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This paper concerns the experimental study of the control of a turbulent plane mixing layer by a single
array of synthetic (loudspeakers) jets deployed through circular orifices. The displacement of the mixing
layer towards the wall partially mimics the flow control scenario of the reattachment of a massively sep-
arated flow with the jets positioned after the separation location. The experimental setup is the mixing
layer downstream of a splitter plate positioned at a small distance away from a flat plate. PIV observa-
tions show that the synthetic jet abruptly destroys the large scale coherent structures. There is a large
modification to the turbulence field due to the distortion in the mean velocity field. An overall increase
in the mixing of the flow between the flat plate and the mixing layer which cause the deviation of the
flow towards the wall surface. Lastly, a parametric study of the synthetic jet trajectory is realized by vary-
ing the velocity of the air stream that generates the mixing layer. The ratio of the peak jet velocity to the
lower velocity of the mixing layer should not be overly excessive such that the jet penetrates the mixing
layer completely.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

In most flow separation control strategies, the actuators are
placed upstream of the location of the separation so that the actu-
ators perturb the boundary layer structure. This induces extra vor-
ticity which enhances the momentum transfer towards the wall,
and the energized boundary layer is more resistant towards ad-
verse pressure gradients. A different strategy had been adopted
by Viswanath et al. (2000); they placed a tangentially orientated
jet within a separation bubble and demonstrate its efficiency. In
this case, the physics of the interaction between the control jets
and the separated layer is different from deploying a jet upstream
of the separation location. Such control can be a unique tool for
controlling massively separated flow without completely attaching
it. The study of Bourgois (2007), which motivated the current
study, showed that a separated boundary layer over a NACA0015
airfoil could be reattached by introducing a synthetic jet excitation
within the separated region. This has potential application in the
case when separation occurs due to geometrical effects encoun-
tered in the aft of bluff bodies such as rear panels of cars.
ll rights reserved.
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In order to characterize this control method, we define a simple
and fundamental flow configuration composing of a turbulent mix-
ing layer developing in non-symmetric external conditions, such
that one wall of the wind tunnel is closer than the other from
the mixing layer axis. This configuration represents a mixing layer
developing close to the wall. It has some similarity to a separated
flow over a solid surface, some distance downstream from the sep-
aration location. Due to the effects of entrainment, the dissymme-
try of the external field will impose more modification on the side
of mixing layer (low velocity side) that is closer to the wall as com-
pared to the other side that can be considered to be interfaced with
an infinite environment. It is then expected that, any action on the
mixing process of the mixing layer will be enhanced by the dis-
symmetry in external conditions. In the present situation, a shear
layer originates from the end of the splitter plate separating two
air streams of different speed. For the case of flow separation over
an airfoil, the origin of the shear layer arises from a separation from
a wall surface. Its physics is complicated by the effects of adverse
pressure gradient and the presence of re-circulation. In essence,
the present configuration is designed to control a mixing layer
close to a wall surface that simulates a shear layer arising from a
separation which could be topologically close or open. Practically,
it would bear some resemblance to the flow at the trailing edge
of a main element-flap junction of a high lift system. A single array
of synthetic jets perturbing a turbulent mixing layer is used as a
simplified model for the study of deploying the jets within a sepa-
rated zone. The actuator system, developed in the work of Bourgois
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(2007), is installed in a flat plate and positioned below a developed
turbulent mixing layer. The aim of this experimental approach is to
have a better insight to the understanding of the mechanisms
which drive the boundary layer reattachment.

2. Experimental facility and flow arrangement

The flat plate model is mounted into the test section (1.25 �
1.25 m2) of an open loop wind tunnel. The chord of the plate is
1 m and has a span measuring 1.25 m. A splitter plate is used to gen-
erate the mixing layer as described in Fig. 1. The distance from the
upper wall of the wind tunnel is 400 mm and the lower wall is
55 mm (�1.8 times the vorticity thickness of the mixing layer) away
from the axis of the mixing layer. This will provide an approximate
representation of the situation of a shear layer in a separated flow
over a solid surface. Fig. 1a shows the experimental arrangement.
The origin (x = 0 mm) of the streamwise coordinate is located at
the actuator location because it is the source of the perturbation
in the flow. Significant changes to the flow are expected down-
stream from this position. The vertical origin (y = 0mm) is specified
as the trailing edge of the splitter plate. The trailing edge is located
upstream of the actuator location such that the mixing layer is
developed and reaches a quasi-asymptotic state. The coordinates
of the trailing edge of the splitter plate are x = �286 mm and
y = 0 mm. A flat plate, with a bevel of 15� simulating the rear part
of an airfoil, is installed below the splitter plate such that
x = 184 mm and x = 424 mm mark the beginning of the bevel and
the end of the flat plate, respectively. The parameters used to char-
acterize the mixing layer are the velocity ratio (r), the mean velocity
(Um), the velocity difference (DU) and the velocity parameter (k)
which are defined as follows: r = U2/U1, Um = (U1 + U2)/2, DU = U1 �
U2, k = DU/2Um.

Synthetic jets through circular orifices are generated by loud-
speakers installed within the flat plate; five jets are controlled by
one loud speaker. The frequency of the jets can be adjusted between
20 and 100 Hz. The jet axis is orientated normal to the wall. The
diameter of the circular orifices (dj) is 3 mm and the spacing be-
tween two jets in the spanwise direction is 10 mm. A similar jet
deployment technique was used by Darabi and Wygnanski (2004).
They used loud speakers to generate a synthetic jet through a slot
Fig. 1. (a) Experimental arrangement and (
to control separation over a generic flap. In the case of Amitay and
Glezer(2002), they used synthetic jets deployed through a rectangu-
lar slit near the modified leading edge of a four digit symmetric
NACA series airfoil and successfully suppressed flow separation up
to post stall angles of attack. In the present study, a frequency of
100 Hz is selected based on the large extent of mixing layer devia-
tion observed via laser light sheet visualization. Ho and Huerre
(1984) pointed out that better efficiency could be expected if an
appropriate frequency has been chosen to perturb the mixing layer
instability. Another concept concerning the use of a frequency
scaled by the size of the separation and free stream velocity such
that it is equal to unity has been used by Darabi and Wygnanski
(2004). Hong et al. (2002) demonstrated a different mechanism;
they perturbed the boundary layer instability (Tollmien–Schlich-
ting instability) to achieve efficient control of the laminar separa-
tion bubble using synthetic jets deployed via loud speakers. Fig.
2a shows the variation of the velocity output at the exit plane of
the orifice when operating at a 100 Hz. This measurement was made
with a single component hotwire with a length of 1.5 mm and
would give an approximate of the space average ‘rectified’ velocity.
A sampling frequency of 10 kHz was used. The synthetic jet encoun-
ters the mixing layer at a vertical position typically 30 mm
(�10 diameters) away from the orifice. At that location, the suction
phase of the synthetic jet is not present which is consistent with
previous experimental results reported in Bourgois (2007).

The spanwise characteristic, in terms of velocity fluctuation, of
the jet in the presence of a cross flow is presented in Fig. 2b. At
x = 10 mm, large fluctuation localized at adjacent sides of the orifices
are induced by the jet creating a wavelike distribution throughout
the span. This fluctuation gets smeared out and displaced from the
wall surface in the downstream location at x = 25 mm.

3. Results

3.1. Deflection of a mixing layer in near field of the jet

The results presented in this section are obtained by PIV. The
pulse between the Nd-Yag laser was set at 250 ls in order to re-
solve the dynamics of the jet region. The resolution of the camera
is 1375 by 1039 pixels, velocity vectors are calculated by sequen-
b) distribution of orifices at x = 0 mm.
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Fig. 2. (a) Variation of velocity at the exit plane of the orifice when deployed at 100 Hz without cross flow and (b) streamwise velocity fluctuation, distributed over three
synthetic jets in the spanwise direction, measured by a single component hot wire at x = 10 mm and 25 mm in the presence of cross flow with U1 = 4.8 m/s.
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tial cross-correlation in an interrogation window of 16 by 16 pixels
with a 50% overlap ratio. The PIV observation window was placed
directly above an orifice at a position corresponding to 1/3 span of
the flat plate. The calculation was performed by the commercial
software, LaVision. The uncontrolled (baseline) flow conditions
are tabulated in Table 1, where K is the ratio of the orifice diameter
to the boundary layer thickness.

The mean velocity profiles for uncontrolled and controlled cases
are presented in Fig. 3a and b, respectively. The order of magnitudes
of the Reynolds stress at y � 0 mm, in Fig. 4, is consistent with a clas-
sical mixing layer. The mean streamwise velocity contours, for the
uncontrolled case, is presented in Fig. 5a. It can be observed that
the flow is slightly displaced towards the lower wall, as expected
Table 1
Characteristics of the baseline mixing layer

U1 (m/s) r Um DU K

4.8 0.63 3.96 1.69 0.21
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Fig. 3. Mean U velocity profiles at various x positions: (a) uncontrolled and
(b) controlled flow, with synthetic jets deployed at 100 Hz.
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Fig. 4. Reynolds stress profiles at various x positions: (a) hu0u0i/(DU)
due to asymmetric location of the splitter plate. The corresponding
distribution of the vertical component velocity, in Fig. 6a, shows a
small deflexion effect towards the wall. With reference to (Figs. 5b
and 6b, the deployment of the synthetic jets causes a strong distor-
tion in velocity field in the region where y < 0 mm and x > 0 mm. A
comparison of the streamwise velocity profile between the uncon-
trolled and controlled case suggests that the mean shear is displaced
toward the wall (see Fig. 3). In addition, the activation of the syn-
thetic jet results in an acceleration of the flow in the low velocity side
of the mixing layer (0 mm < y < �30 mm). After x = 0 mm, as shown
inFigs. 7 and 8, very large level of turbulence are observed. These are
associated to the high velocity gradients generated at the interface of
the control jet and the deviated mixing layer. This can be a character-
istic feature of an attaching flow due to the deployment of synthetic
jets within the separated region. The increase of the mixing is asso-
ciated to an increase of the entrainment process. The extra entrain-
ment should correspond to a need for extra debit that has to be
extracted from the equivalent channel flow in the part of flow be-
tween the mixing layer and the wall. This explains qualitatively
the deviation of the mixing layer. In contrast, the synthetic jet does
significantly affect the flow in the region where y > 0 mm.

The turbulence production term,

P ¼
� hv02i dV

dy þ hu02i dU
dx þ hu0v0i dU

dy þ dV
dx

� �h i

ðDUÞ3

for the baseline flow is shown in Fig. 9a and is overall positive. How-
ever, when the control is deployed, as shown in Fig. 9b, there is a
localized region near the jet with negative production and is clear
that the original mixing layer (for x > 0 mm) has been totally mod-
ified such that the production in the downstream direction is more
distributed towards regions where y < 0 mm. The mean velocity
profiles, in Fig. 3b, indicates an increase in velocity and momentum
in this region. Moreover, inspection of the controlled velocity profile
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2; (b) hv0v0i/(DU)2; and (c) hu0v0i/(DU)2 in the uncontrolled flow.
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Fig. 5. Mean velocity fields (U/DU) for (a) uncontrolled and (b) controlled flow with jets deployed at 100 Hz.
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Fig. 7. Controlled flow Reynolds stress fields: (a) hu0u0i/(DU)2; and (b) hv0v0i/(DU)2, with jets deployed at 100 Hz.
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Fig. 9. Turbulence production field: (a) uncontrolled; and (b) controlled flow, with jets deployed at 100 Hz.
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at x = 100 mm indicates a widening of the vorticity thickness by 13%
as compared to the uncontrolled case. These observations explain
the shift of the original mixing layer axis towards y < 0 mm for
the interval 0 mm < x < 140 mm. There is also a slight spread in re-
gions where y > 0 mm, but the associated mean velocity profile re-
mains unchanged when we compare Fig. 3a and b. Note that the
original mixing layer still remains in the region of x < 0 mm. It
should be remarked that the flow modified flow field is no longer
a mixing layer. However, it bears the characteristics of a mixing
layer shifted towards the wall after x = 100 mm.

3.2. POD analysis of the interaction of the synthetic jet and the mixing
layer

In order to visualize and extract information concerning the large
eddies due to synthetic jet and interaction with the uncontrolled
mixing layer for the case described in Section 3.1, the technique of
Proper Orthogonal Decomposition (POD), originally proposed by
Lumley (1967) and applied in a mixing layer by Delville et al.
(1999), has been applied to the uncontrolled and controlled cases.
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where N is the total number of modes, an(t) are the fourier coeffi-
cients, Un are the spatial modes, umean,i is the temporal mean of
500 realizations of velocity fields and t denotes time. The spatial
modes of the uncontrolled flow follow that of a conventional mixing
layer as shown in Fig. 10. The region of main activity is centered
about y = 0 mm. The first two spatial modes of the controlled flow
in Fig. 11a and b revealed 2 shear layers due to the synthetic jet.
This is probably due to the separated shear layer from the circular
orifice. If we view the system of structures in a coordinate system
that is orthogonal to an imaginary jet trajectory, we would have a
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normal synthetic jet in the presence of a cross flow. As shown in
Fig. 11a, the length scale between vortex rings is approxi-
mately 40 mm. Spectral analysis of the velocity (not presented)
revealed a dominant 100 Hz in the region of the coherent structure,
a convective speed of these structures can be estimated as 4 m/s
(=40 mm � 100 Hz).

The typical frequency of the velocity in the uncontrolled mixing
layer is �30 Hz (approximately one third of the activation fre-
quency) at the location of the control. With a local vorticity thick-
ness of approximately 30 mm (deduced from Fig 3a), a convection
velocity of 4.4 m/s can be estimated. This is almost equal to the va-
lue deduced from the characteristics of coherent structures due to
the synthetic jets. The convective behavior of the synthetic jet is
revealed such that the phase in mode 2 (Fig. 11b) has been shifted
by p approximately with respect to mode 1 (Fig. 11a) in the down-
stream direction. This is a direct consequence of traveling waves in
the flow.

The mixing layer starts to reveal itself in the third mode along
the axis y � 0 mm as shown in Fig. 12a. Character of the synthetic
jet is also present in the region where y < 0 mm. Spatial modes
three and four can be interpreted to be the coherent structures
Fig. 12. Spatial modes for U and V velocities for the
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synthetic jet. It is important to note that the high level of coher-
ence of structures due to the synthetic jet, presented in Fig. 11, al-
lows itself to be decoupled from the rest of the modes.
3.3. Deflecting mixing layer in the far field of the jet

To exemplify the effectiveness of the synthetic jet, a PIV exper-
iment is performed on a larger observation window size. Due to
experimental constraints, the flow configuration is slightly differ-
ent. A velocity ratio r = 0.6 is maintained with U1 = 2.35 m/s. The
jet is deployed at a frequency of 60 Hz with a peak velocity of
27 m/s and the splitter plate is 70 mm above the flat plate in
which the loud speakers are installed. As shown in Fig. 13, the
mixing layer has been deviated such that it almost comes into
contact with the wall surface. The streamwise and vertical veloc-
ity profiles for both uncontrolled and controlled cases are shown
in Fig. 14a and b, respectively. The vorticity thickness, in the nat-
ural case, follows approximately the Abramovich–Sabin rule for
plane mixing layers shown in Fig. 14c. The uncontrolled stream-
controlled flow: (a) third; and (b) fourth mode.
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wise velocity profiles in Fig. 14a reveals a wake effect near the
trailing edge of the splitter plate (x = �296 mm). This effect rap-
idly disappears and the mixing layer behaves in a self-similar
way at the synthetic jet location of x = 0 mm. For the controlled
case, the increase in streamwise velocity and a larger mean verti-
cal velocity towards the wall for y/d < 0 indicate that the shear
layer is displaced towards the wall. With reference to Fig. 15b,
a large increase of turbulent energy is observed downstream of
the interacting region defined as the regions for which
x > 180 mm (note that the iso-levels do not have the same con-
Turbulent kinetic energy withou
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synthetic jet; and the lower region corresponding to the deviated
mixing layer which has a lower turbulent energy when it ap-
proaches the wall. The high turbulent energy is attributed to
the high velocity gradients generated as a result of the interaction
of the synthetic jet and the deviated mixing layer. The overall tur-
bulent energy in the interacting region increases by at least one
order of magnitude.
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Table 2
Test conditions for parametric study

U1 (m/s) r DU Ujet-peak/Um

4.8 0.62 1.69 10
3.86 0.63 1.43 12.7
2.42 0.63 0.93 20.5
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By comparing the profiles of the streamwise velocity fluctuating
component at x = 3 mm, 46 mm and 96 mm, for the uncontrolled
(Fig. 16a) and controlled cases (Fig. 16b), it can be seen that there
is an overall downward shift of the main maximum towards the
wall when the jet is deployed. This is due to the deviation of the
mixing layer towards the wall. At x = 3 mm, a second maximum oc-
curs towards the wall surface which is contributed by the high
velocity gradient in the near field of the synthetic jet. The same
has been observed in Fig. 7a in Section 3.1. At x = 180 mm, an up-
ward shift of the maximum is observed and is due to the turbulent
activity generated by the synthetic jets.

With reference to Fig. 17a and b, the absolute value of the tur-
bulent shear stress profile at x = 3 mm and y/d � 0 is decreased
when the jet is deployed and there is a slight downward shift of
the minimum. There is an overall increase in the value of the shear
stress towards the wall. This observation is consistent with the
hu0v0i contour distribution in the vicinity of the synthetic jet in
Fig. 8a. At x = 180 mm, the absolute value of the shear stress in-
creases and no observable shift in the minimum.

3.4. Influence of the velocity ratio Ujet-peak/Um

In this section, three test cases are presented concerning the ef-
fects of increasing the velocity of the wind tunnel while maintain-
ing the same velocity ratio of the mixing layer (r) and synthetic jet
velocity. The test cases are tabulated in Table 2. The test setup is
the same as that in Section 3.1. In this section, it is preferred to
analyse the total velocity field because it reveals the core of the
Uncontrolled
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Fig. 17. Turbulent shear stress profiles: (a)
vortex ring more clearly. We use the model of Hasselbrink and
Mungal (2001) to estimate the trajectory of the synthetic jet: y/
rd = (2/Cej � x/rd)1/2 (where rd = Ujet/U2 � djet, djet is the diameter of
the orifice and Cej = 0.32). Difficulties associated to this model in
our present case are as follows: (1) Ujet in the present case is
unsteady thus it is not easy to define a global length scale,
‘‘Ujet/U2djet”; (2) the interaction between the mixing layer and
the synthetic jet (also interaction between synthetic jet) is not
modelled in the equation; and (3) it is not sure that the peak veloc-
ity at the orifice is the same in wind on and off condition. Accord-
ing to Li et al. (2006), in the presence of a cross flow, the maximum
velocity of a continuous jet would decrease by 90% for S/d of more
than 15, where ‘‘S” is the length of the trajectory and ‘‘d” is the
diameter of the orifice. Thus, for a peak velocity of 40 m/s, we esti-
mate a Ujet of 4 m/s (40 � 0.1 m/s). Drawing the same analogy from
Li et al. (2006), it is not surprising that the total velocity contours in
Fig. 18 do not register a velocity of more than 5 m/s. The plot of S/d
versus x is plotted in Fig. 19, it can be observed that S/d = 15 occurs
at x � 30 mm. The order of magnitude of the velocity, in the vicin-
ity of x � 30 mm, is consistent with (Fig. 18). At this distance, as
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uncontrolled; and (b) controlled flow.
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Fig. 18. Total velocity field (U2 + V2)0.5 with Ujet-peak/Um equal: (a) 20.5; (b) 12.7;
and (c) 10.
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documented in Bourgois (2007), the suction phase of the synthetic
jet according to the hotwire is virtually absent (i.e. approaching a
steady jet characteristic) and thus might partially validate the
use of the trajectory equation as an approximate model.

The trajectories superimposed onto the total velocity field for
various Ujet-peak/Um are plotted on (Fig. 18). It seems that the con-
trol jet tends to negotiate the path of maximum total velocity. With
reference to Fig. 18a, the trajectory of the jet penetrates the mixing
layer completely when Ujet-peak/Um = 20.5. The contour distribution
of the original mixing layer is not present and the velocity has been
reduced in the region of y < 0 mm and x > 0 mm. In this case the jet
behaves as if it is a ‘‘barrier” to the upcoming flow.

It is possible that the synthetic jet will cause massive separation
at the actuation location if Ujet-peak/Um is increased beyond 20.5. As
Ujet-peak/Um is decreased by increasing the upstream velocity, it can
be seen that the trajectory of the synthetic jet (Fig. 18b and c) is
skewed towards wall such that the entrainment process increases
the velocity between the wall and the mixing layer (y < 0 mm and
x > 0 mm). This change in flow structure is perceived as a deflection
of the original mixing layer. This observation offers a guide to opti-
mise the entrainment process for a particular flow configuration.
By inspecting the magnitude of the velocity along the jet trajecto-
ries, we deduce that the decay of the velocity from a peak value of
40 m/s at the orifice exit is more drastic when the gradient of the
trajectory near to the vicinity of the jets is larger as in Fig. 18a.
Work of Li et al. (2006) has the same observation for a continuous
jet deployed in a crossflow.

4. Conclusion

A mixing layer close to a solid wall has been modified by syn-
thetic jets in order to simulate a control scenario acting within a
region of separation. The control was performed with synthetic jets
perturbing the mixing layer in its developed region. It has been
shown that the deployment of the synthetic jets results in a devi-
ation of the mixing layer. This is due to the enhance mixing of the
synthetic jet in the low velocity side of the mixing layer. Observa-
tion from a larger PIV window indicated that the deflected mixing
layer approaches very close to the lower wall and that the resulting
turbulent field is split into two parts downstream of the ‘‘reattach-
ment” position. The upper and lower portions correspond to the
synthetic jet and the deviated mixing layer, respectively. The upper
portion is viewed as loss of useful energy and could be the cost for
such a specific control method. It is also observed that the dis-
placed mixing layer has lower turbulent energy toward the wall
surface.

The fluctuating streamwise velocity and shear stress, obtained
from the PIV results in the near field of the synthetic jet, is consis-
tent with the results obtained from a larger PIV observation win-
dow. The main difference was that the interaction region as
defined in Section 3.3. was not within the field of view. The POD
analysis in the near field of the synthetic jet showed a strong re-
organization of the flow downstream of the interaction. The struc-
ture of the synthetic jet can be decoupled from the main flow via
POD. Moreover a vortex ring structure and its convective behavior
are revealed. Parametric studies by varying the tunnel velocity
indicated that efficient mixing is dependent on the ratio of the
peak synthetic jet velocity and low velocity side of the mixing
layer. An efficient ratio would depend on the model configuration,
and the distance between the mixing layer and actuator. This anal-
ysis could lead to further improvements in terms of the deflection
of the mixing layer by using an actuation frequency that perturbs
the base instability within the mixing layer. In the current state
of technology, it is difficult to attain a peak synthetic jet velocity
in excess of 100 m/s in order to attain a realistic velocity ratio that
is important for practical application. Nevertheless, the informa-
tion in this paper would provide interpretation of the flow control
mechanism by synthetic jets.
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