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Abstract The flow over a delta wing at high angles of

attack is characterized by the presence of two large-scale

primary vortices on the leeward side of the wing. These

vortices contribute substantially to lift production at high

angles of attack. Therefore, vortex breakdown, which can

be induced by unfavorable pressure gradients or free-

stream disturbances, can lead to an abrupt decrease in lift

and to the emergence of a roll moment. Thus, the possi-

bility of vortex flow control can be very useful. The

problem of vortex flow control is investigated experimen-

tally under subsonic flow parameters in the range of wing

chord-based Reynolds number (0.14, 0.25) 9 106. A

dielectric barrier discharge (DBD) is used as an active

control actuator. The data obtained by means of oil flow

and smoke flow visualization, surface pressure measure-

ments, and using a particle image velocimetry technique

show that the DBD can provoke early vortex bursting.

Under certain conditions (discharge excitation mode and

frequency), flow excitation by the discharge actuator is

found to result in vortex stabilization.

Nomenclature

A1 Primary vortex attachment line

A2 Secondary vortex attachment line

Cp Pressure coefficient, (p - p0)/q? ? 1

c Wing root chord length (mm)

f Discharge frequency in continuous mode (kHz)

F Pulse packet repetition frequency in burst mode (Hz)

F? Reduced frequency, Fc/U?

p Static pressure on the model surface (Pa)

p0 Total pressure (Pa)

S2 Secondary vortex separation line

t Time (s)

q? Mean free-stream dynamic pressure (Pa)

U? Mean free-stream velocity (m/s)

W Discharge power (Watt)

x Vortex breakdown position along the wing chord

(mm)

y Vertical direction perpendicularly xz-plane (mm)

z Transversal direction along the wing span (mm)

Greek

a Angle of attack (�)

x Flow vorticity in xy-plane (1/s)

v Leading edge sweep angle (�)

Subscripts

? Free-stream condition

0 At zero local mean velocity

1 Introduction

The main feature of the flow on the leeward side of a delta

wing at high angles of attack is the formation of two pri-

mary large-scale vortices (Fig. 1). Each vortex is able to

generate a low-pressure region on the upper surface of the

wing and create additional lift. The contribution of the

vortex-induced lift to the total lift increases with increasing

angle of attack and sweep angle of the delta wing and can

reach up to half of the total lift or be more than twice as

high as that of a two-dimensional airfoil at high angles of
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attack (Wentz and Kohlman 1968; Lee and Ho 1990).

Another crucial feature of the flow is a vortex breakdown

phenomenon that appears at large angles of incidence. The

phenomenon is of great practical importance especially in

the field of aeronautics, as it is a limiting factor on the

operating attitude of slender-winged flying vehicles (Hall

1972). Therefore, the ability to manipulate and ultimately

control vortex flow over a delta wing is of vital importance,

because these vortices mainly determine the aerodynamics

of such wings at high angles of attack.

Nowadays, there are many experimental investigations

concerning vortex flow control on delta wings by means of

various mechanical (flaps, strakes, etc.) and pneumatic

devices (blowing, suction, etc.) or their combinations

(Marchman 1981; Lamar 1980; Gursul et al. 1995; Mitchell

et al. 2000; Owens and Perkins 1995; Guy et al. 1999).

Using plasma discharge actuators for flow control may be

advantageous compared to the above techniques. These

actuators have simple construction, do not change the

aerodynamic shape or influence the wing functionality

when they are not in use, allow for smooth variations of

forcing frequency and power, and can be used for closed

loop feedback control.

This type of flow-control devices was proposed by Roth

and Wilkinson (1998), and it is well known to introduce not

only direct flow acceleration but also periodic disturbances

due to periodic flow acceleration in the boundary-layer

region, as well as acoustic disturbances (Roth and Dai

2006; Baird et al. 2005). The periodic nature of the flow

generated by DBD caused by the discharge is in fact self-

limited. This self-limiting behavior is caused by charge

buildup on the dielectric surface when the applied voltage

is negative (Enloe et al. 2004). This leads to decreasing of

the electric field intensity and thus to decreasing the

velocity of the flow generated by the discharge. In contrast,

when the voltage reverses, the charge transferred through

the plasma is limited to that deposited on the dielectric

surface. Moreover, in the paper of Forte et al. (2007), it was

shown using time-resolved LDV measurements that the

DBD actuator generates a pulsed velocity at the same

frequency as the applied high voltage, and that the negative

half-period induces more velocity than the positive one.

These measurements proved that the DBD does not act in

the same way during the negative and positive half-cycles,

which is fully consistent with the observations of Enloe

et al. (2004).

The experimental studies performed by Greenblatt

et al.(2008) as well as by Kwak and Nelson (2010), for

example, demonstrate the successful application of this

type of plasma actuators for vortex flow control on delta

wings at Reynolds numbers B0.075 9 106 and

B0.1 9 106, respectively. In the paper of Greenblatt et al.

(2008), the experiments were performed using a model of a

delta wing with a 200-mm chord, a 60� sweep angle, and a

sharp leading edge. The encapsulated and exposed elec-

trodes were mounted on opposite surfaces of the wing and

produced a plasma-induced jet inboard from the leading

edge. A clear dependency of a vortex stabilization effect on

the reduced frequency F? and the duty cycle for a pulsed

plasma actuation was demonstrated in the experiments; and

the most pronounced effect was observed at F? * 1. The

opportunity have influence in a periodical manner is of

great importance because the value of flow velocity gen-

erated by DBD is actually limited and rather small. This is

the reason why the mechanism of influence connected with

direct flow acceleration can be ineffective under higher

free-stream velocities.

The vortex breakdown phenomenon is caused by two

main factors, which are the adverse pressure gradient to

which the vortex is submitted and its swirl intensity which

cannot go beyond a critical value (Delery 1994). The

unfavorable pressure gradient is not that harmful. It is

always present at the trailing edge of the wing and becomes

gradually enhanced with increasing angle of attack.

Therefore, the influence of this factor on vortex breakdown

is fairly predictable. Another factor is the sensitivity of

vortex flow to free-stream disturbances (Mabey 1997). This

factor is more dangerous as it can lead to a sudden decrease

in lift and, moreover, to the emergence of a roll moment.

Thus, the sensitivity of vortex flow to external disturbances

allows the DBD to be used for vortex breakdown control.

Moreover, there are instabilities inherent in the vortex flow

(the feeding-sheet instability, the vortex breakdown insta-

bility, and the near-wake instability) that were demon-

strated in the review paper of Rockwell (1993). Therefore,

the excitation of vortex flow at appropriate frequencies can

give the expected results, allowing manipulating and ulti-

mately controlling of the flow.Fig. 1 Flow topology on a delta wing at a high angle of attack
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The paper deals with an application of the dielectric

barrier discharge to vortex flow control on delta wings in

the range of Reynolds numbers higher than has previously

been investigated. The control strategy in this study is

mainly focused on changing the vortex breakdown position

by means of excitation of the flow on the leeward surface

of the wing by periodic disturbances of small intensity

generated by DBD actuators.

2 Experimental setup

2.1 Wind tunnel

The experiments were conducted at ITAM in a T-324 low-

turbulence subsonic wind tunnel which velocities ranging

from 3 to 33 m/s. The wind tunnel has a 1 m 9 1 m 9 4 m

square test section. The turbulence intensity is sufficiently

low (Tu = 0.04 %), which facilitates extrapolation of wind-

tunnel data to flight conditions and allows the influence of

DBD-induced disturbances on vortex breakdown phenom-

enon to be studied.

2.2 Experimental model

Available publications concerning vortex breakdown on

delta wings with a sharp leading edge under subsonic flow

conditions show that vortex bursting occurs at a certain

critical angle of attack, which depends on the aspect ratio

of the wing and almost does not depend on the Reynolds

number (Johnson et al. 1976; Roos and Kegelman 1990;

Traub and Galls 1996). With allowance for the test-section

geometry and the blockage ratio, an experimental model

was prepared for wind-tunnel experiments. It is a delta

wing with a leading edge sweep angle of v = 65�, chord

length c = 300 mm, aspect ratio 1.865, and thickness

30 mm (Fig. 2). The leading edges of the delta wing are

bevelled to 30�. The model was made of a dielectric

material (Plexiglas). The delta wing was installed in the

wind-tunnel test section on the pylon of the mechanism for

varying the angle of attack (a-variation mechanism), so the

angle of attack a could be varied in the range from 0�
to 45�.

2.3 DBD actuators and high voltage equipment

The design of DBD actuators is similar to that used in most

studies dealing with DBD flow control (Moreau 2007)

(Fig. 3). The DBD electrodes were made of a 50-lm-thick

adhesive aluminum film. The encapsulated electrode is

approximately 7 mm wide; the exposed electrode (also

7 mm wide) is glued with a 1-mm overlap. The barrier was

made of three layers of a PVC adhesive film with an overall

thickness of 240 lm. DBD actuators can be placed at vari-

ous places on the model surface. In the present study, various

DBD configurations were tested but only two of them were

found to result in the expected flow control. These config-

urations are shown in Fig. 2. It has to be noted that the

number of operated electrodes in the case of configuration 1

was varied during the experiments from 1 to 7. However, all

the notable data concerning DBD configuration 1 presented

here were obtained for the case of 7 excited electrodes.

The DBD power supply (High Voltage Generator) used

in the experiments was the same as that used in our earlier

investigations (Maslov et al. 2008). The HVG was opti-

mized for effective operation (internal loss of 5–7 %) in the

frequency range 0.5–5 kHz.

Voltage and current pulses were measured by means of

two-channel 60 MHz TDS 2002 and four-channel

200 MHz TDS 2024B Tektronix oscilloscopes, 75 MHz

Tektronix P6015A high voltage probe, and 60 MHz Tek-

tronix P6021current probe. An example of measured high

voltage and current in 1.6-kHz pulses (continuous mode) is

shown in Fig. 4a. Such a form of the voltage is caused by

HVG electric circuit. The circuit consists of an inverter that

supplies the high voltage transformer by square wave sig-

nal. This circuit was chosen due to its simple construction

that gives certain benefits in terms of the weight of the high

Fig. 2 Delta wing model with plasma actuator configurations used in

the experiments

Fig. 3 DBD plasma actuator
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voltage equipment. The latter is of great importance as the

HVG was initially oriented for performing flight experi-

ments where the problem of weight is a crucial question

(Sidorenko et al. 2008, 2012). The HVG ? DBD system is

in fact an oscillating loop and therefore its natural fre-

quency depends on the actuator’s geometry (length, barrier

thickness and material, length of leads, etc.). In the present

experiments, the natural frequency of the high-voltage part

of the circuit was not matched with the frequency f of the

driving generator. Some secondary oscillations were

observed during each half-period corresponding to self-

induced oscillations of the HVG ? DBD system. It can be

seen that the main plasma discharge appears at the begin-

ning of each half-period (seen as a series of current spikes).

A secondary discharge of negligible intensity formed at the

beginning of secondary pulses.

The HVG can also operate in burst mode. In the

experiments, the high voltage with 7 kV amplitude and

frequency f = 1.6 kHz was gated by the lower frequency

F to initiate burst mode. The average power of the dis-

charge does not depend on the frequency F if the duty cycle

is constant. In the present experiments, the duty cycle was

equal to 0.4 and, in the burst frequency range from 5 to

100 Hz, the electric power of the discharge was constant

and equal to 24 W/m with 5 % accuracy.

In addition, to obtain information on the value of the

flow velocity generated by DBD under excitation condi-

tions corresponding to those presented in Fig. 4a, mea-

surements by means of a Pitot tube were carried out. In the

test case, the DBD actuator was installed on a flat plate

made from plexiglass and the length of the actuator cor-

responded to the total length of actuator configuration 1

and was approximately 0.4 m. The measurements were

performed at approximately 7 mm downstream of the

leading edge of DBD’s exposed electrode close to the

surface. The data obtained showed that the value of aver-

age flow velocity generated by DBD is about 3 m/s. The

actuator induces average flow directed from the exposed

electrode towards to the encapsulated one.

3 Measurement techniques

3.1 Pressure measurement system

Instead of the traditional surface pressure measurement

technique with pressure taps and numerous sensors, an

alternative method was used to reach a better space reso-

lution on the entire surface of the model. The pressure

distribution on the leeward side of the model was measured

by a surface pressure probe made of stainless steel tube of

0.8 mm in diameter. The pressure tap hole of the probe was

perpendicular and directed to the wing surface. The probe

was pressed to the wing surface and thus measured local

static pressure in the boundary layer region (Fig. 5).

The probe was connected to an Omega PX2650-10D5 V

(differential pressure gauge with a range of 0- to 10-inch

H2O with a 0.2- to 5.2-V output), and the pressure was

measured as the difference between the total pressures p0

measured by a Pitot tube placed in the flow upstream of the

wing and by the above-described probe p. The probe was

moved along the surface by means of a three-component

traversing gear. The accuracy of the pressure measure-

ments by such a probe was estimated in separate tests in

comparison with the traditional pressure tap technique and

was found to be about 5 % for the present flow conditions

(Zverkov et al. 2008).

3.2 Flow visualization

To obtain information on the mean flow and observe vortex

evolution with increasing angle of attack, oil flow and

smoke flow visualization was used in the experiments. In

the tests, we used a mixture of fluorescent dye and kerosene

Fig. 4 Voltage and current

pulses on DBD actuator excited

in continuous mode

(f = 1.6 kHz, W = 60 W/m)

(a) and for the discharge excited

in burst mode (f = 1.6 kHz,

F = 40 Hz, W = 24 W/m) (b)
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brushed on the model surface; the strokes were oriented

across the main flow direction. The model was exposed in

the flow until complete evaporation of kerosene and then

the model was photographed. To increase the image con-

trast, the model surface in some cases was painted black.

Smoke flow visualization was performed by the laser

sheet method, as shown in Fig. 6. A red semiconductor

25-mW continuous mode laser with a wavelength of

654 nm and optical cylindrical prism was used to create a

laser sheet. The laser sheet illuminated the flow in the plane

perpendicular to the model surface. The smoke was

injected far upstream of the model to minimize the possible

influence on the flow over the model. Video recording of

the visualization was performed by means of a TV camera

(25 frame/s) installed on a pylon downstream of the model.

To study the vortex flow pattern in various sections along

the wing chord, a scanning laser sheet method was applied.

In other words, the laser sheet was gradually moved from

the wing tip to the trailing edge during the experiment, thus

giving an opportunity to observe the vortex flow pattern in

any desired sections along the wing chord. The depth of

focus of the camera lenses was enough to get sharp images

without additional focus adjustment. The brightness of the

smoke visualization images gradually decreases from right

to left due to laser beam expansion and its absorption by

the smoke particles.

3.3 2D velocity measurements by PIV

The velocity measurements were performed by means of

the PIV system POLIS1 designed by the Institute of

Thermal Physics SB RAS, Novosibirsk, Russia. The sys-

tem provides the following capabilities: laser energy per

pulse, 70 mJ; pulse repetition rate, 8 Hz; size of image,

1,392 9 1,040 pixels; and image resolution, 12 bit. The

velocity field was reconstructed from tracer images by

means of the cross-correlation adaptive algorithms with

continuous sliding of the interrogation window, grid

refinement, and deformation of the interrogation cells. The

random error of the velocity vector determination in these

experiments was 1–2 %.

To measure the velocity distribution, the whole test

section of the wind tunnel was seeded by smoke particles

of about 1 lm in size. The smoke concentration was suf-

ficient to get contrast images of the smoke particles in the

laser sheet. The experiments were done using one camera

installed on the pylon downstream of the model in such a

way that the plane of measurements was always normal to

the model surface. The experimental setup is similar to the

one used for laser sheet visualization and presented in

Fig. 6. Here, a high resolution CCD camera was used

instead of the analog video camera used in the smoke flow

visualization tests. The PIV setup with one camera allowed

the measurement of the velocity components in the plane

perpendicular to the camera axis.

4 Results and discussion

DBD-assisted vortex breakdown control was studied in a

range of chord-based Reynolds numbers (0.14, 0.25) 9 106.

Series of preliminary tests were performed without DBD

actuators. Oil flow and smoke flow visualizations by means of

the laser sheet were used to obtain information on the mean

flow over the delta wing and its evolution with an increasing

angle of attack.

Oil flow visualization gave us an opportunity to observe

such features of the flow as the attachment and separation

lines. Smoke flow visualization assisted in identifying the

vortex location and provided an indication of the vortex

pattern. A comparison of data obtained by these two

techniques contributed to a more detailed understanding of

the flow structure over the delta wing.

Fig. 5 The model with a probe for near-surface pressure measurements

Fig. 6 Smoke flow visualization scheme

1 http://www.polis-instruments.ru.
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It can be seen from Fig. 7 that a separated flow con-

figuration with at least two vortices was formed on the

leeward side of the delta wing at a = 15�. An analysis of

the surface streamlines allowed us to see the primary

vortex attachment line (A1), as well as the secondary vortex

separation and attachment lines (S2 and A2, respectively).

Oil flow prints combined with smoke visualization for

several sections are shown in Fig. 8 for two different

angles of attack, corresponding to different flow regimes.

The data obtained show that the position of the vortex

breakdown point gradually moved upstream to the wing tip

with increasing the angle of attack. For a smaller than 15�,

vortex breakdown occurred somewhere downstream from

the model trailing edge. When the angle of attack reached

15�, the right vortex breakdown point crossed the wing

trailing edge, while the left vortex demonstrated the

absence of breakdown. This tendency was observed in all

the tests and could probably be attributed to inaccuracy in

model positioning. It can also be noted from Fig. 8a that

the secondary vortex separation lines (S2, see Fig. 7) are

slightly curved toward the wing centerline for angles of

attack smaller than or equal to 15�. A further increase in a
led to the migration of the vortex breakdown point further

upstream to the wing tip. It is worth noting that the line S2

began to bend toward the leading edge at this moment. The

kink originated at a = 17� and moved together with the

vortex breakdown point further upstream toward the wing

tip with increasing a (Fig. 8b).

To obtain information on the position of the secondary

separation line S2 kink along the wing chord, the following

technique was applied. The photos of oil flow visualization

were transformed to black-and-white mode as shown in

Fig. 9. The transformation was done by means of a stan-

dard set of filters (relief, brightness, and contrast). The

parameters of the filters were customized individually for

each picture. It is clear from the figure that, after such a

transformation, the secondary separation line can be easily

recognized and its shape can be digitized using appropriate

image-processing software. Thus, the digitizing procedure

was performed in the coordinate system connected with the

leading edge of the wing as shown in the figure. Further,

the S2 line points obtained (for clarity, not all the data

points are presented in the figure) were approximated by

the 6� polynomial. The S2 kink position was determined as

the extremum of the polynomial in the coordinate system

connected with the leading edge. Then, the position

obtained was transformed into a coordinate system con-

nected with the wing chord.

The vortex breakdown position obtained from the smoke

laser sheet visualization and the S2 kink position obtained

from oil flow visualization (U? = 12 m/s) along the wing

chord are shown in Fig. 10. It can be seen that there is a

certain correlation between the vortex breakdown point

position and the kink of the secondary vortex separation

line S2. Vortex bursting is known to lead to abrupt flow

stagnation in the vortex core region and to vortex expan-

sion. Thus, the secondary vortex is forced out to the leading

edge, and the line S2 is curved in the same direction. At

a\ 21�, the S2 kink was located downstream from the

vortex core breakdown point. This is explained by the fact

that the vortex breakdown phenomenon is a non-stationary

process and, therefore, the vortex breakdown position

migrated within certain limits. Moreover, when the dark
Fig. 7 Oil flow visualization print on the leeward side of the delta

wing with surface streamlines (a = 15�, U? = 12 m/s)

Fig. 8 Oil and smoke flow

visualization data obtained

under fixed values of free-

stream velocity U? = 12 m/s

for a = 15� (a) and for

a = 22�(b)
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vortex core disappeared, the process of flow stagnation and

vortex expansion needed a certain period of time and,

therefore, a certain distance before a steady burst state is

reached. It can also be noted from Fig. 10 that the motion

of the vortex breakdown position upstream towards the

wing tip with increasing angle of attack has an approxi-

mately linear character.

In the present study, it was assumed that the main effect

of the DBD on the flow is associated with the excitation of

perturbations instead of acceleration of the flow in the

boundary layer region. Such an excitation was therefore

created on the leeward surface of the model because of the

low local velocity in this region. In this case, the periodic

flow induced by DBD can create perturbations of signifi-

cant amplitude. It was assumed that these perturbations

convecting to the leading edge will excite the primary and

secondary vortices resulting in their breakdown.

At the initial stage of the experiment, it was decided to

find the most sensitive area to place plasma actuators.

Linear turbulators were placed on the leeward surface of

the wing to find the most effective positions for flow

control from the viewpoint of the maximum shift of the

vortex breakdown point. The turbulators were made of a

synthetic filament with a 1 mm 9 1 mm square cross-

section. The length of turbulators was approximately

40 mm and various configurations were tested. The most

pronounced effect was observed when the turbulators

were aligned perpendicularly to the wing leading edge

across the vortex flow, as presented in Fig. 11f. The

number of turbulators used in the experiments varied from

1 to 3. It should be noted that this kind of DBD orien-

tation was studied using CFD modeling performed by

Visbal and Gaitonde (2006) on a delta wing. The results

of the flow visualization with such a configuration of

turbulators are illustrated in Fig. 11. It can be seen from

Fig. 11a that the vortex breakdown on the right part of

the delta wing without turbulators (‘‘clear wing’’) occur-

red at x/c = 0.73. Similar results can be observed in the

cases of using only one turbulator (Fig. 11d, e). The most

pronounced effect was obtained in the cases of three

(Fig. 11b) and two (Fig. 11c) linear turbulators installed

on the right part of the wing. In these cases, the maxi-

mum shift of the vortex breakdown point toward the wing

tip was observed (approximately by 15 % of wing chord).

Thus, it was decided to perform the surface pressure

measurements on the leeward side of the wing for two

cases: clear wing (Fig. 11a) and with two turbulators used

(Fig. 11c).

The data obtained are shown in Fig. 12 as the pressure

coefficient -Cp. Figure 12a shows that the vortex flow on

the clear wing is almost symmetrical, which is manifested

in identical widths of the pressure peaks generated by the

primary vortices. Moreover, two pressure peaks of lower

intensity generated by the secondary vortices are clearly

observed on both the left and right parts of the wing. The

installation of turbulators as described above resulted in the

right primary pressure peak becoming wider due to the

breakdown of the right primary vortex (Fig. 12b). Only one

secondary pressure peak can be found on the left part of the

delta wing in this case (Fig. 12b). The absence of the

secondary pressure peak on the right side has the same

explanation as that given earlier in the case of oil flow

visualization. When the primary vortex was broken down

due to the influence of the turbulators, its core diameter

was increased, thus forcing out the secondary vortex closer

to the wing leading edge. It can be seen from the figure that

the suction peak on the right side has the same order of

magnitude as the left one for the case of the clear wing

Fig. 9 Illustration of S2 kink location definition technique

Fig. 10 Vortex breakdown and right S2 kink locations versus angle of

attack obtained under fixed value of free-stream velocity

U? = 12 m/s

Exp Fluids (2013) 54:1585 Page 7 of 12
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(Fig. 12a). The –Cp peaks decay in the downstream

direction with the same ratio for both halves of the model

in this case. And in the case of the wing with turbulators on

the right side, the decay ratio on the right is higher than on

the left side and than the case of the clear wing.

As the design of DBD electrodes is simple, the experi-

ments on DBD-assisted vortex flow control were carried out

with different configurations of DBD actuators. The first

configuration is shown in Fig. 13. DBD actuators installed in

the same manner as the turbulators were found to ensure the

most effective vortex breakdown control. In this case, the

DBD electrodes were perpendicular to the leading edge. The

distances between the exposed electrodes were 30 mm and

their total length was about 400 mm. The electrodes were

arranged to generate flow acceleration or plasma propaga-

tion towards the wing tip. The DBD excitation regime

corresponds to that presented in Fig. 4a. The experiments

were performed in the range of velocities U? = 7-12 m/s

at a = 0�-15�. It should be noted that the velocity range

was limited by the concentration of smoke particles in the

flow because the smoke flow visualization was one of the

main experimental techniques in the present study.

Figure 13 shows an example of the vortex flow pattern

in the laser sheet plane with and without DBD excitation.

It can be seen from Fig. 13a that there are two vortices

with well-defined dark cores on the left and right sides of

the wing in the ‘‘DBD off’’ case. If the DBD was activated

on the right part of the wing (Fig. 13b), only the left vortex

has a core, while the right one is destroyed.

The second DBD configuration is shown in Fig. 14. In

this case, the DBD actuator was placed along the secondary

separation line (see Fig. 7) on the leeward side of the wing.

Fig. 11 Smoke flow

visualization data in the plane of

the laser sheet obtained under

fixed values of free-stream

velocity U? = 12 m/s and

a = 17� for the case of the clear

delta wing (a) and with linear

turbulators installed on the

leeward side of the wing

(b–e) (view from trailing edge)

Fig. 12 Pressure coefficient

distributions obtained under

fixed values of free-stream

velocity U? = 12 m/s and

a = 17� for the case of the clear

delta wing (a) and with linear

turbulators installed on the

leeward side of the wing (b)
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It should be noted that the location of secondary separation

line was determined based on the oil flow visualization data

for each combination, U? and a, and electrodes were

suitably reinstalled before each experimental case. The

electrodes were arranged to generate flow acceleration or

plasma propagation towards the wing leading edge. Here,

the DBD actuator was assumed to affect the shear layer

between the primary and secondary vortices due to the

insertion of mass flow and periodic disturbances causing

the vortex breakdown. Actually, the data obtained showed

that such a configuration was ineffective from the view-

point of vortex breakdown. Further experiments with a

configuration where the DBD operation parameters (volt-

age, frequency, and excitation mode) were varied, how-

ever, revealed that the DBD can not only lead to vortex

bursting but also to vortex stabilization. The data obtained

in these experiments are shown in Fig. 14.

As can be seen from Fig. 14a, if the DBD actuator is not

in use, only the left vortex has a dark core, while the right

vortex is destroyed. If the DBD is activated on the right

part of the delta wing, both vortices demonstrate well-

defined dark cores (Fig. 14b). In other words, actuation of

DBD leads to vortex stabilization on the right part of the

wing. It should be noted that the effect of vortex stabil-

ization was achieved under certain conditions: DBD was

excited in the burst mode. Moreover, the effect was

observed only in a narrow range of burst parameters,

namely, if the pulse packet repetition frequency was equal

to 50 Hz and the effect was not achieved in the range of

F = (40, 45, 47, 55, 60) Hz. The length of the electrode in

this case was approximately 285 mm and the excitation

regime corresponds to that presented in Fig. 4b. In contrast,

it is seen from Fig. 14c that DBD excited in the continuous

manner does not change the initial vortex flow pattern. The

length of electrode in this case was approximately 245 mm

and the excitation regime corresponds to that shown in

Fig. 4a.

For the DBD configurations discussed above, PIV

measurements were performed. Sections of measurements

were defined based on the data of laser sheet visualization.

Measurement regions (PIV frame) were chosen to include

the leading edge of the model and the zone of the primary

vortex on the right part of the delta wing (see Fig. 13a).

PIV data confirmed that excitation of the flow by the

first kind of actuator (see Fig. 13) results in vortex break-

down on the right part of the model. Velocity and vorticity

distributions measured in the section x/c = 0.75 are pre-

sented in Figs. 15 and 16.

These data were obtained by averaging 2,000 instanta-

neous fields. The core of the primary vortex can be easily

defined on the figures. The resolution of the PIV is suffi-

cient to resolve the secondary separation and the vortex

near the leading edge. The core of the primary vortex is

well pronounced in Figs. 15a and 16a and smeared in

Figs. 15b and 16b due to vortex breakdown upstream for

the case of activated DBD. It can be seen from the figures

that downstream of the breakdown point, the vorticity in

the vortex core and also the circular velocity induced

suddenly decrease. This leads to the decreasing of suction

on the model surface as shown above (see Fig. 12).

Data obtained for the second electrode configuration

are presented in Figs. 17 and 18. The section of

Fig. 13 Smoke flow visualization obtained for U? = 12 m/s and

a = 15�; DBD switched off (a) and DBD activated in continuous

mode (f = 1.6 kHz, W = 60 W/m) (b) (view from trailing edge,

DBD configuration 1)

Fig. 14 Smoke flow visualization data obtained under fixed values of

free-stream velocity U? = 7 m/s and a = 15� for the case DBD

switched off (a), DBD activated in burst mode (f = 1.6 kHz,

F = 50 Hz, W = 24 W/m) (b), and DBD excited in continuous

mode (f = 1.6 kHz, W = 60 W/m) (view from trailing edge, DBD

configuration 2)
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measurements (PIV frame) was chosen downstream of the

natural breakdown point at x/c = 0.9. It can be seen from

the figures that the vortex core recovers and the circular

velocity increases for the case of excited DBD (Figs. 17b,

18b), while the initial vortex flow (if DBD was not in use)

demonstrates vortex breakdown that manifested in smaller

values of both velocity and vorticity magnitude

(Figs. 17a, 18a).

The data on vortex stabilization obtained in the pres-

ent study are consistent with the results obtained by

Greenblatt et al. (2008). In the present experiments, it

was also found that control was the most effective from

the viewpoint of vortex stabilization at F? * 1 if it is

calculated based on the characteristic length as (ccosv)

and F? * 2 if the root chord length is used as a char-

acteristic scale. The presence of optimum control

Fig. 15 Velocity distribution

obtained using PIV

(U? = 12 m/s, a = 15�) for the

baseline flow (a) and for the

flow controlled by DBD

activated in continuous mode

(f = 1.6 kHz, W = 60 W/m,

DBD configuration 1) (b)

Fig. 16 Vorticity distribution

obtained using PIV

(U? = 12 m/s, a = 15�) for the

baseline flow (a) and for the

flow controlled by DBD

activated in continuous mode

(f = 1.6 kHz, W = 60 W/m,

DBD configuration 1) (b)

Fig. 17 Velocity distribution

data obtained by means of PIV

(U? = 7 m/s, a = 15�) for the

case with no excitation (a) and

with DBD activated in burst

mode (f = 1.6 kHz, F = 50 Hz,

W = 24 W/m, DBD

configuration 2) (b)
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frequency enables us to suppose that the mechanism of

vortex stabilization under discharge excitation is probably

associated with suppression of some perturbations having

natural frequency.

One of the characteristic frequencies of vortex flow on

the delta wing can be associated with discrete vortices

shedding from wing leading edge, as was shown by Gad-

el-Hak and Blackwelder (1985) as well as by Payne et al.

(1988). In the paper of Gad-el-Hak and Blackwelder, the

empirical relationship for estimating the frequency was

obtained as f0 ¼ 1:3 �
ffiffiffiffiffiffiffiffi

U1
p

. For the test case corre-

sponding to the results shown in Fig. 14, this relationship

gives the value f0 * 34 Hz while the optimum discharge

frequency was F = 50 Hz. On the other hand, the char-

acteristic frequency can be associated with the primary

vortex precession due to the spiral type of vortex break-

down that is the predominating mechanism of vortex

breakdown on delta wings (Leibovich 1984). Unfortu-

nately, there has been no opportunity to check this

assumption as the frequency mentioned was not revealed

in the present study.

The explanation that the mechanism of vortex stabil-

ization is connected with the suppression of some natural

oscillations of the vortex flow can be reasonably criticized

due to the control process not being synchronized with the

natural vortex motion in the experiments. Therefore,

another explanation can be considered. It should be recal-

led that the DBD actuator in the test case was installed in

the secondary separation region with low flow speeds.

Thus, the flow velocity generated by the DBD in this case

can significantly influence the flow parameters in the

boundary layer region. Hence, the mechanism of vortex

stabilization can be associated with the stabilization or

fixation of the secondary separation line that in turn leads

to stabilization of the secondary vortex and finally to global

stabilization of the whole vortex flow. Of course, this

conclusion can be considered as a matter for discussion and

further investigations.

5 Conclusions

The possibility of vortex flow control on the model of a

delta wing was studied at a subsonic speed in the range of

chord-based Reynolds numbers (0.14, 0.25) 9 106.

Dielectric barrier discharge plasma on the model surface

was used for vortex flow control. The effects of the dis-

charge operating parameters and the location of the DBD

actuators were studied in the experiments. It was found that

DBD is able not only to influence the vortex breakdown

position but also to lead to vortex stabilization when

operating in the burst mode. Thus, it was demonstrated that

the DBD can be successfully applied for vortex flow con-

trol on a delta wing at high angles of attack. The experi-

mental results showed that variations of the DBD location

as well as the mode of excitation exert a significant effect

on the vortex breakdown control efficiency. The highest

efficiency from the viewpoint of vortex breakdown was

reached with the DBD was placed perpendicularly to the

leading edge across the vortex flow. The configuration with

DBD actuators aligned along the secondary separation line

proved to be effective from the viewpoint of vortex

stabilization.
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