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Theme

HIS paper presents the calculated results for the profiles

of electron temperature and electron-ion pair concentra-

tion in a nonequilibrium, partially ionized boundary layer

which is developed along a flat plate at floating potential.

The boundary conditions at the wall for electron temperature

and concentration of electron-ion pair are determined from

the conditions for the continuities of electron energy flux and

ion mass flux at the outer edge of a sheath, and the zero net

current at the wall. Calculations have been carried out for a
chemically frozen flow of an argon gas.

Content

“In the case of a partially ionized gas, a sheath formed next to
the wall is thin compared to the boundary-layer thickness, so
that an ionized gas in the boundary layer is electrically
neutral. Therefore, since ions move with electrons, the
concept of ambipolar diffusion can be adopted.

If a flat plate is electrically insulated from ground or if elec-
tric field is not applied to it, it will be at floating potential.
Since the plate potential is generally lower than the plasma
potential, an ion sheath is formed, so that only electrons which
overcome the potential difference between the wall and the
plasma can reach the wall in addition to ions. However, the
net current normal to the wall must be zero. The boundary
layer of a partially ionized gas is governed only by the trans-
port properties of neutral atoms, and neutral atoms are essen-
tially uninfluenced by the presence of electrons.

In accord with the aforementioned boundary-layer model,
we make the following assumptions: 1) partially ionized
argon, 2) no external electric or magnetic field, 3) all species
have the same mass motion velocity, 4) T, = T, 5) steady
flow, 6) freestream conditions constant along z, 7) collision-
free plasma sheath, 8) chemically frozen flow, 9) ambipolar
diffusion, n, = n;, V4, = V.

In application to a real flow situation, it is more valid to
consider recombination process in a boundary layer. In
this paper, to investigate the dependences of electron-tem-
perature profile on the wall temperature and on the location
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from leading edge, the flow model is simplified and chemically
frozen flow is assumed. This means that the amount of
energy transferred to the electron gas due to recombination
is assumed negligible, and a thermally equilibrium state in
external flow is assumed in the present paper.

The governing equations for a chemically frozen boundary
layer along a flat plate are written as follows?:
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where standard notations are used, and especially, D, =
ambipolar diffusion coeflicient, ¢ = (o; + p.)/p, ce = pe/p, Vae
electron diffusion velocity equal to ambipolar diffusion
velocity, I = ionization energy and subscripts e, 7 = electron,
ion, respectively. The thermal conductivity N and energy
transferred due to elastic collision R were given by Jaffrin?
and Appleton et al.,? respectively.
Boundary conditions are

() = U, H(w) = Hy, c(®) = co, Te() = T,
u(0) = »(0) = 0, H(0) = H,

(6)

Boundary conditions at the wall for eleetron temperature and
concentration of electron-ion pairs are determined as follows.
For the present problem, in which the wall is at floating poten-
tial, the first relation can be obtained from Langmuir-probe
theory if the electrons are Maxwellian

eV e)/4) exp(—eA¢/kT.,) — nieV; = 0 (7
where (V) = (8kT. /am)4?, V. = (kT.,/m)*% e = elec-
tronic charge, A¢ = potential difference between wall and
plasma and subseript s = sheath edge. The next relation is
obtained from the continuity of mass flow of jons at the outer
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Fig.1 Comparison of profiles of electron temperature and
atom-ion temperature.
edge of the sheath
p,D.,(DC/ay), = PacsVi (8)

A 1third relation is obtained from the continuity of electron
energy flux through the outer edge of the sheath

[)\e(aTe/ay) - pceVdehc]a =
(2kTe, + eAd) (ne(V.)/4) exp(—eAd/kT.) (9)

Since the sheath is very thin compared to the boundary-layer
thickness, these boundary conditions are taken to be those at
the wall.

The transformation of coordinates

Uo Y2 o
o) = 5 new) = (=) [7 o0 a0

and the dimensionless stream function f(&7) = ¢/
(PolialUE)V?, where ¢ is a stream function, are used so that
U = U (df/On). The new variables ¢ = H/H., z = ¢/co,
0=7T/T.,and 8§ = T,/T,_ are introduced. By assuming
local similarity, Egs. (1-5) are transformed to
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Fig. 2 Electron tem-
perature profiles for
various values of 6,,.

Boundary conditions are
Fi(®) =1,g(e) =1,2(w) = 1,0(0) =1
JO) = ') = 0,9(0) = gu, 2'(0) =
ScRe'*(V i/uw) (1/60.4)2(0)

o) = H0+27 [ 1
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where € = (m,/ma)%, 7 = Ter/Tow and Reo, = poel/ o

The following conditions are chosen as freestream ones:
Te, = T, = 1000°K, ns, = 5 X 10 1/cm?, niy, = R, =
5 X 102 1/em? and M = 4.5. Argon is treated as a model
gas so that e = 1/275. Pr, Sc, and Le are taken to be unity
in order to simplify the analysis. The calculations have been
carried out with the Runge-Kutta-Gill method, using a digi-
tal computer HITAC 5020 (KDC-II).

Figure 1 shows the comparison between electron tempera-
ture and atom-ion temperature distributions in the boundary
layer. It is clearly seen that the thermal-layer thickness for
the electrons is much thicker than that of the atoms and ions
and that the electron temperature at the wall is higher than
the atom-ion temperature there. This result is convenient to
the use of Eq. (7), since Eq. (7) may be used only in the case
where T, > T.. Figure 2 shows the electron-temperature
profiles in the boundary layer for various values of 8.
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