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Relation of an asymmetric plasma with an ambient gas flow
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A plasma system exchanges its momentum with an ambient gas and the rate of the momentum exchange is
expressed as force. So, the spatial profile of the force acting to the ambient gas and the resulting integrated force
is evaluated using a one-dimensional stationary fluid model with the spatial profile of ion production.

1 Introduction

Asymmetry of a plasma is induced when momentum
is introduced into the plasma and, simultaneously, an
asymmetric plasma transfers its momentum to sur-
roundings. Examples of such the applications are
plasma actuators [1] and electric propulsions. [2]

As for a plasma actuator, plasma momentum is
transferred to its ambient gas, which surround the
plasma actuator, and flow of the ambient gas is gener-
ated. The rate of momentum transfer is referred to as
force and its spatial profile might be important from
the viewpoint of the efficiency to cause gas flow. In
fact, the spatial profile of force has been experimen-
tally evaluated by measuring ambient gas flow veloc-
ity. [3] However, the spatial profile of force has not
been related with a plasma discharge so far.

The purpose of this work is, then, to relate the spa-
tial profile of force with the plasma discharge, more
specifically, the spatial profile of plasma production;
and this work corresponds to the extension of the
previous work, where the total force acting between
a one dimensional plasma with its surroundings has
been discussed.[4]

2 model

The basic equations for a one-dimensional stationary
plasma bounded at x = +a are given by
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and
n = ng exp (e¢/kgT,) , (3)

where n, m, v are the ion density, mass, velocity, re-
spectively, e is the elementary charge, ¢ is the electro-
static potential, kp is the Boltzmann constant, « is the
ionization rate, and § is the rate of momentum transfer
due to ion-neutral collision.

The above equations can be reduced to the follow-
ing differential equations:
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where normalized values such that X = x/a, v = v/c;,
it =n/ng, ro = a/ao, rg = B/ay, and &y = aap/cy, are
used with ¢, = (kgT,/m)'/2. Here, we set the value of
a as ag when the ionization rate is uniform (& = ag
for—a < x <aorr, =1for -1 < X < 1), because
we would like to compare different spatial profiles of
« or r, under the condition of

1
f rondx = é(Z + rlg)_(2+r/3)/(2+2rﬁ) . (6)
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This equality can be analytically derived for the uni-
form ion production case (r, = 1 for -1 < ¥ < 1).
In addition, it might be worth to note that Eqs (4) and
(5) are singular and 7 =1 at the boundaries ¥ = +1.
This boundary condition agrees with the Bohm crite-
rion. [4, 5]

After solving Eqgs (4) and (5), we have the spatial
profile of force acting to the ambient gas using the
normalized form

J = aorgiv . (7)



The total amount of force is also obtained by integrat-
ing the above equation, that is,

1
F = a f rgivdx (8)
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and its modified form

1
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might be useful, because (symmetric) gas flow is gen-
erated for F» # 0 even if F| = 0.

3 Results

To investigate how the spatial profile of f is influ-
enced by that of ion production, let us consider the
cases of r, # 0 for Xy — AX/2 < X < Xy + AX/2 and
re =0for—1 < X< % —-AX/2orXg+AX/2<x< 1.
The magnitude of r, (# 0) is obtained from Eq. (6),
which indicates the condition that the whole ion pro-
duction rate in the system (-1 < ¥ < 1) is kept a
constant. Thus, the spatial profile of ion production is
expressed through the two parameters: Xy and AX.

The spatial profiles of 71 for AX = 0.4 with Xy =
—0.7, —0.4, and —0.1 and for the uniform ion produc-
tion case can be obtained in the case of rg = 1.0, cor-
responing to a low electron temperature, 7, =~ 3 eV,
and are represented in Fig. 1.

The maximum of 7i is always located in the region
with the ion production (r, # 0) and agrees with the
location of ¥ = 0. Therefore, ¥ > 0 in the right-side-
region from the maximun of 7i and ¥ < O in the left-
side-region from the maximun of 7. The sign of ¥
gives the direction of force, f, acting to the ambient
gas, as shown in Fig. 2, where the relations between
f /@ and X in the case of rg = 1.0 are represented
by a bold curve for ¥y = —0.7 and AX = 0.4; a solid
curve for Xy = —0.4 and AX = 0.4; a broken curve for
Xo = —0.1 and AX = 0.4; and a dotted curve for the
uniform ion production case. For any non—uniform
ion production case, f/@& = const. in the region of
re = 0, because of d(7iiv)/dx = 0 from Eq. (1).

In summary, since f in the ion production region
does not contribute on F; so much, we find the inte-
grated force

Fy ~ -0.35% (10)

and
Fy ~ 0.45 — 0.106A% — 0.084)?02 . (11)
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Fig 1: Spatial profiles of #i in the case of rz = 1.0 are
represented by a bold curve for ¥y = —0.7 and AX = 0.4; a
solid curve for ¥y = —0.4 and AX = 0.4 a broken curve for
Xo = —0.1 and AX = 0.4; and, as a reference, that of 7 for
the uniform ion production case is represented by a dotted
curve.
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Fig 2: Spatial profiles of f/& in the case of rz = 1.0 are
represented by a bold curve for ¥y = —0.7 and AX = 0.4;
a solid curve for Xy = —0.4 and AX = 0.4 a broken curve
for Xy = —0.1 and AX¥ = 0.4; and, as a reference, that of
f/@, for the uniform ion production case is represented by
a dotted curve.
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