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Plasma control of forebody asymmetric vortices is mostly achieved by means of dielectric barrier discharge (DBD)
plasma actuators. However, DBD actuators suffer from some disadvantages such as a weak induced body force, a single-
direction induced jet, and an unclear control mechanism. We carry out wind tunnel experiments involving the forebody
vortex control of a slender body at high angles of attack using an innovative extended DBD actuator, which has a stronger
capacity to induce an electric wind than a DBD actuator. Through synchronous measurements of the pressure distribution
and particle image velocimetry (PIV), the spatiotemporal evolution of the dynamic interactions between plasma-actuation-
induced vortices and forebody asymmetric vortices is analyzed. The influence of plasma discharge on the boundary layer
separation around a slender body and the spatial topological structures of asymmetric vortices are further surveyed, as
the optimized actuation parameters. Extended DBD actuators are found to be more capable of controlling asymmetric
vortices than DBD actuators, and a linear proportionality of the sectional lateral force versus the duty ratio is achieved.
There exists an optimal normalized reduced frequency ( f+ = 2π fpd/U∞ = 2.39) for asymmetric vortex control under the
present experimental conditions. The research results can provide technical guidance for the control and reuse of forebody
asymmetric vortices.

Keywords: plasma flow control, dielectric barrier discharge, forebody asymmetric vortex
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1. Introduction

To gain tactical advantages, advanced fighter aircrafts
around the world are often required to design with higher ma-
neuverability and agility. The improvement of the maneuver-
ability and agility of an fighter aircraft mainly depends on
the improvement of its flight performance at high angles of
attack.[1] When a slender body aircraft is at high angles of
attack, lateral forces in random directions and with variable
magnitudes will be produced, even if the sideslip angle is zero.
Under these conditions, the vertical tail, horizontal tail and
rudder control surface of the aircraft all lie in the vortex wake
of the wings and fuselage, resulting in a serious deficiency in
the lateral-directional controllability.[2] The direct causes of
these random lateral forces are the forebody asymmetric vor-
tices that form in the leeward region of the slender fuselage
of the aircraft. The directions and magnitudes of these lateral
forces are determined by these forebody asymmetric vortices,
which have different intensities and positions.[3,4] Meanwhile,
the forebody of the fuselage is still subjected to an undisturbed
airflow, and the flow around a slender body at high angles of
attack is very sensitive to microdisturbances (such as turbu-
lence, surface roughness, and slight geometric tolerances) near
the tip of the slender forebody model. Therefore, the purpose

of forebody vortex control is to systematically manipulate the
forebody flow by inhibiting the formation and development of
asymmetric vortices to provide controlled yawing moments at
angles of attack at which the effectiveness of a conventional
rudder decreases. By modulating the vorticity intensity and
spatial positions of the asymmetric vortices at the tip of the
slender body, the aerodynamic control efficiency at high an-
gles of attack is enhanced, and the asymmetry flow problem of
the separation vortices at the tip of the slender body is solved.
In addition, proportional control of the random lateral forces
and moments can also be realized in this way.

Generally, forebody vortex control technology can be di-
vided into passive control technology and active control tech-
nology based on whether there is any external energy input.
Passive control technology is simple in structure and does not
require an energy input. Generally, only a few limited states
can be effectively controlled with such technology. Under
other conditions, the control efficiency may be reduced, or
control efforts may even yield an effect that is opposite to
the desired effect, and it can be difficult to achieve propor-
tional control of the lateral forces and moments. This situa-
tion is not conducive to practical applications in the intelligent
flight of advanced aircraft. The various available passive con-
trol technologies include bumps, dimples, strakes, fluttering
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flags, vortex generators, nose bluntness devices, and boundary
layer transition strips.[1] In all the cases, the goal is to elimi-
nate lateral forces by changing the distribution of the forebody
vortices. Thus, passive flow control methods cannot take ad-
vantage of the forebody vortex asymmetry to enhance aircraft
maneuverability.

As an alternative approach, extensive investigations have
focused on active control technology, which requires a con-
tinuous input of energy and can be utilized for the adaptive
control of various states in real time. However, most ac-
tive control systems have a relatively complex structure, and
their power consumption and weight are major contributors to
their associated costs or penalties. Specifically, active control
technologies include vortex generators, microblowers, syn-
thetic jets, plasma actuators, nose axial blowers, and microbal-
loon strakes.[5] Currently, simultaneous closed-loop control
and linear proportional control of lateral forces can already be
achieved through plasma actuation.[6] Therefore, increasing
attention has focused on forebody vortex control via plasma
actuation.

In recent years, researchers in various countries have con-
ducted numerous studies involving the plasma control of the
forebody asymmetric vortices that form near slender bodies at
high angles of attack, mainly focusing on answering the fol-
lowing three questions: (1) How can the control efficiency of
a plasma actuator itself be improved? Generally, the effective-
ness of the control of asymmetric vortices can be improved
by optimizing the electrical parameters and geometric config-
uration of the plasma actuator or by changing the discharge
regime of the plasma actuation by using proper power sup-
plies. (2) How can the gap with respect to actual engineer-
ing applications be narrowed? Related studies have focused
on expanding the ranges of wind speed and angle of attack in
which effective control can be achieved through plasma ac-
tuation, realizing linear proportional control and closed-loop
control of lateral forces, and deriving universally control laws
relevant to actual engineering applications. (3) What is the
fundamental control mechanism of plasma actuation for fore-
body asymmetric vortices? The purpose is to understand the
spatiotemporal evolution of the dynamic interactions between
plasma-actuation-induced vortices and forebody asymmetric
vortices, which is a basic requirement to control and facilitate
the lateral forces effectively.

At present, particle image velocimetry (PIV) flow field
visualization technique is commonly adopted to obtain high-
resolution images of the spatiotemporal evolution of the dy-
namic interactions between plasma-induced and asymmetric
vortices. In the future, it will be necessary to combine compu-
tational fluid dynamics methods with wind tunnel experiments
to better understand the control mechanisms of plasma actua-
tion acting on the boundary layer separation of the flow field

around slender bodies and the spatial topological structures of
the asymmetric vortices.

To solve the first problem and to improve the performance
of plasma actuators, Maslov et al.[7] proposed the use of an
arc discharge to change the separation positions of the bound-
ary layer on both sides of a slender body and to suppress the
asymmetric characteristics of the vortex pair with respect to
the slender body. However, because arc discharge is unsta-
ble and occurs at high temperatures, it is easy to burn through
the electrode. Therefore, dielectric barrier discharge (DBD)
was adopted in most subsequent studies. Wang et al.[8] im-
proved the control efficiency of a DBD plasma actuator by op-
timizing its configuration and installation position. Zheng et
al.[9] proposed a double-sided sliding discharge plasma actua-
tor and, by comparing the results of wind tunnel experiments
for three different methods of applying plasma actuation to
forebody vortices, found that extended DBD (EX-DBD) ac-
tuation yielded a better control effect than other plasma ac-
tuation methods. However, the interactions between plasma-
actuation-induced and asymmetric vortices have not been an-
alyzed.

There are three main ways to narrow the gap with actual
engineering applications: (1) The first is to broaden the con-
trollable ranges of wind speeds and angles of attack. Zheng
et al.[10] used a peristaltic acceleration pulsed power supply to
improve the effective wind speed and angle of attack ranges
(25 m/s and 50◦) for forebody vortex control with DBD actu-
ation. By using nanosecond pulsed plasma discharge, Long et
al.[11] achieved effective control of the asymmetric flow field
around a slender body at wind speeds up to 42 m/s and an-
gles of attack up to 55◦. (2) The second way to narrow the
gap is through linearly proportional control. Linearly propor-
tional control of the lateral force and moment of a slender
body at high angles of attack can be achieved by changing the
pulsed duty ratio of singled-side plasma actuation or adopt-
ing a double-sided duty cycle modulation technique.[12,13,15]

(3) The third way to narrow the gap is through closed-loop
control. Among the active flow control technologies that are
currently available, plasma actuators can already be employed
to achieve the closed-loop control and proportional control of
lateral forces.[6,11–14] In conclusion, with respect to narrowing
the gap with actual engineering applications, the experimen-
tal results show that proportional control of the lateral force
and moment of a slender body at high angles of attack can be
achieved by means of pulsed plasma actuation, but the control-
lable ranges are still far from those required in actual applica-
tions. In the future, research will focus on establishing more
effective plasma actuator and discharge regimes to improve
the control efficiency and on gaining a better understanding of
the fundamental control mechanism for asymmetric vortices
in targeted flow control scenarios.
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To investigate the control mechanism of plasma actuation
for forebody asymmetric vortices and to understand the inter-
actions between the asymmetric vortices and the vortices in-
duced by plasma actuation, some scholars have applied pulsed
plasma discharge to change the positions of the separation
points by creating unequal boundary layer momentums on
both sides of the apex of the slender model, thereby affect-
ing the spatial distribution of the asymmetric vortices. By
adjusting the duty ratio of the pulsed plasma discharge, pro-
portional control of the spatial distribution of the asymmet-
ric vortex in the leeward region relative to the slender body
can be achieved, thereby permitting linear proportional con-
trol of the lateral force and moment.[15] Although many ex-
perimental studies have been conducted on this topic, there is
still a lack of consensus among the experimental analysis of
the pressure and PIV measurements for high-spatiotemporal-
resolution flow fields.

To further improve the efficiency of plasma actuators, to
narrow the gap with respect to actual engineering applications,
and to identify the control mechanisms for forebody asymmet-
ric vortices based on plasma actuation, this paper reports wind
tunnel experiments conducted with an innovative EX-DBD ac-
tuation, which has a strong tendency to induce jet flow by in-
creasing the electric field downstream of the ionic wind.[16–18]

Through synchronous measurements of the pressure distribu-
tion and PIV flow visualization, the desired control effects of
plasma actuation on boundary layer separation and the spatial
topological structures of the asymmetric vortices are obtained,
and the corresponding control mechanisms are identified. The
present results can provide technical guidance for the control
and reuse of forebody vortices.

2. Description of the experimental setup
Experiments were conducted in a low-speed closed-return

wind tunnel of the Air Force Engineering University. The
wind tunnel was 19.79 m long and 10.16 m wide. The test
section was 3 m long and had a rectangular cross section that
was 1.2 m wide and 1.0 m high (see Fig. 1(a)). The speed of
the wind tunnel was adjustable in the range of U∞ = 5–75 m/s
with a turbulence level of ε ≤ 0.2%. The test section included
three interchangeable glass windows that provided good ac-
cess for optical diagnostics. Two transparent glass windows
were installed on the left and right sides of the test section,
and an optical glass window was installed on the upper side of
the section for the PIV experiment.

The slender body model used in these experiments con-
sisted of a circular cone and a cylindrical afterbody (see
Fig. 1(b)), which were made of Bakelite materials and had a
total length of L = 500 mm. The circular cone had a 10◦ semi-
apex angle. The base diameter of the cylindrical afterbody was
D = 120 mm. The angle of attack of the slender body model

was set to α = 45◦, and the sideslip angle was fixed at zero.
The free-stream velocity U∞ was chosen at 10 m/s, which cor-
responded to a Reynolds number of 0.75× 105 based on the
model base diameter.

(a) (b)

Fig. 1. (a) The experimental layout and (b) the slender body model in
the wind tunnel.

Surface pressure measurements were performed to ana-
lyze the flow control performance. Four pressure measurement
stations were mounted on the model at intervals of 20 mm
along the middle axis. Twenty-four pressure transducers were
circumferentially distributed at each station with azimuth an-
gle intervals of ∆θ = 15◦. The time-averaged pressure trans-
ducers used in these experiments were Model 9816 devices
manufactured by the PSI Company, which recorded samples at
a frequency of 100 Hz and had an accuracy rate below 0.1%.
Continuous 10 s samples from the steady pressure transducers
were recorded for analysis. The right side of the cone when
facing the free stream is defined as the starboard side, and the
left side from the same perspective is defined as the port side.
The middle of the windward side is defined to be correspond-
ing to an azimuth angle of θ = 0◦, and the counterclockwise
direction is defined as the positive direction.

A two-dimensional PIV system was used to visualize the
detailed structure of the flow field. The surface of the slender
model was painted black to diminish laser reflection. The im-
ages were captured using a 2048× 2048 pixel2 CCD camera
with a 100× 80 mm2 field of view. The frequency of image
acquisition was 5 Hz. The Insight 3 G software package was
used to process the recorded data. The final interrogation win-
dow size and overlap ratio used in the PIV cross correlation
were 32× 32 pixels2 and 75%, respectively. To obtain tracer
particles for PIV imaging, the whole test section of the wind
tunnel was seeded with smoke particles in a mean diameter of
1 µm. The measurement position of the PIV system coincided
with the location of the first pressure measurement station at
the 1.25D cross section (L = 150 mm).

To ensure the repeatability of the pressure measurement
results, pressure data were collected three consecutive times
under each experimental condition, and the results of all three
pressure measurements coincided. PIV measurements were
collected for 10 s continuously for each case, with a time de-
lay of 200 µs between consecutive images. Finally, the overall
average pressure and PIV visualization results were calculated
for the flow field analysis. To ensure the accuracy of the test
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data, pressure and PIV data were not collected until the flow
field had reached a stable pattern, 300 s after the working pa-
rameters had been changed, each time. The pressure and PIV
results for the plasma-off mode were collected before and af-
ter plasma actuation under different working conditions. The
experimental results show that the flow pattern for the plasma-
off mode may differ under different working conditions due to
changes in the external environment and the spatial instability
of the asymmetric vortices caused by local microdisturbances
around the tip of the slender model.[1–4] The purpose of ap-
plying the forebody vortex control technique was to transform
the random flow into a controllable steady flow. Fortunately,
for all wind tunnel tests in the same batch, the forebody vortex
distribution of the flow field was essentially the same before
and after the application of plasma actuation.

By analyzing the installation positions of the plasma ac-
tuators on the slender body model, it was found that the flow
control effect was better when the DBD actuators were in-
stalled on the left and right sides of the cone head at θ =±90◦

in the circumferential direction, i.e., with the positions of the
two actuators at the maximum circumferential separation on
the surface of the cone. If the installation position of an actu-
ator was to be changed relative to this configuration, the cir-
cumferential distance between the actuators would be short-
ened, which could easily result in a spark discharge at the front
end of the exposed electrode due to the higher local electric
potential. The high temperature generated by this spark dis-
charge could easily burn through the dielectric layer of the ac-
tuator. The actuator configuration considered in this paper is
a four-electrode actuator configuration that can produce EX-
DBD output. Such an EX-DBD actuator is obtained by adding
an exposed sliding electrode, which is connected to a positive
dc high voltage, to a typical DBD actuator. The purpose of this
approach is to enhance the potential difference in the negative
half cycle of the ac voltage, to accelerate the movement speed
of negative particles, and to generate a larger body force and
electric wind.[9]

First, a pair of exposed strip electrodes were symmetri-
cally placed on the slender forebody at circumferential angles
of θ = +90◦ and −90◦. They shared a fan-shaped encapsu-
lated electrode at the bottom of the insulating layer between
the two exposed electrodes. Each exposed strip electrode was
70 mm long and 1 mm wide and was made of 0.3-mm-thick
copper foil (see Fig. 2). Previous studies have found that the
closer to the apex of the cone an actuator is, the better its flow
control effect will be. However, if it is too close to the cone
apex, the front end of the exposed electrode may be prone to
spark discharge. Thus, the following two design principles
were considered: the position of the actuator should be as
close as possible to the cone apex, and spark discharge at the
leading end of the actuator should be prevented. The front end

of each exposed strip electrode in this experiment was 20 mm
from the cone apex, similar to the configuration of the plasma
actuators used in Refs. [12,15]. To further improve the flow
control effect, an isosceles triangular sliding electrode made
of 0.03-mm-thick copper foil was added to the upper surface
of the insulating layer located between the two exposed strip
electrodes. Both sides were 10 mm from the exposed strip
electrode, enabling EX-DBD generation. The length of the
two equal sides of the isosceles triangular electrode was ap-
proximately 30 mm, the length of the bottom side was approx-
imately 15 mm, and the front end was 60 mm from the cone
apex. The three corners of the isosceles triangular electrode
were manually trimmed to form smooth circular chamfers to
prevent spark discharge from this electrode.

sliding 
electrode

encapsulated 
electrode

exposed 
electrode

20

100

30

60

60

10 10
10

θ=0Ο

−90Ο

180Ο
+90Ο

1

Fig. 2. EX-DBD plasma actuator on the slender forebody.

Three different modes of plasma actuation were tested
to assess the effectiveness of forebody vortex control for the
slender model. The typical DBD actuation mode, with the two
long exposed strip electrodes connected to the ac power source
and the triangular sliding electrode disconnected, was consid-
ered as the baseline for comparison. In the EX-DBD actuation
mode, the two long exposed strip electrodes were connected to
the ac power source, and the triangular sliding electrode was
connected to a positive dc high voltage. The plasma-off mode
corresponded to the case in which the plasma actuators were
not activated.

A high-voltage sinusoidal ac wave source (model CTP-
2000 K, Corona Laboratory) was used to generate basic DBD
actuation, and the peak-to-peak voltage VAC was set to 16 kV.
The carrier frequency was in the range of F = 6.5–8.5 kHz.
The encapsulated electrode was grounded. The pulse fre-
quency fp was varied from 50 Hz to 1000 Hz to study the
dynamic interactions between the plasma actuation and the
asymmetric flow. The duty ratio τ was varied from 10% to
100% to study the relationship between the pressure distri-
bution and the lateral force at different duty ratios. A high-
voltage dc power source together with the ac power source was
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used to generate EX-DBD actuation. For this purpose, the dc
power source was varied in a voltage range from −20 kV to
+20 kV.

3. Analysis
3.1. Actuation optimization

To improve the control efficiency for asymmetric vortices,
most previous studies have focused on optimizing the electri-
cal parameters and geometric configuration of the plasma ac-
tuators, whereas there have been few studies on the control
effect of changing the discharge regime of the plasma actua-
tors. In this paper, a new four-electrode plasma actuator con-
figuration, which makes the EX-DBD discharge, is adopted to
enhance the induced body force and electric wind.

Based on previous experiments in a static atmosphere,[9]

electrical parameters that provide effective flow control were
selected (a pulse frequency of fp = 500 Hz and a duty ratio
of τ = 50%). The slender body model was tested at α = 45◦

and U∞ = 10 m/s, with a Reynolds number of approximately
0.75× 105. Other electrical parameters of the actuators were
as follows: the ac peak-to-peak voltage VAC was set to 16 kV,
the carrier frequency was fixed at F = 8.25 kHz, and the dc
high voltage was VDC =+6.2 kV.

The pressure coefficient Cp is defined as follows:

Cp =
Pni −P∞

Po −P∞

=
Pni −P∞

q∞

, (1)

where Pni is the static pressure measured at the i-th pressure
measurement hole on the n-th cross section; P∞ is the free-
stream static pressure; and Po and q∞ are the total pressure
and the free-stream dynamic pressure, respectively, at the ref-
erence point in the wind tunnel. Here, the reference point was
selected to lie at the entrance to the wind tunnel test section.

Figure 3 shows the time-averaged pressure distributions
at the first cross section of 1.25D. When the plasma actua-
tor is powered off, the right suction peak reaches the higher
extreme value of Cp = −0.538 at θ = 270◦, and the left suc-
tion peak reaches the lower extreme value of Cp = −0.045 at

θ = 90◦. This result indicates that the separation vortex on
the right side is closer to the model surface than the separation
vortex on the left side. Thus, the flow field is an asymmetric
pattern. When the EX-DBD actuation is turned on, the suction
peak on the left side rises. The flow field tends to be approxi-
mately symmetrical.

0 90 180 270 360

-1.0

-0.5

0

0.5

1.0

plasma off

DBD
EX DBD

C
p

θ/(Ο)

Fig. 3. Comparison of the pressure distributions under DBD and EX-
DBD actuation.

In Fig. 4, the axial-vorticity contours represent the ensem-
ble averaged vorticity calculated by axial-velocity distribution.
Here the axial-vorticity intensity is defined as

ωz = ∇×u, (2)

otherwise known as the curl of the velocity field. The dark
blue represents the positive clockwise vorticity and the dark
red represents the negative anti-clockwise vorticity. As seen
from the velocity and vorticity contours in Fig. 4, after the ap-
plication of EX-DBD actuation, the core position of the vortex
on the right side moved from y = 62.65 mm to y = 35.15 mm,
closer to the model surface than the core position of the vor-
tex on the left side. The spatial positions of the vortex cores
with DBD actuation were similar to those with EX-DBD ac-
tuation, but the suction peak on the left side under DBD actu-
ation (Cp = −0.250) at θ = 90◦ was slightly lower than that
under EX-DBD actuation (Cp =−0.289).
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Fig. 4. Time-averaged axial-vorticity contours overlaid with streamlines for DBD and EX-DBD actuations.
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To analyze the flow control effect for different types of
plasma actuation, a sectional lateral force coefficient CYd,
which is a nondimensional parameter that reflects the sectional
lateral force at a measured pressure station with respect to the
free stream, is defined as

CYd =
Ydn

dq∞

=
∑

k
i=1 (Pni −P∞)sinθi ·∆θ ·π

360q∞

. (3)

The sectional side force Ydn at the n-th cross section can
be calculated by integrating the circumferential pressure
distributions.[10,15] Ydn is normalized with respect to the free-
stream dynamic pressure q∞ and the local cone diameter d to
obtain the sectional side force coefficient CYd. The sign of this
force is positive when it is pointing toward the starboard side
of the cone. The plasma actuators circumferentially generate
plasma discharge on the slender forebody surface. Therefore,
the characteristic length d (= 55 mm ×sin10◦×2= 19.1 mm)
is the local diameter of the cone at the center of the plasma ac-
tuators. Here θi is the azimuth angle of the i-th pressure mea-
surement hole in the model, and ∆θ is the circumferential an-
gular interval between the pressure measurement holes at each
pressure measuring station. In this experiment, there were four
stations on the slender model, and each station included 24
evenly spaced pressure measurement holes. Therefore, the cir-
cumferential angular interval between measurement holes was
∆θ = 15◦.

To facilitate a comparative analysis of the pressure mea-
surement and PIV results, the sectional lateral force coefficient
at the first cross section of 1.25D is analyzed here. When
plasma actuation was turned off, the sectional lateral force co-
efficient was CYd = 0.470. After the application of DBD actu-
ation, CYd was 0.123, and after the application of EX-DBD ac-
tuation, the sectional lateral force coefficient was CYd = 0.027.
These results correspond to decreases in the sectional lateral
force coefficient of 73.8% for DBD actuation and 94.3% for
EX-DBD actuation. Thus, the lateral force can be effectively
reduced by applying both of plasma actuations.

Through a comprehensive analysis of the pressure distri-
bution, PIV and sectional lateral force coefficient results, it is
found that EX-DBD for forebody vortex control has a better
capacity than DBD. The negative space charge created by a
single DBD during the negative-going cycle is more acceler-
ated in the case of EX-DBD actuation, resulting in a faster
time-averaged velocity and an enhanced body force.[18] Un-
der the condition of no incoming flow, EX-DBD will intensify
the movement of the original charged ions from DBD and re-
sult in charge accumulation on the surfaces of the actuators,
thereby generating a secondary electric field that will weaken
the external electric field and reduce the size of the overall
electric field in the discharge area, consequently reducing the
flow control efficiency. However, in these wind tunnel exper-

iments, EX-DBD demonstrated a superior flow control capac-
ity because the charged ions on the actuator surfaces could be
blown away by the incoming flow. This finding also verifies
the results reported in Ref. [19].

In contrast to the plasma actuator configuration used in
this paper, the control strategies applied in Refs. [8,12] involve
single-sided pulsed duty ratio or double-sided duty cycle mod-
ulation plasma actuation. These control strategies are suitable
for situations in which the direction and magnitude of the lat-
eral force are known. However, the flow field pattern of the
experimental model is not known, such control strategies are
not optimal. Instead, this paper focuses on a control scheme
based on synchronous actuation on both sides of the slender
body, which eliminates the need for auxiliary duty cycle con-
trol equipment, reduces the complexity of the power supply
system, and simplifies the control procedure for asymmetric
vortices. In practical applications, if phantom yaw occurs or
random lateral forces are detected, the plasma actuators on
both sides of the aircraft forebody simply need be turned on
simultaneously, without considering the direction and strength
of the lateral force, allow the spatial distribution of the asym-
metric vortices alone.

4. Linear proportional control of sectional lat-
eral force
To facilitate engineering applications and the automatic

pilot function for advanced aircraft, the ultimate goal of fore-
body vortex control is to achieve the proportional control and
closed-loop control of lateral forces. In this section, the influ-
ences of the pulsed duty ratios of DBD and EX-DBD actua-
tions on the pressure distribution and lateral force are studied.
Notably, our research group is currently studying a miniatur-
ized plasma closed-loop control system. Ideally, this system
could be applied for the control of the asymmetric vortices
around slender bodies at high angles of attack, flight attitude
control for unmanned aerial vehicles (UAVs), deicing/anti-
icing, drag reduction, etc.

To realize proportional control of the pressure distribution
and lateral forces, methods such as adjusting the pulsed duty
ratio of plasma actuation are generally employed at present.
Future research should focus on simplifying the applied con-
trol scheme, improving control efficiency and reducing energy
consumption. Figure 5 illustrates the pressure distribution re-
sults obtained when EX-DBD actuation was applied with dif-
ferent pulsed duty ratios. The plasma-off mode represents
the case in which the plasma actuators were turned off, and
τ = 100% represents continuous actuation. When the plasma
actuators were not turned on, the suction peak on the right
side was higher than that on the left. As the duty ratio was
increased from 10% to 90%, the suction peak on the right side
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gradually declined, and the suction peak on the left side grad-
ually increased in magnitude and peaked at τ = 70%. As the
duty ratio was further increased, the asymmetric flow first be-
came symmetrical and then evolved into a flow pattern with
the opposite asymmetry. Correspondingly, the side force first
decreased to zero and then began to increase in the opposite
direction. When the duty ratio reached τ = 100%, the control
effect was not improved and, in fact, was worse than that at
τ = 30%. This result is also consistent with the conclusions of
Ref. [12].
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Fig. 5. Pressure distributions under EX-DBD actuation with different
duty ratios.

Unsteady pulsed plasma actuation can generate large-
scale vortex structures in the boundary layer, which can en-
train the kinetic energy from the external flow into the bound-
ary layer and change the position of the boundary layer transi-
tion and the spatial distribution of the vortex structure, thereby
achieving a flow control effect. When pulsed plasma actuation
is turned on, the induced flow field takes shape and begins to
stabilize within a short period of time.[19] By increasing the
duty ratio of plasma actuation, the intensity of the induced
starting vortex can be slightly improved, whereas there will
not be a great impact on the induced body force and momen-
tum. Although the input energy can be continuously increased
in the case of steady plasma actuation, it is not conducive to
the formation of large-scale vortex structures. Accordingly,

pulsed plasma actuation not only can provide a better control
effect than steady actuation but also can save more energy.

Figure 6 compares the performances of DBD and EX-
DBD actuations on the sectional lateral forces based on the
measured pressure. When the duty ratio was less than 30%,
the control effects of both plasma actuation modes on the sec-
tional lateral forces were basically the same. When plasma
actuation was turned off, the sectional lateral force coefficient
was CYd = 0.470; the control effect of DBD reached a min-
imum value (CYd = −0.061) at τ = 70%. As the duty ratio
was further increased, the effect of forebody vortex control
declined due to the recovery of the sectional lateral force. By
contrast, the sectional lateral force coefficient under EX-DBD
was basically stable at τ = 70% and reached its maximum
value (CYd =−0.193) at τ = 90%. Therefore, EX-DBD actua-
tion increased the maximum sectional lateral force coefficient
by 24.9% compared to that under DBD actuation in this inves-
tigation of different pulsed duty ratios. At τ = 100%, the sec-
tional lateral forces under DBD and EX-DBD actuations were
nearly the same, suggesting that the difference in the control
effect of steady discharge between different plasma actuator
configurations or plasma discharge regimes is very small.

From the relationship between the sectional lateral force
and the pulsed duty ratio depicted in Fig. 6, the sectional lat-
eral force monotonically decreases with increasing duty ratio,
thus the linear control of the lateral force on the slender body
can be achieved by modifying the duty ratio. It can also be
inferred that to decrease the sectional lateral force on the slen-
der body to zero, a pulsed actuation with a duty ratio of 63.5%
would be needed for DBD, in comparison with a duty ratio
of only 52.8% for EX-DBD, representing an energy saving of
20.3%. Furthermore, EX-DBD actuation not only can achieve
lateral force control with less energy consumption than DBD
actuation but also can reverse the direction of the lateral force.
Hence, EX-DBD actuators are found to be more capable of
controlling forebody asymmetric vortices than DBD actuators
and to enable linear control of the lateral forces on a slender
body by varying the duty ratio. However, in this experiment,
there was no standard linear proportional control relationship
between the DBD duty ratio and the sectional lateral force.
When the duty ratio was greater than 70%, the control ef-
fect weakened, in contrast to the conclusion in Ref. [12]. The
reason for this discrepancy may be that wind tunnels can dif-
fer widely in their noise levels, resulting in different separa-
tion phenomena for the boundary layers around slender mod-
els. In addition, the forebody vortices are very sensitive to
microdisturbances near the tip of a slender model. The mi-
crodisturbances generated by mismachining tolerances, which
are called background disturbances, will also result in different
lateral forces. In future research, it is anticipated that a linear
proportional control strategy will be found that is suitable for
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experimental models of similar sizes and configurations.
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Fig. 6. Comparison of the sectional lateral forces under DBD and EX-
DBD actuations with different duty ratios.

5. Frequency coupling mechanism
The pulsed duty ratio and pulse frequency are two key

factors influencing plasma flow control. The pulsed duty ratio
mainly affects the energy intensity of the plasma-induced jet,
namely, the amount of momentum injected into the boundary
layer or flow field. However, with a reasonably selected pulse
frequency, a mutual coupling effect between the plasma ac-
tuation frequency and the natural frequency of the forebody
vortex system in the flow field may be achieved, leading to
a phenomenon similar to frequency resonance, which is ex-
pected to further enhance the flow control effect.

Figure 7 displays an analysis of the flow control effects
of EX-DBD actuation at different pulse frequencies. When
plasma actuation was turned off, the suction peak on the right
side was higher than that on the left, and the suction peak on
the left side (Cp = −0.029) appeared at θ = 75◦. When EX-
DBD actuation was turned on, the suction peak on the left side
gradually increased in magnitude with increasing pulse fre-
quency and reached its maximum (Cp = −0.302, θ = 90◦) at
fp = 200. At this point, the difference between the heights
of the suction peaks on the left and right sides had decreased,
indicating that the forebody flow field had gradually changed
from a topological structure with asymmetric vortices to sym-
metric vortices, and the magnitude of the sectional lateral force
had decreased accordingly. As the pulse frequency was fur-
ther increased to fp = 500 Hz, the pressure distribution curve
changed very little, and the flow control effect slightly weak-
ened. When the pulse frequency was further increased to
1000 Hz, the suction peak on the left side decreased sharply,
and the control effect was even worse than that for the fre-
quency 50 Hz. Additionally, as illustrated in Fig. 7, after
plasma actuation was applied, the position of the extreme
value of the suction peak on the left side changed from θ = 75◦

to θ = 90◦, indicating that the flow separation in the leeward
region of the slender body was effectively suppressed.
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Fig. 7. Pressure distributions under EX-DBD actuation with different
pulse frequencies.

Figure 8 presents a visualization of the PIV flow field to
illustrate the spatial distribution of the asymmetric vortices
at the 1.25D cross section. When the plasma actuators were
turned off, the blue vortex on the left side was far away from
the model surface (higher-position vortex), and the red vor-
tex on the right side was close to the model surface (lower-
position vortex), forming an asymmetric spatial distribution.
When EX-DBD plasma actuation was turned on, the higher-
position vortex on the left side approached the model surface,
but the lower-position vortex on the right side did not shift
considerably, and the flow field distribution became approxi-
mately symmetric. However, when the pulse frequency was
increased to fp = 200 Hz, the lower-position vortex on the
right side began to rise away from the model surface. As the
pulse frequency was further increased, the control effect grad-
ually weakened, and the flow field returned to its previous state
without plasma actuation. This is consistent with the results of
pressure distributions in Fig. 7.

The phase-locked PIV results reported in Ref. [20] indi-
cate that a vortex structure, of which the size increases as the
pulse frequency decreases, is shed from the shear layer with
each plasma actuation pulse. A large-scale vortex structure
generated at a low pulse frequency can affect the flow field
by means of vortex entrainment, draw kinetic energy from
the external flow into the boundary layer and affect the po-
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sition of the boundary layer transition. A small-scale vortex
structure generated at a high pulse frequency can promote a
turbulent transition, and both the transition and reattachment
points will move upstream with increasing pulse frequency or
input voltage.[21] It is surmised that there exists a certain natu-
ral frequency in every forebody flow system. When the pulse
frequency is approaching to this natural frequency, the ampli-
tude of the spatial variation of the asymmetric vortices will be
abruptly augmented, and the control effect of plasma actuation
will be significantly improved, through a phenomenon similar
to frequency resonance. However, changing the experimental
conditions may alter the natural frequency of the flow system.
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Fig. 8. Time-averaged axial-vorticity contours overlaid with streamlines
for EX-DBD actuation with different pulse frequencies.

Figure 9 presents a comparative analysis of the sectional
lateral forces observed under DBD and EX-DBD actuations
with different pulse frequencies. When the plasma actuators
were turned off, the flow field was in an asymmetric state
with a large sectional lateral force (CYd = 0.532). The higher-
position vortex appearing on the left had only a small total
pressure loss of the ambient fluid near the model surface, cor-
responding to a lower suction peak on the left. By contrast,
the lower-position vortex appearing on the right had a large
total pressure loss of the ambient fluid near the model surface,
corresponding to a higher suction peak on the right. Thus,
the slender body model was subjected to a sectional lateral
force toward the starboard side. When pulsed plasma actua-
tion was turned on, the sectional lateral force decreased. The

control effects of DBD and EX-DBD under pulsed actuation
at fp = 50 Hz were not different. As the pulse frequency was
increased, the sectional lateral force in both the cases reached
its minimum value (CYd = 0.021 for DBD and CYd =−0.027
for EX-DBD) at fp = 200 Hz. Under EX-DBD actuation, the
maximum sectional lateral force coefficient was increased by
8.6% compared with that under DBD actuation. Thus, after
the plasma actuators were turned on, the peak values of the
suction peaks on both sides tended to be similar (Fig. 7), indi-
cating that the original asymmetric vortices had become basi-
cally symmetrical (Fig. 8), and the sectional lateral force was
significantly suppressed. As the pulse frequency was further
increased, the sectional lateral force increased again, indicat-
ing that the control of the asymmetric flow field was gradually
becoming ineffective. When the pulse frequency was greater
than 800 Hz, the lateral force control effect of EX-DBD actu-
ation decreased faster than that of DBD actuation.
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Fig. 9. Comparison of the sectional lateral forces under DBD and EX-
DBD actuations with different pulse frequencies.

In Ref. [13], the control effect of plasma actuation for
asymmetric vortices was optimal when the normalized re-
duced frequency reached f+ = 1. However, for the experi-
mental model used in the wind tunnel experiments reported
in this paper, the optimal pulse frequency for asymmetric vor-
tex control was fp = 200 Hz, corresponding to a normalized
reduced frequency of f+ = 2π fpd/U∞ = 2.39. These dif-
ferent optimal pulse frequencies may be due to the different
experimental models and experimental environments consid-
ered. However, it has been proven that an optimal pulse fre-
quency does exist in many studies on forebody vortex control
by means of plasma actuation. Therefore, reasonable selec-
tion of the pulse frequency is critical because an overly high
frequency will waste energy, while an overly low frequency
will not achieve the best control effect.

6. Conclusions
We have reported wind tunnel experiments involving

forebody asymmetric flow control for a slender body at high
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angles of attack conducted using a new extended dielectric bar-

rier discharge (EX-DBD) actuator, which has a stronger ca-

pacity to induce electric wind than a DBD actuator. A con-

trol scheme based on synchronous EX-DBD actuation on both

sides of the slender body has been investigated, which elim-

inates the need for auxiliary double-sided duty cycle control

equipment and reduces the complexity of the power supply

system. The maximum sectional lateral force coefficients un-

der EX-DBD actuation are increased by 24.9% and 8.6% com-

pared to those under DBD actuation in analysis of different

pulsed duty ratios and pulse frequencies, respectively. EX-

DBD actuators are found to be more capable of controlling

forebody asymmetric vortices than DBD actuators, and linear

control of the lateral force on the slender body can be achieved

by modifying the duty ratio. Under the present experimen-

tal conditions, there exists an optimal normalized reduced fre-

quency ( f+ = 2π fpd/U∞ = 2.39) for asymmetric vortex con-

trol. Therefore, reasonable selection of the pulse frequency

is critical because an overly high frequency will waste energy,

while an overly low frequency will not achieve the best control

effect. Notably, most related studies to date have been based

on experiments, and there is still a lack of numerical simula-

tions of the dynamic process of plasma actuation control for

asymmetric vortices. In the future, it will be necessary to in-

corporate simulation methods into further investigations of the

control mechanism.
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