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ABSTRACT

Each member of the alkali metal series has been investigated to determine the
best system for a closed cycle MHD generator utilizing magnetically induced non-
equilibrium ionization. MHD generator performances have been calculated for
one-dimensional steady state flows with constant Mach number in which the dimer
concentration is neglected. The calculations are for a generator with segmented

electrodes.

Potassium appears to be the best choice among the alkali metal series for a
1 megawatt generator operating at total temperatures near 1600°K and total pressures
around 20 psia. This choice is based upon considerations of the calculated generator
performance, the vapor pressure, and the equilibrium concentration of dimer in the

vapor.

The calculations show that the performance of an MHD generator utilizing a
non-equilibrium condition of the electrons is primarily dominated by the elastic
electron-neutral collision cross section. If the elastic electron collision cross section

2, then magnetic fields of 130,000 gauss will be required

in potassium is 4x10'-]4 cm
to obtain the non-equilibrium conditions necessary to obtain power densities near
1 kw/cm3 when the Mach number is around 2. However, if the cross section in

potassium is near 110719 cmz, (as recently reported in the literature) then magnetic

fields of 12,000 gauss will produce power densities near 1 kw/cm3 at a Mach of 2.
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Introduction

In order to operate a closed loop MHD generator with high power density ot
temperatures compatible with existing "high temperature materials", a non-
equilibrium condition of the electrons must be created in the plasma. Based upon
the theory of magnetically induced non-equilibrium ionization (Ref. 5), calcula-
tions have been performed for each member of the alkali metal series. The
calculations are based upon a flow which is one-dimensional, steady state and

in which the dimer concentration is negligible.

These calculations together with considerations of the vapor pressure and
equilibrium dimer concentration indicate that potassium is the best choice of

working fluids among the alkali metal series,

e idate



Eguofions:

For the case of segmented electrodes, the electron temperature is related to

the total gas temperature by the following equation, (Ref. 5):

-1
T 1+’ Md (k)
T IrFMmt

where

T, is the electron temperature.

T

o Iis the total gas temperature.
¥ s the ratio of heat capacities, (cp / cv).

€U is the electron cyclotron frequency.

T° s the average time between electron-non-electron
collisions.

My is Mach number.

{ is the loss factor which is close to unity for vapors with
monatomic particles.

K is the loading factor which is the ratic of the load voltage
to the open-circuit voltage .

The electron temperatures are calculated for the case where the Mach number is

constant, an1 where { = 1land K =0.



The electron density is detemined from the Scha equation based upon the

electron temperature:
N £
Me (AW m 4 Te) o (;%)

- 3
M=% h

[ )

(2)

where

n, is the electron density.

n_ is the neutral particle density.
m _ is the electron mass.

k s the Boltzmann constant.

h is the Plank constant.

E, s the first ionization potential of the vapor.

T_ s the electron temperature.

The neutral particle density is determined from the ideal gas law:

m, = P,/,ﬁ'[; )

where
n is the neutral particle density.
Py s the static pressure.
Ty s the static temperature.

k is the Boltzmann constant.



The static pressure is calculated from the isentropic flow equation:

Po
- e
Y-l 3\ ¥
(I-l- Ll M')

A=

where
P] is the static pressure.
Po is the total pressure.

¥ s the ratio of heat capacities, (cp /cv).

M] is the Mach number.

The static temperature is calculated from the isertropic flow equation:

Xl
7 =7 -g- ¥ SR )

where

T] is the static gas temperature.
T_ is the total gas temperature.
P. s the static gos pressure.
P, is the total gas pressure.

¥ s the ratio of heat capacities, (cp/ cv).
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The conductivity due to the ions is related to the electron temperature, the
Debye shielding length, and the average impact parameter by the following
equation, (Ref. 10}

2

-2 .3
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where
07 is the conductivity due to the ions.
Te is the electron temperature.
A\ is the ratio of the Debye shielding length to the average
impact parameter.
The ratio of the Debye shielding length to the average impact parameter
is related to the electron density and electron temperature by the following

equation, (Ref. 10):

3.3,Y;

3

A= = (’* Te ) N
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where

Z is the number of electronic charges associated
with the ion.

Z] is the number of electronic charges associated
with the electron.

e is the electron charge.
k is the Boltzmann constant.

T, is the electron temperature.

n_ is the electron density.



Since the case of singly ionized particles is considered, Z = Z, = 1.

The conductivity due to the neutral particles is determined from the scalar
conductivity equation in which the electrons are assumed to have a Maxwellian

distribution:

8
e Ne

8 Yy
( v;_e«) a 7; Y2 (n.=m) Q" (8)
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where
e is the electron charge.
m_ is the electron mass.
k s the Boltzmann constant.
n_ is the electron density.
e is the electron temperature.
n_ is the neutral particle density.
n_ is the electron density.

Qep is the electron-neutral elastic collision cross section.

The calculations are performed with a constant electron-collision cross
section, thus neglecting the Ramsauer effect.

The plasma electrical conductivity is determined from the relation:

~1
d
3]

(9)



The gas velocity is determined from the sonic velocity equation:
v
u= [¥RT\"
= ! M
W”

' « 0 . (]o)

where

s the gas velocity.

¥ s the ratio of heat capacities, (cp /cV ).
R is the universal gas constant.

T] is the static temperature .

m is the atomic weight of the vapor.

M. is the Mach number.

The relation between the magnetic field, the electron density, the electron
cyclotron frequency, the average time between electron-non-electron collisions,

and the plasma electrical conductivity, is given by the following equation,

(Ref. 1):



B(I-K) = (ﬂ_v_,f e cot .
a;
where
B is the magnetic field strength .

K is the loading factor which is the ratio of the load
voltage to the open circuit voltage.

n is the electron density.
e s the electron charge.
c is the velocity of light.
is the electron cyclotron frequency.

is the average time between electron-non-electron
collisions.

is the plasma electrical conductivity.

~1 8

(1)



The power density in a segmented electrode generator is given by:

- 2
W(_'ES) = UF u,‘ [B(I-R)_] © o (12)

where
W is the power density.

K is the loading factor which is the ratio of the load
voltage to the open=-circuit voltage .

0; is the plasma electrical conductivity.
u' is the gas velocity.

[3 is the magnetic field strength .

The calculations are performed for the case where viscous boundary layer forma-

tions are negligible, and U] is constant.



SamEIe Results:

MHD generator performances are presented for pure lithium, sodium,
potassium, rubidium, and cesium, under the following conditions:

Total pressure of 10, 20, and 30 psia

Total temperature of 1400, 1600, 1800, and 2000°K

Mach number of 0.8, 1.0, 1.2, 1.4, 1.6, 1.8and 2.0

Electron temperature range of static gas temperature up to 4000°K .

Sample results are shown in figures 1 - 13.
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Discussion:

Theoretical performance calculations are presented for lithium, sodium,
potassium, rubidium, and cesium, in figures 1-5 respectively. These results are
based upon the largest elastic electron-neutral collision cross sections reported in
the literature. In the case of rubidium, a linear variation between potassium and
cesium was assumed. A comparison of alkali metal vapor systems is presented in
figure 6. A complete comparison at a total pressure of 20 psia and a total temper-
ature of 1400°K was impossible because of the low vapor pressure of lithium.
These results show that the decrease in the ionization potential of the heavier
elements is greatly overshadowed by the increase in atomic weight and especially
by the increase in electron-neutral collision cross section. Lithium is undesirable
because of the high operating temperatures required. Rubidium and cesium are
undesirable because of their high atomic weights and large electron collision cross
sections. Either potassium or sodium would be acceptable working fluids; however,
the amount of equilibrium dimer in the vapor is much greater in sodium than in
potassium, as shown in figure 17. Consequently, potassium appears to be the best
choice among the alkali metals as an MHD working fluid.

Recent data (References (8) and (9)) indicate the collision cross sections for
potassium and cesium to be much lower than has usually been assumed. If this is
true, the MHD generator performance is greatly enhanced, as shown in figures 7,
8, and 9. The influence of the magnetic field upon the plasma electrical conduc-
tivity is shown in figure 10. The influence of the Mach number upon the performance
is shown in figure 11. The effect of electron-potassium collision cross section is

shown in figure 12. The relationship between the plasma electrical conductivity

11



and the electron temperature is shown in figure 13. Thus, if for potassium

Qe = 10713 cm?, power densities of 1 kw/cm3 can be expected for potassium with
a total gas temperature of 1400°K, a total pressure of 20 psia, a Mach number of 2,
and a magnetic field around 64,000 gauss with a loading factor of 0.75.

For convenience, the details of the calculation procedure are presented in
appendix A. Vapor pressure curves of the alkali metals are presented in appendix
B. The vapor pressure data presented herein were obtained from R. E. Honig (Ref. 3).
Honig's vapor pressure data review, the most comprehensive collection currently
available, is based primarily upon data reported in References (4), (6), and (11).
Curves of the equilibrium dimer concentration in pure alkali metal vapors are pre-
sented in appendix C. As expected, the relative equilibrium concentrations of
dimer are also reflected by the heats of dimer dissociation at 0°K, Ref. (2).

Heat of Dimer Dissociation

Alkali Metal at 0°K
Li, 1.02 e.v.
qu .73 e.v.
K2 514 e.v.
Rb2 49 e.v.
C52 .45 e.v.

The computer routine, used to calculate the MHD generator performance, is

presented in appendix D.
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APPENDIX A

Calculation Procedure
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Calculation Procedure

A. The quantities o be specified apriori are:

T_, the total temperature of gas, °K

ol
Po’ the total pressure of gas, atm

M, the Mach number in the MHD generator, dimensionless

Te, the electron temperature at the entrance of MHD generator
oK

F, the ratio of heat capacities, (cp/cv), dimensionless
Eo’ the first ionization potential of the gas, electron volts

Q

. . 2
en’ the electron-neutral collision cross section, cm

The quantities &, Eo and Q,,, are determined from the particular gas chosen.

B. Calculation of T,, (the static temperature of neutral particles in the MHD

generator, °K).
The quantity, T,, is determined from the steady isentropic flow equation:

¥-1
T, =T (/P) —5— , °K cer (13)

where:
T isin®K
o
P, isin atm.

Po is in atm.

¥ is dimensionless

14



C. Calculation of P, , (the static pressure of gas in the MHD generator, atm.).

The quantity, P, , is determined from the steady isentropic flow

equation:
P
P, = ° , atm vt (14)
(] . ¥ -1 M.2) ¥y -1
2
where:

P isin atm,
o
)’ is dimensionless

M, is dimensionless

" D. Calculation of N, (the neutral particle density, # of neufrols/cm3)

The quantity n_ af the entrance of the MHD generator is determined from

the ideal gas law:

n = Py
n
k T,
since
k = 1.38042 x 10-]6 ergy’ °K, (the Boltzmann Constant)
lerg = 1dyne-cm
1 atm. = 1.013246 x 10° dynes/cm3

15



Thus

n, = 1 atm. [ erg ]
1.38042 x 10710 &L ok dyne - cm

oK
[1 013246 x 10° dynes ]
X
2
cmé - atm.
0.7340 x 1022 p,

n, = . * of particles
T em3

o« o+ (15)

P] isin atm,

T] is in ©K

E. Calculation of Ng s (the electron density, ¥ of e|ecfrons/cm3)

The electron density is determined from the Scha equation based upon

the electron temperature:

2 3/2 -
Ne _ (2ﬂ’me k Te) e Eo/kTe
-n h3
n ¢
Since

m, = 9.1085 x 10~28 grams (electron mass)
k = 1.38042 x10°'6 ergs/ °K (the Boltzmann Constant)
h = 6.6252 x 10727 erg-sec (the Plank Constant)

16



Thus
[(2")(9.1085 x 10—28 gr.) x

32 6 3/2
(ZD'mekTe) | 1.38002 x107° = °K]
h3 )
(6.6252 x 10727 erg-sec.)’
= 2.4146x 10" 1
erg 32 _ sec3
= 2.4146x10°
cm
Also since
-19 .
lTewv., = 1.60207 x 10 " joules
1 joule = 107 ergs
Thus .
E (1e.v.) [1.60207 x 1077 '°”"{,E07 F’gs]
° - e.v. joule
kT -
e (1.38042 x 10716 eros oK)
oK
_ E
= 11,606 _©_  dimensionless
e
where

E isine.v.
o

T isin©9K
e

17
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Finally

2
n
— = 2.4146x '!0”5 Te 3/2e -11,606 €, /Ty , ¥of particles
n, = Ng 3

(16)

3

n_is ¥ of electrons/em

e
n, is # of neufrals/cm3
T, isin oK

E_ isin electron volts

F. Calculation of A , (the ratio of the Debye Shielding length to the

average impact parameter, dimensionless)

The quantity /\ is determined from the following Equation (Ref. 10):
1/2

A- ; i3 Te3\
222.63 Fne 7

Since Z = Z,= 1 in thiscase

4.80288 x 10-]0 e.s.u. (electron charge)

®
1

x
1]

-1
1.38042 x 10°'° erg /0K

= 1gr- cm2/ sec? = 1 dyne-cm

o
d
|

le.s.u. = (dyne-cmz) 1/2

18



Thus 3/2
3 -16 erg
1.38042 x 10 = o
A = T X oK K)
1/27] 3
.
(4.80288 x 10-‘0e.s.u.)3 (dyne cm ) " 1/2
e.s.u.
3/2
T
4 €
= 1.2388 x10 — , dimensionless o s (17)
1/2
n
e
where
T isinoK
e

n, isinf of elecfrons/cm3

G. Calculation of 0 Iy (the conductivity due to the ions, mhos/meter)

The quantity 0': is calculated from the following equation (Ref. 10):

- 3/2
o - 1s1x1072 1, /
oo mho o o 8
i o (18)
Xﬂ A meter
where

Te is in K

/\ is dimensionless.

19
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H. Calculation of a'; , (the conductivity due to the neutrals;

mhos/meter)
The quantity @ is determined from the scalar conductivity equation

(Ref. 1):

n
and
1/2
v =[5 kTe)
.
Thus
2 n
g, -/ e \ / °
1/2 } \ 1/2
8 k_ T (h -n)Q
(me% me) e n e en
Since -10
e = 4,80288x 10  e.s.u.
mg = 9.1085 x 10-28 grams
K = 1.38042x10" Cergs/PK
lerg = gr. cm2/ sec2
le.s.u. = gr]/2 cm 3/"z/sec
em/sec = (1/9 x 10" ohm)

20



-10 2 fo /2
Thus (4.80288 x 10 e.s.u.) (:9_ (nn-ne)Qen)
Te
0, -
1/2

erg
i 1.38042 29 ok \
(9.1085 x 102 g) [_8 °K

T 9.9085 x 10728 g /

2
x r grlﬂ cm 3/2/se<] ] 102 cm

e.s.u. 0 « ]0” oh::gm meter
4.525 1070
o, - —, e vt 19)
Tel /2(nn _ ”e) Qen meter
where
T is in °K
e
n, is # of neutrals/cm 3
N is # of elecfnons/cm3
Qg, isincm
I. Calculation of 0';, (the plasma electrical conductivity, mhos / meter)
The plasma electrical conductivity is determined from the following
equation:

0 T e

or

' __mhos e o (20)

21



where
G-? is in mhos/meter
0"; is in mhos/meter

J. Calculation of @ T, (dimensionless)

The quantity & T* necessary to sustain the given Te is determined from

the equation as shown below (Ref. 5):

1/2
i /
& -l
T
wT=|_____ , dimensionless
T w2
3
where
T isin®K
e
T, isin®K

X is dimensionless
M, is dimensionless

K. Calculation of B(1-K) (the magnetic field, gauss)

The quantity B(1-K) (the magnetic field necessary to sustain the desired
when the generator is short circuited), is calculated from the equation
B(1-K) = f eecw T \
w

The above equation is derived from the following simple relations (Ref. 1):

Q) =eB(1-K)/c

and

22



Since

-10
e =4.,80288 x 10  e.s.u. (electron charge)
¢ =2.998 x 1010 cm / sec (speed of light)
le.s.u. =gr]/2 cm3/2/sec
1 gauss = grl 72/ emV/2  goc
1 sec =9 x 10" ohm=-cm
Thus # of electrons \ f4.80288 x 10_]0e 998 x ]0 _cm e WT
2.99 Sec —
B(1-K) = e electron )
mho
meter

] /2 3/2 gauss
T e.s.u. gr]/2/cm /2. sec
x
T meter -] [ 1/ohm 11 ohm-cm ]’ 90
9x10
102 cm mho sec

ne wr
f;- P (22)

Thus

B(1-K) = 1.600 x 1077

where
K  is dimensionless
Ne s # of electrons/cm3
T isdimensionless

is in mhos/meter
os

23
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L. Calculation of U,, (the gas velocity at the entrance of the MHD

generator, meters/ second)

The quantity U, is determined from the sonic velocity equation:

1/2
u, =[IRT: My
M
Since
R = 1.987 cal/gr. mole (the gas consiant)
1 calorie = 4.186 joules
1 jovle = 107ergs
1erg = 1 gr—cmz/ sec?
Thus

calories gr. moles

1/2
u, = [1.987 oK
gr. moles °K gr

\
-cm? 2
r4 186 joules J[ 10 ergsJ 1 mefer2 g:;_c_;_
calorie joule 4 5 sec
10" cm erg
1/2
Y
U, = 91.20 M., _meters ee s (23)

m sec

n

24



where
x is dimensionless
T, is in °K
m isat. wt., gr./ gr. atom

M, is dimensionless

M. Calculation of W, (the MHD generator power density, kilowotfs/cm3)

= v ] = - i = = E -UB)E
w E i E)’ IY 0';( y ) y
ThUS 2
W = 0';(]-K)K uB
or
wa-k) = g U, [B0-K)]
K
Since
4 - 2
10 gauss = 1 weber/ meter
1 weber = 1 volt second
Thus
2 2
W (1-K) B(1- K) mho-meter” gauss
K meter - sec £
eber/meter] [volf-sec l/ohm] [waﬂ-ohm
IO gauss weber mho volt

x lmefer J[ ]
10 cm 103 watts

W (1-K) = 107"
X

oo U 2 [Bo-x)] 2 KW

cm

]

L4

(24)



where

is dimensionless
is in mhos/meter
is in meters/second

is in gauss
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APPENDIX B

Vapor Pressure Curves for Alkali Metals
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Vapor Pressure of Alkali Metals

The vapor pressure data presented herein were obtained from

R E. Honig (Ref. 3). Vapor pressure curves are shown in figures 14-15,

28



APPENDIX C
Equilibrium Dimer Concentration in Pure

Alkali Metal Vapors

29

st



Equilibrium Dimer Concentration in Saturated Pure Alkali Metal Vapors:

Censider the following reaction:
M, -— 2M I (25)

where M is an alkali metal. As usual, the equilibrium constant for the

homogeneous chemical reaction is defined as

2
={P
KP {(Pm) e 26)
(PM 2)
where P, is the partial pressure of monomer in the vapor
P is the partial pressure of dimer in the vapor
The mole fraction of dimer is given by the ratio
= . . 27
Po
where Po is the static pressure of the vapor
Consequently,
2
X, = (2P, + K) - K* + 4K P
2 P P © ce o (28)
2 P,

The equilibrium constant is obtained from the well-known equation

[2 (T;F—?l - E:"_'j J o e o (29)
KP = e To X] O, X2

30
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where

F° is the absolute free energy
R is the universal gas constant
T is the static temperature

X] refers to the monomer

X2 refers to the dimer

Thus a knowledge of the static pressure, static temperature and free energy pemits
the dimer concentration to be calculated from equation (28).

Such calculations have been performed by Meisl and Shapiro (Ref. 7).
It should be noted that the free energies of the alkali metals were obtained from

Reference 1. Dimer curves are shown in figures 16-18.

31
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APPENDIX D

Program Flow Diagram
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PROGRAM FLOW DIAGRAM*

INPUT CALCULATE
¥ Eo’ mn, ATe, Te (final)
[} t
START ——eecinip Qen’ To 8, Po 5 Pl’ eq. (14) =
M 's, X's
1
SET
V=l - n_, eq. (15) u,,eq. (23) Tl’ eq.(13) p=
T =T +
1 f—=1n_, eq.(16) A, eq. (17) 0, q. (18)
o  viaT)
- » . z - ’ . 1 d » . H .
B(1-k), eq.(22) wT: eq. (21) o 4 (20) r-—on eq. (19)
TEST
[(__.)ll('k »eq. (24)
L. CALL
NEW i
L CASE
l P
OUTPUT
SET T,n_,A wn B(1-k) W(1-k)
’ [ Y o Yo N A » - -
Vevsl e e G %, P —

*
The numbers in parentheses refer to the equations as numbered in Appendix A.
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APPENDIX E

Physical Properties



Physical Properties Used for MHD

Performance Calculations

a (1)
E en m
X o n
Element e.v., em2 gr/gr. atom
- -14
Lithium 5/3 5.363 2x10 6.94
Sodium 5/3 5.12 3x 10714 22.997
4x 1074
Potassium 5/3 4,318 3x 10719 39.1
1x 10719
Rubidium 5/3 4.159 4.7x10°"% | 85.48
-14
Cesium 5/3 3.87 2:2218_15 132.91

(1) Calculations were performed for old literature values of Qg and also

for the latest literature values, (see references 4 and 5).
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APPENDIX F



Table of Nomenclature

(Listed in the Order of Appearance)
Electron Temperature, °K
Total gas temperature, ©K

Ratio of heat capacities, ( i’_ ), dimensionless

v

Electron cyclotron frequency, 1/ sec.

Average time between electron-nonelectron collisions, sec.
Mach number in MHD generator, dimensionless

Loss Factor, to account for inelastic collisions, dimensionless

Loading Factor, ratio of load voltage to open circuit voltage,
dimensionless

Electron density, * of electrons / em3
Neutral particle density, # of neutrais / cm3

First ionization potential of vapor, e.v.

Static pressure of gas in MHD generuior, atm.

Static temperature of neutral particles in MHD generator, °K
Total gas pressure, atm.

Total gas temperature, °K

Electrical conductivity due to ions, mhos/meter

Ratio of Debye shielding length to the average impact parameter,

dimensionless
Electrical conductivity due to neutrals, mhos/meter

Scalar electrical conductivity of plasma, mhos/ meter

37



Velocity of plasma in MHD generator, meters/second

Atomic weight of neutrals, gr./gr. atom

Power density in MHD generator, kw/c:m3

Electron-neutral collision cross section, cm?

Mean electron speed, (Maxwellian distribution assumed), cm/sec.
Electric field vector = i Ex +_1_Ey +kE,

Current vector = iJ +]J y ' KJ,

Any member of the alkali metal series

Equilibrium constant defined by equation 26, atm

Partial pressure of mcomer, atm

Partial pressure of dimer, atm

Absolute free energy, cal./gr. mole
1.38042 x 10716 ergs/ ©K (Boltzmann's constant)
9.1085 x 10728 grams (electron mass)

6.6252 x 10727

erg-sec. (Plank's constant)
4.,80288 x 10-10 e.s.u. (electron charge)
2.998 x ]010 cm/sec. (speed of light)

1.987 cal./gr. mole -°K (gas constant)

38



-—

Conversion Units

1.013246 x 10° dynes/cm?

tm

erg 1 dyne - ecm

1.60207 x 10717 joules

e.v. =
joule = 107 ergs
e.s.u = (dyne - cm2) 1/2
d _ 2
yne = gr.-cm/sec
_( 1 ) sec/cm
ohm = Tox10l
gauss = gr. ]/2/ cm [z sec.
calorie = 4,186 joules
weber/mefer2 = 104 gauss
weber = 1 volt-sec.

39



BIBLIOGRAPHY

40



Bibliography:

1.

1.

Cowling, T. G., Magnetohydrodynamics, Intersciences Publishers, Inc.,
New York, 1957.

. Herzberg, G., Molecular Spectra and Molecular Structure, D. van Nostrand

Co., Inc., New York, 1950."

. Honig, R. E., "Vapor Pressure Data for the More Common Elements",

RCS Review, June 1957, Vol. XVIlI, No. 2.

. Hultgren, R. R., "Selected Values for the Thermodynamic Properties of

Metals and Alloys", Report of the Minerals Research Laboratory, University
of California, Berkeley, California, 1956.

Hurwitz, Jr., H., Sutton, G. W., and Tamor, S., "Electron Heating in
Magnetohydrodynamic Power Generators", ARS Journa!, August 1962.

. Kubaschewski, O., and Evans, E. L., Metallurgical Thermochemistry ,

John Wiley and Sons, Inc., New York, N. Y., 2nd kd. 1956.

. Meisl, C. J., and Shapiro, A., "Thermodynamic Properties of Alkali Metal

Vapors and Mercury", G.E. T.l.S. Report R60FPD 358-A, November 1960.

Mullaney, G. J. and Dibelius, N. R., "Determination of Electron Density
and Mobility in Slightly lonized Cesium", ARS Journal, November 1961 .

. Mullaney, G. J., Kydel, P. H. and Dibelius, N. R., "Electrical Conduc-

tivity in Flame Gases with Large Concentrations of Potassium", Journal of
Applied Physics, Vol. 32, No. 4, 668-671, April 1961.

. Spitzer, Jr., L., Physics of Fully lonized Gases, Interscience Publishers,

Inc., New York, 1956.

Stull, D. R., and Sinke, G. C., Thermodynamic Properties of the Elements,
Advances in Chemistry, Series 18, American Chemical Society, Washington,
D.C., 1956.

4]



Tol LITHIUM
Iy ')
[} H '

E y=5/3 !
i Eo =5.363 ewv. / " l l,
_ Py =20.0 ps.ia. l’ .
- Qen=2.0%X10"cm? ‘ l, "
L - T, - 1800 °K /,' / !
; [i ]
: I |I

T T 77T T
<
"
N
o
~ —

I I
e ——

IO_2 1 Lol

[0] 3 10 4 |05
B(I-K), GAUSS

Figure 1, Power Density for Lithium Vapor, Qen =2.0x 10"

14

cm

2



bt
/ (o]
I
——— e
S Lo S, \
Il”"" ’I-I
= —— . ,v,,, et eme— —
—— S ———— ,',,',' ,i
- o - e —
'/- ',,",,l
e ———— 'I.
/
l
’,, ,III 0
/,""' .III w
L . 'I-h"""" Te— et————
e c—— e e - —
‘Illll' ,,,,,, i
o
~N
X X X X [
° -
o o =
. 8888
N0 TOD
. m.” wonon oA
S IRl 1%
= ] -
x:nw x 9 _ ] _
NI MO '
0N :nz )
"nn n
> @ 1 _
ruw oo _ ]
w
2
[=]
[=3
(7]
n
L 1 | o
- o - 4
e o 'o o
A
g WO/ M

B (1-K),GAUSS

2

¢m

=3x 10-le

en

Power Density for Sodium, Q

2.

Figure



L POTASSIUM:
[ y=5/3
} Eo=4.318e..
~  Qen*4ax10'4cm2
- Po* 20 psia
o To = 1400°K
0" — —  =1600°K
At = |800°K
2] —  c— H °
A F 2000°K
L
\ e
3
x L

0

w(1-K)
K
T T T
=
"
l
o

B(I-K),GAUSS

Figure 3. Power Density for Potassium Vapor, Qen

=4 x10

-14

cm

2



10%1

5 RUBIDIUM

Z Y =5/3

- Eo=4.159e.v.

i P =20.0 psia

- Qen=4.7%x10"4 cm?

' To = 1400 °K
0L — —71,:1600°k

F e To = 1800 °K

- —-— Tg = 2000 °K
10-2 1 Lo el

03 104

B(1-K),GAUSS

Figure 4. Power Density for Rubidium, Qen =4,7x 10"

14

cm

2



Kw/Cm3

w (1-K)

'
i
,l
|
CESIUM: y=5/3 /II
EF3.87e.v. !
Qop=5.3 x 10714 ! ,l
P,=20.0 p.s.1.0. l,
109 |- To = 1400° K | /
— — To=1600° K ',I
------ T, =1800° K l, I
— - — T, = 2000°K |
I
I:' [l ! /
0" /[, /
o' |- ’l I I
|II | /
i
[}
',' I / I /
|
M.:Z.O/'!,' I I | I
| I
12 1 lll / | l
103 104 108
B (1-K), GAUSS
Figure 5. Power Density for Cesium, Qen = 5.3x 10—14 cm‘2




[ Pg * 20 psia ,
—  To *2000 °K L
M, =2.0 Na
K
Rb
IOO: Cs
" B CROSS SECTIONS
. "
e Cs=5.3x107%cm?2
3
2 [ Rb = 4.7 x10"1%cm?2
] K=4x|0"'% ¢m?
Lix lo‘l_
Y - Na=3x10"'4 cm?2
— Li =2x10"'% cm?
1072 b1t Lol bt Lo
103 104 105 108
B (I-K) ,GAUSS

Figure 6, Comparison of Power Densities for Pure Alkali Metal Vapor Systems



KW/CM3

W(i-K)

CESIUM;

;— Yy =%5/3
T Eo=3.87e.v.
- Pg =20.0psia
[ Qen=36X10715CM?2
To=|400°K /
- — — To=1600°K 1/
----- To =800 °K
0
10" — ~— To=2000°K
:
i 0.8
-
-
M|=2,0‘—%
10"
- r
i /
! /,
|
- I,
/|
|O-2 L1 1t Ll ) 1 o1 gl

103 104 ToRJ 108
B(I-K),GAUSS

Figure 7. Power Density for Cesium, Qen =3.6x 10-15> cm2



10%} 0.8
POTASSIUM: 7 =5/3
Eo=4.318e.v.
Qen =3x10 15 ¢cm2
o' Po = 20.0 p.s.i.a.
To = 1400° K
— — To =1600° K
------ To=1800° K
~=-— To=2000°K
2 ] ]
10
10° 10° Tog
B(1-K),GAuss
. . . -15 2
Figure 8, Power Density for Potassium, Qen = 3x 10 cm



L IrIII]
=
[

T

To = 1400°K
— —— :1600°K
------ = 1800°K
——-—  =2000°K

POTASSIUM:

y =5/3
E°'4.3|8 e.v.
Qen*I1x10713 CM2
Py = 20.00 p.s.i.a.

lllTl'

T T T
S
" \

1 1 1 1.1 ll i 1 1 i1l 1]
0 0* 10°
B(I-K), GAUSS
. . : -15 2
Figure 9. Power Density for Potassium, Q =10 cm

en



x
o 2L
Qluio®
2 ~ POTASSIUM :
- R To 1400 °K
Q .
o — Po = 20.0 psia
B <)e,.,=l><|0"5cm2
10'b
,oo 1 | | 1 ! | J
0 10 20 30 40 50 60 70

B(1-K), KILOGAUSS

Figure 10. Influence of Magnetic Field upon Plasma Electrical Conductivity



20, POTASSIUM:
y=5/3
Ep=4.318 ev.
|8F Qgn=1x1078cm?2
To = 1400°K

Po =20.00 psia

B(1-K) = 20,000 GAUSS

215,000 GAUSS

= 10,000 GAUSS

Figure 11. Influence of Mach Number for Power Density of MHD Generator
for Potassium Vapor



POTASSIUM:
=3
773
Eo = 4.318e v,
To = 1400° K
0° L Py = 2000p.s.ia
M| = L2
"
>3
o
~
b
X
— -t
< 10
2w
E Qgn = 12107 Bcm2
Qen =3x10"¥em2
02
10-3 11 1 1 [ B | I
0o 2 4 6 8 0 12 14 16 18 20 22 24 76 28 °
B (1-K) , KILOGAUSS
Figure 12, Effect of Electron Cross-Section Upon MHD Generator Performance

for Potassium

e wor



zodep umissejod 10y aanjexaduta] UOIIOITH pPUe AJIAIIONPUC) BWSE[J Usomldqg uoneley ¢l 2infig

Mo ' 21

(0]0/0} 4 00s¢ 000¢ 0062 0002

11

1111

<
K X, o
e

4313N
SOHW

8°0 |oisd O¢ e OO0 P!
! 8°0 |oisd O¢€ [ %o 0002
0°2 |pisd O ({Me OOPI

072 | pisd O¢ | de 0002
0’2 | o18d Ol | Mo 0002

l

- N m 9T 0
1

2Wd . 0I1xpsYp o ~
WNISSV10d ' d 1

(|




Z [DATA PRESENTED IN REF. 3]
|
<0 -
s [
o |
U
i i
-}
(7] -
[72]
wi
w o
a
[1 e
o —
a
g
100
o Li Cs
.
o I
4x10°3 .8%|0°3 .2X10"3 1.6x10°3

I/ T °K

Figure 14, Vapor Pressure Curves for Alkali Metals



[

sTe1aN TNV JO saAIn) sanssaig Iodep ‘g1 2an8ig

Mo'l

Oo_w_ OOW_ OO_N_ OO_O_ 008 009 oot 002 o

T T T oo_

lllLl_L

0
3UNSS3Hd YOJVA

T S ———— . ——— — ——— — — — —— ——

[ €434 n 031N3S3Ud Wiva] .

lllll

visd

Ol



[ (1) *3@a ‘oxrdeys pue [sToN Aq pajxoday se sIY3ro M Ie[NOITOW wWNIIqITInbg
ay3 woay paje[nore)d ] srodep TeRW ITe[V 2Ind pojednjeS Ul UOTJRIJUSOUOD IdWL( wnraqIinby *91 aandryg

o'l
10.8)¢]] 00! ooll 006 004 00S
{ ] 1 I r 1 I L I T i N-O_
1290’
”®T,
002’ 2120°
£, g -
ve2,

. Y g
Ly ; \ 500"
e 21/ 08, n

§0L~" 4y £z
It

2w

| SN

Ol

43WIQ 40 NOILOVY4 30N

_”:. ) "434' OUIdVHS ONV TISI3W AB 031H0d3Y SV
SLHOIIM YYINIITON WNIKJEININD3 3HL WOYJ n_wbjDUJ(ou

lllll

o0l



.20

[ CALCULATED FROM THE EQUILIBRIUM MOLECULAR
Igl-  WEIGHTS AS REPORTED BY MEISL AND SHAPIRO, REF.(7) ]

5

0<- 16

S

Z

e 14 SODIUM 154 psia

b LITHIUM 154 psia

(=)

w .2

e}

5

w (0] =

a

i
08

w RUBIDIUM 1845 psia

o)

= POTASSIUM 183 psio
06}

CESIUM [3.] psia
04}

ord

0 1 | ! ! 1 ] 1 | _J
800 900 1000 100 1200 1300 1400 1500 1600 1700
T,°K

Figure 17. Equilibrium Dimer Concentration in Pure Alkali Metal Vapors
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