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Abstract

The spatial structure of radiation of a surface sliding discharge with a duration of ~ 300
ns (plasma sheet) in inhomogeneous supersonic air flows including oblique shock wave in a
discharge chamber of shock tube was experimentally investigated. The flows were created be-
hind plane shock waves with Mach numbers 2.8—4.2; flow Mach numbers were 1.30-1.60.
The flow in the discharge chamber included an oblique shock wave generated by the interac-
tion of a supersonic flow with a small obstacle, and then reflected from the upper wall of the
discharge chamber. In this case, the shock wave interacted with the boundary layer of the su-
personic flow, which formed on the streamlined wall. A surface sliding discharge with a
length of 100 mm and 30 mm wide was initiated on a streamlined surface at a certain mo-
ment in time. The discharge current, emission spectra, and spatial characteristics of the radi-
ation under various conditions of discharge initiation were obtained and analyzed in experi-
ments. The time dependence of geometry of the discharge glow region was obtained by digital
processing of discharge images in flows. CFD simulation was performed to determine the
shock-wave structure of the flow in the channel with an obstacle under experimental condi-
tions. The comparison of experimental data with the results of numerical calculation of the
supersonic flow field was done. It was shown that the spatial distribution of radiation from a
surface sliding discharge visualizes the low density areas and the separation zone formed un-
der the interaction of an oblique shock wave with a boundary layer.

Keywords: Flow vizualization by the discharge radiation, nanosecond surface sliding
discharge, oblique shock wave, boundary layer, flow separation zone, cfd simulation.

INTRODUCTION

In high-speed flows in the channels the areas of interaction between the boundary layer
and shock waves arise. The interaction of an inclined shock wave (oblique shock) with the
boundary layer has been studied for several decades [1—6]. A strong pressure gradient caused
by the impact of a shock wave on the boundary layer can lead to the flow separation. This
phenomenon is accompanied by an increase in the dynamic load on the surface, its high local
heating, and a rise in the drag coefficient. In addition, the interaction of the shock wave and
the boundary layer can cause unsteady formation of vortices [3, 4]. In rocket propulsion sys-
tems, these effects affect the flow in the nozzles of supersonic engines [6]. In a number of ex-
perimental studies of flows of this class [3, 4] and works on numerical modeling [1, 2, 6, 7], it
was found that in the separation zone the pressure and the heat transfer coefficient increase
sharply. Generally, numerical simulation reflects the main features of the studied flows cor-
rectly, however the calculated values in developed separation zones generated by strong
shock waves differ from experimental ones [5]. As a result, further investigation of the inter-
action of shock waves with boundary layers is required.
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The usage of low-temperature plasma of surface discharges of various types (plasma actua-
tors) in plasma aerodynamics is aimed to correct the flow regime, including the reduce of dy-
namic and thermal loads on the surface, controlling the laminar-turbulent transition in the
boundary layer, the position of separation zones and shock waves [8- 10], and the processes
of combustion [11]. Pulsed distributed surface sliding discharge of nanosecond duration
(plasma sheet) can be used as an actuator to influence the flow [9]. It consists of channels
sliding along the dielectric surface and forming a plasma layer comparable in thickness with
the boundary layer of a supersonic flow in a shock tube (~ 0.5 mm). Surface sliding discharge
glow can visualize a laminar and turbulent boundary layer [12]. The short duration of nano-
second discharges (~ 100 ns) makes it possible to use the registration of radiation to visualize
the structure of unsteady supersonic plane [12] and three-dimensional flows [13]. The radia-
tion of glow-type discharges with a duration of more than one millisecond is mainly used to
visualize the structure of stationary flows [10, 14].

The purpose of this work was an experimental study of the spatial distribution of the glow
of a pulsed surface sliding discharge in inhomogeneous supersonic flows with an oblique
shock wave in the discharge chamber of the shock tube. It was important to study the funda-
mental physical processes under the development of a nanosecond discharge in an inhomo-
geneous medium, and to study the structure of the near-surface flow in the area of a pulsed
energy input to develop flow control methods in such conditions. Numerical simulations of
the flow fields were carried out to compare the density field with the discharge glow structure.
The possibility to visualize the interaction region of the boundary layer with an oblique shock
wave based on radiation registration is discussed.

EXPERIMENTAL CONDITIONS

Description of the experimental setup

The experiments were carried out using a shock tube with a low-pressure chamber with a
length of 3 m, a rectangular channel with an internal cross section of 24"48 mm?, and a dis-
charge chamber of the same cross section (Fig. 1 a) [9, 12]. Supersonic air flows were created
behind plane shock waves with Mach numbers 2.8-4.2. The flow velocities were 700-1150
m/s, Mach numbers of the flows were 1.30-1.60, the density was 0.10-0.14 kg/ms3. Under
these conditions, the duration of a uniform co-current flow behind the shock-wave front was
200-500 us, and the length of this flow behind the shock-wave front was about 30 cm [12].
In a shock tube the thickness of the boundary layer increases from zero at the shock wave
front in the direction of the contact surface, and the boundary layer becomes turbulent at a
certain distance from the shock wave front [15]. The Reynolds number of the flow was ~ 105,
estimated from the size of the shock tube channel. The thickness of the laminar boundary lay-
er on the channel walls did not exceed 1 mm [9, 12].

In the discharge chamber, on the lower and upper walls, flat electrodes of surface sliding
discharges 10 cm long with an inter-electrode distance of 3 cm were located. The side walls of
the discharge chamber on a 17-cm-long area were quartz glasses with a transmission band of
200-2800 nm, which allowed recording discharge radiation and spectra. The registration of
the integral discharge glow was performed using photo cameras located at different angles to
the camera windows. The upper plasma sheet was initiated in the experiments, its radiation
was investigated in the boundary layer interacting with an oblique shock (inclined shock
wave) (Fig. 1b). The discharge spectra were recorded by AvaSpec-2048FT spectrometer with
wavelength range 174-1100 nm. The fiber-optic cable (UV/VIZ, 100 um diameter) was placed
at an angle to the plane of the upper plasma sheet.
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Fig. 1. a) Scheme of the shock tube and diagnostic equipment; b) the flow structure in the dis-
charge chamber with an obstacle on the bottom wall.

The structure of the gas dynamic flow in the discharge chamber

A small dielectric obstacle in the form of a rectangular parallelepiped measuring
48.076.2"1.9 mms3 (Fig. 1b) was placed on the bottom wall of the discharge chamber at a dis-
tance of about 1.5 cm from the leading edge of the lower electrode. The long part of the obsta-
cle was perpendicular to the discharge camera glasses. After diffraction of a plane shock wave
on an obstacle for ~ 200 ps, supersonic flow was established by a co-current flow. The quasi-
stationary flow field in the channel of the discharge chamber contained an oblique shock
wave that interacted with the boundary layer on the upper wall of the discharge chamber (Fig.
1b). The diagrams of two types of interaction that are realized in the interaction of an oblique
shock wave with a boundary layer are shown in Fig. 2. In the case of a laminar boundary lay-
er, the interaction with the boundary layer can be continual, but contains a region of low den-
sity (Fig. 2 a); in the other case, an interaction occurs with the formation of separation zone
(Fig. 2 b).

A pulsed surface sliding discharge was initiated on the upper wall of the discharge chamber
in the time range of 70—1200 ps after the shock wave passed the obstacle. The discharge trig-
gering was synchronized with the passage of the shock wave front from the signals of the pie-
zoelectric pressure sensors in the shock tube channel. The initiation of the discharge was car-
ried out at a given time after the shock wave passed through the test area in the discharge
chamber, including the stage of quasistationary supersonic flow around the obstacle.
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Fig. 2. Diagrams of the interaction of an oblique shock wave with a boundary layer: a) without
separation; b) with the separation zone.
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The characteristics of surface sliding discharge

A pulsed surface sliding discharge was developed in a thin gas layer near the surface of the
dielectric when a pulsed voltage of 25 kV was applied to the discharge electrodes, providing a
significant specific energy input. The discharge current was recorded by a low-inductive
shunt of a special design. The discharge current was ~ 1 kA, the duration did not exceed 500
ns (Fig. 3). The main energy input to the gas occurs within 120-150 ns of the first half period
of the discharge current, i.e. almost instantaneously as compared with the characteristic gas-
dynamic flow times in the boundary layer [9, 12]. The electric field applied to the discharge
gap was E = 8.33 kV/cm, and the reduced electric field E/N under the experimental condi-
tions reached 3-10-19 V-m2, where N is the concentration of molecules). Under such condi-
tions, the processes of excitation of electronic levels of nitrogen molecules N> and oxygen O-,
ionization and dissociation of molecules [8, 16] actively occur in discharges in the air. This
leads to the presence of significant ultraviolet part in the emission spectra due to the emission
of molecular nitrogen and atomic lines (Fig. 4).

The ionization rate, on which the electron concentration in the discharge plasma and con-
ductivity depend, is determined by the local reduced electric field E/N. Therefore, the density
distribution in the medium affects the structure of the discharge radiation. The photographs
of the discharge in still air show that the discharge consists of parallel channels of close inten-
sity that completely fill up the discharge gap with a length of 10 cm (Fig. 5 a, b). In an inho-
mogeneous flow with an oblique shock wave, the discharge was developed as a single intense
channel (Fig. 5¢), the direction of development of the channel is perpendicular to the flow ve-
locity. The geometry of the discharge current depended on the density distribution in the dis-
charge region.
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Fig. 3. Current waveforms in still air at a pressure of 5 and 60 torr (density of 0.008 and 0.10
kg/m3).

The analysis of the discharge spectra showed that the main part of the discharge radia-
tion consists of the bands of the second positive nitrogen system (C3IIu —B3IIg transition) in
the wavelength range 280-500 nm (Fig. 4). In the spectra there are intense lines of atoms of
oxygen, nitrogen, hydrogen, formed during the dissociation of molecules. It should be noted
that the radiation of the visible part of the spectrum (400—750 nm) is recorded in the photo
images (Fig. 3), the second positive nitrogen system makes a significant contribution. The ra-
diation lifetime of the emitting level of C3Pu of molecular nitrogen is about 40 ns. During the
passage of the discharge current and radiation from this level, no significant displacement of
the structural elements of the high-speed flow occur.

-~ 3 3
14000__1, OTH. efl. N,(C 1_[i — B°IT,) 9
[ )
12000
HI HI ol

10000+

80001+ NI NI

60004 ' NI NI

4000+ M‘

2000+ u

2 360 460 560 660 7(50

Fig. 4. The emission spectra of the discharge: 1— in a supersonic flow with a Mach number of
1.38; 2 — in still air; density is 0.10 kg/m3.



Fig. 5. Photo images of a sliding discharge glow in the still air at a pressure of 33 (a) and 70
Torr (b) (density, respectively, 0.06 and 0.12 kg / m3) and in a supersonic airflow with an
oblique shock wave (c) at a density of 0.12 kg / m3 and flow Mach number 1.40.

DISCHARGE RADIATION UNDER THE INTERACTION OF
AN OBLIQUE SHOCK WAVE WITH A BOUNDARY LAYER

The density distribution in the medium affects the development of nanosecond discharges.
The inhomogeneity of the density leads to the inhomogeneity of the reduced electric field E/N
and, consequently, the heterogeneity of the local conductivity of the medium (the concentra-
tion of electrons). Increased conductivity in areas of low density can lead to a change in the
geometry of the current of a pulsed surface sliding discharge [17]. The excitation of electron
levels of molecules by electrons leads to an increased intensity of radiation from low-density
regions of the flow, hence visualizing them [12, 13, 17]. The spatial distribution of radiation
provides information about the instantaneous density distribution in the region of the dis-
charge radiation (in terms of gas dynamics). So, the glow of a pulsed surface sliding discharge
in a boundary layer of a uniform supersonic flow clearly visualizes its structure and the region
of a laminar — turbulent transition at a certain distance from the shock wave front [13].

The spatial distribution of a sliding discharge radiation in an inhomogeneous supersonic
flow in the channel of a shock tube was structurally different at different stages of the for-
mation of a flow with an oblique shock wave. In the case when at the moment of initiation of
the discharge the front of a plane shock wave traveling through the channel was inside the
discharge region or went a short distance beyond it, the discharge current flowed principally
ahead of the wave front. The main radiation of the discharge was concentrated in this region.
In fig. 6a, the discharge glow is shown in the form of a U-shaped channel near the shock wave
front. At the same time, a weak discharge glow was observed at a distance of 5-6 cm behind
the shock wave front, which visualized a zone of low density in the region of interaction of an
oblique shock wave with a laminar boundary layer (Fig. 6a). At later stages of the develop-
ment of the flow, oblique shock wave interacted with the turbulent boundary layer, forming a
separation region with a lower density. The discharge glow was concentrated in a single in-
tense channel with a width of less than 10 mm (Fig. 6b-d). The left boundary of the channel
corresponds to a straight line of intersection of the inclined shock wave with the boundary
layer, as shown in the photo image obtained by the filter (Fig. 6¢). When initiating a discharge
after the end of a uniform co-current flow with the Mach number of the flow decreasing, the
discharge channel moves upstream, in order to be located closer to the obstacle (Fig. 6g).

An analysis of experimental photo images showed that the structure of the glow of the dis-
charge plasma depends on the flow parameters and is determined by the density distribution
in the near-surface flow. The position and geometry of the glow region in the boundary layer



of the flow were determined on the basis of digital processing of registered photo images from
both sides of the discharge chamber. The distance Dk from the beginning of the obstacle on
the lower wall of the channel (see Fig. 1 b) to the discharge glow region on the upper wall of
the discharge chamber and the length of this region along the flow direction at different stag-
es of the flow (Fig. 7) were measured. These values were measured by scanning images along
the OX axis using a Python language program. Fig. 1 b highlights the boundaries of the re-
gions of the glow in three-color ranges.

Fig. 6. Photo images of a sliding discharge glow in a flow with an oblique shock wave at dis-
charge initiation times 76 (a), 93 (b), 140 (c¢), 240 (d), 455 us (e) (from the moment of the
shock wave diffraction on an obstacle). The density is 0.13 kg/m3, the Mach number of flow is
1.48, the flow is directed from left to right. The image (c) was registered through an optical
filter that transmits radiation with a wavelength of 405 nm.
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Fig. 7. The coordinate of the region of maximum glow of the discharge channel as a function
of time T for flows with Mach numbers 1.36-1.42 (1), 1.45-1.47 (2); the calculated position of
the density minimum (3) and the length of the region of low density (4) for the flow Mach
number 1.46. The density is 0.12+0.01 kg/m3. (T = 0 corresponds to the moment when the
shock wave contacts the obstacle.)

Dependence between the distance Dk and the time T for two ranges of flow Mach
numbers is shown in fig. 7 (T is the time from the beginning of the diffraction of a plane shock
wave on an obstacle until the moment of the discharge). The obtained values of Dk are within
(27—38) +2 mm under the experimental conditions, being in the region of interaction of an
oblique shock wave with a boundary layer. The position of the discharge glow area varies



slightly with time in the range of 150-400 ps from the beginning of the diffraction of the
shock wave. The structure of the discharge glow changes with the increasing distance from
the shock front due to a change in the type of interaction of an oblique shock wave with the
boundary layer during the transition from the laminar to the turbulent regime. The discharge
channel radiation spectrum in this case is characterized by an increased intensity of the con-
tinuum and atomic lines of the visible range (Fig. 4), indicating an increased concentration of
electrons.

CFD SIMULATION OF THE FLOW IN THE CHANNEL

The purpose of the numerical simulation was to determine the shock-wave structure of the
flow in the channel with an obstacle under experimental conditions and subsequent compari-
son with the results of the study of the surface sliding discharge in non-uniform supersonic
flows.

Mathematical modeling of gas flow in the channel was carried out on the basis of two-
dimensional Navier-Stokes equations, which describe the unsteady flow of a viscous com-
pressible gas with appropriate initial and boundary conditions and relations of thermal and
caloric equations of state [18]. A perfect gas (air) model was used with a constant adiabatic
index (y = 1.4) and a Prandtl number Pr = 0.72. The dependence of the viscosity coefficient on
temperature was described by the Sutherland formula [18]. Numerical calculations of flows
behind plane shock waves were carried out in a channel with a height of 24 mm and a length
of 216 mm under experimental conditions. In the numerical simulation a plane shock wave
diffracted on a 2”6 mm obstacle located on the lower wall of the channel. Fig. 8 shows the
successive stages of the interaction of a plane shock wave with an obstacle. After diffraction of
a shock wave for 210-230 ps, a quasi-stationary flow around the obstacle with a supersonic
flow with an inclined shock wave is established in the channel. Boundary layers are formed on
the upper and lower walls, disturbed by the interaction with oblique shock waves. On the cal-
culated flow fields, the dynamic color scale is used thus the maximum value of the given value
corresponds to the red color, the minimum corresponds to the blue.

In the experiments the discharge was initiated on the upper wall of the channel in the re-
gion corresponding to the dimensionless coordinates of the computational domain from 1.9
to 6.0 (dimensions are related to the 24 mm channel height). In this area the oblique shock
from the obstacle interacts with the boundary layer on the upper wall of the channel (Fig. 8).
This interaction leads to the formation of a region of low density or flow separation region
(Fig. 9), located at a distance of 38-48 mm from the leading edge of the obstacle at steady
state. The length of the low-density region (along the flow direction) was 5-15 mm, depending
on the time after the diffraction of the initial shock wave on the obstacle. The region of inter-
action of an oblique shock wave with a boundary layer on the upper wall of the channel is
shown on an enlarged scale in Fig. 9 b. While conducting the calculations the thickness of the
undisturbed boundary layer did not exceed 0.2 mm, and the separation zone was no more
than 1.5 mm thick. The minimum density in this area was 38-62% of the incident flow densi-

ty.
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Fig. 8. The field of the local Mach number in establishing the flow around an obstacle with a
flow behind the shock wave with a Mach number of 3.45: the time from the moment the
shock wave contacts the obstacle 30, 80, 180, 310 ps (from top to bottom).
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Fig. 9. The calculated density field at the quasi-stationary stage of the flow (a), an enlarged
fragment of the region of interaction of an oblique shock wave with the boundary layer on the
upper wall of the channel (b). The Mach number of the initial shock wave is 3.45, the time
from the moment the shock wave contacts the obstacle is 310 ps.

The dependence of the calculated position of a low-density region on time is shown in
Fig. 7. The length and position of this region depends on time: first, it forms as an extended
zone within 22-43 mm from an obstacle, then shifts downstream in the process of flow estab-
lishing, and is located at a distance of 36-42 mm from an obstacle at the steady-state flow
(150-350 us from the diffraction moment). According to the fig. 7 the experimental depend-
ence of the location of the discharge glow region on time clearly correlates with the depend-
ence of the position of the low-density region on time in the calculated data. Thus, a compari-
son of the experimental data with the calculated indicates that the glow geometry of a pulsed
surface sliding discharge coincides with the geometry of a low-density zone such as its loca-
tion and length. This allows to visualize the structure of the boundary layer area under study
based on the registration of discharge radiation developing inside the boundary layer. The
nanosecond discharge duration, which is much shorter than the characteristic gas-dynamic
times, makes it possible to investigate non-stationary flows with shock waves.



CONCLUSION

The effect of inhomogeneous supersonic flow in a channel behind shock waves with Mach
numbers 2.8—4.2 on the spatial structure of radiation of a surface sliding discharge of nano-
second duration is studied experimentally. An analysis of the discharge glow in the region of
the interaction of an oblique shock wave with the boundary layer, including the discharge in
the form of an intense channel in the zone of separation of the boundary layer is carried out.
It is shown that the glow of a pulsed surface sliding discharge allows visualizing the region of
interaction of an oblique shock wave with a boundary layer at different stages of an unsteady
flow. Registration of discharge radiation at different angles can provide information about the
three-dimensional structure of the boundary layer zone. The advantages of the visualization
method on the base of the registration of radiation from the discharge plasma are that the
plasma locates directly into the boundary layer, and the short discharge duration, which
makes it possible to investigate non-stationary flows.

The work was supported by RFBR grant 19-08-00661.
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