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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 pas
tex generators, Aerospace Sci. Technol., in press], an optimization of passive vortex generators was performed in an adverse press
boundary layer. The model used was a bump in a boundary layer wind tunnel, which mimics the adverse pressure gradient on the s
of an airfoil at the verge of separation. The present contribution describes the next step of the study: a test campaign was performed
facility to optimize slotted jets devices with both continuous and pulsed blowing. The optimization was done using hot film shear stres
The results show quantitatively the improvement brought by the slotted jets devices in terms of skin friction increase. They also sho
tested devices are less effective than equivalent passive devices.
 2006 Elsevier SAS. All rights reserved.
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1. Introduction

In the first part of this contribution (Godard and Stanis
[1]), a reference passive device configuration was defined i
der to compare it to some fluid devices. In fact, passive dev
are quite simple to manufacture and it was shown by this s
that they can improve significantly the skin friction in an a
verse pressure gradient boundary layer, even with a heighh/δ

of the order of 0.4. The two main problems of such devices
their fragility and the drag increase that they bring permane
One way to solve both problems would be to make them
tractable, using some Micro Electro Mechanical Devices. T
is possible at the scale of the thin boundary layer which de
ops, for example, on the suction side of an extended wing
Nevertheless, the involved mechanical complexity and the
for such systems to be perturbed and even destroyed in the
flight environment have pushed to look more at fluid actua
using air jets. These have the advantage to need only tiny h

* Corresponding author. Tel.: +33 03 20 33 71 70; fax: +33 03 20 33 71
E-mail address:stanislas@ec-lille.fr (M. Stanislas).
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in the wall, to be easily cleaned by a strong blowing and
be protected from pollution by a small continuous blowing.
this basis, two main geometries came out: the rectangle an
circle. This paper is devoted to the rectangular configurat
A next paper will focus on round jets. Blowing techniques, fi
introduced by Taylor [2] in 1947, can use rectangular jets
vortex generators, nevertheless, may be due to manufact
complexity, this configuration is not very common in the lite
ature. Fig. 1 shows the double slotted jets configuration te
in the present project. As illustrated by Fig. 2, such a dev
was shown in the previous AEROMEMS project to produce
system of counter rotating quasi streamwise vortices (Ber
et al. [3]). In fact, similar longitudinal vortices, resulting fro
the complex interaction of a single rectangular jet with a cr
flow, have been observed in both experimental (Zhang [4
and numerical studies (Akanni and Henry [8]). These vorti
are quite similar to those produced by passive vane-type vo
generators (Zhang [5]; Bernard et al. [3]). In the AEROMEM
project, good results were obtained with pulsed jets wit
high velocity amplitude. These results were fairly insensi
to the frequency of the jet pulsation. It is important to not
that no lift-off was observed in the counter rotating config
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Nomenclature

Latin symbols

Cd drag coefficient
Cf skin friction coefficient,Cf = τp

1
2ρU2

e

Cqδ total flow coefficient
dP/dx pressure gradient . . . . . . . . . . . . . . . . . . . . . . . . Pa/m
e width of the slots . . . . . . . . . . . . . . . . . . . . . . . . . . mm
H height of the bump . . . . . . . . . . . . . . . . . . . . . . . . . . m
H12 shape factor,H12 = δ∗

θ

H32 shape factor,H32 = δ∗∗
θ

l length of the slots . . . . . . . . . . . . . . . . . . . . . . . . . mm
L transverse separation between two slots in the CtR

configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
U , V velocity components tangential and normal to the

surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
Ue external velocity . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
Uinf,U∞ freestream velocity . . . . . . . . . . . . . . . . . . . . . . m/s
uτ friction velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
x, y,z longitudinal, vertical and transverse coordinates m
Xd abscissa of the devices . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

β skew angle of the slots . . . . . . . . . . . . . . . . . . . . . . .◦
δ boundary layer thickness. . . . . . . . . . . . . . . . . . . . . m

δ∗ displacement thickness . . . . . . . . . . . . . . . . . . . . . . m
θ momentum thickness . . . . . . . . . . . . . . . . . . . . . . . . m
δ∗∗ energy thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
η coordinate normal to the bump . . . . . . . . . . . . . . . m
η+ dimensionless coordinate normal to the bump,η+ =

γUτ

v
λ distance between two devices . . . . . . . . . . . . . . . . m
λ+ dimensionless distance between two devices,λ+ =

λUτ

v

τ wall shear stress with actuation . . . . . . . . . kg/m2 s
τ0 wall shear stress without actuation . . . . . . kg/m2 s
	τ τ − τ0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m2 s
	P pressure difference. . . . . . . . . . . . . . . . . . . . . . . . . . Pa
	z lateral displacement . . . . . . . . . . . . . . . . . . . . . . . . . m
	Xvg streamwise distance between the vortex generato

line and the minimum skin friction station

Abbreviations

BL boundary layer
ZPGBL zero pressure gradient boundary layer
APGBL adverse pressure gradient boundary layer
CoR co-rotating
CtR counter-rotating
VG vortex generator

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 α (◦) β (◦) e/ l Φh/δ λ/L VRe

Zhang 1997–2000 ZPGBL Single steady jet 30 15 1/5 0.58 – 1
Bernard 2000 APGBL (Bump) CtR double slot pulsed jet 0 45 1/30 0.019 5.17 5
gh
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he
ration (Bernard et al. [3]), while a strong penetration throu
the boundary layer (reducing the control effectiveness) was
served for a single rectangular jet in zero pressure gradien
by Zhang [4]. It is important to notice too that, in the literatu
(Zhang [4–7]; Akanni and Henry [8]; Vronski [9]), the recta
gular jet is pitched and skewed. The best parameter choic
turbulent boundary layer control obtained by Zhang [4–7
compared in Table 1 with the parameters of Bernard et al. [3
the AEROMEMS study.α is the pitch angle,β the skew angle
-
L

or

n

e the slot thickness,l the slot length,Φh the hydraulic diameter
δ the boundary layer thickness,λ the transverse devices spa
ing, L the distance between two slots of the same device
VRe the ratio of the jet velocity to the BL external velocity. A
seen from this table, there are significant differences betw
the respective velocity ratios used in both studies. It was
of interest to vary the parameters of the present configura
in order to optimize it and compare it quantitatively with t
passive devices characterized in Godard and Stanislas [1].
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Fig. 2. Light sheet/smoke visualization of the counter-rotating vortices ge
ated by a system of two slots as in Fig. 1 (a). The light sheet is normal t
wall and to the flow, just downstream of the actuators. From Bernard et al.

2. Experimental set-up

The experimental set-up is a bump on the lower floor
a boundary layer wind tunnel which mimics the flow on t
suction side of an airfoil at high angle of attack (but witho
separation). It will not be detailed here, as it is the same as
one used by Godard and Stanislas [1] and by Bernard et a
10]. Only the specific actuators will be described.

Fig. 1 gives the geometry and Fig. 3 shows a photograp
the devices which were manufactured. Each actuator is c
posed of two slots of widthe and lengthl. These two slots ar
symmetric and form an angleβ with the streamwisex axis.

Fig. 3. Slotted jets device used for the parametric study.
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e
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They are separated by a distanceL which follows the defi-
nition used for the passive devices by Godard and Stan
[1] and which thus depends onβ as the slots rotate aroun
a point located at their mid length. The spanwise spacing
tween two actuators isλ. These actuators were settled in
rectangular opening located in the middle of the wind tun
at Xd = 17.55 m. A rectangular cap was manufactured wit
series of cylindrical holes at a constant spacing of 20 mm. T
cap was made of a thick wooden plate glued on a thin alumi
plate. In each cylindrical hole, a steel cap containing a rec
gular nozzle could be fitted. The nozzles were manufacture
electro-erosion, in order to obtain an accurate slot size a
smooth nozzle shape. Different series of steel caps were
ufactured with different slot width (e = 0.5,1,2,3 mm). The
slot length was fixed at 15 mm. With such a device, the sp
ing and skew angle of the slots were easily varied. The wh
row of slots was fed from the backside, either from a sett
chamber for continuous blowing or from a loudspeaker sys
for pulsating jets.

All the measurements were performed using the hot
shear stress probes described in Godard and Stanislas [1].

The flow without control was also the same as in God
and Stanislas [1] and as previously characterized in deta
Bernard et al. [10].

3. Optimization results

3.1. Test description

Fig. 1 gives the geometrical characteristic parameters o
double slot device. As compared to the passive device, the
new parameter is the slot thicknesse. At the actuators location
the boundary layer thickness isδ = 16.5 cm. Table 2 gives the
parameters which were varied and the range of values te
in the study.Φh/δ is the ratio of the jets hydraulic diameter
the boundary layer thickness, VRe is the ratio between the je
velocity and the local free stream velocity,fp is the frequency
of pulsation of the jets. As explained in Section 2, cylindri
steel knobs, containing one slot, are plugged in a plate
the corresponding hole. The knobs can be easily turned to
just the skew angleβ, while changing the plate allows to va
the spacingλ. The aspect ratioe/l was varied by manufactur
ing different knobs. The test procedure was the same a
the optimization of the passive systems. For each variatio
Table 2
Range of values of double slot jet device parameters tested

Model used VGJ α (◦) β (◦) e/ l Φh/δ λ/L VRe fp (Hz)

APGBL (Bump) CtR slots 15 1/30 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/δ L/l λ/l β (◦) 	τ/τ (%)

6 1/15 0.099 2.08 6.87 15 70/55
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the geometry, a jet velocity range between 10 m/s and 80 m/s
(1.17 < VRe < 6.65) was investigated. Note should be tak
of the fact that the pitch angle was held constant (α = 0◦) be-
cause, in contradiction to the literature (Zhang [5]), no vor
lift-off was observed in the previous AEROMEMS study. T
first part of the optimization procedure was applied to the c
tinuous jets configuration. The effect of the pulsation of the
was tested only for the best continuous configuration. Tab
gives the starting parameters for this optimization study.

3.2. Results

3.2.1. Continuous blowing
The active devices tests results are presented with the

normalization as for the passive devices in Godard and Stan
[1]. The starting configuration was close to the AEROMEM
study by Bernard et al. [3]. The devices are located at
same streamwise position along the bump (Xd = 17.55 m).
Three counter rotating systems (1 system= 2 slots) are located
symmetrically with respect to the wind tunnel vertical ce
tral plane. Skin friction measurements were performed at
same streamwise location as for the passive devices (XCfmin =
18.58 m). In the spanwise direction, the probes are on
counter-rotating system axis (z/λ = 0) and halfway betwee
two systems (z/λ = 0.5).

Figs. 4, 5 and 6 show the effect of the skew angle(β),
slot spacing(L/l) and jet velocity ratio VRe on the skin fric-
tion. Fig. 4 shows positive	τ/τ0 values for VRe ≈ 3. The
	τ/τ0 difference in the spanwise direction increases with
creasingβ. For β = 15◦ and VRe = 6, the	τ/τ0 difference
reaches 30%.	τ/τ0 is more sensitive toβ between two de
vices (z/λ = 0.5) than on the axis (z/λ = 0).

Fig. 5 shows positive	τ/τ0 values from VRe ≈ 2. The
	τ/τ0 slope is lower than in Figs. 4 and 6. The curve te
to level off just before VRe = 4 and sharply increase from
VRe = 5. From VRe = 2 up to 3.5, 	τ/τ0 is a bit higher than
with L/l = 1.37. For VRe > 3.5 it is lower. The spanwise dis
tribution seems to be a function of VRe, whateverβ is. Higher
	τ/τ0 values (+65%) are found at both spanwise position
β = 25◦ with VRe = 6.

In Fig. 6 	τ/τ0 is sensitive toβ. The limit of efficiency
(VRe ≈ 2) is found for the lowest skew angle (β = 15◦). There
is no significant	τ/τ0 difference in spanwise direction. In th

Fig. 4. Skin friction increase as a function of jet velocity for different sk
angles andL/l = 1.37.
-
s
3

e
as

e

e

e

-

best case (β = 15◦), from VRe = 2 up to 4.25	τ/τ0 is higher
than in Fig. 4 (L/l = 1.37). For VRe > 4.25 it is slightly lower.

In spite of its higher limit of efficiency (VRe = 3) and a sig-
nificant	τ/τ0 spanwise variation, Fig. 4 shows results wh
are the less sensitive toβ. This aspect is important in terms
robustness for an aircraft device. This configuration prese
maximum skin friction variations from VRe = 4 up to VRe =
6.5 at halfway, with a highest value of 100% for VRe = 6 and
β = 15◦. These values ofβ andL/l were chosen for the fol
lowing tests.

Fig. 7 shows the effect of the system spacing(λ/l) and jet
velocity ratio VRe on the skin friction. Forλ/l = 4.12, the re-
sults are much poorer than for the other values. This ma
attributed to a lift-off phenomena. On the system axis, the

Fig. 5. Skin friction increase as a function of jet velocity for different sk
angles andL/l = 2.75.

Fig. 6. Skin friction increase as a function of jet velocity for different sk
angles andL/l = 4.12.

Fig. 7. Skin friction increase as a function of jet velocity for different distan
between two systems.
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re
sults are fairly close for the three higher values ofλ/l, although
a visible decrease is observed atλ/l = 8.24. The sensitivity to
this parameter is clearly important atz/λ = 0.5, where	τ in-
creases regularly withλ/l in the studied range. Consequen
the spanwise variation increases also. Looking at the res
it can be expected that by increasing againλ/l, the values a
z/λ = 0.5 will at least level off, while the values atz = 0 will
further decrease. Consequently, a value ofλ/l = 6.87 was re-
tained as a best compromise for the following tests.

Fig. 8 shows the effect of the slots aspect ratio for the cho
range of VRe. For the largest slots, air compressor constr
have limited the maximum jet velocity to VRe = 3.91. Nev-
ertheless, Fig. 8 shows a significant reduction of the limi
efficiency whene/l increases (VRe limit = 2.8;1.5 and 0.80
for e/l = 1/15;2/15 and 3/15 respectively). The VRe nec-
essary to produce the best results (	τ/τ0 ≈ 100%) is also
reduced (VRe = 6;4.8;4.2 for e/l = 1/15;2/15 and 3/15 re-
spectively). Fig. 9 shows the effect of the flow rate coeffici
Cqδ on	τ/τ0. This coefficient is defined as:

Cqδ = ρjVjAj

ρeVeδλ

whereρj , Vj , andAj are respectively the jet density, veloci
and cross-section,ρe Ve, δ andλ are the density and velocit
outside the BL at the station of the jet,δ the boundary laye
thickness andλ the spacing between two devices.

Of interest is the fact that all curves have approximately
same origin in this representation, indicating that a minim
flow rate is needed to obtain a significant effect. The sec
point is that the slope at the origin is decreasing whene/l in-
creases. On the contrary, the maximum value reached s
to be more or less constant, but it is reached for increa
values ofCqδ . Figs. 8 and 9 show that to reach a given va
of 	τ/τ0, increasing the slot thickness(e) allows to decreas
VRe, but at the expense of increasingCqδ . For example a
Zs/λ = 0.5, a	τ/τ0 = 60% requires a 32% reduction of VRe

and a 40% increase ofCqδ when the slot thickness is double
from e/l = 1/15 toe/l = 2/15.

Table 3 gives the best set of parameters found for this a
ators configuration and the corresponding improvement in
friction. These values can be directly compared to the res
obtained with passive devices by Godard et al. [1]. Obviou

Fig. 8. Skin friction increase as a function of jet velocity for different sl
thicknesses.
s,

n
t

f

t
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n
ts

the slotted jets are much less effective than the passive de
(by a factor of about 2).

3.2.2. Pulsed blowing
In the first AEROMEMS project (Bernard et al. [3]), pulsa

ing jets were developed and studied extensively. In the slo
configuration under study, the conclusion was that the jet
sation was not changing fundamentally the physics of the a
ating flow. It was mainly allowing to save half of the flow ra
by using a sinusoidal jet velocity with a maximum value co
parable to that of an equivalent continuous blowing. This re
was independent on the frequency in the range 50–150 Hz

It was of course of interest to check the pulsation eff
in the present optimal configuration, which is fairly differe
from the initial one (see Tables 2 and 3). For that purpose
same method was used: the whole array of devices was fe
a rectangular pipe with a 2× 20 cm2 cross section. Two loud
speakers of 20 cm in diameter were fitted in the two walls of
channel (face to face). The moving cone was filled with foam
keep the pipe rectangular in cross section. The two loud sp
ers were driven by a stereo amplifier and the input signal
provided by a PC computer. The channel was fed, from the
tom, by a settling chamber. This allowed to apply the pulsa
on a non-zero mean velocity. The system could be operate
to 200 Hz, with outlet velocities up to 70 m/s.

Figs. 10 and 11 show the instantaneous jets velocity obta
in respectively a suction/blowing pulse cycle (no mean fl
rate) and a purely blowing pulsed cycle, measured with a si
hot wire anemometer.

In Fig. 10, the higher peak is due to the blowing and
lower peak is due to the suction phase (rectification of the n
ative velocities by the HWA). The suction phase can be eli
nated by adding a continuous air flow in the system (Fig.
Two different frequencies (80–180 Hz) were tested in this stu
in the range allowed by the pulsating device. Different mean
locity profiles of the jets were measured at five positions al
a slot, to confirm the jet homogeneity which was very go
Figs. 12 and 13 show the pulsed jets effect on the skin
tion variation. Each figure includes results of continuous j
blowing/suction pulsed jets and blowing only pulsed jets.
all cases the blowing/suction configuration gives the worst
sults. The continuous jets give better results than the pulsed
at Fp = 80 Hz. At Fp = 180 Hz, the blowing pulsed jets a

Fig. 9. Skin friction increase as a function ofCqδ for different slots thickness.
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Fig. 10. Hot wire velocity signals of blowing/suction pulsating jet.

Fig. 11. Hot wire velocity signals of blowing pulsating jet.

Fig. 12. Skin friction increase as a function of jet velocity for different pulsa
configurations (fp = 80 Hz).

slightly better than the continuous ones for VRe � 3. Both are
comparable at VRe = 4.7. As the tests performed by Bernard
al. [2] did correspond to high jet velocities and for blowing on
jets, the present results confirm the conclusions of this pre
nary study.

4. Conclusion

An experiment was performed to test and optimize coun
rotating slotted jet actuators in order to control a decelera
boundary layer. Several parameters of the device were v
i-

-
g
d

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

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

– Velocity ratio (VRe)
The performances increase with increasing VRe.

– Skew angle (β)
The results show a skew angle sensitivity. The skin frict
increases withβ decreasing. The best value tested is aro
15◦. Zhang [6] found the same value, which it is close to
best value found by Godard et al. [1] for passive device

– Slots spacing (L/l)
An optimum slots spacing does not appear. It must
recalled that in the present experiment, the slots spa
varies slightly whenβ is changed. The effect of this par
meter is evidenced in Figs. 4 to 6. For small values ofL/l,
the efficiency is good and the sensitivity toβ is low. For
intermediate values ofL/l, an improvement is observed
low velocity ratios but the efficiency decreases for hig
VRe. For large values ofL/l, the efficiency is improved
for all VRe, but a significant sensitivity toβ is observed,
together with a better transverse homogeneity.

– System spacing (λ/l)
The results show the importance of this parameter. For
values, the results seem to indicate an ejection of the
tices away from the wall. This leads to a high spanw
variation of the skin friction. In the present tests, the va
of λ/l = 6.87 gives the higher shear stress improvem
for VRe = 6.

– Slot thickness(e/ l)

An increase of the slot thickness results in shifting
	τ/τ0 curve toward lower VRe. This results in a sig
nificant reduction of the minimum usable value of VRe.
However for a given value of	τ/τ0,Cqδ increases with
increasing the slot thickness. This result is in good ag
ment with Zhang [4,6] studies, who usede/l ∼ 3/15 with
Φh/δ = 0.056, in our caseΦh/δ = 0.046.

– Pulsation frequencyfp
The results show that pulsating the jets without suc
produces a higher efficiency forfp = 180 Hz than for
80 Hz. For VRe max< 3.5, the results are slightly better
180 Hz than with the steady jet. They are comparable
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VRe max= 4.70. At the lower frequency (fp = 80 Hz) the
results are not good.
Whatever the pulsed frequency is, the blowing/suct
(synthetic jet) configuration shows a very low effectiven
as compared to the steady jet configuration.

Finally, it must be mentioned that for a geometrical con
uration roughly comparable to the passive devices in term
– skew angle (β) – system and – slots spacing, the wall sh
stress evolution in the spanwise direction shows significant
ferences. The maximum skin friction variation with resp
to the smooth wall is located here between two devices.
characteristic differs from that of counter rotating passive V
which evidence this maximum around the plane of symmetr
each device. This would suggest a change of sign of the vor
between the two configurations. This point was not investiga
further as the effectiveness of the slotted jets actuators app
not so good. It was decided at this stage to characterize r
jets actuators. It should be indicated that the tilt angle of
jets was not investigated in the present study although othe
thors seem to obtain better results with tilted slotted jets (Zh
[4–7]).
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