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ION DRAG FORCE ON A CHARGED MACROPARTICLE
IN COLLISIONLESS PLASMA

The problem of calculating the ion drag force acting on a charged macroparticle in collisionless
flowing plasma is studied by using an approach based on the direct numerical solution of the
Vlasov kinetic equations for plasma components. A uniform plasma flow past a spherical
macroparticle is considered. The computations are carried out for different particle sizes and
different flow velocities. On the basis of the obtained results the effect of particle size on the
ion drag force is analyzed. It is shown that when the particle size is much less than the Debye
length in plasma, the ion drag force can be calculated with good accuracy by means of the
conventional binary collision approach. A modified version of the binary collision approach is
proposed to calculate the ion drag force in the case where the particle size becomes comparable
to the Debye length in plasma. It is shown that there is a reasonable agreement between the
results obtained using the numerical solution of the kinetic equations and that obtained by the
modified binary collision approach.
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1. Introduction
A study of the drag force exerted on a charged
macroparticle by ions in flowing plasma (ion drag
force) is one of the important problems in the physics
of dusty plasmas. Accurate calculations of this force
are necessary for understanding the basic features of
dusty plasmas, such as the location and the configuration of dust structures [1–3], properties of lowfrequency waves in dusty plasmas [4–6], and interaction between dust particles [7, 8]. The problem of calculating the ion drag force is rather complicated, because the value of this force is strongly affected by several factors such as collisions between plasma components, the distribution of the electric potential around
a charged particle, the degree of coupling between
ions and the particle, etc. As was shown recently
[9–11], the effect of collisions between plasma components (mainly ion-neutral collisions) on the drag
force is probably the most important factor in this
case. However, despite the significance of this probc I.L. SEMENOV, 2013
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lem, a comprehensive model for the ion drag force,
describing all regimes of interest, has not yet been
proposed, even for collisionless plasma.
The conventional method of calculating the ion
drag force in the collisionless limit is the binary collision approach [1, 12–15]. This approach is based
on the study of ion scattering in the electric field of
a charged particle. The scattering process is usually characterized by the scattering parameter β =
= qe/mv 2 λ, where q is the particle charge, m is the
ion mass, v is the average velocity of ions, and λ is
the screening length of the particle charge. In the
limit β  1, the classical Coulomb scattering theory
can be used. Such an approach was first proposed
in [1] to describe the transport of dust particles in
glow-discharge plasmas. The extension of this approach to the case of moderate scattering parameters
(β ∼ 1) was proposed in [13, 15]. In spite of the fact
that this method is based on phenomenological arguments, it shows very good agreement with numerical
calculations presented in [12] up to β ∼ 5. In the
limit β  1, the classical scattering theory is not apISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 3
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plicable, and the problem of calculating the ion drag
force requires a totally different approach, which was
proposed in [14].
It should be noted, however, that the binary collisional approach developed in [1, 12–15] allows one
to calculate the ion drag force only when the characteristic particle size a is much less than the Debye
length rD in plasma. In this case, the electric potential around a charged particle can be taken in the
well-known Yukawa form. On the other hand, it is
known that when the particle size becomes comparable with the Debye length in plasma, the distribution
of the electric potential around a particle deviates
significantly from the Yukawa potential [16]. Generally, in order to obtain the distribution of the potential when a ∼ rD , one has to solve the full nonlinear screening problem. Note that the same problem
arises in calculating the floating potential of particles in plasma. In the limit a  rD , the floating
potential can be obtained, by using the conventional
orbital motion limited theory [17–19]. As was shown
in [20], this approach is intrinsically inconsistent, because it does not consider peculiarities of the electric
potential distribution around the particle. As a result, it cannot be used to calculate the floating potential when a ∼ rD . A modified version of the orbital
motion limited theory, which allows one to obtain the
floating potential in this case, was proposed recently
in [21]. However, as far as the author knows, the
problem of calculating the ion drag force for particles with radius a ∼ rD has not yet been studied
in detail so far.
In the present paper, the problem of calculating the
ion drag force acting on a charged macroparticle in
collisionless flowing plasmas is studied, by using an
approach based on the direct numerical solution of
the Vlasov equations for plasma components. This
approach has been successfully used in our previous
works [22, 23] to study the charging and the screening of particles in plasma without flow. In this work,
a uniform flow of ions and electrons past a spherical
macroparticle is studied. The numerical computations are carried out for different particle sizes and
different flow velocities. On the basis of the obtained
results, the influence of the particle size on the ion
drag force is analyzed. It is also shown how the conventional binary collisional approach can be extended
to calculate the ion drag force acting on particles with
radius comparable to the Debye length in plasma.
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2. Formulation of the Problem
Let us consider a spherical macroparticle of radius a
inserted in a uniform plasma flow. The plasma comprises of singly charged ions (i) and electrons (e). The
plasma flow far from the particle is characterized by
the velocity u, temperatures Tα0 and concentrations
nα0 , where α = i, e denotes the type of plasma particle. It is assumed, that the particle is charged by
plasma currents, and the particle surface is considered to be perfectly conducting. It also assumed that
the flow around the particle is steady-state and axisymmetric.
The behavior of ions and electrons is described
on the basis of the Vlasov equations for collisionless plasma. The problem for these equations is formulated with the use the following coordinate system. In the physical space, the cylindrical coordinates (x, r, θ), where the axis x is directed along the
flow velocity, and (r, θ) are the polar coordinates in
the plane perpendicular to the axis x. The center of
the particle is located at the origin of the coordinate
system. In the velocity space, one can use the corresponding rectangular coordinate system (ξx , ξr , ξθ ),
where ξx is the velocity directed along the x axis, ξr
is the radial velocity, and ξθ is the azimuthal velocity.
However, as was shown in [24, 25], it is more relevant
to use a circular coordinate system for the radial and
azimuthal velocities for the numerical solution of kinetic equations. Thus, the polar coordinates (ξ, ω)
are used, where ξr = ξ cos ω, ξθ = ξ sin ω.
Then the kinetic equations for ions and electrons
are as follows:


qα
Lf fα = 0, α = e, i.
(1)
Lc + Li +
mα
Here, fα is the velocity distribution function of the
plasma particles; qα is the particle electric charge; mα
is the particle mass; and Lc , Li , and Lf are the convective, inertia, and force terms, respectively. These
terms are
∂
ξ sin ω ∂
∂
+ ξ cos ω , Li = −
,
(2a)
Lc = ξx
∂x
∂r
r ∂ω
∂ϕ ∂
∂ϕ ∂
Lf = −
−
,
(2b)
∂x ∂ξx
∂r ∂ξr
where ϕ is the self-consistent electric potential, and
the derivative ∂/∂ξr is given by
∂
∂
sin ω ∂
= cos ω
−
.
∂ξr
∂ξ
ξ ∂ω
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The Poisson equation for the self-consistent electric
potential reads
Δϕ = −4πe (ni − ne ),

(3)

where ni and ne are the concentrations of ions and
electrons, respectively; and the Laplacian is given by
 
1 ∂
∂
∂2
+
r
.
Δ=
∂x2
r ∂r ∂r
The basic macroscopic quantities of plasma particles
such as concentrations nα , velocities uα , and temperatures Tα are obtained by evaluating the velocity
moments of the distribution functions:

Here, ϕp is the floating potential. The value of floating potential is constrained by the Gauss law:
Z
4πq = − ∇ϕ n ds,
(7)
where q is the particle charge and the integral is taken
over the whole particle surface.
The electric potential at large distances from the
particle may be assumed to be zero, i.e., the following
condition is used:
ϕ → 0, (x2 + r2 )1/2 → ∞.

(8)

The boundary condition for the electric potential
along the symmetry axis is

nα = hfα i,

(4a)

nα uα = h ξ fα i,

(4b)

∂ϕ/∂r = 0,

(4c)

at r = 0, x ≤ −a, and x ≥ a. The distribution
functions of plasma components far from the particle
are given by
 √
2
Mα0 = nα0 exp −c02 /vα0
/( πvα0 )3 ,

3 k T α nα =

h mα cα2

fα i,

where α = e, i denotes the type of the plasma particle;
ξ = (ξx , ξr , ξθ ) is the molecular velocity; cα = ξ − uα
is the relative velocity; and the following notation is
used:
Z∞ Z∞ Z2π
h•i =

(x2 + r2 )1/2 → ∞,

(10)

• ξ dξx dξ dω .
−∞ 0

0

Note that, for the problem under consideration, the
distribution functions are even in ω, i.e., fα (ω) =
= fα (−ω). Thus, the tangential component of the
macroscopic velocity uθα equals to zero, and the velocity vector has only two nonzero components: uα =
= (uxα , urα , 0).
Let us further describe the boundary conditions for
Eqs. (1) and (3). As in the theory of probes, the ions
and the electrons are assumed to be fully absorbed
by the particle. Hence, the boundary conditions for
the distribution functions on the particle surface are
fα = 0, α = e, i,

(5)

where α = e, i denotes the type of a plasma particle; c0 = ξ − u0 is the relative velocity; u0 =
= (u, 0, 0) p
is the velocity vector of the plasma flow;
and vα0 = 2kTα0 /mα are the thermal velocities in
the surrounding plasma. The boundary condition for
the distribution functions along the symmetry axis
reads
fα (ξr ) = fα (−ξr ), ξr ≥ 0, α = e, i,

fα (ω) = fα (−ω), α = e, i

ϕ = ϕp .

fα → 0, (ξx2 + ξ 2 )1/2 → ∞, α = e, i.

(6)

(11)

at r = 0, x ≤ −a, and x ≥ a.
As was mentioned above, the distribution functions
fα are even in ω. Thus, the problem is considered
only in the half-space 0 ≤ ω ≤ π (ξθ ≥ 0), by using
the following symmetry boundary condition:

for (ξ n) ≥ 0, where n is the outward unit normal to
the surface. The absorption of ions and electrons by
the particle leads to its charging. Since the surface
of a perfectly conducting particle must be equipotential, the following boundary condition for the electric
potential on the particle surface is used:
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(9)

(12)

for ξ ≥ 0, −∞ < ξx < ∞. In addition, one also has to
define the boundary conditions at infinity in the velocity space. In this case, the following conventional
assumption is used:
(13)
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3. Numerical Method
Further, let us briefly describe the numerical procedure used to solve Eqs. (1) and (3) with the boundary
conditions (5), (6), (8)–(13). To obtain the solution
of the steady-state kinetic equations (1), the author
proposes to consider the time-dependent equations


qi
∂
+ Lc + Li +
Lf fi = Ji ,
(14a)
∂t
mi


∂
qe
+ Lc + Li +
Lf fe = Je , ,
(14b)
∂te
me
where te = t vi0 /ve0 , and vi0 , ve0 are the thermal
velocities of ions and electrons in the surrounding
plasma. The initial conditions for Eqs. (14) are given
by the Maxwell functions (10), and the boundary conditions are given by Eqs. (5), (10), (11), (12), and
(13). The distribution of the electric potential at each
moment of time is calculated using the Poisson equation (3) with the boundary conditions (6), (8), and
(9). In order to obtain the particle charge, Eqs. (14)
are supplemented with the charging equation
Z
dq/dt = − j nds,
(15)
where j = e(ni ui − ne ue ) is the current density, and
the integral is taken over the whole particle surface.
In the steady state, Eqs. (14) are reduced to the
stationary equations (1). Thus, in order to obtain
the solution of the flow problem under consideration,
Eqs. (14) are solved in time until a steady-state solution is reached. Note that Eqs. (14) differ from the
conventional system of time-dependent Vlasov equations for plasma particles. One can see that the time
derivative term in the equation for electrons (14b) is
multiplied by the scaling factor ve0 /vi0 . It is required
to overcome the difficulty caused by a great difference between the time scales for ions and electrons.
Equations (14) do not describe a real physical process, but it can be viewed just as a tool for finding
the stationary solution of the problem, which is believed to be unique. It is worth noting that the same
technique for finding a steady-state solution of the kinetic equations was successfully used in our previous
works [22, 23] devoted to the study of the charging
and screening processes.
In the physical space, Eqs. (1) and (3) are solved
in a finite domain
n
o
Ωp = a ≤ (x2 + r2 )1/2 ≤ AR , r ≥ 0 .
(16)
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In the velocity space, the kinetic equations for ions
and electrons are solved in finite domains Ωiv and Ωev ,
respectively, where
 α

−A ≤ ξx ≤ Aα

ξx ,
 ξx



α
0
≤
ξ
≤
A
,
Ωα
=
, α = e, i.
(17)
v
ξ






0≤ω≤π
α
The sizes AR , Aα
ξx , and Aξ are chosen sufficiently
large to capture the boundary conditions (8), (10)
and (13). The basic equations are discretized using
a nonstructured nonuniform triangular mesh in the
physical space and uniform finite-volume meshes in
the velocity space. The nonuniform triangular mesh
is created using the approach proposed in [26].
The numerical procedure for solving Eqs. (14) is
based on the method of operator splitting. Below,
this method is described on the example of the kinetic equation for ions (14a). This equation is solved
by means of the following two-stage splitting scheme.
At the first stage, the action of the operator Lc at
(l)
each discrete velocity node (ξx , ξ (l) , ω (l) ) is considered, where l denotes the number of the node. The
corresponding equation is


∂
(l)
+ L(l)
fi = 0,
(18)
c
∂t
(l)

where fi is the distribution function at the velocity
(l)
node, and the operator Lc is given by
(l)
L(l)
c = ξx

∂
∂
+ ξ (l) cos(ω (l) ) .
∂x
∂r

(19)

Equation (18) with the boundary conditions (5), (10),
and (11), which are imposed at the respective boundaries of the computational domain Ωp , is solved numerically by the explicit MUSCL-type finite volume
scheme for nonstructured meshes proposed in [27]
(the maximum limited gradient scheme).
At the second stage, the action of the inertia and
force terms at each discrete node (x(j) , r(j) ) in the
physical space is considered. Here, j denotes the
number of the triangle, and (x(j) , r(j) ) is the node
of a finite volume mesh located at the center of the
triangle. The corresponding equation reads


∂
(j)
(j)
(j)
(20)
+ Li + Lf fi = 0,
∂t
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(j)

where fi is the distribution function at the discrete
(j)
(j)
node, and the operators Li and Lf are given by
(j)

Li

(j)

=−

Lf = −

ξ sin ω ∂
,
r(j) ∂ω

(21a)

 ∂ϕ (j) ∂
 ∂ϕ (j) ∂
−
.
∂x
∂ξx
∂r
∂ξr

(21b)

The derivatives of the potential at the center of a
triangle are calculated from the solution of the Poisson equation (3). Equation (20) with the boundary
conditions (12), (13) is solved numerically, by using
the explicit MUSCL-type finite volume scheme with
a superbee slope limiter [28].
The Poisson equation (3) with boundary conditions (8) and (9) and the floating potential constraint
(6), (7) is solved by the finite element method with
quadratic Lagrangian elements [29]. The particle
charge is obtained, by using Eq. (15), which is solved
by the explicit Euler method. The kinetic equation for electrons (14b) is solved, by using the same
method, as was described above for the ions. In order to hasten the computational process, the parallel
version of the proposed numerical method has been
developed, by using a shared-memory parallelization
technique. The method is parallelized as follows.
During the first stage of the splitting scheme [see
Eq. (18)], the computing threads operate on different domains in the velocity space. During the second
step [see Eqs (20)], the threads operate on different
sets of triangles in the physical space. The proposed
algorithm was found to be very effective, because it
involves the parallelization both in the velocity and
physical spaces. The algorithm was implemented, by
using the OpenMP library.
4. Results and Discussions
In this section, the results of computations performed
by means of the proposed numerical method are summarized and discussed. It should be noted that the
problem under consideration was solved in the dimensionless form, i.e., there is no need to specify
the values of background plasma parameters such as
nα0 , Tα0 and u. For simplicity, the case of isothermal plasma flow was considered, i.e., it was assumed
that Te0 = Ti0 . The flow velocity was varied below
vi0 . The particle radius was chosen to be a = 0.2rD ,
a = 0.5rD , and a = rD , where rD is the Debye length
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in plasma:
−2
rD
= 4πe2 (ne0 /kTe0 + ni0 /kTi0 ) .

(22)

In all calculations, the dimension of the computational domain in the physical space AR was varied
around 20rD . The number of triangles was varied
from 1500 to 2000, and the average number of nodes
on the particle surface was 20. The sizes of the comα
putational domains in the velocity space Aα
ξ and Aξx
were varied from 4vα0 to 6vα0 , α = e, i. The step sizes
of the finite-volume mesh in the velocity space were
Δξ = Δξx = 0.25 vα0 , and the number of nodes on the
interval 0 ≤ ω ≤ π was 20. The number of computing
threads was chosen to be 32 or 64. The total computational time required to obtain the steady-state
solution of the flow problem under consideration was
varied from 2 to 4 h.
The main focus of this work is on the drag force
exerted on a particle by ions. Note that the electron
drag force can be usually neglected owing to the great
difference between the ion and electron masses. According to the conventional terminology, the ion drag
force Fd is given by the sum of two components,
Fd = F m + Fe ,

(23)

where Fm is the force arising due to the mechanical
interaction between ions and the particle surface, and
Fe is the force arising from the interaction of the particle charge with the flow-induced plasma anisotropy.
The first component is
Z
Fm = − Pi n ds,
(24)
where Pi is the stress tensor for ions given by
D
E
Pi = mi ξ ⊗ ξ fi r.

(25)

The second component reads
Z
Fe = M n ds,

(26)

where M is the Maxwell stress tensor


1
1
E ⊗ E − E2 ,
M=
4π
2

(27)

and E = −∇ϕ is the vector of the electric field.
Since the flow around the particle is axisymmetric,
ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 3
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the ion drag force is directed along the axis of symmetry. Hence, one can consider only the x component
of this force and denote, for brevity, Fd ≡ (Fd )x ,
Fe ≡ (Fe )x , Fm ≡ (Fm )x .
In order to clarify the nature of the electric component Fe , the distributions of the normalized charge
density along the axis of symmetry are shown in
Fig. 1 for u = 0.5vi0 and different particle sizes. The
normalized charge density is given by Δρ/ρi0 , where
Δρ = e (ni0 − ne ) and ρi0 = eni0 . In Fig. 1 one can
observe anisotropy in the distribution of the charge
density around the particle. It can be seen that the
charge density in the wake region behind the particle
(x > a) is higher than the charge density in front of
the particle (x < −a). Taking into account that the
particle charge is usually negative due to the much
higher mobility of electrons than that of ions in the
plasma, one can conclude that there exists a non-zero
force Fe acting on a particle from the anisotropic electric field. It is clear from Fig. 1 that this force is usually positive, i.e., it is directed along the plasma flow.
One can also see that the anisotropy in the distribution of the charge density becomes less pronounced as
the particle size increases. Hence, the force Fe should
decrease, as the ratio a/rD increases. It is also worth
noting that, in typical laboratory dusty plasmas, the
electric force Fe is usually much higher than the mechanical force Fm .
Further, let us discuss the dependence of the ion
drag force on the particle size. As was mentioned in
the introduction, the ion drag force can be calculated
in the case where a  rD by means of the binary
collision approach [1, 12–15]. According to this approach, the ion drag force Fbc is given by the sum of
two components,

Flow dir ection

1.5
1.0
0.5

-5

-4

c
Fbc
=

-2

-1

0

1

2

3

4

5

(b)

1.5

1.0
0.5

-8

-6

-4

-2

0

2

4

1.6

6

8

(с)

1.2

0.8

0.4

-4

0

4

8

(28)

c
where Fbc
is the collection part associated with the
momentum transfer from the ions that collide with
o
the particle, and Fbc
is the orbital part, which is due
to the momentum transfer from the ions that are scattered in the electric field of the particle. The collecc
tion component Fbc
is calculated by the conventional
orbital motion limited theory:

√

-3

2.0

-8
c
o
Fbc = Fbc
+ Fbc
,

(a)

2.0

Fig. 1. Distributions of the normalized charge density along
the axis of symmetry for u = 0.5vi0 and different particle sizes:
a = 0.2rD (a), 0.5rD (b), rD (c). The arrow shows the flow
direction. The normalized charge is given by Δρ/ρi0 , where
Δρ = e(ni − ne ) and ρi0 = ni0 e. Note that, far from the
particle, the quasineutrality condition holds ni0 = ne0

√
 4
 
+ 4^
u + 4^
u2 − 1 − 2 1 − 2^
u2 ϕ^p

)
π
erf(^
u) ,
2

(29)

(

2
πa2 pi0 u
^−2 u
^ 1 + 2^
u2 + 2ϕ^p e−^u +
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where ϕ^p = |ϕp |/kTi0 is the normalized particle potential, and u
^ = u/vi0 is the normalized flow veloc-
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Fig. 2. Velocity dependence of the ion drag force for a =
= 0.2rD . Symbols • show the present results. Solid line (1)
shows the results obtained by the conventional binary collision
approach [see Eqs. (28), (29), and (30)]
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Fig. 4. Velocity dependence of the ion drag force for a = rD .
Symbols • show the present results. Solid line (1) shows the
results obtained by the conventional binary collision approach
[see Eqs. (28), (29) and (30)]. Solid line (2) shows the results
obtained by the modified binary collision approach [see Eqs.
(33), (29), and (34)]

is the Chandrasekhar function; and ln Λ is the modified Coulomb logarithm given by the relation


bs + λs
,
(31)
ln Λ = ln
bs + a

60
2

50

1

40
30
1

where

bs = a e |ϕp |/ 2Ti0 + mi u2 ,


2
λ2s = rD
/ 1 + Te0 / Ti0 + mi u2 ,
e

20
10
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1

Fig. 3. Velocity dependence of the ion drag force for a =
= 0.5rD . Symbols • show the present results. Solid line (1)
shows the results obtained by the conventional binary collision
approach [see Eqs. (28), (29), and (30)]. Solid line (2) shows
the results obtained by the modified binary collision approach
[see Eqs. (33), (29), and (34)]

ity. The orbital component is calculated, by using the
modified Coulomb scattering theory:
o
Fbc
= 8π ni0

qi2 ϕp 2 2
2 a G (u/vi0 ) ln Λ,
mi vi0

where
G(x) ≡

234

h√

i √
2
π erf(x)/2 − x e−x /( πx2 )

(30)

−2
rD
= 4πe2 ne0 /kTe0 .
e

(32)

In Fig. 2, the dependence of the normalized ion
drag force on the normalized flow velocity u/vi0 is
shown for a = 0.2rD . The normalized ion drag force
is defined as Fd /pi0 a2 , where pi0 = ni0 kTi0 . The
filled symbols on this figure (•) indicate the present
results obtained by the numerical solution of the kinetic equations. The solid line (1) shows the results
obtained using the conventional binary collisional approach, i.e., by Eqs. (28), (29), and (30). Since the
ratio a/rD is sufficiently small in this case, the binary
collisional theory is expected to give accurate results.
In fact, one can see from Fig. 2 that there is the good
agreement between the kinetic results and those obtained by the binary collision approach. However, the
situation changes as the particle size increases.
In Figs. 3–4, the dependence of the normalized ion
drag force on the normalized flow velocity is shown
for a = 0.5rD and a = rD , respectively. Once again,
ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 3
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the filled symbols (•) indicate the present results obtained by the numerical solution of the kinetic equations, and the solid line (1) shows the results obtained
by the binary collisional approach, i.e., by Eqs. (28),
(29), and (30). One can see from these figures that
the conventional binary collision theory becomes inapplicable, as the ratio a/rD increases. In author’s
opinion, it can be explained by the following two
facts. First, the binary collision approach does not
consider the effect of a particle size on the distribution of the electric potential around a particle. As
was mentioned before, this approach is based on the
assumption that the distribution of the potential has
the well-known Yukawa form. It is known, however,
that the potential of particles with radius a ∼ rD decays more slowly than the Yukawa potential. Second,
the binary collision theory does not consider the effect
of the particle size on the screening length λs [see Eq.
(32)]. However, as it was shown in [30], the screening
length becomes greater than that obtained from the
solution of the linearized problem, as the ratio a/rD
increases.
In order to extend the binary collision approach to
the case of particles with radius comparable to the
Debye length in plasma, the author proposes a modified version of this method, which takes the disadvantages mentioned above into account. The modified
expression for the ion drag force reads
c
o
Fbc = Fbc
+ F̃bc
,

(33)

c
where the collection part Fbc
is given by Eq. (29),
and the orbital part is given by

is valid in the limit a/rD → 0, does not hold for sufficiently large particles (a ∼ rD ). As the ratio a/rD increases, the particle charge becomes higher than aϕp .
This effect can be taken into account with the use of a
modified value of surface potential (ϕ̃p = q/a) in Eq.
(34). Moreover, the use of the adjusted surface potential allows one to account for the fact that the particle potential decays more slowly than the Yukawa
potential. The value of the actual particle charge can
be obtained, for example, by means of the nonlinear
collisionless model proposed in [16]. In addition, the
author proposes to use the modified screening length
given by Eq. (36), which allows one to account for
the effect of the particle size on the screening length
of the particle charge in the plasma.
The solid line (2) in Figs. 2 and 3 shows the results
obtained by the modified binary collision approach
described above. One can observe that there is a reasonable agreement between the results obtained with
the use of the numerical solution of the kinetic equations and those obtained by Eqs. (33)–(36). Thus,
one can conclude that the modified binary collision
approach proposed in this paper is more accurate
than the conventional binary collision approach and
allows one to calculate the ion drag force in the case
where the particle size is comparable to the Debye
length in plasma. It should be noted that the author do not expect this approach to work in the limit
a/rD → ∞. In this case, however, the electric part of
the ion drag force becomes negligibly small, and the
value of ion drag force is completely determined by
its mechanical part.
5. Conclusion

o
F̃bc

q 2 ϕ˜p 2
= 8π ni0 i 2 a2 G (u/vi0 ) ln Λ,
mi vi0

where ϕ˜p is the modified surface potential.
Coulomb logarithm is given by
"
#
bs + λ̃s
ln Λ = ln
,
bs + a
where


2
λ̃2s = a2 + rD
/ 1 + Te0 / Ti0 + mi u2 .
e

(34)
The

(35)

(36)

The modified surface potential is chosen in such a way
that the product ϕ̃p a is equal to the actual particle
charge q. Note that the linear relation q = aϕp , which
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The present work is devoted to the problem of calculating the drag force exerted on a charged macroparticle by ions in flowing plasma (ion drag force). The
problem is studied by using an approach based on the
direct numerical solution of the Vlasov kinetic equations for plasma components. The author considers
a uniform flow of plasma consisting of ions and electrons past a spherical macroparticle, which is charged
by plasma currents. The computations were performed for different particle sizes and different flow
velocities. Using the obtained results, the influence
of the particle size on the ion drag force is analyzed.
It is shown that, for sufficiently small particles, i.e.,
when a  rD , the ion drag force can be calculated
with good accuracy by the conventional binary colli-
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sion approach. As the ratio a/rD increases, the results
obtained with the use of this method deviates noticeably from that obtained by means of the numerical
solution of the kinetic equations. It is explained by
the fact that the conventional binary collisional approach does not consider the effect of the particle size
on the distribution of the electric potential around
the particle and the screening length of the particle
charge in plasma. In order to account for the effect of
the particle size, a modified version of the binary collision approach is proposed. It is shown that there is
a reasonable agreement between the results obtained
by the solution of the kinetic equations and those obtained by the modified binary collision approach in
the case where the particle size becomes comparable
to the Debye length in plasma.
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I.Л. Семенов
IОННА СИЛА ОПОРУ, ЩО ДIЄ НА ЗАРЯДЖЕНУ
МАКРОЧАСТИНКУ В БЕЗЗIТКНЮВАЛЬНIЙ ПЛАЗМI
Резюме
Проблема обчислення iонної сили опору, що дiє на заряджену макрочастинку в потоцi беззiткнювальної плазми,
дослiджується на основi прямого чисельного розв’язку системи кiнетичних рiвнянь Власова для компонент плазми.
Розглянуто процес обтiкання сферичної мiкрочастинки рiвномiрним потоком плазми. Розрахунки проводяться для рiзних розмiрiв частинок та рiзних значень швидкостi потоку плазми. На основi отриманих результатiв, дослiджується
вплив розмiру частинки на величину iонної сили опору. Показано, що коли розмiр частинки набагато менший за довжину Дебая в плазмi, iонну силу опору можна обчислити
з гарною точнiстю за допомогою вiдомої теорiї парних зiткнень. Для обчислення iонної сили опору у випадку, коли розмiр частинки стає порiвняним iз довжиною Дебая
в плазмi, запропоновано модифiковану теорiю парних зiткнень. Показано, що результати, отриманi шляхом чисельного розв’язку кiнетичних рiвнянь, добре узгоджуються iз
результатами, якi отриманi за допомогою модифiкованої теорiї парних зiткнень.
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