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EXPERIMENTAL INVESTIGATION OF THE CHARACTERISTICS OF SUPERSONIC
EXPANSION OF ELECTRIC-ARC PLASMA JETS

G. A. Luk'yanov, V. V, Nazarov, UDC 533.9.082.76
and V. V. Sakhin

Under certain conditions, large deviations from thermodynamic equilibrium are possible
with supersonic stationary plasma flow out of a high-pressure chamber into a low-pressure
region. Theoretical studies of free supersonic plasma expansion [1-3] and experimental
studies of supersonic underexpanded plasma jets [4~6] show that ionization and thermal equi-
librium break down in the flow field at some stage of expansion. In this case, the degree
of ionization exceeds the equilibrium value, while the electron temperature turns out to be
higher than the temperature of heavy particles (atoms and ions). The deviation from equi-
librium increases downstream.

The parameters of the plasma in a supersonic jet are closely related to the type of
plasma source and flow conditions. In this paper, we attempt to establish the basic param—
eters that characterize the deviation from ionization and thermal equilibrium and to obtain
generalizing dependences for the electron temperature Ty and concentration me in the region
of free expansion for an argon electric-arc plasma flowing out of a sonic nozzle intoc a
flooded low-pressure region.

1. Conditions and Range of the Investigations. The construction of the plasma source
and the scheme of the initial region of the jet are shown in Fig. la. The electric-arc
source consists of a cathode unit 1 with a tungsten cathode, housing 2, and an anode nozzle
3. We used cylindrical nozzles with diameters d = 2 and 5 mm and length d. The working
gas was introduced through tangential openings in the housing. The source was placed inside
a vacuum chamber with a volume of 10 m® on a coordinated setup with two degrees of freedom
in the horizontal plane. The measuring instruments were stationary relative to the vacuum

chamber.
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We performed the experiments in a range of plasma stagnation pressures pe = (1-8)°10*
Pa and mean mass stagnation temperatures T¢ = (9.5-13)°10% °K. The indicated ranges of pe
and T, correspond to a variation of the arc current strength from 200 to 500 A with the
flow rate changing from 0.1 to 0.3 g/sec. The pressure in the vacuum chamber p. varied from
0.4 to 1.3 Pa. The conditions of flow corresponded to degrees of expansion N = p¢/pe from
10 to 2°10°. According to the degree of rarefaction, the flow at the initial segment
corresponded to a developed transition regime.

The following parameters can be used to characterize the degree of deviation from
ionization and thermal equilibrium at the outlet from the source nozzle:

K =ty Kn= 1yt

where Ty, Th, T, are the characteristic times of recombination, exchange of energy between
electrons and heéavy particles, and change in the gasdynamic parameters, respectively.

Assuming that the collisional—radiative recombination and electron—ion energy exchange
with elastic collisions play a dominant role, which is valid under the conditions being
examined, for 1+ and 1 we used the following expression [7, 8]:

T =1/Bne, B=1.7510"°n 7", v =25047%*/n,In A,

where B is the coefficient of collisional—radiative recombination; A is the atomic weight;
and In A is the Coulomb logarithm.

Taking into account the relatively small differences between n, and T, at the nozzle
cutoff and their values in the arc chamber, on the one hand, and the considerable diffi-
culty in calculating these parameters at the outlet of the nozzle due to the nonisentropic
flow along the nozzle, the presence of large transverse gradients, initial thermal and
ionization nonequilibrium, on the other hand, it is reasonable to estimate 1, and T accord-
ing to the values of ng and T, in the arc chamber, assuming thermodynamic equilibrium for
known po and Ts. Equilibrium values of the electron concentrations in the arc chamber ngg
for the operational regimes of the source studied are presented in Table 1.

For the characteristic gasdynamic time at the nozzle cutoff, we use

a % \0.5 {]a' \0-5
=g U= (v ) (L)
where Ux is the velocity of the plasma in the critical section of the nozzle; v is the
ratic of specific heat capacities; m is the mass of an atom; k is Boltzmann's constant. The
range of the investigations is shown by the data in Table 1. We studied the region of free
expansion I (see Fig. la), separated under the experimental conditions from the mixing zcne

IT by the thickened central a and suspended b density jumps [4, 3].
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2. Diagnostic Methods. Electric probe and spectral diagnostic methods were used in
the experiment. Electric probe methods were used to measure the electron concentration and
temperature, and spectral methods were used to measure the temperature T and velocity U of
the heavy plasma component. All measurements were carried out along the symmetry axis of
the jet.

For the electric probe measurements, we used an electrostatic probe, made of a tungsten
wire with a O.4~mm diameter and a length of 5 mm, soldered to a quartz tube with a 0.8-mm
diameter. The quartz tube was placed into a copper water-cooled housing, which served as
a reference electrode. In order to study the plasma parameters near the nozzle cutoff, we
used a drifting probe, moving with a velocity of A5 m/sec across the jet in the section being
studied. The current—voltage characteristic of the probe was constructed by points.
Usually, 8-10 values of currents on the probe under different probe potentials relative to
the reference electrode were given. The wvalues of the current and the applied voltage on the
probe were recorded by an N~115 oscillograph. The voltage was supplied by a stabilized
B1-8 power supply.

In the region of the jet far away from the nozzle cutoff (x/d > 5), we used a sta-
tionary electrostatic probe, fixed to a stationary water-cooled terminal. A sawtooth volt-
age from a special mechanical resistance generator with an internal resistance of 3 Q was
applied to the probe. The current—voltage characteristic was recorded by a PDP-4 automatic
plotter. The procedure for making electric probe measurements is described in greater de-
tail in [5].

For the spectral measurements, we used an ISP-51 spectrograph with an £ =270 cameraor a
UF~89 camera and an IT-51-30 Fabry-Perot interferometer. The external setup of the inter-
ferometer was used in the parallel beam. The spectra were recorded photographically on
Izopankhrom-17 or Izopankhrom~15~1000 film. The spectra were analyzed using heterochromic
photometry and an MF-2 microphotometer, whose photocell was replaced by an FEU-55 photo-
multiplier. Two methods were used to analyze the spectra: taking into account the fact
that the dispersion of the etalon is not constant within a single order when using central
rings and measuring in fractions of an order when using single-sided rings.

For measurements of underexpanded plasma jet parameters from the contours of spectral
lines, it is necessary to take into account the strong distortion of the contour by the
Doppler shift, related to the presence of a radial velocity component. In the experiments
carried out, the temperature of the heavy component was measured from the transformation of
spectral line contours [9] by comparing the contour of an argon line (main gas) and the
contour of a helium line (small admixture up to 5% by volume) under the assumption that
there is no relative slippage and that the main gas and the impurity are in thermodynamic
equilibrium. The contour transformation method [9] permits determining the temperature,
neglecting the instrumental contour of the interferometer and assuming that the true shape
of the contours is known. In the measurements carried out, it was assumed that such a
transformation permits excluding the instrumental contour and the "expansion' contour from
the analysis. The contour transformation procedure was carried out on a computer. The con-
tours of the 0.404-uym ArI and 0.388-um Hel lines were compared, for which the Stark
broadening is negligibly small compared to the Doppler broadening under the experimental
conditions. Stark broadening was taken into account with the use of tables from [10] and
values of ng measured by the probe method.

The plasma velocities in the jet were measured according to the Doppler shift of the
spectral lines by photographing the spectra head on by rotating the prism system of the
spectrograph. The velocities were corrected for the nonuniformity of the distribution of
radiation intensity in the jet and the presence of a radial velocity component.

746



Fig. 2

The spectral measurements were also used to determine the electron concentration from
the Stark broadening of spectral lines near the nozzle cutoff, where the flow past the
probe differs from a free molecular flow. The data from the probe measurements agreed well
with the results determined from broadening of the Hg hydrogen line and from the Stark
broadening of different helium lines. The contribution of Doppler broadening to the contour
of the observed lines was taken into account using the half-widths of the Voigt centours
[11]. The admixture of hydrogen or helium in the argon plasma jet did not exceed 5% by
volume of the flow rate of the principal gas.

3. Experimental Results and Their Analysis. Figure 1b shows the results of probe
measurements of ne along the jet axis x in relative coordinates ngN/neo, x/dN°¢®. The
longitudinal coordinate x/dN°:® 2 0.7 corresponds to the position of the central density
jump for the continuous flow regime. Under the experimental conditions, the extent of the
free expansion region along the axis decreases compared to similar flow in a continuous
regime due to spreading of the central density jump upwards along the flow [4, 5]. TFor com~
parison, Fig. 1b shows the distribution of the relative density of a freely expanding ideal
monatomic gas pN/po along the jet axis (continuous line). The similar behavior of the
relative densities of the electron component and the gas indicates, first of all, the fact
that the composition of the plasma is largely "frozen" in all experiments. An interesting
experimental fact is the closeness of the absolute values of the relative densities in the
parameter range studied. In the flow field beyond the nozzle cutoff, the degree of ioniza-
tion is “frozen" and equal to the degree of ionization in the arc chamber, determined
assuming thermodynamic equilibrium with respect to the known values of pe and Te. It
should be kept in mind that the actual value of the degree of ionization in the arc chamber,
due to the initial nonisothermal state, is somewhat higher than the equilibrium value, de-
termined from the mean mass temperature To. With flow along the nozzle, the degree of
ionization drops. The observed approximate equality of ng/ngoN and p/poN is a result of
compensation of the factors indicated under the experimental conditions. For x/d 2z 5, the
experimental data on ng are approximately described by the dependence

e 045 (-;—)_2. (3.1)

e}

Generally speaking, for small K, some quasiequilibrium region with a considerable drop
in the degree of ionization could be expected to remain beyond the nozzle cutoff. However,
this was not observed in the experiments. Due to the very intense expansion of the plasma,
there is a sharp increase in Ty and Ky and a breakdown of equilibrium immediately beyond
the nozzle cutoff. The distribution of t,., K., Ty, and X; along the jet axis (regime 2,
see Table 1) is shown in Fig. 2. The values of 1+ and 1}, were calculated using the experi~
mental values of ne and Tg. The local gasdynamic characteristic time was determined from
the equation 1g =‘x/U, where the quantity U was calculated according to the model of an
ideal perfect gas with v = 1.67. Figure 3 presents the results of measurements of the
velocity U on the axis of an argon plasma jet (regime 2). For comparison, the same figure
shows the axial distribution of the velocity of a monatomic ideal gas (curve 1) and the
value of the maximum velocity for equilibrium flow Up, calculated from the known magnitude
of the mean mass stagnation enthalpy of the plasma Up = /EEZ (line 2). These curves can be
viewed approximately as upper and lower limits for the velocity on the jet axis. The ex—~
perimental values of the velocity turned out to fall within the range indicated and were
near the values for the maximum "frozen' plasma velocity, which agrees with the data pre-~
sented above on the ionization nonequilibrium.
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The results of measurements of T and Tp (points 1 and 2, respectively) are presented in
Fig. 4 (regime 2). The experimental values of T are higher by a factor of two to three than
the values of T on the axis of a jet of a monatomic ideal perfect gas (curve I). The elec-
tronic temperature at x/d = 1 already is twice the temperature T. The ratio To/T drops
rapidly downstream.

The thermal nonequilibrium situation under similar conditioms has not been very well
studied experimentally. The results obtained can be compared only to the results in [6],
wherein a similar argon plasma jet, generated by a source with nearly the same stagnation
parameters, was studied. The experimental data on T from [6] (points 5 in Fig. 4) were ob-
tained, apparently, without taking into account the effect of plasma expansion on the spec-
tral line contours and differ strongly from our results. Figure 4 also presents the values
of T (points 3) that we measured without taking into account the radial expansion of the
plasma. The values of T obtained in this manner are close to the results in [6]. The na-
ture of the variation in and the magnitude of Tg (points 4), obtained in [6], agree with
our results.

For values K, € 1 (see Fig. 2}, it could have been expected that thermodynamic equi-
librium would be approximately satisfied, at least, in some region beyond the nozzle cut-
off. However, experiment indicates that thermodynamic equilibrium breaks down practically
from the nozzle cutoff. This is explained by the fact that under the experimental condi-
tions with strong breakdown of icnization equilibrium beyond the nozzle cutoff (K, > 1) the
electron temperature in the flow field is approximately determined by the energy balance

h I h o nf? [8um \0B T
Q ZQ; Q =__¢__(kT:) (1_'T_e')lnA7 (3.2)

m
0 = (I* + kT,) Bnl,

where Qh is the energy lost by electrons in elastic collisions with ions (collisions with
atoms for a degree of ionization >10"“ are not important); QY is the energy transferred to

the electrons during recombination; m, is the electron mass; I* is the effective recombina-
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tion energy. The quantity I* depends on the optical thickness of the plasma. In an opti-~
cally thick plasma, I* equals the ionization potential I.

For Ky > 1, when (3.2) is realized, the condition for thermal equilibrium is written
in the form
5 Th ]* Kh I* ’
RS Y o TN (3.3)

Under the experimental conditioms, Kﬁ > Kp. For regime 2, at the nozzle cutoff, Kﬁ > 3

with Ky = 0.1. The condition for thermal equilibrium Ky € 1, valid for Ky < 1, must be
replaced by Kj € 1 for Ky = 1.

Let us transform expression (3.2) into the form

. 1754078 1%+ =5 0T,
T"( — LY en, == : (3.4)
¥ "m0
¢/ e "1 s
k

Taking inte account (3.1) with T/Tg € 1, expression (3.4) can be written in the form

—0.5 . N3 AN
T*‘ N ) ”"_(0.15%0) . : (3.5

Figure 5 shows a generalization of the experimental data on T, along the axis of the
jet in coordinates aTe and x/dN°*®. The line corresponds to the expression (3.5). The
satisfactory generalization and agreement with the approximate theoretical dependence can

be seen. As the central density jump is approached, Te increases and relation -(3.5) breaks
down. :

Thus, for K¢ > 0.05 and Kh > 0.02 (at the nozzle cutoff), it is possible to geheralize
the axial profiles of the relative electron concentrations and temperatures in the free
expansion region of the argon plasma jets studied.
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EXPERIMENTAL INVESTIGATION OF INTERACTION OF A SHOCK WAVE
WITH A WALL CAVITY

E. F. Zhigalko, L. L. Kolyshkina, UDC 533.601.1
and V. D. Shevtsov

In unsteady gas flow one often meets the situation where a shock wave passes a location
where the channel section changes. At a very early stage of the phenomenon, when there is
no appreciable interference by structural elements, it is profitable to examine the phenome-
non as a combination of elementary characteristic model problems in shock-wave-wall inter-
action. At a later stage it is often possible to use a one-dimensional approach and employ
solutions of the discontinuity decay problem [1-3]. The investigation of the intermediate
stage in this paper is based on experiments conducted in an air shock tube of rectangular
section 130 x 80 mm whose channel overlaps a rigid wall ncrmal to the tube axis, with a
straight cavity of finite length. The examination concentrates on questions not inherently
associated with the finite nature of the channel section ahead of the model.

The unsteady process examined here can be arbitrarily divided into phases, in accord-
ance, for example, with changes in the wave configurations in each phase.

While the incident wave is penetrating the cavity, the gas, compressed behind the shock
wave reflected from the forward sections of the wall, is flowing into the cavity, where the
pressure is lower. The diffracted waves from the opposite edges repeatedly interact with
each other and with the obstacle, thus modulating both the reflected wave and the wave pene-

trating the cavity.

Until one has a wave going through the channel its base pressure has the property of
similarity for channels of different width H. The similarity does not extend to elements of
the phenomenon which are intrinsically connected with the influence of dissipation, e.g.,
to the separation accompanying gas flow over the forward edges of the cavity. The sequence
of vortices formed here is carried by the flow into the cavity, generating two systems of
vortices about its walls, like Kidrmin streets, clearly visible on shadowgraph and inter-
ferometry pictures (Fig. la).

With the onset of the next phase when the wave in the cavity reaches the floor and re-
flects from it, the channel length L is added to the parameters of the problem. In modeling
this and subsequent phases one can use only results consonant with similarity of flows about
cavities of the same L/H ratio. One can consider, arbitrarily, that the second phase lasts
until the shock wave reflected from the floor exits from the channel and the rarefaction
wave penetrates into it.

Figure 2 (H = 10 mm) shows typical oscillograms obtained in calibrating a piezometric
pressure sensor in a shock tube with the end closed (Fig. 2a, M = 1, 2), and in measurement
of the pressure at characteristic points on the model: on the floor (Fig. 2b, M = 1.44) and
at the forward edge (Fig. 2c, M = 1.24). Some of the sensor parameters are: sensitive ele~
ment diameter 1.5 mm, maximum body diameter 6 mm, estimated self-frequency no lower than
100 kHz.
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