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The processes of charge, momentum, and energy transfer to a spherical metal particle are considered in a 
rarefied cold-ion plasma flow, 

The heat transfer and hydrodynamic resistance of material particles in plasma flows, as has been shown 

is a number of works [1-9  ], are largely determined by gas ionization, involvement of charge carriers - electrons 

and ions - in transfer processes, and electrization of the particles. Modeling ihe interaction of a particle with a 

plasma reduces in the general case to the solution of the Boltzmann-Vlasov kinetic equations for the velocity 

distribution functions and the Poisson equation for the electrostatic potential and can be performed only by 

numerical methods [9-11 ]. To analytically describe the plasma action as a function of whether the particle material 

is a semiconductor or a dielectric and as a function of the plasma velocity, the relation between the particle size, 

the Debye screening radius, and the mean free paths of the plasma particles, and the ratio of the electron and ion 

temperatures, use is made of different mathematical models [1-8 ] based on approximations. 

The present work presents an analytical model of the processes of charge, momentum, and energy transfer 

to an individual (conducting) particle of spherical shape in a rarefied (collision-free) plasma flow under conditions 

where the thermal motion of the ions can be neglected compared to the flow velocity. 

Theoretical Analysis. Let a rarefied plasma move relative to a spherical conducting particle with a velocity 

V that is much larger than the thermal velocity of the ions ~i - (kTioo/mi) ~ but at the same time is substantially 

smaller than the thermal velocity of the electrons ve N (kT~/me) ~ so that we can neglect the thermal spread of 

ion velocities compared to the directional component of their velocity as well as particle motion relative to the 

electron gas. These conditions correspond to plasma flows whose temperature ratio T = Ti~o/Too and velocity ratio 

s = V/(2kTeoo/mi) t/2 are connected by the inequality ~ << s, i.e., since the speed of sound in the plasma is c 

= [(kTe~ + 7kTioo)/mi] 1/2, we consider either two-temperature plasma flows with "cold" (T ~ 0) ions over the 

entire velocity ratio range or supersonic (M = [2/(1 + 7T) ]1/2s >> 1) plasma flows with similar temperatures of the 
charge carriers. 

It is assumed that the velocities and temperatures of the heavy particles in the plasma (molecules and ions) 
coincide in the undisturbed region of the flow. 

A material particle in the plasma undergoes collisions with molecules, electrons, and ions, which results in 

transmission of momentum, energy, and charge. Plasma electrons recombine on the surface and are absorbed by 

the particle, and ions are neutralized by material electrons and are scattered by the surface as neutral molecules. 

Owing to substantially different average thermal velocities of the plasma electrons and ions (Ve/~i) >> 1) the particle 

becomes electrized: it acquires an excess negative charge (potential), and a local electric field forms close to it that 

retards electrons and accelerates ions in such a way that oppositely charged flows are equalized. Since the time of 

charge accumulation on the particle turns out to be extremely small compared to characteristic times of thermal 

and hydrodynamic processes [1-9  ], we consider the regime to be quasistationary with respect to the potential. 
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Fig. 1. System of coordinates. 

Because of a high negative potential of the particle surface, which reflects most of the incident electrons, 

and a large ratio of the thermal electron velocity to the plasma flow velocity, the electron distribution close to the 

particle can be approximated by a Boltzmann one, for which the calculation of the charge and energy flows is 

performed, for example, in [2-9 ], and therefore the problem consists in describing the behavior of the ions. 

Formulas for molecular flows are a special case of the corresponding expressions for ions in the absence of the 

electric field. 

In the considered case, when the thermal velocity of the heavy plasma particles turns out to be smaller 

than the ordered velocity, we need to describe the transfer of molecules and ions distributed regularly over the 

impact parameter p and moving initially toward the particle with the flow velocity V. 

The chosen coordinate system is shown in Fig. 1. 

We are able to express flows of the number of heavy plasma particles and their momentum and energy in 

terms of the characteristic cross sections of the interaction with a particle S t, which include: 

s 2 
Sh = ~Pmh (t) 

iS the direct-collision cross section, where Pmh is the maximum impact parameter for molecules or ions with 

trajectories incident on the particle surface; 

Pmh 
r 

s h = 2n f cos ~1 pdp (2) 
0 

is the reflection cross section, which characterizes the nonuniformity of the distribution of molecules and ions that 

collide with the particle over its surface; here ~1 is the angle between the internal normal at the incidence point 

and the direction of the flow; 

(3) s ?  = j (1 - cos pap  
Pmi 

is the cross section of momentum transfer with Coulomb scattering of ions with trajectories not crossing the surface 

of the particle by its field; here ~p is the scattering angle. 
The potential of the conducting-particle surface Tf  (floating potential) is determined from the condition of 

equality of the electron and ion flows that are collected by it: 

1 e = f t .  
(4) 

The total heat flux Q = Oa + Qi + Qe transferred from the plasma to the particle is comprised of molecular Qa 

= Ka - Ka +, ion Qi = K~- + i f ,  Wi - K +, and electron Qe = K'e + l e  We components and, apart from the kinetic 
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energy of incident and reflected plasma particles, also includes the energy of the charge states of the ions Wi = 

Ei - (be and electrons We = Oe released in collisions with the surface. 

Flows of molecules and ions and their kinetic energy flows, arriving at the particle, are calculated as 

Pmh 
= f ih= pdp = Nh= VS , (S) 

0 

K h = f Nla ~ V mhV 2 - Zhe~o f ZTrpdp = Nh~ V mh V2 - Zhe~o f S h , 
0 

(6) 

where Za = 0, Zi = 1. 

The energy flow removed from the particle surface of temperature T s is calculated in the following way: 

1 2 §  
Kh = f Vx~  mhv fh dvxdvydvzdSp , (7) 

Vx>O 

where the densi ty  N~-oo in the distribution function of diffusely reflected heavy particles of the plasma 

f~  = N~(mh/2~TrkTs) M2 exp (--mhv2/2kTs)  is determined at each point of the surface from the condition of no 

accumulation of molecules and neutralized ions, v 2 = v2x + v 2 + Vz 2, and the x axis of the Cartesian system of 

coordinates x, y, and z is normal to the surface. In the formula for K~- we can pass from integration over the particle 

surface Sp to integration over the impact parameters p that had reflected molecules and ions prior to collision with 

the particle, which enables us to write 

( 2_~ s ) 2 Pmh ( 2 Kh 2 mh 1 2 mhv 
Nh~ V f 2~pdp f v x -~mhv  • exp 2krs 

0 vx>O 
dvxdvydvz = 2kTs Id .  (8) 

A contribution to the resistance force F = F a + F i that acts on the particle is made only by the heavy plasma 

particles - molecules and ions - since electrons are distributed over the directions of motion almost isotropically 

and momenta transferred by them are mutually compensated. The neutral component Fa = ~a + ~a is due to the 

collision and reflection of molecules from the surface while the ion one Fi = ~ + ( + ~ i  includes additionally a 

force connected with the Coulomb interaction of passing ions with the charged particle. 

For  direct collisions independently of whether there is interaction with the charged particle during the flight 

of the heavy plasma particles, as in the case of ions, or not, as in the case of molecules, the contribution to the 

resistance force is determined by the difference between their momentum in the undisturbed plasma region 

(= mhV) and on the surface immediately after collision (= 0), and therefore 

Pmh 
= f Nh~ Vr% V2~pdp = mhNhooVZSS h . (9) 

0 

The force exerted by the reflected molecules and neutralized ions is calculated in the following way: 

+ 
Frh = f v x mhv x cos ~1 fh dvxdvydvzdSp = 

vx>O 

) 2 Pmh ( 2 mh 2 = -~ ~ Nh~ V f 2.Trpdp f m h V x exp -- - -  

0 Vx>O 

/'rt hV2 ] 
2kTs dvxdvydvz = 

1 1/2 1/2 
= ~ ar m h (2kTs/mh)  Nh~ vsrh. (10) 
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Momentum transfer by plasma ions with impact parameters p > Pmi that do not collide with the surface is 

due to a change in their motion by the angle ~p after passing the charged particle. The corresponding component 

of the resistance force is equal to 

F iC-  - .~ Ni~ Vm, V ( 1 -  cos~p) 2avpdp - miNioo V2S c .  (11) 
Pmi 

Dimensionless Characteristics of Transfer  Processes. An analysis of the influence of different factors 

(screening properties and velocity of the plasma flow, charge carrier temperatures, etc.) on the intensity of transfer 

processes can be made in the most general form if dimensionless characteristics of charge, energy, and momentum 

transfer are used: 

+ + 2 + + 2 
i]- = 17 / 4 ~ R  Ny~  (kTe~/27crn i )  1/2 kf-  = K S  / 4JrR Ny~ kTeo ~ (2kTeoo/ermi)  1/2 

q: = Q j /  47~RZN]~ k T e ~  ( 2 k T e ~ / ~ m i )  1/2 , CD] 2 mi  �9 

For plasma electrons with a Boltzmann distribution all required moments of the distribution function can 

be expressed in terms of the floating potential of the particle ~:, which enables us to write 

.- -1/2 -1/2 (13) 
z e = ,u exp ( -  y/) ,  k e = u exp ( -  yf),  

where ~ = m e / m i ,  Yf = - e ~ o f / k T e = .  
The dimensionless ion charge and kinetic energy flows are calculated as 

- 1 1/2 s k i -  1 I/2 s ( 1 4 )  
i i -~ Jr scr i = s (yf  + s 2) o" i 

1/2 
H e r e  s = V(2kTe~/mi) , a~- = S:/~R 2. 

The dimensionless components of the heat flux are: 

1 1/2 
qa = -~ Jr ( ) ( ) 1 2 = k ?  d- i i 1 ( 1 5 )  s g s  - T ~  , qi 7 w i - r s  , 

where rs = T s / T e ~ ,  w] = W y / k T e ~ .  

The components C t ]  of the drag coefficient are calculated as 

qe = k-~ + ~ z e we, 

s r 2 (~'s) ~ s s 
C Da = 2 , C Da - 3 s ' C Di = 2Cri' 

r (JrTs)l/2 r C ic (16) 
CDi - -  S G i , C i = 2or . 

Limiting Cases. We are able to obtain analytical expressions for the cross sections of the interaction of ions 

with the particle, which determine completely the solution to the problem only in some cases when charge carrier 

motion can be considered in a field of central forces. 
Since the metal particle surface is equipotential, then, as follows from the Poisson equation, the distribution 

of the potential around the particle is spherically symmetric if the condition of weak Debye screening rD >> R is 
satisfied. We can also neglect the deviation from central symmetry when the field is weak throughout the bulk of 
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the plasma, except, perhaps, for a thin layer  of space charge that surrounds the particle, and it does not bend the 

trajectories of ion motion. 

With the interaction energy Uh(r) = Zee~o(r) the maximum impact parameters Pmh entering the expressions 

for the cross sections S~ are calculated in the approximation of weak screening: 

Pmh = R (1 - 2Zhe~of/m h V 2) 1/2 

and in the approximation of a weak field: 

(17) 

Pmh = R ,  (18) 

and the angles qb 1 and ~0 are determined as [12] 

OP 1 = ~ (t9, R)  , go = yg -- 2 ~  09, rmh) , (19) 

where the orientation angle qb(p, r) is prescribed by the relation 

-2 (20) �9 (p ,  r) p ~ [ 1 - - 2 U h ( r ) / m h l / 2 - - p a / r i ] - l / 2 r  d r ,  
r 

and the distance of the closest approach rmh is the largest real root of the equation 1 - 2 U h ( r ) / m h V  2 -- p 2 / r 2  = O. 

With weak Debye screening (XD = r D / R  >> 1), by a method analogous to that used in [2, 8] and based 

on cutoff of the Coulomb potential ~o(r) = ~ofr/R at distances of about r D from the particle, we can obtain 

= 1 2  g)l/2 1 2 (1  + g ) a / 2 + 2 ~ ( l +  - g(1 + g ) -  
$ r 

a i = 1 + g ,  ~ i  ~ 

1)[  v/ '/]  21, - ~ g  1 + ~ g  In 1 + (1 + g )  1 + ~ g  , 

a i = ~ g In ~ + x D ~ + a i , 

where g = y f / s  2. 

In the approximation of a weak field (y << s2), which is valid either at supersonic flow velocities (s >> 1) 

or in the regime of strong Debye screening (XD = r D / R  << 1), we can neglect the bending of the trajectories of ion 

motion, which enables us to write 

s r C (22) 
a i = 1, a i = 2 / 3 ,  o i = 0 .  

Since the charged particle field has no effect on molecular motion the expressions for the cross sections OCa coincide 

with (22). 

Discussion of the Results. Figures 2 - 4  give the results of calculating the interaction of a spherical metal 

particle with an argon plasma flow. Since formulas for the approximation XD >> 1 contain weak logarithmic depend- 

ences on the Debye parameter  the data are plotted only for XD = 10. 

The  intensi ty of the processes of charge, momentum, and energy transfer  is ultimately determined by the 

behavior of cross sections of the interaction of the ions with the particle that are shown in Fig. 2. The  electrostatic 

field of the charged particle, attracting the ions, acts on them more strongly, the smaller their  kinetic energy. 

Therefore  in a weakly screening plasma all the cross sections increase with a decrease in the velocity ratio and tend 

to the limiting values of the weak field approximation with an increase in it. Hence, with s >> 1 the influence of 

the screening properties of the plasma on the heat transfer and resistance of the particle in the flow should cease. 

The  drag coefficients of the particle CDi a r e  given in Fig. 3. The efficiency of momentum transfer  by ions 

in a weakly screening plasma is much higher than by molecules owing to their  interaction with the electrostatic 
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Fig. 2. Change in the dimensionless cross sections of the interaction of the 

ions with the particle ~ (1), ~ (2), and cr C (3) vs velocity ratio s. The  solid 

lines are the approximation of weak screening; the dashed ones are the 

approximation of a weak field. 

Fig. 3. Drag coefficients C~i (1), C~i (2), and cCi (3) vs velocity ratio s. The  

solid lines are the approximation of weak screening; the dashed ones are the 

approximation of a weak field. C~i is calculated at T s = 0.1. 
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Fig. 4. Dimensionless f loat ing potential of the part icle y/ ( l )  and f lows 
ii-- = i~- = k~- (2) and k~- (3) vs velocity ratio s. The solid lines are the 
approx imat ion  of weak screening;  the dashed  ones are  the weak field 

approximation. 

field of the charged particle, whose role is enhanced with a decrease in the velocity ratio s. Calculation shows that 

at large velocities the main contribution to the resistance force is made by ions that collide with the particle. In a 

weakly screening plasma with s < 1, when the influence of the field around the particle is substantial, it is the 

component  connected with Coulomb scattering of the ions not colliding with the particle that  prevails. The  

contribution of the ions reflected from the surface becomes noticeable only at low flow velocities. 

The ions that collide with the surface neutralize partially the negative charge of the particle, and therefore 

the larger their flow the smaller the dimensionless floating potential y/. As Fig. 3 shows, with an increase in the 

velocity ratio s the potential of the particle yf decreases monotonically in the case of strong screening and has a 

local maximum at s = 1 in the case of a weakly screening plasma. The  presence of this maximum is due to 

competition between an increase in the velocity of the incident ions and a decrease in the cross section of direct 
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collisions. It is important that with s >> 1 the ion flow of kinetic energy is much larger than the electron flow. The 

data in Fig. 3 determine completely the heat transfer of the particle with the plasma. 

As follows from (15), the relation between the heat fluxes qj transferred to the particle by molecules, 

electrons, and ions, depends strongly on the plasma velocity and is determined by the contribution of the 

corresponding flows of kinetic energy and charge state energies. For example, in an argon plasma with an electron 

temperature of about kTe~ = 1 eV, the dimensionless energies of charge states are equal respectively to We ~- 5 

and wi = 10. At rather low velocity ratios s both the ion heat flux qi N s~(yf + wi) and the electron heat flux 
qe - s ~ ( 1  + We/2) are much larger than the molecular heat flux qa N s 3. In the region of high velocity ratios the 

ion and molecular heat fluxes are proportional to s a and prevail over the electron one, proportional to s. As a 

consequence of the release of charge state energies in electron recombination and ion neutralization on the surface 

and acceleration of ions in the electrostatic field of the particle the heat transfer by the charge carriers is much 

more efficient than molecular heat transfer. 

Thus, gas ionization and particle electrization are of considerable importance in the processes of momentum 

and energy exchange between a particle and a rarefied plasma flow with cold ions. The relative contribution of the 

ions to the resistance force and of the electrons and ions to the heat flux is maximum in the region of not very high 

velocity ratios s in a weakly screening plasma. As the above calculations show, in the plasma flow with these 

parameters, CDi >> CDa and qe + qi >> qa, i.e., the charged components of the momentum and heat fluxes become 
comparable with the neutral ones even at small degree of ionization. 

The model presented can be used to describe the motion and heating of micron-sized metal particles in 

plasma flows of reduced pressure. A comparison of the results of analytical models and numerical calculations [9 ] 

shows that at least in a resting plasma the approximation of a weak field is realized only with XD << 1 while the 

approximation of weak Debye screening yields satisfactory agreement starting with XD ~ 1. 

N O T A T I O N  

c, speed of sound; CDj, drag coefficient; e, electron charge; El, ionization energy; Fj, resistance force; Ij, 
Kj, Qj, flows of the number of plasma particles, kinetic energy, and heat; k, Boltzmann constant; my, mass; M, 

Much number; Nj, number concentration; r, distance in spherical coordinates; rD, Debye radius; R, particle radius; 

s, velocity ratio; A~, interaction cross section; Sp, particle surface; Tj, temperature; V, plasma flow velocity with 
respect to the particle; x, y, z, Cartesian system of coordinates connected with an arbitrary point of the particle 

surface; 7, specific heat ratio; p, impact parameter; ~oj, floating potential of the particle; ~ ,  orientation angle; qbe, 

electronic work function. Subscripts and superscripts: a, molecules; e, electrons; i, ions; h, heavy plasma particles 

(molecules and ions); s, surface; ~,  value in the undisturbed region of the plasma away from the particle; + ( - ) ,  
direction from (toward) the particle. 
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