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Abstract

We study the spatial structure of nonstationary inhomogeneous supersonic airflows as
shock wave diffraction on an obstacle occurs in a shock tube of a rectangular cross section.
The Mach numbers of shock waves were 2.7—4.4 at initial air pressures of 10-30 Torr. The
supersonic flow in the discharge chamber was visualized by high-speed shadowgraphy and by
the registration of radiation of combined volume discharge by photo camera and by ICCD
camera. In experiments, a combined volume discharge with a current duration of ~ 500 ns
was initiated 40—150 ps after the initial shock wave have passed an obstacle. It has been es-
tablished that the radiation of the volume phase of discharge lasts 400—700 ns, and the dis-
placement of the flow during this time does not exceed 0.6 mm. A correlation is established
between the spatial distribution of discharge radiation and the low-density local areas deter-
mined as a result of two-dimensional Navier-Stokes based numerical simulation of the flow.
As visualized by the glow of the discharge, the shape of the shock wave front is in good
agreement with the results of shadowgraphy at different stages of diffraction and with the
numerical simulation results.

Keywords: shock wave diffraction, supersonic airflow, flow visualization by the dis-
charge radiation, nanosecond combine volume discharge, high-speed shadowgraphy, numer-
ical simulation.

1. Introduction

The use of different types of discharges in supersonic airflows has been studied for the
last decades and applied to plasma aerodynamics problems [1-4] that includes the search for
optimal discharge modes for active control of flows and shock waves. To visualize flows of
transparent media and to obtain quantitative information about the flow classical panoramic
methods researchers widely use such methods as direct shadowgraphy, schlieren technique,
interferometry [4-6]. These methods are proved to be effective in shock tunnels and wind
tunnels with trans- and supersonic flows, where the flow field includes regions with signifi-
cant changes in density and refractive index of gas. In the last few decades, methods of visual-
izing the different types of discharge have also been developed to study the structure of gas
dynamic flows [1, 7-10]. Such an imaging method is applicable at low gas pressure, when the
local radiation intensity of the gas discharge plasma can be related to the local value of the
reduced electric field, and hence to the local gas density [11, 12]. It makes it possible to de-
termine the spatial structure of the flow by recording the glow of volumetric discharges. Dis-
charge emission is mainly used to visualize the bow shocks and other structural elements of
steady high-speed flows in the vicinity of streamlined objects of various shapes [1, 7, 8]. It
should be noted that direct current (DC) discharges significantly change the gas flow due to
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Joule heating. Nanosecond discharges (up to 100 ns), which are short compared to gas-
dynamic times (~ 1 ps), allow gas-discharge imaging even at high, up to hypersonic, flow ve-
locities [4,10,12].

The objective of this work is an experimental study the structure of the airflow after dif-
fraction of a plane shock wave with a Mach number of 2.7-4.4 on a small obstacle in a shock
tube of a rectangular cross section. Direct shadowgraphy and nanosecond combined volume
discharge visualization were used to study the flow. The discharge was initiated at a pulse
voltage of 25 kV, initial air pressure of 10-30 Torr at different times after the shock wave
passed an obstacle. Two-dimensional simulation of the flow in the channel during diffraction
of a plane shock wave on an obstacle was performed based on the Navier-Stokes equations
[13]. The spatial distribution of discharge glow was analyzed taking into account the calculat-
ed airflow density fields.

2. Experimental Methods

The study was carried out on a shock tube with a discharge section with an internal cross
section of 24x48 mm?2 [4, 12, 14]. The test gas was the air at an initial pressure po = 10-30
Torr. After the rupture of the diaphragm, a flow with a plane shock wave is formed in the
shock tube channel, followed by a homogeneous co-current flow [10, 15, 16]. The shockwave
front is a plane perpendicular to the channel walls. The Mach numbers of the shock waves in
the experiments were M=2.7—4.4. Piezoelectric pressure sensors were used to measure the
shockwave velocity, to synchronize the processes in the experiments, and to generate a signal
to start the discharge.

On the lower wall of the working section, at a distance of 30 mm from the beginning of
the discharge volume, there was a small parallelepiped-shaped obstacle of a size of 6x2x48
mms3 (xxyxz) (Fig. 1). The discharge volume was of 100 mm length along the direction of
shock wave propagation. The end of electrodes was taken as the zero coordinate x. The delay
time on the generator was set so that at the moment of discharge the shock wave was within
the discharge gap or beyond it at a certain distance from the obstacle.

Shadowgraphy of the flow was performed through the quartz sidewalls of the working
section. A continuous laser with a wavelength of 532 nm was used as a light source. The opti-
cal system was generating a parallel beam of light ~ 40 mm wide to pass through the flat-
parallel quartz glasses of the discharge chamber and uniformly probe the field-of-view [4]. A
high-speed camera was used to record the shadowgraphy images with a frequency of 150 000
fps. The photo camera records the integral discharge glow and the exposure time corresponds
to the discharge radiation time. ICCD camera Ko11 [17] was used to record the discharge
emission with nanosecond resolution. The camera operates in the nine-frame recording mode
with an exposure time of 100 ns, and a delay time between frames from 100 to 300 ns.

During diffraction on a rectangular obstacle, the upper part of the plane shock wave front
continues to move straight ahead, while the lower part diffracts and slows down [15, 18]. As
shown by numerical simulations [18, 19], at the initial stage of diffraction, the shock wave
front acquires a curved profile because it starts to move not only in the horizontal direction
but also in the vertical direction, first along the front surface of the obstacle and then along
the rear surface. Figure 1, b shows shadowgraphy images with the shock wave front before in-
teraction with the obstacle (4), at the beginning of diffraction (5), and as it moves away from
the obstacle (6, 7). High-speed shadowgraphy revealed the peculiarities of the motion of the
diffracted shock wave. In the shadowgraphy images of Fig. 1, b (6, 7), there is an oblique
shock behind the front, which distorts the front of the moving shock wave. As it moves away
from the obstacle in a homogeneous medium, the curvature of the front decreases [15]. In the
experiments, the shock wave front regains a flat shape at a distance x > -10 mm. The for-
mation of a quasi-stationary flow after the diffraction of the shock wave by the obstacle occurs
within 100-200 ps, as shown using high-speed imaging [19].



A pulsed combined volume discharge was initiated in the working section at a given time
[14, 18]. Plasma sheets (surface sliding discharges) of 30x100 mm2 area on the upper and
lower walls of the discharge chamber provided preionization of the gas volume [14]. At a
pulse voltage of 25 kV, the discharge current was of ~1 kA at ~500 ns duration. A pulse gen-
erator synchronized with the signal from the piezoelectric pressure sensor in the shock tube
channel during passage of the shock wave triggered the discharge. In the experiments per-
formed, the discharge occurs when the shock wave passed a distance of 24 to 104 mm after
the diffraction, i.e., at a distance of -40 mm < x < +60 mm relative to the end of the discharge
volume (Fig. 1).
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Fig. 1. Scheme of discharge volume and flow in the working section: a) top view, b) side view;

1 - surface sliding discharge electrodes, 2 - dielectric; 3 - obstacle; 4-7 - shadowgraph images

of the shock wave before diffraction (4) and after diffraction (5-7) at times 6, 35,51 pus atx = -

58; - 31; -15 mm, respectively. (t = 0 when the shock wave hits the front edge of the obstacle).

The Mach number of the shock wave is M = 2.80, and the initial pressureis po = 18 Torr. Ar-
rows indicate the direction of shock wave and the direction of co-current flow.

3. Numerical Simulations of Shock wave Diffraction

Numerical simulation was carried out to study the dynamics of a shock wave in a in two-
dimensional straight channel with a rectangular obstacle. The system of Navier —Stokes equa-
tions was used as a mathematical model for the supersonic flow in a channel and the shock
wave diffraction on an obstacle [13, 19]. The system describes the flow of a viscous, compress-
ible gas taking into account the effects of turbulence using a modified k-¢ turbulence model
[13]. A model of heat-conducting, thermodynamically perfect gas (air) with a constant isen-
tropic index (y = 1.4) and Prandtl number Pr = 0.72 was used. The temperature dependence
of the viscosity coefficient is described by the Sutherland formula. The numerical algorithm
based on the second-order finite-volume scheme [13] is conservative and monotonic and has
the second order in space and time. To approximate time derivatives, the Runge—Kutta
method of the second order is used.

The computational algorithm was implemented to use a two-dimensional, nonuniform,
structured finite-volume computational grid with quadrangular cells. The computational grid
has dimensions of 600x100 cells and is refined in the direction of the solid walls, so that the
first nodal point of the grid from the wall is at a distance y = 0,2-0,5 from the wall. In this
case, the size of the first cell near wall is no more than 0.000058 m. The upper and lower
boundaries of the computational region and the boundaries of the obstacle are solid walls on



which the no slip condition is set. The parameters of shock wave and airflow were set in ac-
cordance with the experimental conditions.

4. Results and Discussion

The front of a shock wave moving in a channel is a plane that separates the low-pressure
state of air (in front of the shock wave) and the high-pressure state (behind the shock wave).
When the shock wave is inside the discharge volume at the moment of applying the pulse
voltage, the magnitude of the reduced electric field E/N in front of a shock wave is greater
than behind it (E — electric field strength, N — molecule concentration). This parameter de-
termines the ionization rate of gas molecules [11] and the magnitude of electron concentra-
tion. The increased concentration of electrons in the low-pressure region leads to the volume
discharge current in front of the shock wave, so the discharge glow is localized in front of the
shock wave [14,18].

The spatial distribution of discharge glow in the photo images at different shock wave po-
sitions (Fig. 2) shows the area of volume discharge current with a sharp glow boundary on the
left. The pulsed breakdown is of volumetric character, and the discharge glow clearly visual-
izes the curved front of the diffracted shock wave (Fig. 1). The distribution of discharge glow
allows for accurate determination of the position and shape of the shock wave front after dif-
fraction.

Fig. 2. Sequence of discharge photo images with a diffracted shock wave at different distances
from the obstacle. The Mach number of the shock wave is M = 4.30+0.06, and the initial
pressure is po = 10 Torr. The end of the discharge volume is indicated with a dashed vertical
line. Arrows indicate the direction of shock wave and the direction of flow. The obstacle is
shown on the top image.



Fig. 3 shows a discharge photo image (a) and the corresponding sequence of frames cap-
tured by ICCD camera (c), which show the emission of a plasma volume with a length of 6
mm. In Fig. 3, b is an enlarged fragment, which is highlighted by a dashed line in Fig. 3, c. On
the first electron-optical frame, a bright stage of volume discharge glow is observed for 100
ns, corresponding to the current flow in the region limited by the curved front of the diffract-
ed shock wave. On the second and third frames, the volume discharge phase fades. A fading
afterglow of surface discharges on the lower and upper walls is observed on the following
frames. As a result, the total duration of the volume phase of the discharge emission in the
experiments was 400-700 ns. The photo images of the combined volume discharge in Fig. 2,
3, a are time-integrated images of the glow, and the exposure time corresponds to the dis-
charge emission time. Since the displacement of the shock wave front during the exposure
time does not exceed 0.6 mm, the photo registration of the glow provides almost instantane-
ous visualization of the shock wave front.

It should be noted that the spectral sensitivity range of the digital camera and the ICCD
camera corresponds to the visible and part of the infrared radiation range (380-800 nm),
while the main part of the spectrum of pulsed discharges in air is in the ultraviolet region,
corresponding to bands of the second positive system of nitrogen with wavelengths of 280-
500 nm [4, 10].

24 mm

—2|0 -IIO (IJ 1I 0 ;c mm
Fig. 3. (a) Discharge photo image; (b) the first frame and (c) a series of frames captured by
ICCD camera with an exposure time of 100 ns, with a pause of 100 ns between frames. The
frame numbers are indicated. The discharge was initiated 47 ps after the shock wave passed
the obstacle (M = 4.36, po = 10 Torr).

Digital processing of the images of the discharge glow have allowed us to find out that the
distribution of the glow makes it possible to determine with great accuracy the position and
shape of the shock wave front after diffraction. Fig. 4 shows a shadowgraph image of the
shock wave front that has moved 47 mm away from the obstacle, a discharge photo image,
and ICCD images with an exposure time of 100 ns, showing the emission of a plasma volume
with a length of about 12 mm. It is evident that the discharge glow (Fig. 4, b-g) clearly visual-
izes the curved front of the diffracted shock wave and corresponds well to the shadowgraph
image (Fig. 4, a).
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Fig. 4. (a) Shadowgraph image of the shock wave (M = 3.0, po =25 Torr), 1 us exposure time;
(b) discharge glow photo image; (c) the first frame and (d) a series of frames captured by an
electronoptical camera with an exposure time of 100 ns, with a pause of 200 ns between
frames. The discharge was initiated 52 ps after the shock wave passed the obstacle (M = 3.15,
po = 25 Torr).

Numerical simulation of the flow in the channel after the diffraction of a plane shock
wave on a rectangular obstacle was carried out for a Mach number of the initial shock wave of
3.20. The shock wave and gas flow were propagating from left to right in the computational
domain (Fig. 5). On the left boundary, the supersonic inlet flow is set, and on the right outlet
boundary, the condition of non-reflection is set. The flow density fields are shown in Fig. 5 in
the time interval 7-130 ps after the diffraction (from top to bottom). It can be seen how
the plane shock wave passes near the obstacle and, as a result of diffraction, compression
and rarefaction waves are formed. At the initial stage of diffraction, the upper part of the ini-
tial shock wave moves to the right, and the diffracted part moves to the left of the obstacle. In
the next stage, the non-stationary stage includes the inclined shock wave forming behind the
bottom of the obstacle and disturbances in front of the obstacle, where the head shock wave is
formed. At a distance of ~5 mm behind the bottom of the obstacle, a rarefaction wave is gen-
erated, which interacts with the front of the initial shock wave, causing it to bend (45, 58 pus).
As the distance from the obstacle increases, the curvature of the moving shock wave front de-
creases (83 us). A non-stationary inhomogeneous supersonic flow is formed behind the front
(83, 130 ps). The unsteady supersonic flow lasts up to 200 ps, as shown using high-speed im-
aging [4, 19]. When the shock wave is outside the discharge volume at the moment of dis-
charge initiation a complex spatial distribution of discharge radiation is observed (Fig. 6).
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Fig. 5. Calculated density fields after the diffraction of a plane shock wave by an obstacle.
Mach number of shock wave is 3.20, initial air pressure is 18 Torr and initial density is 0.03
kg/ms3. The time is indicated from the moment of contact of the shock wave with the front
edge of the obstacle. The linear scale is normalized to 24 mm. The dotted rectangle on the top
image shows the area of the pulsed electric field.

A photo of the discharge glow with a shock wave 10 mm beyond the discharge volume is
shown in Fig. 6, a. Discharge glow is observed ahead of the front, which is associated with the
presence of an electric field outside the electrodes. Behind the front, in the supersonic flow,
discharge emission is observed in the volume behind the obstacle, from the bottom wall up-
wards, and near the top wall as well as near the bottom wall ahead of the obstacle. The distri-
bution of discharge glow correlates well with the density distribution in the air flow (Fig. 5, 83
us). Areas of reduced density at this diffraction stage are located behind the obstacle at the
bottom, and further upwards to the wall, where surface discharge glow is clearly visible. As
the shock wave moves further away from the obstacle, the density distribution in the flow
changes (Fig. 6, b). An inclined rarefaction wave is formed behind the obstacle, and the area
of reduced density expands (Fig. 5, 130 ps). When the discharge is initiated at this stage, the
discharge glow is concentrated only behind the obstacle and visualizes the area of low density
with a sharp right boundary (Fig. 6, b). The ICCD imaging showed that the duration of
the volume phase of the discharge glow is no more than 300 ns. The flow displacement dur-
ing this time does not exceed 0.3 mm, and the photo registration of the discharge glow pro-
vides almost instantaneous gas discharge visualization of the shock wave structure of the su-
personic flow.

Fig. 6. Photo images of the discharge with the shock wave located outside the discharge vol-
ume: a) M = 4.20, po =10 Torr,x =+10 mm, b) M = 3.25, po = 25 Torr, X = +50 mm. Arrows
indicate the direction of diffracted shock wave. The dotted rectangle shows the obstacle on
the bottom.



5. Conclusion

Experimental investigation of inhomogeneous supersonic flow in a channel during the
diffraction of shock wave on an obstacle was carried out by registration the emission of a
combined volume discharge of nanosecond duration and by direct shadowgraphy. A volume
discharge with a duration of ~500 ns was initiated at different stages of shock wave diffrac-
tion by an obstacle. Mach number of shock wave were 2.7-4.4. It was shown that the distribu-
tion of volume discharge glow of a duration of 400—700 ns accurately visualizes the shape of
the shock wave front, which is curved as a result of diffraction, and is in good agreement with
the shadowgraph images of the flow. Considering numerical calculations of the flow, an anal-
ysis of the distribution of discharge glow during its development in the presence of
a diffracted shock wave inside and outside the discharge volume was carried out. It was
shown that photo registration of the discharge glow allows for visualization of the structure of
the non-stationary supersonic flow at different stages. The investigated discharge type is a
good tool for gas discharge visualization of supersonic airflow in a profiled channel and, with
the use of multi-angle imaging, can provide information about the three-dimensional struc-
ture of the flow.

The work was carried out within the framework of the Interdisciplinary Scientific and
Educational School of Moscow State University “Photonic and Quantum Technologies: Digi-
tal Medicine”. Project No 001986 «Plasma technologies in interdisciplinary applications:
plasma aerodynamics and microelectronics».
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