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Abet-Lou-equitibriun~ transport pra~rt~es of partially ionized argon and the Saturn of rekxa- 
tion of electrons at a coaled surface were studied with m~u~ents made on a steady flow two- 
~rnens~~na~ arc-heated channel. Study consists of extension of bounds-dyer theory to the case of 
flow of an ionized gas over a cooled wall, and evzduation of transport properties by an iterative solu- 
tion of equations of momeutum integral m&hod. Resuiis show that &though the atom and ion 
temperatures decrease signi&antIy toward the cooled wa& the eiectron temperature, concentration, 
and the thermai and el~tr~~~onductiv~~~ stay at much higher v&z than those b~~onequ~~brium 

electron concentration. 

NOMENCLATURE 

passage height ; 
meflkient of series expansion of equa- 
tion (21); 
half~~ssag~ width ; 
coefficient of series expansion of equa- 
tion (20); 
coefficient of series expansion of equa- 
tion (19); 
specific heat at constant pressure; 
diffusion coefficient of eIectrons; 
thermal diffusion coefficient of 
electrons; 
electric field; 
energy of radiation per unit volume per 
unit time; 
= ~~t~~; 

~{~~), function defined by equation (19); 
&), fu~ct~n defined by equation (20); 
$(T& functron defined by equation (21); 

(’ 
enthalpy of dectrons, pen by ft, + Yz; 
enthalpy ; heat-transfer coefhcients ; 

r, current ; 
J, current density; 
k 
ik;: 

rate constant for electron production; 
rate thickness; 
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recombination rate; 
fiow rate; 
mass of efectrons ; 
mass of ions; 
Nusselt number; 
~o~~n~ation of electrons; 
~o~~nt~~ion of ions ; 
pressure ; 
Prandtf number of the &id; 
energy crossing a section; 
energy crossing the wall at a section; 
Reynolds number ; 
temperature; 
efectron temperature ; 
time; 
x;component of velocity ; 
electron drift velocity; 
io~ation potential ; 
electron thermal velocity; 
axis of direction of Bow; 
axis normai to x and measured from the 
W&l. 

Greek symbols 
a, extent of ionization ; 
6, boundary-layer thickness, velocity ; 
6 
8:: 

veldty &ickness ; 
displacement thickness ; 

h, defined by equation (14); 
4 bo~nda~-layer t~~kness, tem~rat~r~ ; 
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boundary-layer thickness, concentra- 
tion ; 
defined by equation (16); 
defined by equation (18) ; 
defined by equation (15); 
defined by equation (13); 
defined by equation (17); 
ratio of To/T; 
momentum thickness; 
concentration thickness; 
enthalpy thickness; 
thermal conductivity; 
viscosity; 
density of gas; 
electrical conductivity; 
collision cross-section of electrons with 
atoms ; 
electric conductivity thickness. 

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

Superscript 
I 
, quantity based on equilibrium com- 

position. 

INTRODUCTION 

NON-EQUILIBRIA 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 [l-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 et al. [?I, 
Fay [8], Meksyn [9], Tani [IO], Hains and Yoler 

[l I], 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, 141 or assumed 
constant [6J, 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 

v51. 
Emmons and Land [2] first suggested that 

simultaneous flow of a gas and electric current 
through a tube (Poiseuilie 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 concentratioI1 
(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 
cooied wall. Further, the electron tenlperature 
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 aspects are 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 experinlentai 
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 4.75 mm 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 

Rubber Seal ’ 
Copper /j 

All dimensions in Inches 

FIG. l(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 600 c/s; the 
optical system is shown in Fig. 3. A typical 
measurement of light beam deflection is shown 

kl 
Cathode 0 I.& 
Anode ~copPer 

Brass Tube’ 

All dimensions in inches 

FIG. l(b). Test section, top view and detail of electrodes. 

Anodek?! A 1 /y , 

FIG. l(c). Cutaway view of test section with electrodes in 
position. 



20 M. N. BAHADORI and S. L. SO0 

I I 1 

c P=750mm Hg 
0 P=250mm Hg 

FIG. 2. Voltage drop across the discharge gap. 

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 

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 [ 191 and momentum integral method [ 171; 

(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, 5OOO”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 
[ 181. The magnitude of heat transfer by radiation 
in the present system is below lo3 W/m3 at 
6000°K; 

(c) Owing to the small extent of ionization 
(U < lo-s), 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 

Spectrometerr--~~ 1 

cross 
Slide 

‘LLigiit Chopper 

Power 

SUPPlY 

FIG. 3. Schematic diagram of the optical system. 
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*-j$(l-;) dy (4) 
0 

the displacement thickness : 

FIG. 4. Light beam deflection due to gas temperature 
gradient [l]. a*=! (I--$)dy (5) 

0 
integral method [17], the above considerations 
give : 

the enthalpy thickness : 

$+!2 z+; +L!g ( 1 
pw au =-- 

PI ul” dy I the concentration thickness : 
w 

g (Pl~MH) - plulbf 2 &=I$(:-l)dy (7) 

b 0 

2ZZ J[ t 1 CL ; 2 + t-W - Er) and the rate thickness: 

0 

- ; (EJ1 - E,q) dy - g $1 
W W 

k:=-J?jl-$)dy (8) 
0 

+ [ffeneVf?/eylw (2) where ke is the rate constant for electron pro- 

and duction [13]. Further, the condition in the core 
is given by: 

malee) - pm1 (s* - k;) dP dur -=- 

,,D, aa _ 1 CT CT I 
dx Ply& (9) 

ay me nT ay w 
(3) where P is the pressure, and 

where x is in the direction of flow, y is normal to dTr dur 
x and measured from the wall; p, u, h, a are 

P~UIC~~X - WI -dj = E2ur - Err (10) 

density, x-component of velocity, enthalpy, and 
extent of ionization of the gas; and subscript 1 

where c, is the specific heat at constant pressure, 

is for the free stream (core) ; E is the electric field, 
and u is the electrical conductivity. The overall 

J is the current density, E,. is the energy of radia- 
dissipation in the passage is given by: 

tion per unit volume per unit time, ,uw and Pr, 
are the viscosity and the Prandtl number of the IE = 2aE2 j u dy (11) 

0 

NON-EQUILIBRIUM TRANSPORT PHENOMENA OF PARTIALLY IONIZED ARGON 21 

fluid at the wall (subscript 2); He is the enthalpy 
of the electrons given by h, + eVa, Vi being the 
ionization potential; n, is the electron concentra- 
tion, V,, is the electron drift velocity; De is the 
diffusion coefficient of electrons and DF is the 
thermal diffusion coefficient of electrons. For 
half-passage width b, the boundary-layer integrals 
are : 

the momentum thickness : 
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where I is the current and a is the passage height. 
Simultaneous solution of equations (I), (2) 

and (3) can be carried out by introducing the 
velocity thickness 

b 

z-z 

0 

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

1 yP 
?1* =g J ; dy 

0 
6 

61 = 
J 

; dy 

0 

A 

A1 = J 7 dy 

0 

A. 

A,, = ppfdy J 
0 

(13) 

(14) 

(15) 

(16) 

(17) 

(1% 

(where 6, A, Ae 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 

(19) 

-- = g&d = C a37)2 
al 

For our experimental range (Tl - 5OOO”K, 
Tw - lOOO”K), the term [HdneV,,lw in equation 
(2) is of order 10~~ while (p,/Pr,)(ijh/ay),, is of 
order IO2 at T - 5000°K; thus the term 
[ffeneVeylw can be neglected. Low velocities 
in our experiments permit dropping the dissipa- 
tion term p&&/ay)a 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, 

u*=j(l-“4)dy (22) 
0 

which gives 

11 

IE == 2aE2q 
J 

i dy = 2aE%q(b - u*) (23) 
0 

or 

b 

J 
,,-,xiciy =ar:J (I ---E)dy 

0 0 

= E%(& - u*) (24) 

The total flow rate is given by: 

k = 2a 1 pu dy = 2aplul(b - s*) (25) 
0 

For given E, Z, T,, P, flow rate fi and cooling 
losses, iterative solution (starting with a(T) 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, 
S(X) is given in Fig. 5, A(x) in Fig. 6, TI(x) in 
Fig. 7, UI(X) in Fig. 8, U(X, y) in Fig. 9, and 
T(x, y) in Fig. 10; a(T, Te) in Fig. 11, X(T, Te) 
in Fig. 12; p(T) in Fig. 13 (showing the general 
degree of consistency with available data of 
Amdur and Mason [22]), a(T, Te) in Fig. 14; 
n,(T), a&, y), n,(x, y) in Figs. 15 and 16. 
Figures 11, 12, and 14 give the corresponding u’, 
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Table 1. Experimental data 

Flow rate, ti (g/s) 0.8 0.4 0.84 
(Ref. 1) 

Pressure, p (mm Hg) 750 500 250 750 500 250 750 
Density. p, at 300°K (Kg/ma) 1.67 1.11 0.55 1.67 1.11 0.55 1.67 
Overall voltage drop, Vt 46 50.8 48.5 44 48.5 46.5 57 
Cathode voltage drop, Vc 15.7 16.5 11.3 14.6 15.3 16.0 20.0 
Positive column voltage drop, V, 17.0 16.6 16.2 16.2 15.8 15.45 14.4 
Electric field at cathode, EC (V/cm) 3.14 33.0 34.6 29.2 30.6 32.0 40 
Electric field at positive column, ED (V/cm) 3.96 3.86 3.77 3.77 3.68 3.59 2.62 
Current carried by Z gas, 58.5 65 68.5 70 73 80 
Heat loss to cathodes, QE (W) 350 400 500 

4: 
450 500 400 

Heat loss to anodes, QA (W) 700 750 850 750 800 900 800 
Heat loss to wails, Qu, (W) 900 1320 1500 1250 1360 1540 1700 
Wall temperature, Tw 660 600 560 710 650 610 500 

1000 

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

~~ / ,_--~---.~--. 

41 08 g/s 
0 P=750 mm Hg 
o P= 250 mm Hg 

b P=750 mm Hg 

I, P =250 mm Hg 

FIG. 5. 

8, mm 

Velocity boundary-layer thickness, 6. 

Bernstein, Frieman and Kulsrud [25]. rlP = 1 
gives a’, A’, u’ 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. ll-16), it is seen that, due to 

2 
A, m 

00 g/s flow 
0 P=750 mm Hg 

0 Pz250mm Hg 

0.4 g/s flow 
~1 P=750 mm Hg 

x P =250 mm Hg 

I I 

3 
,rn 

FIG. 6. Temperature boundary-layer thickness, A. 
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FIG. 7. Free stream gas temperature, TI. FIG. 8. Free stream velocity, ~1. 
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FIG. 9. Velocity profiles at P = 750 mm Hg. FIG. 10. Temperature profiles for 0.8 g/s flow. 
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FIG. 11. E~~tri~l ~nductivity, a, for @8 g/s flow rate. 
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FIG 14. Extent of io~i~tion, a. FIG. 13. Viscosity, p,‘at 750 mm Hg pressure. 
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0 P=750 mm Hg 
o P =250 mm Hg 

n P--750 mm Hg 
x P= 250 mm Hg 

7 ,,“K XIG3 
dislonce from wall, y, mm i’, -m 

FIG. 15. Electron concentration, n,. FIG. 16. Electron density and extent of ionization profiles. 

deviation from equilibrium states in the rate pro- substituting for D in terms of electron mobility 
cesses, the value of 7P = TeIT increases toward Ke [26, 271, 
the cooled walls, while both electron and gas 
temperatures decrease. Since the heat removed 
by cooling (mainly from translational energy of 

D_ K,k7,_0.851/2;;G;?f (28) 
e e 

atoms and ‘ions) -is far greater than the heat 
released by recombination, the decrease in 

where r is the atomic radius (1.82 x lo-r0 m) 

electron temnerature mav be attributed to elastic 
and, for 2, 

collisions of electrons only. Based on formula- 
tion by Compton and Langmuir [26], we can 
determine the electron temperature drop toward 

Z=&r?n=J($+r2n (29) 

the wall from 
and forf 

, 

dTe - =- 
f= 2.66 z (1 - 

Te 
f&x (26) 

W 

T -- 
Tl? 1 (30) 

where f is the fraction of energy lost by electrons 
into equation (26), we obtain: 

at each collision, 2 the collision frequency, Vey ?k! = exp [_f.lO x 1013 ~21 

the diffusion velocity of electrons toward the Tel * 
wall, which may be written as 

s 

(27) 

(31) 
0 

where P is in atmospheres, n, in m-3. The inte- 
where D is the electron diffusion coefficient. By grand in equation (31) is a function of y, and 



EON-E~UILI3RIUM TRANSPORT PHENOMENA OF PARTIALLY IONIZED ARGON 27 

O t 0 P=750mm 
7 

Hg 
0 P=250 mm tig 

04 g/s flow 
a P=75Q mm Hg 
x P=25Q mm Hg 

FKS. 17. Ratio of electron to gas temperance, rip = Ik/T. 

tb-hus the integration may be ~rfo~~~~ graphic- 
ally. The values of T~~T~~ obtained from 
equation (31), plotted against those obtained 
experimentally (Fig. 17), are shown in Fig. 18. 

recombination of electron and ion is deter* 
mined from 

where tlGT is the r~ornb~~~ti~~ coefficient, 
Equation (32) may be integrated over tbe 
temperature boundary layer thickness, A, to give 

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

FIG. 18. Relaxation of electron temperature in the 
boundary layer. 

where f is in atmospheres and se is in m-3, & in 
m3s-I, kp is a function of Ite, Te and preSSWe. 

To evaluate the recombination coefficient I+, we 
repIace equation (34) by 

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

at ysr+l (see Appendix B). The left side of 
equation (35) is known, and thus k, at ye!+1 is 
determined, We have selected Ay = 2 mm and 
obtained kr as a function of Ir,, Q, correspond- 
ing to yzj+l. Figure 19 gives kr as a function of 
T+ The values of & obtained by other investigam 
tom f28, 161 are also shown with na and P at 
which the data were obtained. From the data 



28 M. N. BAHADORI and S. L. SO0 

0.0 g/s flow 
o P=750 mm Hg 
o P=250mm Hg 

04 g/s flow 

A P=750 mm Hg 
x P--250 mm Hg 

x i% 10’4 
;:,=3d8 

03x10’9 
n2x102O 

X”, =ldO 

*” =ldO 
x 3x 

o 0 

Olsen 8 Huxford 
P ‘50-70, n, = ($2 

measuring the rate and temperature rise of the 
cooling water (Table 1). Figure 20 gives the 
average Nusselt number at the thermal entrance 
region. The analytical results due to Sparrow 
[29] and Stephan [30] which are for constant 
properties of gas are plotted in this figure. 
Figure 21 shows NUB = 2l1[(8T/@)~/(Tl -- Tw)] 
as a function of Reb = 2b[(~1241)/(~1)], and Fig. 
22 gives the variation of the Prandtl number, 
Pt-I = c&l/h& and Nub as functions of distance 
from the cathode, x. Figure 21 also includes data 
obtained for the test section as reported before 
[l]. Values of Nub = 5-7 and Nub = 3.8 for the 
test section at fully developed flow are due to 
Clark and Kays [31]. High values of Nub at 5 
and 10 mm below the cathode indicate the 
significance of the entrance section. 

DISCUSSION 

FJG. 19. Recombination coefficient, k, as a function of The general trend of boundary-layer motion 
Tt?. of a partially ionized gas is shown in Fig. 23, 

obtained in this work (and 
we note that kr increases 
decrease. 

that of the others) 
as Te, P, and n, 

HEAT TRANSFER MEASUREMENTS IN THE 
THERMAL ENTRANCE REGION 

The heat losses to the wall are determined by 

.\ 
‘. ~- - - sparrow _~ 

‘v 
‘. - Clark 8 Koys 

1 <fully developed flow) 

‘. 
. . 

l. 

o P =750 mm Hg 

x P = 250 mm Hg 

: , I , ! I I 
10-s 2 4 6 8 10-2 7 4 

FIG. 20. Variation of average Nusselt number for the 
thermal entrance region. 
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o P=750 mmHg; . P=750mmHg 
n P=250mmHg; . P=250mmHg 

a P=750 mmHg; A P=750mmHg 
X P=250 mmHg; f P=250mmHg(Ref I) 

v P = 750 mm Hg (Ref I) 

2 4 6 810 2bt’ ~1 Id IO3 
Reb:--- 

tLI 

FIG. 21. Variation of Nusselt number vs. Reynolds 
number. 

P=7SOmm Hg 
0 P=250mmHg 
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E t 
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Distance from Wall, y, mm 

-4 IO” 

J 

FIG. 23. T, Te, vp, a, A, p, o, ne, at x = 30 mm below 
cathode as compared to a’, h’, (I’, p’ if Te = T(rlp = 1) 

FIG. 22. Nusselt and Prandtl numbers as functions of x. (0.8 g/s argon flow). 
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which gives data of T, Te, rip, a, ne, u, p, 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 yp = T,fT increases toward the cooled wall, 
while both T and T6 decrease toward the wall. 
The values of qP are consistent for all values of 
a, h, and IJ. Figure 17 shows the general trend 
of rP vs. T for all experiments. The wide range 
of Q, at the wall is because of different rates of 
cooling near the wall. Although the atom tem- 
perature T decreases toward the wall to lOOO”K, 
substantial values of X and (J are maintained. 
For the given values T, if equilibrium states 
(T = TJ between electrons, ions and atoms are 
maintained, the values of electron concentration, 
electrical conductivity, and thermal conductivity 
would be given by a’ (and n,‘), o’ and h’ as 
shown by the dotted line in Fig. 23. (p’ and p 
are not really different. Their values in Fig. 23 
simply show the degree of approximation.) 

From another point of view, had we assumed 
T -.-= Te in computing bounda~-layer flow, a 
much thinner thermal boundary-layer thickness 
and lower values of heat transfer would have 
been predicted, and C’ would decrease to prac- 
tically zero a distance away from the cooled 
wall 121. 

The transport properties G and h and the 
extent of ionization obtained by making use of 
the boundary layer developments thus found, 
are higher [2, 22, 321 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 [I]. 

The electron-ion recombination coe~cient is 
determined from data obtained on T, Te, and ne 
within the boundary layer. The recombination 
coefficient evaluated here (for the range of 
5500 < T, cc 8500”Kand 101s < n, K 10”1m-3) 
is compared with that of others [16]. The 
data show that k-r increases as r,, p and ne 
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 ionized gas behind the shock 
wave, exist at a cooled wall, although the gas 
temperature decreases significantly toward the 
wall. 
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where &, Rz are two separate wavelengths close 
together; El, EZ are particle energies; II, Is are 
fine intensities; Al, Aa are transition probabili- 
ties; gr, gs are statistical weights, all correspond- 
ing to (11 and As 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 

Za I, Aa gt Ilr (2rrrPzekT)3i2 -- 
” -Za & Aa ga A, ‘--T3- - - 

exp I--(EI + Et - Ea)/kTl (A2) 

where &/Ii is the ratio of emission intensities; 
AJAg is the ratio of transition probabilities; 
ga/gc is the ratio of statistical weights, all of an 
atomic and ionic line of the same element; Za/Za 
is the ratio of their partition functions; EI is the 
ionization energy of first degree; Ea is the atom 
particle energy; and Et is the ion particle energy. 
Also, from the Saha equation, the ion number 
density can be calculated according to [35]: 

- 2(2~~~k~3/2 na gz 
n* = -- 

123 - exp I-ErJkT7 
ne ga 

= 2;: na F 2 $ exp [-(Ea - Et)/kT] (A3) 
2 a t a 

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

APPENDIX B 

Iteratiue Solution 

By takingj = 0, 1 in equations (19) and (20), 
determining the coefhcients from the boundary 
conditions for velocity and temperature, one 
finds 

u”, -f’(r,“) =: 71% 

T 

Tl 
= g(q) = he + I?,? 

where bo = T,/TI. 

(Bl) 

(B2) 

Utilizing equations (Bi) and (B2), a*, 8, OH, 
(8u/+), and (W/8y),D can be evaluated and 
substituted in equations (I) and (2), which 
become, respectively, 

dw 3 1 da1 bo 1 d --=- C --- -.__ __ -- 
dx 2 61 dx 1 - bo p&zl dx 

(Wlhl)] IV1 $2 9p -k!- 
ho pmbo 

9&A; ---______ 
/W&1(1 - bo) 

f 

+ -!-- 
~$1 - bo) s I 

gt dg E2cq 

h 

if Sr > Al, or 

if Al > 61, where 1~1 = A;. 
Along with these equations are to be included 

equations (lo), (23), and (25) which, by consider- 
ing the velocity and the temperature profiles of 
equations (Bl) and (B2), are, respectively: 

I dT1 E2 cq -~=- 
Tl dx plulhl 036) 

rh = 2a plul 
1 - bo 

- fj 61 + y-- AI (B7f 
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Z = 2a E al 
1 +bo 1 ..~__ 

2 1 - bo 
1 

f g : dg 1 bn 
Solution of the momentum and integraE equations 

To obtain 61(x), A,(x), U&C), Tr(x) and u(T) 
from the five equations of (B3), (B4) (or (B5) if 
AI > SI), (B6), (B7), and (B8), select the first 
two terms of a Taylor series expansion of 61, At, 
~1, and Ti, such as 

etc. (B9) 

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

1. Assume a relation for o(T). As a logical 
choice, select ~(7’) given for thermally ionized 
argon gas by [21] 

u = 7.65 x IO-5 P4 Q exp [-9lOOO/Tf (BlO) 

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

3’4 exp ~(-91~~~1) [(ITlIT) - I]> 

2. Evaluate 

exp K- 91000/7i) [(l/g) - IlIds 0312) 
graphically for various values of Tl. 

3. Take in each small interval of Ax, prur to 
be constant, thus, 

and, by neglecting dpldx, 

1 dul I dTr ZP Ul 
--~---------- 
UI dx TI dx plulhl (Bl4) 

4. Solve equations (B3) and (B4) if &I > Al 
and equations (B3) and (B5) if Al > 61 along 

H.M.-C 

with equations (6B), (B7) and (B8), using 
equation (B12). The solutions will give 81, Al, 
TI, UI as functions of x and 51 as a function of 
Tl, or a as a function of T. 

5. With the values of a thus obtained evaluate 

graphically as before and repeat steps 1 to 4 to 
obtain new values of 61, Al, ~1, Tl and al. 

Repeat step 5 until the difference in values of 
a1 between the two iterations is very small (al 

converged). 

The number of iterations 
Since the values of (I 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 u(T) converges rather rapidly 
and not more than three iterations are needed 
(Fig. 24). 

The final vaIues of a(T) obtained by using the 
test section at atmospheric pressure are used as 

I 8 t 

3 4 5 6 x to3 
Temperature (OK) 

FIG. 24. Iterated electrical conductivity. 
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the first iteration for the test section at lower 
pressures. a Qn dx 

For each interval Ax = 10-s m taken for the 
numerical integration the following energy gives the total heat losses to the walls, determined 

balances are checked : 
by measuring the cooling water flow rate and its 

Energy crossing section IE: temperature rise. 
Once the above iteration procedure is com- 

pleted and h, is determined, the thermal con- 
Q%-2a(p~ulh1 [b- rf +~y~)~~]} du&vityisgivenby: 

Heat loss between sections m and n 

(B15) 

Qmn = a E [ (2 y)_ bn (B19) 

The viscosity is determined in a similar manner 

+ (2 !wo)nl Ax (Bl6) via’ (, 

With the energy balance of - a 
- p1w1'y - u ax 

s 
( PU> dy 

W - Vnt> I = Qn - Qm + Qmn 0317) 0 

the thermal conductivity A, = (pw/Prw)cp in 
equation (B16) is taken (after several additional 
iterations) such that 

II 

+ 
S[ 

pu g + u T& (pa) 
I 

dy (B20) 

0 

R&sum&-Les propriGs de transport en non-6quilibre de l’argon partiellement ionis& et la nature de 
la relaxation des Electrons sur une surface refroidie ont CtC &udiCs & l’aide de mesures effect&es dans 
un koulement permanent chauffb par un arc dans une conduite bidimensionnelle. L’&ude consiste 
en une extension de la th&rie de la couche limite au cas de l’&coulement d’un gaz ion& sur une paroi 
refroidie, et en 1’6valuation des propri&s de transport B l’aide d’une solution par it&ration des 
kquations globales de la quantitts de mouvement. Les r&ultats montrent que, bien que les temperatures 
atomique et ionique diminuent sensiblement vers la paroi refroidie, la tempbrature et la concentration 
Clectroniques ainsi que les conductivites thermique et Clectrique demeurent & des valeurs beaucoup 

plus ClevQs que celles basks sur la concentration Clectronique & l’kquilibre. 

Zu~~e~~~~Tra~porteigens~h~ten im Nichtgleichgewicht fiir teilweise ionisiertes Argon und 
die Natur der Elektronenrel~ation an einer kalten Obe&iche wurden mit Hilfe von Messungen an 
einem station&en Strom in einem zweidimensionalen bogenbeheizten Kanal untersucht. Die Unter- 
suchung besteht aus der Erweiterung der Grenzschichttheorie auf die Striimung eines ionisierten 
Gases iiber eine gekiihlte Wand und der AbschSitzung der Transporteigenschaften nach einer iterativen 
LSsungsmethode 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 Leitfshigkeit vie1 hiihere Werte beibehalten 

als auf Grund der ~leich~wicht~lektronenkon~ntration ermittelt werden. 

~~oTa~~sb---I43ysan~cb XapaKTepacTHKm KepamioBecHofo nepeHoca 9acTi19Ho ~201116311po- 
BaHHOrO apl'OHaI4 ~pMpOAape~aKC3r[~~3~eKTpOHOBKaOXJIa~~eHHOt~OBepXHOCTEi,~pll~eM 
ll3MepOHHFl ISpOBOAHjrIlCb IlpEi CTalWIOHapHOM TeYeHMM B AByMepHOM KaHaJlO,HarpeBaeMOM 
~yrot.Teop~~rrorpaH~~~oroc~~o~ paas~Banacbr~acnysatTeqemui~oHEfaupoBamior0 raaa 
Ha oxna~Aeaaof& CTeKKe. XapaKTepKcTIiKK nepeKocaBbIsm2xszsscb c nolvrombIo Y5fcJIeaHoro 
MeToAa EiTepaqaa Ha 0eKoBe miTerpa3IbKoro ypamieKs5E KepeKoca Hmnysbca. PeaysbTaTbI 
rroKaarJsa~T,YT0TeMIIepaTypaaToara~MoHaa~a~~TeabKonoHn~aeTcrrrrplrnp~6nkt~eK~~ K 
ox~a~~aeM0~ CTeHKe, TeMnepaTypa axeHTpoNa, KoH~e~Tpa~~~, TenJro-Ei aneHTponpo- 
BoAHocTb 0cTaMTcR HaMHoro Bbnize aHaqeHHP, nonyreaaJ3x B TOM cnyrae, KorAa aa 0C~0By 

6panacb PLlBHOBeCHafI KOHl&eHTpaIUiFl 3JleKTpOliOB. 


