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ANODE HEAT TRANSFER FOR A FLOWING ARGON
PLASMA AT ELEVATED ELECTRON TEMPERATURETY

TARIT K. BOSE
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Abstract—Heat transfer from a pre-ionized gaseous plasma flowing over an anode surface at an elevated
electron temperature in the presence of an electric field normal to the surface is investigated theoreticaily.
A laminar boundary layer is considered in which only the velocity profile is locally similar and fluid
properties are assumed to change uniformly in the gas flow direction. Results obtained by an approxi-
mation method show that for moderate current densities }j,| < 10° A/m?, the velocity and temperature
distributions are insensitive to current. In addition, the effect of elevated electron temperature is negligible
on convective heat transfer, but is significant for the overall heat transfer due to the enthalpy transport by
current. Total heat flux to the anode is obtained by evaluating the Nusselt number and adding terms due
to the potential drop in the sheath and the surface work function.
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NOMENCLATURE
atoms;
outer edge of the free-fall region;
density-viscosity product ratio,
PN oMo s
thermal velocity [m/s];
diffusion coefficient [m?/s];
ambi-polar diffusion coefficient
[m?/s];
characteristic diameter [m];
elementary charge =
1602 x 10~ '° [as];
electrons;
internal energy [J/kg];
externally applied electric field
[V/m];
a function, equation (46);
reduced stream function = ¥/,/2s;
species mass density ratio, p;/p;
4i/Gjo

+ This paper presents the results of one phase of research
carried out in the Propulsion Research and Advanced
Concepts Section of the Jet Propulsion Laboratory,
California Institute of Technology, under Contract No.
NAS 7-100, sponsored by the National Aeronautics and
Space Administration.
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enthalpy [J/kg];

ionization potential [eV];
ionization potential per unit mass
ion [J/kg];

ions;

current function, equation (25);
current density [A/m?];

electron current density [A/m*];
constant. equation (35);

thermal conductivity coefficient
[J/m°Ks]:

Spitzer’s thermal conductivity co-
efficient [J/m°Ks];

Boltzmann constant =

138 x 10723 [J/°K];
characteristic length {m];

defined length, [m], equation (53);
mass of particle [kg];

mol mass of particle [kg/kmol];
mass rate of production [kg/m?s];
dimensionless numbers. equations
(27) and (31);

Nusselt number for T, < T, equa-
tion (30);

number density [m™*];

flux of particles [m~2s7'];
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Prandtl number :

pressure [bar]:

collision cross section [m*]:
reaction energy carried away by
electrons [J/m3s]:

heat flux [J/m?s];

radiative heat flux [J/m?s];
reaction rate [m ™ s~ !];

universal gas constant = 8314
[J/kmol°K];

Reynolds number ;

radius [m];

radius of cross section of the body
of revolution [m];

source terms, equations (23), (25)
and (27):

Saha function. equation (45);
Schmidt number = pD/p;
transformed coordinate along body
surface, equation (18):

temperature [°K];

T/"TO .

gas velocities in x. y directions, res-
pectively [m/s]:

characteristic velocity [m/s];
velocity vector [m/s];

distance along and normal to the
body surface, respectively [m];
mol ratio;

partition function;

correction factor. equation (50);
ionization fraction ;

velocity gradient parameter, equa-
tion (21);

Kronek's delta. equation (4);
displacement thickness, equation
(36):
momentum
(37);
collision loss factor. equation (5);
dynamic viscosity [kg/ms];

work function [V];

potential drop [V];

anode potential with respect to
plasma [V];

collision frequency [m™3s™1];

thickness, equation

A mean free path [m]:

A mean free path of the electrons [m]:

Aper Debye shielding distance [m];

Ko mobility coefficient of electrons
[m?/Vs];

p. density [kg/m?];

o. electrical conductivity [A/Vm]:

0, temperature ratio = T,/T,:

stress term, equation (4);

velocity gradient, equation (4);
non-dimensional coordinate nor-
mal to the body surface:

stream function, equation (17);
vector operator.
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Subscripts and superscripts

a, atom;

b, condition at one mean free path
from body surface;

e, electrons ;

h, heavy particles;

i, ions ;

I any species;

0, condition at a reference point

r, s, coordinate directions ;

s, sheath condition;

s, &, derivatives with respect to trans-
formed coordinates ;

w. wall condition ;

0. condition at edge of the boundary
layer;

*, non-dimensionalized properties.

I. INTRODUCTION
INTENSE heat flux to electrode surfaces, especially
to the anode, is a critical factor that must be
taken into account to prevent failure of plasma
propulsion and power generation devices. A
method of predicting the heat flux to anode
surfaces is presented in which a laminar bound-
ary-layer flow is considered with an electric field
applied normal to the surface. Although the
coupled non-linear system of differential equa-
tions is simplified by the laminar boundary
layer approach, a strictly locally similar solution
is possible only in very special cases. Even for
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the case of chemical and thermal equilibrium
(T, = T,). a locally similar solution is possible
only, for example, if the current density |j,| oc
x~ 9% j. =0, or if j, = j, = 0. Therefore. it is
proposed that the velocity profile alone is
locally similar and that other terms representing
non-similar behavior of the fluid properties are
constant over the boundary-layer thickness but
vary along the gas flow direction.

To solve the equations, more information of
the thermophysical properties for two-tempera-
ture plasmas is required than is presently avail-
able. Hence, the composition of a plasma in
chemical equilibrium is computed by the method
of Kerrebrock [1] by replacing the temperature
in the Saha equation by the electron tempera-
ture. Since the heavy particles appear almost
static to the fast-moving electrons, it is believed
reasonable to use the electron temperature to
compute collision cross sections and frequency
for collisions of electrons with heavy particles.
Details of the computations for the thermo-
physical and transport properties are given in
the Appendix.

Investigators who have studied related
boundary-layer problems, but without applied
fields, include Hayes [2] and other authors [ 3,
4] who attempted a non-similar solution of the
boundary-layer equations by introducing the
concept of growth of characteristic boundary-
layer thicknesses and tried matching locally
similar profiles for these. Hayes’ analysis con-
tains non-similar terms, but no source terms. In
addition, he does not have the strongly inter-
acting term which includes the energy exchange
between the electrons and the heavy particles.
Therefore, the solution of the differential equa-
tions converges more rapidly than in the present
case. Though Sherman and Reshotko’s analysis
[4] represents the first step to solve the bound-
ary-layer equations for a gas plasma at an
elevated electron temperature, the solution
must be started at a place where a complete
profile is known. They present a numerical
example of a magnetohydrodynamic channel in
which the initial profiles are assumed to be at
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thermal equilibrium at an insulator section.
Other differences between the present analysis
and that of Hayes, and that of Sherman and
Reshotko are that the present analysis contains
source terms due to joule heating, and a local
similar solution with given boundary conditions
is assumed and does not require knowledge of
the initial temperature profiles upstream. Fur-
thermore, emphasis is placed on the heat
transfer. The present analysis is readily suitable
for use with several configurations. In addition
to flow between parallel electrodes, for example,
it can also be used for a hemispherical anode for
which the stagnation point heat transfer, as well
as the heat-transfer distribution, may be com-
puted.

Several studies of heat transfer for an equi-
librium plasma are given in the literature [ 5-10] ;
and formulation of the differential equation for
a two-temperature plasma is available [4. 11,
12]. but the heat-transfer relation for the latter
case is not given. A simple anode heat transfer
model was proposed by Shih et al. [13, 14] to
empirically explain their experimental results in
which the contribution of the electric current
to the anode heat flux is separated from other
heat-transfer mechanisms., and the overall con-
tribution of the electric current to the anode
heat flux is expressed as the sum of three
individual contributions, i.e. the anode fall, the
work function of the anode material, and the
enthalpy carried by the electron current. This is
also shown theoretically in the present analysis.

Several applications are shown in Fig. 1 in
which heat-transfer relations from a gas plasma
with electrons at elevated electron temperature
to the cold anode wall are needed. In case of a
current flow, a pre-ionized gas of sufficient
electrical conductivity must flow over the body
surface to have a finite potential drop between
the free-stream and the body surface. A general
relation expressed in terms of the WNusselt
number, which is a function of the gradients of
the temperatures and is applicable for each of
the different physical situations shown in Fig. 1,
is obtained and applied to special cases of
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parallel flat-plate and axisymmetric stagnation-
point boundary layers. A numerical solution for
a specific gas, however, requircs knowledge of
the thermophysical properties. Methods are

(0) Electrode problem

=—— Equipotential
kines

Streormn lines

(b} Cross-flow poroliel piate electrodes
(segmented or nonsegmented )

]
Pre-ionized gas Current
—

(c) Flow stagnation of multi-—temperature piosma

—) \J’"
ﬂ\

(d) Channel flow
insulotor
s / s
S

Anode

v

FiG 1. Applications for multi-temperature flow analysis.

given to compute these properties, and the values
are computed for the special case of an argon
plasma. Thus, an approximate solution of the
Nusselt number for an argon plasma is obtained
by using a series polynomial equation for each
differential equation and by computing the
coefficients from given boundary conditions.
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II. ANALYSIS
A. Assumptions
The physical model for the anode heat flux is
shown in Fig. 2. Since the anode is at a positive
potential with respect to the plasma and the
anode potential is believed to be “‘shielded”™

s XDO i l !
1 )\, I
- ! e i Gas
} l | s flow
Anode ! |
[ s
{ | Current
‘ v
|
Sheath {Free fall i Boundary loyer
! ! i
3 1 1
w $ b @
AS0-100).A,,

AE(100-1000). A,

FiG. 2. Physical model for anode heat flux.

within a small distance, the ion current is con-
sidered to be negligibly small. From earlier
computations for a singly ionized argon plasma
in the pressure range 1072-10%2 bars {1 atm
= 1013 bar) [15]. the mean free path of the
electrons 4, is 1-2 orders of magnitude larger
than the Debye shielding distance 4p,. and the
boundary-layer thickness Ag, can be many
orders of magnitude larger than A,. Thus, these
conditions are also considered to exist in this
analysis.

The underlying assumptions for the analysis

are as follows:

(1) Steady. laminar, and continuum flow 1s
outside b (Fig. 2). A free-fall region for
electrons exists adjacent to the wall; the
potential applied externally on the wall is
assumed to be “shielded” within a distance
on the order of 4,, (no large electrical field
outside this region), which is designated as
the sheath.

{2) The heavy particle temperature at b is
equal to the temperature at the wall,
Ty, = 1.
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(3) The radiation pressure is neglected; the
radiative heat flux must be computed
separately.

{(4) There is no externally applied magnetic
field. and the induced magnetic field is
negligibly small.

(5) The current is carried mainly by the
electrons.

(6) The plasma is quasi-neutral. i.e. g; = g.m,/
m, where g; = p;/p. j = i, e for ions and
electrons, respectively, and p = mass den-
sity.

(7) The kinetic energy of the gas is small in
comparison to the total energy content.

{8) The pressure gradient and viscous terms
are neglected in the energy equations but
are retained in the momentum equation.

(9) The thermal diffusion and diffusion ther-
moeffects are neglected.

In addition to these assumptions, it is evident

that for a current flow, the gas should be
sufficiently pre-ionized.

B. General equations
With these assumptions, the equations des-
cribing the flow [12] can be written as follows:
{1) Continuity of electrons.

PV v ge — \A (pDamege) = My kge/m3s-

(1
(2) Continuity.
V- {pV) = 0.kg/m’s. Pl
{3) Motion.
p/V'V) V3 =V 1 N/m? (3)
where
2
™ = [__p_ 5 nVV](SrS+7]Q)S (4)
& =0, 5"
s OVT o ov®
oxs  Ox"
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(4) Electron energy

3R* 3R
S =_— T,
2 pV V(ge e) 2 m, V (pDzmb Vge)

3k ,
SV (T
€

A

+ Vv (keVT;z) + Qe,chem -

3 .
+ e By = S klT, = T)Fade Jm's. (5)
(]

(5) Heavy particles energy

3R*
i‘ pV v 7;1 + pIWIlmV Vge

?

(4

Qe, chem

s(T. — T) Tad J/m’s. ()

+ V ’ Q)Dambfmi ;;lﬁ Vge)
+ V- (k,VT) —

3me

{6) Global energy.
pV - Vh =V - (L,VL)+ V- (k,VT)+ V

5R*
) (pDambImiﬂVge) + 35—V
m, 2m,
5k o
+ (PDy TG = 52V (. T) + jo . (T)

(7) Anode heat flux
Qanode = gp — je ’ ((pA + (ybw) + dr (8)

where

= ~kVT, = kVT, = pDym (Im.%

5 R* ky
+ 55— 7;) Ve, + 5;.)97;' %)

14

An explanation is in order for an apparent
discrepancy in the term representing the energy
transport due to mass transport by diffusion in
the global and species energy equations. This
term in the species energy equations has a factor
3; whereas, in the global equation the factor is 3.
By adding the species energy equations to form
the global equation, the work done by the
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diffusing particles against the stress tensor given (1) Continuity of electrons.
in equation (4) is added to make this term

Zp;Vh;. which results in the factor 3 instead of  pyrk %, + pork o9, ¢ <p . ‘L‘}‘)

yielding the term Zp;VE;. This is also given by Ox cy ey

Hirschfelder [16]. = mprhy  (11)
An estimate of the temperature difference h

between the electrons and the heavy particles is where

possible by writing equation (5) for a current ro = radius of cross section of the body of

carrying volume element at uniform temperature revolution

[17] and neglecting chemical reaction : k= 0. I for planar. axisymmetric bodies.

respectively.

3m
. r 12 Te N
jo By = engt Ef = kB(Te L)L en (2) Continuity.

3me 0 0 v
kB(T T,) nn,c.Q,, < (purt) + ——(pory) = 0. (12)
Ox Jy
and by rearranging (3) Momentum.
E? ou ou oU, & { ou
L-Th=—al e (10)  pum tprs = pU, +5-(n—>.

3 kpnye 0 ox o X VNG

m, B'ta“exX ae (13)

From equation (10) it appears that the (4) Electron energy.
temperature difference between the electrons
and the heavy particles is independent of n,.
This is not the case since the electric field used
in equation (10) is obtained from the relation

*

3R o i
2m [pua(geﬁ) + pva(geﬂ)]

*k
E} = j/(enu.). Referring to equation (28). near = SR O (pDambTe %) + 9 . o7,
the free-fall edge. n, is very small for a current " 2m, oy dyj 9y "oy
density |j.| < 10° A/m?. Consequently. E'; be- 2 3k &
comes large and I',, small in comparison to the + —? + Q. chem — B (j.T,)
values in the free stream. Thus. it is shown that 2edy

the temperature of the current carrying electrons _3m, (T. - T S

; - ol — L) Tao.  (14)
can deviate considerably from the temperature m,
of the heavy particles. For the no-current case,
however. T, = T,. Also. for smali current density.
Gray [18] estimated that for boundary layers 3 R* 5T,, o7,
at p < 1 bar, the electron temperature of the 2 mh o ox +opv 5‘),]
current carrying electrons at the sheath edge is
approximately equal to that in the free stream. P [ ag. Og]

(5) Heavy particles energy.

+ —_—
mi Ox + pv 6}

C. Boundary-layer equations

The boundary-layer equations for a laminar. _9° [p Dyl (qe] 0. chem
two-temperature plasma in the presence of an oy ay
electric field perpendicular to the solid wall, as
obtained by simplifying the general equations. kh 0T 3ﬂ< K{ T. — T;) Topd (15)
are as follows : 5 5)’ my,
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{(6) Heat flux at b.
dT, drT, m
= -k, —2 — e
9y kh dy e dy pDamb [Iml m,

5 R* d 5k
20— T] g‘f+——”<eTe) (16)

2Zm dy

€

The overall continuity equation is automatic-
ally satisfied by introducing the stream function
¥, which is defined as usual by the following
relations:
oY

pury = -5

pvr" {17)

By introducing a transformation introduced
by Lees [19], equations (11) to (16) are trans-
formed from the x, y into the s, { coordinate
system. The transformation relations in both

coordinate systems are as follows:

= ipwnmUmr%" dx, x = _(f)(pmmoUwr%")'1 ds

(18)
U y \/2 4
poo o0 p S poo
&= jr"—d Ly = —dé.
Vas ] pu SRR T
(19)

The terms T, T, and g, are made dimension-
less (*) by dividing them by their respective
values outside the boundary layers at a reference
point with index 0, which for the planar case is
at x = 0, and for axisymmetric bodies is just on
the axis of the body.

Let P(s, &) = /25 f(s, £); then, equations (11)-
(15) are transformed into s, £ coordinate, where
the subscripts s, ¢ denote differentiation with
respect to the respective coordinates, as follows:

(1) Momentum.

Mee + (Cfede + B [%:3 - é{] = 25(fefes — SoS&d
(20

where
_ 33U P (21)

U, ds’ Peclleo
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(2) Continuity of electrons.

fak + (CScgZe); + 255, = 2s(f,g% — f92)
(22)
where
S, = e _ PDame (53

———— 3 =
PPN U8 Ge0 n
(3) Electron energy.

fGIT; + [(Pf) s + csertan
J(s) Tk + 258, = ZS[fg(g:‘T*)s

fs e e C] (24)
where
S _2m 1 j: )
27 3R* ppnoUlrdgenTio | o
3m,
= Pl T, = T) Lo+ Qo
g 25
p _ 3R*g.0n (25)
T, = = :
2 mk,
m
J(s) = s ,__e.*_
(S) ]G\/ e R*poorlooU rogeO J

(4) Heavy particles energy.
fT¥ + NACScgk): + N, fg%

C
s [(P_rﬁniussﬁzsm —£TH

+ Ny 2S(f§g:‘s - f:sg:{) (26)
where
_ 2mil . , 3R*n
YT 3R*Tom, " 2myk,
im, 1
— Ckpd T,
*T3R*pp n U 1 T;,o[ 224
- 'I;r) Feh - Qe* chem] . (27)

One of the assumptions is that the applied
potential at the anode is shielded within a short
distance of the surface, that is, of the order of the
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Debye shielding distance. Thus. for a current
flow to the wall, a concentration gradient of the
charged particles must be established at the
sheath edge which is assumed to occur at the
free-fall edge. By neglecting the ion currents, the
following relation can be derived for current
flow at the wall:

, . . kgT,\"?
Je = e(new niw) - en,, <2RM )

L§

LEA '
eny, M exp (—e@ /kpT,)
h

which can be transformed and rewritten into

. Ckgm, (2nM)\°° 1
Gep = _.]e“** -
e R* \kgT, Prdeo

(28a)

Equation (28a) is used to compute the concen-
tration of the electrons at b, the free-fall edge.
The value of g¥, for argon at a current density
j. = —10° A/m? at a pressure of 1 bar and an
electron temperature of 10000°K is about
1077, T,, was taken equal to the free stream
value as in Section III. For these conditions,
there is a negligible contribution from the
electrons to the thermal conductivity coefficient
at the free-fall edge. The contribution of the
electrons to the thermal conductivity coefficient
k, is computed with the help of Fay’s mixing
rule [20] using the value of k, for ‘“‘pure”
electrons. The value k, = O(x,k,). which is
negligibly small near the free-fall edge because
x, = n,/Zn; is very small.

If no current flows, a negative potential
develops on the wall, and the electron and ion
fluxes at the free-fall edge are equal. For this
special case only. it is. therefore, reasonable to
assume that at b the normalized electron density
gradient g¥ = 0. From equations (28) and (10).
it can be shown that for the no current case
(E, = 0), T} =~ T#,. Sherman and Reshotko [4]
include an additional equation from the energy
conservation principle for the clectrons at b to
obtain a relation for T%. They obtained for an
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insulated wall the result T} < T}. This addi-
tional equation was abandoned in the present
case on the grounds that. for small g% it is
difficult to write at b an energy conservation
relation for the electrons with any given
accuracy. Because of some uncertainties in the
value of T%. it is believed thatatb. T, = Oisa
better approximation than either T% = T}, or

* = T* . However, a consequence of using
T¥. = 0 for argon at low current density is that

* = T¥*.. as is shown in Section III. The
second derivative of the temperature at the
free-fall edge (here, the second derivative of the
electron temperature) equal to zero merely
points out that at the free-fall edge. there is no
heat source.

If there is no suction or blowing through the
wall, the reduced stream function f= ¥/,/2s.
evaluated at the wall, is of course zero. From
the considerations above. the boundary con-
ditions are:

ate 00 f=fy =0 foy = 0. T = 0.
gs = g% Th = Th,
at é - Oo:féoo: L, T: = T:‘oo' g:»k = g;koo-

T* = T* .  (29)

For the reduced stream function f and the
temperature of the heavy particles T7,. the
boundary conditions at the wall are generally
known. although in the present analysis the
values of these quantities are prescribed at the
free-fall edge b, whereas T, and g, must be
evaluated at the free-fall edge or. more precisely.
at the sheath edge. As indicated in Fig. 2. how-
ever, these regions are considered to lie well
within the boundary layer and are very close to
the wall. Hence, for practical purposes the
conditions stated in this region are interpreted
as being either at the wall or in the vicinity of
the wall. and are taken to be at the same location
when introduced into the equations.

D. Heat transfer
By non-dimensionalizing equation (16) and
transforming into the s. ¢ plane. a characteristic
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heat-transfer number (q,L/k,,T,o) is found. Be-
cause of the similarity between this number and
the usual definition of the Nusselt number for
T,, < T, this will also henceforth be referred to
as the Nusselt number.

At the anode, the general relation for the
Nusselt number may be written as

qu 1

khbT;IO \/2 ( > \/(ReL) [Théb

. Sc
+ EBOTZ‘@ + N, <ﬁn) Jezb

Nu, =

5 SJO,N

+ 3N2bSCb90 0oy — 3 gb 2{‘ (30)

where
Re, _ PRULL  _ 3R*gon,
I — s . 2b zmekhb -
1,0
== 3t
to T (31

L = a characteristic length which for a flat plate
is the distance from the leading edge, and for an
axisymmetric body, like a sphere. a cylinder,
etc., this length is the diameter.

The terms N; and N, represent the release of
ionization energy by recombination and trans-
portation of energy by diffusing electrons,
respectively. In general, the second term in the
bracket in equation (30), representing heat
conduction by the electrons, is much smaller
than the other terms because of the small
electron mol ratio x, and the small gradient of
the electron temperature T,. near the wall and.
therefore, can be neglected. With this limitation,
the Nusselt number for a planar plate is

Nu_\_ — — ‘ﬂ)x_
khbT;:O

1 (p, ¢
-5 (5—() J(Re,) [T,,g,, +N, <1§ ) 9%

5J6,N,,
3¢ (32)

5
+3 N,Scy00TEhg%, —
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where

_paUax? pLU2x
S (pooﬂnano)aver.
v

1
(P n U )aver-z‘jp n U dx
X 0

Re

(33)

jekB me\/zs
e R*paor’oo UoogeO'

For the stagnation point heat transfer, the
following relation is valid:

qDo
Kio Tho

- J2K) (%) J(Rep) [T,,*g,,

0

Sc
+ N, (ﬁ)) g:{b
b

5
+ 5 N,Sc,0oThg e —

J ="

Nup = —

5J0,N 2,,] (34)

3 3 C,

where
PolUoDy
Re, =
° Moo
ik 2
J = dekamey (35)
eR geO\/(poo"ocKUO/DO)

K = 2 or 3 for cylinder or sphere, respectively.

E. Boundary-layer thicknesses and potential drop
The following quantities are sometimes useful
for comparison of boundary-layer flows:

(1) Displacement thickness.

oo

pu J2s
o* =} [1 - =
f( pmvm> =00

0
6) gt

(36)
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(2) Momentum thickness.

2‘,
oo | P = Mgy - B
meoc U, meoorO

0

f fdl = fade. (37)
0
(3) Resistive potential drop.
je .je _ k \/29 .
0

J&(ﬁ_ l)dé.
p \o
0

Because of the similarity in these expressions
with the equation to compute y. equation (19) is

(38)

¢

y__izs_fesdé_ (39)

B pooUoor’a P
0
Equations (36)~(39) all have the common fac-
tor /2s/p,U.rs. It can be shown that this
factor when applied to planar and stagnation
point flows, respectively, may be written as

Vs
PULrs  JRe

X2 D,
o J2KRey (40)

From equations (38) and (40) it can be shown
that, as long as the temperatures in the free
stream remain constant along the flow direction,
for a given applied voltage, the current distribu-
tion is given by j oc x~ %%, and a locally similar
solution is possible. It is, however, very unlikely
that the temperature in the axial direction does
remain constant because of the joule heating.
and. consequently, the complication of the cur-
rent distribution forces the search for a non-
similar solution.

TARIT K. BOSE

1. NUMERICAL COMPUTATIONS AND RESULTS
FOR AN ARGON PLASMA

A. Transport properties

Solution of the differential equations. equa-
tions (20).(22). (24) and (26), given in the previous
section for a real gas requires a knowledge of
several thermophysical and transport proper-
ties. Even for a plasma in thermal equilibrium
(T, = T,). one must rely mostly on the theoretical
predictions of the transport properties. The two
methods currently in use are the Fay mixture
rule [20] and the theory by de Voto [21-23]
which follows the Chapman-Enskog method
[24].

Because the methods to compute the transport
propertiecs of a thermally non-equilibrium
plasma [25-30] are too complicated to be of any
practical use, some new methods to compute
these are necessary. Therefore. a modification of
the Fay mixing rule is taken. This rule has the
advantage of indicating the role of the individual
species contribution to the transport properties
of the mixture. Several authors [7, 31} have
discussed the applicability of using Fay’s mixing
rule.

Because the mean thermal velocity of the
electrons is very large in comparison to the heavy
particles (atoms a and ions i), the heavy particles
appear to be almost static with respect to the
electrons. Therefore. for binary electron en-
counters with heavy particles, the electron tem-
perature is used to calculate the collision cross
sections and the collision frequency. From the
heat-conductivity coefficient for “‘pure” atoms
and electrons, k, and k.. Fay’s mixing rule.
taking into consideration the heat-conductivity
coefficient of a fully ionized plasma due to
Spitzer, kg, the relation for the total heat-con-
ductivity coefficient is derived as follows :

k = Xeks/3 o x“';"Q. (41)
3x, + JQx, =2 x,+ — a
V@ 0.,

This value of k is considered to be equal to
(k, + k,) in the present notation [equation (7)]
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when T, = T,. For this to be true, the first term
on the right of equation (41), which applies for a
fully ionized plasma, is assumed to apply for a
partially ionized gas as well. Thus, the individual
heat-conductivity coefficients become

K - xkg/3

) 3x, + /(2)x, Qe

Xoka
O
xa + teIl
Qee aa
Detailed equations to compute the transport
properties are given in the Appendix.

k= (“2)

B. Reaction rates
For an argon plasma, the following reactions
are taken into consideration:
} (43)

Harwell and Jahn [32] considered reaction by
direct ionization either in a single- or two-step
mechanism involving an intermediate excited
state a*. They conclude from their experiments
that the two-step mechanism is most important.
By combining the forward reaction rate for low
ionized plasma by Kelly [33] and the rate for
strongly ionized plasma by Hinnov and Hirsch-
berg [34] with the equilibrium condition, the
following reaction rate for an argon plasma is
derived:

ata=i+e+a

at+e=i+e+e

Re = Ri = — Rﬂ
1-34.10°
= n,.23638. 10-417;’“[2 + _7—]
h
ox ( 1~34.105) < n?
x - — ) \n,— oo
P T, S(T3)
T -4-5
56.10733 [ —=
+ (11609)
n —3,~1
— e\ 44
« S(Tn, (n ) m (44)
The value S is the Saha function given by
(ng) 2Z, (27rMekB>
S = — = )
na eq. Za h
T, d (45)
. EXp kT
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The second part of equation (44) was found to be
consistent with results given by Park [35] and
Bates [36]. The reaction rate computed from
equation (44) is used to compute the mass rate
of production mpy.

Exact solution of the differential equations
[equations (20), (22), (24) and (26)] with the
boundary conditions of equation (29) is ex-
tremely difficult because of the strongly inter-
acting and non-linear behavior of the differential
equations. The non-similar source terms result-
ing from current flow and collisional energy
exchange are very important terms which intro-
duce instabilities in solving the differential
equations. The exact magnitude of the collisional
energy exchange term is not known, and it is
usual to introduce an energy loss factor 4,
which is multiplied with the collisional energy
exchange term. Demetriades [37] investigated
the energy loss factors for elastic and inelastic
collisions between electrons and heavy particles.
He found that the energy loss factor for inelastic
collisions which results from the transfer of the
energy of the excited particle to the incoming
electron is relatively small and can be neglected.
The effective electron energy loss factor for all
processes and species is in fact usually very small
compared to unity [37]. Camac and Kemp [11]
attempted to solve the differential equations
without any current flow and found possible
solutions only if the energy loss factor §, = 0 or
if &, — oo. The present results apply for 6, = 1.

C. Method of solution

Before describing the present method. it may
be pointed out that several other numerical
methods were attempted without much success.
These include, for instance, the method of per-
turbation of the initial boundary conditions to
match the final boundary conditions [38] and a
shooting-technique by laying a band on final
boundary conditions [10].

Since it is not possible to obtain a complete
locally similar solution for all differential equa-
tions, local similarity is imposed on the momen-
tum equation only. equation (20). This means
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that all partial derivatives of f with respect to s
are zero. The validity of a local similarity is.
however, not shown.

The general form of the other differential
equations is

SFy + (AF ), + 258 = 25(fiF, — fiFy)

= 2fiF,  (46)

From the value of the properties at co.
S, = F,. and, assuming F (&) = F,,. equation
(46) is simplified to

SFy+ (AF, + 25(S — f,S) = 0. (47)

Several authors have given approximate
methods [ 39, 40] to solve the laminar boundary-
layer equations for a low-temperature. non-
current carrying gas. Solutions with and without
current flow are obtained in the present case
using a simpler approximate series of the follow-
ing type together with the boundary conditions
of equation (29):

F=a +ad+asexp(—<)

+ az exp ( — 2¢). (48)

Numerical computations were done for an
argon plasma at p = 10 2-1 bar. T,, = 10000~
16 000°K., T,o = 6000-16 000°K. and |j,| < 10°
A/m? with T, increased not more than 1'1 T,,.

For no suction or blowing (f, = 0) and
without a pressure gradient {§ = 0), the value of
(fz¢)» Obtained by the present method was found
to be somewhat higher than the more exact
results of Back [41] (062 instead of his value of
0-47). Back’s analysis does not take into account
an applied electric field. At larger values of §,
the present results tend to increase much faster
than do those of Back. These comparisons with
Back’s analysis can be made since the momen-
tum equations in both cases are identical. It was
also found that at p./p, < 1. f;: is almost
independent of §.

From the free-fall edge analysis with current
flow. it was found that g¥ = 0 and that

Iy = 1% T, = 0602-0650.

g, = 0664, (49)
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For moderate current densities (|j,] < 10°
A/m?), the gradients are independent of the
current density and depend mainly on the tem-
peratures in the free stream. Thus the analysis
applies for current densities adjacent to the
anode that do not exceed about 10° A/m? which
occurs at lower pressures or to a situation of
plasma flowing over a biased wall. It is, therefore.
possible to compare the gradients with the more
accurate analyses of other authors [6, 11] who
did not allow for current flow. The relationships
for the gradients obtained from these other
authors are:

T, = 047 CPlah) €= P (s0)
[ aTE
cot, D,..
gk, = 04720 Se=Pam (50q)
b Sc;

For a constant Prandtl number, it has been
found [10] that « oc Pr¥, but for an argon
plasma [6], « = 04-1 for T,, < 20000°K,
p = 1 bar. For an argon plasma at T, = T, =
12 000°K and p = 1 bar, equations (50) and (50a)
were evaluated taking the following computed
values: C, = 290, S¢, = 0369 and « = 042.
The resulting values of the gradients are:
1.5, = 02764 and g%, = 0918. The discrep-
ancies between these values and those obtained
by the present analysis given in equation (49)
occur because for the series solutions of the
energy and species continuity equations. only
two exponential terms were used in equation
{48). Since in equations {(24) and (26), the source
terms are much smaller than the convective
terms and can be neglected. the resulting equa-
tions are identical to those for no-current, equal-
temperature(T, = T,)plasmas which were solved
by several authors [6. 11]. The same terms. how-
ever, dominate in the electron energy equation
(25), and cannot be neglected. It is, therefore,
recommended to use the more exact values of
g%: and T} from other authors given by equa-
tions (50} and (50a) for the evaluation of con-
vective and diffusive heat transfer and to use
the present analysis to evaluate the heat transfer
caused by the current.
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D. Heat transfer, boundary-layer thicknesses and

potential drop

Since the gradients of equations (50) and (50a)
are believed to give more accurate results of the
convective and diffusive heat transfer, it is
recommended that these equations be combined
with equations (32) and (34) to evaluate the
Nusselt number. The third term in the bracket
on the right side in equations (32) and (34), how-
ever, contributes less than five per cent of the
second term and has been dropped. With this
limitation, the following Nusselt number rela-
tions are derived from which the total heat
transfer may be computed for planar and
stagnation point flow, respectively:

s Py
Nux= — (Re)COl
Koo ( )J

o0

x [0‘332{a + N, (ii)}
h/ b

— 11785 J?Nﬂ (51)

=2k ( ) J(Rep) CY [0'332

e S

JO,N
— 11785 =2 _2b|
Gt

(52)

The dimensionless numbers are defined by
equations (33) and (35). To determine the im-
portance of the individual terms in equations
(51) and (52), the following computed values for
an argon plasma at p=1 bar, T, = Ty, =
12000°K are taken: Sc, = 0369, N, = 123,
N,, = 00484 and « = 042. N, is not very
sensitive to the temperature of the heavy par-
ticles, but is extremely sensitive to the pressure
and the electron temperature. Since the term «
and (Sc*/Pr,), in equations (51) and (52) pertain
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to the convective and diffusive energy transfer,
it is evident that the diffusive energy transfer is
significant for the above plasma condition. At
a low ionization fraction of the plasma, however,
the diffusive transfer mechanism can be neg-
lected. Experimental results of Massier et al. [42]
show that for no-current flow in a low tempera-
ture plasma (T, ~ T, < 8000°K and low-ioniza-
tion fraction) at p ~ 03 bar, the release of ion-
ization energy by recombination of diffusing
particles to the surface is not very important.
Other authors [43, 44] measured heat fluxes
on probes placed between two electrodes. Be-
cause in those cases, the current was flowing
parallel to the surface, no direct comparison is
possible. It can, however, be shown that at high
temperature, the recombination of the diffusing
particles may have a very significant effect.
Petrie and Pfender [44] found, at p = 1 bar,
that the heat flux is from 1 to 2 orders of magni-
tude larger than is expected without considering
diffusion.

The last term in brackets [ ] in equations (51)
and (52) pertains to the energy transfer carried
by the current. It is this term that represents the
major effort of the present analysis. The effect
of the current flow on the overall heat flux can
be shown by simplifying the product (JN,,) by
first defining a length based on equations (25)
and (31) as follows:

€ khb)
L.=0471 —
¢ [(nka)] (.ie

After substituting equation (53) into equation
(30) and writing the relations for gradients from
equations (50) and (50a), the Nusselt number for
configurations in general becomes

Nu, = (pﬂ"_> [0-332 c \/(Re,,){a + N,

(53)

o0

Sc
X (P";.)b+ 05553 N,,Scio }

117850, L
L|

Co 1 (54)
b

Equation (54) can be applied to the plane and
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stagnation point flows by making theappropriate
substitutions as was done previously, namely :

For plane flow.

2 U2 ; 2
L=x Re, =Re, =" ="=X
A
For stagnation point flow.
4K pU,D
L =D, Re, =4KRep= «—’—’%-‘1—2. (55)
0

From equations (8) and (55), one can then write
for the local heat flux

Nu,k A
UKy 1 +jdA; + @4+ @) (56)

By comparing equations (56) with (54), (53) and
(31), the coefficient 4, represents

UorokwT,
= O(’)QIM”D o330yt {a + N,

Sc*
x (Pﬁ) + 05553 NZ,,ch*eo}
b

=
h

and the coefficient 4, represents

0o Thottk s

CYle -

These coefficients are computed separately for a
particular gas and at a particular state. For a
typical argon plasma flowing over a flat copper
anode at p=1bar, T, =To= T = T,. =
= 12000°K. T,, = 400°K and U, = 10 m/s with
values of ¢, and ¢,, for copper of 2 Vand 43 V
respectively, the heat flux becomes

065
4= 53+ 68j,., kW/cm?,

A, = 25021 22

a0

(57)

(38)

In equation (57), the value of x is in cm and j, is
in kA/cm? (thousands of A/cm?). A comparison
of the relative significance of the two terms in
equation (58) becomes evident in the following
example. At x = 1 m. |j,| = 10° A/m? equation
(58) gives the heat flux g = 0745 kW/cm?,
where the first term in the right side of equation
(57) contributes only 10 per cent of the second
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term. At x = 025 m. the contribution of the first
term increases to only 20 per cent of the second
term.

\
\
\
\\ 7, =12 000°%K
N\ -2
\_# =10 bor
s ~
~N
2
2’% fm' gza
N o= \equation(26)
m ;0 m?
%o =T, limit /
- /
p =lbor
2 \//
/
/
4
T, 510000 *K /
/
/
//
\ 7, 212000 °K /
| /
/ x|
gy {EHQOOO‘K
o .
10000 °K /// £ =10 bor
0
8(x10%) 10 14 16(x10%)
7, °K

f)
Fig. 3. Results for N, vs. T, for argon.

The dimensionless numbers. N, and N,,, for
an argon plasma are plotted in Figs. 3and 4. The
Schmidt number S¢, is in the range 0-35-0-38.
It is evident that, at certain temperatures and
low pressures, the term representing the diffusion
of charged particles and recombination can
contribute significantly to the total heat transfer.

Figures 5 and 6 show the profiles of thermo-
physical properties for argon plasma at p = 1 bar
as a function of £. Figure 7 shows separately the
state of the gas as dependent on the natural
coordinate also. For comparison, Fig. 7 also
contains equilibrium values of g,..

For a typical condition of p = 1 bar, T, =
T, = 12000°K. the following characteristic
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st L =7 |t

2k T <12 000%K,

2F  L=I0000°%K
p =04 bar

/?;_:(.)Z'OO:!Zpﬁbar

IRGp 7, .
ek, Jequation {31)

16 i
6(x10%} )

24 =

4 16xI0%
T K

Fi1G. 4. Results for N, vs. T, for argon.

boundary-layer thicknesses and resistive poten-
tial drop are computed for plane and stagnation
point flows, respectively.

o = (;m% or 7\/%{?) x 005630
x D

) x 0773

x D,
(X or P 59
On (\/sz 3 /KRe, (59

X DO je .

P = (x/Rex or zm) o X 151544J

For comparison with a constant-properties
gas on a plane plate [45], 8* = 1'72x/,/Re,, and
d,, = 0664x/,/Re,. Note that as a consequence
of the small density ratio p,/p, which results
from the high gas temperature of 12 000°K, the
coefficient for 6* is very small in comparison to
the constant properties gas, but the coefficient
for 8, is not very sensitive to the density ratio
as may be seen by examining equation (37).
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};/?/;eo\ Yoo = Tap = 12000°K
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S € from equation(19)
99,
A=2cylinder
. ) ]3 sphere
o 05 10 5 Z0

4

Fi1G. 3. Profiles for g, T,, T, in transformed coordinates.

£ from equijotion (19}

4+ Cepnip, M, —
Prehntl, & \

56 p Dyef M

(*}

b e \

1 3
[¢] o3 364 b5 20

£

FIG. 6. Profiles for C, Prandt] and Schmidt numbers.

(*}

05

T =, =12000 °K
K =2 cylinder
ip =0 A/m? 3 sphere
i 1,
O 05 e 5 20

y(ﬁe,f:: 2y e,
x D,

(+]

FiG. 7. Profiles for g,, T,. 7, and mass flux in natural co-
ordinates.

IV. SUMMARY AND CONCLUSIONS

A theoretical study has been presented of heat
transfer from a two-temperature argon plasma
in the presence of an electric field applied perpen-
dicular to the surface of a body. The analysis
may be applied to plasma flow over flat-plate
electrodes or axisymmetric bodies when the



1760 TARIT

approaching flow has been pre-ionized. In the
presence of an electric field. the electrons
acquire energy which is transformed into random
thermal energy by collisions; however, they
remain at an elevated temperature because of
conditions for which there are an insufficient
number of collisions with heavy particles to
equilibrate the temperatures. The heat-transfer
relations were derived in terms of Nusselt
number which has been based on the assumption
that the wall temperature is negligibly small
compared to the gas temperature. Relations for
argon flow in configurations in general and for
flow over a flat plate as well as flow in the
stagnation region of an axisymmetric body are
given by equations (54), (51) and (52), respec-
tively. More general heat-transfer equations.
(30). (32) and (34), were also derived which may
be used for other gases. They were obtained
from an approximate solution of the laminar
boundary-layer equations by matching the con-
ditions at the outer edge of the {ree-fall region, b,
and at the free-stream edge of the boundary
layer, ¢ — oo, The values of the layer distribu-
tions are. however, not exact between the free-
fall region b and the free-stream edge of the
boundary layer (£ > 0). Because the objective of
the study was primarily to evaluate the heat flux.
this approach is considered to give satisfactory
results. Therefore. the boundary-layer distribu-
tions shown in Figs. 5-7 normalized with values
at £ — oo are exact only at the two boundaries.

Numerical calculations were made for flow
over flat-plate electrodes for conditions in which
the electron and heavy particles temperatures
increased as much as 10 per cent above the
temperatures of the approaching flow. It was
found that, for the maximum current density
for which the analysis applies (j, < 10° A/m?)
and for 10 per cent increase in free-stream tem-
peratures, the profiles of f; = w/U . T,/ T,,. and
T,/T,, are insensitive to current, although T,
and T,, may change along the flow. Further-
more, the convective heat flux is dependent on
the temperature gradient of the heavy particles
at the wall and includes a contribution due to
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enthalpy transport by the electrons. The tem-
perature gradient of the heavy particles at the
free-fall edge b, however, is independent of the
current density. The results show that the effect
of an elevated electron temperature is negligible
on convective and diffusive heat transfer, but is
significant for the overall heat transfer due to
energy transport by the current. The contribu-
tion of the heat flux to the anode by the current
inciudes the increase in energy gained by the
electrons in the anode fall region and the ““con-
densation” of the electrons at the surface (work
function). In general, the total heat flux to the
anode is computed from equation (8): however,
equation (8) includes a radiation term which is
not evaluated in this analysis. For argon
specifically, the total heat flux may be computed
by using a combination of equations (56) and
(57). An example is given for specific flow con-
ditions.
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APPENDIX

Thermophysical Transport Properties for a Singly-lonized
Plasma
Given T,. T,. p. the composition for an equilibrium plasma
1s computed as follows :

(1) Saha function.

nn, 2Z

o (2mmkg\ ' TS exn | — L m~?
Lz e ) T et/

a

S =

n

I, = ionization potential. eV.
(2) Temperature ratio.
0=-"1
(3) Number densities.
n,=n =05 [— 56+ 1)+ {SZ(O + 1)?
4ps)o* .
+ —p jl m~”’
kgT,
p .
=|——=]|—nd0+ 11 m™°.
n, <kBTh) nf )

Given T,. T, p. g.. the composition for a quasi-ncutral
plasma is computed as follows:

(1) Temperature ratio.

D
i
Sils3

(2} Mass density.

pmy,
[R*T, (1 + B(m,m,) g,)]

p=

K. BOSE

(3) Number densities.

m; |
g == G Yo =1 4,
m,

Pi=PY;

R*
np=
i kijpl

Given T,, T,, n; the thermophysical and

properties are computed. as follows:
(1) Cross sections [46-48].
Qu=/fT.T,). m™?

transport

(2) Mol ratio

(3) Ionization fraction

H,
A = ———
n, +#n,

(4) Viscosity coefficient of pure substance.

kg

(Tym)®”
-3

n; = 838587 x 1072 L

ji

(5) Thermal conductivity coefficient of pure substance.
( Fl;1 ) J

ki = 624895 x 10722 x
Qij

4187

(6) Thermal conductivity for electrons {Spitzer's equation
[20.31]).
44 x 4187 x 10711123
log, (124 x 107 T,}'3/n2"%)
(7) Fay's mixing rule for viscosity coefficient [20. 31].

'

s =

x k
g = Ma . na, kg
_ wiQiu Qi ms
1+ o+ (1 — ay)
(1 — ) 1.

(8) Fay’s mixing rule for thermal conductivity coefficient
[20.31].

ko= ky + koo
ms

K .
k, = X k X

h "y e = T T
o ( eQa.>
Qaa

(9) Binary diffusion coefficients [49].

rj T \%
= + —_ 2

o QJ

n; +nk

D, = 4269375
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(10) Ambipolar diffusion coefficients [49]. (13) Electrical conductivity for arbitrary ionized plasma
D 2DeaDei [46]
e (Dea + Dei)‘ g = w
6. + Og
(11) Electrical conductivity for slightly ionized plasma
(Chapman— Cowling) [46] . (14) Collision frequency of electron-heavy particle collision.
_neDu A oy = ¢dnQu + niQiJyer m™3s™!
kgT, Vm (8](3'1:,)0'5
C, = - .
(12) Electrical conductivity for fully ionized plasma m,

(Spitzer-Hdrm) [46].
1'56 x 1072T,"* A
s = (1-24 X 107'r;'5>' Vo'
]Oge -

n2s

TRANSFERT THERMIQUE ANODIQUE POUR UN ECOULEMENT DE PLASMA D’ARGON
A TEMPERATURE ELECTRONIQUE ELEVEE

Résumé-—On étudie théoriquement le transfert thermique depuis un plasma Je gar pré-ionisé s’écoulant
sur une surface anodique a une température électronique élevée et en présence d’un champ électrique
normal & la surface. On considére une couche limite laminaire dans laquelle seul le profil de vitesse est
localement similaire et ou les propriétés du fluide sont supposées changer uniformément dans la direction
de I"écoulement gazeux. Les résultats obtenus par une méthode d’approximation montrent que pour des
densités de courant modérées |jJ < 10° A/m?, les distributions de vitesse et de température sont insensibles
au courant. De plus. I'effet de température électronique élevée sur le transfert thermique convectif est
négligeable, mais il est sensible pour le transfert thermique global di au transport d’enthalpie par le
courant.Le flux thermique total a I’'anode est obtenu par I’évaluation du nombre de Nusselt et par adjonction
de termes dus 4 la chute de potentiel dans ’enveloppe et a la fonction de travail superficiel.

WARMEUBERGANG AUF DIE ANODE BEI EINEM STROMENDEN
ARGON-PLASMA MIT ERHOHTER ELEKTRONENTEMPERATUR

Zusammenfassung—Theoretisch wird der Warmeiibergang von einem vor-ionisierten gasférmigen Plasma,
das iiber die Anodenfliche stromt, bei erhéhter Elektronentemperatur in Abwesenheit eines elektrischen
Feldes. das normal zur Oberfliche steht, untersucht. Es wird eine laminare Grenzschicht betrachtet,
wobei nur das Geschwindigkeitsprofil lokal dhnlich ist und von den Fliissigkeitseigenschaften angenommen
wird, dass sie sich in der Stromungsrichtung des Gases monoton dndern. Die durch die Niherungsmethode
erhalten Ergebnisse zeigen. dass fiir missige Stromstirken |j, | < 10° A/m? die Geschwindigkeits-und
Temperaturverteilungen unabhéngig vom Strom sind. Der Einfluss erhdhter Elektronentemperatur ist
fiir den konvektiven Wirmeiibergang vernachlissigbar, aber wesentlich firr den gesamten Wirmeiibergang
wegen des Enthalpietransportes im Strom. Den gesamten Wiarmestrom erhilt man durch die Terme fiir
den Potentialabfall in der Hiille und die Oberflichenarbeitsfunktion.

TEIIJIOOBMEH AHOJA IIPW TEYEHUU IIJIASMBI APTOHA IIPU
MOBBLIEHHON TEMIIEPATYPE

Anporanua—IIpoBopuTCA TeOpeTUYECKOE HCCIEAOBAHME NEPEHOCA TEIIIA OT HPEABAPUTEIbHO
HOHMBMPOBAHHON rasoBod Iasmel, O6TeKalollell NOBEPXHOCTH AaHOAA NpH MOBHIIIEHHO
BJIEKTPOHHON TeMmeparype W [pM HAJIMYMM BJIEKTPUYECKOrO TMOJA, TepNeHIUKYIAPHOTO
HOBEPXHOCTH. PaccMOTpeH JTaMMHADHEIA ITOTPAaHMYHBIE CIIOH, B KOTOPOM HPOQUIM CKOPOCTH
NOJOOHBI TOJBKO JIOKAJILHO, U MPUHUMAETCH, UTO CBOMCTBA UJKOCTH PABHOMEPHO M3MEHHA-
I0TCA B HanpaBleHWW TeyeHUA rasa. llonydeHHHle pe3ynabTaTHl MOKA3KBAKT, 4TO [JIA
YMepeHHHIX nyoTHocTel ToKa |Je| < 106 A/M2 TOK He OKA3EIBAeT BIMAHUA HA PAClpeJeseHue
CKODOCTH M TeMmIiepaTypsl. KpoMe Toro, BAMAHMEM HOBBILIEHHOH BIEKTPOHHON| TeMIEpaTyphl
HA KOHBEKTUBHBIH Temaoo0MeH MOMHO npeHebpeyb, OJHAKO 3TO BIMAHUE CYIIECTBEHHO OJA
ofmero Tensoo6Mena 0sarofapd HepeHOCY SHTAJbOMM TOKOM. CyMMApPHEIA TeIIOBOM HOTOK
K aHOMY MoJIy4aeTca Us pacdera ducaa Hyccenpra u ciaoxeHns 41eHoB, 06A3aHHHX NaJeHUIO
NOTEHINAJIA B 3JeKTPOHHOH 06oouke ¢ GyHKIuel pabOTH.



