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Abstract—Non-equilibrium transport properties of partially ionized argon and the nature of relaxa-
tion of electrons at a cooled surface were studied with measurements made on a steady flow two-
dimensional arc-heated channel. Study consists of extension of boundary-layer theory to the case of
flow of an ionized gas over a cooled wall, and evaluation of transport properties by an iterative solu-
tion of equations of momentum integral method. Results show that although the atom and ion
temperatures decrease significantly toward the cooled wall, the electron temperature, concentration,
and the thermal and electrical conductivities stay at much higher values than those based on equilibriom
electron concentration.

NOMENCLATURE ke,  recombination rate;
a, passage height; m,  flowrate;
a;  coefficient of series expansion of equa- me,  mass of electrons ;
tion (21); mg, mass of ions;
b, half-passage width; Nup, Nusselt number;
b;,  coefficient of series expansion of equa- ne,  concentration of electrons;
tion {20); ng,  concentration of ions;
¢;,  coefficient of series expansion of equa- P, pressure;
tion (19); Pr,  Prandtl number of the fluid;
¢p,  specific heat at constant pressure; Oz  energy crossing a section;
D., diffusion coefficient of electrons; Oy, energy crossing the wall at a section;
DT, thermal diffusion coefficient of Rep, Reynolds number;
electrons; 7, temperature;
E, electric field; T., electron temperature;
E., energy of radiation per unit volume per A time;
unit time; %, x-component of velocity;
f = Me/My; Vey, electron drift velocity;
J(n"), function defined by equation (19); Vi,  ionization potential;
g{(n), function defined by equation (20); ve, electron thermal velocity;
g{ne), function defined by equation (21); X, axis of direction of flow;
H,, enthalpy of electrons, given by A.-F V53 ¥, axis normal to x and measured from the
h, enthalpy; heat-transfer coefficients; wall.
1, current;
J, current density; Greek symbols
ke,  rate constant for electron production; a, extent of ionization;
k,,  rate thickness; 3, boundary-layer thickness, velocity;
{ Present address: Assistant Professor of Mechanical %, velocity thickness;
Engineering, Dcpar‘tmcnt of Mechanical Engineering, 8%, dlSplacemem ﬂm.:kneSS;
University of Missouri, Rolla, Missouri. 81,  defined by equation (14);
1 Professor of Mechanical Engineering. A, boundary-layer thickness, temperature;
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A,,  boundary-layer thickness, concentra-
tion;

A;,  defined by equation (16);

Agy, defined by equation (18);

7, defined by equation (15);
n¥,  defined by equation (13);
ne,  defined by equation (17);
ratio of T/T’;

8, momentum thickness;

8., concentration thickness;

0y, enthalpy thickness;

A, thermal conductivity;

1y viscosity;

25 density of gas;

a, electrical conductivity;

oeq, collision cross-section of electrons with
atoms;

¢*,  electric conductivity thickness,

Subscripts
1, core outside the boundary layer;
W, wall.

Superscript
‘ quantity based on equilibrium com-
position.

INTRODUCTION

NON-EQUILIBRIUM transport properties, especially
thermal and electrical conductivities, are signi-
ficant in the est'mation of the requirements and
effects of cooling (by ablation or convection)
during spacecraft re-entry and in magneto-
hydrodynamic generators and accelerators. The
present study treats the simple model of partially
ionized argon with determination of its non-
equilibrium transport properties with measure-
ments made on a laminar two-dimensional flow
system [1-3]. Results also demonstrate feasi-
bility of applying the present method to other
gases and those with more complex molecules.

Boundary-layer motion of a dissociated or
ionized gas has been studied by numerous
investigators: Fay [8] considered the mechanism
of heat transfer and determined a similarity
variable for the stagnation point boundary
layer; Lees [4], Kemp, Rose and Detra [5],
dealt with the problems of heat transfer to
highly cooled walls; the case of ionized gas has
been considered by Rossow [6], Shohet e? al. [7],
Fay [8], Meksyn [9], Tani [10], Hains and Yoler

[11], and Moffat [12] in their treatments of flow
of conducting fluid, neglecting temperature
gradient; Cann [13] made measurements of heat
transfer from an ionized gas to a cylinder; the
case of heat transfer to a cooled wall was studied
by Novack and Brogan [14]. In all cases, local
thermal and electrical conductivities of the gas
were either not measured [13, 14] or assumed
constant [6], or assumed to follow equilibrium
ionization which can be approximated by a step-
wise change [2]. The possibility of taking the
difference between electron temperature and ion
temperature into account was suggested by Lam
[15].

Emmons and Land [2] first suggested that
simultaneous flow of a gas and electric current
through a tube (Poiseuille motion) provides an
experimental arrangement for the study of the
properties of an ionized gas. Their experiment
gave mean (discontinuous) plasma properties.
The present study, with a rectangular-duct
model, permits measurements of local tempera-
ture {optical method) and ion concentration
(spectroscopic method).

When a partially ionized gas is not at thermal
equilibrium condition, due to finite recombina-
tion rate [16], the electron concentration will
remain above that at thermal equilibrium at the
cooled wall. Further, the electron temperature
will not follow the atom and ion temperatures in
their decrease toward the wall temperature, but
will remain at a higher value due to the ineffectiv-
ness of energy exchange by collision of electrons
and other particles. Thus, even if the free stream
is at near equilibrium, the above relaxation of
electron states should be accounted for in esti-
mating heat transfer from an ionized gas to a
cooled surface. All these aspectsare shown below.

Our experimental study was made with the
choice of low velocity steady flow of an ionized
gas so that substantial effect of boundary-layer
thickness is felt while the effect of aerodynamic
heating is negligible; and the choice of high
enough pressure such that continuum flow is
maintained but with the arc maintained at
relatively low temperature below 104°K by a
known electric field for sustained experimental
runs. This combination assures that the relaxa-
tion of the electron state will be felt in the
measurements.
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EXPERIMENTAL SYSTEM
The “two-dimensional” arc heated channel
with 4-75mm X 34 mm passage consists of
sections of water-cooled copper plates separated
from each other by transite and bakelite sheets
as shown in Fig. 1. The operating pressures
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Fi1G. 1(a). Test section.

range from 250 mm Hg to 750 mm Hg. Four
pairs of electrodes are each powered individually
by two 200 V, 15 amp, current controlled power
supplies (Spectrometer Industries). The dis-
charge is longitudinal in the direction of flow.
Such an arrangement assures uniform electric
field (E) across the channel at the section where
measurements were made. A typical voltage
distribution is shown in Fig. 2. The ion concen-
tration and gas radiation were monitored by an
82-00 Ebert grating type monochromator (Jarrel
Ash). The details [23] are abstracted in Appendix
A. Evaporation of wall materials was checked
constantly among spectral lines during test runs;
none were found in the operating range. Density
gradients in the gas were measured with a
mercury light source of an a.c. wave pattern
produced by a light chopper of 600c/s; the
optical system is shown in Fig. 3. A typical
measurement of light beam deflection is shown
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in Fig. 4. Other measurements are wall tem-
peratures  (chromel-alumel thermocouples),
potential, and overall gas flow, water flow, their
temperatures, as well as the overall current and
voltage. Argon gas was used in all the experi-
ments. Low flow velocities (10-60 m/s) were
used to maintain substantial boundary layer
thickness (about 1 to 3 mm) for convenience of
measurement. The maximum gas temperature
reached was 7750°K at 0-4 g/s and 60 m/s. The
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effect of natural convection was shown to be
negligible [17].

BASIC RELATIONS

The above experimental system (Fig. 1) is
capable of rigorous formulation because:

(a) the velocity distribution and boundary-
layer thickness in the region ahead of the
cathode can be computed based on potential
motion [19] and momentum integral method [17];

(b) between the electrodes and away from the
region in the vicinity of the electrodes, the electric
field is uniform and accurately measured (Fig. 2).
The temperature of the ionized gas in the core
(away from the boundary layer) is nearly
constant. The small passage width (26 = 4-75
mm) limits radiation to the case of a thin emitter
(at a spectrograph temperature of, say, 5000°K,
the range of wave length is 3000 A-8000 A), and
the heat loss due to radiation can be calculated
from numerical integration of measured spectra
[18]. The magnitude of heat transfer by radiation
in the present system is below 103 W/m® at
6000°K ;

(¢) Owing to the small extent of ionization
(a < 10-3), the momentum and sensible energy
of the fluid and its viscosity is unaffected by
electronic states, although the electrical and
thermal conductivities are strongly influenced by
the electronic states.

After some derivations from the basic differ-
ential equations of continuity, momentum,
energy and extent of ionization of the present
reactive system as outlined by Hirschfelder,
Curtis and Bird [20], followed by momentum
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FiG. 3. Schematic diagram of the optical system.
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o Arithmetical average of data
o Statistical average of data
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Fi1G. 4. Light beam deflection due to gas temperature
gradient [1].

integral method [17], the above considerations

give:
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where x is in the direction of flow, y is normal to
x and measured from the wall; p, u, A, o are
density, x-component of velocity, enthalpy, and
extent of ionization of the gas; and subscript 1
is for the free stream (core); E is the electric field,
J is the current density, Ey is the energy of radia-
tion per unit volume per unit time, p, and Pry,
are the viscosity and the Prandtl number of the

fluid at the wall (subscript 2); H, is the enthalpy
of the electrons given by A, -+ eV, V; being the
ionization potential; n, is the electron concentra-
tion, V,y is the electron drift velocity; D, is the
diffusion coefficient of electrons and D7 is the
thermal diffusion coefficient of electrons. For
half-passage width b, the boundary-layer integrals
are:
the momentum thickness:

b

o:J—P‘i(1—l)dy @

piUy ui
0

the displacement thickness:

b

pu
&* = 1 ———]d 5
(o) ®
0
the enthalpy thickness:
f T
pu
g =|—|=—1}4d
» jplul (1) & ©)
0
the concentration thickness:
b
pu (a
0p=| —(——1]|d 7
. me(al )& )
0
and the rate thickness:
; k
= (1--2)4 8
. j( kel) y (®)

where k. is the rate constant for electron pro-
duction [13]. Further, the condition in the core
is given by:

dp duy

= TPy ©)
where P is the pressure, and
dT du
p1u1cpg)—3 -— plulz.;l = E201 — Erl (10)

where ¢ is the specific heat at constant pressure,
and o is the electrical conductivity. The overall
dissipation in the passage is given by:
b
IE =2aE? { o dy

0

(1
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where I is the current and a is the passage height.

Simultaneous solution of equations (1), (2)
and (3) can be carried out by introducing the
velocity thickness

b
sk . _ puh
Bu =8 01[ —-j (1 Plulhl dy
0

b

:l(l—égdy (12)

which is also a modified enthalpy thickness; and
transforming the coordinate y to

y
1
+—— | £gq 13
yi 81,[{’1 Y ( )
0
&:Jﬂw (14)
4]
11/
S 15
15 | Lo (1s)
1]
A
m:Jﬂ@ (16)
0
1 Y
ne=&elj;dy a7
0
A,
Ael—jﬁdy (18)
0

(where 8, A, A, are thicknesses of the velocity,
temperature and concentration profiles measured
from the wall to the edge of the core (Figs. 9 and
10) by polynomials with undetermined co-
efficients and

L =G = S (19
T

7, = 80 = Sbyp (20)
C=g)=Yans QD

For our experimental range (77 ~ 5000°K,
Tw ~ 1000°K), the term [ HeneVeylw in equation
(2) is of order 1072 while (pw/Pruw)(0h/0y)w is of
order 102 at 7 ~ 5000°K; thus the term
[HeneVeylw can be neglected. Low velocities
in our experiments permit dropping the dissipa-
tion term p,(du/oy)? from equation (2). With
these simplifications, equations (1) and (2) are
now independent of equation (3). Equations (1)
and (2) are solved simultaneously by an iterative
procedure.

We further introduce an electric conductivity
thickness,

(22)

which gives
b

IE = 2aE201J agl dy = 2aF%01(b — o) (23)
0

or

b b
u uc
— — — F2 e ——
j (EJ — EJ1 ” (dy E20, J‘ (l ulal)dy
0 0

= E291(8y — o¥) (24)
The total flow rate is given by:
b
m=2a| pudy =2apuu(b — 8%) (25)

0

For given E, I, Ty, P, flow rate #1 and cooling
losses, iterative solution (starting with o(7") for
equilibrium thermal ionization [21]) of equations
(1) and (2) takes the steps as given in the Ap-
pendix, taking j = 0,1 in equations (19) and
(20).

For the experimental data given in Table 1,
3(x) is given in Fig. 5, A(x) in Fig. 6, T1(x) in
Fig. 7, ui(x) in Fig. 8, u(x, y) in Fig. 9, and
T(x, y) in Fig. 10; o(T, T,) in Fig. 11, XT, T\)
in Fig. 12; u(T) in Fig. 13 (showing the general
degree of consistency with available data of
Amdur and Mason [22]), (7, T,) in Fig. 14;
nT), a(x,y), ndx,y) in Figs. 15 and 16.
Figures 11, 12, and 14 give the corresponding o,
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Table 1. Experimental data

Flow rate, r1 (g/s) 0-8 04 0-84
(Ref. 1)
Pressure, p (mm Hg) 750 500 250 750 500 250 750
Density. p, at 300°K (Kg/m3) 1-67 1-11 0-55 1-67 1-11 0-55 1-67
Overall voltage drop, V: 46 50-8 48-5 44 48-5 465 57
Cathode voltage drop, V. 157 16'5 17-3 14-6 153 160 20-0
Positive column voltage drop, Vp 17-0 16-6 162 162 15-8 15-45 14-4
Electric field at cathode, E: (V/cm) 314 33-0 34-6 29-2 30-6 32-0 40
Electric field at positive column, Ep (V/cm) 3:96 3-86 377 377 3-68 3-59 2:62
Current carried by gas, 585 65 68-5 66 70 73 80
Heat loss to cathodes, Q. (W) 350 400 500 400 450 500 400
Heat loss to anodes, Q4 (W) 700 750 850 750 800 900 800
Heat loss to walls, Q. (W) 900 1320 1500 1250 1360 1540 1700
Wall temperature, Ty 660 600 560 710 650 610 lggg

A, and o in this experimental case with com-
parison to other experimental data. In these
figures, np is the ratio T,/T, T, being the electron
temperature, and point to point correspondence
was maintained. The derivation leading to the
curves parametric with 5, was reported in the
thesis by Tan [23], based on the method of Chen,
Leiby and Goldstein [24], and of Berger,
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Fic. 5. Velocity boundary-layer thickness, 3.

Bernstein, Frieman and Kulsrud [25]. 5, =1
gives o', X', o’ at equilibrium states of the partially
ionized gas.

RELAXATION OF ELECTRON TEMPERATURE
From the data obtained for the electrical

and thermal conductivities and the extent of

ionization (Figs. 11-16), it is seen that, due to
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deviation from equilibrium states in the rate pro-
cesses, the value of n, = T/T increases toward
the cooled walls, while both electron and gas
temperatures decrease. Since the heat removed
by cooling (mainly from translational energy of
atoms and ions) is far greater than the heat
released by recombination, the decrease in
electron temperature may be attributed to elastic
collisions of electrons only. Based on formula-
tion by Compton and Langmuir [26), we can
determine the electron temperature drop toward
the wall from

dT,

1 dy
r. ~ 4%y,

ng

where fis the fraction of energy lost by electrons
at each collision, Z the collision frequency, Vey
the diffusion velocity of electrons toward the
wall, which may be written as

(26)

1 on,

Vey = — D~ ==~ o))

where D is the electron diffusion coefficient. By
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Fi6. 16. Electron density and extent of ionization profiles.

substituting for D in terms of electron mobility
K, [26, 27],

K 1 &
D=2 41, —085y2 -1 e

e TN m 0, 28

where ¢ is the atomic radius (1-82 x 10710 m)
and, for Z,

—_ T
Z:vewrzan(§kJ)wan (29)
T e
and for f,

Me T
Jf=2-66 " (1 — Te) 30)
into equation (26), we obtain:
Tew
few _1- 13 p2
T exp [—1-10 x 1013 pP2]
: e dy
(1) B O
0

where P is in atmospheres, n, in m~3, The inte-
grand in equation (31) is a function of y, and
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thus the integration may be performed graphic-
ally. The values of T.w/Te1 obtained from
equation (31), plotted against those obtained
experimentally (Fig. 17), are shown in Fig. 18.

DETERMINATION OF RECOMBINATION
COEFFICIENT
Recombination of electron and ion is deter~
mined from

dn,

i (32)

:—'krﬁi

where %, is the recombination coefficient.
Equation (32) may be integrated over the
temperature boundary layer thickness, A, to give

(33

Substituting equations (27) and (28) in equation
(33) gives

10 ' : ’ e X E
O g flow

P=750 mmHg

P =250 mmtyg o 9
04 g/ flow

P=750 mmHg
P=250 mmHg

o4 H L 4, H
o4 Q5 06 o7 08 o9 O
Tw ¢%y (Experimental}

Fic. 18, Relaxation of electron temperature in the
boundary layer.

i 1
— - — =256 X 108P
Hew ey
A d
He *
X ke e 34
| o s e G9
Q
where P is in atmospheres and n. isinm3, & in
mis~L, ky is a function of n,, T, and pressure.
To evaluate the recombination coefficient 4, we
replace equation (34) by

1 [ 1 mMm2‘56X 105 P

Hegitn

Rean
e 1
ky e memn] A
“ f:f(r {Onqjoy) T\f(Te}} _— ¥y (3%

where j is an index. By selecting a value for Ay
within the boundary layer, we can evaluate

He 3
TA/(Te) (@nejey)

at yese1 (see Appendix B). The left side of
equation (35) is known, and thus &, at yas4 is
determined. We have selected Ay = 2 mm and
obtained k, as a function of T, #,, correspond-
ing to yes+1. Figure 19 gives &, as a function of
T.. The values of k, obtained by other investiga-~
tors [28, 16] are also shown with n, and P at
which the data were obtained. From the data
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. —— yop obtained in this work (and that of the others)
6oL 08 g/ flow o 308 we note that k, increases as 7,, P, and n,
! o £eTSommHg decrease
E o P=250mm Hg :
L 04 g/s flow n3x|0'920
0"k L oiRgmmtle 220 HEAT TRANSFER MEASUREMENTS IN THE
Py " o 7.=5x108 THERMAL ENTRANCE REGION
o € .
G2 { P=2, n,=10"® The heat losses to the wall are determined by
*B;g"g'o 30, 7, =107 X =IO measuring the rate and temperature rise of the
f\ H/glf:})o o7 79 cooling water (Table 1). Figure 20 gives the
0% g &,!’Brown a” =l 3o~ average Nusselt number at the thermal entrance
E P=20-30, n,-10%® region. The analytical resplts due to Sparrow
e {29] and Stephan [30] which are for constant
,.',\; 0T exi?® 7§ properties of gas are plotted in this figure.
g Seyers 4,5”0200 - Figure 21 'shows Nup = 2b[(8T/2y)u/(Th — T, ?',,)]
* IO-ISP(P 0-12~10" ” o as a function of Rep = 2b[(p1u1)/(11)), and Fig.
P gsoversPel a0 #0741 22 gives the variation of the Prandtl number,
: Z kenty . 1 Pri= cp(p1/M), and Nup as functions of distance
16" 7508 n=12x0”] from the cathode, x. Figure 21 also includes data
i 1 obtained for the test section as reported before
no’"[ Note: '””Iiss-r:nm;gng [1]. Values of Nup = 5-7 and Nup = 3-8 for the
2 ¢ 73 test section at fully developed flow are due to
F 1 Clark and Kays [31]. High values of Nu, at 5
el Osen & Huxford—, | and 10mm below the cathode indicate the
P =50-70, n,= 1022—\ 1 significance of the entrance section.
I S i S S LR
T DISCUSSION
Fic. 19. Recombination coefficient, ks, as a function of The geperal trend of bO}lndary -layer motion
Te. of a partially ionized gas is shown in Fig. 23,
T T TN LTTTTTT T”T"“['v_'“ I | TOUTTT
LL\ TN FPr=i0 v Stephan J
~ \\
20L ~a d ~. -——— — Sparrow _
~ S
~ ~_ -~ Clark 8 Kays
F o\\"z:\' ~ \(filly\ developed flow)
10}— 0 TSw e e T
L &~ ~
B[l\\\\ h\\a N
s b T T
l ) ~ o ~
S8 o205 o T~
— 08g/s flow ~_ T~
[ o P=750mmH ~ ~
A up=zsonr:\$H% >~ \1
[ O4qg5 flow ~ i
3-023 ~r 04 N |
a P =750 mm Hg N |
[ % P=250 mm Hg N
20 a0 bl ,,L,l.,L, ool Lot [
073 2 a4 6 8 I0° 2 4
(X/0XI Re,,)

Fic. 20. Variation of average Nusselt number for the
thermal entrance region.
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Fic. 21. Variation of Nusselt number vs. Reynolds

number.
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which gives data of T, Te, np, a, #e, 0, u, A, at
x == 30 mm from the cathode in the case of our
experiment. It is seen that, due to deviation from
equilibrium states in the rate process, the value
of np = T/T increases toward the cooled wall,
while both T and 7', decrease toward the wall.
The values of 7, are consistent for all values of
a, A, and o. Figure 17 shows the general trend
of np vs. T for all experiments. The wide range
of 55 at the wall is because of different rates of
cooling near the wall. Although the atom tem-
perature T decreases toward the wall to 1000°K,
substantial values of A and ¢ are maintained.
For the given values 7, if equilibrium states
(T == T,) between electrons, ions and atoms are
maintained, the values of electron concentration,
electrical conductivity, and thermal conductivity
would be given by o (and n/), ¢’ and A" as
shown by the dotted line in Fig. 23. (¢ and n
are not really different. Their values in Fig. 23
simply show the degree of approximation.)
From another point of view, had we assumed

much thinner thermal boundary-layer thickness
and lower values of heat transfer would have
been predicted, and ¢' would decrease to prac-
tically zero a distance away from the cooled
wall [2].

The transport propertics ¢ and A and the
extent of ionization obtained by making use of
the boundary layer developments thus found,
are higher [2, 22, 32] than the values given for
the case of thermally ionized gas, particularly in
the boundary layer. The difference is attributed
to non-equilibrium conditions in the boundary
layer. That is, while both electron and gas
temperature relaxation determined experimental-
ly is compared with that obtained by considering
the loss of energy of electrons due to their elastic
collisions [1].

The electron—-ion recombination coefficient is
determined from data obtained on 7, 7%, and n,
within the boundary iayer. The recombination
coefficient evaluated here (for the range of
5500 << T, << 8500°K and 1018 <= n, < 102t m—3)
is compared with that of others [l16]. The
data show that k, increases as T, p and #n,
decrease.

The heat transfer in the thermal entrance
region of the duct was determined experi-

mentally and compared with analytical solutions
given by Stephan [30] and Sparrow [31] for the
case of constant properties.

CONCLUSIONS

Study of the boundary-layer motion of a
partially ionized gas is a useful means in predict-
ing semi-experimentally the transport properties,
electron temperature, and electron-ion recom-
bination coefficient of a partially ionized gas.
To solve the integral equations of motion, energy
and diffusion one may utilize computers by
using different profiles for temperature, velocity
and concentration, and comparing the results of
the transport properties and recombination co-
efficient for each set of profiles for their further
refinements. By making use of the temperature
profile, one can determine the index of refraction
of the partially ionized gas by measuring the
light beam deflection through the gas. The
significance of thermal entrance on Nusselt
number may be determined semi-experimentally
based on the temperature and velocity profiles
used and the heat loss measurements.

The study of the interaction of a partially
ionized gas with a cooled wall shows that non-
equilibrium states and properties due to electron
relaxation have to be considered. When applied
to the problem of re-entry, substantial electrical
and thermal conductivities, not too much lower
than those of the jonized gas behind the shock
wave, exist at a cooled wall, although the gas
temperature decreases significantly toward the
wall.
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APPENDIX A
Spectroscopic Measurements

The two-line method [32] was used in the

determination of temperature and the method of
electron continuum was used to calculate
electron and ion densities [18, 33, 34].

The two-line method essentially makes use of

the Saha intensity equation for two emission
lines which are close together in wave length, but
quite apart in energy levels. Comparison of the
two emission intensities gives

E1 — Ep)/k

() (D)
Asgay I

(A1)
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where /3, Az are two separate wavelengths close
together; E1, E2 are particle energies; 1, I are
line intensities; 41, A2 are transition probabili-
ties; g1, g2 are statistical weights, all correspond-
ing to A; and Ap respectively, and k is the
Boltzmann constant.

The electron number density may be obtained
by a measure of the electronic continuum [34].
The relation, combined with Eggert-Saha
equation gives

_Zi o As g1 As QemdTP
Mo = Zo I Augada B
exp [—(Er -+ E; — Eg)/kT] (A2)

where I,/I; is the ratio of emission intensities;
AgfA; is the ratio of transition probabilities;
ga/gi 1s the ratio of statistical weights, all of an
atomic and ionic line of the same element; Z;/Z,
is the ratio of their partition functions; Ey is the
ionization energy of first degree; E, is the atom
particle energy; and E; is the ion particle energy.
Also, from the Saha equation, the ion number
density can be calculated according to [35]:
2QmmekT) ng g1

ng == 7B e % exp [—Er/kT]
Zy I Aa /1
Z: "1 4, 4,55l (Ea— E)/KT](A3)

where the notations are similar to those of
equation (A2).

APPENDIX B
Tterative Solution
By taking j = 0, 1 in equations (19) and (20),
determining the coefficients from the boundary

conditions for velocity and temperature, one
finds

i N
L =S = (B)
1
7, =8 =bot by (BY)
where bo = T4/T1.

Utilizing equations (B1) and (B2), &*, 6, 64,
(Ou/dy)w and (0T/0y)w can be evaluated and
substituted in equations (1) and (2), which
become, respectively,

déy 1 dm
G = g M0 30— boA)
61“’0‘) 1
py body (B3)
dwi _3[1d& b0 1 d
dx 2 81 dx 1 — b piuihi dx
9!1'10 81
(Plulhl)} witp b
98,73 {1 1 1—b (B
Tl — b |27 " 6
2
71(1 o) J g— dg] E20q
o
if 81 > Ay, or
71y dM
6 2] dx
N ddy  pw 1 1
T (2 dx ~ Prw putibo Ay
bo 1
[(1 — bo) prurhy dx (”“‘1”1)]
Lom »n
(" 2t~ 6) A
T MR
prihi(l — bo) 2
b 1
+ _M,_,»O i b‘ng dg} E%a;
bﬂ
(B5)

if A; > 81, where w1 = A},

Along with these equations are to be included
equations (10), (23), and (25) which, by consider-
ing the velocity and the temperature profiles of
equations (B1) and (B2), are, respectively:

1 dT1 E20;

T1 dx p1u1h1 (B6)
. — bg
= 2a puuy { — 5% + Al] (B7)
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1
I=2Ea [b—Al(-!—;bo — 1_b0)

1
o
Jgadg}

by

(B8)

Solution of the momentum and integral equations

To obtain 81(x), Ai(x), ui{x), Ti(x) and o(T)
from the five equations of (B3), (B4} (or (BS) if
Ay > 81), (B6), (B7), and (BS8), select the first
two terms of a Taylor series expansion of 81, Ay,
u1, and T3, such as

5
S1u = Sim + (%;l)mzxx, etc.  (B9)

where n = m -+ 1 and Ax is a small interval. The
five equations noted are solved simuitaneously
by the iteration method explained below:

1. Assume a relation for o(T). As a logical
choice, select o(T) given for thermally ionized
argon gas by [21]

1
o =765 x 105794 5 exp[~91000/T] (BI0)

where Q is the collision cross-section. Taking Q
to be independent of 7, then

o T\ 3/4
LA (ﬁ) exp {(—91000/T1) [(T4/T) — 1]}

' (BI1)
2. Evaluate
1 1
f 4 51 dg = Jg”"
exp {(— 91000/T1) [(1/g) — 1} dg  (BI2)

graphically for various values of 77.
3. Take in each small interval of Ax, piu to
be constant, thus,

[ 1 dTh

prrhy dx (PrAR) & T o

(B13)
and, by neglecting dp/dx,

ldu  1dn | B

mdx T dx pruihy,

4. Solve equations (B3} and (B4) if 8; > A

and equations (B3) and (B5) if A; > &; along

HM.-C

(B14)

with equations (6B), (B7) and (B8), using
equation (B12). The solutions will give 81, A,
T3, w1 as functions of x and o3 as a function of
Th, or o as a function of 7.

5. With the values of ¢ thus obtained evaluate

1
ag
j g5, d
B
graphically as before and repeat steps 1 to 4 to
obtain new values of 81, Ay, 1, 71 and oy,
Repeat step 5 until the difference in values of

o1 between the two iterations is very small (o1
converged).

The number of iterations

Since the values of ¢ originally assumed are
changed to the next step of the iteration it is
clear that the accuracy of o originally used
reduces the number of iterations.

It is found that o(T) converges rather rapidly
and not more than three iterations are needed
(Fig. 24).

The final values of o(T") obtained by using the
test section at atmospheric pressure are used as

i
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the first iteration for the test section at lower
pressures.

For each interval Ax = 10~3 m taken for the
numerical integration the following energy
balances are checked:

Energy crossing section n:

b I —b
n == 2a {pl“lhl [b - (50 + ) 0 'y]_) 81:‘}

(B15)
Heat loss between sections m and n
g o [( 1= b
Omn = a Pry [(Al bg )m
hi 1 — by
+ (gl bo )ﬂ] Ax (B16)
With the energy balance of
(Vn - Vm) I = Qn - Qm + an (B17)

the thermal conductivity A, = (uw/Pry)cp in
equation (B16) is taken (after several additional

1

f On dx
i}
gives the total heat losses to the walls, determined
by measuring the cooling water flow rate and its
temperature rise.
Once the above iteration procedure is com-
pleted and A, is determined, the thermal con-
ductivity is given by:

(B18)

g

T Ay 12 o
e —— 2 B ——— —
A= o +Eo [(1 _bO)Tl] T'fg o dg
b,
(B19)

The viscosity is determined in a similar manner
via:

o _ (o S I
By =hwlgy), T ey —u| o (pu) dy
0

IS
| [ gy o] & 20

iterations) such that !

Résumé—Les propriétés de transport en non-équilibre de 'argon partiellement ionisé et la nature de
la relaxation des électrons sur une surface refroidie ont été étudiés a I'aide de mesures effectuées dans
un écoulement permanent chauffé par un arc dans une conduite bidimensionnelle. L'étude consiste
en une extension de la théorie de la couche limite au cas de ’écoulement d’un gaz ionis€ sur une paroi
refroidie, et en I'évaluation des propriétés de transport & Paide d’une solution par itération des
équations globales de la quantité de mouvement. Les résultats montrent que, bien que les températures
atomique et ionique diminuent sensiblement vers la paroi refroidie, la température et la concentration
électroniques ainsi que les conductivités thermique et électrique demeurent a des valeurs beaucoup
plus élevées que celles basées sur la concentration électronique a I'équilibre.

Zusammenfassung—Transporteigenschaften im Nichtgleichgewicht fiir teilweise ionisiertes Argon und
die Natur der Elektronenrelaxation an einer kalten Oberfliche wurden mit Hilfe von Messungen an
einem stationdren Strom in einem zweidimensionalen bogenbeheizten Kanal untersucht, Die Unter-
suchung besteht aus der Erweiterung der Grenzschichttheorie auf die Stromung eines ionisierten
Gases iiber eine gekiihlte Wand und der Abschitzung der Transporteigenschaften nach einer iterativen
Losungsmethode der Impuls-Integralgleichungen. Die Ergebnisse zeigen, dass trotz der deutlichen
Abnahme der Atom-und Ionentemperatur in Richtung der gekiihlten Wand, die Elektronentemperatur,
die Konzentration und die thermische und elektrische Leitfihigkeit viel hohere Werte beibehalten
als auf Grund der Gleichgewichtselektronenkonzentration ermittelt werden.

AnnoTanua—3y1anick XapaKTePUCTHKA HEPABHOBECHOTO NePEHOCA HACTHYHO HOHM3HUPO-
BAHHOrO aproHA ¥ MPUPOAA PEeNAKCAIMH HITeKTPOHOB HA OXJIAMKIeHHOM IOBEPXHOCTH, HPUYEM
U3MepeHUs NPOBOAMINCE NPU CTALMOHAPHOM TEYEHMN B JBYMEPHOM KaHalle, HaIrpeBAGMOM
myro#. Teopua MOFPAHMYHOrO CIOH PAsBUBANACH HA CIyYall TeueHHA MOHMBNPOBAHHOTO rasa
HA OXJWHIEHHON cTeHKe. X apaKTePHCTHKY NMEPeHOCA BHUMCIANNCH ¢ HOMOINBIO YHCIEHHOTO
MeTOoNa MTepalMi Ha OCHOBE WHTETDANBHOTO YPABHEHUA HEPEHOCA MMIyXnca. PeayibTars
IOKA3HBAT, YTO TEMIEPATYPA ATOMA M MOHA BHAYMTEIBHO HOHMMKALTCA NPY NPUSIIKEHAN K
OXJKIAEMOR CTEHKE, TEMIEepPATYpPA 2IEHTPOHA, KOHIEHTPANUSH, TEIIO-M BJIIEKTPONPO-
BOAHOCTH OCTAIOTCH HAMHOIO BHIIE BHAYeHHH, HOJNYYEHHHX B TOM CIy4ae, KOTEA 33 OCHOBY
Gpamach PABHOBECHAA KOHIEHTPAILHA DJIEKTPOHOB,



