val; L, number of intervals; m, small rectangle of spectrum; M, number of rectangles with
K¢m > 0; and ~, approximate value.
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EFFECT OF THE PHYSICAL PROPERTIES OF A MATERIAL ON THE
ELECTRODE EROSION IN A HIGH-CURRENT PULSED DISCHARGE

A. Z. Aksel'rod and E. A. Popov UDC 537.523

Correlation analysis of the experimental data on the erosion of different metals
for pulsed currents ranging from 2 A to 800 kA has determined that the erosion
depends on the physical properties of the electrode material. The nature of the
given relation is found to be determined by the amplitude of the discharge cur-
rent and the electrode separation. Conclusions are made about the mechanism-

of electric erosion of electrodes.

Introduction. The electric erosion of electrodes in a pulsed discharge is seriously
hindered by the unsteady nature of the erosion processes, the fact that the current density
has not been established, etc. (see [1-4]). Experimental determination and subsequent theo-
retical analysis of the dependence of erosion on the physical properties of the electrode
material are one way of obviating these difficulties to a considerable degree. In this
domain it is necessary to point out studies for a vacuum arc with a current of 80-800 A
[3] as well as for a pulsed gas discharge with a current of 250 A [5} and 150-800 kA [6].

At the same time virtually no use is made of the results of experiments [7-24], in which
the erosion of different metals was compared over a wide range of energy conditions, but
as a rule the data were not processed mathematically and were not compared with each other.

In the present study, by means of mathematical processing and systematization of the
results of [5-24] we find the dependence of erosion on the physical properties of a metal
for pulsed currents of 2 to 800 KA.

Dependence of Erosion on the Physical Properties of the Electrode Material. The mathe-
matical processing of the experimental data consisted of using correlation analysis, i.e.,
in each series of erosion resistance for each physical parameter the well known procedure
[25] is used to calculate, "clean up," and evaluate the statistical significance of the
correlation coefficients characterizing the coupling constant between the ercsion and the
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TABLE 1. Electrical Conditions of Electrode Tests and Cor-
relation Coefficients in Region IV (in accordance with Fig.

1)
Electrical conditions| Correlation coefficients| ., ., _.
= ~ _ Slgnl\fl-
B 139 = < cance
Source of data . KA o usec N : : : le:rel for
% % % g {80%
7], A 0,03% 461 0,78 | 0,82 | 0,93 — 0,72
(R=6,8 1) A
8], A 46,05 0,4 0,86 | 0,88 | 0,97 — 0,72
9], A 0,2—0,5% | 0,1—0,3% | 0,79 | 0,71 0,22 -— 0,38
9], K 0,2—-0,5% | 0,1—0,3% | 0,84 | 0,74 | 6,70 | 0,65 0,38
10}, A 0,3—-0,9% | 0,1—0,4» | 0,87 | 0,74 | 0,85 — 0,42
11], A 0,4—1,2% | 0,1—0,4» | 0,64 | 0,31 | 0,82 — 0,42
12], A 2,0 0,13 0,91 | 0,87 0,9§ — O,gg
131, A 2,5 0,15 0,91 0,22 0,87 — 0,57
13], K 2,5 0,15 0,97 | 0,16 | 0,33 | 0,42 0,57
14], A, V 8,0 0,18 0,96 | 0,88 | 0,42 — 0,48
15], K4+A 28 4 0,59 | 0,46 | 0,86 — 0,45
[16], (K4-A)/2, V 150 0,004 0,37 | 0,18 | 0,89 — 0,63
6], NP, ¥ 800 0,4 | 0,97 | 0,97 1 0,99 | — —1

Note: A is the anode erosion, K is the cathode erosion,

K + A is the total erosion of the cathode and anode,

(K + A)/2 is the measured arithmetic mean of the cathode +
anode erosion, NP denotes no polarity given for the ex-
periment electrcdes, and V denotes oscillatory capacitor
discharge.

*The electrical conditions were calculated from the standard
formulas on the basisof the discharge circuit used.

1+The significance level was not calculated because a small
number (3) of metals was studied.

physical parameter of the metal. The natural logarithm of the erosion was used in the cal-
culation to eliminate nonlinear effects. The erosion was converted to weight units (g/C).
An exception is the study by Raikhbaum and Krest'yaninov [21], which does not give the
numerical values of the erosion. In processing the results, therefore, they used the rela-
tive erosion, i.e., the number of the metal in the erosion resistance series was taken to
be the value of the erosion. The electrical conditions of the discharge [5-24] are given
in Tables 1 and Z. The electrode separation and the medium in which the discharge occurred
in the experiments [5-24] are shown in Fig. 1.

The results. of processing, i.e., the absolute value of all correlation coefficients
that are stastically significant for a probability of 807 or higher are given in Fig. 2
and Tables 1 and 2. Table 1 also gives the correlation coefficients for a discharge with
large erosion (103-1072 g/C for refractory metals). The correlation coefficients for con-
ditions with less erosion (107%-10"% g/C), are given in Fig. 2 and Table 2.

As we see from Fig. 2 and Tables 1 and 2, the melting point, boiling point, heat
capacity, thermal conductivity, and the first ionization potential have a statistically
significant effect on the magnitude of the erosion. Moreover, the erosion of the metal
affects its electrical conductivity. The electrical conductivity of the metal, however,
is functionally related to its thermal conductivity, the correlation coefficients for them
are almost the same and, therefore, it was not possible to separate the effect of the
given parameters on the erosion. The heat capacity, specific heat of melting, and specific
heat of vaporization are also functionally related and have almost identical correlation

coefficients. Moreover, the melting and boiling points of the metal are functionally re-
lated.

As we see from Tables 1 and 2, however, the correlation of the erosion with the melting
point is much less distinct than that with the boiling point when the erosion is consider-

able (1073-1072 g/C) as well as when the erosion is smaller but in a vacuum discharge (ex-
periments [19, 20]).
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Fig. 1. Conditions of the experiments in
[3, 5-241: 1) discharge in kerosene; 2)

vacuum discharge; 3) discharge in inert
gases; 4) discharge in air; 5) discharge in
an electrical gas. I, A; £, mm.

TABLE 2. Electrical Conditions of Electrode: Tests and Cor-
relation Coefficients in Regions I-III (in accordance with

Fig. 1)
. I Correlation Signifi-
Source of data Electrical conditions coafFicients cance
level for
I, kA T, Usec R(m, Ty) | RUn, Tp) | 80%

{17}, K 0,002—0,01 1000 0,15 0,11 0,42
[17], A 0,002—0,01 1000 0,06 0,10 0,42
[18], K 0,01 2,4 0,61 0,45 0.35
[18], A 0,01 2,4 0,74 0,72 0,35
{19], K 0,02—0,1 4000 0,90 0,78 C,45
[20], K 0,07 —f 0,87 0,36 0,63
21], (K4-4)/2,V 0,05—0,09% 0,0005—0,01% 0,72 0,73 0,33
5], K 0,25 0,01 0,81 0,72 0,40
23], 0,45 0,01 0,92 0,83 0,32
22], (K+4A)/2,v: 0,6—1,8" 0,001—0,01% 0,68 0,83 0,28
23}, K 0,8 0,3 0,84 0,76 0,32
241, K, Vv 3,5 0,09 0,93 0,89 0,34
23], K, v - 4,5 0,2 0,97 0,85 0,32
24}, X, v 31 0,22 0,92 0,69 0,34
241, K, v 54 0,35 0,81 0,65 0,34
24], K, v 50 . 0,64 0,68 0,42 0,34

*The electrical conditions were calculated from the standard
formulas on the basis of the discharge circuit used.
tData not given.

Under all conditions the effect of the work function on the erosion was statistically

insignificant even for an 807 confidence coefficient, although the work function of the
metals ranged from 2.7 to 5.3 eV.

The effect of the mechanical properties on the erosion was not considered in this study
since such an effect has been previously observed when integrated heating of the entire

electrodes is considerable [24] and can also be observed in a discharge with a small (about
0.3 mm) electrode separation [14].

On the whole, as shown in Fig. 1 and Table 3, the entire range of pulsed currents from
2 A to 800 kA is divided into four regions, each of which has corresponding dependence of
the erosion on the physical properties of the electrode material. In Table 3 the dependence
is in the form of empirical formulas constructed mainly from the results of correlation
analysis. The boundaries between the regions, as is seen from Fig. 1, are determined pri-
marily by the amplitude of the discharge current and the electrode separation. The effect
of the discharge time, the gas pressure, etc., vary much less at the boundaries between
the regions. The magnitude of the erosion, its polarity (ratio of cathode erosion to anode
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Fig. 2. Correlation coefficients in
regions I-IV (in accordance with Fig. 1):
1) between the erosion of the metal and
its thermal conductivity (cathode); 2)
between the erosion of the metal and its
heat capacity (cathode); 3) between the
erosion of the metal and its thermal
conductivity (anode); 4) between the
erosion of the metal and its ionization
potential (cathode); 5) between the ero-
sion of the metal and its ionization
potential (anode).

TABLE 3. Experimental Dependences of the Erosion of a Metal
on Its Physical Properties

. Dependence of ero- Polarity | Magnitude of
Region : . of erro-| erosion {ref-
sion on physical members Sion ractory metals),
I mlﬂz ~ T A1 exp-u 10-6—10~3
g mkz g
m:‘ ~ THTO’STEO’E‘).—l expté
1T (gas dis- m¥* o~ T=I70,2,-13—0,1 me» ma|  10~6—10-3
charge) k m b k ¢
II (vacuum my ~ (¢Tm)~1 myeP i 10-5—-10-4
discharge) 05
111 my~ Ty Ty, " CAX ~5—10-¢
k Tn b mk>> My 10 10
(x=0,5—1,5)
v mk-[- - TEI C—O, 5 K—O,S 10—-3—10-2
my~m
my ~ (T 4+ Q) k ?

*The electrical conductivity instead of the thermal con-
ductivity may have an effect.
tFor the range of currents from 380 to 2500 A.

erosion), the nature of the erosion traces, and of course the mechanism of electrode ero-
sion also vary at the boundaries between the regions.

As we see from Table 3, in all four regions the erosion depends on the melting and
boiling points of the metal. An exception, as is seen from Tables 1 and 2, were the ero-
sion series of [16, 17], apparently because the phase transition temperatures of the metals
are so close to each other.

In region I (I = 2-10 A) the erosion also depends on the thermal conductivity and the
ionization potential of the metal atoms. A higher ionization potential increases the cathode
erosion and decreases the anode erosion [17]. For this reason, Pravovernov and Struchkov
[18] did not detect the effect of the ionization potential since they had considered the
total erosion of both electrodes. Observable erosion traces [18], the current, and the
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magnitude of the erosion enable us to conclude that the first region corresponds to a transi-
tional regime from cathode spots of the first kind to cathode spots of the second kind
(according to the classification of Rakhovskii [1]). With the experimental data available
the first region can be extended only to discharge in air as yet.

In region II (I = 20-800 A, vacuum and gas discharge) the cathode erodes by an order of
magnitude more than the anode does. The erosion of the cathode is proportional to its heat
capacity, the effect of the thermal conductivity on erosion is very weak. The nature of the
erosion traces and the magnitude of the erosion in region II correspond to single and group
cathode spots of the second kind.

Conversely, in region III (I = 3-50 kA, gas discharge) the erosion depends on the
thermal conductivity and is completely independent of the heat capacity of the metal. A
gradual transition from cathode spots of the second kind to formation of a macrobath of
molten metal.

Region IV correpsonds to a strong erosion of the electrodes, about 1073-10"2 g/C.
As we see from Fig. 1, region IV extends to a discharge with a current above 10%-10° A, when
a macrobath of molten metal forms on the electrodes as well as in a discharge with a lower
current but with a smaller electrode separation of the order of 0.1-0.3 mm. The discharge
can occur in any medium, i.e., liquid, gas, or vacuum. The anode erosion in region IV is
determined by the heat capacity and the melting point of the metal. The erosion of the
cathode is also affected by its thermal conductivity. Separate data on cathode erosion in
region IV are available only for currents 380-2500 A. With increasing current thermal con-
ductivity evidently ceases to have an effect since at 25-800 K, when the total cathode and
anode erosion, the correlation between the erosion and the thermal conductivity is statisti-
cally insignificant even for 307 probability.

The empirical formulas in Table 3 are given without numerical coefficients so as to
exclude the effect of the discharge time, the gaseous medium, and other external factors,
which have virtually no influence on the correlation between the erosion and the physical
properties of the metal but can change the magnitude of the erosion severalfold. The most
exact formulas, those for regions II and IV, not only describe the relative position of
the metals in the erosion series but are also in quantitative agreement with the experi-
mentally observed erosion. In Fig. 3 the erosion calculated from the empirical formula
of Table 3 for an anode in region IV is compared with the experimental value. The devia-
tions in Fig. 3 all occur mainly for [14], and clearly, are associated with the observed
[14] effect of the mechanical properties of the material on the erosion. The erosion of
the metals in Fig. 3 is given in units relative to erosion of copper.

Comparison of the empirical formulas of Table 3 with the theoretical equations [1-4]
of the energy balance at the cathode (1) and the anode (2) also make it possible to make
conclusions about the physical mechanism of the erosion:
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WV, +W, +W, 4+ W, =W+ W, +W,, (1)
Wﬁ;+‘Vn%—W%==‘Vm'+‘Vh- (2)

The fact that the erosion is completely independent of the work function of electrons
from the surface of pure metals enables us to conclude that for a given group of materials
emission cooling of the surface and the variation of the electrode temperature as a result
of the Nottingham effect, i.e., field emission of electrons below or above the Fermi level,
play no appreciable role in the erosion processes.

The fact that in regions II and IV the erosion does not depend on the electrical con-
ductivity shows that the effect of Joule—Lenz heat is negligible in those regions and the
surface energy source, i.e., bombardment of the surface of the electrodes with positive
ions in region ITI and neutral particles in region IV, is dominant.

The fact that the thermal conductivity has no effect, or very little effect, on the
erosion validates (for a cathode in region II and an anode in region IV) the theoretical
models of {3, 5, 6], according to which the melting front of the metal propagates consider-
ably more rapidly than heat is transferred into the electrode, whereby the main part of
the incoming energy is expended on heating and meliting the metal. The models of [3, 5,

6] are obvicusly not applicable in regions I and III, where thermal conductivity has a strong
effect.

The dependence of erosion on the melting point in region IT (in a vacuum discharge)
as well as all of region IV is further proof that in these cases metal is ejected mainly
in the liquid phase and the drops of molten metal observed among the erosion products are
formed right on the surface of the metal and do not condense from the vapor phase.

CONCLUSION

i. The nature of the thermal destruction of electrodes is determined primarily by the
amplitude of the discharge current and the electrode separation; the range of pulsed currents
from 2 A to 800 kA as a function of those parameters is divided into four regions, each of
which has it own corresponding erosion characteristic, including it own erosion mechanism.

2. For each of the four regions we have obtained a dependence of the erosion on the
physical preperties of the metal, which can serve as a criterion of the reliability of the
theoretical models of the erosion process and are also used for choosing the most erosion-
resistant materials.

NOTATION

m, erosion, g/C; mg, cathode erosion, g/C; m,, anode erosion, g/C; m., erosion calcula-
tion from empirical formula, rel. units; m,, experimentally observed erosion, rel. units;
I, amplitude of discharge current, kA; T, length of discharge pulse, msec; £, electrode
separation, mm; R, correlation coefficient; Ty, melting point, K; Tp, boiling point, K; c,
heat capacity,J/(kg-deg); Qy, specific heat of melting, J/kg; U, first ionization potential,
V; Wy, Joule-lenz heat; Wy, W., and W,, energy released at the electrodes under bombardment
with positive, negative, and neutral particles, respectively; Wy, the energy released as a
result of the Nottingham effect; Wy, energy expenditure on heating and vaporization; Wg,
energy expenditure on emission cooling; W), energy transferred into the electrode; and
A, thermal conductivity, W/(m-.deg).
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DIFFUSION OF GASEQUS EMISSIONS IN THE TURBULENT WAKE OF A PIPE

L. V. Averin ‘ UDC 532.517.4

The concentration of gas effluxing through a circular pipe into an external flow
is determined as a function of the distance on the basis of theoretical and ex-
perimental data for nitrogen, hydrogen, and helium for small ratios of the efflux
and flow velocities, when the jet regime of diffusion degenerates into diffusion
in the region of a turbulent wake of the source.

The distribution of the concentration of a gaseous jet diffusion into a cross flow
for values of the hydrodynamic parameter 1 < q < » is described in [l]. However, the
values of 0 < q < 1, when the gas or a mixture of gases effluxes into an external flow whose
velocity is relatively low, are also of interest. In this case the discharged gas dif-
fuses in the region of the turbulent wake of the source (Fig.l). The solution of the equa-
tion of turbulent diffusion for a stationary point source with constant turbulent diffusion
coefficient and constant velocity of the cross flow has the following form [2]:

exp [——%Eiiéégjfl] . (1)

m(x, y, z)=
( ) 4nKx

This formula gives the following expression for the on-axis concentration, which is maximum
in the section x = const:
M

anke (2)

Max (%, 0, 0) =
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