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it is shown that the effectiveness of the plasma treatment of dispersed metallic 
particles is due to ionization of the gas, the participation of electrons in 
transfer processes, and electrostatic charging of the particles. 

The thermal action of a low-temperature plasma on dispersed particles lies at the basis 
of a number of technical applications [I]. Many of the studies which have been devoted 
to modeling these processes have investigated phenomena which determine the specific fea- 
tures of plasma treatment - phenomena such as heat transfer in the presence of large temper- 
ature gradients [2, 3], rarefaction of the gaseous medium [4], high flow velocities [2, 
5], etc. One of the most important effects is connected with ionization of the gas and 
the presence of charges - electrons and ions - in the flow together with neutral molecules. 
Different approaches [6-12] have been taken to account for the features of plasma treat- 
ment due to the presence of a space charge. The authors of [10-12] made an analogy between 
the behavior in a plasma of objects such as spherical particle, an isolated electrostatic 
probe, and a manmade satellite in the ionosphere. The laws governing the interaction of 
these bodies with the plasma are connected with the accumulation of charges on them and 
the creation of local electric fields which in turn influence the motion of the electrons 
and ions. The methods of molecular-kinetic theory [13] have proven to be effective for 
describing the interaction of bodies with low-density ionized gases. These methods have 
been successfully employed in problems of probe diagnostics [14] and astronautics [15]. 
However, these investigations have focused mainly on charge distribution and transfer rather 
than thermal effects, and it is these effects that are of the primary interest in the plasma 
treatment of materials. 

Formidable mathematical difficulties are encountered in attempts to solve the kinetic 
problem in general form, and an analytical description of the effect of a plasma on particles 
is possible only in certain limiting cases. Here, we analyze the role of charge transfer 
processes in heat transfer by using the example of the treatment of metallic particles in 
a low-density (Kn = s >> i) subsonic (S = V/(2kTh~/mh )I/2 < i) low-temperature plasma 
jet accompanied by strong (~D = Rp/rD >> i) and weak (~D < i) Debye shielding. The re- 
strictions imposed allow us to ignore distortions of the spherically-symmetric electro- 
static field near a metallic particle due to "shadow" effects. These distortions are 
smoothed out by the random thermal motion of the electrons and ions. Also, since their 
collision cross sections with the particles in strongly- and weakly-shielded plasmas depend 
only on the surface potential, when we determined the flows of mass, momentum, and energy 
in the free-molecular regime we used familiar Maxwell distributions for velocity in the 
undisturbed region of a plasma jet moving relative to a particle with the velocity u = 
Vg - Vp. For the same reason, we also used Maxwell distributions for molecules, electrons, 
and ions scattered by the surface of the particle. 

Due to the substantial difference in the mean thermal velocities of electrons and ions 
(~e/~i % (mi/me)I/2 >> i), a metallic particle in a plasma obtains an excess negative po- 
tential ~=~j . The magnitude of this potential is determined from the condition of equal- 
ity of the flows of electrons and ions collected by the particle [~(gf)-~-[T(~). 

Standard calculations (see [Ii], for example) make it possible to obtain expressions 
for the flows of charge and heat transmitted to a particle by molecules, electrons, and ions: 
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4Z~pA~ = (kTj =12zunj) t / 2 ]7, IT = 2 
(1) 

QJ = QF Q~ = 4~RpPj~ (2teT~W~m~)I/2qj. 

The dimensionless fluxes j~ and qj in (i) for a negatively-charged particle in a low ~ 

density subsonic jet are represented as follows: 

17=exp(--ys), ]~'= 1 +~yf++S~.(l--~:yl),  

q ~ = l + S ~ - -  l+--~-Sz %, q~= l + - ~ y 1 +  we exp(--y~,), (2) 

1 

Here yf = --e~t/kT Ts = Ts/Th~, while the parameter �9 takes the value T = 0 at ~D >> i and 

T = Te~/Ti~ at ~D < !, wj = Wj/kTj~, where W a = 0, We = ~e, Wi = Ei--r In the rela- 
tions presented above, it was-considered that along with kinetic energy, the recombination 
of electrons and the neutralization of ions on the particle surface results in the transfer 
of the energy associated with their charge state - the work function ie and the effective 
ionization energy at the surface E'. = E i - ie, respectively. Emission of electrons by the 

. , ]. 

partxcle is not taken into account here. For metallic particles, thermionic processes be- 
come important at temperatures greater than melting point only when the concentration of 
charge carriers in the plasma is very low. The latter prevails either when the plasma is 
of very low density or when the degree of ionization D is very low (and the role of plasma 
electrons and ions in heat transfer can thus be ignored). Simple estimates based on the 
use of th Richardson formula make it possible to determine the conditions under which ther- 
moelectrons begin to make a significant contribution to the total charge flow. For example, 
for metallic particles with the temperature T s = 2500-3000 K in an argon plasma at nornal 
pressure Pg = 105 Pa, this occurs at Tg < 8000 K (D = 6"I0-~) �9 For a plasma with the 
temperature T.s = I0,000 K, it occurs at Pg < i02 Pa (n ~- 0.25). Features of the behavior 
of emitting particles in a plasma were examined in [6, 7, 16-!8]. 

The expressions for the fluxes contain small squared corrections for velocity ~$2., 
3 

Thus, in (2) we have omitted the term~s which include the velocity ratio for the electrons 
S e << S h -= S. The equilibrium (floating) potential of the particle depends slightly or 
the velocity of the jet. In a subsonic (S = 0-i) argon plasma, for example, yf = 5.6-5.3 
at SD >> i and yf = 4.0-4.2 at SD < i. An important feature connected with the features 
of plasma treatment due to ionization is the fact that the energy of electrostatic inter- 
action between electrons and ions on the one hand and charged particles on the other h~md 
is considerably greater than the mean energy of their thermal motion (yf > i). 

At high particle temperatures, it is also necessary to consider vaporization and radi- 
ative losses of the particle. The corresponding mass and energy fluxes are written in the 
form 

I~ 4~RjN:~(kTd~m~) , 

Q~ 2 ( l )  (3) = 4aRpPo~(2kTjmn~) ~/2 l+---~w~, Q? = 4nR~szoT~. 

Here w v = Lv/kTs, Nvs = Pvs/kTs, Pvs is the vapor pressure above the curved surface of the 
particle determined from the Clausius-4]lapeyron sondition with allowance for the Kelvin 
correction; s T is the absorptivity of a metallic particle. 

The force acting on a metallic particle in a plasma flow is connected with the trans- 
fer of momentum by the heavy particles in the plasma - molecules [13] and ions [ii, 15]. 
the contribution of electrons to the resistance force is negligible. The total drag F = 
F a + F i is made up of the components due to the surface collision (Fsh) and reflection (Frh) 

83 



5 

. 

' r I i 

~," Z/~/ /~  
' ~ ~  v f I 

8 /z m rg, zo s 

Yig. 1. R a t i o  of  the  h e a t  f l u x e s  Q/Q0 on a meta l  
p a r t i c l e  (Tp = 1000 K) w i th  and w i t hou t  a l lowance  
f o r  i o n i z a t i o n  in r e l a t i o n  to  the  t empe ra t u r e  Tg of  
a l o w - d e n s i t y  argon plasma j e t  (a)  ~D >> 1, b) 
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Fig. 2. Heating, melting, and vaporization of particles of nickel 
in a low-density argon plasma jet with P ?.01 MPa, I~ = i0,000 
K, ~/m = 1000 m/sec (a :  R.0 = 1 pin; b: ~ . 7 ) ;  i )  O, 2)mOo; 3) 
Qe +~ 4) Qv+; s o l i d  l i n ~ s :  c a l c u l a t i o n  wi th  a l lowance  fo r  ion-  
i z a t i o n ;  dashed lines: without allowance. Qj/4~R~, W/m2; Rp, 
Xp, m; Vp, m/sec; t, sec. 

of molecules and ions and to Coulomb interaction (YCi) between a charged particle and ions 
moving along curved paths and not colliding directly with the particle. The components 
of the drag force can be represented in the form 

16 
Fhh . . . . .  7~l/21P,~pPhc~Sl~hh, k : S ,  r, C, h = a ,  i. (/4) 

3 

At S < i, the dimensionless functions ~kh are determined by the relations: 

z~ t / 2  1 

[ 2J-'tl / 2 2 (5) 

1) 1 +-2 1 + ~  + . . . .  
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where 
--2 

Lc = I n  { [(e~s/mi~f) 2 -k (rD/Rv)~] I / 2/(  1 - -  e~/m~% ) }; Vi = (8kTi =/anh) ~ / 2. 

The effect of charge transfer processes on the effectiveness of plasma treatment can 
be evaluated using the simple example of the treatment of thermally thin (Bi << i, Tp := T s) 
metal particles in a low-density isothermal (Tj~ = Tg = const) low-temperature plasma jet. 
The equations of motion, heating, and vaporization o~ a particle are written as follows 

4 aR~pp aVv - F =-- F~ + Fi, 
3 dt 

_~ ~R~ovC ~ dTv _ Q _~ Qo + Qo + Q~ _ Q~ _ & ,  (6) 
d$ 

2 dRp 
4~Rppp - m j ~  

dt 

with the initial conditions Vp = 0, Tp = Tp0, R D = Rp0 at t = 0. The optical thicknes.~ 
and dust content of the jet are assumed to be low, so we do not consider the radiant flux 
of the plasma, the mutual effect of the particles, or the disturbance of ionization equili- 
brium due to the presence of a readily-ionized component (metal vapors) in the plasma .iet. 

The electron and ion flows make a substantial contributionto the overall beat ba!ance 
even in the case of low degrees of ionization. Figure 1 shows the ratio of the fluxes inci- 
dent on a metal particle Q/Q0 calculated with and without allowance for ionization, respec- 
tively, when the plasma is regarded as a molecular gas with the same temperature Tg and pres- 
sure Pg. The high efficiency of heat transfer in the collision of electrons and ions ~ith 
particles is due to the fact that the energies released on the surface W e and W i are con- 
siderably greater than the mean energy associated with thermal motion. The role of plasma 
phenomena with weak Debye shielding is particularly large for small particles, when the 
effective cross section for collisions between ions and charged particles is linearly con- 
nected with the potential of the particle and is considerably greater than the geometric 
cross section. For this reason, in a weakly-shielded plasma, there is an increase in the 
drag on the particle compared to the case of a molecular gas. 

Figure 2 shows results of calculations of the time dependences of the heat flux Qj, 
temperature TD, radius RD, velocity V D, and coordinate Xp of nickel particles in a rarefied 
argon jet (in-the example being examined, N = 0.027, r D = 0.15 ~m,s a = 24 ~m, s = II ~m, 
s = 1300 ~m). The calculations were performed with and without allowance for plasma ef- 
fects. The dynamics of the plasma treatment is determined by the rates of heat transf.er 
to and from the particles and the total heat fluxes in each of these directions. Despite 
the low degree of ionization (q % 3%), electrons and ions account for a significant fraction 
of the energy transmitted to the particles. Also, the rate of heating of the particles 
in the initial section of the jet is markedly higher in the plasma than in the molecular 
gas. Heat removal is intensified with an increase in particle temperature, while the heat- 
ing rate is slowed. Calculations show that the energy losses associated with radiation 
are significant only for particles of refractory metals with a high boiling point (such 
as tungsten) and are not important in the given case. The laws governing the behavior of 
the particles in the flow are connected with %heir vaporization at temperatures above the 
melting point, vaporization becoming the main channel for heat loss in this case. Due to 
the decrease in radius, a particle in the plasma jet undergoes rapid acceleration. Inten- 
sive vaporization of the particle occurs in the quasisteady regime with a nearly constant 
temperature T v. Thus, all of the energy transferred from the plasma to the particle is ex- 
pended on phase transformation. An important feature of th eprocess is the substantial 
difference between the particle vaporization temperature T v found from the condition 
Q(T v) = 0 (T v = 2480 K at RD0 : 1 ~m and 2570 K at Rp0 : 0.i ~m) and the boiling point of 
the material T b (at Pg = O.DI MPa, T b = 2664 K for Nm). Failure to allow for ionization 
leads to smaller theoretical values of T v and - due to the heavy exponential dependence 
of vaporization rate on temperature - to significantly overstated treatment times. These 
differences, due to plasma effects, are largest for submicron metallic particles with Rp < 
r D �9 
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Thus, heat and mass exchange between particles and a plasma flow are appreciably in- 
fluenced by charge transfer processes and electrostatic charging of the particles. The 
high efficiency of plasma treatment of particles is due to the participation of electrons 
and ions in transer processes, the contribution of the energy of the charge state to heat 
transfer, and the fact that the geometric cross section of the electrons and ions differs 
considerably from the cross section for their collisions with the charged particles. 

NOTATION 

Bi, Blot number; C, heat capacity; e, electron charge; El, ionization energy; F, drag; 
i, flux of plasma particles, vapor flow; k, Boltzmann constant; Kn = s Knudsen number; 
s mean free path; L v, heat of vaporization referred to one molecule; m, mass; N, theoreti- 
cal concentration; P, pressure; Q, heat flux; r D = (kTe~/8~e2Ne~) I/~, Debye shielding length; 
Rp, particle radius; Sj = u ll~, velocity ratio; t, time; T, temperature; ~, mean 
thermal velocity of plasma particles; u velocity of jet, particle; Xp, coordinate of a par- 
ticle in the jet; yf = --e~i/kre~ , dimensionless potential of a particle; q = Ni~/(Na~ + Ni~), 
degree of ionization; ~D = Rp/rD, l)ebye shielding parameter; p, density; o, Stefan-Boitzman 
constant; ~, potential; @e, work function, indices: a, molecules; e, electrons; i, ions, 
g, plasma, gas; h, heavy particle of the plasma (molecules and ions); v, vapor; b, boiling; 
r, radiation, reflection; p, particle; s, surface; ~, value away from a particle in an un- 
disturbed region of the plasma; +(-), in the direction away from (toward) the particle. 
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