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SUMMARY

New development constraints prompted by new pollutant emissions and fuel consumption standards
(Corporate Average Economy Fuel) require that automobile manufacturers develop new flow control
devices capable of reducing the aerodynamic drag of motor vehicles. The solutions envisaged must have
a negligible impact on the vehicle geometry. In this context, flow control by continuous suction is seen as
a promising alternative. The control configurations identified during a previous 2D numerical analysis are
adapted for this purpose and are tested on a 3D geometry. A local suction system located on the upper
part of the rear window is capable of eliminating the rear window separation on simplified fastback car
geometry. Aerodynamic drag reductions close to 17% have been obtained. Copyright © 2008 John Wiley
& Sons, Ltd.
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INTRODUCTION

New constraints in terms of pollutant emissions and fuel consumption (Corporate Average Economy
Fuel) are warranting the development of new flow control devices capable of reducing the aero-
dynamic drag of motor vehicles. In this context, the objective is to modify the near wall flow and
thereby limit the development and dissipation of the separated vortices that contribute towards the
development of aerodynamic drag.

The optimization of vehicle shapes and the incorporation of commonly used passive control
devices have already brought about a significant acrodynamic drag reduction (from Cy=0.45 in
1975 to C,=0.35in 1985 [1, 2], C, being the average drag coefficient). The need to further reduce
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fuel consumption and/or provide automobile designers with more creative liberty is prompting the
automobile industry to develop innovative active flow control solutions. Such solutions [2] use an
external energy source to modify the flow topology without necessarily modifying the shape of the
vehicle. Flow control was extensively studied and applied [3, 4] and control theory was developed
[5, 6]. Different control techniques have been analysed in university and industrial laboratories
and significant results have been obtained on academic geometries [2]. Continuous suction and/or
blowing solutions offer a promising alternative [7, 8] and seem well-adapted to the automobile
context [9]. For example, the efficiency of a suction system in controlling the separation of the
boundary layer has been highlighted experimentally on a cylinder by Bourgois and Tensi [10] and
Fournier et al. [11]. The results indicate that significant drag reductions, close to 30%, are obtained
by moving the flow separation downstream; similar results are obtained by Rouméas et al. [12]
on a simplified 2D fastback car geometry. In this case, the drag reduction is associated with the
elimination of the separated layer on the rear window when suction is applied.

Such control solutions, however, cannot be installed on a real vehicle until further investigations
have been carried out. In particular, the results obtained in a 2D configuration [12] must be tested on
a 3D numerical model in order to represent the longitudinal vortices that appear on the lateral edges
of the rear window and contribute significantly to the development of aerodynamic drag [13—17].

A 3D numerical simulation is, therefore, implemented to analyse the influence of suction on
the flow topology developing around simplified fastback car geometry [17]. The flow topology
obtained without control and the numerical method, based on the lattice Boltzmann method (LBM),
is detailed in a previous publication [17, 18].

In the first part, a numerical method and parameters are detailed. A simplified integral formulation
of the aerodynamic drag [13] is presented in the second part to specify the control objectives.
The flow topology obtained with suction is analysed in the third part to identify the influence
of suction mainly to prevent separation and secondary on the longitudinal vortices development.
Finally, the aerodynamic drag values obtained with and without control are compared at different
suction velocities to determine the efficiency of the flow control devices.

NUMERICAL METHOD

The numerical method used in a previous paper [17] is applied here. It consists of a 3D numerical
simulation based on Powerflow code with an LBM. This method is based on microscopic models
and mesoscopic kinetic equations. The fundamental principle of the LBM is to construct simplified
kinetic models that incorporate the essential physics of microscopic or mesoscopic processes such
that the macroscopic-averaged properties conform to the desired macroscopic equations. The basic
premise for using these simplified kinetic-type methods for macroscopic fluid flows is that the
macroscopic fluid dynamics are the result of the collective behaviour of many microscopic particles
in the system and that the macroscopic dynamics are not sensitive to the underlying details as is
the case in microscopic physics [17, 18].

The fluid particles are distributed on a Cartesian lattice of computation nodes [13]. For each lattice
node, a distribution function [ f;];=1...n is associated with a discrete velocity distribution [V;];=1..n
representing N possible velocities of motion. The kinetic energy is given by e= % ZlN=1 Viz.
One particle placed on one node may stay at this node (energy level 0:e=0), move towards an
adjacent node in horizontal or vertical plane (energy level 1:e=1) or move to a farthest node
(energy level 2:e=2). The model gives 34 possible combinations and is called 34 velocities model
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(2 possibilities for level 0, 18 for level 1 and 14 for level 2). More details concerning the algorithm
can be found in [17-21].

The general algorithm for the LBM is thus defined in four stages. The first consists in propagating
the distribution function in time 741 [22,23]. In the second stage, the collisions between the
particles are modelled. The collision operator is then applied to time 7 — 1. The third stage consists
in determining the associated values of density and momentum. Finally, the fourth stage consists
in initiating iteration on the basis of the macroscopic values determined in the third stage.

As in the case of all numerical space—time discretization methods, the LBM is not capable of
resolving all turbulence scales. The computation code, therefore, uses a turbulence model, which
introduces a turbulent viscosity into the initial model. The turbulence model is the RNG k—¢
model originally developed by Yakhot and Orszag [24]. The equations describing the transport
of kinetic energy and dissipation applied by the model are resolved on the same lattice as the
Boltzmann equations. The discretization diagram used is a second order in space (Lax—Wendroff
finite difference model) associated with a time-explicit integration diagram [25]. Close to the wall,
a specific velocity law is applied to limit the computational workload [25]. The velocity is then
described by a logarithmic law.

The numerical simulations presented in this paper were conducted on a simplified vehicle
geometry initially proposed by Ahmed et al. [14]. The computation is exclusively focused on the
rear part. The geometry is the same as the one previously computed without control [17].

The geometry is defined by its length (L=1.044m), its width (/=0.389m) and its height
(H=0.288m). In this configuration, the rear window with a length of 0.222m is inclined at an
angle of 25° with respect to the horizontal. Finally, the lower part is positioned at #=0.17H from
the floor of the numerical wind tunnel. The geometry is located in a rectangular numerical section
of length, width and height equal to 31L, 20/ and 10H, respectively. These dimensions ensure that
there is no interaction between the boundary conditions imposed at the limit of the computational
domain and the development of the near-wake flow, as has been demonstrated in [17]. The outlet
condition, downstream from the geometry and on the upper part, is a free flow condition [17] on
pressure and velocity. The flow is advected from left to right and a uniform velocity Vo=40ms™!
is applied to the left-hand surface of the simulation domain (Dirichlet velocity condition). The
Reynolds number associated with length L of the geometry is Re=2.8 x 10°. Finally, symmetry
conditions are applied on the side surfaces of the simulation domain [17].

SUMMARY OF THE PERVIOUS RESULTS OBTAINED WITHOUT CONTROL

In previous paper [17], results obtained without control in this geometry have been compared with
previous computational and experimental results. The longitudinal velocity profiles in the vertical
direction (Figure 6 of this reference), measured on the median longitudinal plane, were compared
with the experimental data at six positions: the end of the roof, the top of the rear window, the
first part of the rear window, the middle of the rear window, the last part of the rear window
and at the bottom of the rear window. It has been concluded that the computation code is able
to predict both the separation and attachment of the fluid, respectively, on the top and bottom
of the rear window. This aspect, a common problem in the numerical representation of the flow
around fastback geometry, is correctly processed by the code. However, the computation code
overestimates the velocity defect in the boundary layer, close to the re-attachment. The results
obtained in the separated boundary layer are associated with the logarithmic law used to define

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 60:1222-1240
DOI: 10.1002/fid



DRAG REDUCTION BY FLOW SEPARATION CONTROL ON A CAR AFTER BODY 1225

the velocity evolution close to the wall. As known, this law is not adapted to the separated region.
The accuracy of these results has been evaluated by determining the differences with experimental
results considered as a basis of comparison. In the external region the error is less than 1%, but
it can reach 11-13% in the separation zone where the computation is less accurate. In addition,
in the same paper [17], the friction line traces on the rear window (Figure 7 of this reference),
indicate that the computation code correctly represents the physical phenomena highlighted in the
experiments. Finally, drag coefficient has been compared with previous experimental and numerical
(RANS [26], LES [27, 28]) studies. Good agreement has been obtained both with experiment and
LES computation.

In the present paper, for the same geometry and with the same numerical conditions, the control
is applied and obtained results will be compared with the previous case without control.

THEORETICAL BASES

Aerodynamic drag is defined as an integral over the surface vehicle of the static pressure, friction
and turbulence stresses. The obtained equation constitutes an overall expression of the aerodynamic
drag without highlighting the contribution of the various separated vortices. To obtain a better
understanding of various physical phenomena (and their mutual interaction), it is necessary to
develop simplified approaches conducive to identifying which parameters play a significant role
in achieving a reduction in aerodynamic drag. Onorato et al. [13] propose a simplified analytical
model based on the momentum equation applied to the air inside a stream tube enclosing the
vehicle (see Figure 1). The flow is assumed to be steady, incompressible, and gravity and turbulence
effects are considered negligible compared with the pressure effect [7]. These simplifications lead
to the Onorato expression of the aerodynamic drag:

2 2 2 2 2
A% Vy 1A% Vi v; /
Fo=—"2((1-=) do+=2 [ | S +-5 ) do+ | (Po—Pi)do 1

where P; is the reference total pressure, Vj the external flow velocity, p the density, P; the total
pressure and Vi, V), V, the components of the velocity vector. The Onorato expression (1) is then
used to define the aerodynamic drag of a motor vehicle according to velocity and total pressure
fields measured in the wake cross section S, downstream from the base.

Figure 1. Schematic of the stream tube used for the Onorato expression, Gilliéron [9].
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Figure 2. Schematic of the used geometry and implementation of the control system.

The first term of the expression (1) represents the drag associated with the longitudinal velocity
deficit measured inside the near-wake zone. It is associated with the development of transversal
vortices at the base [14]. The second term corresponds to the vortex drag, associated with the
development of longitudinal vortices on the geometry. Finally, the third term expresses the drag
induced by the total pressure loss between the upstream and the downstream of the motor vehicle,
associated with the formation and maintenance of separated swirling structures in the wake.

According to the Onorato expression (1), the aerodynamic drag of a motor vehicle is mainly
due to the formation of separated flow on the geometry, and the formation of transversal and
longitudinal swirling structures in the wake. Therefore, the drag reduction can be obtained by
reducing, or even eliminating, the longitudinal vortices (second term), by reducing the wake cross
section S or by limiting the total pressure loss in the wake (third term).

In this study, the objective is to move downstream, or even to eliminate, the flow separation
on the rear window in such a way as to reduce the wake cross section and the associated volume
energy loss. According to a previous 2D numerical study [12], the control consists of a continuous
suction located on the rear window. The computation code used is based on the LBM and an RNG
k—e schema provides a model of the turbulence effects. The numerical protocol used, in particular
with respect to the mesh, is detailed by Rouméas et al. [17].

The suction system consists of a slot of width e=10">m (e=0.5x1072/) and length 1=
0.379m (1=0.971,), applied close to the separation line, at the top of the rear window [12], by a
Dirichlet condition on suction velocity V,p (Figure 2(a)). The direction of the suction velocity is
perpendicular to the rear window (Figure 2(b)) at a suction velocity equal to 0.6 times the external
flow velocity Vo [12]. The inlet velocity is maintained at the same intensity as without control to
clearly show the control effect. It is known that the suction will affect the pressure field around
the body and modify the inlet velocity. In addition, the actuator produces the noise, but it was
demonstrated that its level is relatively low [8].

In the following developments, the flow topology is analysed and compared with the topology
obtained without control [11] to define the influence of the suction control on the separated flow.

INFLUENCE OF CONTINUOUS SUCTION—FLOW TOPOLOGY

The flow topology analysis is conducted on an iso-surface of total pressure loss (Cp;=1) and
friction line traces without control (Figure 3(a)) and with control (Figure 3(b)). The rear window
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Figure 3. Total pressure loss iso-surfaces (Cj,; =1,22) and friction line traces on rear
window: (a) without control and (b) with suction.

separated zone and longitudinal vortices are then analysed according to velocity, static pressure
and vorticity fields.

The results in Figure 3(a) and (b) indicate that suction is conducive to eliminating the devel-
opment of the separated layer D, and to significantly reducing the associated and energy loss. A
residual layer, associated with the total pressure loss induced by the suction, remains apparent on
the upper part of the rear window (annotated F in Figure 3(b)). However, the separated zone then
disappears downstream in the rear window. It is possible to confirm this result by observing the
friction lines: when suction is applied (Figure 3(b)), the friction lines remain aligned and in parallel
to the direction of the main flow, which indicates that the flow is still attached to the wall on the
rear window. The vorticity near the wall, identified under the separated layer without control [17],
disappears totally when the suction system is activated (Figure 3(b)).

The results in Figure 3(a) and (b) reveal that suction has the effect of eliminating the rear
window separation. Considering the interaction between the longitudinal vortices and the separated
zone [17], the structure of the vortices should, however, be analysed more accurately when the
suction is applied. Each of the constituent longitudinal and transversal vortices of the wake is then
characterized in the following developments according to static pressure, velocity and vorticity
fields to analyse the mechanisms of the suction control.

Suction influence on the rear window separated zone

The elimination of the rear window separation is analysed according to the velocity profiles
measured in the longitudinal plane (symmetry plane). The coordinate (x3y3) defined in Figure 4 is
associated with the separated zone. The datum point of the coordinate is located at the upper edge
of the rear window and axis (Ox3) is tangent to the rear window, in the median longitudinal plane.
The velocity profiles in the boundary layer indicated in Figure 4 represent the evolution of the
tangential velocity Vi3 in the direction y3, for the different coordinates: x3//=0.05 (Figure 4(a)),
x3/1=0.5 (Figure 4(b)) and x3/1=0.9 (Figure 4(c)).

Without control, the negative velocities measured close to the wall (first near wall node:
y3=2.5x10"%m) on the upper part of the rear window (V,3=—7.5x10"2V, at x3/1=0.05,
Figure 4(a)) indicate the presence of a backward flow that moves towards the top of the rear window,
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Figure 4. Tangential velocity profiles measured in longitudinal median plane of the rear window, with and
without control: (a) at coordinate x3//=0.05; (b) coordinate x3//=0.5; and (c) coordinate x3//=0.9.

under the separated zone [17]. The suction line is conducive to increasing the flow velocity close to
the wall. The local velocities become positive (V,3=37.5 x 1072V, at x3 /1=0.05, Figure 4(a)) and
the flow remains attached (see Figure 3(b)). Similar results are observed at coordinate x3//=0.5
(Figure 4(b)). The backward flow is eliminated and the velocities in the vicinity of the wall evolve
from V,3=—32.5x1072V; without suction to Vy3=25x 1072V} (x3/1=0.5, Figure 4(b)) when
suction is applied.

Finally, the velocity measurements reveal that the velocity increase at the near wall, when suction
is applied, remains significant down to the bottom of the rear window (x3//=0.9 in Figure 4(c)).

Wall static pressure loss fields are plotted on the rear window (without control Figure 5(a)
and with control Figure 5(b)) to complete the analysis. The static pressure distributions measured
under the longitudinal vortices, in the vicinity of the lateral edges, are discussed in Section 2 and
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(b)

Figure 5. Static pressure loss fields on rear window: (a) without control and (b) with control (V,sp =0.6Vp).

the analysis is conducted on two areas (zone 1 and zone 2, Figure 5) delimited by an iso static
pressure line corresponding to C,.=—0.6.

Without control (Figure 5(a)), the total pressure loss in the separation zone leads to a depression
on the wall, with C,<—0.6 (zone 1 in Figure 5(a)), associated with the near wall circulation of
the fluid under the separated layer [17] (see Figure 3(a)). The suction first induces a significant
local depression on the suction slot (zone 1, Figure 5(b)). This depression is conducive to increase
locally the velocity on the top of the rear window, see Figure 5(a), and to remain the streamlines
attached on the rear window (Figure 3(b)). The surface of the zone 1 is thereby reduced significantly
(Figure 5(b)) and the static pressure then increases regularly in zone 2, along the rear window,
whereas the flow slows down (C), =—0.1 at the end of the rear window, with and without control).
Overall, the application of suction results in a mean increase to the static pressure on the rear
window (zone 2, Figure 5(b)). The depression created on the top of the rear window is compensated
by the recompression on the bottom of the rear window. This pressure increase is associated with
a reduction in the contribution of the rear window to the pressure drag, which can be estimated as
follows:

2%

Fup Cpn-xds @

Se
where Fy, is the pressure drag applied on the surface S¢,n the normal exiting surface S. and x
the longitudinal direction of the flow.

On the side parts of the rear window, the static pressure fields in Figure 5(a) and (b) indicate
that the static wall pressure increases locally under the longitudinal vortices, a result indicative
of a modification occurring on the vortex topology. The influence of suction on the longitudinal
vortices is then analysed in the following part.

Suction influence on the longitudinal vortices

Suction has the effect of eliminating the separation zone on the rear window, as shown in Section 1.
This structure, however, reacts significantly with the longitudinal vortices [17] and suction may
interfere with their development. The structure of vortex 73 is then analysed with and without
suction according to the profiles of velocity, vorticity and static pressure loss coefficient, measured
in a vortex cross section located at coordinate x /1 =0.5, i.e. downstream from the vortex formation
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area identified without control [17]. Coordinate (Oxy2z2) is associated with the vortex axis (see
Figure 6), which defines angles  with respect to the longitudinal direction x and 0 with respect
to the surface of the rear window (see Figure 6). Computation of angles 6 and f with and without
suction indicates that this has no significant impact on the position of the vortex axis.

Azimuthal velocity profiles. The azimuthal velocity profiles V,2(y2,z2=0) in Figure 7(a) indicate
that suction does not has a significant influence on the topology of the longitudinal structures; the
velocity profiles obtained with and without control are similar. The results, however, highlight an
increase in distance L measured between the azimuthal velocity extreme, once suction is applied

Top view
Rear window

b

Rear window

;]

X2 Side view
Base

Figure 6. Definition of coordinate system associated with longitudinal left-hand vortex 7> (vorticity
iso-contour surface (w=10%*s"1)).
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Figure 7. Azimuthal velocity profiles in the vertical direction, measured in transverse plane located
coordinate x3//=0.5: (a) in the longitudinal structure 7> and (b) in the vortex core.
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(Lac>Lsc in Figure 7(a)). Hence, the suction line applied on the top of the rear window induces
a spreading of the longitudinal vortex structure in the transverse direction. This spreading is
associated with an increase in vorticity at the vortex centre, m, =14 x 103s~! without control as
opposed to wy, =17.5x 10%s~! with control, which promotes the dissipation of the jet [23]. At the
vortex core defined by the linear evolution of the azimuthal velocity (Figure 7(b)), the increase
in vorticity is highlighted by means of the azimuthal velocity gradient (gradient Q defined in
Figure 7(b)), which characterizes a local rotation of the fluid. Gradient Q increases when suction
is applied: Q=9125s~" with control vs Q=7120s~! without control. If suction promotes the
dissipation of the jet (Figure 7(a)), the vortex core on the other hand is inclined to become narrower:
the viscous radius R, defined as the distance at which the evolution of the azimuthal velocity is
linear, decreases when the suction system is activated (Rac <Rsc, Figure 7(b)).

It is, therefore, difficult to draw a conclusion at this point with respect to the influence of suction
on the contribution of the longitudinal structures to aerodynamic drag. Whereas suction causes an
increase to the transverse section of the structures (Figure 7(a)) and an increase of vorticity in the
vortex core (Figure 7(b)), the viscous radius at which vorticity is maximum is reduced. The results
presented in this paragraph must, therefore, be completed by axial velocity and static pressure
profiles measured in the vortex.

Axial velocity and static pressure loss profiles. The axial velocity is measured in the vortex core
at coordinate x»/l=0.5, with and without control, and the results are indicated in Figure 8(a).
The axial velocity profiles (Figure 8(a)) are not modified significantly when suction is applied.
The profiles obtained without control and with control exhibit a jet-type structure, with a velocity
V. greater than reference velocity Vj at the centre of the vortex. The results indicate, however, a
shift on the axial velocity troughs on either side of the vortex core, which move away from the
vortex axis when suction is applied (Figure 8(a)). This phase shift is associated with an increase of
distance L between the azimuthal velocity extremes highlighted in Figure 7(a). Finally, the static
pressure loss coefficient profiles (Figure 8(b)) indicate that the static pressure losses are more
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= 5\ v
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Figure 8. Velocity and static pressure profiles in the vertical direction, measured in vortex 17, cross-section
plane at coordinate x,//=0.5: (a) axial velocity and (b) static pressure loss coefficient.
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Figure 9. Static pressure loss coefficient measured along the projection of the vortex axis on the wall.

significant in the vortex core when suction is applied: Cj, = —2 at centre (y, =0) without control vs
C, =—2.2 with suction. Conventionally, this result is associated with an increase of the vorticity at
the vortex core, highlighted in Figure 7(b). On the other hand, as the distance from the core of the
vortex increases at y>0.005 or y, < —0.005, the effect is reversed and the static pressure measured
without control is less than the static pressure measured with suction (Figure 8(b)). Hence, close
to the wall (y2<—0.013), the static pressure loss coefficient switches from Cp=—0.98 without
control to Cp=—0.72 with suction ((i) Figure 8(b)). This result highlights an increase in static
pressure under the vortex, at the location of the wall, already observed in Figure 5(b), associated
with the reduction of the viscous radius R (Figure 7(b)).

The influence of the vortex on the rear window, with and without suction, is analysed according
to the static pressure loss measured along the projection of the vortex axis on the wall (axis x4
defined in Figure 9). Rotation of the fluid in the longitudinal vortex induces a depression on the
wall as highlighted in Figure 5(a) and (b). Without control, the static pressure is decreasing for
x4/1<0.25 (C, =—0.85 for x4/1=0.05 and C, =—1.1 for x4/1=0.25, Figure 9). This decrease
is associated with an increase in vorticity in the shear layer [11]. At x4/7>0.3, the structure of the
vortex is well-established [11] and the vortex axis moves away from the wall, its influence on the
wall diminishes and the wall pressure increases (C, =—0.35 for x4//=0.95).

The presence of suction leads to an additional depression on the top of the rear window
(Cp=—1.5). This depression is associated with an increase of vorticity in the vortex when suction
is applied, already mentioned in the previous paragraph. The evolution of the static pressure loss
coefficient then increases in the direction x4, over the whole length of the rear window, which
suggests that the structure of the vortex becomes established higher up on the rear window when
suction is applied. The static pressure measured with suction is, therefore, more significant with
suction, for x4//>0.3. This recompression observed under the vortex (Figures 5(b), 8(b) and 9) is
associated with the reduction of the transverse development at the vortex core, as mentioned in the
previous paragraph (Figure 7(b)), and is conducive to reducing the contribution of the longitudinal
structures towards the drag pressure, according to Equation (4).
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To sum up, suction has the effect of increasing the fluid rotation in the vortex core (Figure 7(a))
and the associated volume energy loss as a result. According to the Onorato equation (second
and third term of Equation (2)), suction is inclined to increase the contribution of the longitudinal
vortices into aerodynamic drag. However, the analysis also highlights an increase in the static wall
pressure under the vortex axis (Figures 5(b), 8(b) and 9), associated with the reduction in the
viscous radius of the vortex (Figure 7(b)), which prompts a reduction of the pressure drag and
may compensate for the volume pressure losses.

Suction influence on the near-wake flow

The near-wake flow topology is analysed on total pressure loss and streamlines fields measured in
the longitudinal median plane, without control (Figure 10(a)) and with control (Figure 10(b)).
The streamlines emanating from the roof roll up in the separation zone around a vortex centre C3
(Figure 10(a) and (b)) and a singular source point (F, Figure 10(b)), highlighted at the lower part of
the rear window, reveal a saddle point Sy (Figure 10(a) and (b)). The streamlines emanating from
the rear window and underbody then roll around at the base into two counter-rotating transverse
vortices of centre C; and C, (Figure 10(a)). The rotation of these two swirling structures reveals
a saddle point Sy, located at x/h.=0.88 downstream from the base (with h. the base height,
Figure 10(a)), which indicates the end of the recirculation zone. Finally, the attachment point N
is located at the bottom of the base, at coordinate yy/h.=—0.37. The lower vortex (with centre

(b)

imination of separated area

(©

Figure 10. Total pressure loss coefficient fields, measured in the longitudinal median plane: (a) without
control; (b) without control on rear window; and (c) with control.
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C, at bottom of base, Figure 10(a)) is less developed, as a result of the velocity deficit in the
underbody, as indicated by Chometon and Gilliéron [29].

When suction is applied (Figure 10(c)), the separated zone of the rear window disappears and the
streamlines remain in parallel to the rear window. These results have already been mentioned in the
previous paragraphs. The velocity increase on the rear window, highlighted in Figure 4, is reflected
by an increase of vorticity in the structure of vortex centre C;. The interaction between these two
vortices and the wall then causes a displacement of the vortex centres and of the attachment point
(Figure 10(c)). The position of vortex centres C; and C;, and of attachment point N, with and
without control, is given in Table 1.

The results indicate that vortex centres C; and C; move downstream when the suction system is
activated, and that they become aligned on the same abscissa x/ k. =0.48. The structure of vortex
centre C; remains, however, more significant and the attachment point N is situated on the bottom
of the base. The relative position of vortex centres in the vertical direction is inclined, however, to
become more consistent around the median position y/h. =0, whereas attachment point N rises
on the base. The results in Table I and Figure 10 suggest, therefore, that suction is conducive to
balancing the symmetry of the near-wake flow.

The previous results are complemented in Figure 11 by a total pressure loss profile measured
in the longitudinal plane at coordinate x/h.=0.25 downstream from the base. The datum point
of the vertical axis is fixed at the centre of the base, in accordance with Figure 10. The results

Table I. Positions of points Cy, C; and N, with and without control.

Xci/he  Xca/he Yci/he  Yca/he Yn/he

Without control 0.17 0.32 0 —0.38 —-0.34
With control 0.47 0.49 0.17 —0.34 —-0.23

—e— Without control| |
—o—Vasp=0.6Vo | |

0.8
06 15} Ss¢ ‘\‘3\
0.4 ——o

y/he

b
Sac yﬂ%
Ml P
)

-0.4
| o—— |
-0.6 {4
-0.8
0 025 05 075 1 1.25
Cpi

Figure 11. Transverse distribution of total pressure loss coefficient measured in
longitudinal median plane at x/h.=0.25.
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Figure 12. Transverse velocity and static pressure distributions measured on base (x/h.=0.005) without
control and with control: (a) velocity distribution and (b) static pressure loss coefficient distribution.

reveal a reduction of the wake cross section, already identified on a 2D configuration [12]. The
transverse development of the wake is, therefore, arbitrarily characterized by length S at which the
total pressure loss coefficient is greater than 0.1 (see Figure 12). This criterion is used to determine
the transverse wake sections without control (Ssc =1.41h.) and with control (Sac =1.22Ah.).

At —0.4<y/h.<0.3, the elimination of the rear window separated zone does not significantly
modify the total pressure loss and the total pressure loss coefficient (Cp; =1.1) remains quasi-
uniform, with or without control. The quasi-uniformity of the total pressure (for —0.4<y/h.<0.3),
therefore, leads to

2 2

\% \%
Psc+p%=PAc+p%=CS‘e 3)

in which Psc and P4c are the static pressure measured without control and with control, respec-
tively, and Vsc and V¢ the respective velocities.

The velocity and static pressure profiles, obtained in the longitudinal median plane on the base
surface (at coordinate x/h.=0.005), are given in Figure 12(a) and (b), respectively.

The results reveal a velocity maximum, observed close to the base centre without control (V =
0.29Vp at y/h.=—0.05, Figure 12(a)) or with control (V =0.15Vy at y/h.=0.03, Figure 12(a)),
which corresponds to the presence of the upper swirling structure (of centre Cj, see Figure 10(a)
and (b)). The velocity then decreases closer to the upper or lower edges of the base (at y/h.=0.5
and y/ h.=—0.5, respectively), due to the presence of a separation point on the top of the base, and
of the attachment point N on the bottom of the base (Ngc without control, N4¢ with control, see
Figure 12(a)). As the suction is applied, a velocity plateau ((ii) in Figure 12(a), with V =0.05Vp)
appears close to the attachment point N4c, which corresponds to the structure of centre C,, having
a lower energy level. This plateau does not appear without control since attachment point Ng¢ is
located at the bottom of the base.
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Overall, suction is reflected by a velocity reduction in the near wake, which leads to an increase
of the static pressure on the base wall, according to Equation (5) (Figure 12(b)). At y/h.>—0.3,
the static pressure distribution obtained with control is homogenous over the whole height of the
base, with Cpmoy =—0.11 Vs Cpmoy =—0.15 without control (Figure 12(b)).

The overall effect of suction on aerodynamic drag is analysed in the following development to
quantify the performance of the control. Several suction velocities are tested in order to optimize
the ratio between the energy saved by reducing the aerodynamic drag and the energy consumed
to generate the suction flux.

INFLUENCE OF CONTINUOUS SUCTION—AERODYNAMIC PERFORMANCES

The suction influence is analysed according to the aerodynamic forces applied to the geometry,
with and without control, and the results are presented through aerodynamic drag reduction with
respect to the reference configuration (without control).

The mean drag coefficients, obtained at different suction velocities, are indicated in Figure 13,
and the drag reductions obtained with respect to the reference configuration (without control) are
also indicated. The results reveal two variation phases of the aerodynamic drag as a function of
the suction velocity, which highlight a singular suction velocity, Vasp =0.6V), already identified in
the 2D configuration [12].

In the first phase (phase 1 in Figure 13), the control performance increases very rapidly with the
suction velocity. The reductions obtained are 12.7% for Va5 =0.375V and 17.2% for V5, =0.6V).
These results suggest significant modifications in the flow topology for Vs, <0.6Vy. Figure 14,
therefore, represents a total pressure loss iso-surface (C,; =1.22) obtained at V5, =0.375V,
completed by the friction lines field. The results suggest that the control mechanisms applied
in this case are different from those found in the literature on the suctioned wake control of a

0.33 ﬂ Phase 1 Fﬂ Phase 2 H

0.32

Referejnce confliguration

& — —— = = = 4 = = & = =
0.3\ -I

0.29 \

0.28 \

o \12.7% 13.6%
)

0.26 \ /

| o—|
7.2 116.9%

0.31

Cx moyen

0.25

0.24
0.6

0.23
0 0.3 0.6 0.9 1.2 15

vasp/v 0

Figure 13. Evolution of the time-averaged drag coefficient as a function of suction velocity.
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Figure 14. Total pressure loss iso-surface (C,; =1.22) and friction lines fields
on rear window, with V,s,=0.375V;.

cylinder [10, 11]. Whereas the suction moves the fluid separation line downstream, in the case of
the cylinders, it is inclined to limit the development of the separated area by raising the attachment
line of the fluid on the rear window in the direction of the suction line (Figure 14). The separation
line is indeed fixed by the gradient declivity between the roof and the rear window and cannot
be pushed downstream in the present configuration. The results indicated in Figure 14 reveal that
the application of suction, at Vasp=0.375V)), prompts the re-attachment of the flow to the middle
of the rear window; the volume of the separated area is, therefore, reduced with respect to the
reference configuration indicated in Figure 3(a), which explains the drag reduction observed in
Figure 13 (—12.7%). The topology of the airflow then varies rapidly with the suction velocity, as
long as the separated area of the rear window is not totally eliminated, at V,5,=0.6Vj.

Conversely, during the second phase (phase 2 Figure 13), the drag is inclined to increase; the
reductions obtained are 17.2% for Vs, =0.6Vp and 13.6% for V,s,=1.5V;. The flow is totally
attached to the rear window at Vs, =0.6V; (Figure 3(b)). An increase in suction velocity, therefore,
only prompts an increase of static wall pressure loss on and close to the slot, which leads to an
increase of the pressure drag (Equation (4)). Likewise, the total pressure loss associated with the
vorticity created locally at the slot increase with the suction velocity and contribute towards energy
losses, which increase the aerodynamic drag value.

The drag reductions presented in Figure 13 indicate that there is an optimum velocity in terms of drag
reduction (V,sp =0.6Vp), and the results are similar to those observed in 2D [12]. When developing
active flow control solutions that use an external energy source, it is, however, necessary to ensure
that the system runs efficiently, i.e. that the energy used to generate the control is less than the energy
saved through aerodynamic drag reduction. Efficiency 5 of the solution is thus evaluated according to

_ P
-2
P.. =AF.Vy “4)
pgac: Ll Va}s; Sur

where P,. and P, represent the energy saved through aerodynamic drag reduction and the energy used
to generate the control, respectively, K represents a generic total pressure loss [30]. Sp is the suction
surface and AFy is the drag reduction induced by the suction. The control is considered efficient
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Figure 15. Control efficiency # as a function of suction velocity.

when the value 7 is equal to or greater than 5, =1. Here, the consumed energy is due to the total
pressure loss generated through the suction slot (Kyjo¢) and to the losses occurring in the upstream
circuit (Kys). Usually, during continuous flow through a given orifice, Kjq is set to 1.5 to take into
account the inlet and outlet effects of the slot [31]. Inside the pumping system, the pressure loss
Kys is arbitrarily set to 3.5. The total pressure loss coefficient K of the total system is thus equal to 5.

The results given in Figure 15 reveal that the control efficiency is maximum at Vs =0.375Vj.
The power saved is, therefore, 41 times greater than the power consumed. The efficiency then
decreases rapidly at higher suction velocities; however, they remain greater than #,. = 1. The control,
therefore, remains efficient in this velocity range. It is of interest to note that the efficiency is
maximum at a velocity corresponding to phase 1 identified in Figure 13, i.e. a suction velocity at
which the separated zone on the rear window is not totally eliminated.

The critical efficiency n.=1 is used to determine a critical coefficient K. beyond which control
is no longer economically viable

K.= zﬂ (5)
Hep Va’j‘sp SﬂSP

This critical coefficient characterizes the maximum total pressure losses acceptable at which the
suction system remains efficient. At a suction velocity V,sp=0.375Vj, the critical total pressure
loss coefficient is K.=205. This result, therefore, highlights the potential of a suction system
operating at a very low flow rate, and the possibility of envisaging a high total pressure loss, while
remaining efficient.

CONCLUSION AND PERSPECTIVE

An active flow control solution by continuous suction is tested to reduce the aerodynamic drag
on a simplified fastback geometry. The continuous suction is set up according to a preliminary
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2D numerical study and the analysis of the flow topology with and without control is carried out
according to the 3D numerical lattice Boltzmann method. The suction influence on each of the
vortices interacting in the near-wake flow is studied and the drag reductions obtained are discussed.

Suction is conducive to creating significant local depression on the separation line identified
without control, which has the effect of re-attaching the flow on the wall. A parametric analysis
indicates that the re-attachment occurs at a suction velocity of 24ms~! (corresponding to 0.6 V).
The elimination of the rear windows separated zone, therefore, prompts a reduction of the total
pressure loss in the wake, a reduction in the wake cross section and an increase of the wall static
pressure on the rear part of the geometry (rear window and base). The drag reductions associated
with these modifications are close to 17% and the suction velocity increase, at V,s>0.6Vp, does
not improve such a reduction significantly. Likewise, the drag reductions rapidly decrease when the
suction velocity diminishes below 0.6Vj. Considering the power consumed to generate suction,
the suction velocity that maximizes the efficiency of control is, however, 0.375V}. At this velocity,
the suction remains efficient with significant total pressure loss on the slot.

This study also analyses the influence of suction on the longitudinal vortices, which significantly
interact with the rear window separated zone. The vorticity and total pressure loss associated with
the longitudinal vortex core increases as the suction is applied. This increase is reflected by a
reduction of the viscous radius in the vortex core, which prompts a wall static pressure increase
under the vortex axis, on the rear window. Suction, however, does not significantly modify the
structure of the vortices.

The importance of the energy losses in the longitudinal swirling structures indicates the neces-
sity of specific control systems, conducive to limiting their contribution towards the development
of aerodynamic drag. The use of two suction slots located on the side edge of the rear window
constitutes an interesting perspective capable of reducing, even eliminating, the development of
these structures. The combined use of these two configurations could prompt significant aerody-
namic drag reductions. Another solution would consist in placing blowing sections on the side
edges in order to increase the vorticity of the vortices and provoke their breakdown [25]. Finally,
blowing solutions may be envisaged in order to move the transverse vortices highlighted on the
periphery of the base downwards. The objective is, therefore, to limit the static pressure losses by
reducing the velocity distribution on the base.

These solutions are currently being analysed and offer a notable potential for reducing aero-
dynamic drag and automobile fuel consumption. The results presented in this paper confirm the
potential of active suction control in the automobile industry. The results should, however, be
corroborated by experimental results and tested on real car flow configuration.
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