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Characterization of the flow past real road vehicles with blunt afterbodies
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4GIE S2A, Souffleries Aéroacoustiques Automobiles,

2 avenue Volta, 78180 Montigny Le Bretonneux, France

The flow past two different road vehicles with blunt afterbodies is studied at a Reynolds number
based on the vehicle length of 107. The boundary layer thickness and the pressure distribution
around the body are characterized. Then, the wake is investigated through static pressure and
velocity measurements. Similar properties are obtained for both vehicles, in particular the lowest
pressure on the after-body is reported on the lower part of the base. Hot-wire anemometry is also
used to depict the dynamics of the flow. The detached shear from the roof behaves as free shear
turbulent flows whereas the flow from the underbody rather corresponds to homogeneous shear
turbulent flows. In addition, global mode dynamics is reported in the wake of one vehicle and is
associated with an antisymmetric coupling of the lateral mixing layers. However, the intensity of
this mode is limited and it may not be a contributor to the drag since its maximum of amplitude
is downstream the recirculation bubble. Eventually, these results are analyzed to orient future drag
reduction control strategies.

I. INTRODUCTION

The drag force resulting from flow over road vehicles is responsible for a dominant part of the fuel consumption,
especially over 30 m s~!. During the last decades, the growing energetic constraints have then motivated research
activities to improve the understanding of fundamental notions such as stability or force intensities in the wake of
simplified vehicles. The objective is often to limit the drag through optimization of the geometry or flow control.
The work of Ahmed et al.! paved the way to the comprehension of the structures of the flow around different shapes
of road vehicles. Indeed, they proved the critical influence of the rear shape on a simplified vehicle. For moderate
slant angles (from 12.5° to 30°), a pair of intense counter-rotating vortices develops in the wake of the model reducing
the base pressure®. In the worst case (slant angle close to 30°), these structures induce up to 45% increase in drag
in comparison to the 0° case. Since similar flow structures are reported in the wakes of notch-back and fast-back
vehicles®, important work is devoted to the drag reduction of the 25° slant angle body. Thus, various passive and
active control strategies are reported in literature such as splitter plates*, flaps®%, boundary layer steaks’” or even
pulsed jet®. On the other hand, for slant angles below 10°, the topology is characterized by a massive recirculation
bubble in the wake. This recirculating flow, associated with low levels of base pressure, is the major contributor to
the aerodynamic drag. Then, the use of different control devices as splitter plates®, chamfer'® or porous devices'!
may limit the base drag of this square-back case. However, once transposed on real vehicles, such devices often have a
reduced efficiency partially because the natural flow remains particularly unclear. For example, if characteristic wake
frequencies are reported!?13 over simplified geometries, the presence of global modes in the wake of real vehicles is
still an open issue.

Therefore, the present work aims at clarifying the flow past two different blunt vehicles: a commercial van and a
compact crossover. To our knowledge, the description of the separations and global mode dynamics in the wake of
real cars has not been reported in the literature. Thus, the results are to be used as a lacking reference and the
present analyses should be considered to develop the efficient flow control strategies needed by industry or to validate
new development in terms of numerical simulations.

The article is organized as follows. In Section II, the experimental setup and measurements are presented. Then,
Section IIT is devoted to the results: analysis of the boundary layers (IITA), base pressure measurements (IIIB),
characterization of the mean flow in the wake (IIIC), focus on the mixing layer activity (IIID) and investigation of
global mode dynamics (IITE). The contributors to the aerodynamic drag are discussed in section IV. Eventually,
concluding remarks are presented in section V.



II. EXPERIMENTAL SET-UP

A. Wind tunnel and vehicles

The experiments are performed in the full scale aeroacoustic wind-tunnel of GIE S2A at Montigny-Le-Bretonneux'.

The test section is a 3/4 open jet with a cross section of 24 m2. Four wheel spinners and a central rotating belt enable
to operate under rolling road conditions. The inlet and the moving belt velocities are set at 33.3 m s~!. The Reynolds
number based on the length L of the vehicles is close to 107.

The flow is investigated past two different passenger vehicles with a blunt after-body: a Renault Trafic and a Peu-
geot 3008 (see Fig. 1). The dimensions of the vehicles are presented in Table I. The first geometry is a commercial
vehicle so its cubic geometry is due to its function. The originality of its shape is the small hump at the junction
of the windshield and the roof, just above the heads of the front passengers. The second vehicle has also a blunt
after-body but its shape is slightly different in particular regarding the inclination of the roof.

The coordinate system is defined as €; oriented along the free flow direction, €, in the vertical direction and € forming
a direct coordinate system. The origin is set on the floor in the middle of the vehicles in the z direction and at the
maximum «x coordinate of the vehicle. Ai is the algebraic distance in the 4 direction to a given reference point such
as the separation from the roof or a surface. The velocities are defined as @ = u.€; +v.€; +w.€; uij = \/ui +u’
is the amplitude of velocity at the considered point in the plane (€&;,€j). A = Mean(a) and Std(a) are respectively
average value and standard deviation of any quantity a. The density p and inlet velocity Uy are used to obtain
non-dimensional values marked with an asterisk.

The GIE S2A complex provides measurements systems to study the flow around the vehicles; they are presented in
Section ITB.

(0)

Figure 1: Blunt vehicles studied in the wind tunnel: Renault Trafic (a) and Peugeot 3008 (b).

|L (mm) W (mm) H (mm)
Renault Trafic| 4782 1904 1942
Peugeot 3008 | 4365 1837 1639

Table I: Total length, width (side mirrors excluded) and height (resp. L, W and H) of the different models.

B. Measurement systems

The pressure on the vehicles are obtained using parietal pressure taps. In the flow, a 18 hole probe mounted on a
three-axis robot enable the measurement of the mean velocities U,, U, and U, as well as the static and total pressures.
The pressure is considered through C), defined as

P — Do
c,=L"Po (1)
"ol

The automatic displacement and recording is implemented to get these data in different planes iso-z, iso-y or iso-z.
The displacement system can also support a 1D hot-wire probe system. The velocity in the plane (€;,€;) is then



measured with a time resolution better than 1 kHz enabling power spectrum analyses at least up to 500 Hz wherever
wanted around the vehicles. Velocity signals are recorded during several minutes and power spectra are time averaged
over windows of 1 s or 10 s depending on the signal duration. This averaging over windows is denoted by "{...)". Auto
and cross correlations between two hot-wire probes at different locations are equally performed. {z(f) stands for the
Fourier transform of the function ¢ evaluated at the frequency f and &(f) for its complex conjugate. The coherence r
and phase ¢ between the simultaneous signals a(t) and b(t) are defined as modulus and argument of v defined in (2).

ar() Br(1))
Var(DEYBE(R)

= r(f)e. @

v(f) =

III. RESULTS

A. Boundary layers

The boundary layer has been characterized using the 1D hot-wire probe mounted on the displacement system.
Four profiles on the roof in the plane z = 0 m are presented in Figure 2 at 0.15, 0.5, 1.0 and 1.5 m upstream the roof
end for the Renault Trafic. The corresponding results on the Peugeot 3008 are plot in Figure 3. The characteristic
thicknesses are presented in Table II. To avoid the aerodynamic disturbances from the antenna on the Peugeot 3008,
the measurements are systematically performed in the plane z = 0.12 m rather than at z = 0 m.
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Figure 2: Mean (continuous lines) and fluctuating (dashed lines) velocity profiles of the boundary layer on the roof of the
Renault Trafic in the plane z = 0 m: Az —1.5 m, black lines; Ax = —1.0 m, blue lines; Ax —0.5 m, red lines;
Az = —0.15 m, green lines. Az and Ay are respectively the algebraic distances to the roof end and to the roof surface.

Renault Trafic Peugeot 3008
Az (mm)|dgy (mm)|d. (mm) |0 (mm)|dgg (mm)|d. (mm) |6 (mm)
—1500 | 46=+0.5 | 9.540.2 |5.3+0.2 - - -
—1000 58+0.5 |11.0+£0.2|6.4£0.2| 32£0.5 | 7.3+0.2 |3.4+0.2
—500 | 6940.5 |12.24+0.2|7.4+0.2| 47+0.5 | 8.74+0.2 |4.6+0.2
—150 74£0.5 |12.6£0.2|7.7+0.2 - - -
—50 - - - 73+0.5 |13.6+0.2|7.84+0.2

Table II: Boundary layer characteristics on the roof of the Renault Trafic and on the Peugeot 3008 respectively in the plane
z =0 m and 2 = 0.12 m: dgg, thickness based on 99% of free-stream velocity; d., displacement thickness; 6, momentum
thickness.
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Figure 3: Mean (continuous lines) and fluctuating (dashed lines) velocity profiles of the boundary layer on the roof of the
Peugeot 3008 in the plane z = 0.12 m: Az = —1.0 m, black lines; Az = —0.5 m, blue lines; Az = —0.05 m, red lines. Az and
Ay are respectively the algebraic distances to the roof end and to the roof surface.

The boundary layers just before the roof separation have very similar characteristic thicknesses: dg9 ~ 70 mm.
However, the associated evolutions are distinct: the boundary layer has a linear growth on the Renault Trafic
while it grows much faster on roof of the Peugeot 3008. This is certainly due to the difference in the roof
inclinations: the Renault Trafic has an horizontal roof whereas the Peugeot 3008 present a smooth shape inducing ad-
verse pressure gradients along the roof. There may also be a role of the roughness of the surface on the Renault Trafic.
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Figure 4: Distribution of static pressure on the roof of the Renault Trafic (black line) and of the Peugeot 3008 (blue line). Az
is the algebraic distances to the roof end.

The static pressure distributions on the roof in the plane z = 0 m are shown in Figure 4 for both vehicles. On the
Renault Trafic, the static pressure is constant in the range —2 m < Az < —1 m. There is then a decrease followed
by an increase of pressure just before the massive separation at the roof end, this evolution must be related to the
chamfered shape of the roof end. A similar evolution is observed on the sides of this commercial vehicle (measurements
not shown in this paper). On the contrary, there is a regular increase of pressure from the end of the windshield to
the roof end on the Peugeot 3008. The inclination of the roof leads to a decrease of velocity resulting in pressure
recovery.

The static pressure at the roof end is a critical parameter as it is correlated with the level of pressure on the base.
These levels of base pressure are presented in the Section I11B.
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Figure 5: Distribution of static pressure on the base of the Renault Trafic (a) and of the Peugeot 3008 (b).

B. Base pressure

Parietal pressure sensors have been placed on the rear part of the vehicles to get the pressure signature displayed in
Figure 5. The pressure levels on the two vehicles have a similar repartition. The average levels are slightly larger on
the base of the Peugeot 3008 than on the Renault Trafic as expected from the C},, measurements presented in Figure 4.
The measurement is almost independent of z whereas there are important gradients in the y direction. The pressure
in the upper region of the base is close to —0.05, there is a continuous decrease of pressure up to almost -0.20 at the
lower part of the base.

This low value may result from the under-body roughness and from the ground presence. To argue on this point,
distributions of pressure and velocities in the recirculating flow are considered in Section IITC.

C. Recirculation region

The topologies of the wakes are obtained in the planes z = 0 m and x = 1.0 m in the wake of the Renault Trafic

and z = 0.12 m and « = 0.5 m in the wake of the Peugeot 3008, the measurement system gives access to the mean
velocity in the three directions and to the static pressure.
The distributions of pressure in planes (é;,€,) are shown in Figure 6. The low pressure region close to the base is
clearly visible. Further downstream, the pressure increases to reach positive values after the recirculation closure. As
expected from the pressure measurements on the base of the vehicles, the pressure distributions in the recirculation
region strongly depend on the y position.

The associated flow velocities in planes (é;,é,) are presented in Figure 7. On both vehicles, the pressure gradients
in the y direction is associated with a diagonal recirculating flow. The whole recirculation bubble is fed by the flow
coming from the under-body which is confirmed by the streamlines in cross-flow planes (see Figure 8). Actually,
inside the recirculating flow marked by the iso-contour U,* = 0 delimiting the back flow, the streamlines are vertical,
i.e. Uy > U,. In addition, the contours of U, preserves roughly the shape of the base. The main difference is the
reduced height of the wake of the Peugeot 3008 as the inclination of the roof makes the flow to separate with an
approximate angle of 8° referring to the z direction (compare Figures 8a and b). On the contrary, the separations
occur aligned to the stream-wise direction on the side and bottom faces of the Peugeot 3008 and on the four faces of
the Renault Trafic.

Only half cross-flow planes are presented but the result is not expected to be perfectly symmetric since the vehicles
do not strictly respect the reflectional symmetry: air cooling of the engine, under-body roughness... In addition, even
if not observed during these experiments, cases of reflectional symmetry breaking in three dimensional wakes may
appear even at high Reynolds'®. Reflectional symmetry breaking has also been observed by the CNRT R2A for the
square back Ahmed body at Re — 107 in the full scale aeroacoustic wind-tunnel of GIE S2A.

Eventually, a particularity in the streamlines downstream the Renault Trafic is observed in Figure 7. Three stagnation
points at = 1.8 m are reported: two saddle points (y = 0.65 m and 1.55 m) and one source point (y = 1.1 m),
whereas the Peugeot 3008 has classically one saddle point at x = 1.1 and y = 1 m. This wake organization might be
an indicator of bistable flow as presented in the experiments of Grandemange et al.'®. However such phenomenon has
not been identified and may rather rely on the intrusion of the probe mounted on the displacement system.
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Figure 6: Distribution of static pressure and streamlines in the wake of the Renault Trafic in the plane z = 0 m (a) and of the
Peugeot 3008 in the plane z = 0.12 m (b).

D. Mixing layer

To characterize the differences in the flow coming from the roof and the under-body, hot-wire measurements are
performed in the top and bottom mixing layers. Velocity profiles at different downstream positions x are measured
and the position of the mixing layer is marked in the y direction by the contours y, defined as

Umy(xvyoz) = CKU(). (3)

The size of the mixing layer d,,, is then deduced as

Om = |Y0.9 — Yo.1]- (4)

The position of the maximum of the velocity fluctuations at a given z is denoted by ¢,ms-

The mixing layer downstream the roof is first considered. In Figure 9, its growth is almost linear at least up to 1 m
after the separation. The growth rate dd,,/dx is respectively measured at 0.14 and 0.12 for the upper mixing layer of
the Renault Trafic and of the Peugeot 3008. This linear growth is a characteristic of free shear turbulent flows!"-!®
where the growth rate depends on the state of the flow at the separation and ranges between 0.06 and 0.11. The
larger value obtained here might be ascribed to the thick turbulent boundary layer that develops on the roof. The
second common characteristic with turbulent free shear flows is that the mixing layer spreads preferentially into the
low velocity region'?. In Figure 9 the contour of g9 is parallel to the external flow, i.e. along the x direction on
the Renault Trafic and slightly oriented due to the inclination of the roof on the Peugeot 3008. Past roughly 0.2 m
downstream the separation of the roof, the contour yg.5 is located right between yp1 and yp.9 so that the vorticity
initially concentrated near the wall of the roof spreads rapidly to reach a symmetric distribution over the mixing
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Figure 7: Distribution of velocity and streamlines in the wake of the Renault Trafic in the plane z = 0 m (a) and of the
Peugeot 3008 in the plane z = 0.12 m (b).

layer. It is observed that the contours of y,,,s and yg.5 are superimposed so that the activity of the mixing layer is
maximal in the middle the shear layer. This point is clarified by the distribution of the velocity fluctuations in the
mixing layers presented in Figure 10.

Similar measurements have been performed in the mixing layer from the Peugeot 3008 under-body. The size of
the mixing layer is close to the ground clearance partially due to the under-body roughness of the vehicle and the
evacuation of flow devoted to the engine cooling. The growth is not linear but the expansion remains oriented
toward the recirculating region. The mixing layer activity is equally centered on yg 5 and the intensity of the velocity
fluctuations is slightly lower than the one measured in the upper mixing layer. In the wake of the Renault Trafic, the
velocities presented in Figure 7(a) point out that the velocity is reduced right downstream the under-body and that
vorticity is equally distributed over the ground clearance height.

The auto-power spectra of the velocity signals in the upper mixing layers at y,,,s for different = positions are
presented in Figure 11. They all show an almost constant distribution of energy corresponding to the large scale
structures of turbulence below a characteristic frequency f. (10 Hz to 20 Hz depending on ) and the distribution of
energy decreases with a —5/3 power law as expected by the Kolmogorov theory for the inertial range of turbulence.

Studying the evolution in the stream-wise direction, the result presented in Figure 11 shows that the characteristic

frequency of the spectra f. separating the large scales and the inertial ranges, decreases as x increases. This indicates
that this frequency is based on the local thickness of the mixing layer : f. ~ Uy/d,, which is also a characteristics for
turbulent free shear flows2°.
The auto-power spectra from the bottom mixing layer visible in Figure 12 present the exact same repartition of
energy but the characteristic frequency f. ~ 10 Hz is independent of . Then the size and activity of the mixing layer
right downstream the under-body is similar to the one from the roof but 1 m downstream the separation. In parallel,
these two regions where the mixing layers become unstructured correspond to the locations where the pressure is
minimal on the wake (see Fig. 6).
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Figure 8: Distribution of velocity and streamlines in the wake of the Renault Trafic in the plane z = 1 m (a) and of the
Peugeot 3008 in the plane = 0.5 m (b).
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Figure 9: Positions of the contours yo.1 and yo.9 (back lines), yo.5 (blue lines) and yrms (red lines) in the mixing layers of the
Renault Trafic (a) and the Peugeot 3008 (b) from hot-wire measurements.

E. Global mode dynamics

The presence of a synchronized dynamics, i.e. global modes, is now studied in the wake of these two vehicles using
two hot-wire signals.
In the flow over the Peugeot 3008, no peak of energy is reported in the spectral repartition of energy. Wherever the
probe is located, the results are similar to the one presented in Figure 13. As for spectra in the mixing layer detailed
in Section IIID, there is a characteristic frequency f. ~ 10 Hz from which the inertial range of turbulence starts.
Note that f. is always measured around 10 Hz except in the close wake mixing layer as presented in Figure 11(b).
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Figure 10: Distribution of the velocity fluctuations in the mixing layers of the Renault Trafic (a) and the Peugeot 3008 (b)
from hot-wire measurements.
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Figure 11: Auto-power spectra in the mixing layer from the roof of the Renault Trafic (a) and of the Peugeot 3008 (b)
at the maximum of fluctuating velocities at Az = 0.02 m (black line), Az = 0.25 m (blue line), Az = 0.5 m (red line),
Az = 1.0 m (green line) and Az = 1.5 m (purple line). Az is the algebraic distances to the roof end.
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Figure 12: Auto-power spectra in the mixing layer from the under-body of the Peugeot 3008 at the maximum of fluctuating
velocities at © = 0.1 m (black line), # = 0.5 m (blue line) and z = 1.0 m (red line).

This value of 10 Hz appears to be the frequency associated with the large scale structures of turbulence of the whole
wake.



On the contrary, in the flow past the Renault Trafic, some coherent motion of the wake are reported. Indeed, the
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Figure 13: Autopower spectra in the wake of the Peugeot 3008 at (2.5 m, 1.3 m,0 m) (black line) and (4.0 m,1.3 m,0 m) (blue
line).

auto-power spectra of the velocity signals at (4.0 m,1.0 m,+0.3 m) plot in Figure 14(a) present peaks of energy at
fom = 4 Hz. To precise the structure of this mode, cross-correlations between these two simultaneous signals are
performed. It shows that the coherence reaches 0.7 at 4 Hz and corresponds to an antisymmetric mode in the z
direction since the signals are in phase opposition. Only 0.6 m separate the probes which is small compared that of
the vehicle width but corresponds to the wake width at this location. Once normalized by W, fgas corresponds to a
Strouhal number Stgm = fW/Uy = 0.23.
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Figure 14: (a) Auto-power spectra in the lateral mixing layers from the Renault Trafic at (4.0 m,1.0 m,0.3 m) (black line),
(4.0 m,1.0 m,-0.3 m) (blue line). (b) Correlation (left scale, continuous line) and phase (right scale, dashed line) between the
velocity signals at (4.0 m,1.0 m,0.3 m) and (4.0 m,1.0 m,-0.3 m).

Auto-power spectra even much closer to the base at (0.4 m,1.8 m,0.7 m) and (0.4 m,1.8 m,-0.7 m) reports the same

coherent structure at fop = 4 Hz with a coherence close to 0.5 and a phase opposition (see Fig. 15). Thus this
peak of energy corresponds to a global mode. However, it is not reported everywhere in the wake. For example, the
auto-power spectra and the cross-correlation analyzes performed at x = 2 m that could easily measure a lateral or
a vertical oscillation of the wake at the end of the recirculation, do not report any significant coherent motion (see
Figs. 16 and 17). In Figure 16(a), a slight increase of energy is measured around fgas at (2.0 m,1.8 m,0 m) but is not
as clear as in Figures 14 and 15. As a result, this mode seems to develop from the interaction of the lateral mixing
layers mostly from the upper part of the vehicle. Then it persists downstream and is particularly visible at x = 4 m
which corresponds to two times the characteristic width or height of the vehicle.
The exploration of the envelop of this mode in the wake is very difficult to achieve since the resolution of the activity
at 4 Hz requires spectral analyses over windows of 10 s. In addition, to get converged distribution of energy, the
averaging denoted "(...)" need to be performed over a sufficient number of windows so that each velocity signal is
recorded over at least 500 s which is an important cost regarding the use of this industrial wind-tunnel.
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Figure 15: (a) Auto-power spectra in the lateral mixing layers from the Renault Trafic at (0.4 m,1.8 m,0.7 m) (black line),
(0.4 m,1.8 m,-0.7 m) (blue line). (b) Correlation (left scale, continuous line) and phase (right scale, dashed line) between the
velocity signals at (0.4 m,1.8 m,0.7 m) and (0.4 m,1.8 m,-0.7 m).

(a)

(A.U.)

i

o

1 10 100 500 0 2 4 6 8 10
Frequency (Hz) Frequency (Hz)

Power spectrum
—
1

e
N

Figure 16: (a) Auto-power spectra in the top and bottom mixing layers from the Renault Trafic at (2.0 m,1.8 m,0 m) (black
line), (2.0 m,0.2 m,0 m) (blue line). (b) Correlation (left scale, continuous line) and phase (right scale, dashed line) between
the velocity signals at (2.0 m,1.8 m,0 m) and (2.0 m,0.2 m,0 m).
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Figure 17: (a) Auto-power spectra in the lateral mixing layers from the Renault Trafic at (2.0 m,1.0 m,0.5 m) (black line),
(2.0 m,1.0 m,-0.5 m) (blue line). (b) Correlation (left scale, continuous line) and phase (right scale, dashed line) between the
velocity signals at (2.0 m,1.0 m,0.5 m) and (2.0 m,1.0 m,-0.5 m).

IV. DISCUSSION

In order to reduce the drag of road vehicles through efficient design or control strategies, the mechanisms responsible
for the low pressure on the base have to be clarified. The effects of the global mode structures and of the mixing layer
characteristics are discussed respectively in Sections IV A and IV B.
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A. Global modes

The presence of global modes in the wake is likely to impact the drag. In von-Karmén wakes past cylinders, most

of the Reynolds stresses are related to the vortex shedding activity and the disturbance of the shear layer interaction
is highly efficient to limit the global mode development and to reduce the drag?'. Indeed, over such geometries,
the mechanisms responsible for the closure of the recirculation region have a critical importance since the length of
the mean bubble is directly linked to the base pressure?':?2. In the experiments of Parezanovi¢ and Cadot?' on the
sensitivity analysis of the D-shape cylinder wake, the maximum of amplitude of the mode is located in the mixing
layers before the end of the recirculation region for the undisturbed case whereas for optimal disturbed cases, this
energy is then reported downstream the recirculation closure?®. As a result, once efficiently disturbed, the mode
seems less responsible for the closure of the recirculation which leads to an increased recirculation length and drag
reduction.
The results presented in section IITE highlight a coherent oscillations of the wake at least in the z direction over
the Renault Trafic. The spectral analyzes show that the energy associated with this mode is small in comparison
with the turbulent activity of the mixing layers, particularly upstream the end of the recirculation bubble. So, the
contribution of these oscillating modes to the Reynolds stresses is limited and may not be sufficient to significantly
affect the drag.

B. Mixing layer development

On the contrary, the mixing layer development certainly have a significant effect on the base pressure. Indeed,
while it grows, the mixing layer incorporate fluid from the recirculation region; this leads to the curvature of the
streamlines which is associated with low pressure in the wake, especially around the recirculating structures.

In the upper mixing layer, the low pressure is reported approximately at the middle of the recirculation in the z
direction so it does not particularly affect the drag. For both vehicles, the lowest pressure on the base, i.e. the major
contributors to the drag, are located in the lower part of the vehicle. In Section IIID, it is shown that there is a huge
difference between the upper and the lower mixing layers: the mixing layer from the roof presents the characteristics
of the turbulent free shear flows and looses its structure at the end of the recirculation whereas the one out of the
under-body has already lost the organization of a classical shear flow right downstream the separation. This absence
of mixing layer organization from the under-body probably result from the fact that the flow in this region is highly
three-dimensional and unsteady. For both mixing layers, the position of the low pressure in the wake seems to depend
on the position where the shear flow looses its structure.

These results orient drag reduction strategies in two directions. First, a base pressure recovery should be observed
once the bottom mixing layer restructured. Different means are possible such as reducing the ground clearance,
limiting the under-body roughness or even getting a better evacuation of the air from the engine cooling. The
second mean to reduce the base drag consists in controlling the mixing layer using active methods?* or affecting the
boundary layer before separation; the objective is to limit the growth rate dd,,/dz at least close to the base. This
would reduce the curvature of the streamlines and increase recirculation length leading to base pressure recovery.

V. CONCLUDING REMARKS

The flow around two different blunt vehicles is characterized at Reynolds number 107. First, the development of
the boundary layer on the roof is depicted, it depends on the inclination of the roof that drives the pressure gradient
along the vehicle. Then a massive recirculation responsible for a dominant part of the drag is reported on the base.
The mean recirculating flow is highly dependent on the y direction, in particular the low pressure region is located
close to the bottom part of the base whereas is has a reduced impact on the pressure on the top part. This may be
explained by the differences between the upper and lower mixing layers: the upper one presents the characteristics
of free shear flows in opposition to the mixing layer from the under-body. The spectral analyses also indicate the
presence of a lateral oscillation of the wake but only past the Renault Trafic. However, this mode is not particularly
energetic, its impact on the base pressure is certainly limited. This reduced global mode activity may be associated
with the particularly high Reynolds numbers of the flow around such vehicles.

In a general prospect, these results may be used as a reference to orient the work on automotive drag reduction
toward the control of the under-body flow in order to move the low pressure structure further downstream. A second
control strategy could consist in reducing the growth rate of the mixing layer that should lead to base pressure
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recovery and increased recirculation length.
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