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Study of charge and temperature of copper particles, produced in the gas- plasma
generator. I1. Calculation of the charge.

The charge of copper particles, obtained in the gas-plasma generator is calculated. It is shown that the
experimentally measured charge equals to sum of a particle charge and emitted electrons remaining near a

particle surface.

The experimental data on the electric charge of hot copper particles are presented in the first
part [1]. When calculating the charge, it is obviously necessary to consider the parameters of the
surrounding medium, which determines the particle charge along with thermomission.

After interception from the wire the drop of copper under action of the surface tension gets
spherical shape and is moving in plasma of the jet of the air-propane flame. For such flame the
dependences on temperature and concentration of the ions is known, see Fig. 1, thus the Debye
radius Ap can calculated, which at the flame front is of the order of tenths of a micrometer, which
is significantly higher than the mean free path Xi(e) of the charged particles in the flame, Ap » Xi(e).
This gives reason to use the theory of particles charging in the diffusion regime [3]. Charge of the
particle is defined by the electron |l and ion I;, flows on its surface, and the thermoemis- sional

one from the surface of |y, [4]:
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Where: A - constant, for pure metal it is equal to 6:10° - 10° A/(m? K?); A - Boltzmann
constant; r - radial coordinate, N;and N, - respectively concentration of the ions and the electrons;
Wi and e - respectively mobility of the ions and the electrons; Dj and Dy - diffusion coefficients
of the ions and the electrons, respectively; @ =@(r) - the electric potential of the particles; Ts -
temperature of the particle surface, s - electric potential in the vicinity of the particle; e - electron
charge; W - work function of the particles from the surface (for copper about 4.55 eV); R - radius

of to

3

lon concentration, cm -3

¥4
A

$

10 £ Il I L [ i
g 74 4 3 8 0

The distance from the flame front, cm
Fig. 1. Some characteristics of air-propane flame. [2)

particle; s — Planck's constant. Equations (1) and (2), (3) and (4) are s S
the Poisson equation S -

Vip=— l e(n—n) (5)
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and boundary conditions
O(R) = @s, ¢(0)=0; (6)

ni(R)=nyR) =0, ni(c0) = () =ng ,
where ¢ and g, — diclectric permittivity and dielectric constant, respectively.

o Furthermore, by motion of the particles in the air, the particle charge is defined
s¥n111arly. Thermionic emission current is given by (4). As a result of the ?hermoemis-
ston, around the particle the space charge with the density p=p(r)=enr)

At the surface of the particle electrons with spatial ‘dcnsitv ne Causla a'currem to
the particle surface /, = 4nR? j,, with density .
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The electron velocity v, is given by
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where m. — electron mass. In equilibrium, the currents of electrons from the surface

and the surface of the particle are equal

DV ) /h:l/m' (Qa)
ependence of the potential ¢ on the distance from the particle is described by

the Poisson equation
A(p:—Lp. (9b)
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- In case of the equilibrium distribution. the electron density near the particle p(r)
> determined by the Boltzmann equation
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Fig. 2. Calculated dependence of the charge density of the radial coordinate (a) and calculated
dependence of the air temperature around the copper particle (b).
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C — coefficient, which can be calculated from the boundary conditions
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where py — the charge density at the surface of the particles, the temperature of the
surrounding gas 7 = T(r). The boundary conditions for the electric potential for the
convenience of calculation, can be selected [5]
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where ¢ — the charge of the particle. In (13) the integral is taken with respect to the
volume around the particle. Additional condition of charge preservation

q=[p(r)av, (14)
where the integral is taken with respect to the volume around the particle.

The solution of the system of equations (1) - (6) and (7) - (14) showed that the charge of the
particle in the flame has a lower value than in the air. This is explained by the presence of free
electrons in the plasma with higher mobility than the ions, and create an additional stream of
charge on the particle surface [6], which is shown by equations (1) and (9).

One outcome of the solutions of equations (7) - (14) is the value of a positive charge of the
copper particle with a surface temperature of 1475 K in air (equal to 4-10™ CI), which up to
experimental error corresponds to the measured value of the charge. In the calculation of the
charge, the data on determining of the temperature field of a hot particle from [7] were used.
Another result is the distribution of the electron density as a function of the radial coordinate, as
shown in Fig. 2. Electron density at the surface of the particles was 1.0410° cm =,

Obviously, by capturing the heated particle by the measuring device [1], in a Faraday cup the
particle enters with its electronic “cloud". Herewith, the total charge
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Fig. 3. Qualitative understanding of the evolution of the particle charge
in different environments.

of the particle and its "cloud." is measured. Since the electrons of the “cloud”, leaving the surface
of the particles, make it positive charged (in absolute value, which is equal to the total electron
charge of the "cloud"), it would be expected that the charge of the particle is zero. So it would be
by moving in vacuum, where all the emitted electrons with termination of the thermoemission
would return to the surface of the particle, as well as in the gas phase without presence of
convection and particle motion in regard to the gas medium The relative motion of the gas medium
and the particle leads to loss of the electrons of the "cloud" of the particle, so that the meter is
captured the particle with a positive charge due to all of the emitted electrons, and the negative
charge of the rest of the "cloud". l.e., not true charge of the particle but the total charge of the
particle and the rest of the emitted electrons is measured. Obviously, this charge will depend on the
relative velocity of the particle and the gas environment. Based on these ideas in Fig. 3 the
evolution of the charge of the moving heated particle is presented. The total charge of the particle
and the "cloud" the motion in the air, curve 1, and in vacuum, curve 2, respectively, would be
approached asymptotically to a positive, line 3, and zero values (after crossing boundary between
the plasma - gas medium line 4), as the temperature drops particles, curve 5. The two curves of the
charge on the left from the line 4 show that the charge of the particle by motion in the plasma of
the flame can be either positive or negative, depending on the degree of ionization of the flame,
parameters of the material of the particle.

Thus, an assessment of the charge of the heated copper particle in the air was carried out. For
the particle with the temperature of 1475 K the charge is equal to 4 -10 ~*7 Cl. Herewith, the
electron density at the surface of the particle was 1.04-10° cm". The analysis of the charge transfer
processes showed that the experimentally measured charge is not a true charge of the particle
(charge, which is localized on the surface of the particle), but is a net charge of the particle and the
residue of emitted electrons from the particle carried along with it.
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Cemenos K.1.
Buuius audysiiino-apeiidosoi HectiiikocTi Mexki yrBopeHHs K- ¢pa3u y noBepxHi Harpitoi
MaKpO4YaCTHHKH Ha ii 3apaa. II. Po3paxyHox 3apsaay.

AHOTANIA
TIpusedeno po3paxynok 3apsody 4acmuHoK Mioi, OMpUMAaHUX 8 2a3onnasmoeomy cenepamopi. Ilokasano, wo
EKCNePUMEHMANbHO SUMIPIOBaNULL 3aps0 He € OIICHUM 3apa0OM YACMKU, d € CYMAPHUM 3apsiooM 4acmku i

3anMUWKY eMimosaHux e.ve‘lcmponis.

Cemenos K. H.
"CCJ’[E}]OBaH“E TeMInepaTypbl H 3apsiia 4YacTHIl Me1H, MOJIy4aeMBbIX B Ta30-
mi1a3MeHHoM redepartope. I1. Pacuer 3apsina.

AHHOTALI U
IIpugeden pacuem 3apsoa uwacmuy meou, NOTYYEHHbIX 6 2a30-naasmenHom zewepamope. Ilokaszano, umo
IKCNEPUMEHMATILHO U3Mep i 3aps0 C5L CYMMOIL 3006 HaCmuybl U OCMAMKA IMUMUPOBAHHBIX

INEKMPOHOB 601U3U €€ NOBEPXHOCTII.



