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Abstract

In the first part of this contribution [G. Godard, M. Stanislas, Control of a decelerating boundary layer. Part 1: Optimization of passive vo
tex generators, Aerospace Sci. Technol., in press], an optimization of passive vortex generators was performed in an adverse pressure grz
boundary layer. The model used was a bump in a boundary layer wind tunnel, which mimics the adverse pressure gradient on the suction
of an airfoil at the verge of separation. The present contribution describes the next step of the study: a test campaign was performed in the s
facility to optimize slotted jets devices with both continuous and pulsed blowing. The optimization was done using hot film shear stress prob
The results show quantitatively the improvement brought by the slotted jets devices in terms of skin friction increase. They also show that
tested devices are less effective than equivalent passive devices.

0 2006 Elsevier SAS. All rights reserved.
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1. Introduction in the wall, to be easily cleaned by a strong blowing and to
be protected from pollution by a small continuous blowing. On
In the first part of this contribution (Godard and Stanislasthis basis, two main geometries came out: the rectangle and the
[1]), a reference passive device configuration was defined in ogircle. This paper is devoted to the rectangular configuration.
der to compare it to some fluid devices. In fact, passive device8 next paper will focus on round jets. Blowing techniques, first
are quite simple to manufacture and it was shown by this studintroduced by Taylor [2] in 1947, can use rectangular jets as
that they can improve significantly the skin friction in an ad- vortex generators, nevertheless, may be due to manufacturing
verse pressure gradient boundary layer, even with a hgjght complexity, this configuration is not very common in the liter-
of the order of 0.4. The two main problems of such devices arature. Fig. 1 shows the double slotted jets configuration tested
their fragility and the drag increase that they bring permanentlyin the present project. As illustrated by Fig. 2, such a device
One way to solve both problems would be to make them rewas shown in the previous AEROMEMS project to produces a
tractable, using some Micro Electro Mechanical Devices. Thisystem of counter rotating quasi streamwise vortices (Bernard
is possible at the scale of the thin boundary layer which develet al. [3]). In fact, similar longitudinal vortices, resulting from
ops, for example, on the suction side of an extended wing flaghe complex interaction of a single rectangular jet with a cross
Nevertheless, the involved mechanical complexity and the riskiow, have been observed in both experimental (Zhang [4—7])
for such systems to be perturbed and even destroyed in the regdd numerical studies (Akanni and Henry [8]). These vortices
flight environment have pushed to look more at fluid actuatorgye quite similar to those produced by passive vane-type vortex
using air jets. These have the advantage to need only tiny holgenerators (zhang [5]; Bernard et al. [3]). In the AEROMEMS
project, good results were obtained with pulsed jets with a
mpondmg author. Tel.: +33 03 20 33 71 70; fax: +33 03 20 33 71 69. high velocity amplitude.. These rgsults were fairly insensit.ive
E-mail addressstanislas@ec-lille.fr (M. Stanislas). to the frequency of the jet pulsation. It is important to notice
1 Presently: CORIA, UMR CNRS 6614, Rouen, France. that no lift-off was observed in the counter rotating configu-
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Nomenclature

Latin symbols 5* displacement thickness ......................
Cq drag coefficient 0 momentum thickness................... ...,
Ct skin friction coefficient Cy = 12 &** energy thickness................... ...l
. 3rU¢ n coordinate normal tothe bump ...............

Cos total flow coefficient nt dimensionless coordinate normal to the bump=
dP/dx pressuregradient.............. ... ... /Pa yU:
e W|(_jth oftheslots.......................... mm distance between two devices . . . . -
H he|ght Of the bump LT m )\‘-}- dimensionleSS distance between two deVi(Zé—S-,_—
Hip  shape factoriz =2 AU;
Hsp  shape factorfis; = - T wall shear stress with actuation ... ... /R s
) lengthoftheslots ......................... mm ., wall shear stress without actuation . . . ... /R s
L transverse separation between two slots in the CtR 5 ¢ T 0 e e e e kon? s

configuration ...l MM Ap  pressure difference.......................... Pa
U,V  velocity components tangential and normal to the A lateral displacement . ........................ m

surface. ... /8N AXyg streamwise distance between the vortex generators
Ue external velocity . ...l /8 line and the minimum skin friction station
Uint, Uso fre_estream _veIOC|ty ...................... /| Abbreviations
u; frictionvelocity . ................ oL
x,v,z longitudinal, vertical and transverse coordinates mBL boundary layer
Xg abscissa of the devices. ...........coovven... mZPGBL zero pressure gradient boundary layer

APGBL adverse pressure gradient boundary layer

Greek symbols CoR  co-rotating
B skew angle oftheslots ..................... >, CtR counter-rotating
8 boundary layer thickness..................... mVG vortex generator

/l;:w direction ’T/}}y
/

a) b)

Fig. 1. (a) Counter rotating slot device configuration, (b) geometrical parameters.

Table 1
Effective parameters used in previous slotted jets vortex generators studies

Model used Configuration a(®) B(°) e/l /8 AJL VRe
Zhang 1997-2000 ZPGBL Single steady jet 30 15 /51 0.58 - 1
Bernard 2000 APGBL (Bump) CtR double slot pulsed jet 0 45 /30 0019 517 5

ration (Bernard et al. [3]), while a strong penetration throughe the slot thicknesd,the slot length@y, the hydraulic diameter,
the boundary layer (reducing the control effectiveness) was ob$ the boundary layer thickness,the transverse devices spac-
served for a single rectangular jet in zero pressure gradient Blng, L the distance between two slots of the same device and
by Zhang [4]. It is important to notice too that, in the literature VRe the ratio of the jet velocity to the BL external velocity. As
(Zhang [4-7]; Akanni and Henry [8]; Vronski [9]), the rectan- seen from this table, there are significant differences between
gular jet is pitched and skewed. The best parameter choice fdhe respective velocity ratios used in both studies. It was thus
turbulent boundary layer control obtained by Zhang [4-7] isof interest to vary the parameters of the present configuration,
compared in Table 1 with the parameters of Bernard et al. [3] inn order to optimize it and compare it quantitatively with the
the AEROMEMS studye is the pitch angles the skew angle, passive devices characterized in Godard and Stanislas [1].
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They are separated by a distantewhich follows the defi-
nition used for the passive devices by Godard and Stanislas
[1] and which thus depends aof as the slots rotate around
a point located at their mid length. The spanwise spacing be-
tween two actuators i4. These actuators were settled in a
rectangular opening located in the middle of the wind tunnel
at Xq = 17.55 m. A rectangular cap was manufactured with a
series of cylindrical holes at a constant spacing of 20 mm. This
cap was made of a thick wooden plate glued on a thin aluminum
plate. In each cylindrical hole, a steel cap containing a rectan-
gular nozzle could be fitted. The nozzles were manufactured by
electro-erosion, in order to obtain an accurate slot size and a
Ftig-dzb- Light Stz(;etész\,(\,):e I‘c’)itsug”ziiﬁpoi” °{ t(’;‘)* ?h“e”fier;t"tﬁ:;’;? ivofngZF;”;fsmooth nozzle shape. Different series of steel caps were man-
\?v:II anydiosilhse flow, just dsowistfeam cﬂthe actuatorsg. Frf)m Bersnard etal. [2].?'lfa(:tw’(:"d with dl'fferent slot Wldthe'(z 051,23 mm) The

slot length was fixed at 15 mm. With such a device, the spac-
ing and skew angle of the slots were easily varied. The whole
row of slots was fed from the backside, either from a settling

The experimental set-up is a bump on the lower floor ofchamber.for g:ontmuous blowing or from a loudspeaker system
for pulsating jets.

a boundary layer wind tunnel which mimics the flow on the All the measurements were performed using the hot film
suction side of an airfoil at high angle of attack (but without hear stress probes described in Godard and Stanislas [1].

separation). It will not be detailed here, as it is the same as the The 1l thout irol Iso th i Godard
one used by Godard and Stanislas [1] and by Bernard et al. [3, € Tlow without control was aiso the same as in todar

10]. Only the specific actuators will be described and Stanislas [1] and as previously characterized in detail by
Fig. 1 gives the geometry and Fig. 3 shows a photograph ol?ernard etal. [10].

the devices which were manufactured. Each actuator is co

posed of two slots of widtla and lengthl. These two slots are

symmetric and form an anglg with the streamwiser axis.

2. Experimental set-up

ms'. Optimization results
3.1. Test description

Fig. 1 gives the geometrical characteristic parameters of the
double slot device. As compared to the passive device, the only
new parameter is the slot thicknesdAt the actuators location,
the boundary layer thicknessds= 16.5 cm. Table 2 gives the
parameters which were varied and the range of values tested
in the study.®y/$ is the ratio of the jets hydraulic diameter to
the boundary layer thickness, ¥ the ratio between the jet
velocity and the local free stream velocitfs is the frequency
of pulsation of the jets. As explained in Section 2, cylindrical
steel knobs, containing one slot, are plugged in a plate with
the corresponding hole. The knobs can be easily turned to ad-
just the skew anglg, while changing the plate allows to vary
the spacing.. The aspect ratie/! was varied by manufactur-

ing different knobs. The test procedure was the same as for
Fig. 3. Slotted jets device used for the parametric study. the optimization of the passive systems. For each variation of
Table 2
Range of values of double slot jet device parameters tested
Model used VGJ a(°) B(°) e/l P/ AL VRe fp (Hz)
APGBL (Bump) CtR slots 15 B0 0.019 1.66 1.17 80
0 — - — — — -
45 3/15 0.046 7 6.65 180
Table 3
Counter-rotating slots, optimal configuration
VR e/l L/s L/l A/l B(°) At/T (%)

6 1/15 0.099 2.08 6.87 15 765
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the geometry, a jet velocity range between 10srand 80 mis  best casef = 15°), from VRe = 2 up to 425A 1 /1g is higher
(1.17 < VRe < 6.65) was investigated. Note should be takenthan in Fig. 4 /I = 1.37). For VR, > 4.25 it is slightly lower.

of the fact that the pitch angle was held constant(0°) be- In spite of its higher limit of efficiency (VR= 3) and a sig-
cause, in contradiction to the literature (Zhang [5]), no vortexnificant At/zo spanwise variation, Fig. 4 shows results which
lift-off was observed in the previous AEROMEMS study. The gre the less sensitive f This aspect is important in terms of
first part of the optimization procedure was applied to the conyp, stness for an aircraft device. This configuration preserves

tinuotus {egs colnfi]cgjur;]tiog. T?e efigct ofthe poJ.Isatiot.n of t_lr_]ebjlet%waximum skin friction variations from VR=4 up to VR =
was tested only Tor In€ best continuous configuration. 1able ¢ g o halfway, with a highest value of 100% for ¥R 6 and

gives the starting parameters for this optimization study. B — 15°. These values of and L/ were chosen for the fol-

3.2. Results lowing tests. _
Fig. 7 shows the effect of the system spacing/) and jet
3.2.1. Continuous blowing velocity ratio VRe on the skin friction. Fon./l = 4.12, the re-

The active devices tests results are presented with the saraglts are much poorer than for the other values. This may be
normalization as for the passive devices in Godard and Stanislastributed to a lift-off phenomena. On the system axis, the re-
[1]. The starting configuration was close to the AEROMEMS
study by Bernard et al. [3]. The devices are located at the }f —e— s s
same streamwise position along the bumy & 17.55 m). R P e | 45
Three counter rotating systems (1 syster slots) are located ;

(=]
=)
1 1 1 1
&
*
o>

! B=ds

symmetrically with respect to the wind tunnel vertical cen- o7 Af; el | 1/15
tral plane. Skin friction measurements were performed at theg gg r=e" L1 |2.75
same streamwise location as for the passive devikegn = 0.4 o B M| 687

i L \ S 0.75-
1858 m). In the spanwise direction, the probes are on the 3‘3 1 > VR, | 6.7
counter-rotating system axig/¢ = 0) and halfway between 1 i
two systemsz/1 = 0.5). F(H2) | 0

Figs. 4, 5 and 6 show the effect of the skew an¢fg,
slot spacing(L/!) and jet velocity ratio VR on the skin fric-
tion. F'g_- 4 ShOW_S pOSItlve'A‘c/_to Values_ for_ VR ~ 3. The Fig. 5. Skin friction increase as a function of jet velocity for different skew
At /7o difference in the spanwise direction increases with deangles and./! = 2.75.
creasingB. For 8 = 15° and VR = 6, the At/1g difference

reaches 30%At /1o is more sensitive tgg between two de- I —— o
vices /A = 0.5) than on the axisz(A = 0). 11, == Eé sy | 45
Fig. 5 shows positiveAt/zg values from VR ~ 2. The gg - Ej; =
At /19 slope is lower than in Figs. 4 and 6. The curve tend 5 & el | VIS
to level off just before VR =4 and sharply increase from & 06 1 7 A//“{ e A Ln ‘;5
VRe = 5. From VR, = 2 up to 35, At/ is a bit higher than < 7 1 M 075
with L/l =1.37. For VR, > 3.5 it is lower. The spanwise dis- 03 ] //:/'ﬂ VR, | 67
tribution seems to be a function of \{Rwhatevers is. Higher o1 7 X7
At /10 values -65%) are found at both spanwise position for 0 - F,(Hz) | 0
p=25with VRe=6. o B I S e S i aanas anaavasnas
In Fig. 6 At/1p is sensitive to8. The limit of efficiency VR,

(VRe = 2) is found for the lowest skew anglg & 15°). There

. L . . - . . Fig. 6. Skin friction increase as a function of jet velocity for different skew
is no significantAt /g difference in spanwise direction. In the 9 J y

anglesand.// =4.12.

1.2

] — 12
Ly R 15 - TIVE B -y o 15
I P ey . B | 45 i [ -y ol PO
19* o s LA j l—— w824 /1 1/15
09 9 o5 fmedaemen podse = 0.9 =/ =412 E ¢
0s 4 TUIEI s 1y PO D - e ) Ll [ 137
08 " el |15 08 1 o5 {ITT MEw 7 '

o 0] Ve | ® LN 137 07 4 leeedoee 21824 4.12-
06 : & 0.6 A M| 8.24
s M| 6.87 T 05

0.75- YA Kl 1.18-
VR, 6.7 0.3 £ /{7 Oy VR, 6.55
0.2 -
F,(Hz) | 0 017 = -
p(Hz) 0 F,(Hz) 0
0.1

Fig. 4. Skin friction increase as a function of jet velocity for different skew Fig. 7. Skin friction increase as a function of jet velocity for different distances
angles and.// = 1.37. between two systems.
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sults are fairly close for the three higher valuea pf, although  the slotted jets are much less effective than the passive devices
a visible decrease is observedidt = 8.24. The sensitivity to  (by a factor of about 2).

this parameter is clearly important gt = 0.5, whereAr in-

creases regularly with /[ in the studied range. Consequently 3.2.2. Pulsed blowing

the spanwise variation increases also. Looking at the results, In the first AEROMEMS project (Bernard et al. [3]), pulsat-

it can be expected that by increasing agajii, the values at ing jets were developed and studied extensively. In the slotted

z/» = 0.5 will at least level off, while the values at= 0 will configuration under study, the conclusion was that the jet pul-
further decrease. Consequently, a value.pf = 6.87 was re-  sation was not changing fundamentally the physics of the actu-
tained as a best compromise for the following tests. ating flow. It was mainly allowing to save half of the flow rate

Fig. 8 shows the effect of the slots aspect ratio for the choseRy using a sinusoidal jet velocity with a maximum value com-
range of VR. For the largest slots, air compressor constrainfarable to that of an equivalent continuous blowing. This result
have limited the maximum jet velocity to \4R= 3.91. Nev-  Was independent on the frequency in the range 50-150 Hz.
ertheless, Fig. 8 shows a significant reduction of the limit of It was of course of interest to check the pulsation effect
efficiency whene/! increases (VRIimit = 2.8; 1.5 and 0.80 in the present optimal configuration, which is fairly different
for e/1 = 1/15;2/15 and 315 respectively). The VRnec- from the initial one (see Tables 2 and 3). For that purpose, the
essary to produce the best resultst(zg ~ 100%) is also Same method was us_ed: the whole array of d(_avices was fed by
reduced (VR = 6; 4.8; 4.2 for ¢/1 = 1/15;2/15 and 315 re- @ rectangular pipe with a 20 cn? cross section. Two loud

spectively). Fig. 9 shows the effect of the flow rate coefficientSPeakers of 20 cm in diameter were fitted in the two walls of the
Cqs on At/1o. This coefficient is defined as: channel (face to face). The moving cone was filled with foam to

keep the pipe rectangular in cross section. The two loud speak-
OV ers were driven by a stereo amplifier and the input signal was
"~ peVed provided by a PC computer. The channel was fed, from the bot-
, ) ) . tom, by a settling chamber. This allowed to apply the pulsation
where pj, Vj, and 4j are respectively the jet density, velocity o 5 non-zero mean velocity. The system could be operated up
and cross-sectiome Ve, § and . are the density and velocity 4 20g Hz, with outlet velocities up to 70 fs.
outside the BL at the station of the jeét.the boundary layer Figs. 10 and 11 show the instantaneous jets velocity obtained
thickness and. the spacing between two devices. in respectively a suction/blowing pulse cycle (no mean flow
Of interest is the fact that all curves have approximately th‘?ate) and a purely blowing pulsed cycle, measured with a single
same origin in this representation, indicating that a minimumy gt wire anemometer.
flow rate is needed to obtain a significant effect. The second |, Fig. 10, the higher peak is due to the blowing and the
point is that the slope at the origin is decreasing whehin-  |ower peak is due to the suction phase (rectification of the neg-
creases. On the contrary, the maximum value reached seemgye velocities by the HWA). The suction phase can be elimi-
to be more or less constant, but it is reached for increasingated by adding a continuous air flow in the system (Fig. 11).
values ofCg;. Figs. 8 and 9 show that to reach a given valueTwpo different frequencies (80—180 Hz) were tested in this study,
of At/7o, increasing the slot thickness) allows to decrease in the range allowed by the pulsating device. Different mean ve-
VRe, but at the expense of increasifidy;. For example at |ocity profiles of the jets were measured at five positions along
Zs/» = 0.5, aAt /7o = 60% requires a 32% reduction of ¥R  a slot, to confirm the jet homogeneity which was very good.
and a 40% increase @q; when the slot thickness is doubled Figs. 12 and 13 show the pulsed jets effect on the skin fric-
frome/l =1/15t0e/l =2/15. tion variation. Each figure includes results of continuous jets,
Table 3 gives the best set of parameters found for this actslowing/suction pulsed jets and blowing only pulsed jets. In
ators configuration and the corresponding improvement in skiall cases the blowing/suction configuration gives the worst re-
friction. These values can be directly compared to the resultsults. The continuous jets give better results than the pulsed jets
obtained with passive devices by Godard et al. [1]. Obvioushat F, = 80 Hz. At F, = 180 Hz, the blowing pulsed jets are

12 7 1.2
1.1 1
| ] L B(O) 15 I.i T B(O) 15
1 -V e e vis ] o> -l-v 1/1
09 1 Z 0.9 ] N 5
0.8 4 i,/ﬂ‘ e A e/l - o ] 2] 1S an—an ell -
0.7 /’ At T 315 07 ] [ e 3/15
£06 I 2 L/l 1.37 & 06 ] o _y %S L1 [137
S 05 & AN M| 6.87 CRYE ,’/' ‘ ///’ g M| 6.87
0.4 v 0.78- ’ / 0.78-
/AW / : 0.4 o ~
0.3 —e— c/=1/15 . /
0.2 bl A R - uﬁ:éﬂs VR 6.5 0.3 ./ | —@— ci=1/15 VR, 6.5
o VARV i 02 v 0| e
. Lo - = - ell=1/15 : 4 ell=3/1
0 S { /j' 05{- &~ w-s Fy(Hz) 0 0.1 )/ W -G - F,(Hz) | 0
§r—2-o= ‘ —— - =35 0 7 4 05— =& - el=215
-0.1 R LI B o o o o o o e ] = = l— =% - en=315
0 1 2 3 4 5 6 7 -0.1 ——— — —— T
VR, 0 0.005 0.01 0.015 0.02 0.02
Cq,

Fig. 8. Skin friction increase as a function of jet velocity for different slots

thicknesses. Fig. 9. Skin friction increase as a function©f; for different slots thickness.
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——eo—— f{ =80Hz 113 [ ® continus jet
] o P VR,=0 =
—o—— f{=180Hz 1 emin_ " B 15
5 2 09 4.1 lv VR, 1= " VR, " 15
0'8 1 o) continus jet <
,ﬂ : 053 >  VR,,=0 o) L1 |137
4 207 ly VR ="VvrR_"[ M 687
£ 06 e min o ma o
S ] .
3 < 057 » VRomex | 3.13
> 0.4 7 469
0.3 5
2 2? ] v f,(Hz) |180
>$ Xw '0 - h
-0.1 ¥ ! —+
0 1 2 3 4 5 6
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IS (R
IR ARItNL'S

. : . —
0 0.005 )l 0.015 0.02

Fig. 10. Hot wire velocity signals of blowing/suction pulsating jet.

o
>
0 0.005 0.01 0.015 0.02
t(s)
Fig. 11. Hot wire velocity signals of blowing pulsating jet.

1.2

113 [ [ ] continus jet

14 o> VR, =0 . B(°) 15

R el | 115

08 3 continus jet

: 0.59 D VR, =0 O L/l 1.37
2071 Tl e, M 687
E s ° 1.56
<0 VRomas | 3.13

0.4 469

0.3 > )

0.2 ¥

0. (1) 1 S f(Hz) | 80

0.1 —— @ — —

0 1 2 : 4 5 6
VR,

Fig. 12. Skin friction increase as a function of jet velocity for different pulsating

configurations fp = 80 Hz).

slightly better than the continuous ones for ¢/® 3. Both are

comparable at VR= 4.7. As the tests performed by Bernard et
al. [2] did correspond to high jet velocities and for blowing only

© max

Fig. 13. Skin friction increase as a function of jet velocity for different pulsating
configurations fp = 180 Hz).

and their influence on the skin friction variation along the wall
was assessed. The influence of the tested parameters can be
summarized as follows:

— Velocity ratio (VRy)
The performances increase with increasing:VR

— Skew angleg)
The results show a skew angle sensitivity. The skin friction
increases with8 decreasing. The best value tested is around
15°. Zhang [6] found the same value, which it is close to the
best value found by Godard et al. [1] for passive devices.

— Slots spacingl(/!)
An optimum slots spacing does not appear. It must be
recalled that in the present experiment, the slots spacing
varies slightly wherg is changed. The effect of this para-
meter is evidenced in Figs. 4 to 6. For small valueg. pf,
the efficiency is good and the sensitivity fois low. For
intermediate values df /[, an improvement is observed at
low velocity ratios but the efficiency decreases for higher
VRe. For large values of./[, the efficiency is improved
for all VRe, but a significant sensitivity t@ is observed,
together with a better transverse homogeneity.

— System spacing\.(/ )
The results show the importance of this parameter. For low
values, the results seem to indicate an ejection of the vor-
tices away from the wall. This leads to a high spanwise
variation of the skin friction. In the present tests, the value
of A/l = 6.87 gives the higher shear stress improvement
for VRe = 6.

— Slot thicknesse/ )
An increase of the slot thickness results in shifting the
At/19 curve toward lower VR This results in a sig-
nificant reduction of the minimum usable value of ¥R
However for a given value oAt/tg, Cgs increases with

jets, the present results confirm the conclusions of this prelimi-  increasing the slot thickness. This result is in good agree-

nary study.

4. Conclusion

ment with Zhang [4,6] studies, who usegl ~ 3/15 with
®p/8 = 0.056, in our cas@y/§ = 0.046.

— Pulsation frequency,
The results show that pulsating the jets without suction

An experiment was performed to test and optimize counter-  produces a higher efficiency fof, = 180 Hz than for
rotating slotted jet actuators in order to control a decelerating 80 Hz. For VR max< 3.5, the results are slightly better at
boundary layer. Several parameters of the device were varied 180 Hz than with the steady jet. They are comparable for
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VRe max= 4.70. At the lower frequencyfp = 80 Hz) the  Snecma, ONERA, DLR, LPMO, Manchester University, LML,

results are not good. Warwick University, TUB, Cranfield University, NTUA, and

Whatever the pulsed frequency is, the blowing/suctionAuxitrol. The project is funded by the European Union and the

(synthetic jet) configuration shows a very low effectivenessproject partners.

as compared to the steady jet configuration.
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