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Abstract. The methods of molecular gas dynamics are applied
to the description of plasma-particle charge and momentum
transfer under subsonic and hypersonic flow conditions. The
analysis is based on the combined solution of the Poisson and
Boltzmann equations. The influence of the speed ratio and
Debye screening parameter on the drag force is investigated by
numerical and analytical methods.

Introduction. It is well known that the drag force acting upon the
particle in a plasma flow is conditioned by the momentum transfer by
heavy plasma species - molecules and ions. The contribution of electrons
to the drag force is negligible. The drag force expressions under plasma
conditions have been established for the free-molecular (collisionless)
[1-3] and transition [4] flow regimes based on the thick and thin plasma
sheath assumptions. Thermophoresis caused by temperature gradient in
plasma have been described in [5-7]. In contrast with particle drag, the
contributions of electrons and ions to thermophoretic force are of the
same order of magnitude due to high thermal conductivity of electron gas.

This paper is concerned with the drag force on a spherical metallic
(conducting) patticle in two different situations: (a) subsonic, and
(b) hypersonic flow of rarefied (collisionless) plasma.
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The total drag force acting on a particle /' =F, + F, is the sum of
the terms due to direct collisions (F;’) and reflection () from the
surface of molecules and neutralized ions, and Coulombic interaction
( E°) of noncolliding deflected ions with the charged particle:

F=F+F, FE=F+Ff+F°

The processes of plasma-particle charge and momentum transfer are
studied by simulating the plasma flow around the particle. The potential
and number densities distributions are obtained by numerical solution of
the Poisson and Boltzmann equations for an arbitrary Debye screeming
parameter X, = rp / R. The value of the particle floating potential ¢, is

determined proceeding from the condition of equality of the total fluxes
of plasma electrons and ions absorbed by the particle surface.

Subsonic plasma flow. In the case of relatively low speed of plasma
flow, the velocity distribution functions of jth kind of plasma species in
nondisturbed flow region far from the particle can be represented as

fjm=[1+2csf]fj&=fj&+fj{°

where % = N (m, / 27kT,)¥2 exp(=c?), c=v/(2kT,, / m)V?,
s; =V /(2kT; / m;)V?. The charge fluxes and the potential distribution
around the particle with an accuracy up to ~ s, are determined by the
symmetrical part f2, of the velocity distribution function, while the

intensity of plasma-particle momentum transfer is conditioned by the
anisotropic component f.,.
The dimensionless drag force components

W, = Ff /(B RV REN ok Ts;)
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are calculated as

W = 2??%6[% ® exp(—c?)de
00
W= (mt,)Y 2Tc].cos(l)l EdEct exp(—c?)dc
00

wf = 2] 1 cor®) i exp(-c)de

where £=p/R, &, =pn/R, ;= T, / Tjo. The maximum impact
parameter [, , the angle of orientation @, =D(v, p, R) and the scattering
angle (v, p) are determined from the solution of the equations of
motion of heavy plasma species in the electrostatic field of the charged
particle.

Hypersonic plasma flow. Another flow regime corresponds to the case
when the thermal velocities of ions ¥ and electrons ¥, and the speed of
plasma relative to the particle /' maintain the following relationship
between them: ¥ <<V << ¥,. This means that electrons arrive at the
particle surface from all directions, whereas ions due to their relatively
low thermal velocities are streaming toward the particle in one direction
with the speed of plasma flow. The jon trajectories are affected by
electrostatic field near the charged particle. Since the thermal velocity of
jth kind of plasma species is ¥; ~ (kT / m)V2, the ion-electron
temperature ratio T= T, / T, and speed ratio s=V / kT, / m)'?
are  ordered as tY?<<s.  Therefore, the  hypersonic
(M =[2/(1+yD)]"2s>>1) plasma flows or two-temperature plasma
flows with cold ions (T —> O) are considered.

Under hypersonic flow conditions, the fluxes of charge, momentum
and energy transferred to the particle by heavy plasma species can be
expressed in terms of the interaction cross sections S,
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The drag coefficients, defined as
o =F [ (m,N, V*aR?)
oh =y TG My g
are calculated in the following way

12
T c
C3, =26, C;,,.=(—;)—0',.’, C% =26,

where 6, =S, / R* and the interaction cross sections are determined as
P,
Sg=npZ, Si= 21|:J'cos(1)1 pdp, SE= 27:T(I ~ cos'P) pdp.
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Figure 1. Variations of the dimensionless drag force components lpf (curve 1)

lp‘.r / ‘ti’z (2) and Y ,C (3) with Debye screening parameter X p in subsonic argon

plasma flow. Solid lines - numerical solution; dashed lines - approximations of weak
and strong Debye screening.
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Results and discussion. Variations of the dimensionless drag force
components i with the Debye screening parameter x;, and the total drag
force coefficient C; with the speed ratio s for spherical metallic particle
in argon plasma are shown in Fig. 1 and Fig. 2, respectively. Both
numerical and analytical results corresponding to weak (x, >1) and
strong (x, << 1) Debye screening conditions are presented.

The difference between the sphere drag at weak and strong
screening regimes specifies the contribution of the particle charging effect
to momentum transfer. For low speed ratios s, the particle drag in a
weakly screening plasma is caused mainly by the interaction of ions with
electrostatic field of the charged particle. Under hypersonic flow
conditions, only direct collisions are important and with an increase of the
speed ratio s, the drag coefficient Cj, decays toward the limit Cp =2,
which is the well-known result of rarefied gas dynamics for free-
molecular flow.
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Figure 2. Drag force coefficient C; of the particle in argon plasma flow as a fimction
of the speed ratio 5 for different Debye screening conditions: X, = oW, x 7= 1
(2), approximations of strong screening (3) and of weak screening for x , =10 (4)
andxp=1 (5). .
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Nomenclature

Cp - drag coefficient; € - electron charge; f; - velocity distribution
function, Fj - drag force components; k£ - Boltzmann constant; mz; -
mass; M - Mach number; NV, - number density; ), - Debye length; R -
particle radius; s - speed ratio; S; - interaction cross section; 7; -
temperature; v - plasma specie velocity, V - plasma flow velocity, x, -
Debye screening parameter; p - impact parameter; © - angle of
orientation; ‘¥ - scattering angle.

Subscripts: a - molecules; e - electrons; i- ions, & -heavy plasma
species (molecules and ions); 9 - nondisturbed plasma region far from
the particle.
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