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Abstract: In a subsonic wind tunnel, a three-dimensional separation of a developed turbulent
boundary layer was simulated on a swept wing flap model. A multi-discharge plasma actuator
operating on the basis of dielectric barrier discharge was used to overcome the positive pressure
gradient, leading to a three-dimensional separation, when the ultimate streamline on the aerodynamic
surface turns along the flap trailing edge. The actuator created an extended streamwise region of
volume force, leading to flow acceleration near a streamlined surface. The influence of the force
impact direction relative to the flap trailing edge was studied. The experiments demonstrated that
the plasma actuator can significantly influence the flow structure in the separation region, leading
to a decrease in both the transverse size of the viscous wake behind the flap and the total pressure
losses within it.

Keywords: wind tunnel experiment; trailing-edge flap model; turbulent boundary layer; three-
dimensional separation; multi-discharge plasma actuator; particle image velocimetry; Pitot comb

1. Introduction

Controlling the boundary layer separation on aircraft lift surfaces is one of the top-
ical issues in applied aerodynamics. It is especially important to increase the aircraft’s
aerodynamic efficiency during takeoff and landing, when the air flows around a swept
high-lift wing at high angles of attack. Boundary layer separation control techniques can be
divided into two groups—passive methods, which do not require energy input for control
devices, and active ones, which do. Well-known active separation control techniques are
boundary layer suction, near-surface jet injection, and moving surfaces. Comparative
analysis of various actuators for active flow control is presented, for example, in the review
in [1]. In recent years, considerable attention has been paid to plasma actuators, in which
near-surface electric discharges of various types are used to create a volume force action on
gas flows. The dielectric barrier discharge (DBD) is the most widespread. The main advan-
tages of DBD-actuators are their structural simplicity without moving parts, insignificant
dimensions and weight, short response time, and the possibility of being installed flush to
a streamlined surface. Descriptions of the physics of volumetric force formation of DBD
plasma actuators can be found, for example, in [2,3].

It follows from the reviews of aerodynamic applications of plasma actuators [1,3–8]
that the majority of experimental studies is devoted to the problem of boundary layer
separation control [9]. In most of these experiments, the flow around a straight wing and
the separation control of a laminar boundary layer that occurs near its leading edge were
studied. The flow was usually controlled by one or (much less often) several actuators of
classical two-electrode design [10]. A recent short review of both numerical and experi-
mental studies on plasma actuators’ impact on turbulent boundary layer separation on a
straight wing can be found in [11].

Most research is devoted to boundary layer separation on a swept wing. In the
experiment cited in [12], the control of global separation of the laminar boundary layer that
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occurs near the leading edge of the swept wing model at high angles of attack was also
studied using a single actuator installed in front of the separation region. A significant shift
of the separation region downstream was achieved due to boundary layer turbulization.

It is emphasized in [13] that the effects of plasma actuators on lift enhancement on a
swept wing are quite different as compared to on a straight wing. An experimental study
was conducted on the flow control over a NACA 65A005 swept wing model using a single
plasma actuator setting near the apex in order to manipulate the leading edge vortices in
the post-stall regime. It was shown that the change in the intensity of streamwise vortex
due to actuator impact led to the lift enhancement [13]. Because of the weaker manifestation
of actuators’ impact on three-dimensional flow, the increase in the lift coefficient in the case
of a swept wing is one order of magnitude smaller than that in typical two-dimensional
flow controls on rectangular wings [14].

An experimental study of flow separation control on a 15◦ swept wing model with
NACA0015 airfoil as its section was performed at a flow velocity up to 40 m/s in [15]. In
order to reveal the boundary layer separation characteristic and then define the actuator
location, preliminary numerical simulation for base flow was carried out. Calculations
of the 3D turbulent boundary layer flow using a k-ω model of turbulence demonstrated
three-dimensional separation near the wing trailing edge at a high enough (α = 10◦) angle of
attack. The performances regarding separation flow control of the three types of actuators
with plane and saw-toothed exposed electrodes were compared in wind tunnel experiments.
The experiments demonstrated that plasma actuator are able to improve the aerodynamic
performance of the swept wing when excited at the leading edge.

The experiments with a wing-body configuration model carried out in [16] demon-
strated that the effective mechanism for turbulent separation control by the plasma actuator
placed at 1% of the chord from the leading edge of the 25◦ swept wing was to induce the
vortex near the wing surface, which could create a relatively large scale disturbance and
promote momentum mixing between low-speed flow and main flow regions.

A feature of the experiments presented below is the study of the possibility of con-
trolling the developed turbulent boundary layer separation in the vicinity of the swept
wing flap trailing edge. Three-dimensional separation is under consideration when the
limiting streamline on the aerodynamic surface, the direction of which is determined by
the skin friction force vector, takes the direction along the trailing edge under the action of
an adverse longitudinal pressure gradient. The main distinction of the present experiments
is a consideration of the force impact distributed directly before and inside the separation
region, but not near the wing’s leading edge, as in most of the previous studies.

Boundary layer separation control using plasma actuators is based on overcoming an
unfavorable pressure gradient by introducing additional momentum into the near-wall
flow region in the boundary layer. An additional impulse can be introduced directly due to
the volume force directed along the pressure gradient, when the external electrodes of the
actuators are located along the wingspan. This method is typically used to control laminar
boundary layer separation. The second way to overcome an unfavorable pressure gradient,
used to control the turbulent boundary layer separation, is based on the momentum
exchange between a high-speed flow in the outer part of the layer and a low-speed flow in
its near-wall region. In this case, the actuator electrodes are spaced some distance apart
along the external flow. As a result of force action by the actuators, longitudinal oppositely
rotating vortex couples are formed. These vortices provide a momentum exchange between
the outer and near-wall regions of the turbulent boundary layer. This leads to an increase
in the vertical gradient of the longitudinal velocity component on the aerodynamic surface
and a downstream shift of the boundary layer separation line [17].

Taking into account that in the vicinity of the three-dimensional separation, the compo-
nents of the longitudinal and transverse velocities in the boundary layer are commensurable
and the streamlines are strongly curved, it is difficult to determine the location of the ac-
tuators that would provide an efficient momentum exchange inside the layer. Therefore,
in the present experiments, the first method of introducing momentum into the turbulent
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boundary layer using a volume force action directed predominantly along the longitudinal
pressure gradient was used.

2. Multi-Discharge Actuator

A volume-unidirectional force acting upon the streamwise aerodynamic surface area
was generated by multi-discharge plasma actuators of varying design complexity [18–22].
A multi-discharge actuator (MDA) was developed [23], the main advantages of which,
over the known schemes, are the simplicity of the design and the possibility of significant
miniaturization, that is, reducing the gap between adjacent actuators [24]. The MDA design
with indication of the internal dimensions (mm) is shown in Figure 1a, and the external
dimensions of the model are shown (mm) in Figure 1b.
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Figure 1. Multi-discharge actuator design (a) and model dimensions (b): electrodes: 1—external,
2—shielding, 3—accelerating; 4—shunts, 5—dielectric layers.

The external 1 and shielding 2 electrodes were made in the form of a set (comb) of
parallel conductors with constant spacing and were electrically connected using metal
shunts 4 on the common base of the comb shown on the left side of Figure 1b. An alternating
voltage was applied to electrodes 1 and 2. Solid accelerating electrode 3 was grounded.
Electrodes 1–3 were separated by two dielectric layers 5. Due to the equipotentiality of
electrodes 1 and 2, the electric field strength near the left (passive) edges of the external
electrodes was significantly weakened, and dielectric barrier discharge (DBD) occurred only
in the vicinity of the right (active) edges, where the influence of the shielding electrodes was
insignificant. The time-averaged horizontal component of the volume force was directed
from the active edges from left to right and accelerated the gas in this direction over the
entire MDA surface.

The MDA model used in the experiments had 30 pairs of copper electrodes. The
dielectric layers are made of fiberglass. The model was powered by a negative saw-tooth
voltage source at a fixed frequency of 12 kHz and an amplitude in the range from E = 4.5 kV
(peak-to-peak voltage Epp = 9 kV), when the discharge becomes sufficiently uniform along
the electrodes, to E = 8 kV, and a dielectric breakdown occurred during the experiments.
Figure 2 shows photographs of the discharge at two voltage amplitude values. It can be
seen that the discharge burns only at the lower edges of the external electrodes, and at
a voltage amplitude above ±5 kV, the discharge glow covers most of the gaps between
the electrodes.

It should be noted that two MDA models made according to Figure 1a with electrode
spacing of 5 and 7 mm were successfully used in the experiments investigating control of
the crossflow stability in a 3D laminar boundary layer [25].
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3. Experimental Procedure in a Wind Tunnel

Experiments on control of the turbulent boundary layer separation on a swept flap
model were carried out in the TsAGI T-03 wind tunnel, which was equipped with an
Eiffel chamber. The free stream velocity varied in the range of 8 to 36 m/s. During the
experiments, the air temperature, as well as the pressure in the settling chamber and in the
control section immediately at the contractor outlet, were measured. This made it possible
to control the free stream velocity with an accuracy of about 1%. At the contractor exit,
a flow core was formed with a width of 580 mm, a height of 370 mm, and a length of
1300 mm. The level of free stream turbulence typical of a wind tunnel with an empty test
section is about Tu = 0.35%.

The prototype of the model in this paper was the configuration used to study the
three-dimensional turbulent boundary layer and its separation in [26]. As a wing flap
model, a swept flat plate with a sweep angle of 35◦, made of 15 mm thick plexiglass, was
used. The profile of the leading and trailing edges was cylindrical, with a radius of 7.5 mm.
The main dimensions of the model are shown in Figure 3. The model was equipped with
a seat for installing a replaceable ring plate (rotating insert) with a diameter of 340 mm,
which allowed us to change the direction of the MDA force action on the boundary layer.
The center of the insert was located at a distance of 363.6 mm from the leading edge of the
model. Two ring plates were manufactured. One ring plate was designed to measure the
pressure distribution over the model and was equipped with four pressure taps connected
to electronic pressure gauges by a pneumatic line and located at distances of 255.2 mm,
304.4 mm, 356.8 mm, and 435.5 mm along the normal line from the leading edge of the
plate. On the model itself, there were four more pressure taps at distances of 103.6 mm,
144.5 mm, 214.1 mm, and 517.3 mm along the normal line from the leading edge. The other
ring plate was designed to install the MDA model. On the underside of the model, the
gap between the ring insert and the model itself was sealed to avoid undesirable air flow
through this gap. On the upper side of the model, the vertical step between the insert and
the model did not exceed 0.05 mm.

To visualize the velocity fields in the flow separation region, the POLIS PIV (particle
image velocimetry) system was used, both with horizontal and vertical orientations of the
laser light sheet. In the horizontal configuration, the laser light sheet was placed parallel to
the model surface at a distance of 5 mm from it. In the vertical configuration, the laser light
sheet was located perpendicular to the plane of the model and parallel to the free stream
velocity. The thickness of the laser light sheet in the measurement area was about 1 mm.
The Martin MAGNUM 1800 aerosol generator was used as a source of tracer particles with
a characteristic particle size of 1 µm. The source of illumination was the Quantel Twins BSL
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140 double-pulse solid-state Nd:YAG laser with a wavelength of 532 nm and a pulse energy
of 140 mJ. To register images of tracer particles, the cross-correlation camera Videoscan 4021
(of 2048 × 2048 resolution), with a 60 mm lens, was used. The extent of the region above the
model in which the velocity field was measured was about 230 mm. A total of 100 pairs of
frames, with a frequency of 1.25 Hz, were recorded on each regime. As a result of using an
iterative cross-correlation algorithm with continuous displacement of regions and overlap
of calculated regions equal to 50%, instantaneous velocity fields were obtained. The spatial
resolution values of the obtained vector fields were 2 × 2 mm and 2.75 × 2.75 mm when
measured in the vertical and horizontal planes, respectively. To measure the characteristics
of the boundary layer near the aerodynamic surface, a ×2 teleconverter was used, which
ultimately gave a focal length of 120 mm. The measuring area was 25 × 25 mm, and the
spatial resolution of the vector field was 0.4 mm. To improve the quality of the obtained
images and reduce the background illumination, a 532 nm narrowband laser light filter
was installed on the lens.
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To measure the flap model wake pressure, a Pitot comb was used. It was equipped
with 82 tubes (80 of them are located at a pitch of 2.5 mm), of which 31 tubes (5 mm pitch)
were used, connected to a 32-channel container with pressure sensors. The comb was
installed at a distance of 30 mm from the trailing edge of the plate in the direction along the
free stream velocity.

The registration of pneumometric measurements (including flow parameters, pressure
distribution on the surface of the model, and pressure distribution on the Pitot comb)
was carried out using multi-channel units with Honeywell XCA515AN pressure sensors
calibrated individually at the manufacturing stage. Analog signals from pressure con-
tainers were digitized in an 80-channel 16-bit ADC NI PXI-6255 (manufacturer «National
Instruments») with a frequency of 2 kHz. The recording time for each mode was 10 s. The
average pressure values during the measurement were recorded in the output file.

To create a longitudinal adverse pressure gradient over the plate, a displacement
body in the form of an inverted Eppler E662 airfoil was installed. The leading edge of
the displacement body was parallel to the leading edge of the plate. A negative angle of
attack of the displacement body equal to −12.4◦ was set to ensure an adverse pressure
gradient and favorable conditions for the flow separation onset. In the course of preliminary
experiments, it was found that separation occurred on the displacement body. Mounting
turbulators on the acceleration part of the displacement body [27] did not lead to the desired
results. The solution to this problem was the use of a slat with a chord of 109.4 mm and a
thickness of 16.6 mm. The final test configuration is shown in Figure 4a, which indicates
the main elements. A general view of the wind tunnel test section with the model, the
displacement body, and the Pitot comb is shown in Figure 4b.



Aerospace 2023, 10, 869 6 of 18

Aerospace 2023, 10, x FOR PEER REVIEW 6 of 18 
 

 

experiments, it was found that separation occurred on the displacement body. Mounting 
turbulators on the acceleration part of the displacement body [27] did not lead to the de-
sired results. The solution to this problem was the use of a slat with a chord of 109.4 mm 
and a thickness of 16.6 mm. The final test configuration is shown in Figure 4a, which in-
dicates the main elements. A general view of the wind tunnel test section with the mod-
el, the displacement body, and the Pitot comb is shown in Figure 4b. 

A coarse-grained sandpaper turbulator was mounted on the leading edge of the 
swept plate to ensure the development of a turbulent boundary layer in the flow separa-
tion region. The minimum distance between the slat and the surface of the plate model 
was 22 mm. The minimum distance between the displacement body and the plate sur-
face was 45 mm. To minimize the 3D effects, flat walls were installed between the plate 
and the displacement body. One wall was made of transparent Plexiglas to enable PIV 
measurements. 

  
(a) (b) 

Figure 4. Test configuration: scheme (a): general view (b): 1—contractor exit; 2—flap model; 3—
displacement body; 4—slat; 5—replaceable ring plate (rotating insert); 6—MDA; 7—transparent 
wall; 8—black painted wall; 9—Pitot comb; 10—vertical laser light sheet for PIV. 

The following coordinate systems were used in the experiments: the X-axis was di-
rected along the line of the pressure taps shown in Figure 3 and was measured from the 
leading edge of the model; the Y-axis was perpendicular to the plane of the model and 
was measured from its surface; and the Z-axis was perpendicular to the X-axis and was 
measured from the center of the rotating ring plate. For visual clarity of the PIV meas-
urement results, the Z’-axis was used with the origin in the center of the ring plate, di-
rected along the trailing edge of the model. When studying the influence of the MDA 
force action direction, the X’-axis was used, which was perpendicular to the leading 
edge of the model passing through the center of the ring plate. The positive angle of the 
ring plate rotation, which determines the MDA force action direction, was measured 
from this axis clockwise, and the negative angle was measured from this axis counter-
clockwise, as shown in Figure 5, where the blue dashed line symbolizes the limiting 
streamline on the model surface and the arrows on it indicate the skin friction vector di-
rection. 

Figure 4. Test configuration: scheme (a): general view (b): 1—contractor exit; 2—flap model;
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wall; 8—black painted wall; 9—Pitot comb; 10—vertical laser light sheet for PIV.

A coarse-grained sandpaper turbulator was mounted on the leading edge of the swept
plate to ensure the development of a turbulent boundary layer in the flow separation region.
The minimum distance between the slat and the surface of the plate model was 22 mm. The
minimum distance between the displacement body and the plate surface was 45 mm. To
minimize the 3D effects, flat walls were installed between the plate and the displacement
body. One wall was made of transparent Plexiglas to enable PIV measurements.

The following coordinate systems were used in the experiments: the X-axis was
directed along the line of the pressure taps shown in Figure 3 and was measured from
the leading edge of the model; the Y-axis was perpendicular to the plane of the model
and was measured from its surface; and the Z-axis was perpendicular to the X-axis and
was measured from the center of the rotating ring plate. For visual clarity of the PIV
measurement results, the Z’-axis was used with the origin in the center of the ring plate,
directed along the trailing edge of the model. When studying the influence of the MDA
force action direction, the X’-axis was used, which was perpendicular to the leading edge
of the model passing through the center of the ring plate. The positive angle of the ring
plate rotation, which determines the MDA force action direction, was measured from this
axis clockwise, and the negative angle was measured from this axis counterclockwise, as
shown in Figure 5, where the blue dashed line symbolizes the limiting streamline on the
model surface and the arrows on it indicate the skin friction vector direction.
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4. Experimental Results
4.1. Characteristics of Turbulent Boundary Layer and 3D Separation Images

The first series of experiments was carried out at a zero angle of rotation of the ring
plate on which the MDA was installed. In accordance with Figure 5, this means that the
external electrodes of the MDA were parallel to the trailing edge of the plate, and the
horizontal component of the volume force action was directed perpendicular to the edge,
that is, along the unfavorable pressure gradient.

Longitudinal distributions of the pressure coefficient on the model surface, measured
at the pressure taps (Figure 3), are shown in Figure 6 for two values of free stream velocity.
In both cases, due to the influence of the displacement body, a positive pressure gradient
occurred downstream from X = 260 mm.
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Figure 6. Pressure distributions on a swept flap model.

The flow patterns without the MDA impact, obtained using PIV with a vertical laser
light sheet in the X-Y plane at Z = 0 for three values of the free stream velocity and presented
in Figure 7, confirm that the boundary layer separation occurred on the flap model and not
on the displacement body. The flow direction is from left to right. At the top left, a trace is
clearly visible, which arose during the flow over the slat. The streamlines corresponding to
the reverse flow in the separation region are marked in white.

The flow patterns obtained with a horizontal laser light sheet in the X’-Z’ plane at
Y = 5 mm are shown in Figure 8. The red line corresponds to UX = 0 m/s. At the free
stream velocity U0 = 8 m/s, the flow before separation was almost independent of the
Z’ coordinate, i.e., edge effects due to the side walls did not appear in the measurement
area. Some irregularity of the separation line marked in red is associated with errors in PIV
measurements of flow velocity. As Figure 8b,c show, the spanwise flow uniformity was
perturbed as the free stream velocity increased.

The longitudinal velocity component profiles, measured in the section X = 404 mm
upstream of the separation region, are shown in Figure 9 in Clauser coordinates [28]. The
main characteristics of the boundary layer at X = 404 mm are given in Table 1, where δ*

is the displacement thickness; θ is the momentum thickness; Reθ is the Reynolds number
calculated from θ and the flow velocity Ue outside the boundary layer; δ99 is the boundary
layer thickness, corresponding to a velocity of 0.99Ue; and G is the Clauser shape parameter.
The given parameters correspond to a developed turbulent boundary layer. The average
velocity profiles approximately correspond to a one-parameter family with the parameter
G = 7.2–7.8.
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Table 1. Boundary layer characteristics upstream of separation.

U0, m/s δ*, mm θ, mm δ99, mm H = δ*/θ Reθ G

8 1.42 0.95 8.33 1.49 671 7.16
18 1.49 0.96 7.56 1.55 1525 7.16
36 1.38 0.87 7.24 1.59 2854 7.81

4.2. MDA Impact at Various Free Stream Velocities

The MDA volume force impact on the three-dimensional separation region location
and size can be estimated by the isolines of the longitudinal velocity component UX,
measured using PIV in the vicinity of its zero values −∆UX ≤ UX ≤ ∆UX. These isolines
are shown in Figure 10 for three values of free stream velocity and two values of voltage
amplitude on MDA. The values of the ranges ∆UX, as well as estimates of the separation
line shift, are given in Table 2.

Table 2. Estimations of MDA impact on separation location.

U0,
m/s

∆UX,
m/s

Xsep 0,
mm

Xsep, mm ∆Xsep, mm ∆Xsep/δ*

4.5 kV 5 kV 4.5 kV 5 kV 4.5 kV 5 kV

8 0.025 527 549 557 22 30 15.5 21.1
18 0.05 534 531 528 −3 −6 −2 −4
36 0.1 518 518 518 0 0 0 0

At a low flow velocity, U0 = 8 m/s, the MDA impact led to a noticeable downstream
shift of the separation region onset and an increase in the angle of inclination to the
streamlined surface of the separation region boundary (Figure 10a). Increasing the flow
velocity to U0 = 18 m/s resulted in a separation line shift upstream under the MDA impact,
and the greater the voltage amplitude on the MDA was, the more significant the shift
became (Figure 10b). The separated flow region in the area under consideration also
thickened. With a further increase in the flow velocity up to U0 = 36 m/s, the velocity
isolines corresponding to the range indicated in Table 2 practically overlapped each other
(Figure 10c).

The profiles of the longitudinal velocity component measured downstream of the
separation line near the right boundary of the PIV measurement area at X = 598 mm (see
Figure 7), shown in Figure 11, confirm the effect of an increase in the vertical size of the
reverse flow region under the impact of MDA, especially at a low free stream velocity.
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However, vertical distributions of the value ∆P = P − P0 are shown in Figure 12, where
P is the total pressure measured by the comb, P0 is the total pressure in the control section
of the wind tunnel exit nozzle. This clearly demonstrates that the MDA action decreased
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the vertical size of the model wake due to the three-dimensional separation of the boundary
layer. It should be noted that the distance to the trailing edge of the model, measured
along the X-axis, which was used in the presentation of data in Figures 7 and 9–11, was
Xte = 557/cos(35◦) = 680 mm (see Figure 3). With regard to the distance between the trailing
edge of the model and the comb of pressure taps, which is equal to 30 mm, the distributions
of total pressure losses in the wake presented in Figure 12 correspond to the coordinate
XPc = 710 mm.
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As follows from Figure 12, under the MDA action, not only did the transverse size of
the wake area decrease, but the flow momentum loss in it did as well. This is known as
streamlined body drag. This favorable effect is enhanced with increasing voltage amplitude
on the MDA.

It should be noted that the measurement of the total pressure behind a streamlined
body using a Pitot comb is a classical method for estimating the aerodynamic drag of a
body. It should be kept in mind that in this case, the distributions of the total pressure
(measured by the comb and reference value) difference shown in Figure 12 were due, in
part, to the angle between the flow velocity and the Pitot tubes. The second part of the
difference may have been due to the pressure drop caused by viscous forces in the channel
formed by the flap model and the displacement body.

There are two minima in the presented distributions. The lower minimum corresponds
to the wake induced by the boundary layer separation on the model, and the upper one
corresponds to the viscous slat wake. For an integral assessment of the effect of MDA on
the flow using the pressure distribution measured by the Pitot comb, it is convenient to
operate with a specific force value, which makes it possible to estimate the integral loss of
flow momentum due to its separation and friction:

f =

Ys∫
Y0

(P − P0) dY, (1)

Here, the upper integration limit Ys is the value of the vertical coordinate correspond-
ing to the center of the viscous slat wake; Y0 = −12.5 mm is the coordinate of the lowest
pressure tap on the comb.
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The results, as measured by a Pitot comb, are shown in Table 3, where f 0 is the value
of the specific force (1) without the MDA impact. It can be seen that with the increase in the
flow velocity, the absolute reduction of momentum loss due to the effect of MDA increased,
but the relative reduction decreased. The positive effect of the MDA certainly grew when
the amplitude of the DBD voltage increased.

Table 3. Estimations of the flow’s total momentum losses.

U0, m/s E, kV f − f 0, N/m (f − f 0)/f 0 E, kV f − f 0, N/m (f − f 0)/f 0

8 4.5 −0.46 −0.136 5 −0.5 −0.147
18 4.5 −1.35 −0.07 5 −2.19 −0.114
36 4.5 −2.5 −0.031 5 −2.88 −0.036

4.3. Influence of the Force Impact Direction on Separation

Studies on the effect of rotation angle α of the ring plate, on which the MDA is installed,
were carried out at one voltage amplitude, E = ±5 kV. The experiments were carried out
at one negative (α = −30◦) and two positive (α = +30◦, +60◦) ring plate rotation angles,
and the results were compared with the basic mode α = 0◦, where the MDA force action is
directed parallel to the external pressure gradient vector.

In accordance with Figure 5, at a positive angle α, the flow was accelerated not only
towards the unfavorable pressure gradient (along the X’ axis), but also along the trailing
edge of the model in the direction of the skin friction vector. At a negative angle α, the
volume force component FZ, parallel to the trailing edge, decelerated the flow in the
near-wall region of the boundary layer in the vicinity of the separation line.

The influence of the direction of the MDA force action on the separation region
boundary is shown in Figure 13, which shows the isolines of the streamwise velocity
component in the ranges of −∆UX ≤ UX ≤ ∆UX. The boundaries of the ranges ∆UX for
different free stream velocity values are shown in Table 2. Referring to Figure 13, the largest
shift in the flow separation point downstream was achieved at a positive angle α = +30◦ for
all considered flow velocity values. In this case, the direction of the volume force vector
F differed from the direction of the free stream velocity vector by only 5◦. Changes in
the location of the separation region relative to the reference case (α = 0◦) at other MDA
rotation angles depended on the free stream velocity.

At a flow velocity of U0 = 8 m/s and an MDA rotation angle of α = +30◦, the isolines
UX ≈ 0 m/s had a turning point at a distance of Yt ≈ 7 mm from the model surface (see
Figure 13a), less than the thickness of the boundary layer before separation: Yδ ≈ 10–11 mm
(thickness δ99 indicated in Table 1 is usually noticeably smaller than thickness δ). This
indicates the formation of a jet-type streamwise velocity profile with a local maximum near
the wall in this mode of action.

With an increase in the MDA rotation angle up to α = +60◦, the separation line almost
returned to the position corresponding to α = 0◦. At the same time, the separation region
expanded remarkably at X > 570 mm. At a negative angle of rotation, the component of the
flow velocity directed parallel to the trailing edge decelerated due to the MDA impact. As
a result of this flow deceleration, the separation region shifted strongly upstream.

At a velocity of U0 = 18 m/s, the earliest separation also occurred at a negative angle,
α = −30◦ (see Figure 13b), but the difference with the reference case was no longer as
significant. With a further increase in velocity to U0 = 36 m/s, separation at a positive angle,
α = +60◦, occurred earlier than at a negative angle, α = −30◦ (see Figure 13c). The ambiguous
effect of the MDA’s impact on the location and size of the three-dimensional separation
region, observed both with a change in the flow velocity and a constant impact angle, α = 0◦

(Figure 10), as well as with a change in the impact angle and velocity (Figure 13), requires
further study and explanation.
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The distributions of total pressure losses in the swept plate model wake presented in
Figure 14a demonstrate that at a flow velocity of U0 = 8 m/s, the minimum pressure losses
occurred at a positive MDA rotation angle, α = +30◦, and, quite unexpectedly, at a negative
angle, α = −30◦. For these two MDA rotation angles, the pressure minimum in the slat
wake shifted down in the graph (which indicates a smaller size of the separation region),
and the value of the total pressure defect was less than that at the α = 0◦ angle. The greatest
pressure losses occurred at a large, positive angle, α = +60◦. At the free stream velocity
of U0 = 18 m/s, the zero MDA rotation angle was optimal (Figure 14b), and the greatest
pressure losses, as in the case of U0 = 8 m/s, occurred at the angle of α = +60◦. With a
further increase in velocity to U0 = 36 m/s, there was, again, a favorable effect of positive
MDA rotation angles. At a negative angle of α = −30◦, the pressure losses increased. The
conclusions drawn are illustrated in Figure 15, which shows the dependences of the change
in the specific force f, estimated by the Equation (1), and characterizes the integral loss of
the flow momentum on the MDA rotation angle compared with fα0, which is the specific
force achieved at α = 0◦.

4.4. Influence of the Voltage Increase on Separation

Experiments were carried out at the maximum possible power supply voltage am-
plitude for this MDA model in order to implement a greater effect on the flow. The free
stream flow velocity was U0 = 18 m/s. This mode was chosen as a trade-off when the
free stream flow velocity was sufficiently high and the MDA effect on the flow separation
was noticeable in the experiments described above. The MDA rotation angle α = 0◦ was
also fixed. The maximum applied voltage amplitude, which ensures a sufficiently uniform
stable discharge burning, was E = ±7.5 kV. With a further increase in voltage, the uniform
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structure of the discharge was perturbed: additional discharges appeared on the shielding
electrodes, filling the gaps between the external electrodes, and thus disrupting the force
action in one direction. When the voltage E = ±8 kV was applied, the actuator quickly
failed as a result of electrical breakdown (Figure 16); however, the necessary data were
obtained using PIV measurements and a Pitot comb prior to that.
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The isolines of streamwise velocity corresponding to the range of 0.05 ≤ UX ≤ 0.05 m/s,
and plotted to determine the position of the separation line, are shown in Figure 17. In a
flow without MDA impact, the separation line was located at a distance of Xs = 526 mm. At
the voltage amplitude E = ±5 kV, the separation shift was imperceptible. As the voltage
amplitude increased, the jet character of the flow in the boundary layer became pronounced.
This led to a significant separation line shift downstream to Xs = 547 mm at E = ±7 kV and
to Xs = 554 mm at E = ±8 kV, as well as a simultaneous sharp increase in the reverse flow
region. The separation structure changes dramatically.
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However, the favorable effect of the MDA, which is a decrease in the flow momentum
loss, grew significantly with the increase in the voltage amplitude, which is shown in
Figure 18. An increase in the amplitude of the voltage applied to the MDA led to a decrease
in both pressure losses and the transverse size of the wake. Therefore, the viscous slat wake
descended down to the flap model surface.
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The decrease in the integral losses of the flow momentum, due to separation and
friction, and the estimation of which was the specific force f (1) subject to the applied
voltage, are shown in Figure 19, where ∆f = f − f 0, f 0 is the value of the specific force (1)
without the MDA impact. The decrease in the MDA efficiency at a voltage of E = ±8 kV
compared to E = ±7.5 kV can, apparently, be explained by the discharge uniformity
perturbation, as mentioned above.
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5. Conclusions

Using a multi-discharge plasma actuator, a unidirectional streamwise volume force ef-
fect on the flow was generated in the vicinity of the three-dimensional developed turbulent
boundary layer separation region on the swept flap model. Based on PIV measurements of
the flow structure, as well as measurements performed using a Pitot comb installed in the
test model wake, the following new results were obtained.

When controlling a three-dimensional separation on a swept flap, it was proven that
at a fixed velocity of the external flow and a fixed intensity of the MDA force impact, the
result of this impact significantly depends on its direction. The greatest positive effects,
namely, the separation line shift downstream, a decrease in the transverse size of the
separation region, and a decrease in the total pressure loss in the wake, were observed at a
positive angle between the direction of the volume force generated by the MDA and that
perpendicular to the trailing edge of the model. In this configuration, the MDA force action
led to an acceleration of the velocity components directed towards the trailing edge and
along it. A similar effect was also observed at a negative angle between the volume force
and that perpendicular to the edge, when the velocity component directed along the edge
was decelerated by the MDA action. These results indicate the existence of an optimal force
action direction, which may depend on both its intensity and the flow velocity.

Even with a slight shift of the three-dimensional separation line, which was observed
at a high free stream velocity, as a result of the MDA action, the flow momentum losses
due to friction forces and flow separation on the model were significantly reduced in the
wake, and the transverse size of the wake decreased. The most unexpected result was as
follows. At a high enough force, remarkably, the impact of the plasma actuator induced
near-wall flow penetration downstream, but the separation region in its beginning strongly
“swelled” and shifted upstream. Both the size of the viscous wake and the total pressure
losses within it were reduced to the highest extent.

In further studies, we plan to use a multi-discharge actuator with increased thicknesses
of the dielectric layers and greater distance between external electrodes, which will enhance
the force effect and increase its vertical dimensions. In addition, the actuator will consist of
three consecutive sections suitable for their independent connection to a power source. This
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will make it possible to separately study the effect of the force impact before the separation
region in the vicinity of the separation line and behind the separation line, as well as their
various combinations.
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