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STUDY OF PHYSICAL PROCESSES IN A SPARK DISCHARGE

V. I. Obukhov UDC 621.015:621.315.61

Temperature and energy balance are calculated for a breakdown channel in a solid
dielectric.

Electrical breakdown of solid dielectrics is accompanied by liberation of heat in the
discharge gap and scattering of energy into the surrounding medium., Scintillation of the
breakdown channel, beginning at the moment of its formation and lasting until the end of the
discharge, indicates that the matter within the channel is at a high temperature. Data on
temperature and the components of energy balance in the stage of discharge formation in
solid dielectrics are not available in the literature, while at the stage of discharge com-
pletion available data are scarce.

To measure the diameter of the discharge channel and the energy liberated therein, the
apparatus described in [1] was used. Specimens were prepared from rock salt single-crys-
tals. The interelectrode distance d = 1 em. Breakdown was produced by square voltage
pulses with an amplitude of 80 kV in a nonuniform field with positive polarity of the dis-
charge point. The capacitor system used had C = 2400 pF, L = 1.85 uH, and braking resist-
ance Ry = 150 Q. The discharge was produced in the crystallographic direction (110), with a
breakdown channel length 7 = 1.4, 4 = 1.4 cm.

Comparison of voltage u(t) and current i(t) oscillograms taken under identical condi-
tions for breakdown of several tens of specimens showed good agreement. Typical u(t) and
i(t) oscillograms are shown in Fig. 1.

The pulsed breakdown goes through two stages.

1. Discharge Formation. The time for this stage is shown in Fig. 1 by the segment tf.
It begins at the moment corresponding to the static breakdown voltage Ugt, and ends with an
abrupt drop of voltage across the specimen. In the beginning of breakdown development,
electron avalanches develop and transform intoc a streamer which melts an incomplete break-
down spark channel into the specimen. The streamer propagates from one electrode to the
other at a rate of the order of 10° cm/sec. By the end of the stage the current density
passing through a channel of diameter 1 pum increases to 10® A/mm®. The formation stage is
completed by the full extension of the streamer across the gap.

Stavropol Polytechnic Institute., Translated from Inzheperno-Fizicheskii Zhurnal, Vol.
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Fig. 1. Typical voltage and
current oscillograms for break-
down of NaCl single-crystals.

U =78 kv; C = 2400 pF; L =
1.85 yH; 7 = 1.4 cmy Ry = 150
Q3 u, kV; i, A; t, sec.

2. Discharge Completion. After the discharge gap is bridged by the streamer, the cur-
rent density and energy liberation in the channel increase abruptly, reaching maximum values
after a time of the order of (1-3)+ 107° sec. In the last moments the channel resistance
falls to values comparable to the braking resistance included in the discharge circuit, and
the rate of energy liberation decreases.

To qualitatively estimate the particle density in the breakdown channel, a quartz
spectrograph [2] was used to take the spectrum of radiation in the discharge gap of specimens
made of rock salt single-crystals.

The spectrum was continuous, and energy distribution over the spectrum was close to that
of an incandescent reference lamp with tungsten filament. The plasma radiates a spectrum
more characteristic of a solid than a gas. Under these conditions the channel can be con-
sidered as a black body, and its radiation, that of an ideal black body. It can be assumed
that at the moment of streamer generation and formation of the incomplete breakdown channel
the particle density within the channel is close to that in the solid: 10%% em™>. For
further calculations the density of NaCl molecules in the channel will be taken as no = 1022
em ®. The incomplete breakdown channel has a radius of 1 um. It develops due to heating
of material to the fusion point by the streamer. Thermal dissociation and ionization pro-
cesses develop simultaneously. The free electrons formed by ionization of Cl™ acquire
energy from the external electric field. Energy exchange between ions and electrons leads
to an increase in the channel plasma temperature and scintillation. The temperature growth
hinders the processes of heat transfer and radiation.

With consideration of the processes described above, the energy balance in the break-
down channel can be written in the form
i

W=PW:%+%+%+%+%+%:
U

= V[ych + yL¢ + an Wy + xn,W, + 3 kETny (x 4 2) + 2 AyeT [1 + 1 All. (1)
2 m+ 1 m-2

To describe the dependence a = f(T) we use data presented in [3]. The basic types of
particle which can exist in the plasma channel are ions and atoms of chlorine and sodium,
and free electrons. The rate of copper atom migration from the electrodes into the depths
of the chamnel is 100 cm/sec, and at the times under consideration, of the order of hundreds
of nsec, such atoms may be neglected. The density of dissociated Nat and C1” ioms up to the
time of their ionization is equal to the density of NaCl molecules: nNat = nci™ = no.

The density of free electrons produced by ionization of C1 ions and the density of Cl
atoms is equal to: ng] = ne = nox. The density of C1~ ioms during the process of their
ionization ng1~™ = no(l — x). The total density of particles in the chamnel n = no(x + 2).
The number x of Cl~ ions in the discharge formation stage can be determined by using an ex—
pression for the current flowing through the incomplete breakdown channel,

[——Er® _59.10-04
1.8-10"
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TABLE 1. Results of Numerical Calculation of Temperature
and Energy Balance W Components, 10“ J

No.j £:10%, | r-10¢, (= « A Wh Wf WD W/I Wt Wc w
secC cm xR
1 1 [ 2010,94 1,5-10-2/45 |17 84 0,022 33 4.3 183
21 1,5 8 1210,7 1,5-10—285 (32,6 117 0,25 58 7,5 | 300
33 12 |5 10,6 1,5-10—2156 |60,5{ 188 0,16 93 | 12,4 | 510
41 3,3 15 1 10,2 1,5-10—2[275 [106 110 0,06 140 | 17,7 | 650
5| 3,7 18 10,4/0,028 1,5-10-2/414 (158 23 0,024 182 | 23 800
6 20 0,5 10,2/14,4-10-210,95 0,320,12[1,1-10-%/1,4-10-5; 0,047 0,490,98[5]

The breakdown electric field intensity E in NaCl single-crystals has a value of 1.6°
10° V/cm; € = 5.62 is the dielectric permittivity; v = I/tfo = 3.5°10° cm/sec is the mean
velocity of electron displacement along the electric field in the channel. The discharge
time was determined from voltage oscillograms. Since the current I = evxnenr®, then

. 7
02710 _ 9.10-. (2)

13,3101
It was shown in [1] that in a powerful spark discharge the time required for equaliza-
tion of the temperatures of individual plasma components comprises (0.1-1)+10"° sec. There-
fore, the plasma can be considered as an equilibrium system and characterized by an equi-
librium temperature. If as a first approximation we consider the channel plasma as an ideal

gas with equation of state

P = nkT, (3)
then the degree of ionization x of the Cl  particles can be determined from Sach's equation.

Substituting for the pressure P in Sach's equation the expression Eq. (3) and the value
Wi = 3.82 eV, we obtain an expression valid for values x << 0.1, T = 15,000°K:

x=123-107"T"5exp (—4.5- 104/T). (4)

Results of x calculations with Eq. (4) are shown in Table 1.

The difference between the temperature of the channel and the surrounding crystal gene-
rates an intense heat flux (energy transfer by collisions). It follows from Eq. (1) that to
determine the quantity of energy W, transferred through the channel wall by thermal con-
ductivity it is necessary to determine the quantity A. The values of A can be found with
the aid of the Fourier similarity criterion. If we assume that the temperature in the
heated crystal layer changes linearly along the radius, then m = 1 and the Fourier simi-
larity criterion

atg 1( 4 )
— 21+ A (5)
S

r2
Equation (5) defines the dependence A = f[tg, r(tf)].Values of r(tf) are presented in
Table 1.

The thermal diffusivity coefficient a can be determined from the physical constants A
and ¢ of the crystal. The heat flux radiated by the channel into the surrounding medium
changes the thermophysical properties of the crystalline lattice. In the region directly
adjacent to the channel the material is in a fused state. With removal from the channel the
temperature decreases to the original value.

The linear expansion coefficient § is related to the specific heat and thermal conduc-
tivity coefficient A by the expressions

A= B2, (6)
[ 636, (7)
where B; and B, are constants.

The function § = f(T) over the temperature interval 0.05 << T/Tf < 1 for NaCl single
crystals was presented in [4]. It can be represented in the form

§—2.10- + 5—L 108, (8)
Ty
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Fig. 2. Graphical deter=-
mination of breakdown
channel temperature (curve
6); curves 1-5 correspond
to rows 1~5 of Table 1.

For NaCl single crystals B; = 25.2°107** J/°K’®-cm-sec and B, = 0.35°10° J/g+°K*. Using
Eq. (8) in Egqs. (6) and (7), we obtain the mean thermal conductivity value ¢ = 1.62 J/g*°K
and thermal conductivity coefficient A = 1.4°107% J/°Kecmesec. Then the thermal diffusivity
coefficient a = A/ye = 3.9 cm®/sec.

The mean heating time tf in Eq. (5) for the discharge formation stage was taken equal
to tf = tge/2 = 2°1077 sec, and set equal to the measured time interval in the completion
stage. Results of A calculations by Eq. (5) are presented in Table 1.

Substituting numerical values for the quantities appearing in Eq. (1) we obtain an ex-
pression for the energy balance in the breakdown channel:

W:r2[1,26-104—|—0.48-104+a-25-103+x-27.4-103+O,93T(x-{—2)+16AT< 1 +_;_A” L

With the aid of experimental channel radius and discharge time values, curves (1-5) were
obtained, depicting the dependence of total energy W on channel temperature (Fig. 2). The
points where these curves intersect the horizontal lines corresponding to the experimentally
determined energy liberation in the channel define the channel temperature. In defining
temperature in the discharge formation stage the degree of ionization x was determined from

Eq. (2).

The channel temperature in the discharge formation stage is equal to 1000°K. It is
shown by a point in Fig. 2. In the first ten nsec of the completion stage the temperature
increases from 1000 to 5000°K, and then decreases.

Table 1 presents results of calculating the corresponding energy balance. The first
five lines refer to the completion stage and the sixth, to the discharge formation stage.
The major fraction of the energy liberated in the channel is expended in heating and fusion
of the crystal region occupied by the channel, in radiation of heat due to thermal conduc-
tivity and dissociation of molecules. With increase in temperature the fraction of energy
Wy + Wi increases. In the formation stage 50% of the energy liberated in the channel is
radiated into the surrounding medium due to heat transfer.

NOTATION

d, interelectrode distance; l, breakdown channel length; no, number of NaCl molecules
per cm®; y, crystal density; Lf, specific heat of fusion; Tf, fusion temperature; c, spe-
cific heat; o, degree of dissociation of NaCl molecules; x, degree of ionization of C1~ ions;
Wi, ionization energy of Cl  ion; T, breakdown channel temperature; m, temperature change in-
dex in heated layer; A, relative heated layer; b, heated layer thickness; E, breakdown
strength; v, velocity of electron motion in breakdown channel along discharge path; t, dis-
charge time; p, pressure; a, thermal diffusivity coefficient; tp, mean heating time; r,
breakdown channel radius; V, breakdown channel volume; Wh, Wf, energies expended in heating

1341



and fusing crystal region directly adjacent to channel; Wp, W, energies expended in dis-
sociation and ionization of NaCl molecules located in channel; Wy, energy expended in in-
creasing particle temperature in channel; W., energy radiated from channel surface into
crystal due to thermal conductivity of crystalline lattice; W, energy liberated in breakdown
channel; k, Boltzmann's constant.
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INTENSIFIED PLASMA DEPOSITION WITH ACOUSTIC AND ELECTRICAL OSCILLATIONS
APPLIED TO THE HETEROGENEOUS JET

G. P. Lizunkov, V. D. Shimanovich, UDC 621.793.74:536.244
I. S. Burov, and A. F. Il'yushchenko

An experimental study has been made on the scope for improving the integral char-
acteristics of plasma deposition when strong acoustic and electrical fluctuations
are superimposed on a heterogeneous plasma jet.

Optimizing particle heating in a hot jet is important in depositing protective coatings.
In the case of a homogeneous stationary plasma, the heat flux to the powder particles is [1]

Qp/F ~aTljv,. (1)

It follows from (1) that the heat-transfer rate will increase if the increase in one of
the parameters a, Tg, and Z/vp appreciably exceeds the possible reduction in the others, The
rate of heat transfer between particles and the plasma flow in coating deposition may be
estimated from integral characteristics: the coefficient n for the plasma jet power use and
the coefficient B for powder use, since there is a correlation between n and B, on the one
hand, and the amount of the particles melted, on the other.

It has been found [l, 2] that high-frequency fluctuations in the electrical parameters
of the arc increase n and B, while low-frequency ones reduce them.

The experiments were performed with a plasma deposition apparatus whose acoustic and
electrical characteristics were studied in [3]. The acoustic oscillations were generated
either by the plasmotron at its outlet or by means of gas-jet rod radiators [4] set up in
various parts of the jet and around the substrate (Fig. la).

To increase the acoustic pressure amplitude and to focus the acoustic field, the plasma-
tron and the sources were set up within a concentrator or horn. When gas-jet radiators were
used, the air flow was deflected from the direction of the beam of acoustic oscillations to
prevent it from influencing the plasma jet. The acoustic characteristics were as follows:
frequency 5-10 kHz, acoustic pressure level 150 dB, and acoustic power from 0.1 to 1 kW.

The working conditions in the plasmotron were monitored from the average and fluctuation
characteristics as recorded by probe instruments, oscillograms, and spectrograms. The Ni—Al
powder was deposited on steel substrates of area 80 x 80 mm at 120-170 mm from the end of
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