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ABSTRACT

The present study aims to investigate a developed sweep-
ing jet (SWJ) actuator to control separated turbulent flows to
improve the aerodynamic performances of transport vehicles.
These fluidic actuators are capable of injecting significant mo-
mentum and producing high-frequency oscillations. First, the
sweeping jet is experimentally characterised to assess its dy-
namics, including oscillation frequency f,s and spatial distri-
bution. Subsequently, eight SW1J actuators are applied to a 25°
angle ramp to mitigate turbulent flow separation. Wall pres-
sure measurements are used to estimate the drag of the ramp.
The results indicate a drag reduction when the actuation an-
gles are set at 30° and 45°. Two-dimensional, two-component
Particle Image Velocimetry (2D2C PIV) measurements show
a reduction of the recirculation bubble by up to 50% with low-
pressure control and complete suppression with higher pres-
sure. The mechanism explaining the control phenomenon is
that the streamwise and shear stresses of the Reynolds stress
tensor are intensified by the control, leading to an enhancement
of the mixing in the separated shear layer and consequently to
a reduction of the recirculation length.

INTRODUCTION

The occurrence of flow separation poses a challenge for
various aerodynamic applications, leading to notable decrease
of aerodynamic performances. Suppressing or at least decreas-
ing separation has become a focal point to improve aerody-
namics. For instance, during takeoff, aircraft often encounter
difficulties in generating sufficient lift at steep angles of at-
tack due to the appearance of separation on suction side of
the wings. To enhance lift in such conditions, the current ap-
proach consists on adding to a wing geometry flaps and slats
along both leading and trailing edges. However, this modifica-
tion introduces a considerable increase in the aircraft’s weight
and hence a drag. The consequence is the increase of the fuel
consumption and also the occurrence of a material robustness
problem. An alternative approach is to act directly on the
flow to improve aerodynamic performances. One method is
to use passive control, achieved by integrating small obstacles

or roughness elements into the geometry. Vortex generators
for example are a widely used tool to control flow separation
Godard & Stanislas (2006). These devices energise the bound-
ary layer, enhancing its ability to withstand adverse pressure
gradients by generating counter-rotating vortices near the sur-
face. While this technique may degrade control performance
in specific flow scenarios, it proves highly effective when ap-
plied under planned flow conditions. A more effective ap-
proach is to use active control systems capable of adapting to
varying flow conditions. This adaptability has shown consid-
erable promise in recent decades due to its ability to respond
to changing flow dynamics. Active actuators, such as fluidic
oscillators and pulsed-jet mechanisms, are used for this pur-
pose (Wang et al. (2016); Raibaudo ez al. (2017)). However,
for these actuators to significantly impact aerodynamics, they
need to operate at high frequencies and impart high momentum
to the flow (Cattafesta & Sheplak (2011); Viard et al. (2020)).
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Figure 1. Working principle of the sweeping jet actuator. (a)
Coanda phase, (b) feedback phase and (c) switching phase.

Recently, the sweeping jet actuator has received consider-
able attention among active control actuators. With its unique
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feature of pressure injection and absence of moving parts, it
can induce high-frequency oscillations and inject high momen-
tum. These characteristics have found applications in various
domains, such as enhancing the performance of land vehicles
(Veerasamy et al. (2022); Khan et al. (2022)), underwater ve-
hicles (Schmidt ez al. (2017)), and aircraft wings (Woszidlo &
Wygnanski (2011); Childs et al. (2016); Andino et al. (2015)).
Moreover, sweeping jets have been used to mitigate side ef-
fects of flow separation such as vibration and noise (Raman
& Raghu, 2004). The SWJ employs a three-step behaviour to
induce oscillatory motion at the outlet. The operating concept
is shown in Fig. 1. Initially, the inlet flow enters the mixing
chamber and, adheres to either the top or bottom surface due
to the Coanda effect. Consequently, the outlet jet is redirected
in the opposite direction (Fig.1a). Subsequently, a segment of
the flow traverses through the corresponding feedback loop,
inducing recirculation at the inlet throat (Fig.1b). As the re-
circulation area expands, the primary flow is gradually pushed
on the opposite side of the mixing chamber, causing the outlet
flow to be deflected in the opposite direction (Fig. 1c). This
process repeats cyclically.

For the control application, the characterisation of the in-
teraction between SWJs and the main flow is needed. This can
be addressed by investigating how SWJs influence the flow us-
ing a well documented case, the flow over the ramp (Stella
et al. (2017); Kourta et al. (2015)). This case presents a sep-
arated turbulent shear layer with recirculation at a fixed point
in the flow (the leading edge of the ramp), this geometry has
been categorised into three distinct regions.
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Figure 2. Schematic of a turbulent separated shear layer over
a ramp.

The primary flow is positioned away from the ramp and
is characterised by minimal turbulence and a positive mean
streamwise velocity. The interface between turbulent and non-
turbulent flow (turbulent-non-turbulent interface TNTI), de-
picted by the blue line (Fig.2), delineates this area. The in-
terface of the recirculation region (recirculation region inter-
face RRI) (illustrated by the red line in Fig.2) defines the re-
gion of recirculation, situated downstream of the leading edge
and adjacent to the ramp. Its key features include low tur-
bulence levels and a negative mean streamwise velocity. Be-
tween the TNTI and the RRI lies a separated shear layer char-
acterised by positive mean streamwise velocity and heightened
turbulence. This region exhibits complex and unsteady physics
(e.g. Kelvin-Helmholtz instabilities), marked by a wide range
of time and length scales (Aubrun et al. (2000); Kourta et al.
(2015)).

The objective of this study is twofold: first, to characterise
the flow produced by a sweeping jet for potential application in
flow control, and second, to improve our understanding and to
better characterise the interaction between a separated turbu-

lent shear layer and sweeping jet actuators (SWJs). To achieve
this, the experimental setups are first outlined, discussing both
the setups themselves and the measurement techniques em-
ployed. Subsequently, the findings of the sweeping jet char-
acterisation are presented. These jets are utilised to mitigate
separation over a 25° slope ramp. The mean properties of
the controlled flow, such as the drag coefficient and recircula-
tion length, are first examined to evaluate the effectiveness of
the control method. Subsequent sections are dedicated to ex-
plain the control mechanism through Particle Image Velocime-
try (PIV) measurements and an analysis of the Reynolds stress
tensor. At the end of this paper conclusions and perspectives
are provided.

EXPERIMENTAL SET-UP

In this study, two experimental setups are used. One is
used to examine and assess the SWJ characterisation and the
other one to study the flow control.
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Figure 3. Experimental setup for SWJ characterisation. (a)
Platform used for the actuator characterisation. (b) Dimension
of the actuator.

The PRISME laboratory in Orléans, France’s Flow Con-
trol Actuators experimental platform was used to characterise
the SWJ geometry chosen in this study and is presented in
Fig. 3a. The platform is equipped with a 55P11 hot-wire probe
for monitoring the flow velocity generated by the SWJ. With
an accuracy of 0.1 mm, the sensor can be moved in three direc-
tions by three ISEL displacement robots. This allows to study
the propagation of the jet wake over a large area. The Dantec
Dynamics Stream Ware software controls the position of the
hot wire and the velocity acquisition. The measurement plan
is then shown in Fig. 3a. It is comparable to a vertical plan
(VP) positioned in the center of the jet. The range of interest
is 15H x 20H, and %H < Ayz < 1H. To ensure the conver-
gence of the mean and the standard deviation of the signal, the
sampling frequency is F; = 60 kHz, and the acquisition time
is Ty = 2 s for each spatial point. This corresponds to at least
1000 oscillation periods for the lowest oscillation frequency
that was tested. A manometer is connected to the SWJ to mea-
sure the inlet pressure Py. The flow rate Q is measured using a
flowmeter upstream of the valve.

The shape of the SWJ used is presented in Fig. 3b. The
SWI is printed using a Fromlabs Form 2 SLA 3D printer with
aresolution of 25 pm. It has a 3 mm-wide nozzle H. It consists
of a mixing chamber with a throat-to-throat length of L, = 14
mm and two 9 mm-long feedback pathways that permit a part
of the main flow to recirculate. In this work, nine relative inlet
pressures Py between 20 and 100 kPa are tested, corresponding
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to a flow rate ranging from 0.9¢ 3 to 1.3¢ 3 m?.s~! (or 1.3 to
3g.57h.
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Figure 4. Experimental setup of the ramp geometry and the
metrology. (a) Distribution of the pressure measurements.
Black dots correspond to pressure taps. (b) Geometry of the
ramp with implemented SWJs.

The second test bench is the ramp with an angle f = 25°
and a height of 2 = 30 mm, located inside the test section of
50 x 50 cm? and 2 m long of the S2 Eiffel open wind tunnel of
the PRISME Laboratory in Orléans. Eight SWJ actuators are
installed on the ramp. Actuators are pitched at three different
angles of 30, 45, and 90°. The ramp used is identical to the one
examined in the study by Stella ef al. (2017) and is presented
in Fig. 4. 103 wall pressure sensors are placed on the ramp
(Fig. 4a). The pressure is recorded using two MPS4000 pres-
sure scanners with a sampling frequency of 500 Hz, and it is
synchronised with particle image velocimetry (PIV) measure-
ments in the centre line of the ramp. 2D2C planar PIV is used
with a sampling frequency of 4 Hz and a spatial resolution of
11.89 px/mm (84 wm/px). To do so, one 11 Mpx camera with
a 50 mm focal length is used in order to cover a field of view
of 84 x 3h. 2000 pairs of images are taken to ensure the con-
vergence of the results. This corresponds to a total acquisition
time of 500 s. In this study, the free-stream velocity U.. used is
respectively 15, 20, and 25 m.s~! and PIV measurements are
taken for an actuation angle of 30° and a free-stream velocity
of 20 m.s~1. 7 different inlet pressures inside the actuators are
tested to highlight the efficiency of the SWJ in controlling the
separation over the ramp (Pp = 0;1;3;5;13;15; 18 kPa).

RESULTS
SWJ characterisation

The SW1 is characterised in terms of temporal and spatial
evolution. Fig. 5a shows the oscillation frequency of the pro-
duced jet with respect to the input pressure. The trend is linear
for low inlet pressure (Py < 10 kPa). For the pressure range
tested, the oscillation frequency reaches a maximum around

2200 Hz for high pressures. Compared to other bi-stable os-
cillators tested in the laboratory (Wang et al. (2016)), where
(fose = 500 Hz), SWIJ achieves to perform higher frequencies,
which will be a valuable asset for the control of turbulent sep-
arated flows.
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Figure 5. Spatio-temporal characterisation of the sweeping
jet. (a) Evolution of oscillation frequency. (red line) shows
the maximum of pressure used in this study for control ap-
plication. (b) Spatial distrubution of the jet flow for an inlet
pressure Py = 20 kPa. (red line) corresponds to the threshold
used to define the jet geometry.

In this study, only low inlet pressures are used to control
the separated flow of the ramp. This corresponds to a maxi-
mum oscillation frequency of about 1200 Hz, as presented by
the red line in Fig. Sa.

The mean wake topology of the produced flow is pre-
sented in Fig. 5b. The threshold used is based on a criterion
defined by Ostermann et al. (2018); it corresponds to half of
the reference velocity inside the SWJ (as shown with the red
line in Fig. 5b). The jet created has the shape of a butterfly. It
provides information about the jet’s residence time inside the
actuator during the switching mechanism. For every oscilla-
tion period, the jet spends more time on the sidewalls of the
SWIJ’s mixing chamber due to the presence of high velocity
zones on both sides of the jet (Fig. 5b), creating a bi-stable
flow at the outlet. A more in-depth description of the flow pro-
duced by this SWJ can be found here Tocquer et al. (2024).

Turbulent separation flow control

Estimation of the drag coefficient In order to
state the effectiveness of the SWJ to control separated flows,
the pressure drag coefficient Cp is estimated using wall pres-
sure measurements for all tested cases.
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Cp=— Cpcos(B)dl e))
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With Cp the pressure coefficient at the wall estimated us-
ing pressure measurements. The integral is calculated on the
descending part of the ramp and is projected on the streamwise
axes. Figure 6 shows the evolution of the drag coefficient with
the momentum coefficient Cy, for the three actuation angles
tested. In this study, the momentum coefficient is given by:

2
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Where Uj,; is the jet velocity calculated using the flow
rate inside the actuators, p j; is the density estimated with isen-
tropic calculation, and A j; is the total exit area of the 8 actu-
ators. P and U.. are the density and the velocity of the flow,
and Sy is calculated using the ramp height h and the section
of the wind tunnel.
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Figure 6. Pressure drag coefficient Cp with the momentum
coefficient for different angles of actuation.

With an actuation angle of 90°, the drag coefficient is in-
creased for almost all tested pressures. It only displays some
benefits for the lowest inlet pressure tested, where the Cp goes
from 0.12 to 0.11, corresponding to a ACp of 5.7 %. For other
two angles of actuation, the evolution of the drag coefficient is
the same. It decreases slowly for low momentum coefficients
Cu <2 %, where ACppax = 24 % for a 45° actuation angle
and Cy = 1.42 %. Then the Cp decreases with a higher rate
for higher Cy; up to a full recovery of the drag ACp ~ 100 % at
Cy =6 %. SWIJs produce net thrust on the ramp for the highest
momentum coefficient tested, Cy > 6 % (ACp > 100 %).

Impact on the recirculation length The evo-
lution of the recirculation length L is related to the effective-
ness of the control. The PIV measurements for the SWJ actua-
tion with an angle of 30° are used to calculate the recirculation
length by estimating the recirculation region interface (RRI).
Where the RRI detection is based on the y criterion.

Fig. 7 presents the recirculation length for the different
flow conditions. During the increase of Cy;, the SWIJ flow is
first incompressible and becomes compressible for higher C,

Tocquer et al. (2024). During the switching from incompress-
ible case to compressible one, no sweeping of the jet is ob-
served for 4 < Cy; < 8 % in the case where U = 20 m.s~ 1. In
order to asses data for 4 < C, <8 %, a PIV case is done with
Us. =25 m.s~! and it is represented in red in figure 7.
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Figure 7. Recirculation length Lg for a 30° angle of actua-

tion. (red dot) correspond to a case with U, = 25 m.s—L.

With increasing momentum coefficients, the length of the
recirculation decreases. For Cy; > 6 %, it is equal to zero. It
also corresponds to the region where the SWJ actuators pro-
duce net thrust shown in the previous section.

Umean/Uso

(a)

(b)

x/h
(©)

Figure 8. The normalised mean streamwise velocity
Upean/Us. (a) Baseflow Cu=0%. (b)Cy =222 %. (c)
Cu=8.71%.

Figure 8 displays the mean streamwise velocity over the
ramp for the baseflow and two control cases. These cor-
responds to a momentum coefficient of Cy = 2.22 % and
Cp = 8.71 % respectively. The mean turbulent-non-turbulent
interface (TNTI) and the recirculation region interface (RRI)
are plotted in this figure. The TNTI is calculated using a mean
velocity threshold based on uniform momentum zones and a
detection method used by Kovacs et al. (2022). For C, = 2.22
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%, the recirculation length is reduced, and the shape of the lat-
ter is also affected by the control. At Cy = 8.71 %, it is not
possible to clearly detect the separation region. For controlled
cases, the high momentum region moves toward the bottom
ramp wall (e.g., x/h > 4 for Cy = 8.71 %) and the low ve-
locity region is greatly reduced by the control. The turbulent-
non-turbulent interface’s (TNTI) shape is also modified by the
control. All these mechanism induce a modification of the in-
teraction between the separated shear layer and the main flow
through the entertainment mechanism.

Analysis of the control effects The control of
separated shear flows with SWJs induces a decrease of the
recirculation zone by modifying the level of turbulence in-
side of the controlled flow. Figure 9 shows the turbulent ki-
netic energy (TKE) k for C, = 0, 2.22 and 8.71 %. Where
k= L(u?+v"?+w') and using isotropic hypothesis w'?
L +1?), it becomes k = 3 (u? +v'2).
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Figure 9. The normalised turbulent kinetic energy k/U2. (a)
Baseflow Cyy =0 %. (b) Cyy =2.22 %. (c) Cyy = 8.71 %.

When the SW1Js are on, the maximum TKE moves toward
the ramp. For the baseflow, the maximum of TKE is located at
x/h = 4. For control cases, it is located at x/h =~ 1 and x/h ~ 2
for respectively Cy; = 2.22 % and Cy; < 6 %. When the SWJ
does not generate thrust (Cy < 6 %), the TKE is increased. It
is twice compared to the baseflow for Cy; = 2.22 %. Thus, the
control with SWJ increases the mixing between the upper and
the lower parts of the flow near the ramp, thereby reducing the
recirculation length and increasing the pressure on the ramp.

The mechanism for this change can be understood by
studying the Reynolds stress tensor. In the following, we will
focus on the control case with no thrust production. Fig. 10
and Fig. 11 show the value of the Reynolds stress tensor for
both the baseflow and C, = 2.22 %.

For the baseflow, the main contribution inside the
separated shear flow comes from the streamwise stress
(Fig. 10a) with a maximum of max(|u'u’/UZ|) = 0.0469.
The lowest contribution comes from the shear stress with

y/h

y/h

y/h

x/h
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Figure 10. The normalised Reynolds stress tensor for the
baseflow Cy, = 0 %. (a) Streamwise stress ! / U2. (b) Shear
stress u'v' /U2. (c) Normal stress vv/ /U2,

Table 1. Maximum of Reynolds stresses for the baseflow and
Cyu=222%.

Baseflow | C;y =2.22 %
max(|u’u/ /UZ|) | 0.0469 0.1057
max(|u"v' /U2|) | 0.0169 0.0366
max(VV//U2Z|) | 0.0247 0.0394

max(|u'v' /UZ|) = 0.0169. For the control case, Reynolds
stresses move toward the ramp, as same as the TKE, and the
streamwise and shear stresses are highly increased, as pre-
sented in Fig. 11 and Tab. 1.

Streamwise stress and shear stress are multiplied respec-
tively by 2.5 and 2.2. The contribution of the shear and normal
stresses are equivalent for the control case (Tab. 1). The nor-
mal stress is also slightly increased, but only near the leading
edge of the ramp (Fig. 11c) where the recirculation bubble in-
teracts with the incoming flow.

CONCLUSION AND PERSPECTIVES

Sweeping jets have been proven in the present study to
be able to prevent flow separation in terms of mean properties.
A first characterisation of the spatio-temporal behaviour of the
jet produced by SWIJs showed that they can achieve high fre-
quency actuation with moderate inlet pressure. When applied
for a flow separation configuration. The actuation angles of
30° and 45° succeeded a reduction of the drag coefficient Cp
by up to 24 % for low momentum injection (Cy = 1.42 %).
However, the 90° angle of actuation increased the drag pro-
duced by the ramp. Two regimes for the controlled flow have
been identified here, depending of the level of momentum co-
efficient. For the first regime (low momentum coefficients),
the control with SW1Js leads to a drag reduction and the recir-
culation length is reduced by more than 50% for the best case.
For the other regime, the recirculation is totally suppressed by
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Figure 11.  The normalised Reynolds stress tensor for C, =
222 %. (a) Streamwise stress u/u’ /UZ. (b) Shear stress
wV' /U2, (c) Normal stress vv/ / U2,

the control, corresponding to higher momentum coefficients
(Cy > 6 %) where net thrust is generated by SWJs (ACp > 100
%).

Due to the nature of the actuators, the SWJs act on not
only the mean but also the turbulent properties of the sepa-
rated flow. The high momentum region is moved towards the
ramp by the control, inducing higher velocity gradients in the
streamwise direction. Thus, the production of turbulence is
enhanced in this region. This results in an increase in stream-
wise and shear stresses near the ramp, as well as the turbulent
kinetic energy (TKE). Thereby, the mixing between the upper
and lower parts of the flow near the ramp is increased, leading
to a reduction of the recirculation bubble and an increase in the
wall pressure on the ramp. Hence, it decreases the drag.

The mixing between the flow and the recirculation region
is affected by this control mechanism, which could be guided
by the interaction between the main flow and the separated
shear layer through the entrainment mechanism. Therefore,
future work will focus on the study of entrainment through the
TNTI in control cases.
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