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Abstract. Producing large-scale and uniform plasma in supersonic field is the foundation of
researching cold Magnetohydrodynamic (MHD). The experimental system of capacitively coupled
radio-frequency (CCRF) barrier discharge based on Ma3.5 double-throat tunnel is established, and
the discharges in the condition of static and supersonic flow are investigating respectively. Main
conclusions are as follows. Firstly, a stable and continuous supersonic field is generated by wind
tunnel, which could guarantee the discharge experiments working reliably. Secondly, the space
distribution of plasma changes and the discharge area reduces in the supersonic flow. Thirdly, the
diffusion of plasma is restrained by the magnetic field, which leads to the increase of the degree of
ionization.

Introduction

MHD presents a tantalizing opportunity to control hypersonic flows without the need for strong
shock waves, low combustion efficiency, and thrust decreases sharply, which has broad potential
application prospect in hypersonic aircraft [1-4]. MHD involves the interaction of supersonic field,
magnetic field and electric field, currently, the research on MHD mainly depends on computational
and theoretical analysis due to complex techniques and strict experimental demands of MHD,
relevant ground experimental researches are carried out only in a few countries [5].

Producing large-scale and uniform plasma in supersonic field is the foundation of studying cold
MHD, thermal ionization and external ionization are two efficient methods to achieve it. As air
temperature is too low for thermal ionization (T>2500K) in the hypersonic aircraft, the external
ionization is the only choice [6]. Investigation on external ionization has been implemented by
different groups, which especially focus on nanosecond pulseionization and microwave lonization
[7-9].

Nanosecond pulsedionization is characterized by high density, low power consumption and high
ionization efficiency. Princeton University established the system of MHD power generation based
on nanosecond pulsedionization. Short-duration, high-repetition-rate, high-voltage pulses (~2 ns, 100
kHz, ~5 kV/cm) are used to ionize a cold, Mach 3 (600 m/sec), 0.04 kg/m3 flow, the large-scale and
uniform plasma generated in the supersonic flow[10].

Alabama University carried out the experiment investigation on microwave ionization. The plasma
is generated by microwave breakdown of the working gas in the MW resonant chamber. The gas exits
the resonant chamber and expands through a supersonic nozzle, a supersonic conductive gas attained
at the inlet of the MHD channel [11].

However, nanosecond pulsedionization cannot realize the continuous existence of plasma in time
domain because of the short half-life of discharge plasma in the air, and the space distribution of
microwave plasma is not uniform in the supersonic flow. Those drawbacks will influence the result of
the experimental research. In this paper, experimental system of CCRF barrier discharge is
established based on Ma3.5 double-throat tunnel and the characteristics of CCRF discharge is
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investigated.

Experimental Setup

The schematic of experimental setup is shown in Fig 1, the experimental setup is mainly composed
of'the following sections: wind tunnel, MHD channel, measurement setup, et al.
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Fig. 1 The Schematic of Experimental Setup

Wind Tunnel

The molded lines and size of wind tunnel is shown in Fig 2. The double-throat wind tunnel made of
organic glass because of its optical clarity, well resistance to abrasion, good electrical insulation, and
decent mechanical properties. Considering flow field, magnetic field and electric field
comprehensively, the width of test section is designed as 10 mm. The height of cross section of nozzle
throat are 2.47mm, which gives a mass flow rate through the test section of m=2.88g/s in design test
section condition of 655Pa, 26g/m3 and 87 Kelvin at 654 m/s (P0=0.5atm). The minimum operating
inlet/outlet pressure ratio of Ma3.5 double throat is about 4.9, the operating time of wind tunnel is
estimated to be 30s.

Unit:mm

Fig. 2 The Molded Lines and Size of Wind Tunnel

The end of wind tunnel is a vacuum system connected to a 0.8m3 vacuum chamber in which air is
pumped out by a rotary vane vacuum pump. The minimum pressure in the vacuum system sustained
by the pump is 200Pa. Inlet of wind tunnel is connected to the ambient atmosphere through filtrator,
switch valve and reducing valve. Filtrator provides a throughput of air to sweep out impurities and
vapor, and reducing valve is designed to adjust the air total pressure (P0=0.4-1atm).

Fig 3 shows the static pressure variation in test section during wind tunnel operating (P0=0.5atm).
The static pressure of test section is 650Pa, during operating time (18s).The smooth waveform means
that the flow field is steady, which can meet the requirement of MHD steady technical experiment. In
the experiment, a shock wave is generated in the downstream of wind tunnel with pressure in vacuum
chamber increasing. Shock wave would be pushed forward to test section as the back pressure
continues increasing. The static pressure increases suddenly when shock wave reaches test section,
which means the end of operation.
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Fig. 3 Static Pressure Variation in Test Channel During Wind Tunnel Operating

lonization

In the MHD technical experiment, the gas must be ionized. In this system, conductive gas is
obtained by CCRF barrier discharge, during which high output power (up to 200W), and high
discharge frequency (10khz-10Mhz) are applied. To inject more power into test section, two
inductance coils are used to match the discharge circuit.

Fig 4 shows a schematic of electrode block. Two rectangular electrode block 45mm long are flush
mounted in the side test section walls. Each electrode, made of alumina ceramic, incorporates a single
palladium plate electrode with 16 mm wide, 20 mm long. The electrode edges are rounded using a
Rogowski profile to achieve a more uniform electric field distribution between the electrodes. 1 mm
thick alumina ceramic is used to prevent generating electrospark and electric arc in the test section,
improve the uniformity of conductive gas.
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Fig. 4 The Schematic of Electrode Block

Magnet

The applied magnetic field in this experiment is generated by using anWD-200 DC water cooled
electromagnet. Magnetic field is generated between the circular poles with diameter of 90mm, which
is uniform over this test cube. In the experiments, for the 30 mm between the poles, the magnetic field
generated by the magnet coils at a maximum current of 30A is 1.8T.

Measurement Setup

For the electrical parameters measurement, TekP6015A high voltage probe is used for discharge
voltage measurement, and TCPA300-+TCP312 current probe is used for discharge current
measurement. Both of which are acquired and recorded by DPO4104 oscilloscope. The static
pressure in test section is measured with an absolute pressure transducer, and inlet total pressure with
a vacuum gauge. Besides, images of discharge in the test section are recorded by a camera.

Preliminary Experimental Investigation of CCRF Barrier Discharge
Static Condition
The discharge images with the LP(load power)of 22W and pressure varying from 330Pa to 1500Pa
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are shown in Fig 5, which shows that CCRF discharges have two typical different forms. The ionized
plasma is homogenously distributed in the whole test section when P=330Pa, weak-current discharge.
The discharge form turns into a strong-current discharge as the pressure increases. At this time, there
are three regions in test section including negative glow, Faraday dark space and positive column[12].

Comparative analysis from Fig b, Fig c, Fig d, directly shows that with the increase of pressure,
negative glow space become smaller, which positive column space and Faraday dark space turn to be
larger, and the average degree of ionization reduces in general. In the case of constant pressure, the
average degree of ionization increases with the increase of load power.

(a)330Pa  (b)750Pa  (c)1000Pa  (d)1500Pa

Fig. 5 Discharge Images with Different Pressure in Static Air

Magnetic Field

Fig 6 shows the space distribution of plasma in the magnetic field, shape of positive column change
a lot. The discharge plasma drifts along the channel before joining transverse magnetic field. The
direction of drift changes with Lorentz force after joining magnetic field, and the discharge plasma
get together near the upper and lower wall. Besides, the width of central area is reduced in the positive
column space. The diffusion of plasma is restrained in the magnetic field, and the free electron
density’s increasing lead to the increases of degree of ionization.

B=0T B=1.1T
Fig. 6 Discharge Images in the Magnetic Field

Supersonic Condition

The images of discharge in static and supersonic flow are shown in Fig 7. Compared with discharge
in the static condition, the area of discharge is significantly reduced in the supersonic flow. A large
proportion of output power loses along with supersonic flow lead to reduction of discharge area.
Besides, the parameters distribute unequally in the supersonic flow gas, which leads to the changing
of space distribution of plasma, especially in the boundary layer. Finally, due to the smaller
concentration of particles number in the supersonic field in the condition of same pressure, the
density of plasma of central area becomes larger.

(a)Static condition (b)Supersonic Condition

Fig. 7 Discharge Images in Static and Supersonic Flow
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Conclusion

(1)A stable and continuous supersonic field is generated by wind tunnel, which could guarantee the
discharge experiments’ work reliably.

(2)Compared with that in static condition, the space distribution of plasma changes and the area of
discharge reduce in the supersonic flow.

(3)The diffusion of plasma is restrained in the magnetic field, which leads to the increase of the
degree of ionization.
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