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Abstract
A 3D numerical simulation, based on the Lattice Bazmann Method is carried out on the
near-wake flow behind a generic square-back blunt &y to analyze and establish a method
to control the near-wake flow. The flow topology is dscribed by the velocity and the
pressure fields. The influence of the wake vorticesn the aerodynamic drag is clarified and
quantified. In order to reduce this drag, an activeopen-loop flow control is applied by
continuous blowing devices distributed around the ase periphery. The blowing effect on the
behind body flow is a reduction of the wake sectioand of the total pressure loss in the wake
and an increase of the static pressure on the baeéthe square body. This control leads to a
significant drag reduction of AC,=-29% with a blowing velocity of 1.5\4. The efficiency is
then studied, and we found that the most efficientontrol is obtained for a blowing velocity
of 0.5\, and a jet angle of 45°. In this case, a 20% drageduction is obtained, and the energy

needed to control the system is 7 times lower thahe energy saved by the control.
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Nomenclature

Wake section

Static pressure loss coefficient

Total pressure loss coefficient

Drag coefficient

Width of the slot

Aerodynamic drag

Lattice Boltzmann distribution function



= Height of the simplified car geometry
= Height of the underbody flow
= Turbulent kinetic energy
= Length of the simplified car geometry
= Reference length

= Static pressure

= Total pressure

= Reference total pressure
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Reynolds number

Friction velocity

Reference velocity

Blowing velocity

X, Y, Zcomponents of the local velocity
Lattice Boltzmann distribution velocity
Width of the simplified car geometry
(@, a)= X, Y, Zcomponents of the local vorticity
Coordinate system related to the simplified @orgetry
Wall coordinate

= Density

= Reference density

= Kinematic viscosity

= Turbulent eddy viscosity

= Inclination of the blowing velocity
Turbulent dissipation

Wall shear stress

Deformation rate

Efficient coefficient

Deformation tensor

Surface of the vehicle
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. Introduction

New constraints in terms of pollutant emissions &rel consumption are warranting the developmeme
flow control devices capable of reducing the aenadiyic drag of motorized vehicles. In this contélxg objective
is to modify the near wall flow and thereby to lirnthe development and dissipation of the separatetices that

contribute to the aerodynamic drag.

Active solutions need an external energy sourceriher to control the flow around the vehicle withou
necessarily interfering with its shape. Many floantrol techniquesl] have been developed both in research and
industrial laboratories, and significant resultsénd&een found on simplified geometrig§. [For instance, blowing
devices installed on an ONERA D profile are capalbldisplacing or even eliminating flow separati¢8k Similar
results have been obtained by Tegtsal. [4] on a cylindrical body. Many studies demonstrage promising results

of suction and/or blowing techniques in the recarcivf the aerodynamic drag of an automotive veljijle



The implementation of such solutions on an autoweotehicle, however, requires a better understandirthe
physical phenomena encountered in the near-wake fod an identification of the parameters thatigoute to the
aerodynamic drag.

The flow around a bluff body is, in general, asaten with flow separation, reattachment, and udst®artex
formation in the wake region. Such complex flow pbvena become more complicated as the body issldcddse
to the ground. The gap between the body and theakahges the flow characteristics such as, vopeniodicity
and the mass flux through the gap, etc. For a gtowghicle with smooth underbody, the mean drag fimbeft
decreases as the ground clearance is increased tiddiow around a bluff body close to the grolmag practical
importance to automobiles since they are suppattesk to the ground by wheels. Therefore, it isantgmt to carry
out fundamental research into the flow around singblaped bodies close to the ground. Flow arouhitles has
been principally studied experimental-17. Actually, few numerical studies have been danéhe configuration
because of the poor prediction of this flow usirgyRolds Averaged Navier Stokes (RANS) modellinggeaEddy
Simulation (LES) has been also us&8,[l4 and with fine resolution by approaching Direairierical Simulation
(DNS) near the wall, results are better and in exgent with experimental data. The purpose of thisep is to
present Lattice Boltzmann computations to charasetehis flow and also to apply drag reduction coint

To reduce the aerodynamic drag of automotive vebjdby local modification of the flow in a givensign, and
to have a negligible impact on the vehicle geomelry key issue consists in reducing the transi/erake section,
increasing the static pressure distribution onréee part of the vehicle and reducing the totabguee losses in the
near wake flow 15). One solution consists in reproducing the impeEcseparated elementsg] on the near-wake
flow, by using continuous blowing devices locatexdtloe rear part of the geometry.

In the present study, according to bibliographsutes {4, 17, an open loop active flow control by continuous
blowing slots is thus tested on a simplified sqdazaek geometry. In this paper, a 3D numerical metikgresented
in the section Il. The results obtained with anthwiit control are then successively analyzed irréhsaining parts

of this paper (section IlI).



II.  Numerical simulation

I1.1 Computation code

The numerical method used in a previous papé fo compute successfully the flow around the gt of an
Ahmed body, is applied here. It consists of a 3narical simulation based on the Powerflow code aithattice
Boltzmann Method (LBM) 19, 2Q. This method is based on microscopic models aagoscopic kinetic equations.
The fundamental principle of the LBM is to constrsimplified kinetic models that incorporate thesexstial
physics of microscopic or mesoscopic processes thaththe macroscopic-averaged properties confarrthé
desired macroscopic equations. The basic premisesiag these simplified kinetic-type methods faaaroscopic
fluid flows is that themacroscopic fluid dynamics are the result of thkective behavior of many microscopic
particles in the system and that the macroscopiauhjcs are not sensitive to the underlying defais21.

The fluid particles are distributed on a Cartedadtice of computation nodes, described on Fig-dr. each

lattice node, a distribution functiorﬁfi]izl_.N is associated with a discrete velocity distributi{>\7i Ji:l__N

representing N possible velocities of motion (Rily.One particle placed on one node may stay atibie (energy

level 0: € =0, represented by a triangle (figure 1)), move talam adjacent node in horizontal or vertical plane

energy level 1:€ =1, circle) or move to a farthest node ( energyll@e€ =2, black dot). The model gives 34

possible combinations and is called 34 velocitiesleh (2 possibilities for level 0, 18 for level adal4 for level 2).

More details concerning the algorithm can be fonnjd8-23. The kinetic energy is then given = }ZN“V_Z .
24 !

The general algorithm for the LBM is thus defineddi stages. The first consists in propagating thtilution
function in time t+1 25, 2. In the second stage, the collisions betweenptréicles are modelled. The collision
operator is then applied to time t-1. The thirdgstzonsists in determining the associated valueen$ity and
density momentum. Finally, the fourth stage coassistinitiating iteration on the basis of the mawmpic values

determined in the third stage.
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Fig. 1: Definition of a velocity lattice with 34 \lecities on 3 energy levels
( A level 00 level 1 ,® level 2),Chen et a[24]
Similarly to all numerical space-time discretizatimethods, the LBM is not capable of resolvingtabulence
scales. The computation code therefore uses alémdr model which introduces a turbulent viscosity the

initial set of equations.

This model is an extension of thelRNG [27] model applied to the same lattice as that usethéoBoltzmann
equation and based on the use of finite second-diitferences (Lax-Wendroff) and a time-explicihseeme R8]. In

this model, the Reynolds tensor is modelled by medra Boussinesq approximation:

2
T; =2US; _Epkau 1)
in which the turbulent viscosity is defined b¥ M C, kj . The equations for k anél are defined by:
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where N denotes the non dimensional deformation rate tathn = i and H is the deformation rate directly
€

calculated according to the LBM. The closing valeéthe model constants are indicated by Yaldiad Orszag

[27]:



C, =0085 C, =142 C,, =192 Oy = o, =1

o, =1 o, = 0,719 n, = 438 B=0012] f_ . =1

Close to the wall, a specific velocity law is apglito limit the computational workloa@9]. Then the velocity

follows the logarithmic law described in Eq. (4):
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in which y, represents the tangential velocikythe Karman constank£0.41), C a constant applied by the model
(C=5), 1, the wall shear stress, y antithe distance and friction velocity on the wallpestively,v the kinematic

viscosity andC a correction term to make allowance for the advgressure gradient. This equation is applicable

for values of ¥ between 30 and 300. a and b are two empiricaltantss

A validation of this numerical method can be foundhe literature on numerous applications (Pipsv[28]
flow past a cylinder9], NACA 12 profile [30]). It can be also found in our previous paperteglao the Ahmed
Body [18]. The difference between, our previous study arid one is that instead of an Ahmed body we use a
square-back geometry here. The goal is to focubemlifferent mechanisms occurring in each casei@mdaluate

and improve the drag contribution of the rear péthe car bodies.

I1.2 Numerical simulation protocol

In order to limit the computation time, the frordrpis not represented. The flow separations deufoon the
front (rounded or sharp) surface are not repredetite simulation exclusively focuses on the bafcthe bluff body
as it was done before for the Ahmed bo@y]] The consequence of this limitation is that twundary layer

thicknesses on roof and sides may be not exagilpdeiced. Hence, to obtain the main important charetics at



the rear body (the separation and vortices), thgtkeof the computed body is fixed in such way that boundary
layer thickness at the end of the roof is equiviaierthe one of the complete body.

The geometry is defined by its length (L=1.044 its) width (w=0.389 m) and its height (H=0.288 m)gF2).
This bluff body is located at h=5.f@n from the ground (Fig. 2) to model the flow fialdder the body and the
lateral secondary flow. The geometry is located mectangular numerical section of length, widtd Aeight equal
to 30L, 40w and 30H respectively (Fig. 2). Thesmatisions ensure that there is no interaction betwbe
development of the near-wake and the boundary tiondiimposed at the limit of the computational ém The
outlet condition, downstream from the geometry andthe upper part, is a free flow condition on pues and
velocity [31]. The flow is advected from left to right and aiform velocity \,=40m.s'is applied to the left-hand
surface of the simulation domain (Dirichlet velgcttondition at the inlet). The Reynolds number aisged with
length L of the geometry is ;82.8.16. Finally, symmetry conditions are applied on thiéessurfaces of the
simulation domain31-33.
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Fig. 2: Computational domain (top) and the squaba&ck geometry(bottom)
The square-back geometry surface is meshed by agiproximately 1.2*10cells. At the end of the roof, the

first computational node is located &80 from the wall. The most refined domains aresttacated in areas
generating flow separations, close to the peripharthe body (Fig. 3). The number of volume celtsthe

computational domain is 16.7 2df which 15.16 are distributed near the body.



The simulation volume is subdivided into parallgep domains. Inside each domain, the volume mesh i

cartesian, uniform and the resolution is halved esves away from the surface. Each blogkBassociated with a
resolution leveldx,, defined by dX, = 2k.5xo, 0%, represents the most refined resolution, i.e. ilze sf an

elementary computation cube in the block having highest resolution. The finest domain containss@.@® x
0.25.10° m2 grids.

In the present case, 12 levels (0 to 11) of bldek#e been created: the fourth most refined leveldazated in
areas generating high gradient and flow separatiase to the body @BBs, B, and B) (Fig. 3). The square body

is hence completely contained in block ®ith resolution,;=2.10% m.
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Fig. 3: Mesh close to the separation: (a) longitimal median plane, (b) transverse plane

According to the CFL criterion, the global compigattime step is equal to 1.354:16 and the simulation is
conducted over 500,000 iterations, corresponding.fos of real time. Convergence is reached afied(® time

steps and the numerical results are averaged arsq(#0,000 to 500,000 iterations).

From one block to the next one;(® B.1), the mesh density is divided by 2. The time steplefined by

At =CFLc, E(‘ where g is the sound celerity, in this case given by= {DD+2T ‘iﬁj D the degree of




freedom equal to 4 an)oﬁx‘ is the cell size. From this expression it can &silg obtained that the CFL number is

thus equal to 0.794CFL = CSE = / D+ 2T = 0.794).
AX D

The CFL number is kept constant all over the commportal domain which means that the local time ssep

proportional to the cell size. So the time stedasbled from one block to the next one. This mahaas the local
time step is different at each bloc. For each dltibze step, the number of internal iteration iffetient from one
bloc to another. This Dual Time Stepping proceduncecases the convergence and for the present ¢atigyuonly
50.000 iterations are needed. The convergencesisdban the drag coefficient error. The convergesaeached

when the relative error is smaller than 1%.

In the following sections, the analysis is firstndacted without control and the observed flow toggl is
compared to experimental and numerical resultsdanrthe literature, in order to validate the nuicedrsimulation.
The blowing jets, whose distribution is given, #ren applied and the results obtained with andawititontrol are

analyzed to define the influence of the blowingides.

[ll.  Numerical Results
I11.1 Topology of the flow without control

For this kind of geometry, drag reduction dependghe wake surface and pressure loss distribukon.this
reason, the flow topology analysis is conductedatal and static pressure loss fields completediddgcity and
vorticity profiles measured in the near-wake flamvthe longitudinal median plane (z=0).

The streamlines emanating from the roof, the uml#y, and the side walls of the body separate err¢ar
edges of the base of the square and form togetbtiecidar vortex ring (W in Fig. 4), which is tygl for the wake
of a square-back body. This circular vortex riregready observed experimentdlB4, 39 and numerically 6], is
the location of significant total pressure lossgghlighted in Fig. 4 by a total pressure lossssoface of coefficient

Cyiequal to 1.17, where:
C. = F>i0 B P|

o 1 (5)
5 pV02



Fig. 4: Near-wake flow topology over a simplifiedunt body (iso-surface (=1.17).

Due to the interaction between the transversakexd®¥ and the main flow in the longitudinal directjafter the
closure of the separation bubble, a pair of courttting longitudinal vortices is forme83-33 (T, and T on fig.
4). These vortices appear at x’H=1.4 and were thsteadl along the measurement domain (x/H=7). Sirmésults
have been obtained on a square-back vehgd put with however two pairs of counter-rotatingrde-shoe shaped
longitudinal vortices. We could also distinguisim figure (4), another pair of counter-rotating ditndinal vortices
supplied by the underbody flow and detected neatbtittom body corners. Only one of them is visibléigure 4
(T). These vortices dissipate very quickly andravdonger apparent at x/H=1.4.

In the plane (X, y), at z=0, the vortex ring W esponds to a pair of counter-rotating vortices tfeghin i and
F2, Fig. 5). The upper structure is much largenttize lower one. The attachment point N thus appatithe
bottom of the base (y/H=-0.2 in Fig. 5). This asyetry has also been observed experimentad¥] [and
numerically B5], on a similar geometry. The small ground cleaeaand the lateral secondary flo&7] actually
suppress the flow entering the wake from underbibey (Fig. 5). This asymmetry can explain the dédfees
already noted by Hucho3§]. Indeed, the lower vortex (centred in)Fappears to be less energetic. Further

downstream, the streamlines also reveal a singalddle point S at x/H=1.35 (Fig. 5).
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wglon the symmetry plane.

Fig. 5: Time-averagedstreamlines fied in the

The vorticity profiles (, defined by equation (6)), in the plane z=0, dfedént x/H, are plotted on Fig. 6. Notice
that the vorticity peaks correspond to the positidrthe shear layer issuing from the sharp rearegdyloving
downstream, the peak position moves towards théangidane (y=0) and its intensity decreases. Thebaviours

correspond to the expansion of shear layers sépgrftom the top and bottom surface of the vehitel there

interaction.
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Fig. 6: Vertical vorticity (@) profiles, measured along Fig. 7: Vertical longitudinal velocity profiles, masured
the longitudinal median plane at different x/H along the longitudinal median plane at different b4/
The longitudinal velocity profiles at the sameifioss are plotted on fig. 7. The backward flowsealdy observed
in Fig. 4 and Fig. 5, is quantified. The longituairvelocity is negative close to the median playe0) and its

minimum value, approximately equal tQ,¥,=-0.4, appears at x’H=1 and for y/H=-0.1. Moving&ods the base of
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the body (x/H=0.1), the backward velocity decreatss to the wall effect, and,y,, is close to -0.06 yover the
whole height of the base (-0.5<y/H<0.5). Moving dmtveam, the backward flow decreaseg,(¥#-0.15\, at
y/H=-0.1, for x/H=1.5) and goes to zero,(\=0 at y/H=-0.2, for x/H=1.7).

The results presented in Fig. 6 and Fig. 7 areadheristic of the development and dissipation oéirculation

zone in the square-back vehicle wake.

Using theA, criterion, we could visualize the time evolutiohwvmrtices of the shear layers developing over and
under the recirculation zon2J]. This behaviour is the same as in the shear ldgeeloped in the near wake of a
*

circular cylinder B8] or behind an obstacl@9]. The Strouhal number defined Iy = f Ué“’ is computed, where

c

Oy is the shear layer thickness, I$ the vortices’ convective velocity and f is thetimated Kelvin-Helmholtz
frequency obtained by spectral analysis. The esticheonvective velocity is 20 m/s and the sheagr@lyickness is
0.03 m at x/H=0.035. With these values the obtai@&duhal number is equal to 0.27. It corresponda typical
Strouhal number associated to Kelvin-Helmholtzahaity. Regarding previous works this value iglie range of

0.251t0 0.33.
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[11.2 Topology of the flow with control

The control setup consists of 4 slots of width eidlocated at the base periphery, and respecttaelyential
to the roof plane, the underbody and the side walg 8.a). Lengths bind } of the vertical and horizontal slots are
equal to {/H=0.93 and #H=1.32, respectively. A uniform velocity conditigm applied at the slot exit: the blowing
velocity V, is set to 1.5¥and its direction forms an angbewith respect to the base plane (Fig. 8.b). The liigw
devices effects on the time-averaged aerodynanaig doefficients are first analysed. The static &nal pressure

coefficient fields, obtained with and without casifrare then used to clarify the mechanism of tbevimg control.

Vo Vo

Blowing slot @ :>

Base

@) (b)

Fig. 8: Schematic of the blowing devices set up

The aerodynamic drag forcg B computed during the simulation. It is obtaitgdadding the viscous and pressure
forces around the full three-dimensional geometmyazh iteration. Then, it is time averaged to iobtiae drag. The
time-averaged drag coefficient evolution, as funtif inclination is presented in Fig. 9, with:

F
C — X

1
Ep\/OZHW

The results reveal a minimum in the drag coefficiatB,=45°. At this orientation, the associated drag ctida

()

compared to the reference case without controltespponds taAC,=-28.9%. The drag reduction then rapidly
decreases as the an@alecreases (blowing jet tangent to the base plang)creases (blowing jet tangent to the
longitudinal direction). The associated drag reidunc still remain significantAC,=-17.9% at8=30°, AC,=-20.8%

at 6=60° andAC,=-17.1% at0=75°. The error-bar line segments in Figs.10 heestandard deviation (rms) of the

time averaged drag coefficient.

13



0.24

0.23

—9,1?
0.22 n

0.21 ==

-17,9% -17,1%

0.2
-20,8%

Time-Averaged C

0.19 1

0.18 4
-28,9%

0.17

30 45 60 75 920

6 ("

Fig. 9: Time-averaged aerodynamic drag evolutiors, a function of blowing velocity orientatiod.

The velocity and streamline time-averaged fieldsraeasured at the upper edge of the base in th@éudmal
median plane (z=0), as shown in Fig. 10.8A45° and6=60°, the results show that the streamlines aretkz by
45° (respectively 60°) with respect to the basag)an the vicinity of the separation line (Fig.)10he momentum
introduced into the flow therefore acts as a sdpdralement and inclines the streamlines. Becatiskeomain
flow, the streamlines then tend to become realignild the upstream directiongValthough a residual deviation
angle remains visible in the wakp {n fig. 10). Further downstream, this residual idéwen, close tg3=10° for
0=45° andd=60°, induces a transversal wake section reductitich will be discussed in the following sectidx.
6=30° (Fig. 10), the momentum introduced in theieaftdirection induces the formation of a secondeapsversal
vortex (centred in £in Fig. 10). The anticlockwise rotation of theifluends to realign the streamlines with the
upstream direction, and the residual deviafotends to=5°. The formation of this structure also induceslt

pressure losses, which contribute to increasedhmdgnamic drag coefficient, as shown in Fig. 9.

V (m.s?) 0

10
20

30

Without control 40

Fig. 10: Velocity and streamline fields measuretithe upper edge of the base in the longitudinal dien plane
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The application of blowing control devices leadsatmodification of the near-wake flow topology &®wn in
Fig. 11, representing the streamline fields inldmgitudinal median plane (z=0). At45° or6=60°, the asymmetry
observed in Fig. 5 (without control) disappeare(5&g. 11.b and Fig. 11.c). The momentum introduceal the
flow creates an important shear effect on the h@mdphery, and that tends to induce a displacemoérthe
recirculation. Hence, the shear layers emanatiom fthe top and the bottom of the base seem idéraiwh the
counter-rotating vortices which develop on the bbeeome quasi-symmetrical (Fig. 11.b and Fig. 11Ttk
attachment point N thus appears close to the basterc(y/h=0, Fig. 11.b and 11.c) and the vortgeiters Irand
F, become quasi-symmetrical with respect to the mepliane (y=0). On the other hand, when the blowingl&is
less than 45°6=30° fig. 11.a), the momentum applied in the longjbal direction decreases and the induced shear
effect is no longer dominant with respect to theursl shear effect. Moreover, the presence of arstary
transversal vortex at the top of the base (ceritrdd) tends to increase the dissymmetry observed witbontrol

(Fig. 4) and the position of the attachment poimhblves downwards (Fig. 11.a).

(c)
Fig. 11: Time-averaged streamline fields in the ke on the symmetry plane:(@-30°, (b)8=45° and (c)@-60°

The results presented in Fig. 11 do not howevegakthe origin of the drag reductions observedign 8. The

analysis is then conducted according to the exjmedsy Onorato et al.1p] (Eq. (8)). This formula provides an

indication of the aerodynamic drag based on vatoeasured in the wake, instead of values measuredeobnody
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surface. By means of momentum applied to the voldeseribed by a current tube enclosing the velsigtéace, it

comes:

0 A 0

2 2 2
FX=£(RO—R)dJ+%pV02 {(%+z%}da-j[l-\ﬂ do (8)

Equation (8) associates the drag value with thestrarsal wake section AS12™ and ¥ integral), the total
pressure losses in the separated structureBi@gral), the rotating kinetic energy in the lidndinal vortices (2
integral) and the longitudinal velocity deficit the near-wake flow (3integral). Accordingly, the drag reduction
requires a reduction in the transversal wake sectiolimitation in the longitudinal vortices devpioent and a
reduction in the upstream/downstream total preslmsses. Implicitly, the last objective will reqeian increase of
the static pressure distribution locally on the gart of the body (to limit the pressure drag).

For this purpose, the total pressure loss coefficofiles are measured in the longitudinal meditane, at
x/H=0.5 (Fig. 12.a). The mean value of the totasgure loss coefficient along the profile decreasitls the
control: G,=0.934 without control, (=0.873 at6=30°, G,=0.823 at8=45° and G=0.847 at6=60°. This total
pressure loss reduction leads to a decrease of\etwss in the wake, and allows an aerodynamic dedgction,
according to equation (8) Yintegral). The total pressure loss variation ia ke effectively corresponds to the
mean drag coefficient variation in Fig. 9.

For each configuration (with or without controRgtresults reveal two peaks in the total pressais® doefficient
profiles (Fig. 12.a), located at y/H=0.4 and y/H4% These maxima correspond to the presence cfhiar layer
emanating from the base periphery, where the \iyri high. The transversal wake section is thuaracterized by

the distance kibetween the 2 extrema (Fig. 12.a). The distangamddsured without and with contr@=45° and

06=60°) are KH=0.85H and K=0.75H, respectively, and 450,8H at8=30°. Actually, the evolution of §with 6,
confirms the observations indicated in Fig. 9. THamsversal wake section reduction seems to beiassd with the
streamlines deviation near the separation line oAding to equation (8), this wake section reductontributes to
the aerodynamic drag reduction observed in Fig. 9.

Moreover, as seen before, the use of blowing @svitecreases the averaged total pressure losgmefalong
the profile (Fig. 12.a) and thus reduces the aeradycs drag. The total pressure losses measurethein
recirculation zone are assumed to be mainly duke@resence of a backward flow (see Fig. 5). Risrreason, the

backward longitudinal velocity evolution with thertdrol is presented in Fig. 12.b (in the longitidimedian plane
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at coordinates x/H=0.5). The results actually stzoreduction in the backward velocity magnitude olese in the
recirculation zone center (for -0.4<y/H<0.2)y ¥n=-0.34\, without control, \} nin=-0.34V; at 8=30°, Vi min=-
0.23\, at 6=45° and V, ,=-0.28\, at 6=60°. The last results give an explanation for tb&l pressure loss

reduction observed in Fig. 12.a.
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0.4 4 E— ) 0.4 —0O— theta=45° . —
! —— theta=60° %‘
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3 0 ' =
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-0.14 —a— theta=60° .
—0— theta=45° 1
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1
1
-0.3 4 |
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-0.4 '
05+ ]
1 1.05 11 115 12 -0.4 -0.3 0.2 -01 0
Cpi VX/VO
(a) (b)

Fig. 12: Vertical profiles measured in the longitinal median plan at x/H=0.5, with and without cordl: (a)
total pressure loss coefficient profile, (b) longdinal velocity profile.

Further upstream, near the base (x/H=0.01), th&vimard velocity magnitude reduction leads to anease in
the static pressure distribution as shown in FRj.rdpresenting the static pressure loss coeffigieofile in the
longitudinal median plane. Significant static presslosses appear at coordinates y/H=-0.5 and yAj=<le to the
high velocity near the blowing slots §¥1.5 \,). On the contrary, at -0.45<y/H<0.45, the ressiitew an increase in
the static pressure distribution. The time and sgaeraged static pressure, along the profile, t#mds to increase
as the control is applied:,€-0.14 without control, £=-0.096 a=60°, G=-0.087 a9=45° and G=-0.105 aB=30°.
Hence, the depression applied via the blowing Slolisse to y/H=0.5 and y/H=-0.5 in Fig. 13) appetwsbe
compensated by the flow recompression at the baseerc (-0.45<y/H<0.45 in Fig. 13), and the averaged
contribution of the static pressure in the aerodyicadrag decreases. This contribution is implicitBq. (8),

although it can be expressed through the pressacefdrce k.
F_ = 1 V2| C. hxd
X"_Ep Oj , NXdo )
S
Where N represents the normal exit line on the geometry.
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In conclusion, the drag reductions are mainly duthé wake section reduction, the total pressisg teduction
in the wake, and the static pressure increaselsehase. The first point is associated with theastlines deviation
highlighted in Fig. 10. The second and third poarts related to the backward velocity magnitudeicédn.

The lateral jets contribute at the same way toaay deduction. Their contribution is however lesanttof the
horizontal jets. If all jets contribute approximigtevith the same level to a wake surface reductitwe, lower

horizontal jet has more important effect on theimgxenhancement than the others.

0.6 1

0.4 4

0.2 4

y/H
o

—e— without control
—A—theta=60°

0291 —o—theta=45°
—o—theta=30°
-0.4 4

=
-06

-0.4 -0.3 -0.2 -0.1 0

Fig. 13: Static pressure loss coefficient profileseasured in the longitudinal median plane at x/H#Q, with
and without control

The control effect can be explained by means ofAheresentationq1]. When the control is applied, the
blowing imposes its direction to the shear layett ABnce increases the mixing behind the body. Guresdly the
reattachment length and the wake surface are rddurcéact, without control the Kelvin Helmholtz iiwes move
downstream, merge and dissipate. When the costiegbplied, they move into the recirculation zoné eontribute
to enhance the mixing. This mechanism leads totmmomentum exchange as can be observed on fiduke

where the reduction of the negative velocity zooeficms the improvement of the mixing.

When developing active flow control solutions byngsan external energy source, it is necessamsare that
the system runs efficiently, i.e. that the energgdito generate the control is less than the ersaggd through

aerodynamic drag reduction. Efficien¢yf the solution is thus evaluated according tcatiqgn (10):
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Pe C

{ —FC

P,. =AFV, (10)
3

P.=K pv;sb

where R. and R represent respectively the energy saved througidgeamic drag reduction and the energy used to
generate the control, K represents a generic prtdsure lossAD]. S, is the blowing surface anif, is the drag
reduction induced by the blowing. The control imsidered efficient when the valdds equal to or greater than
(~1. Here, the consumed energy is due to the to¢aispre loss generated through the blowing slgi)End to the
losses occurring in the upstream circuit,/J< Usually during continuous flow through a givenifioe, Ko is set to
1.5 to take into account the inlet and outlet effexf the slot (Idel-Cik41]). Inside the pushing system, the pressure
loss K;ysis arbitrarily set to 3.5. The total pressure lossfficient K of the total system is thus equabto

The critical efficiency(.=1 is used to determine a critical coefficientbeyond which the control is no longer

economically viable.

=2 ARV, (12)

Zcp\/bgsn

The efficiency coefficient increases when the vigjodecreases. For this reason, the jet anglep$ éenstant and
equal to 45°, and lower jet velocities have bestete Figure (14) presents the drag coefficisrd &unction of the
blowing velocity. The drag reduction increases wttenblowing velocity increases. For blowing vetgaf 0.5V,
the drag reduction is still significant (20%). Téficiency is presented on figure (14). Fog/W,=1.5 used in this
paper the efficiency is equal to 0.4. This curvespnts a maximum value of 7 ai/¥,=0.5, which thus is the best
blowing velocity with respect to this criterion. tinis case, the saved power compared to the syomer is 7 times

higher. The error-bar line segments in Fig.14 heestandard deviation (rms) of the time averaged doefficient.
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Fig. 14: drag coefficient and control efficiency variations with blowing velocity

IV. Conclusion

An active open-loop flow control using continuodeving devices has been tested on a simplified rieghack
geometry, with the goal to reduce the aerodynamag.dThe influence of blowing slots distributedard the base
periphery on the near-wake flow topology is anadlybg 3D numerical methods and the obtained aeradimdrag
reductions are discussed.

The near-wake flow topology is first analysed withgontrol. The results are qualitatively in goagteement
with previous results and reveal a typical squareklgeometry wake. A transversal ring of vortexaleps in the
near-wake flow, due to the streamline separationsral the base periphery, and generates two cototsing
longitudinal vortices further downstream, due te ithteraction with the main flow.

The control is first applied with a blowing velociof 1.5V,. A minimum drag coefficient is obtained for a
blowing jet inclination with respect to the vertiggane of6,=45°. In this case, 29% of drag reduction is oladjn
associated to a significant reduction in the wad@ien, a total pressure loss reduction in the waie an increase
of the static pressure in the rear part of the ggom

The efficiency of the control system can be imga\wy reducing the blowing velocity or by reducitg

number, width or lengths of the slots. The firstuion is tested at the efficient jet andlg=45°. The cheaper
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solution is obtained for the jet velocity of,30.5V,. In this condition, a drag reduction of 20% isaibed with a
control energy only seven times smaller than tke nergy saved.

Finally, in addition to reduce the wake surfaceg thriented blowing jets improve the mixing inside t
recirculation zone and hence reduce this samectgation zone.
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