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Introduction. The electroacoustic application of wear-
resistance coatings is studied. The work objective is to obtain a
mathematical model of the ultrasonic effect on the formation
and development of an electric spark occurring in the process
of the electroacoustic sputtering.

Materials and Methods. The effect of ultrasonic vibrations on
the processes occurring during the formation and development
of a spark discharge is analyzed; the equations of continuity,
energy motion and transfer, with the ultrasonic field
contribution are considered. Factors affecting the thermal
conductivity and electrical conductivity of strongly ionized gas
are studied.

Research Results. When obtaining the model, it was assumed
that the heat removal from the channel is carried out by a
“clear emitter”. Then, for the channel region, a self-similar
solution is made: pressure, temperature and density are
constant over the cross-section, and velocity is proportional to
the radius. A mathematical model that describes the processes
occurring in the spark channel with the ultrasonic field energy
effect is obtained.

Discussion and Conclusions. On the basis of the developed
model, it is specified that under the ultrasonic radiation effect,
the radius and temperature of the spark channel increase, and
conditions of the double ionization under high ultrasonic
energy are created.
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Bseoenue.  Cratbs

3NEKTPOAKYCTHIECKOTO
nokpeitiid.  Llempto  paboThr
MaTeMaTHYeCKOI MOJIENN BIMSHUS YIbTPa3ByKa Ha IPOIECCHI
9JIEKTPUYECKON  MCKDBI,

SJIEKTPOAKyCTUYECKOT' O

TOCBAIIICHA HU3YyUCHUIO mnmpouecca

HAaHECEHUS HM3HOCOCTOMKHX
ABIAETCS  TIOIydYCHHUE
dbopMHupOBaHHA W Pa3BUTHA
OpoHcxoAdmed B Impolecce
HAITbUICHHSI.

Mamepuanet u memoov.. B ocHOBe aHanM3a BIUAHHA
YIBTPa3ByKOBBIX KOJEOaHMH Ha IPOIECCHI, IMPOTEKAIOIINe
npu  (GopMupoBaHMHM M pa3sBUTHM HCKPOBOTO  pa3psja,
paccMOTpEHBl yYpaBHEHWsSI HENPEPHIBHOCTH, [IBIDKCHHS U
MEepeHoca SHEPrHU € y4eTOM BKJIAJa YJIbTPa3BYKOBOTO IIOJIS.
VdareHsl (aKTOPHI, BIMSIONIME HA TEIUIONPOBOJHOCTh U
3JIEKTPONPOBOAHOCTD CHIIFHO HOHM30BaHHOTO Ta3a.
Pesynomamer uccnedosanus. Ilpu momydeHnu Monenn Obln
C/IeNaHbl TPEAIIOJOKEHUsS, YTO OTBOA TeIla M3 KaHaja
OCYIIECTBIISICTCS. «IIPO3pAvHbIM H3IydaTenem». Torma mis
obyacTi KaHajia ObUIO TPHHATO aBTOMOJEIBHOE peEIIeHHUE:
JaBICHHE, TEMIlepaTypa W IUIOTHOCTh IIOCTOSIHHBI IIO
CEUYEeHUIO, a CKOPOCTh MPOIOPIHOHANBHA paxuycy. IlomrydeHa
MaTeMaTH4ecKas  MOJENb,  ONHWCHIBAION[as  IPOIECCHI,
MPOTEKAIOIE B HCKPOBOM KaHAle C YYETOM BIHSHHS
SHEPTHH yJIbTPa3ByKOBOTO HOJIS.

Obcyscoenue u saxarouenus. Ha OCHOBaHWUHM TOCTPOEHHOM
MOZENM YCTaHOBJIEHO, YTO IIOA JCHCTBHEM YJIbTpa3ByKa
YBEJIMYMBACTCS paJuyc M TeMIIepaTypa HMCKpPOBOTO KaHaia, a
TAOKe CO3/IAIOTCS YCIOBUSI JBYKPATHOM HOHH3ALMH IPH
BBICOKUX DHEPI'UAX YJIbTpa3ByKa.

KiioueBble cjI0Ba:  DJIEKTPOAKYCTHYECKOE  HAIBUICHUE,
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Introduction. When applying wear-resistant coatings by electroacoustic spraying, a relatively narrow
conductive channel with high temperature and ionization is formed, in which Joule heat is released, which leads to an
increase in pressure and expansion of the channel. The expanding channel acts like a piston on the rest of the gas, and,
since the expansion occurs at supersonic speed, it causes a shock wave, which propagates in front of this kind of piston.
The temperature in the shock wave region is much higher than in the undisturbed gas, and the temperature in the
channel itself is many times higher than in the shock wave. Accordingly, the density of the gas in the channel is very
small; the vast majority of the mass of the moving gas is displaced from it, which makes it possible to consider the
channel boundary as a piston [1].

The very fact of the formation of a narrow channel can be understood as follows: under the ultrasound action,
as well as after the gas breakdown and the appearance of conductivity in the places of the current flow, Joule heat is
released. The electrical conductivity of the gas is known to increase strongly with temperature. Thus, at a high degree of
ionization, when the collision of electrons with ions is significant, the electrical conductivity is proportional to 772.
With small ionization, this dependence is sharper, since with the growth of 7, the degree of ionization rapidly increases,
and, consequently, there is a tendency to the current concentration in a relatively narrow channel. In places where the
temperature is higher, the conductivity of the current is greater, so there is more current flowing, and more heat is
released. This leads to even more heating and so on [2].

Physical processes determining the width of the channel and the limit of current concentration is heat transfer
from the channel and the extension of the heated area under the action of pressure. The channel can be considered to be
the area to the point where the temperature and the degree of ionization decreases significantly. In the channel, the
inertia of the gas can be neglected, but it is necessary to take into account the release and transfer of heat. In the shock
wave region, inertia must be taken into account, but electrical and thermal conductivity can be neglected. These two
areas are separated by a transition layer — the “shell” of the channel. Heating and ionization of the gas entering the
channel occurs in the shell 3, 4].

Materials and Methods. The main equations are the equations of continuity, motion and energy transfer
taking into account the action of the ultrasonic field. They have the form of [5, 6]

a_p:V@era(rV) 0 (1
ot or ror
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where p is density, V is velocity, p is pressure, & is internal energy per unit mass of gas, ¢ is heat flux, j is

current density, E is electric field, U is contribution to the ultrasonic field.
The equation of state has the form
p:(ne+n[.)T:pT(z+1)/ma 4)
where m, is the average mass of an atom; #n,,n; is the number of electrons and ions per unit volume; z is the

average charge of an ion; n,=zn;. Temperature is expressed in energy units.
We assume that the ionization in the channel can be calculated by Saha ionization equation. The internal

energy of the gas is
)
3p I _p {3 I }

20 m pl2 (20T

where [ is the total ionization energy plus the dissociation energy per atom. The formula (5) is convenient to
use in the case of full ionization; with incomplete ionization with increasing 7, the value of 7 also increases. At the same

time, as follows from Saha ionization equation, I/T~ const, so for &, the following formula is more convenient:
1
o= L2
y-1p
(6)
where Jis the effective adiabatic index; for air y=1.22.

Electrical conductivity 0 and thermal conductivity ¥ of highly ionized gas are equal to
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o=c,(T)T"" = 30"(2)T3/2/(4e2 x/2nmk)
(7
1= (2)T"
Here, e, m is the charge and mass of an electron, k:ln(3T 3/2/ (ze31/4nne )), 0/(z) is the dimensionless

coefficient. For z=1, the value is /= 1.95. The value x e / oT , under the Wiedemann—Franz law, of the 1st order. For
A=5 ol1(1)=3,4.1013sec—1leV-3/2,

%1(1)=3,9.1020 cm-1 sec-1eV-5/2.

Research Results. Let us suppose that the time dependence of the channel radius, the boundary of which plays
the role of the piston displacing the gas, has the form of a(?)=Atk; the motion in the shock wave region is determined by
two dimensional parameters 4, 0.

In the equations (4)—(6), we introduce dimensionless notation (a, — the radius of the wave front)

x=rfa,(t), p'(x)= p/po, V'(x)= V/ag, p(x)= p/pya’ (®)
Neglecting heat release and transfer, let us write the system (1)—(3) in the form
, dp'  ,dxV'
V'—x)— =0

( x) dx P xdx
! ! 9
(1_1jV'+(V'-x)d—V+id£=o ®

k dx p' dx

2(1—%Jp'+(V'—x)al;,+yp’dx—V, =0
with boundary conditions at x=1
p'=(v+1)/(y-1), V'=2/(y-1), p'=2(vy-1) (10)
The position of the piston is determined by the point where ¥ "=x. The pressure on p; piston can be expressed

through the piston speed.
Py :Kppoazl an

where “resistance coefficient” K,20,9 (K,=p (a)a2/a2.) is deduced from the numerical solution of the system (9).
We neglect the radiation and assume that

__dr (12)
=" dr
Let the temperature T in the channel be much greater than that required for the complete ionization, therefore,

on the edge, T is much less than in the center. Let us suppose that 7=0 at r=a. We introduce dimensionless notations

r T L r(r V riq SV r (13)
s=——, 0(s)=—, u=——| ——— |, y=—<—+Z| ——= |},
a’ (1) T, 02a\a a 2a (pa 2\a a

where T is the temperature on the axis. We consider the pressure to be constant along the channel cross-section.

If the heat is removed from the channel by a “clear emitter”, a simple self-similar solution can be specified for
the channel area: pressure, temperature and density are constant over the cross section, and the speed is proportional to
the radius. The temperature drop is concentrated in the shell. In the same place, the radiation is absorbed and the
ionization of the gas entering the channel takes place. Considering the shell to be thin, it is possible to obtain a system
of equations for the main parameters of the channel. In general, you can use these equations to estimate them as a
mathematical model that describes, although roughly, the main processes in the channel. This takes into account the
approximate action of ultrasound and thermal conductivity [7].

The energy balance equations for the channel and the shell have the form

aw  dnd’ (14)
—_—= =0). + N
di p d Qj Oy
15
(8+£de:QI+QR9 ( )
p) dt

where M, W is the mass and energy of the gas in the channel. The equation (15) is obtained by integrating (3)
over the cross section of the channel (including the shell) without assuming the form of distribution of values over the
cross section. For a homogeneous model, let us suppose
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W=M-e, M=mn-ap.
The equations (14), (15) are the consequence of the law of energy conservation. The expressions for the release

of heat Q; due to the electric field and heat Oy due to the ultrasonic field, as well as for the heat removal by radiation O
and thermal conductivity Q7 , can be taken as

0, =j2/TC ac, Q,=no (16)
Oy =nad’Qy(p.T), O, =132my T a7

where @ is the frequency of ultrasonic vibrations, 77 is the dimensional coefficient.
Comparing (14) and (15), we obtain that

0 +0, =1 (0,+0,) . (18)

where £¢ is a coefficient of the 1st order. If 7 is independent of ¢, then

2 17! (19)
,(d*a
u—y{l+(y—l)2a { 0 j }

Let us consider the channel in air with the conductivity of O =2"10"sec™; Kp=0.9; ¥=1.2; j~t, hence &=4.5.

For the radius of the channel, we get the expression

a=0,93(1+0)/5 p 6 ;312 (20)

Here, a is measured in mm, j — in kA, ¢ —in ps; Oy =1.29'10" g/ cm® under the atmospheric pressure. If the
shock wave is weak, the radius is similarly deduced from (19).
Table 1 gives values of the radius calculated by the formula (20), with different values of & and ¢ (us) at the

discharge voltage /=30 V, and the battery capacity ¢=0.15 puF, and inductance of circuit L=4 nH (corresponding to
J=V/L=1.5 10° A/sec).

Table 1
The channel radius for different values of 6, ¢

T

0 0.3 0.5 1

0 0.65 1.00 1.62

1 0.73 1.12 1.82

2 0.78 1.20 1.95

3 0.82 1.26 2.04

Let us estimate the temperature in the channel. We believe that [L ~1, for the same discharge as above at the
time /=1 ps at L=4 nH we have that O, +0,, = (1+9) 1,7-10"erg / cm sec. If we assume that all heat is transferred by
the electronic thermal conductivity, and the radiation is neglected, we obtain that
T=4(1+0)eV. Taking T=4eV we find that the number of ions per unit volume in this case is n; =9.1017, which in order
corresponds to the experimental values.

Discussion and Conclusions. Based on the constructed approximate model, the following conclusions can be
made about the effect of ultrasound on the development of the spark channel.

1. The radius of the channel increases by (1+0)1/6 times in comparison with the case when there is no

ultrasound, where 0 is the ratio of the energies of the electric and ultrasonic fields.

2. The temperature in the channel increases proportionally (1+0) under the assumption that the outflow of heat
is carried out by the electronic thermal conductivity.

3. Already at the moment of the shock wave formation, almost complete ionization occurs in the channel, and
conditions for double ionization at high ultrasound energies can be created.
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