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SUMMARY

The electrical conductivity of an argon-potassium plasma has been
experimentally determined as a function of current density for gas tem-
peratures of 1500-~1800°K, gas pressures of 15" Hg. Vac. - atmospheric
and potassium seeding fractions of 0.002-0.004, Electrical conductivities
were measured using two different methods. The first was a continuous
method in which the voltage-current response of the plasma to a slowly
changing applied voltage was recorded c¢n a strip chart recorder. The
second was a pulse technique in which the transient voltage-current re-
sponse of the plasma to a constant step voltage input was recorded on an
oscillosﬁope.

The electrical conductivity theory of Shelton and Carlson (16)
was modified to include the effects of argon ilonization and radiation
loss from the plasma. The experimental data show good agreement with the
modified theory and provide electrical conductivity data for higher cur-
rent densities (~ 180 amps/cm) than previously available. The effects
of gas pressure and potassium seeding fraction predicted by the theory
are verified.

The significant peak in electrical conductivity which occurs in
the theory of Shelton and Carlson (16) due to the Ramsauer effect of
argon tends to become more of a plateau or constant electrical conduc-
tivity region in the modified theory because of the. importance of argon
ionization. The experimental data verify the existence of such a plateau

in the electrical conductivity. The modified theory does still predict



a peak in electrical conductivity for some test conditions.
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CHAPTER 1

INTRCDUCTION

Problem Formulation

In the field of magnetohydrodynamic (MHD) power generation, one of
the greatest problems 1s the attainment of high electrical conductivities
at gas temperatures which are possible with the materials available today.
One method of increasing the electrical conductivity of a gas beyond its
equilibrium value uses the nonequilibrium ionization effect. In the refer-
ence frame moving with the gas through an MHD generator, there exists an
electric field E = B+ U x B which feeds energy preferentially to the elec-
tron gas. This elevated electron energy leads to additional ionization
which increases the electrical conductivity of the gas.

Considerable theoretical and experimental work has been done on
the nonequilibrium electrical conductivity of alkali-vapor-seeded noble
gas plasmas; however, the experimental data has been limited to rather
low current densities (j < 80 amps/cmz). The data available has been for
atmospheric pressure or very low pressure discharges with no data for in-
termediate pressures. Recent detailed calculations of the nonequilibrium
electrical conductivity of an argon-potassium plasma including the energy
dependence of the electron-atom collision cross sections (16) indicated
that the electrical conductivity reaches a maximum as a function of the
current density.

The present investigation was undertaken to obtain nonequilibrium



electrical conductivity data for current densities higher than any pre-
viously investigated for comparisen with recent theoretical calculations
of electrical conductivity. Of specizl interest was the indicated peak
in electrical conductivity predicted by the Shelton and Carlson theory.
The effect of gas pressure on the electrical conductivity was alse in-
cluded for intermediate pressures not previously covered in experiments.
Modifications to the nonequilibrium electrical conductivity theory were
made by including argon ionization and radiant energy losses from the
plasma. The experimental results showed good agreement with the modified

theory.

Scientific Background

Nonequilibrium ionization due to electron heating has received
considerable attention in recent years. The possibility of favorably
using this nonequilibrium ionization effect in dense, alkali-vapor-seeded,
noble gas plasmas was a result of the work of Kerrebrock and others
(1-4).

Kerrebrock (1) developed a simple theory of nonequilibrium elec-
trical conductivity with the assumption of ionization equilibrium at the
electron temperature. His two temperature plasma model predicts an elec-
trical conductivity which is a function of the local value of the current
density. Kerrebrock obtained measurements of the electrical conductivity
in an argon-potassium plasma flowing between two parallel-plate elec-
trodes, perpendicular to the gas flow direction. DC storage batteries
supplied the electric field which was used to heat the electrons. Argon

gas was bubbled through a pot of molten potassium to obtain the desired



seeding fraction. The experiments were performed at atmospheric pres-
sure with gas temperatures between 1500°K and 2500°K. Current densities
in these experiments were limited to less than 30 amps/cm.2 Al though
Joule heating of the neutral gas and electrode sheath effects were neg-
lected, agreement between theory and experiment was achieved by choosing
the electron-atom collision cross section and the energy-loss parameter
3 for a best fit.

Robben (2) studied the nonequilibrium ionization of an argon-
potassium plasma flowing through a segmented electrode MHD generator at
a slightly supersonic speed with applied electric and magnetic fields.
In all these experiments the gas was at 1500°K and atmospheric pressure.
The results of the tests made with an applied electric field agreed with
the two temperature model of Kerrebrock after an adjustment of the energy-
loss parameter 3. The test made with an applied magnetic field was in-
conclusive.

Westendorp, et al. (3) and BenDaniel and Bishop (4) studied non-
equilibrium lonization in transient discharges in static helium-cesium
gases at pressures of 0.1 and 0.2 atmospheres and gas temperatures of
400-500°K. The discharge was produced by the discharge of a capacitor
and the electric field within the discharge was measured by two veltage
probes inserted in the gas between the electrodes to eliminate electrode
sheath effects. The results of these experiments are in general agree-
ment with the ionization predicted by the Saha equation evaluated at the
electron temperature., Two different discharge modes were observed, one
of which was constricted and the other of which appeared diffuse. The

constricted mode was observed only when the cesium density was low or



the current density was large (possibly corresponding to the case when
all cesium atoms were ionized). The constriction was delayed by a few
hundred microseconds after the application of the test voltage and was
accompanied by a marked drop In the voltage difference between the two
probes.

Hurwitz, Sutton and Tamor (5) have theoretically analyzed elec-
tron heating due to the induced electric field in three different ideal-
ized direct current MHD generator geometries. The calculated electrical
conductivities and éower densities of an argon-potassium plasma in a seg-
mented electrode geometry were higher by one to two orders of magnitude
than those achieved in MHD generators using combustion gases at much higher
temperatures. Kerrebrock (6) has written a review article which summa-
rizes the present understanding of nonequilibrium ionization as applied
to MHD power generation.

In Reference (7), Kerrebrock further developed his proposed two
temperature conduction law, giving the range of validity of the proposed
law and considering some of its implications. The two temperature model
postulates an electron gas composed of the free electrons strongly coupled
to the valence electrons of the gas and Maxwellized at its own mean ther-
mal energy. Ilonization iz assumed to be in equilibrium at the electron
temperature. The twc temperature conduction law differs from the usual
Ohm's law in that the current density 1s proportional to about the fifth
power of the electric field for a slightly ionized gas with an elevated
electron temperature. Theoretical calculations (7) based on Kerrebrock's
two temperature model, using constant electron-atom collision cross sec-

tions and neglecting the radiant energy losses, result in an electrical



conductivity which is a continuously increasing function of the current
density. These results lead to questions concerning the current stability
of devices using nonequilibrium ionization.

Kerrebrock and Hoffman (8) studied an argon-potassium plasma at
atmospheric pressure and gas temperatures of 1400-2000°K. A temperature
controlled potassium boller supplied potassium vapor through a small di-
ameter choked orifice to seed the argon gas. DC storage batteries sup-
plied the voltage for the discharge between two axially placed electrodes.
The electric field within the discharge was measured by voltage probes lo-
cated between the electrodes to eliminate electrode sheath effects. Elec-
trical conductivity measurements covered a range of current densities up
to 10 amps/ch. Good agreement with Kerrebrock's model was obtained by
adjusting the energy loss parameter, &, in the theory. Radiant energy
losses were neglected in this work of Kerrebrock.

Goldstein, et al. (9) have measured the electrical conductivity of
a NaK-seeded argon plasma in a Faraday accelerator for M = 1.1 at atmos-
pheric pressure. Their measurements are in agreement with Kerrebrock'®s
two temperature model for current densities up to 33 amps/cm2 wnich was
the upper limit of the measurements.

Halstead and Larson (10), experimenting with an argon-potassium
plasma, recognized that variable electron-atom collision cross sections
could materially affect their results. They neglected electron-icn
collisions and applied a correction factor to the values of electrical
conductivity predicted by Kerrebrock's theory (1) to account for variable
electron-atom cross sections. Average values of the electron-atom cross

sections from Brown (11) were used in this correction. The corrected



electrical conductivities gave better agreement with the experimental re-
sults; however, current densities were limited to less than 10 amps/cm2
and radiation energy losses were neglected.

Sheidlin, et al. {12) made electrical conductivity measurements in
an argon-potassium plasma at about 1750°K and atmospheric pressure. The
gas was heated by an arcjet heater and a potassium boiler was used for
seeding the plasma. The results agreed in general with Kerrebrock's
earlier work.

Zukoski, et al. (13) made measurements of the nonequilibrium elec-

trical conductivity of an argon-potassium plasma at 2000°K and atmos-

pheric pressure. The plasma flowed through a circular duct with electrodes
arranged to give an axial current. Voltage probes were used to measure
the electric field between the electrodes. The argon gas was heated with
an arcjet neater and potassium seeding was achieved with a potassium
boiler. A voltage pulse technique was used to get the voltage-current
characteristic of the test section. Measurements of the conductivity were
made during the transient period to obtain information about the relaxa-
tion phenomena cccurring in the plasma in response to a step function
change in the applied electric field. [t was found that during the first
few microseconds, the electrons absorb most of the input power and reach
an elevated temperature. Later, the ionization process dominates and is
the chief energy sink. After an initial transient period of about 200
microseconds, the temperature of the whole gas system starts to increase
due to Joule heating.

Steady-state conductivites were measured for currrent densities

from 0.8 to about 90 amps/cmzﬂ Theoretical calculations were made of



the electrical conductivity of a two temperature plasma including the
energy dependence of cross sections and radiation losses from the plasma.
The results indicated that radistion losses were small compared to elastic-
collision losses when current densities were above 4 amps/cm2 for the 1/2
in. diameter test section. It was also concluded that for these experi-
ments the conductivity could be closely approximated by using energy-
independent cross sections of a properly chosen magnitude. Later measure-
ments by Zukoski and Cool (14) and Cool and Zukoski (15) on essentially

the same experimental apparatus gave similar results.

Shelton and Carlson (16) have recently made more detailed calcula-
tions of the electrical conductivity of an argon-potassium plasma includ-
ing the energy dependence of the electron-atom collision cross sections.
Ionization of argon atoms was neglected in these calculations. These
calculations indicate that the electrical conductivity reaches a maximum
as a function of the current density for the argon-potassium plasma. The
behavior results theoretically from the pronounced Ramsauer effect of ar-
gon. The existence of such a peak in the conductivity indicates current
stability.

Bernard, et al. (17) have made calculations of the electrical
conductivity for an argon-cesium plasma including variable collision
cross sections. A leveling off in the electrical conductivity curve was
obtained as the potassium became completely ionized; however, the con-
ductivity then increased again due to argon ionization. Some experi-
mental evidence that such a leveling off in the conductivity actually

occurs is presented in Reference (17).



CHAPTER II

ANALYTICAL STUDIES

Electrical Conductivity Theory

The electrical conductivity theory presented here is similar to
the calculation of Shelton and Carlson (16) modified to account for the
ionization of the argon atoms and the radiant energy loss from the plas-
ma. An expression for the electrical conductivity is obtained by taking
the momentum moment of Boltzmann's equation and evaluating the collision

term by using Morse's collision integrals (18):

where, g = electrical conductivity
n = electrical resistivity
Qes = weighted variable cross section for elastic

scattering of electrons by the s species.
The weighted variable cross section for elastic scattering of electrons

by the s species is defined by the following expression:

2
= _ me 3 o meg . 5
Qe = (G I exp(= 37 Jop9 49 (2)
e o} e
where, d = diffusion cross section.

ms



For the particular case of an argon-potassium plasma, Equation (1) be-

comes:
4 BkTe é— e = i
n =3l ﬂmp) 2 (npQep + Py + 13Q

L BRT 2 m _
iy Fgln 1 n 62(”AQ at @i
e
]
42003 o7 4
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e

il

where, o atomic gas resistivity

]

Mot ionic gas resistivity.

Notice that Equation (4) is a result of the electrical conductivity cal-

culational method and not the assumption of Lin, Resler and Kantrowitz

(19).

Spitzer and Harm (20) give an expression for the ionic gas re-

sistivity which was used in Reference (16) to replace Equation (6):

_ 6.53 x 10°
Nei 2

e

In A

where,
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The Spitzer-Harm resistivity includes the effects of electron-electron
interactions on the distribution function.
The expression for electron energy is obtained by taking the energy

moment of Boltzmann's equation and using Morse's collision integrals:

2 8KT, 5 m, 3
- dngkl T, - 1) ) nQ, * Q. (8)
5
where, Te = electron temperature
TO = gas temperature
e radiant energy loss

By making use of Equation (1) for the electrical conductivity, Equation

(8) becomes:

29
9 3n 2 k

2.0 -
oy

(Te" T)) +6Q (9)

rad
An expression for the radiant energy loss from the plasma is presented
in the next section.

Considering ionization of both potassium and argon atoms, the
electron density is obtained from the following two Saha equations

assuming ionization equilibrium at the electron temperature:
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n n+ Plntp12t 2nm kT 3 V., ,e
e A _ g A ( 9)2 — 1A ) (10)
n, A int 2 PR,
Pa
where, VlA = first ionization potential of argon
n, = number density of argon atoms
¥ i 4 .
n, = number density of argon ions
Pént: internal partition function for electrons
int . . ) ; "
PA+ = internal partition function for argon ions
P;nt: internal partition function for argon atoms
and,
fi. B R R V..e
n K pint o2 PA kT,
K
where, VlK = first ionization potential of potassium
n, = number density of potassium atoms
g . . .
n.K = number density of potassium ions
: B i AT G ; ;
Pe = internal partition function for electrons
= internal partition function for potassium ions
P;:t int 1 iti functi for p i i
int _ | ; o : 3
PK = internal partition function for potassium atoms.

The additional condition of charge neutrality is necessary to supply the

following equation:
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o+ - x
n % Wy * My (12)

Using Dalton's law of partial pressures and the assumption that

the electron pressure is negligible, the following equation is obtained:

+ *
P = (nA tmy bt nK)kTo (13)

By definition, the seeding fraction is represented by:
(14)

By combining Equations (10), (11), (12), (13) and (14), an equa-

tion for the electron density is obtained.

2 PF
By ¥ BB E T, FIKT_

By using Equations (10), (11), (12), (13) and (14), Equation (4)

can be put into the following form:

1 —
1., =_ﬁ(EkTe)2 e P Qea ; FQk (16)
g 3'mm_ o2 (1L + F)kT ng *+ E, n  + Ey
+ 5.53 X% lO3 1 127 (e kT )3/2
T2/2 esni/i e
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The set of equations (9), (15) and (16) along with the radiant
energy loss term from the next section were solved for an argon-potassium
plasma on a Burroughs 5500 computer using the values of EeA and aeK from
Kruger and Viegas (21) for 1000°K < Te < 10,000°K. The energy dependence
of the weighted cross sections EeA and E:EeK is illustrated in Figure (1).
The very small cross section for argon at an electron temperature of about
1800°K is known as the Ramsauer effect and is present in the cross sec-
tion data for most noble gases.

The modified theorvy is compared with the Shelton and Carlson
theory (16) in Figure (2) for a gas temperature of 1500°K, a gas pressure
of 15" Hg. vacuum and a seeding fraction of 0.002. The ionization of argon
atoms is seen to significantly change the theoretical curve for current
densities above about 80 am_os/cm2 which corresponds to an electron temper-
ature of about 8000°K. For most test conditions, the peak in the elec-
trical conductivity curve predicted by the unmodified theory is re-'
duced to a plateau region of constant electrical conductivity after
which the conductivity increases cnce again due to the argon
ionization. There are, however, run conditions for which the modi-
fied theory does predict a slight peak in electrical conductivity. All of
the terminal points of the theoretical curves shown correspond to an elec-
tron temperature of 10,000°K, thus the modified theory predicts a much
slower increase in the electron temperature with current density than
the unmodified theory after the start of argon ionization. This varia-
tion in electron temperature is shown in Figure (3). An explanation of
these curves is obtained from the electron energy equation, Equation (9),

which can be rearranged in the following form:
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2m oQ 2m .2
Tg = To B g ( gad) + 2 (15) (9%)
3e 7k n, 327k né

The second term on the right hand side (RHS) of Equation (9') is due to
the radiant energy loss from the plasma. This radiant energy is an
energy loss from the electron gas, which results in a lower electron
temperature than that predicted by the unmodified theory. Consider the
effect of the third term on the RHS of Equation (9') for systems with
different current densities and the same gas temperatures, gas pressures
and seeding fractions. For systems with low current densities, a larger
j is accompanied by a larger g due to potassium ionization, which re-
sults in little change in Te. For systems with intermediate current
densities, a larger j is accompanied by little change in n, since most
of the potassium atoms are ionized and the electrons have insufficient
energy to ionize the argon atoms. This results in a larger Te for the
systems with larger j. For systems with large current densities, a lar-
ger j is accompanied by a larger ng due to argon ionization, which re-
sults in little change in Te‘

The radiant energy loss calculations were made for the particular
experimental apparatus used in these tests and is therefore valid only
for comparing the results of these tests with the theory. For low cur-
rent densities, radiation losses become comparable to the elastic colli-

sion losses and result in lower values of the electrical conductivity.

Radiant Energy Loss

The imporfance of the consideration of radiant energy loss from

the plasma in comparing experimental data with the two temperature
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electrical conductivity model has been shown by Zukoski, Cool, and Gibson
(13), who obtained much better agreement with theory after correcting the
theory for radiant energy loss.

Lutz (22) has made a detailed calculation of the radiant energy
loss from a cesium-argon plasma between two infinite parallel plates.
He shows that the principal part of the radiant energy loss is due to
the resonance lines for electron temperatures below 3000°K.

In general, the radiation less is given by

%ad = L "3R4 (17)
]
where, Gj = resonance escape factor
Aj+o = Einstein spontaneous emission probability
hvj = energy of transition from the jth level to the
ground state
- . .th
nj = number density of the j state.

According to Lutz (22), the effects of Stark and Doppler broaden-
ing of the spectral lines is negligible in comparison with collisional
broadening. For the case of collisional broadening Holstein (23) gives
the following formula for the resonance escape factor for an infinite

cylinder of radius R.

29 v? v =
B = Tanly |t _-—p-)j . (18)
J ¢ ng.R Y
07]

where, R = radius of the cylinder
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g = statistical weight of the ground state
g, = statistical weight of the j-th excited state
n_ = density of atoms in ground state
¥ = natural line width
Yp = total line width.
Considering cellisional broadening due to collisions with argon

and potassium atoms, the ratio (Yp/Y)j can be written as:

J J J
(IE) Woat * ety T OV lpi)
- j (19)
&vnat
where, Aviat = half-width for natural broadening

Ay> = half-width due to K-K collisions

c(K=K)
AvY = half-width due to K-A collisions

c(K-A)

Now, neglect the excitation of argon atoms and consider only the
4Pl/2-—-481/2 and 4P3/2--4Sl/2 transitions in the potassium atoms.

Use the correspondence

0 -"'451/2

1 "'"41:’1/2

2 —"4}.33/2

and consider only these 3 states of potassium to be populated according

to a Boltzmann distribution at the electron temperature. Thus,

0 X 2
N = N + N + Ny (20)



where, N = number density of neutral potassium atoms
nz = number density of potassium atoms in ground state
n; = number density of potassium atoms in the 4Pl/2 ex-
cited state
ni = number density of potassium atoms in the 4P

cited state.

By definition of the Boltzmann distribution

hv .
1 m—=
n d KT
'—E- = E]‘ e & and
nK fo!
hv2
n? g, KT
K 2 e
> "%, °
nK o}

Combining Equations (20), (21) and (22) get:

n, = i
K N
g, +g¢ kT
1+ (_'1_'_2')9 €
%
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(21)

(22)

(23)

Considering the two excited states of potassium, Equation (17) can

be written in the following way by expressing the Einstein spontaneous

emission probabilities in terms of the emission oscillator strengths.
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5 _ hv
Dice n;h kT,
Qed ® .3 Elglfl—o t Gy.f, 0] (24)
mek €59%

where, A = wave length of doublet
fl—o = emission oscillator strength of the 4Pl/2 level
f2_0 = emission oscillator strength of the 4P3/2 level,

For the present calculation equations (18) and (19) yield the

following set of equations:

o L
2gov. Yp 2
Gy = L.115|—2c— )y (3 = 1,2) (25)
c anjR
where,
J ki J
¥ DV B ) M e
(), - —natolkl) _olleh) (52,9 (26)
Y J Av

nat

The following equations for half-widths due to collisional

broadening are taken from Mitchell and Zemansky (24):

P2
j - .._i i =
BV = 3 fj_.c (3= 1,2) (27)
mec

: ‘ 2
] 2 J b Jaiz 1 1 ;
S i = 1,2 o8
BVe(k-k) T x [dc(K—K)] ne [2nRT (= + =) (5 = 1,2) (28)
W My
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AvS = 3F. 2n BT (e e (3=1,2) (29)
c(k-A) T [Pe(k-a)] "afTT ot T S 1%
K A
where, di(K—K) = optical cross section for collisional broadening

between radiating potassium atom and neutral

potassium atoms for the j—=0 transition

Og(K—A) = optical cross section for collisional broadening
between radiating potassium atoms and neutral ar-
gon atoms for the j —e0 transition.

R = universal gas constant

ﬂK = molecular weight of potassium

HA = molecular weight of argon.

The calculation of the radiant energy loss reduces to solving the
set of Equations (24), (25), (26), (27), (28) and (29). The following

constants were used in this calculaticon:

B s f, o = 0-35 Kerrebrock (6)

Q

hl = T7664.91 A
Q

A = 7698.98 A

2
B, =2
gy =4



= $5.04 x

= 5.77
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Hofmann and Kohn
(25)
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CHAPTER III

EXPERIMENTAL STUDIES

Experimental Facilities

The experimental facilites used in these experiments can be
divided into the following seven major parts: (1) gas supply and arc
torch, (2) seeding apparatus, (3) mixing chamber, (4) test section,

(5) calorimeter, (6) vacuum system and (7) auxiliary systems and instru-
mentation. These major divisions are shown in Figure (4). Each of these
parts will be discussed separately so that changes and modifications lead-
ing to the final system can be discussed.

The primary argon gas supply consisted of 5 bottles of welding
grade argon with impurities of less than 30 ppm fed through a common gas
manifold. The gas pressure of the argon gas leaving the manifold was con-
trolled by a 0-1500 psig Airco pressure regulator. A secondary argon
gas supply consisting ¢f a single bottle of welding grade argon control-
led by a 0-300 psig National pressure regulator was provided for use with
the seeding apparatus.

The primary argen gas was heated by a Thermal Dynamics Model
F-80 Thermal Arc Torch with DC electrical power supplied by a Miller
Selenium Rectifier Model 1300 C-1 with a rated capacity of 83.2 kilowatts.
The rectifier can supply 40, 80 or 160 volts open circuit voltage on the
secondary side for use by the torch. For the majority of the tests, the

rectifier open circuit voltage was set at 160 volts,
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Control of the operation of the torch was provided by a Thermal Dyna-
mics Thermal Arc Automatic Contrcl Censole Model 50 NHB. The primary argon
gas and the cooling water for the arc torch pass through the control
console before going to the arc torch. The primary argon gas is regu-
lated and metered in the control console. The control console has sev-
eral safety interlocks built in to protect the torch from damage. If the
torch cooling water pressure drops below 90 psig or if the primary argon
gas supply is lost, the torch is autcmatically stopped. The control con-
sole contains the start, ignite and stop buttons as well as the amperage
control for the arc torch.

The seeding apparatus for the seeding of the argon gas with potas-
sium was a positive displacement device driven by a variable speed motor.
Two different designs were tried and both will be described. Design A is
shown in Figure (5). Design A consisted of a stainless steel potassium
container having a 0.020" diameter opening in the bottom for feeding po-
tassium into the gas system. The secondary argon gas stream was heated
to about 400°C by a nichrome wire heating element and passed by the small
opening to help break up the liquid drops of potassium being pushed out
of the potassium container. A 1/4 inch inside diameter stainless steel cy-
linder and piston was located above the potassium container. Kerosene was
used to cover the potassium and fill the feed cylinder. The use of kero-
sene in contact with the movable piston permitted the use of a rubber
o-ring seal on the piston. The piston was displaced by a screw mechanism
driven by an electric motor controlled by a Heathkit Model GD-973A Motor
Speed Controller. The temperature of the potassium container was main-

tained at about 170°C by a2 nichrome heating element to keep the potassium
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in the liquid state. This seeding apparatus was not adapted to start and
stop operation. If the test was made immediately after loading the potas-
sium, successful seeding was possible. Attempts to use the same potassium
loading for several tests failed bzcause of the potassium shrinkage upon
cooling and its adhesion to the walls of the potassium container. These
effects resulted in a mixture of kerosene and potassium being obtained
from the seeding apparatus when used for the second time.

Design B of the seeding apparatus, which is shown in Figure (6),
consisted of a 10cc B-D Luer-Lok Syringe with a one inch long 24 gauge
B-D needle, a syringe holder and a variable speed motor dirve for displac-
ing the piston. Before loading the syringe with potassium, a thin coating
of Dow Corning silicone high vacuum grease was applied to the piston of
the syringe to prevent any leakage of potassium by the piston during a
test. After loading the syringe with potassium, the syringe was placed in
a copper syringe holder which was pre-heated to about 200°C to prevent so-
lidification of the potassium. The secondary argon gas, heated to about
4009C by nichrome wire heating element, was passed by the needle tip to
help break up the potassium drop formation on the needle tip. The piston
was displaced by the same variable speed motor screw drive as Design A.
Design B was more successful in supplying known quantities of seeding mater-
ial than Design A. Design B was used for the majority of the tests re-
ported.

The initial mixing section was a water cooled, 1/2 inch diameter
stainless steel tube 10 diameters in length. The potassium seed material
was injected into the primary argon gas stream as the argon left the arc

torch. Thus, the potassium had a distance of 10 diameters in which to
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ionize and mix with the primary gas stream before reaching the test section.
The purpose of having a cooled mixing section was to enable a heat balance
to be made of the gas upstream of the test section to determine the enthalpy
of the gas entering the test section. The cooling of the mixing section
wall resulted in the condensation of potassium on the cool surfaces caus-
ing the seeding to be very erratic and non-uniform. Thus, it was necessary
to use an uncooled mixing section.

The second mixing section was an uncocled stainless steel tube with
a graphite insert for the hot gases to pass through. This mixing section
was not very successful because of the graphite dust which passed through
the test section. This graphite, which is an electrical conductor, caused
erratic voltage reading from the voltage probes in the test section. The
final mixing section design was an air-cooled stainless steel tube with
a boron nitride insért having a 1/2 inch diameter gas passage. The boron
nitride was 10 diameters in length which allowed time for the mixing of the
argon-potassium stream before entering the test section.

The test section consisted of an uncooled stainless steel tube with
:a boron nitride insert. The test section inside diameter was 1/2 inch
with an overall length of 5 inches. Boron nitride was found to be an
excellent material for use in the test section because of its electrically
insulating and high temperature properties. The test section is shown
schematically in Figure (7). The test section electrodes were spaced
axially. The upstream electrode or anode was a stainless steel ring elec-
trode, while several different types of downstream electrodes or cathodes
were tried. The axial spacing of the electrodes was chosen over a parallel

plate arrangement since additional electrode area could be provided for
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the thermionic emission of the necessary electrons for the high current
densities of interest in these experimznts. A ring electrode was used
for the anode to allow an uncbstructed flow of gas through the test sec-
tion. Both stainless ring electrodes and 3/16 inch diameter tungsten
rod electrodes were used as the cathode. The data obtained with the two
cathode configurations were very similar; however, the tungsten elec-
trodes lasted much longer and for this reason were the more desirable
type.

Tungsten wire voltage probes of 0.060 inch diameter were inserted
in the flow between the electrodes as shown in Figure (7). The voltage
distribution in the test section was measured with these probes, which
allowed the determination of the electric field without the sheath effect
errors due to electrode geometry. Several runs showed that the electric
field was fairly constant except for a region close to the electrodes;
therefore, the remainder of the tests were made with only two voltage
probes between the electrodes.

Two quartz window ports were provided between the electrodes for
visual observation of the discharge and also for the measurement of the
gas temperature with an optical pyrometer.

The calorimeter or heat exchanger was designed to remove energy
from the plasma stream so that the gas could pass through the vacuum
system without causing damage. The calorimeter is shown in Figure (8).
It is constructed entirely from copper and brass material and has three
concentric gas passes. All interior gas passages are protected by 1/4
inch O. D. copper cooling coils. Since the calorimeter contains approx-

imately 150 feet of l/d inch 0.D. cooling water passages, three parallel
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cooling water passes of 50 feet each are used to cut down on the cooling
water pressure drop. Upon entering the calorimeter, the hot plasma gases
strike a cocled diverter body located in the center of the tube. This
diverter body helps remove a large portion of the gas energy during the
first pass through the calorimeter by increasing the stream turbulence and
also increasing the heat transfer area.

The vacuum system consists of a Leiman rotary oil-less pump
Model 297-6 with a capacity of 30 cubic feet of argon per minute (under the
vacuum condition) at a vacuum of 15 in. Hg. An oil-less pump was speci-
fied since trace quantities of potassium could remain in the gas stream
upon entering the vacuum pump. As a further precaution against getting
potassium in the vacuum system, a gas filter was installed immediately
upstream of the vacuum pump. To permit some control over the test section
pressure, an air bleed valve was provided between the heat exchanger and
the vacuum pump.

The water cooling system provided the cooling capacity for the arc
torch and the calorimeter from the standard water supply available in the
laboratory. A diagram of the water cooling system is shown in Figure (9).
Upon leaving the laborastory water supply line, the water is filtered by
passing it through a Fram Model FS 1133-PL water filter. The water pres-
sure is increased to the necessary value by a 3/2-DN4 Worthington Monobloc
water pump. The water pump was necessary because of the cooling water
capacity and pressure requirements of the arc torch. After passing through
the pump, the cooling water goes to the arc torch control console. In the
control console the water passes through a solenoid relay which shuts off

the arc torch if the cooling water pressure drops below 90 psig. The
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water goes from the control console through the cooled cathode lead te the
arc torch and after passing through the cooling passages of the arc torch
returns to the control consocle through the coocled anode lead. The control
console is equipped with an air purge system for removing the cooling wa-
ter from the electrcde leads and arc torch when the torch is not in oper-
ation., When the air purge is to be used, the cooling water and air pass
through by-pass line A upon leaving the contrcl console. When the torch is
in operation, the by-pass line A is closed off and all cooling water passes
through orifice meter A. Upon leaving orifice meter A, the cooling water
flow divides with part of it passing through the calorimeter and the re-
mainder passing through by-pass line B. The valve E permits some regula-
tion of the amount of cooling water which passes through the calorimeter.
Orifice meters A and B are thin plate orifice meters with vena contracta
pressure taps located in accordance with ASME standards. The pressure
drops across orifice meters A and B are measured with mercury-water mano-
meters. Callbration curves for the two orifices are included in the
Appendix. After leaving the calorimeter the cooling water is dumped to
the atmosphere,

The arc torch centrol console has a thin plate orifice for measur-
ing the primary gas flow rate. The pressure drop across the thin plate
orifice is indicated on a Barton differential pressure meter with a 0-100
per cent scale. Calibration curves for argon gas flowing through the
0.1140 inch diameter orifice are included in the Appendix for several
metering pressures. The secondary gas flow rate is measured with a 0-30
SCFH Dwyer rotometer.

The test section pressure is measured with a Crosby vacuum—-pressure
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meter with a range from 30 inches Hg. vacuum to 15 psig. A calibration
curve for the vacuum-pressure meter is included in the Appendix.

The amount of potassium seed material added to the argon gas flow
is adjusted by controlling the speed of the motor driving the piston in
the positive displacement seeding mechanism. The drive motor RPM is mea-
sured with a Type B low speed Hasler Speed Indicator. Adjustment of the
motor speed with the Heathkit motor speed controller allows the metering
rate of potassium to be changed.

Ten copper-constantan thermocouples were used to measure the cool-
ing water temperature, primary and seccndary argon temperatures, and the
potassium holder temperature. A common reference junction at 32°F was
used for the ten thermocouples. The output potential of the thermocouples
was fed through a Leeds and Northrup thermocouple switch and read with a
Leeds and Northrup Millivolt Potentiometer Model 8686. A sketch of the
thermocouple circuit is shown in Figure (10). The ten thermocouples were
calibrated against a standard thermocouple certified by the National Bureau
of Standards. Calibration curves for four of the thermocouples are in-
cluded in the Appendix.

The test gas temperature was measured by two independent means.

A 0.060 inch diameter tungsten wire was inserted into the gas stream at
a point between the test electrodes and the tip of the tungsten wire was
viewed with a Leeds and Northrup Optical Pyrometer. This method provided
an almost instantaneous means of determining gas temperature. The Leeds
and Northrup Optical Pyrometer was calibrated with a Mole-Richardson Type
2731 Molarc Lamp. The calibration procedure and calibration data are in-

cluded in the Appendix. The calorimeter provided a second means for the

determination of the gas temperature at the exit of the test section. By
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measuring the heat input to the cooling water and the gas temperature leav-
ing the calorimeter, the gas temperature entering the calorimeter can be
determined. There is a slight lag time before the calorimeter reaches
steady state operation and for this reason calorimeter temperature readings
were not made immediately after the test section had attained steady state.
Initially, a heat balance was to have been made upstream of the test
section; however, it was necessary to use an uncooled mixing chamber which
prevented making such a heat balance.

The voltage-current characteristic of the test section was obtained
by applying a steady DC voltage between the electrocdes and measuring the
total current in the external circult and the voltage difference between
two probes inserted in the flow. The DC voltage source was twelve 12
volt storage batteries. The test section voltage could be varied by
changing the number of batteries used or by changing the setting on the
3.25 ohm General Electric field rheostat which was in series with the
batteries. The current in the circuit was determined by measuring the
voltage drop across a 100 millivolt 150 ampere Esterline Angus shunt
Serial No. 160 273.

Two different techniques were used to record the voltage-current
characteristic. In the first method after applying the test voltage to
the electrodes, the resistance of the field rheostat was varied from
3.25 to O ohms while the millivelt output of the shunt and the voltage
difference between the two probes were being recorded on a Moseley Model
7100BM Strip Chart Recorder having two Model 17501A Plug-In Modules. To
eliminate high frequency noise from the output traces,it was necessary

to use two high frequency filters on the signals before sending them to
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the recorder. A sketch of the set-up used in this measurement technique
is shown in Figure (11). It was felt that the continuously applied
voltage used in this technique was leading to undesirable Joule heating
of the neutral gas, and for this reason a pulse technique was also used.
In the pulse technique, the probe voltage difference and the milli-
volt output of the shunt were measured continuously during the first 200
b seconds after the test voltage was applied to the electrodes by a Type
555 Dual-Beam Tektronix oscilloscope with Type G and Type CA Plug-In
Units. Using a time base of 50 p sec/cm, both channels were triggered by

the first voltage input from the voltage probes. Pictures of the oscillo-
scope traces were taken with a Polaroid Land Camera using 3000 speed

type 47 film. To eliminate the high frequency noise from the shunt milli-
volt output, it was necessary to use a high frequency filter. A sketch

of the set-up used in this technique is shown in Figure (11).

Test Procedure

The cooling water and the water pump are turned on and the cooling
water flow rates are adjusted to get the desired flow through the arc
torch and calorimeter cooling circuits. It is necessary that the cooling
water pressure at the entrance to the arc torch control console be main-
tained at at least 90 psig since the arc torch will not operate below this
pressure. The temperatures of the cooling water entering and leaving
the calorimeter are monitored on a strip chart recorder and allowed to
reach a steady state value before continuing.

The primary and secondary argon gas supply bottles are opened and
the desired supply pressures are set. The vacuum pump is started and

argon flow rates are set to the desired values. The primary argon flow
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rate is adjusted at the arc torch control console and the secondary argon
flowrate is adjusted at the rotonmeter. After establishing the gas flow
rates at the proper test section pressure, the primary flowrate is in-
creased to a minimum of 0.01 |bmsec since this anount of flow is needed
to start the arc torch. The gas flow and vacuum punp are stopped unti
tine to test.

The nichrone heating elenments on the potassium syringe hol der and
the secondary argon heating section are set to get the desired tenperatures.
The inside of the potassium syringe holder is maintained at about 200°F
which is sufficient to keep the potassium in the liquid state. The secon-
dary argon gas is heated to approximately 400°C in the nichrone heating
section.

Two or three grams of potassium are loaded in the | CGcc Luer-Lok
syringe according to the procedure outlined in the Appendi x and the sy-
ringe is placed into the syringe holder. The positive displacenment drive
mechani sm is connected to the syringe piston and secondary argon gas is
passed by the needle on the syringe.

The vacuum punp is started and the torch is ignited fromthe contro
console with the current control rheostat at the mninmum setting. The start-
ing current for the torch should not exceed 100 anps. The primary argon gas
flowrate is adjusted to 3 gns/sec. and the current control rheostat is set
to give the proper current. As soon as the test section tenperature has
reached a steady state val ue, the potassium seed nmechanism is started and
adjusted to give the desired potassium seed fraction. The gas tenperature
is neasured with the optical pyrometer prior to applying a test voltage
across the test section el ectrodes.

Depending on the test being conducted, the voltage and current

readi ngs are recorded on the strip chart recorder or the oscill oscope.



