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Application of electrostatic probe method for electron
density measurement in hypersonic ionized flows
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Abstract: A laboratory measurements program has been performed in the JF-10 high enthalpy
shock tunnel, which provides the aerodynamic and aerothermal conditions wherein plasma envi-
ronment issues can be quantitatively examined. Electron number density is measured by a swept-
voltage electrostatic probe placed on a 10 degree wedge model. Dual-cable method is explored in
order to reduce the induced noise due to the RC characteristic of coaxial cables when a high fre-
quency swept voltage is applied to the probe. Results show that electron density in the boundary
layer of the model can be effectively acquired and the dual-cable method turns out to be an effec-
tive way for electron density measurement in the short duration test facilities.
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0 Introduction

As we know, aerodynamic processes cause den-
sity and temperature gradients in the non-planar
flow field behind a bow shock, and aerothermal
processes arouse plasma phenomena as a result of
thermal ionization. The characteristics of the elec-
tron component of the high temperature plasma
formed around a hypervelocity reentry vehicle play a
dominant role in determining the radar characteristic
and radio wave propagation characteristic of the ve-
hicle!™,
sity distribution in hypersonic ionized flows is really
[3-4]

For this reason, research on electron den-

necessary
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. JF-10

The high enthalpy shock tunnel, one of the
most widely used hypersonic flow simulation ground
facilities, is capable of generating certain aerody-
namic and aerothermal conditions wherein plasma
environment issues can be quantitatively examined.
The electrostatic probe, which has the qualities of
wide dynamic range, simple instrumentation and
good spatial resolution, is a well-known and widely
used diagnostic tool for measuring electron temperature
and density™™*. In order to deduce these two plasma
parameters, an I-V characteristic curve has to be
generated by sweeping the probe voltage. Consider-
ing the fact that the effective test time of a high en-

thalpy shock tunnel is only several milliseconds, the
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swept voltage frequency applied to the probe should
be over 1kHz. However, due to the RC characteris-
tic of coaxial cables, an induced noise will appear
when a high frequency swept voltage is applied.
Such a noise is very annoying and difficult to remove,
particularly when the probe signal is weak ™.

In this paper, a stagnation enthalpy of 16. 2MJ/kg
is generated in the JF-10 high enthalpy shock tunnel
at LHD, Institute of Mechanics, Chinese Academy

of Sciences. The electron density in the ionized

42m

boundary layer of a 10 degree wedge model is meas-
ured using an electrostatic probe. And a dual-cable
circuit is used to reduce the induced noise originated
from the high frequency swept voltage. Results
show that the noise reduction method is effective
and the electron density can be completely acquired.
The combination of a high enthalpy shock tunnel

and electrostatic probe can play an important role in

the experimental research of plasma diagnostics.

10.4mm

Initiation Inmtiation
tube A tube B

11.6m ‘ I 7m ﬂ
—

Driver Main
section diaphragm

Driven
Support section I'hroat Nozzle

Vacuum
tank

l'est

section

Fig.1 Sketch of the JF-10 detonation shock tunnel

1 JF-10

1 Experimental descriptions

1.1 Experimental facilities

The sketch of JF-10 detonation high enthalpy
shock tunnel is shown in Fig. 1. It is 42m in total
length, the detonation driver chamber has an inner
diameter of 150mm, and that of the driven shock
tube is 100mm. A conical nozzle is used in the ex
periment, with the throat diameter of 11mm and
the exit diameter of 500mm. Using the detonation
product gases at high temperature and pressure as
the driver gases, the test flow with high enthalpy
and high pressure can easily be acquired. A large
number of theories, experiments and numerical
simulations have provided reliable foundation for its
working principle and driving performance. Air
quality and test time are also constantly im-
proved o,
1.2 Test Conditions

In order to burst a metal diaphragm without its
fragmentation under the downstream operation
mode, dual ignition system is used in the experi-
ment. The initiation tube A is first ignited. Then

the initiation tube B is ignited by a delay controller

before the arrival of detonation wave at the primary
diaphragm position. The delay time is specified de-
pending on the detonation chamber length and the
detonation wave speed. The experimental results
show that the dual ignition system has greatly im-
proved the stability and repeatability of the test con-
dition, which provides powerful support for the
conducting of the experiments. Typical stagnation
pressure history is shown in Fig. 2. The plateau
pressure maintains more than 10 milliseconds, but
the effective test time is about 5 milliseconds con-
sidering the total amount of test gas. However, the
test time is enough for our measuring system,

which also brings much convenience for the design

of models.
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Fig. 2 Typical experimental pressure histories

The stable operation parameters of the test

condition are shown in Table 1. “M,” represents the
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primary shock wave Mach-Number in the shock
tube, which is obtained through ionization probes
distributed on the shock tube and the reservoir con-
ditions of the shock tunnel are then calculated. Ac-
cording to the definition of the conventional shock
tunnel terminology, subscript “4i” and “1” repre-
sent the initial condition in the detonation chamber
and that in the driven section. respectively. Sub-
script “0” represents the reservoir condition. The
experiment is carried out at the initial pressure of
2.5 MPa in the driver chamber, with the H,/0,
mixture ratio of 4 ¢ 1.

Together with the probe size, the free-stream
flow parameters would determine whether the free-

molecular, transitional, or collisional sheath consid-

erations would have to be invoked for proper data
reduction. Pitot rake has been used to calibrate the
free-stream flow. However, we can’t determine all
the free-stream flow parameters of a high enthalpy
shock tunnel just from the pitot pressure and the
reservoir conditions like in conventional wind tun-
nels. Because of high temperature effects, the free-
steam flow of the high enthalpy shock tunnel is in a
state of thermal-chemical non-equilibrium. A ther-
mo-chemical non-equilibrium program is used to de-
termine the free-stream flow parameters, which are
shown in table 177, The nozzle exit velocity exceeds
5000m/s, in which high temperature phenomena can be

experienced by the test gas. “Ma” represents the free-

steam Mach-Number in the test section.

Table 1 Test conditions and free stream parameters

1

Initial conditions Stagnation conditions

H;, : O, P,/MPa P,/kPa M, P,/MPa

To/K Ho/(M] * kg!) P/Pa T/K

Free-stream conditions

o/(kg+m®) U/(m=sh) Ma

4:1 2.5 10 11.2 17.9 7890

16.2 103 430

7.5 x10™" 5086 11.7

1.3 Test model description

The test model used in the experimental study
is a 10-deg wedge model made of steel. Five probes
in a group at one place, perpendicular to the wall
surface, with a distance of 4mm between each oth-
er, are used to measure the electron density distri-
bution in the boundary layer or the shock layer.
The probes are 300mm from the front. Sketch of
the model is shown in Fig. 3 and the experiment is

conducted with no angle of attack

Probes

Fig.3 The sketch of the test model and probes distribution
3

2  Dual-cable method and probe theory

2.1 Dual-cable method

A cylindrical electrostatic probe with a radius
of 0. 15mm and a length of 8mm is used. For data
acquisition, BNC coaxial cables with the length of
several meters are necessary to connect the probe
and the computer acquisition system. Due to the RC
characteristics of the coaxial cables, induced noise

will appear under the high frequency sweeping volt-

age, which is almost of the same order of magnitude
as the probe signals in the wind tunnel. Such a noise
is very annoying and difficult to remove.

I'ransformer BNC cable

10kHz sine wave 3) - -
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| Probe
Functional | *
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Computer
|Computer|

Fig. 4 A dual-cable probe circuit
4

In order to reduce the noise, a dual-cable meth-
od is used, where the lead capacitance is compensa-
ted for by subtracting out the signal from a dummy
cable of equivalent length. The schematic of the
measuring circuit is shown in Fig. 4. A sine probe
voltage is generated by a functional generator (AFG
3101). Two secondary windings from the trans-
former provide power supply for the active probe
and the dummy probe, respectively. The cables of
the two probes are of the same type, are equal in
length, and are tied together. A fixed step resistor

and a variable wire resistor are connected to the
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dummy coaxial cable, which can provide fine tuning
by the course adjustment. After being tuned, the
induced noises of the two cables are nearly identical.
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Fig. 5 The amplitude of the induced noises as a function of the
sweeping frequency of the applied sine voltage
5

In Fig. 5, the amplitude of the induced noises
as a function of the sweeping frequency is shown,
where the sine voltage is used. Considering the fact
that the test time of the high enthalpy shock tunnel
is several milliseconds, the sweeping frequency
should be over 1kHz. Without the dummy probe,
the induced noise would be 1V or more, which is al-
most of the same order of magnitude as the probe
signal. Instead, the induced noise would be less
than 5mV after being tuned with a dummy probe,
which is negligible when the sweeping frequency is
below 50kHz. The frequency is set to be 10kHz in
our experiment.
2.2 Probe theory

Electrostatic probe, which has wide dynamic
range, simple instrumentation and good spatial res-
olution, has long been used as a fundamental diag-
nostic tool for measuring the properties of plasma.
Basically an electrostatic probe consists of a conduc-
ting metal surface to act as the sensor, a voltage
supply, and a current measuring device. Although
electrostatic probes are relatively simple devices,
the theory underlying the probe response is, unfor-
tunately, complicated, which is mainly determined
by the influence of the probe electrode dimensions
on the plasma properties. Whether the free-molecu-
lar, transitional, or collisional sheath considerations
would have to be invoked for proper data reduction
mainly depend on three parameters, the probe radi-

us R, the mean free paths of the charged particles

A« and the Debye length A,. The major disadvan-
tage of the electrostatic probe is that it is an intru-
sive measurement technique, which may disturb the
plasma flow. However, this undesirable aspect can
be minimized by keeping the probe size small. In
our experiment, a cylindrical electrostatic probe
with a radius of 0. 15mm and a length of 8mm is
used. It minimized the disturbance of the probe to
the flow and the collisionless near free-molecular
probe theory is suitable. Considering the high tem-
perature and high speed gas flow, the probe materi-
al is chosen to be iridium, which can provide enough
And the

probe is oriented so that it is always aligned with

strength and anti-oxidation protection.

the flow direction during the experiment.

A sine swept voltage is applied to the probe, o-
ver a voltage range from -10V to 10V, which is suf-
ficient to record both the ion saturation region and
the electron retarding field region of the probe char-
acteristic. Probe data reduction follows the theory

7 for the case of a collisionless

of Laframboise™
sheath, which gives the ion current density j; to a

single probe aligned with the plasma:

[T, T, R
I, =Aen, an[zA (X”’f’£> @)

wherein, T, is the ion temperature. m; is the

ion mass, which can take the mass of NO™ in the
experiment. I, is the measured ion current, which
is I;=j; « A, A is the probe surface area. y, is the

nondimensional probe potential:

Xp:k%a/p—vg 2)

x,» shows the dimensionless difference between
the probe potential V, and the plasma potential V...
V.. is the potential at which the probe collects both
ions and electrons (random currents) without the
aid of electric fields. 7, is a normalization factor,
which is a function of y, . the ratio of ion to electron
temperature, and the ratio of probe radius to Debye
length. The correction factor can be set to 1 in good
approximation if the ratio of probe radius to Debye
length is greater than 5007,

When the voltage applied to the probe is swept

from negative toward positive values,y,—0 and the
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electron current collected by the probe increases
rapidly because the higher thermal velocities of the
electrons enable them to reach the probe surface in
spite of the repelling voltage. This region of the
probe characteristic is called the retarding field re-

gion. In the retarding region:

kT,
I, =Aen, Do exp(y,) (€D

Differentiating the equation (3) we can get:
din(j.) e
dv, kT,

From equation (4), the electron temperature

4

T, can be obtained by plotting the slope of the loga-
rithmic electron current in the retarding region ver-
sus the probe potential. Then n, can be determined

by T, from equation (1).

3 Results and discussion

Five probes are installed in a common rake,
with each probe aligned with the local flow direction
and positioned at different distances off the vehicle
surface so as to measure the electron density profile
through the boundary layer. A sine swept voltage is
applied to the probes, over a voltage range from
-10V to 10V, and the sweeping frequency is 10kHz.
Considering the fact that the effective test time of
the tunnel is over 2ms, a repetition of more than 20
times of I-V probe characteristics can be acquired
for a probe in one test.

Fig. 6 (a) shows the original signals of the
10kHz sine swept voltage and the probe current
during the effective test time. Fig. 6(b) is a typical
I-V characteristic curve, which is derived from one
cycle of Fig. 6 (a). Vi is the floating potential, at
which no net current is drawn since the ion current
I equals to the electron current I,. Vi can be de-
fined from the probe characteristic with precision.
But the plasma potential V.., which has fluctua-
tions, can’ t be determined with precision. The
point where dI/dV, is maximum is set to be the
plasma potential. The curve range between V and
V.. is called the electron retarding region, from
which the electron temperature is derived. When

the negative probe potential is sufficiently large in

magnitude with respect to the plasma potential, on-
ly ions will be collected and all electrons are repelled
from the probe. Due to the typically large masses,
and hence low mobility of the ions in plasma, the
current is measured to be small and negative. The
trace will exhibit a plateau in current, dubbed as the
ion saturation region, which is shown in Fig. 6(b).
Together with the probe size information, the elec-
tron temperature and density can be obtained from
the I-V characteristic curve. The theory and meth-
od are presented in section 2. 2.
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(a) original signals of the sweeping voltage and probe current
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Fig. 6 Electric probe signals
6

Fig. 7 shows the electron density profiles for
the test runs of No. 1 and No. 2. These test runs re-
present repeated data for the O0-deg AOA, which
shows good repeatability. The maximal density is a-
bout 7X 10" /em™ at the test point 4mm close to the
wall, and it decreases with the increase of the dis-
tance from the wall. However, the distance above
the surface for the peak level is not very discernible
at this point, since the density may be larger than 7
X 10" /em™ at the place closer to the wall. On the
whole , however, the dual-cable method turns out
to be an effetive way for electron density measure-

ment in the hypersonic ionized flows in high enthal-
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py shock tunnel. More probes will be used and

more experiments will be conducted later.
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Fig.7 The electron density distribution perpendicular to the wall

7

4 Conclusion

A laboratory measurements program has been
performed in the JF-10 high enthalpy shock tunnel,
and the electron density in the hypersonic ionized
flows with the presence of a 10 degree wedge model
has been measured. The results show that:

(1) A stable test flow with stagnation enthalpy
of 16. 2M]J/kg is generated in the JF-10 high enthal-
py shock tunnel using the dual ignition system,
which provides the aerodynamic and aerothermal
conditions wherein plasma environment issues can
be quantitatively examined.

(2) The dual-cable method is explored, which
can obviously reduce the induced noise when a high
frequency swept voltage is applied to the electrostat-
ic probe.

(3) Electron density can be effectively acquired
using the dual-cable method and the data exhibited

good repeatability.
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