DETERMINATION OF THE CONSTANTS OF VAPORIZATION
OF METAL PARTICLES IN AN ARC PLASMA
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We made measurements of the constants of vaporization of spherical metal particles in an
arc plasma,. The data of the experiments were compared with approximate calculations.

It was shown that the time required for complete vaporization of the particles was 30-40%
more than the time found by using the vaporization constants, owing to a nonstationary stage
and to deviation from V, Streznevgkii's law,

The vaporization of small particles is a fairly complex process, and a number of simplifications [1-3]
are generally introduced in describing it, If a particle is spherical in shape and its radius is much larger
than the mean free path of the vapor molecules (r > 1) then the rate of vaporization when the surface of the
particle has reached a stationary temperature is described by the formula [2]
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is a parameter which takes account of the effect of the displacement of the resulting vapors on the heat ex-
change with the surface of the drop. Integration of (1) yields a relation first established experimentally by
V. Sreznevskii [4]:

r*=rZ—Ct (2)

The vaporization constant C characterizes the rate at which the surface of the drop decreases with time for
the given conditions:
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In the use of an arc discharge in plasmochemical technology, metallurgy, metal processing, and emis-
sion-spectrum analysis, it is a matter of considerable interest to estimate the rate of vaporization of the
particles in the arc plasma,

Since the heat flux caused by radiant heat transfer in the arc plasma constitutes a very small fraction
of the total heat balance [5, 6], it is usually neglected, As is shown by the calculation of [7], the Reynolds
numbers for the motion of small particles in plasma are small, and the conditions of flow past the particles
may be regarded as Stokesian. In this case heat transfer from the particle takes place chiefly through ther-
mal conductivity [8]. For this reason, in making calculations we may start with the relations (1)-(3) and
use the quantity C to characterize the quasistationary vaporization of a particle in the plasma, setting Nu= 2,

We studied the vaporization of spherical metal particles having radii of 4-20.107% m, freely falling
in the arc plasma or brought into the central part of the discharge on a thin carbon rod. We used a constant-
current arc burning between carbon electrodes (the current value was 15 A).
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Fig,1. Variation of the ratio (r/ry)? as a function of

time t, sec: a) vaporization of particles falling in

plasma [1) Pb, rj = 4.8-107° m; 2) Ph, ry = 6,1-107°
m]; b) from carbon-rod channel [1) Bi, ry = 11-107°
m; 2) Pb, ry = 11,5-107% m; 3) Sn, rp = 10-107° mj,

TABLE 1, Determination of the To measure the constants of vaporization of the metal particles
Constant C and the Vaporization in the plasma, we used a spectroscopic method and absorption radio-
Time for Lead Particles Falling graphy [9]. Both methods enabled us to determine the mass of a
in Plasma particle, or its radius, duringthe vaporizationprocess,andtoobtain
. G -10% m? curves showing the variation of the square of the radius as a func-
R fsp%eC fessec tion of time (Fig. 1 h hs of (r/rg)? = istin-
g.1). In the graphs of (r/ry)* = {(t) we can distin
guish three sections corresponding to separate stages of the vapori-
‘é:? 2 :S 8:88?3 g:g?gg zation: anonstationary stage, vaporization at stationary particle-sur -
g,g 23,2 8,81?3 8,8%5 face temperature in accordance with (2), and deviation from this rela~
' ’ ’ ’ tion when the radius of the particlebecomes comparable withx, The

constant of vaporization was determined from the tangent of the angle
of inclination of the linear section of the (r/r;)? = f(t) curve:

C=ritga = Ar}. (4

Table 1 shows the results of the measurements of the vaporization constant for lead particles of vari-
ous sizes becoming vaporized as they move in the plasma of an arc discharge. The dispersion of the values
of the constant C was characterized by a coefficient of variation equal to 10.8%. For lead particles intro-
duced into the plasma at the end of a carbon rod, we found v = 8,7% for particle radii varying from 8 to 14
1075 m,

The average values of the vaporization constants, obtained by averaging 3-12 measurements made for
identical conditions of particle vaporization, are shown in Table 2, It can be seen from these data that the
value of C depends on the temperature of the medium and varies with the thermophysical properties of the
metal being vaporized., For comparison purposes, Table 2 also shows experimental data for drops of water
evaporating at atmospheric pressure in a stream of hot air (velocity 0.5 m/sec) [10], and also data obtained
from the combustion of drops of hydrocarbons [11],

Our measured values for the vaporization constants were compared with the data of calculations per~
formed according to formula (3). The calculation of the vaporization constants entails a certain amount of
difficulty, since information on the thermophysical properties of substances at high temperatures is limited,

Using an arc burning between carbon electrodes, we assumed that the temperature of the plasma was
6250°K [12]. For a given temperature of the medium, the stationary temperature of the surface of the vapor-
izing particle can be found graphically by solving the equation obtained by Williams [3]. The Tg¢ values cal-
culated for the conditions of our experiments are shown in Table 2,

We found the coefficient of thermal conductivity of the plasma from the appropriate graphs showing its
variation with temperature [13], assuming, in accordance with [14], a logarithmic~mean value between the
temperature of the medium and the stationary temperature of the surface. We took Ay, for the mixture of
air and the vapors of the substance being vaporized to be equal to the coefficient of thermal conductivity of
air [15].
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TABLE 2, Vaporization Constant for Particles of Various Compositions

Vaporization constant, C « 105,
2 TSt' aKg
Conditions of vaporization Substa.nce m /sec calculated
investigated data
experimental caleulated
data*
Falling in plasma lead 44:1,6 46,9 1840
tin 2614,4 217.6 2190
T o= 6250 °K silver 2134 16,2 2200
From carbon-rod channel bismuth 4,130,45 4,4 1550
lead 3, 610,28 3.6 1630
tin 1,8910,17 2,04 1950
T = 2700 °K silver 1.5810,16 1.3 1950
In air stream [10]
T o™ 913 °K water 4,76 - -
Combustion [11]
T o= 2000 °K benzene 24,2 - -

*The confidence limits were determined on the basis of a confidence probability of 0,95.

The values of L and Cp for the metals investigated were taken from [16].

The results of the calculations are shown in Table 2, They are in satisfactory agreement with the ex-
perimental data (v=13,2%). Thus, we may conclude that formula (3) enables us to estimate the constant of
vaporization of metal particles in an arc plasma,

During the quasistationary vaporization of a particle in accordance with ), its vaporization time is

f2
. tSt = __Cp_ . (5)
From the functions (r/'ro)2 = f(t) that we found (Fig.1) it follows that the time required for complete
vaporization of a particle is 30-40% more than tg; (Table 1) because the process includes a nonstationary
stage and because, as a result of the small size of the particles, the rate at which the surface of a drop de~
creases deviates from a constant rate, Thus, in estxmatmg the total vaporization time, the duration of these

stages must also be taken into account.

NOTATION

is the mass of particle;

is the time;

ig the time required for complete vaporization;

r is the radius of particle;

Ty is the initial value of r;

Am  isthecoefficient of thermal conductivity of the mixture of air and the vapors of the substance being vaporized;
T, is the temperature of medium;

is the stationary temperature of the surface of the drop;

is the latent heat of vaporization;

ep is the heat capacity of the vapor at constant pressure;

Nu is the Nusselt number;
P

C

X

v

a 7B

is the density;

is the vaporization constant;

is the free path length of vapor molecules;
ig the coefficient of variation,

LITERATURE CITED

1. N, A. Fuks, Vaporization and Growth of Drops in a Gaseous Medium [in Russian], Izd. AN SSSR, Mos-
cow (1958),



b

-

10,
11,

12,
13,
14,

15,
16,

L. N.Khitri, Corresponding Member, et al. (edtors), Fundamentals of the Combustion of Hydrocarbon
Fuels [in Russian], IL (1960).

F,A.Williams, J.Chem, Phys., 33, 133 (1960),

V. Sreznevskii, ZhRFKhO, 14, 420, 483 (1882).

N.N.Rykalin, A, V, Nikolaev, and I, D. Kulagin, Teplofizika Vysokikh Temperatur, 3, 871 (1965).

P, A.Shoek, in: Modern Problems of Heat Exchange [in Russian], Iénergiya, Moscow —Leningrad (1966),
Yu, L. Khait, in: Kinetics and Thermodynamics of Chemical Reactions in Low-Temperature Plasma

[in Russian], Nauka, Moscow (1965). ,

V.M. Buznik and K, A, Vezlomtsev, Izv, Vuzov, Energetika, No.2 (1960},

Ya.D.Raikhbaum, M. A, Luzhnova, and L. I, Khaidukova, Zh, Prikl, Spektr., 7, 550 (1967).

D.I. Polishchuk, Zh. Teor. Fiz., 23, 2151 (1953). B

G. Godseiv, Fourth (International) Symposium on Problems of Combustion and Detonation Waves [in
Russian], Oborongiz, Moscow (1958), p.579.

1,A . Krinberg, Izv.Sib. Otd, Akad, Nauk SSSR, Ser. Tekhn, Nauk, 10, No, 3, 22 (1966).

De Rienzo and Pelloun, Raketnaya Tekhnika i Kosmonavtika, 5, 2 (1967).

B.Lewis et al, (editors), Combustion Processes [Russian translation], Izd. Fiz.-Mat, Lit., Moscow
(1961).

G.A. Varshavskii, Trudy Odesskogo Gos,Un-ta, Ser, Fiz, Nauk, 152, No, 8 (1962).

U.D. Veryatin, V., P, Mashirev, et al., Thermodynamic Properties of Inorganic Substances [in Russian],
Atomizdat (1965).

61



