of the 22
VGs homogeneously distributed along the width are
removed. Two new configurations are then studied with the
same spacing (4 = 0.015 m):

e 4 VGs located on each side edge of the rear part of the
model are removed

e 14 VGs located in the center of the line of VGs are
removed

Table 2 reports values of the drag coefficient for the
different configurations described in Fig. 13. It shows that
when the VGs are only located on each side of the model
the drag coefficient is even higher than the reference drag
coefficient. This result suggests that the VGs close to the
side edges of the rear slant interact strongly with the
trailing vortices. As the recirculation bubble is probably not
modified, one can think that the VGs make the trailing
vortices stronger, leading to an increase in the drag coef-
ficient. On the contrary, when the VGs located close to the
side edges are removed, the remaining VGs have an even
more favorable effect on the drag coefficient than the
complete line. This result is coherent with the previous

4 VG on each side

14 VG in the center

one: the VGs in the center clearly modify the recirculation
bubble leading to a drag reduction, while the VGs close to
the side edge seems to make the trailing vortices stronger
leading to a drag increase. As a consequence, removing the
VGs close to the side edges leads to a better drag reduction.
This result will be confirmed in the following when
investigating the velocity field in the near-wake of the
bluff-body.

4.5 Toward active mechanical vortex generators

The previous results demonstrate the dependance of the
drag or lift to the different parameters. It allows the iden-
tification of a good dynamical parameter: the angle «
between the blade and the wall. In a perspective of closed-
loop experiment and of the search of a more efficient way
to find the optimal parameters, it is important to propose a
new set-up where the dynamical parameter can be remotely
driven. In this section, we present an experiment performed
using a motorized model. The vortex generators are now
attached to a rotating axis (Fig. 14b) allowing the explo-
ration of every angles between 0° to 90° without having to
stop the wind tunnel. The rotation of the axis is remote-
controlled from outside of the wind tunnel, so that the wind
blowing is stopped only to modify the longitudinal position
of the VGs.

The experiments has been carried out with slightly dif-
ferent geometric parameters than the ones used in the
previous sections: the VGs are now 15 mm long, the
spacing is 12 mm and only twelve VGs are used instead of
fourteen in the previous section. The reason is that we
found from preliminary investigations that this configura-
tion is slightly better than the one studied in the previous
section. The model has been modified to integrate the
motors and mechanics necessary to pilot the rotation of the
VG, but the overall dimensions and geometry are strictly
the same, so that the results are comparable (Fig. 14a).

Both drag and lift coefficients are measured for the three
freestream velocities and for thirteen curvilinear position s
(200 mm < s < 300 mm) of the line of VGs over the rear
part of the model. For each curvilinear position, drag and
lift are measured every ten degrees, for o ranging between
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Fig. 14 Picture of the rear of
the model (a) equipped with a
set of VGs attached on a
motorized rotating axis (b). The
rotation of the axis is driven
through a remote radio-control
system located outside the
wind-channel

0° and 90°. The following results represent as much as 390
different drag (and lift) measurements for each freestream
velocity.

In Table 3, the maximum drag and lift reduction
obtained with these configurations are summarized. The
drag or lift reduction decrease when the Reynolds number
is increased, but the results show more than 14% drag
reduction for U, =20 m s~ ' (better than the previous
studies) and more than 10% drag reduction for U, = 40 m
s~ '. This is another illustration of the importance of a good
parametric study and of the sensitivity to both curvilinear
position and angle of the VG. The results obtained with a
classic rear spoiler located at s = 0.2 m are also included
in the table. The rear spoiler is 0.01 m long (as long as the
VG) with an angle o = 60° relative to the wall. One can
see that the VGs give better results for the drag, while the
rear spoiler gives better results for the lift.

These results are more interesting when plotted as
contours of drag and lift modification (in percentage
compared to the reference case) as a function of the lon-
gitudinal position versus the angle o for the three free-
stream velocities (Fig. 15). This compact representation
allows for a simple identification of the optimal parame-
ters: for each velocity, one can identify the minimum of
drag or lift in the space parameter (s, o), i.e. the optimal
parameters for the given free-stream velocity. The left
column corresponds to the contours of drag modification
for increasing velocity from top (a) to bottom (e), while

Table 3 Maximum drag and lift reduction for the three freestream
velocities. One can also notice the strong reduction of the rear axle
lift. For the sake of comparison with a common aerodynamic device,
a rear spoiler has also been tested. The results are given in the
parenthesis next to reductions obtained with the VGs

U, AC, (%) VGs AC; (%) VGs ACRear (%) VGs
(ms™H (Rear spoiler) (Rear spoiler) (Rear spoiler)
20 —14 (—6.3) —44.4 (—62.8) —89.4 (—107.3)
30 —11.3 (-=0.3) —38.4 (—57.8) —92.2 (—107.5)
40 —10.6 (+2.88) —39.0 (—52.8) —99.2 (—109)
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(b) vortex generators

rotating axis /

stepper motor

the right column corresponds to the contours of lift
modification.

The first observation is the strong dependency on both
the location of the VGs and the angle. For both drag and lift
and for all the Reynolds number one can see a sharp
frontier (the yellow lines) between the regions of the space
parameter where the drag is increased or decreased. For
0.20 m < s < 0.24 m there is a critical angle above which
the VGs increase the drag or lift forces. One can also notice
that for each Reynolds number, the optimal parameters
(s, o) are slightly different for drag and lift. For a given
position of the VGes, it will be possible to modify the angle
to optimize either the drag or the lift.

The Reynolds dependency of both drag and lift is also
clear. In both cases, there is a decrease of the spatial extent
of the region where the VGs are efficient (green-blue
regions on the contour fields), while the unfavorable region
is clearly increased. It appears that the curvilinear position
s = 0.265 m is a good compromise to keep nearly the best
drag reduction for all Reynolds number, if the angle is well
controlled. The problem is that this position will not be the
best for the lift coefficient. As a matter of fact, s = 0.25 m
would be better for an optimal lift reduction. It confirms
that it will be difficult to optimize both drag and lift with a
given configurations. Nevertheless, once the optimal loca-
tion of the VGs is chosen to minimize one of the forces, the
control of the angle will allow the reduction of the other
force.

It is also interesting to notice that the region in the
space parameter (s, o) where the lift is reduced is larger
than the one where the drag is reduced. The lift reduction
is also larger. From this point of view, the location of the
VGs should then rather be chosen to optimize the drag.
Of course the contours presented here will be different if
the spacing or the height of the VGs are changed. Here,
one should mention that similar experiments with a
motorized device were carried out on a full-scale vehicle,
demonstrating that the drag and lift reduction are com-
parable with a slightly stronger dependency on the angle
than on the bluff-body (Despré et al. 2003; Aider et al.
2009b).
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Fig. 15 Contour plots of drag and lift reduction obtained for three
freestream velocities: Uy = 20 m s (a, b), Uy =30m s (e, d)
and Uy =40 m s7! (e, f). Drag reduction are shown on the left
column and the lift reduction on the right one. Each contour plot gives
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5 Investigation of the near-wake of the bluff-body
5.1 Boundary layer over the bluff-body

The previous sections illustrate the high dependance of the
aerodynamic forces on the VGs and also the difficulty in
understanding the way the VGs interact with the boundary
layer. If some global quantities characterizing the modifi-
cation of the base flow can be estimated a priori to choose
the right position of the VGs upstream a separated flow
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a global view of the influence of both the position of the /ine of vortex
generators and of the angle of the blades compared to the wall. It
represents as much as 390 drag and lift measurements

over a rounded wall (Duriez et al. 2006, 2008), it still is
necessary to lead extensive parametric studies to choose
the right parameters in the case of 3D bluff-bodies. It is
also necessary to have a better insight into the way the VGs
modify the near-wake of the bluff-body through PIV and
hot-wire measurements.

First, hot-wire velocimetry was used to measure the
longitudinal evolution of the boundary layer over the bluff-
body without vortex generators (Fig. 16). The boundary
layer thickness is calculated using the 0.99%U, definition
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for the boundary measured on the top of the model. Over
the rounded rear slant, the boundary layer is accelerated
and the boundary layer thickness is measured where the
velocity is maximum. The boundary layer upstream of the
position of the VG line (s = —0.102 m), is already
1.7 x 1072 m thick. At the position where the VG line
begins to reduce the drag (s = 0.150 m), the boundary
layer is already 3 x 107> m thick, before reaching
3.5 x 1072 m where the drag reduction is maximum. This
is to be compared to the effective height of the VG seen by
the flow ie. h, =h-sin(e) =8.6 x 1073 m which is
smaller than the boundary layer thickness: A./0 < 0.5 so
that the VGs work like sub-boundary or low-profile vortex
generators as defined by Lin (2002).

5.2 Investigation of the velocity field in the near wake
of the bluff-body

In order to understand the modification of the base flow by
the VGs, wall pressure for different s values and velocity
field measurements in different planes in the near-wake
were carried out. In addition to the reference flow, only two
significantly different cases are discussed, namely a high
drag case (C; = 0.405 with the VGs located at s = 0.14 m)
and the low drag case (C; = 0.280 with the VGs located at
s = 0.22 m) obtained with 22 VGs (1 = 15 x 107> m)
distributed along the width of model and with the o = 60°
configuration (Fig. 9).

Mean PIV and wall pressure measurements are both
displayed in Fig. 17 for the low drag configuration
(Fig. 17e and f) and the high drag configuration
(Fig. 17c and d). It clearly shows that the separation of
the boundary layer over the rear slant occurs just
upstream the VGs suggesting that the VGs do no not
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Fig. 16 Evolution of the boundary layer along the curved rear part of
the model without Vortex Generators for U, =20 m s~'. The
boundary layer grows from & ~ 1.7 x 107> m on the top of the
model (s = —0.102 m) to 6 ~ 3.5 x 1072 m on the rounded rear
slant upstream the separation (s = —0.210 m) and in the region
where the drag reduction is the highest

@ Springer

delay but rather trigger the separation of the boundary
layer. This behavior is not common and was not
expected, as most of the time the vortex generators are
used to delay the separation in 2D configuration like
around an airfoil. To explain such a behavior, a detailed
investigation of the flow around the vortex generators is
needed which is beyond the scope of this study. Nev-
ertheless, one can think that the configuration triggering
the separation of the boundary layer induces a deceler-
ation of the boundary layer. A tentative explanation is
the following. It is well known that the vortex generators
create counter-rotating streamwise vortices which are
responsible for a mixing of the boundary layer through
two types of regions (Fig. 18):

e inflow regions, which are the regions where the high-
momentum fluid from above the boundary layer is
taken toward the wall,

e outflow regions, which are the regions where the low-
momentum fluid from the boundary layer is taken
outside the boundary layer.

In a turbulent boundary layer, the non-linearities
breakdown the balance between inflow and outflow
regions. Depending on the vortex generators, the boundary
layer can be either dominated by the inflow regions and
globally accelerated (and then stronger against an adverse
pressure gradient) or, on the contrary, dominated by the
outflow region and globally decelerated (Duriez et al.
2008). The triggering of separation of the boundary layer
can then be associated to a boundary layer dominated by
the outflow regions.

The separation line is located just upstream from the
VGs where a relative pressure increase is measured. In the
recirculation bubble, downstream from the VGs, the pres-
sure coefficient is nearly uniform and reaches significantly
different mean values in the high or low drag case
(respectively —0.40 and —0.15), which is consistent with
the drag and lift increase (respectively decrease). Besides,
the separation region is much larger in the low drag situ-
ation (Fig. 17e).

Figures 19 and 20, respectively represent the mean flow
velocity magnitude and the corresponding streamwise
vorticity w, (which is only weakly altered by the stream-
wise velocity component) in the plane x = 0.58 m (i.e.
0.13 m downstream from the model as shown on Fig. 19a)
in the three considered cases. The PIV field is measured on
one half of the near-wake, assuming symmetry for the
mean velocity field. The bluff-body is shown behind the
PIV field to help the reading. One can see the footprint of a
longitudinal counter-rotating vortex crossing this plane,
corresponding to the two trailing vortices mentioned in
Fig. 1b. Considering both Figs. 19 and 20 reveals that the
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Fig. 17 Modification of the
near-wake of the bluff-body

by the VGs. Left column

(a, ¢, e) wall pressure (C,)
measurements coupled with the
mean flow velocity in the plane
y = 0; the black circles
represent the pressure taps
location. Streamlines have been
added in the symmetry plane to
help the visualization of the
recirculation bubble. Right
column (b, d, f) mean flow

-0.057
-0.128
-0.200
-0.271

velocity in the planes

-0.342

y =0.12m and z = 0.15m
crossing the longitudinal
vortices; the planes y = cst and
Z = cst are respectively colored
by Vu2 +w? and vu? +12.
First row (a, b) reference flow
(C4 = 0.315). Second row (¢, d)
high drag case (s = 0.14 m and
C, = 0.405). Third row (e, f)
low drag case (s = 0.20 m and
C,; = 0.280). The black thick
line shows the location of the
VGs. The thin line indicates the
location of the natural

-0.414
-0.485
-0.557
-0.628
-0.700

Velocity
modulus (m/s)

separation sy,

25
229
204
178
15.3
127
10.2
76
5.1
25
o

(e)

Fig. 18 Schematic representation of the inflow (arrows pointing
downwards) and outflow regions (arrows pointing upwards) created
between the streamwise counter-rotating vortices induced by the
vortex generators

VGs have also a significant effect on the longitudinal
structures. In particular, the downwash between the vorti-
ces is strongly dependent on the position of the VGs,
suggesting that its contribution to the global drag could
have changed. For s = 0.14 m it is higher (C,; = 0.405)
than in the natural case (C; = 0.315), whereas it is lower
for s = 0.20 m (C; = 0.280). Figure 20 shows that, on the
one hand, the highest vorticity is obtained in the reference
case and the lowest in the low drag case; but on the other
hand, the high vorticity region is the largest in the high
drag case.

The streamwise vortices strength can be evaluated by
the circulation I" along a properly chosen contour. Thus,
we define C as the contour corresponding to the surface S
characterized by the following conditions: 0 <y < 0.15 m
and 0 <z <0.30 m (here, the symmetry of the time-
averaged flow is assumed so that the two counter-rotating
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Fig. 19 PIV measurements in (a)
the vertical plane x = 0.58 m
(i.e. 0.13 m downstream from
the model) colored by

V2 + w2, a location of the PIV
plane. b reference flow

(C4 = 0.315). c high drag case
(s =0.14 mand C; = 0.405).d
low drag case (s = 0.22 m and
C, = 0.280)

® ]

zimm)

vortices have opposite circulations). It is then possible to
measure I using Eq. 3:

r:fﬁ-aﬁ’:/a’-d? (3)
C S

The corresponding results are displayed in Table 4 and
reveal that the vortices intensity are arranged in the same
order as the drag coefficient. Namely, for s = 0.140 m
(C4 = 0.405) the circulation is higher than the reference,
whereas for s = 0.20 m (C; = 0.280) it is lower. This
suggests that the high drag case corresponds to strong
longitudinal structures and short separation region, whereas
the low drag case is related to weaker streamwise vortices
and a large separation bubble.

5.3 Discussion

The previous results can be interpreted using the relation
between the drag experienced by a body in a flow and its
wake. Indeed, it is possible to evaluate the drag applied on
a body in a stationary flow using the momentum conser-
vation theorem applied on a finite domain containing the

@ Springer

200

10

Velocity modulus (m/s)

body and taking into account the pressure drop in the wake.
It leads to the following definition for the drag force F,:

Fy = pU3So — / pido + / (po — p)do (4)

Zs Zs

where Xg and X¢ are upstream and downstream surface,
respectively, of a volume containing the body, while U,
and p are respectively the freestream velocity and pressure
and u is the streamwise velocity measured in the down-
stream surface X5 The mean drag then appears to be
simply the sum of the momentum and the pressure deficits
in the far wake.

In the case of simplified ground vehicles, or more gen-
erally 3D bluff-bodies Onorato et al. (1984) introduce the
concept of “vortex drag” in which the contribution of the
longitudinal vortices to the global drag is related to the
rotational kinetic energy induced by these structures into
the wake. It was confirmed later experimentally on a finite-
span wing by Chometon and Laurent (1990). Onorato et al.
(1984), corrected later by Ardonceau and Amani (1992),
show that the drag force experienced by a vehicle can be
written as:
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Fig. 20 PIV measurements in (b)
. . 700
the vertical cross-section
x = 580 mm (i.e. 130 mm |
downstream from the model) 0
colored by the streamwise [
vorticity @,. a location of the (a) 200
PIV plane. b reference flow X=0.58m
(C4 = 0.315). ¢ high drag case . E 5ol
(s = 0.140 m and C,; = 0.405). L
d low drag case (s = 0.20 m . % _m!
and C; = 0.280). The PIV field \ |~,
is measured in one half of the [
. . . 5 0\ N
vertical cross-section assuming ] I
symmetry for the mean velocity ;
field 150 -100 50 0 50 100 150
yimm)
(c) (d)
R e — we—— ——
250 250
200
E £ 0
100 -
v
* o
50
50 100 150 150 <00 50 0 50 100 150
yimim)
| i
- B, =100 1] 100 200 300

Table 4 Longitudinal vortex circulation I" (mzsfl) evaluated from
PIV measurements. Comparison between reference flow, high drag
case and low drag case

Reference flow s=0.18m s=024m
I (m%s) 1.58 2.28 0.87
U? u\?
F, = P% 1——]) |do
2 Uy

s

pU? v\ (w)?

a1} _ —) |d / —p)d

+= / (Uo) +(Uo) o+ [ (po —p:)do
) s

(5)

where p; is the total pressure. The second term in Eq. 5 can
clearly be interpreted as the contribution of the trailing
vortices to the global drag or “vortex drag”. The vortex
drag then appears to be a simple extension of the induced
drag, but in a more generic and well-suited formulation for
3D bluff-bodies. Finally, from a physical point of view one

Streamwise vorticity (s-1)

could even propose a slightly different analysis in which
the pair of streamwise counter-rotating trailing vortices
induces high transversal velocities between their cores,
creating low pressure by simple Venturi effect. The
downwash is then responsible for a non-negligible contri-
bution to the drag through the pressure deficit.

The previously discussed notions concerning the contri-
bution of streamwise structures to the total drag are formally
equivalent but slightly differ from the conceptual point of
view. But whatever the preferred terminology, it is impor-
tant to underline the fact that the drag experienced by a 3D
bluff-body includes contributions from the separation bub-
bles and from the trailing vortices, which both contribute to
the total drag through the momentum and the pressure def-
icits. As a result, in order to reduce the total drag of a 3D
bluff-body, one should aim at delaying separation and/or
decreasing the intensity of the trailing vortices.

There are mainly two limitations to these models. First,
in spite of the existence of many formulations to compute
the drag from the velocity field, it is often very difficult to
obtain experimentally the quantitative contributions of
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each terms, especially in complex 3D flows. Second, it is
almost impossible to manipulate one flow structure without
modifying the others when dealing with low aspect ratio
3D bluff-bodies such as the Ahmed body. The key point is
then to focus on the global effects.

Together with the results presented in Sect. 4.4 and the
previous discussion, a mechanism explaining the large drag
and lift reduction can finally be proposed. The VGs located
in the center induce an early separation of the boundary
layer that modifies the balance between the recirculation
bubble and the longitudinal vortices. The consequence is a
modification of the characteristics of the trailing vortices,
especially their circulation. When located at their optimal
position, the VGs induce a reduction of the global stream-
wise circulation leading to a drag reduction. For the optimal
configurations, the drag reduction induced by the weaken-
ing of the streamwise vortices becomes higher than the drag
generation due to the larger recirculation bubble over the
rear slant. The result is a global drag and lift reduction.

Finally, one can wonder about the efficiency of such a
technique on a full-scale vehicle. As a matter of fact, the
question of the scaling is difficult when dealing with vortex
generators and requires dedicated studies. Nevertheless,
one can give two tentative answers. First, the VGs pre-
sented in this study have been extensively tested on full-
scale vehicles (Despré et al. 2003; Aider et al. 2009b).
Their efficiency is recovered (in some cases improved)
with slightly longer blades. Rounded VGs (5 x 10°m
radius), conform to safety rules for external devices, have
also been tested and validated on real cars leading to the
same drag and lift reductions. Second, the important scal-
ing for the VGs is not based on the vehicle length but on
the boundary layer thickness, which does not change
drastically on a full scale model. Indeed, one has to con-
sider a Reynolds number based on the height of the VG and
the freestream velocity Re, = U, h/v, or based on the
boundary layer thickness Res = U,d/v, which is compara-
ble between small and full scales experiments (Res ~ 10°
for U, =40 m s ).

6 Conclusion

An extensive parametric study of the influence of a vortex
generators line on the aerodynamic coefficients of a 3D
bluff-body has been carried out. Both the geometry of the
VGs (small trapezoidal blades) and of the bluff-body
(a modified Ahmed body) are non-conventional. The line
of vortex generators appears to be very efficient for drag
(—12%) and lift reduction (more than —60%). For some
configurations, the lift on the rear axle can even be can-
celled out (more than —100%). A strong dependance on
most of the geometrical parameters defining the line of
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vortex generators is also found. For instance, a clear evo-
lution of the drag and lift as a function of the longitudinal
position of the VG line has been shown, with a well-
defined minimum for a position upstream of the natural
separation line. When focusing on two given angles for the
VGs, both configurations exhibit different dependencies on
longitudinal position and transversal spacing. Finally, a
new set-up with motorized VGs is presented. Thanks to
these mechanical vortex generators, the optimal configu-
rations for both drag and lift can be found more easily in
the space parameter (s, o). The importance of both the
location of the VGs and of the angle between the blade and
the wall is clearly confirmed for both drag and lift. It is also
an important step toward a closed-loop experiment
(Beaudoin et al. 2006) as the motorization is not only a
trick for remotely changing the angle between the GVs and
the wall: the angle between the blade and the wall can now
be used as a dynamic parameter in a closed-loop experi-
ment. In such a configuration, the angle of the VGs changes
as a function of a given input, which can be the freestream
velocity (Beaudoin et al. 2008).

To get a better understanding of the interactions between
the VGs and the overall flow structure, the velocity field in
the near-wake of the bluff-body for three different con-
figurations are compared. An experimental investigation of
the three-dimensional time-averaged flow reveals that the
drag and lift reduction is closely related to the reduction of
the circulation of the streamwise vortices arising on the
side edges of the rear part of the model. It appears that the
vortex generators trigger an early separation leading to a
larger recirculation bubble over the rear slant and a
breakdown of the balance between the separation bubble
and the longitudinal vortices. It also leads to a modification
of their relative contributions to the global drag through
momentum and pressure deficits. As a result, a drag
reduction is clearly associated with a large separation
region and weak streamwise vortices. It is then demon-
strated that triggering early separation can be a very effi-
cient way to reduce the total drag of a bluff-body,
specifically when the trailing vortices and the recirculation
bubble interact in the near-wake.
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