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INTRODUCTION

At present, the aerodynamics of aircraft based on
the geometry of their parts is close to perfect. The
direction of improving the wing profile and other air�
craft components due to geometry has been practically
exhausted. Therefore, at present more efforts of scien�
tists and engineers are spent on application of new
promising methods for improving the picture of air
flow around the surface of an aircraft, so�called active
control methods. The first attempts at applying these
devices were microelectromechanical systems
(MEMS technologies), technologies and devices
combining microelectronic and micromechanical
components. In aerodynamics these devices are
applied as mechanical oscillators and vortex genera�
tors.

Another type of promising devices for gas flow con�
trol is plasma actuators. The main idea in this case is
that electric discharge of different types is created in
the gas (air) flow and the flow acquires additional
parameters, for example, enthalpy due to additional
acceleration of partially ionized gas in the strong elec�
tric field or due to gas heating. The main applied dis�
charge types are corona, spark, dielectric barrier, and
microwave. Unlike mechanical actuators, plasma
devices can be used to input into the incident gas flow
a nearly unlimited amount of energy, and the opera�
tion speed of these devices is comparable with that of
MEMS devices. It should be noted that the develop�
ment of plasma aerodynamics is accompanied by
rapid development of semiconductor electronics and
technologies of electric energy conversion. It should
be noted that plasma aerodynamics, the field of aero�
dynamics in which new methods of active influence on
the gas flow using plasma technologies, considers both
external and internal aerodynamics. Devices for

plasma creation near the surface streamlined by the
subsonic or supersonic air are useful in designing new
types of engines (including supersonic direct�flow
ones) and MHD generators.

While at present different types of electric dis�
charges are used for controlling subsonic gas flow, only
some of them are applicable to a supersonic gas flow.
This is connected with the fact that at rather high
velocities of the incident flow, ionization travels in a
different way, supersonic flow carries away part of ions
from the region of strong electric field, and the dis�
charge intensity and energy input decrease. For exam�
ple, it was shown that dielectric barrier discharge can
substantially influence the picture of subsonic flow
with a velocity up to 100 m/s [1]. In the transonic air
flow, no influence of this type of discharge on the flow
is observed [2]. In a supersonic air flow with a Mach
number M = 2, the flow strongly changes the plasma
structure near the actuator [3]. A more promising
method of influencing the parameters of the super�
sonic air flow is pulsed�periodic action, for example,
using high current spark discharge; in this case, the
mechanism of discharge action on the flow is thermal.
One of the methods for creating such perturbation is
the application of gas heating discharge, which results
in thermal perturbation. It was theoretically shown in
[10] that heat supply in the gas flow results in the for�
mation of vortices; therefore, for understanding the
physical basics of gas motion control using thermal
action, the interaction of the formed vortices with the
incident flow should be studied. Such studies were
begun in a number of papers [6–9]. These papers stud�
ied the heating laminar boundary layer for the incident
flux with a Mach number M = 1.5. The evolution of
the pair of formed vortices upon their downward
motion along the flow was analyzed. The results have
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much in common with direct numerical simulation
performed in [11] for mechanical perturbation.
Experimental papers on investigation of the influence
of spark discharge on the picture of supersonic flow in
the presence of an oblique shock wave and separated
zone are also known [12, 13].

Comparison of mechanical and thermal impact
gives certain conclusions on the quality of the flow
control. Although mechanical devices can be efficient,
they have certain disadvantages, namely, complex
design, large weight, noncompact character; they can
result in undesirable vibrations and consist of mechan�
ical parts that can wear out or break. The main advan�
tages of thermal and plasma actuators are reliability,
simplicity, low energy consumption, and the possibil�
ity of control with high frequencies corresponding to
the Strouhal number in a flow on the order of unity, for
which the action on the flow is most efficient.

EXPERIMENTAL STUDIES

In this study, we consider the possibility of initiat�
ing an extended spark discharge with a frequency on
the order of kHz in a supersonic air flow with a Mach
number M = 2. A sectioned discharger with a charac�
teristic distance between the electrodes on the order of
10 cm (model size) is used as the plasma actuator, an
electric device that creates the plasma in a flow for
controlling the flow regime. The flow parameters for
which extended spark discharge can be initiated [4]
were already obtained earlier; however, in that study,
the process of single discharge initiation with energies
much higher than 1 J in the flow behind the shock
wave front was considered. Of practical interest is the
process of initiation pulsed�periodic discharge with a
period comparable to the flight time of the flow above
the considered part of the body, i.e., a frequency in the
kilohertz range. In this case, the Strouhal number in
the physical process is about 1.

The process of generating an extended spark dis�
charge was studied using a supersonic atmospheric–
vacuum wind tunnel with a flow Max number M = 2
(flow velocity V = 520 m/s), Reynolds number of
about 106, and static pressure in the flow p = 0.15–
0.18 atm. An aerodynamic model with a curvilinear
surface and the plasma actuator embedded in it so that
the body surface was smooth were situated behind the
output cross section of the de Laval nozzle. A
NACA64a212 profile made from a dielectric material
(quartz) with a characteristic size of 10 cm was used as
the aerodynamic model. The size of the profile chord
was constant in all cross sections of the profile; there�
fore, the model streamline was considered two�
dimensional. The sealed working chamber of the wind
tube into which supersonic air flow was input is
equipped with optical glass for visualization of the flow
in the presence of electric discharge. Flow visualiza�
tion was performed with an IAB�451 shadow device
using the Toepler method (knife and slit) [5], and the

shadow method. The studied flow region was backlit
by a DK Hadjustable SSh�150�1 arc xenon lamp. The
Schlieren or shadow picture of the flow was recorded
using a Photron FASTCAM SA4 high�speed digital
camera with a resolution of 1024 × 1024 pixels, an
exposure time of not lower than 1 μs, and a shooting
rate of up to 20 000 frames/s. The aerodynamic profile
was placed in the working chamber in such a way that
the generatrices of the streamlined surface were paral�
lel to the optical axis of the shadow device and the
front edge of the profile was perpendicular to the axis
of the de Laval nozzle. The working chamber was
equipped with a mechanical device for changing the
angle of attack of the profile with respect to the inci�
dent flow. When the angle of attack was changed, the
orientation of the profile with respect to the optical
axis of the shadow device and the nozzle axis were
retained. A SPELLMAN SL15P2000 high voltage
source with an adjustable voltage of 0–15 kV and a
maximum output power of 2 kW was used to power the
actuator. The schematic diagram of discharge initia�
tion in the frequency regime consists of the ballast
resistance R, whose value is determined by the maxi�
mal output current of the high voltage source for the
given voltage, and a set of K15�5�type high voltage
ceramic condensers with a capacity C = 4.7 nF. Since
the nominal tolerance of the condenser is large, before
the experiment, the total capacity was additionally
measured (measurement precision 4%). The charac�
teristic resistance is R = 100 kΩ. The condenser charg�
ing time is on the order of RC, and this quantity deter�
mines the frequency of discharge initiation in the flow.
The electric parameters of the discharge were mea�
sured using a LeCroy WaveRunner 104Xi digital oscil�
loscope, the voltage at the discharger was measured
using a Tektronix P6015A 1 : 1000 divider, and the
front of the discharge current was recorded using a
Rogowski coil.

Experiments on streamlining with and without a
discharge on the body surface were performed for the
fully expanded regime for a uniform profile of the
supersonic flow velocity. The angle of attack of the
aerodynamic profile was varied from 0 to 15 deg with
respect to the incident flow. Experiments on schlieren
visualization of the flow showed that in this range of
angles of attack, the separated flow is forms near the
back edge of the profile. For the fully expanded regime
of wind tube operation, the separation is most pro�
nounced for an angle of attack of 12 deg; it is situated
at a distance of 30–50 mm from the back edge above
the surface of the NACA profile. Therefore, at a dis�
tance of 40 mm from the back edge, the actuator was
embedded into the surface for creating spark discharge
and investigating the influence of pulsed gas heating
on the flow picture. Experimental studies showed that
for discharge initiation frequencies of about 6 kHz and
an average input power of 500 W per 10 cm, the quality
of the profile surface from quartz does not change. The
profile was made with a precision of 1 μm and pol�
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ished. A trapezoidal groove was cut on the upper sur�
face for conducting segments with a length of 5 mm
each. Segments were made from Kovar with a coeffi�
cient of linear heat expansion smaller by approxi�
mately one order of magnitude than that of other
grades of steel and other metals. Segments were tightly
placed in the groove, and the profile surface on the
whole remained smooth. A dielectric Teflon film with
a thickness of 50 μm was placed between neighboring
segments. High voltage from the accumulation circuit
was applied to the end segments.

If the dielectric between several end segments is
removed, the discharge gap decreases. The spark
length and the value of breakdown voltage also
decrease in this case. Experiments with different
lengths of the discharge gap (40–120 mm) show that
the effective electric field strength equal to the ratio of
the voltage at the actuator and the discharge gap
between the end segments is constant. This value is
1.0 kV/cm for the following parameters of the super�
sonic flow: Mach number 2, static flow pressure
0.15 atm. The breakdown mechanism is as follows. If
sufficient voltage is supplied to the actuator, gas ion�
ization begins near the nongrounded segment. In this
case, the conductivity of the medium between this seg�
ment and the neighboring one substantially increases.
Since the segments were made from metal, this pro�
cess was repeated between the next pair of segments in
the direction of the grounded segment. When the gas
near the actuator surface becomes sufficiently ionized,
the main breakdown between the high voltage end seg�
ment and the grounded end segment takes place.
Oscillograms of discharge current testify that the
described process proceeds for no less than 1 μs, which
is much smaller than the flight time; therefore, from
the point of view of gasdynamic processes, pulsed
heating of the medium is instantaneous.

In this case, the electric discharge is independent
and occurs when the voltage between the end segments
of the discharger reaches a certain value. To study the
dynamics of propagation of the flow perturbation
caused by the extended spark discharge, it is necessary
that the energy of a separate discharge be constant.
Using the chosen voltage oscillograms measured
within 2 s with a step of 100 ns, it was possible to study
fluctuations in breakdown voltage, residual voltage,
energy, and repetition rate of electric discharge.
Experiment showed that the value of breakdown volt�
age depends on the angle of attack of the profile, since
in the case of change in the angle of attack, the value
of static pressure of the flow near the place of discharge
initiation changes. In more than 95% of cases, the
breakdown voltage is in the range of 9.7–10.1 kV; the
value of residual voltage, in the range of 1.5–1.9 kV;
and the energy of a separate discharge changes within
10% of the average value, which depends on the
capacity of storage condensers. The discharge repeti�
tion rate fluctuates to a larger degree; for example, it
changes from 5 to 6 kHz, since it depends on the
breakdown voltage and regime of operation of the high
voltage source. In another case, control with respect to
voltage takes place with constant output voltage (about
10 kV). Since the energy of the separate discharge is
rather constant (95% of the values lie in the range of
10% of the average value, the distribution halfwidth is
4% of the average value), it is possible to reconstruct
the schlieren or shadow picture of the flow from digital
frames obtained for different delays between the dis�
charge initiation time and the frame exposure time.

Although heat release using discharge is an instan�
taneous process, flow perturbations caused by it exist
for a time interval sufficient to influence the flow pic�
ture. Figure 1 shows the series of shadowgrams of the
process of profile streamlining with discharge initiated

1 2

3 4

Fig. 1. Dynamics of extended spark discharge on the model surface. Angle of attack is 8 deg. 1—20 μs, 2—40 μs, 3—60 μs, 4—
70 μs after the discharge.
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on the profile surface; only the region of the back edge
of the profile is shown. The discharge initiation rate is
approximately 5 kHz, the voltage at the actuator is
10.50 kV, the length of the discharge gap is 10.0 cm,
the energy of one pulse is 60 mJ, and the discharge
time is 300 ns. The frames show weak oblique shocks
formed near the actuator due to the surface roughness.
Then, downward along the flow, the separation line
beginning at a distance of 20 mm from the discharge
initiation point can be seen. In the first frame, the
shock wave front occurring after discharge initiation
can be seen. In subsequent frames, the dynamics of
development of gasdynamic perturbation of air flow
with time is shown. In essence, the shock wave occur�
ring after the discharge is cylindrical. In frames 2
and 3, a slight reduction of the separation zone can be
seen; on the whole, this improves the aerodynamic
characteristics of the profile for the given angle of
attack. At a time instant of 70 μs (frame 4), the action
of flow perturbation on the separation zone of the flow
terminates and the separation line returns to the initial
position. When the process of initiation repeats with a
period close to the flow flight time (10–4 s), steady�
state action on the flow picture can be achieved.

The thus obtained schlieren or shadow pictures of
the flow make it possible to obtain the dynamics of
interaction of gasdynamic perturbation with the flow
separation zone at different angles of attack. Figure 2
shows the position of the separation point as a function
of time after the discharge at different angles of attack.
The velocity of the cylindrical shock wave occurring

after the spark discharge at different discharge energies
was also determined. Since the breakdown voltage was
constant in experiments, the discharge energy varied
with variation in the capacity of storing condensers.
The experiment for an angle of attack of 8 deg showed
that the change in the discharge energy from 60 to
260 mJ results in growth in the Mach number of the
shock wave front from 1.28 to 1.40, respectively, rela�
tive to the incident flow. In this case the maximal shift
of the separation point caused by the flow perturbation
due to the discharge practically does not change.

NUMERICAL SIMULATION

Vortex formation under the action of the thermal
source situated near the wall is similar to convective
instability. This qualitatively follows from the equation
for the flow vorticity,

(1)

The term  is the source of vorticity in the

nonbarotropic flow, and for the case of thermal action
it can be transformed using the expansion of the den�
sity gradient,

,
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Fig. 2. Position of separation point with respect to the back end of the profile as a function of time after the discharge at different
angles of attack: 1—α = 0°, 2—α = 8, 3—α = 10°, 4—α = 13°.
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which results in a source of vorticity of thermal nature,

(2)

where the volume expansion coefficient β = ,

 is the specific volume.

Vortex formation under thermal action is schemat�
ically shown in Fig. 3.

For numerical simulation of convective flow, the
NACA0015 wing was used as the aerodynamic profile;
the volume heat source was placed on the surface of
this wing (Fig. 4).

Steady�state heat release in these calculations was
taken equal to Q = 10 W/m2. In the gas at rest (velocity
of the incident flow V0 = 0) two vortices with opposite
circulation are formed.

The problem was solved in the three�dimensional
formulation shown in Fig. 5. The thickness of the

boundary layer was determined as , where
ν is the kinematic viscosity of air,  is the distance from
the beginning of the aerodynamic body, and  is the
velocity of the external flow. The numerical domain
was a parallelepiped with finer cells in the boundary
layer (24 cells). After the establishment of the flow
regime with the given parameters (M = 2, p0 =
0.1287 atm, ρ0 = 0.287 kg/m3) of incident gas at a dis�
tance of 5 mm from the input, the heat source in the
form of a heated plate (length 1 mm, width 0.1 mm)
was placed perpendicular to the flow with temperature
T = 1000 K (Fig. 5).
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The system of continuity equations, equations of
motion and energy, and the equation of state was
solved in the simulation:

(3)

where  is the specific enthalpy. Heat conduction and
air viscosity as functions of temperature were
expressed by the Sutherland formulas,

,

 W/(m K),  Pa s,
 K.

Figure 6 shows the pressure distribution in the
presence of the heated plate.

It follows from Fig. 7 that the largest vorticity with
the opposite circulation is created at the edges of the
heated plate (where the temperature gradient is the
largest). Downward along the flow vortex, diffusion
takes place, which results in their interaction with
each other and the flow.

A similar scheme of numerical simulation was used
for parameters corresponding to experimental studies;
the results demonstrated qualitative agreement of
numerical, theoretical, and experimental results.

Experiments on schlieren visualization show that
in the case of instantaneous heat release, vorticity Ω
described by the following equation occurs in the dis�
charge in the gas flow:

.

This equation is valid for transfer of vorticity in the
two�dimensional case when the vector quantity Ω has
one nonzero component directed perpendicular to the
plane (x, y). In this case when the vorticity is scalar, the
considerations for concentration are valid for the
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Fig. 3. (Left) Heat source position on the wing, (right)
schematic diagram of formation of thermal vortices.
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Fig. 4. (Left) Schematic diagram of simulation of convective flow, (right) vector velocity field.
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problem of evolution of vorticity created by a point
source. For simplicity and pictorial representation, we
consider the diffusion equation for concentration с in
the one�dimensional case in the absence of convective
transfer,

,

where D is the diffusion coefficient. For the simple
problem with a point source and without convective
transfer, there exists an analytical solution expressed in
terms of the Green’s function of the form

.

In the presence of convective transfer, the diffusion
equation takes the following form:

.

To solve this equation, it is necessary to perform the
following coordinate transformation:

Then in this case, the solution to the diffusion equa�
tion with convective transfer for vorticity is repre�
sented in the form of superposition of vorticity of the
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incident flow and vorticity created by the thermal
source,

where Φ0 is the vorticity flow through the considered
domain of the two�dimensional space. The first term
in the equation corresponds to the vorticity of the inci�
dent flow, the second one expresses the space–time
evolution of vorticity created by the thermal source. In
the case of flow separation, the condition of zero vor�
ticity of the incident flow at the separation point is sat�
isfied. An additional source of vorticity results in the
fact that the point at which the total vorticity is zero is
shifted downward along the flow.

The above theory qualitatively explains the experi�
mentally observed phenomenon of change in the posi�
tion of the separation point caused by pulsed thermal
action.

CONCLUSIONS

The possibility of pulsed�periodic initiation of
extended spark discharge on the surface of an aerody�
namic body streamlined by a supersonic air flow with
a frequency in the kilohertz range and a pulse energy
of tens of mJ was experimentally demonstrated. It was
shown that if the sectioned discharger is used as the
actuator, the effective breakdown of electric field
strength is independent of the discharge gap, 1 kV/cm,
which is lower by one order of magnitude than the
electric strength of air at the same density. In this case,
the discharge is formed not only between metallic seg�
ments of the actuator, but bridges end segments, form�
ing a homogeneous plasma filament. Single discharge
on the surface of the aerodynamic body influences the
picture of the streamline during the flight time, and in
the case of periodic repetition of discharge initiation in
the steady�state case, it can change the parameters of
supersonic streamlining. The schematic diagram of
numerical simulation was developed, and simulation
was performed of the formation of a pair of vortices as
a result of impact of the heat source on the supersonic
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Fig. 5. Schematic diagram of calculation for supersonic
flow.
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flow with the aerodynamic body. This scheme makes it
possible to simulate the action of thermal and plasma
actuators on the supersonic flow near the aerodynamic
body.
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