
HYDROGASDYNAMICS IN TECHNOLOGICAL PROCESSES

AERODYNAMIC DRAG OF A PLATE IN AN IONIZED GAS
FLOW INDUCED BY A NEAR-SURFACE HIGH-FREQUENCY
BARRIER DISCHARGE

P. P. Khramtsov, O. G. Penyazkov, M. Yu. Chernik,
V. M. Gritsenko, I. N. Shatan, and I. A. Shikh

UDC 533.9.082.5; 537.523.2

We have made an experimental study of the dependence of the total drag of a flat plate on the incident flow
velocity and electrical parameters of discharge in the presence of a high-frequency barrier discharge on the
surface. It has been shown that the use of a near-surface barrier discharge permits decreasing the profile
drag coefficient by 3–7%.
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Introduction. The application of gas discharge plasma for decreasing the aerodynamic drag of flying vehicles
is a vast and actively developing field of research conducted all over the world [1–6].

Among the numerous methods of near-surface plasma formation noteworthy is the method of high-frequency
barrier atmospheric-pressure discharge, which is used successfully not only to decrease the drag but also to sterilize
surfaces infected with microorganisms and viruses in the food industry and public health services, as well as to im-
prove the properties of various materials [1].

A barrier discharge permits creating nonequilibrium conditions in a plasma at atmospheric pressure. Depending
on the properties of the gas, the control parameters, and the boundary conditions, the discharge can have a filamentary,
regular, or diffusion form [2].

One of the main problems of the physics of gas discharge is initiating stable large-volume nonequilibrium
plasma sources at a high pressure. The creation of a spatially homogeneous discharge is a topical problem, since un-
like a filamentary discharge, it is much easier to control the plasma parameters in it, which simplifies its application
in the industrial production and engineering design of flying vehicles. The problem is that with increasing pressure or
volume a glow discharge can progress, with a high probability, to a contracted state in which the current propagates
only in narrow glowing filaments, or even to an arc discharge [6].

In most cases, the barrier discharge is filamentary. For the discharge (not necessarily barrier) to be homoge-
neous, the presence of a fairly large number of electrons in the region before the breakdown is required. These elec-
trons appear as a consequence of different processes: they may remain from a previous discharge, be formed in the
process of collisions, or arise as a result of the emission from a dielectric discharge.

Atmospheric-pressure discharge diagnostics is a complicated problem. A homogeneous barrier discharge (at-
mospheric-pressure glow discharge) can be modeled with the use of hydrodynamic equations. The barrier discharge
model makes it possible to gain a better understanding of both the dynamics of the discharge characteristics and the
plasma-chemical processes proceeding in it.

We should note two types of homogeneous barrier discharge, which can tentatively be called Townsend and
glow discharges. In the first case, the current is much lower (of the order of a few millimeters) than in the second
case. Nevertheless, this value considerably exceeds the analogous characteristic in the ordinary Townsend low-pressure
discharge and that of the direct current. The chief property of this discharge is that the electric field in it is not dis-
torted by the space charge.
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At present of principal interest for investigations are plasma-chemical processes proceeding in the barrier dis-
charge in various gaseous mixtures, since an understanding of these processes is necessary for creating industrial reac-
tors for different purposes [7].

The problem of flame control with discharges, including nonequilibrium ones, arouses great interest among
scientists all over the world. The main directions of investigations are widening of the explosive range and combustion
of poor fuels at low temperatures [7]. In the literature, two main mechanisms of influence of the discharge on the
flame are proposed: heating by discharge and synthesis of "active particles." More effective in terms of energy is the
action on the flame of "active particles" and radicals formed on characteristic times of about 100 nsec and leading to
an increase in the rate of reactions. Therefore, in [7] a barrier discharge in the presence of strongly nonequilibrium ex-
citation of the gas components practically without heating was investigated.

Among the inhomogeneous discharges, of dominant interest is the microwave discharge which, depending on
the gas pressure, can be glow or filamentary. The most effective discharge is the filamentary upstream discharge in the
center of the model.

For a small decrease in the drag (by about 5%) in the turbulent boundary layer at longitudinal Reynolds num-
bers of �106, ionic wind on a flat plane was used. At lower Reynolds numbers (�105) by means of a corona dis-
charge between spatially separated wires on a flat surface both in the case of direct current and for low-frequency (60
Hz) alternating current a decrease in the viscous drag of the flow up to 50% turned out to be possible [8]. The appli-
cation of each of these methods is limited by the low Reynolds numbers because of the difficulty of estimating the
influence of the corona discharge on high flow velocities.

Plasma actuators are created on the basis of corona, dielectric barrier, and homogeneous glow atmospheric-
pressure discharges. Various configurations of these discharges were used for reducing the drag [9–13], for back press-
ing of the flow in turbines, on helicopter wings and blades, as well as for modifying the shock wave front in passing
through the sound barrier.

The application of plasma actuators makes it possible to provide electrodynamic coupling between the electric
field in the plasma and the neutral gas in the boundary layer [14–16]. This interaction is strong enough to cause ef-
fects important from the point of view of aerodynamics, including an increase or a decrease in the aerodynamics drag
on a flat plate [17], regrouping of the flow near the wing at high angles of attack, and peristaltic induction of the neu-
tral gas flow by a moving electrostatic wave on a streamline surface.

The aim of the present work was to investigate experimentally the dependence of the total aerodynamic drag
of a flat plate in the presence on the surface of a high-frequency barrier discharge on the incident flow velocity and
electrical parameters of the discharge.

Experimental Equipment and Measuring Methods. For the object of investigation, we used a smooth Cap-
rolon plate of thickness 10 mm and dimensions 180 × 120 mm. On the sharpened front edge a system of needle elec-
trodes spaced at 3 mm was mounted parallel to the surface at a height of 3 mm on either side of the plate. The
second electrode represented a portion of copper wire covered with a fluoroplastic insulator built into the plate parallel
to the front edge at a distance of 40 mm from the ends of the needle electrodes.

A high-frequency barrier discharge on the plate was formed as a result of applying to the electrodes periodic
high-voltage pulses of duration 200 μsec, amplitude voltage 70 kV, and repetition frequency 1 kHz. As a result of the
interaction between the charged particles and the field of electrodynamic mass forces, a direct gas flow (whose veloc-
ity was 5–10 m ⁄ sec) appeared in the discharge, with the formation of a turbulent boundary layer on the surface [18].
The plate was blown over by a two-dimensional air jet flowing out of a nozzle with an outlet cross-section of 15 ×
200 mm. The experimental facility for measuring the aerodynamic drag is chemically represented in Fig. 1. Com-
pressed air from a high-pressure line was fed through a system of cleaning filters 1, 2 into a receiver 3 of volume 0.2
m3. The working pressure in the receiver was set depending on the required blow velocity. In the course of the ex-
periment, the receiver discharged into the nozzle-feeding line 4 through a controllable quick-acting high-pressure valve 5.
The plate was installed along the jet axis at a distance of 120 mm from the nozzle exit section and fixed on a hinge
mechanically connected to a strain gauge 6. The velocity of the blowing stream was controlled by a Pitot–Prandtl tube.
The electric gauge signal proportional to the value of the total aerodynamic drag of the plate was recorded by a digital
oscilloscope 7. Calibration of the gauge was carried out with the aid of an analytical balance. Figure 2 shows a
shadow pattern of the blow-over of a flat plate by a two-dimensional air jet in the presence of a barrier discharge. The
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jet velocity in the vicinity of the front edge was u = 60 m ⁄ sec. As follows from visual observations on a shadow de-
vice, the presence of a barrier discharge causes pressing of the boundary layer to the surface.

Measurement Data and Discussion. To estimate the influence of the incident flow on the structure of the bar-
rier discharge, we took photographs of its proper glow in both the presence and absence of the air flow. Figure 3 pre-
sents photographs of the barrier discharge in the absence of the incident flow and at an air flow velocity u = 60 m ⁄ sec.
As may be seen from the photographs, the presence of the air flow leads to an extension of the region of discharge
glow by about 15% in the direction of the incident flow. The total aerodynamic drag of the plate was measured by an
electromechanical strain gauge whose output signal was recorded by the digital oscilloscope. The plate was alternately
blown over in the presence and absence of a discharge. The incident flow velocity gradually decreased as the receiver
was discharged.

Figure 4 shows the characteristic time dependences of the total aerodynamic drag of the plate for both the
above-mentioned cases. The profile drag coefficient of the plate was calculated by the formula [19, 20]

cW = 
W

ρu
2
bh

 .

Figure 5 gives the dependence of the profile drag coefficient of the plate on the Reynolds number in the pres-
ence (1) and in the absence (2) of a barrier discharge. The electric power input into the discharge was 100 W. As is

Fig. 1. Experimental facility for measuring the aerodynamic drag: 1) cleaning
filter; 2) drying filter; 3) receiver; 4) nozzle; 5) quick-acting high-pressure
valve; 6) strain gauge; 7) digital oscilloscope; 8) cock; 9) high-pressure ma-
nometer; 10) reducer; 11) control pressure manometer; 12) control valve; 13)
manometer of receiver pressure.

Fig. 2. Shadow pattern of the process of blow-over of a flat plate by a two-
dimensional air jet.
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seen from Fig. 5, the presence of a high-frequency barrier discharge on the plate surface leads to a decrease in the
profile drag coefficient by about 3–7%. It should be noted that in the investigated range of Reynolds numbers the pro-
file drag is the sum of two components comparable in value: friction drag and pressure drag.

Since the surface layer of the plasma formed by the investigated configuration of discharge electrodes does
not influence the value of the pressure drag, the data obtained point to the high efficiency of using a barrier discharge
for decreasing the aerodynamic friction drag on the surface of the aerodynamic model.

To elucidate the most optimal glow conditions for the discharge from the point of view of its influence on
the aerodynamic drag value, we investigated the dependence of the profile drag coefficient of the plate on the electric

Fig. 4. Time dependences of the total aerodynamic drag of the plate in the
presence (1) and in the absence (2) of a discharge. W, N; t, sec.

Fig. 5. Dependence of the profile drag coefficient of the plate on the Reynolds
number in the presence (1) and in the absence (2) of a barrier discharge.

Fig. 3. Photographs of the proper glow of the barrier discharge: 1) in the ab-
sence of the incident flow; 2) at a blow velocity u = 60 m ⁄ sec.
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power input into the discharge. The results obtained are presented in Fig. 6, where the horizontal line corresponds to
the value of the aerodynamic drag in the absence of discharge. With increasing electric power the efficiency of the
influence of the barrier discharge on the aerodynamic drag of the plate increases up to a certain critical value of the
specific surface input energy density pc = 9.5 kW ⁄ m2. A further increase in the electric power leads to an increase in
the total aerodynamic drag of the plate, which is due to the processes of gas discharge plasma contraction in the self-
magnetic field and the formation of filamentary structures in the discharge. The latter shunt the discharge gap because
of their high electrical conduction, which leads to a decrease in the discharge glow voltage. Under these conditions the
electric power input into the discharge gap is largely expended in heating the plasma, and the portion of the energy
expended in forming the ionic wind decreases.

Conclusions. As a result of the experiments performed, it has been established that the use of a high-fre-
quency near-surface barrier discharge permits decreasing the profile drag coefficient of the plate by 3–7%. The dis-
charge is locked to the electrodes and practically is not blown off by the incident flow. The fairly high value of the
critical specific surface input energy density pc, upon reaching which the efficiency of the influence of the barrier dis-
charge on the aerodynamic drag begins to decrease, makes it possible to use it in the engineering designing of flying
vehicles in a wide range of electrical parameters.

This work was supported by the Foundation for Basic Research of the Republic of Belarus and by the Rus-
sian Foundation for Basic Research, project No. T083-222.

NOTATION

b, width of the plate, m; cW, aerodynamic drag coefficient of the plate; h, thickness of the plate, m; P, elec-
tric power, W; p, surface input energy density, W ⁄ m2; Rel, Reynolds number calculated along the length of the plate;
t, time, sec; u, incident flow velocity, m ⁄ sec; W, profile aerodynamic drag, N; ρ, air density, kg ⁄ m3. Subscripts: c,
critical.
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