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1 Introduction
Flow visualization has a major influence on fluid mechanics. Several reviews and classi-
fications of flow visualization techniques in fluid mechanics can be found in [1-3]. In
hypersonic rarefied flows, due to low density and high speed of the gas flow, traditional
flow visualization technologies are no longer applicable. For example, the optical
visualization methods, such as shadowgraph, schlieren and interferometric methods,
which make use of the refractive behavior of the gas flow to be studied exhibit a cer-
tain sensitivity limit if the average level of the gas density becomes too low [4].
Methods using tracking particles, like particle image velocimetry [5] and planar laser
scattering [6], suffer from the fact that the momentum transfer between the flow and
the tracer is not sufficient, so that tracking particles cannot accelerate enough and are
not representative of the flow velocity.

It is in this range of rarefied gas flows that a visualization of the flow can be achieved
by making use of the radiative characteristics of some gases. By means of an
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appropriate energy injection, the molecules of the flowing gas are excited to emit a
characteristic radiation. Two different methods, named as electron beam fluorescence
[7] and electric glow discharge [8], are most often used to add external energy into the
flow. The intensity of the emitted radiation increases with the value of the local gas
density, so that it becomes possible to discriminate between flow regimes of different
gas density. Compared to the electron beam fluorescence setup, the electric glow dis-
charge visualization appears to be a much simpler technique [9].

The electric discharge in gases at low pressures is accompanied by the emission of
light. Since the intensity of this radiation depends on the density of the gas in the con-
trol volume, one may adapt this method to the visualization of rarefied gas flow. Free
electrons and ions, which are in the test volume, are accelerated by the external electric
field and can produce a cascade of secondary electrons and ions due to collisions with
neutral gas molecules. In a certain density range, the emitted light intensity increases
with the number of exciting collisions, and therefore, with the level of the gas density.

Two kinds of glow discharge apparatus can be applied, to visualize the flow field in a
low-density wind tunnel. One uses two electrodes served as anode and cathode separ-
ately (refer to Fig. 1a), while the other uses the test model as an electrode (normally
anode) and the cathode electrode(s) was (were) installed near the wind tunnel wall (Fig.
1b). The desired portion of the flow field can be covered by a suitable choice of the
geometry of the electrodes, and the light radiations of the flow gas can be observed or
photographed.

Since the middle of the twentieth century, electric glow discharge technology has
been applied to observe hypersonic rarefied flow field structures. At present, it has be-
come one of the necessary experimental techniques in the hypersonic low-density wind
tunnels, which can realize the visualization of shock wave structure or boundary layer
[10-21]. Taking the work of Yang et al. of China Aerodynamics Research and Develop-
ment Center [21] as an example, the electric glow discharge technology was applied in
a @©0.3 m hypersonic low-density wind tunnel, and the flow visualization photos pro-
vided intuitive flow images around hypersonic vehicles from 60 km to 100 km altitude.

The electric glow discharge technology has been widely applied in small diameter (<
0.38 m) hypersonic low-density wind tunnels (as summarized in Table 1), however, for
tunnels with bigger diameter (e.g. > 1 m), there is no successful application case yet as
far as in published reports. The major difficulty may be that the discharge area is much
magnified with the flow diameter, and electric glow becomes unstable and is easy to
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Fig. 1 Schematic of electric glow discharge apparatus applied to a hypersonic low-density wind tunnel
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Table 1 Review of electric glow discharge applications in rarefied flows

Country

Institute / Wind tunnel / Nozzle exit diameter Visualization Photo

Russia

USA

Japan

India

France

China

Central Research Institute of Machine Building [10]
U-16 Low Density Wind Tunnel

0.25m (Core diameter)

Ames Research Center [11]
Ames 3.5-Foot Hypersonic Wind Tunnel

9mm

The Ohio State University [12]
1.5 cm radius Prex tube

1.5¢cm

Fukuyama University [13, 14]
Ma10 Hypersonic gun tunnel

smt

~02m

National Defense Academy [15, 16]
NDA Hypersonic gun tunnel

0.18m

Indian Institute of Science [17, 18]
HST1/2 hypersonic shock tunnel
03m
]

The French National Center for Scientific Research [19

Hypersonic rarefied adjustable Mach Wind tunnel
0255m

Cylinder

China Academy of Aerospace Aerodynamics [20]
FD-20 impulse tunnel
038 m

®0.3 m Hypersonic Low Density Wind Tunnel
03m

-
China Aerodynamics Research and Development Center [21] “
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cross talk with surrounding metal structures such as wind tunnel nozzle, resulting in
undesired arc discharge.

In order to visualize the rarefied flow field in a ®1m hypersonic low-density wind
tunnel, an electric glow discharge technique based on high frequency excited power
has been developed in this paper. A clear flow field around HB-1 standard model can
be observed using this technology, under flow conditions of freestream flow Mach
number 12, total pressure of 2 MPa and static pressure of ca. 20 Pa. Besides, the influ-
ence of glow discharge on the flow field, as well as the differences between low fre-
quency/direct current (DC) and high frequency alternative current (AC) electric glow

discharges, is also discussed in this paper.

2 Experimental setup and working principle

In order to realize flow visualization in the ®1m hypersonic low-density wind tunnel,
the technology in this work uses high frequency power supply to stimulate glow dis-
charge in rarefied flow. The discharge apparatus mainly includes a power supply with
40 kHz frequency and 0-10 kW power, and a pair of discharge electrodes located in the
test section. As shown in Fig. 2, the power supply includes a switch control unit, a high
frequency power supply unit, an impedance matching unit, as well as a remote control
unit. Among them, the high frequency power supply unit is connected to a 380V
power grid through the switch control unit, which is mainly used to disconnect the
high frequency power supply unit from the power grid in time of overcurrent and other
emergencies.

The output current of the power supply is measured using a current probe. Fig. 3
presents the results for 3kW of power absorbed by the glow plasma under environ-
mental pressure of 6 Pa. The amplitude of the applied power is found to be approxi-
mately 0.9 A, and the frequency is 40.65 kHz.

The system increases the collision frequency and ionization ability of gas molecules
by AC excitation of high frequency oscillations between electrodes, thus increasing the
effective breakdown distance of rarefied flow field. When the frequency of power sup-
ply is low (50 ~ 5k Hz), the breakdown/glowing voltage of gas is basically the same as

Current probe

Power Supply Test Section [ Cathode
380V Switch control Nozzle
Power grid o unit "~
| Glow
I
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High frequency Impedance < Model | --{-- .I
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Fig. 2 Schematic of the high frequency AC electric glow discharge setup
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Fig. 3 Measured current of the power supply during glow discharging
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that of DC discharge. While the frequency of power supply increases much higher, the
breakdown/glowing voltage for electric discharge is much lower than that of DC power

supply.

3 Numerical simulation

3.1 Simulation model

In this work, the glow discharge is simulated using the Plasma Module of COMSOL
Multiphysics software [22], and time periodic solver is used for the periodic steady-
state solution. The simulations are for a Nitrogen plasma at a pressure of 6 Pa by a
periodic electric excitation of 40 kHz. As shown in Fig. 4a, the model is 2D axisymmet-
ric, and the discharge consists of two electrodes, one powered (the anode) and one
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Fig. 4 a Schematic of the glow discharge, and b mesh grid
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grounded (the cathode), with an electrode radius of 20cm and a gap between elec-
trodes of 1.3 m.

The mapped mesh grid is shown in Fig. 4b. To minimize the number of degrees of
freedom, the area around the electrodes, where the discharge is expected to show large
gradients, is meshed with a fine mesh, while elsewhere with a coarser mesh. Besides,
a boundary layer is needed to capture the separation charge between the electrons and
ions close to the wall. The thickness of the first boundary layer is set at 10 um, and
there are ca. 5000 mapped elements in the computational area.

3.2 Electric excitation equations

The electron density and mean electron energy are computed by solving drift diffusion
equation for the electron density. Convection of electrons due to fluid motion is
neglected.

0
5 (ne) + VI. =R, (1)

where 7, is the electron density, R, is the electron source term, and I, is the electron
flux, which defined as:

T, = -n.(4,E)-DeVn, (2)

where g, is the electron mobility, E is the electric field intensity, and D, is the electron
diffusivity, which is computed as:

ks,

D, =
myVy

(3)

where kg is the Boltzmann constant, T, is the electron energy, m, is the electron mass,
and v, is the electron velocity.

The electron source term R, in the eq. (1) is determined by the plasma chemistry
using rate coefficients. Suppose that there are M reactions which contribute to the
growth or decay of electron density and P inelastic electron-neutral collisions. In gen-
eral P> M. In the case of rate coefficients, the electron source term is given by:

M
Re = Z xjk]‘an’le (4)
j=1

where x; is the mole fraction of the target species for reaction j, k; is the rate coefficient
for reaction j, and N, is the total neutral number density.

3.3 Boundary conditions

An electron is emitted from the cathode surface with a specified probability when
struck by an ion. These electrons are then accelerated by the strong electric field close
to the cathode where they acquire enough energy to initiate ionization. Electrons are
lost to the wall due to random motion within a few mean free paths of the wall and
gained due to secondary emission effects, resulting in the following boundary condition
for the electron flux:



Jiang et al. Advances in Aerodynamics (2021) 3:14 Page 7 of 12

-n-T,= (%Ve_th He)— Z Yy (Ip-m) (5)

p

The second term on the right-hand side of eq. (5) is the gain of electrons due to sec-
ondary emission effects, where y, is the secondary electron yield and I, is the particle
flux of electrons on the boundary surface. v,, 4, is the electron thermal velocity, defined
as

8kpT,

Veth =
m,

3.4 Plasma chemistry

The reaction process of N, discharge is complex, and there are many kinds of excited
nitrogen molecules, so necessary simplifications should be made during the simula-
tions. In this model, only the following particles are considered: electron e, nitrogen
molecular N, and nitrogen molecular ion N,+, which mainly comes from the direct col-
lision ionization between e and N,, and the penning ionization between metastable
states. The electronically excited states can be lumped into simplified species which re-
sults in a chemical mechanism as shown in Table 2.

3.5 Simulation results and comparison

In a certain low density range, the emitted light intensity increases with the number of
exciting collisions, and therefore, with the level of the electron density during electric
discharge process, which means the light brightness is proportional to the electron
density in a certain range. Figure 5 plots the simulated electron densities in the dis-
charged column, as well as optical images, under 6 Pa environmental pressure using dif-
ferent electric excitation power. The images, which were taken by a numerical camera
mounted on a tripod, show a violet color due to the preponderant emission of the sec-
ond positive system of N, and the presence of the ion N,+ indicating the emission of
the first negative system [23]. The discharge shows the same pattern of light emission
as that observed in a classical low pressure tube discharge [24], and Itoh et al. measured
the spectral characteristics of the glow plasma in a hypersonic gun tunnel [25].

Both the simulations and experiments proved that, the electron density decreases in
the radial direction, and this is caused by diffusive loss of electrons to the outer walls of
the column where they accumulate a surface charge. Furthermore, as expected, the
electron density adjacent to the electrodes is much denser when the excited power

increases.

Table 2 Table of collisions and reaction modeled

Reaction Formula Type Ag(eV)
1 e+N,=>e+N, Elastic 0

2 e+ N, =>2e+ N+ lonization 156

3 e+N,=>e+2N Excitation 10

4 e+N=>2e+N+ lonization 14.549
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Fig. 5 Simulated electron densities and images taken by a camera under 6 Pa environmental pressure, with
electric excitation power of (@) 3.0 kW, and (b) 9.5 kW

4 Flow visualization result

High frequency AC electric glow discharge, as a kind of rarefied flow field visualization
technology, has been applied in the ®1m hypersonic low-density wind tunnel of China
Aerodynamics Research and Development Center. Figure 6 compares the glow dis-
charge images between conditions of vacuum and HB-1 model in the test area. It can
be seen that the glow around the model becomes brighter, since the electron density
increases as the probability of collision between electrons near the model surface in-
creases. Figure 7a shows the glow discharge visualization image of HB-1 standard
model under the test conditions of freestream Mach number Ma 12, total pressure P,
of 2 MPa, static pressure P.., of ca. 20 Pa and 0° angle of attack a, which clearly shows
the flow field structure around HB-1 model. As comparison, the results of three-
dimensional Navier-Stokes (N-S) simulation (Fig. 7b upper) and schlieren photography
(Fig. 7b lower) under the same test condition were also presented. The pressure/density
contours obtained experimentally and computed numerically were found to be in good
agreement.

5 Conclusion and discussions
In this work, a high frequency AC electric glow discharge technique has been used to
provide visualizations of the flow field in a ®1m hypersonic low density wind tunnel.

Different from the conventional DC/low frequency glow discharge technology applied

@ (b)

Fig. 6 Electric glow discharge images of (a) vacuum condition and (b) HB-1 model in the test area
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(a) (b)

Fig. 7 Flow visualization results of HB-1 model under flow condition: Ma =12, P,=2 MPa, P.. =20 Pa, using
methods of (a) electric glow discharge, (b) N-S simulation and schlieren photography

\

in small diameter (<0.38 m) wind tunnels, this technology used high frequency AC
electric power to excite glow plasma in a big flow field (> 1 m), so that to realize the
rarefied flow field visualization of big diameter wind tunnel. Pressure/density contours
obtained using methods of electric discharge, N-S simulation and schlieren photog-
raphy, were found to be in good agreement. In view of these results, the visualization
technique by high frequency AC electric glow discharge is not intrusive and allows
dealing with rarefied hypersonic gas flows.
In addition, the following two problems are further discussed:

5.1 Influence of glow discharge on flow field and aerodynamic force

Kyser etc. [26, 27] have observed that a discharge column follows the gas flow exactly
when the flow velocity is constant, and adds negligible perturbance into the flow. How-
ever, when the discharge method is applied to an accelerated flow or an unsteady flow
in which there exist various kinds of external forces, glow plasma cannot track gas flow
because of the difference of densities of the ionized gas particle and surrounding gas.
This work further verifies the influence of glow discharge on aerodynamic force in a
steady flow field.

Firstly, a wind tunnel repeatability test of a spacecraft model is carried out for three
times without glow discharge, and then the test is continued for one time with glow
discharge on. The test results are shown in Fig. 8. For the discharge off cases, the re-
peatability accuracies of normal force coefficient Cy and axial force coefficient C4 are
0.41% and 0.45%, respectively. Compared with the mean coefficients of discharge off
cases, the relative deviations of Cy and C, are 0.14% and 0.05% respectively when the
discharge is on, which is within the error range of repeatability tests. Therefore, the in-
fluence of glow on the aerodynamic test results can be ignored for the steady flow field.

5.2 Difference between DC and high frequency AC electric glow discharges

In order to obtain a uniform glow plasma of the discharge column, this work uses a
high frequency AC rather than a DC power. Can DC discharge also be applied to big
diameter low-density wind tunnel? We try to use finite element simulations to answer
this question.
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Fig. 8 Comparison of aerodynamic coefficients under the conditions of electric discharge off and on, (a)
normal force coefficient Cy, (b) axial force coefficient Cy, (€) Cy at a=5° and (d) C4 at a=5°

The simulation results of DC glow discharges are shown in Fig. 9. The electron dens-
ity peaks in the region between the cathode fall and positive column. This region is
sometimes referred to as Faraday dark space. The electron density also decreases rap-
idly in the radial direction. This is caused by diffusive loss of electrons to the outer
walls of the column where they accumulate a surface charge. The build-up of negative
charge leads to a positive potential in the center of the column with respect to the
walls. We can note that the flow is far away from the catholic layer. Only the positive
column is used to visualize the flow density.

For small diameter wind tunnel (Fig. 9a, diameter of 0.32m in the case), the
state of the plasma in a sufficiently long column is independent of the situation
in the regions adjacent to the electrodes. However, for bigger diameter tunnel
(Fig. 9b, diameter of 1.3m), DC glow discharge is difficult to completely ionize
the gas between the electrodes, and the gas near the cathode is so low that
almost no glow is produced, so only the glow near the anode can be used to
display the flow field.

Because DC glow discharge is stimulated by stable voltage, with the increase of
discharge distance, the density of glow plasma decreases and becomes unstable;
moreover, it is easy to cross talk with surrounding metal structures such as wind
tunnel nozzle, resulting in undesired arc discharge. While for the high frequency
AC electric glow discharge, there is no electric field effect in the intermittent AC
pulse discharge, and the compound dissipation of charged particles is effective to
restrain arc discharge, besides, the intermittent pulse discharge can inhabit arc dis-
charge by reducing the thermal accumulation effect. Therefore, the high frequency
AC electric glow discharge technology used in this work has the advantages of
self-maintaining and stable discharge, and it can stimulate more uniform glow
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discharge, thus is more suitable for the flow field visualization of big diameter wind

tunnels.
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