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IV. SYMBOLS

2
a  dimensionless constant, ™n “n,o
kT

A cross-sactional area of generating channel

B  magnetic flux density, webers/m?

Cp specific heat at constant pressure, Joules
kgm 9K

e electronic charge, coulombs

—

E  electric field strength, volts/m

—_—

jJ  current density, amps/m?

k  Boltzmann's constant, —J2%1°8
particle ©K

€ 2
K dimensionless constant, (A + p + uk)(jfl-x;—ri’-?-)
e
i.3
L dimensionless constant, —————
JxB-*V

m particle mass, kgnm

n  particle number density, particles/m3
P  pressure, mrvrt:,cvns/m2

P  momentum exchange varisble, newtons/m3
Q collision cross section, n?

t time, sec

T  temperature, 'K

u  axial velocity, m/sec

v transverse velocity, m/sec

¥V resultant velocity, m/sec

W  random velocity, m/sec

x axial coordinate, m
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initial mole fraction of seeding material, Je

a
1"']:) 2
- 1-8
B dimensionless variable, e a(T ( )
r collision rate per unit volume
4] reduced mass, kgm
€ constant, joule-m-sec
6 dimensionless variable,
Un,o0
A  dimensionless constant, Zen
€in
Cei
v dimensionless constant, a i
p  mass density, kgxn/m3
o scalar electrical conductivity, mho/m
0B2
3 dimensionless variable, ——eme——u0 x
T mean free time, sec
m & (W) (W)
¥  stress tensor, , newtons/n°
volume
®  cyclotron frequency, radians/sec
Subscripts
e electron
i ion
n neutral particle
o initial condition at x =0
x axial component

transverse component

n
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V. INTRODUCTICN

The distinction between the wagnetohydrodynamic gencrator and the
conventional wire wound generator i¢ that the role of the srmature in
the latter ls played by an electricelly conducting fluid in the former.
In the conventional generstor curreats are induced in highly conducting
wires; in the magnetohydrodymmmic genereator currents are induced in e
relatively lov conducting fluid. This fluid is pesssed through a trans-
verse magoetic field and between two parallel plate clectrodes. (See
fig. 1.) The induced electric field in the fluid, which is proportional
to the fluid velocity and megnetic flux density, maintainc a voltage
drop across the clectrodes and a current is genersated whea the electrodes
are connected to an extermsl loed, closing the circuit. Thus energy ie
extracted from the conducting fluid and delivered to a load as electricel
pover.

Prior investigators (refs. 1, 2, and 3) have formulated this basic
concept of a megnetohydrodynanic generator and each haa coatributed
significantly. However, a literature survey of this work reveals two
conspicuoue points. First is the lack of quantitative information
currently availadble vhich pertains to such devices as the magnetohydrodynamic
generator and the other is the omizsion of lon slip considerations.

The results of thic analyvic indicete the heat associated with ifon
slip performs a major function in the constant temperature generating
flow. When the fons move on the sversge through an angle of 1072 redians

or more between collisicns with pneutral particles, that is, wyry > 10‘2,

the energy transformed to heat from ifon "friction” is of the same order of
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magnitude as the conventionally referred to Joule heat, 32/00. As the
number density diminishes, ;T4 incresases, and the role of lon slip |
becomes more prominent.
Expressions are obtained for the ion, electron, and neutral
particle velocities and densities, and for the axial and transverse
components of the electric field as a function of the channel distance x.

Results for a cesium seeded nitrogen gas as the working fluld are

presented in graphical form.
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VI. BASIC ASSUMPTIONS

Magnetic Field
The present method of determining flow behavior will involve a
basic assumption about the net magnetic field; namely, the magnetic flux
density due to currents in the fluld is negligible over a fairly large
region compared with the externally applied transverse B. Since the
current is due largely to the externally applied B, we have from

Ampere's law
B(currents) = %‘- ruoVB(applied)

In the m.k.s. system of units

u(permeability)~ 1077

o(conductivity) ~ 102 mho
m

V(velocity) ~ 103 m_
sec

B(currents) 10-2
B%applieds r

where r is a length large compared with the width of the channel.

Thus

This analysis considers a channel width of 2,5 centimeters such that

r~1 >>0.025

and

B(currents -2
B(applied) ~ 1° (3)

Current Density

In the generstor the ion and electron cyclotron frequencies differ

greatly due to their difference in mass. The ions on the average travel
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only a fraction of a eyclotron path between collisions and the electrons
necessarily travel over many cycloidal paths betwsen collisions. To
prevent a net charge from building up high potentials, by exhausting a
net electrical charge, we assume the axial components of the electron
and ion velocities be equal, thsat is

Ue "= Uy (1)

This requires the net current be normal to the channel axis since

T = ne o7y - Vg (2)
The transverse electron velocity will be much greater than the
transverse ion velocity dus to the difference in inertia of the electrons
and ions - hence, the electric field will be slanted. This difference

in transverse velocities will contribute an axial component to the

electric field of the form
—Ex- —(clﬂ xB+CpVy x§>

Constant Temperature
The requirement that flow energy be transformed into electrical
energy implies the only sultable working flulds are gases. This require-
ment, however, introduces a basic difficulty, that is, gases are relatively
poor conductors. A consideration of three physical properties of gases

emphasiges certain criteria which may be complied with in order to achieve

and maintain optimum conductivity characteristics.
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(a) As a gas becomes ionized the number of positive ions increases
thereby decreasing the mean free path of electrons.

(b) Consequently, the gas conductivity is not a linear function of
electron density.

(c) Gases which have lower ionisation potentials generally have
higher collision cross sections with charges. (lore loosely bound
electrons — higher polarizability — greater charge-induced dipole
forces — larger cross section.)

An easily ionizable gas is obviously desirable because of the small
energy required to obtain the charged particles but property (c¢) limits
this desirability since the conductivity decreases as the collision
cross section increases. Probably the best physical means available for
producing a plasma consists of an easily ionizable gas mixed with a gas
of small electron scattering cross section. The low partial pressure of
the seeding gas permits a greater percentage of it to be ionized than if
it alone were used and the seeded gas permits the electron mean free
path to be longer.

A convenient choice of material for a seeding gas is the alkali
metal cesium, and for an inert seeded gas, nitrogen. At the temperature
(,000° K) and pressure (1 atmosphere) of intersst, dissociation and
jonisation of the diatomic nitrogen molecule are negligible. Furthermore,
the ionization of the seeding gas (0.01 mole fraction) cesium is more
than 95 percent complete and electron concentrations on the order of
1016 electrons per cc can be obtained (ref. 9). However, even under

optimm conditions, conductivities of the order of 103 mhos per meter

probably are the best which can be achieved. As the fluid is expanded
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through the variable area channel the charged particle number density will
decrease dus to the falling temperature, thereby diminishing the conductivity.
To maintain the temperature at a constant value, we require the channel

cross-sectional area to vary in such a manner that

VT = 0 (L)

Degree of Ionization
In the plasma all electrons are initially obtained from thermal
ionization of the seeding gas. For a typically seeded plasma (ref. 9) it
has been shown that in the temperature rangs of interest only single
ionigation need be considered. Consequently, for each ion in the plasma

there is one corresponding electron. The densities are thus

ng = ny (5)

provided no charge separation occurs spatially. If it is further assumed

that the ionization of the cesium is practically complete, then
ng = nj = Gy
where a 1is the fraction of seeding material (0.01).

Matched Impedence
From simple generator theory the ratio of the external impedence to

the internal impedence is equal to 1 for optimum conditions. In the

magnetohydrodynamic generator we consider that element of the external
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load which represents the power extracted from an increment of length along
the generator channel. (To satisfy the conditions for a slanted electric
field, segmented electrodes are required. This increment of length may

be thought of as representing the length of one of these electrodes.) If
the temperature remains constant, the energy extracted from the flow per
unit volume and per unit time (-E . 3) is equal to the decrease in kinetic
energy of that volume, whereas the total work done on the charged particles
18 (= x B « Vp). (The difference is the total heat generated in the

gas and serves to keep T constant.) If the ratio of external to internal
impedence is denoted by L, then

E*Jd . constant <1 (6)

-.ja —

LB
x

g L] rn
since Ey varies with u,. For L greater than 1 the device ceases to

generate and operates as an accelerator with energy being fed into the gas

through the electric field.
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VII. FORMULATION AND SOLUTION OF MACROSCOPIC EQUATIONS

Prior investigators have done considerable work concerning the
behavior of individual particles in such devices as the magnetohydro-
dynamic generator. However, a study of individual particles is not the
most convenient method for obtaining quantitative information of such
flov problems. This is partly because the current density, & mecroscopic
quantity, pleys an important part in the process giving rise to both
electric end magnetic fields. Moreover, for any accurate computations,

a distribution of particle velocities of single perticles requires the
consideration of a discouragingly large number of particles. For rigorous
results, the hagnetohydrodynamic generator can most conveniently be
analyzed in terms of the individual mascroscopic equations of motion for
electrons, ions, and neutral particles. The macroscopic quantities, J,
(current density), and V (velocity) are determined by the so-called
transfer equations of kinetic theory. Solutions obtained assume an
nonviscous, compressible, constant temperature power extraction model.

The equation of motion for a particular species (ions, electrons, or
neutral particles) is derived from the Liouville equation. This deriva-
tion requires that Hamilton's equations of motion be satisfied, i.e.,
the externsl force fields be conservative. An unpublished analysis (based
on the equation of continuity in six-dimensional phase space and Rewton's
second law) by Dr. Willard E. Meador, Jr. shows that this restriction is

not necessary. As far as the use of the momentum equation in this analysis

is concerned, restrictions will come only in the interpretation of P, the
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net momentum gained by the species in collisions with other species.
Heglecting the momentum gained due to collisions between like particles
in this interpretation implies neglect of long-range cumulstive effects
(Fokker-Planck form of the Boltzmann equation). In the sense, binary
collisions will be assumed in deriving an expression for P.

For ions of charge Ze, mass m, and number density ny, the equa-

tion of momentum transfer is

n, m -a—!i-t-(-\; «Y)Vy) =n Ze(E + V; x B
i iat i i i

*V'ii‘nimiw'l'?ie‘f?in

where:
¢ = gravitational potential

V; = mean ion velocity in an element of volume

51 = stress tensor, or dyedic defined by

‘; - my z(wi)(wj_)
i unit volume

(_ﬁi = random velocity)

the particle summation extending over the volume element

Pie = pnet momentum geined by the ilons per unit volume per unit time

by collisions with the electrons.
Pin = pet momentum gained by the ions per unit volume per unit time
by collisions with the neutral particles.
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Similarly the momentum balance for electrons is

neme@—?-q-(?e '3)7e> = =Dg e<§*?eX§> -V ;e

-ng me V9 + Poy + Fep (8)

and the neutral particle equation of motion
%%C{E*(Vn‘v)vn)“V’*n‘nnmnw*f"ni*?ne (9)

The form of these equations is exact with the previously mentioned
restrictions for a nonrelativistic gas: they are useful, however, only
when the distribution of random velocities is sufficiently well behaved
80 that the stress tensor ; may be approximated in a relatively simple

wvay. The stress tensor has nine components, *lm where 1 end m
represent directions along each of the three coordinate axes. Since ¥,
equals LA there are only six independent components. We assume the
distribution of random velocities is isotropic such that *zn vanishes
unless 1! equals m and the three diegonal components V.., *yy’

and V¥,, are all equsl to each other and to the scaler pressure p.

In this situation
Vew=9p (10)

Consider a Mexwellian set of particles of density n, per colliding

with another Mexwellian set of density n,. Assuming that collisions are
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due primerily to thermsl motlion the mean relative speed is, from kinetic

theory (ref. T)

- 1/2 1/2
- (v e n - (g

wvhere 5 1is the reduced mass. The number of collisions in the +x direction
is the same as in the -x direction such that the net collision rate of
particles moving in the x direction depends only on the motion of particles
in the y-z plane. Thus the collision rate of particles & with par-

ticles b per unit volume is

81;'3:) 1/2 (11)

2 .2
Pab'"‘;naanabv";nanb%bLa

end is equal to the rate of momentum exchange per unit volume, Py,

divided by the momentum exchange per collision. The latter is easily
obtained from Newton's second and third laws of motion as follows. When
particle a approaches particle b the forces exerted on a due to the

presence of b 1is equal and opposite to those exerted on b due to the

presence of &, that is
S (g Vp) = £(7) = - L(m, B)
dat dat

and by definition

Vrelative = Yo ~ Va
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Thus the exchange of momentum during one collision is 26(?; - 7;)

and the net momentum gained by particles & per unit time per unit

volume
Pop = 2ap 5( - Vo) = Ba 7 Gab %(%3591/2(‘7‘) - Va)
= ng My eab(%% - iﬂg (12)
vhere
=3y e

and is hereafter referred to as a drag or friction parameter (ref. 5).

If either particle a or b is an electron, and the temperature
is constant, the drag or friction term is directly proportional to and
dependent only on the ccllision cross section.

To give some insight into the phenomens permitted by these basic
equations in the magnetohydrodynamic generator, steady-state solutions
are obtained where conditions are relatively simple and results are more
readily understood.

Preliminary calculations reveal the ion and electron pressure
gradients to be several orders of maegnitudes smaller than the electric
and magnetic force terms on the right-hand side of equations (7) end (8),
respectively. The spatial acceleration terms are also much smaller than

the terms of the right-hand side. Furtber justification for this

assumption is given by the resulting form of Olm's law and also by the
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agreement between the numericel reesultc of this analysis and those in
reference 1.

In fact, the assumption
%i ?"-ﬁpe =0 = (v\e ¢ %)Ve = (Vi ¢ 6)61 (13)

introduces & negligible error. Summarizing, we have

Voviz_v\pin()a—ﬁtiez%e

— £~ -
Pgp = ng mp ¢ab("b - Va)
Hp =0 (neglect gravitational effects)

(Vi « 9V = 0 = (Ve + V)Ve

ave _ av\i N a\_';l

vl =0 (steedy state) (14)

These conditions applied to the macroscopic equations of motion glves

ne nj eei(ve - ?i> + De np een(V:e - T"n> = -Ne e(ﬁ + Ve Xi) (15)
nj De e:le(‘;'\i - 7.3) + nj oy ein(vi - —\i’;) = De e@ +Vy Xi) (16)

De Np Cne(v;u - vee) + Ny Ny en:l(v\n - 71) + Dp W (?n * -‘37)_V\n + 6?9 =0 (17)
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Assuming the energy of the ions end electrons to be negligible
compared with that of the neutrals, the epergy equation is derived

from the following considerations. Let np be the number of neutral
particles in unit volume and nﬁ m, = L. The work done on charges by
unit mess of gas while moving a distance dx in time dt, is

— — . — N — }( — . —vk
(@ xB-Voom . _IXB"Vn,
On Dp Kp Up

and is equel tc the work done in meintaining the current

- Ed ax
np My Uy

plue the total heat generated. The external work done on unit mass

of gas in time dt is
p - (p + dp) Y ax=-vap
dx

where V 1is the volume occupied by unit mass. The increase in energy
-7
of unit mass of gas is the increase in internal energy | d k/ Cy 4T

plus the decrease in internal energy (pdV) plus the decrease in kinetic

energy. Thus,

— S T
- B d ax = -vap - d&/w c, 4T - pav -
Op By Up o)

"
=1
o




E\' :,T:nnmnvn . <CVVI‘+:';(9V) +—v\n ‘?ﬁn>

But,
Cy VT + V(pV) = Cy T + V(ny, kT) = (Cy + np k) 7T = C; A

where Cp is the constant pressure heat capacity of unit mass. Finally

—

E-Tznnnxnvn' <CP$I'+?D'V&>
Since Cp VT includes the heat generated (or an increase in T) as

well as heat lost (or decresse in T), the assumption VT = O leeds
to & solution which specifiees the increase in A along the channel.
Assuming no heat lost through the walls the increasing area tends to
drop the temperesture Ly the seme amount as the generated heat tends

to raise the temperature. Thus, for constant temperature the energy

equation reduces to
ppmg Vg o (Vo - VWp =E 7 (18)
Other Relutions
ne = ny = ang ( spece neutralization) (19)

Ua = Uy (no axial current) (20)

—E-Jd -1 (Constant impedence ratio)  (21)
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v . (nn'$;) =0 (Neutral particle continuity) (22)
Pp = np kT (Perfect gas) (23)

We further assume that the neutral particles move on the sversge in

the axial direction such that

hi: RO PO (24)
Ve vi
and
Vn
2B«
™ (25)

Although this reduces the problem to & quasi one-dimensional ensalysis,
similar to that commonly used in serodynamics, valid for small channel
openings, it does not contradict the assumption of constant temperature.
'Thz latter determines the srea increase whereas the former determines

a minimum length for the area increase.

Equations (15) through (25) constitute a set of seventeen equations,
including the vector component equations, containing seventeen dependent
variables. These equations are solved simultaneocusly using elementary
algebraic techniques to cbtaein a first-order nonlinear differential
equation expressing the chennel length as a function of neutrel perticle
velocity.

Imposing the condition ue = uj, the quotient of the axial components

of the electron and ion momentum equations is
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AV + Ve + {1+ A)%? = 0 (26)

Where
€2n

A= 22

€in

Similerly the sum of the y-components of equations (15) and (16) is
(with eq. (24))
Vi = "h Ve (27)

Solving equations (26) and (27) for ve we have
Vg = - L B (28)

Using the definition of current density, that is,

3.‘ De 8C6i - ;;9
in conjunction with equations (18), (25), (27), and (28) ylelds

1 + mp up du
)\ Ex = n """E’ (29)
1 -2A L &

a e

The peutral particle momentum equation mey then be written

l1-L dnpn
-——-—undunsk’.!ﬁ-;-

L

which integrates to

a
Bp = bp,o0 2 L (30)
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where

Fquations (27), (28), and (%0) in equeticns (15) and (16) result in an

expression for the =xial electric field, E,, as a function of the

neutral particle velocity.

1/2
1 -2 1 Kp
- B 1
Fx 2 x3+1<>\+u+m\> ‘n (1)

where

Lp

2
(}\+p+“)\)<f.}:ﬂ.__2.o.>

R
1

eB

1-L
-5 === (1-62)
p=e L

€ie
o= —

€in
Ex may nov be eliminated from equation {29) and the variables separsted

to yield

- -d6 KB
ae 1/2(1 + x > (32)

Kp 1+ —
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ae®(1 + 2) B2 ax = 20 B2
€in (A + 1+ 1A) Pn,o Yn,0 Pn,o0 Yn,o

at =

One of the more recent and complete analyses of the magnetohydro-
dynemic generator (ref. 1) which is currently aveilable, results in a
reletion similar to but is in fact e limiting case of equation (32).

For KB >> 1, which corresponds to 1 > 8 > 0.9, equation (32) becomes
ae = -ao pL/2 (33)
or

o 1 o “%,0(92 1)

- 2 X e ————— s | -

1-1L ae2(1 + A) B < = ]' e o 26T (34)
20 (2]

2 le (A+n+ur) Pa,0 Un

this compsres with the results of the reference analysis

o 1 Mo
BT - / a6 e kT (35)
Pn,o “n,0 )

R ol (o

where L has been set equal to one-hslf.
The bracketed term on the left side of equation (34) has the units

of conductivity, and as we shall see later, is the scalar conductivity

independent cof the magnetic field.

ae (1L + A) (36)

=

%

ein (x + B o+ i‘?l)
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Substituting this expre:sion into equation (34)

e
Wn UR,07,2
c. B2 1 2291 )
Lo X = j' do e 2KT
b Pn,o Yn,0 b

which is identical to equation (35). Thus the results of the two
independent snalyses should, and in fact do check when one considers
the extraction of 2 relstively small quentity of energy, on the
order of 10 percent or less. As previously assumed, the only manner
in which power may be extracted is by a decrease in ﬁhe kinetic
energy of the flow. As expansion occurs, & greater emount of heat
energy must be supplied to hold the temperature constant.

Thus, to understand equation (34), it is necessary to understand
this internal fluid heating mechanism. The rate of useful work done
per unit volume in maintaining the current J is given by the sum of

equation (15) dotted into ?e and equation (16) dotted into ?i, that is

S N [A —_ S

“E ¢+ J = -ne Dy €gpn | Ve - n] * Ve ~ ny np €4p [Vi - Vn] « Vi
— —_— — —_—
~De B3 €je [Vi - Ve] . [Vi - Ve] (37)
and 1s equal to the power per unit volume extracted from the flow.

The rate &t which work is done by the neutral particles on the

charges, from the sum of equations (15) end (16) dotted into '§;, is

—

PO . e - —_ —_— —_— —
3y XB ¢+ Vg = =ng by €gp [Ve - Vﬁ] * Vg, - nj 0, €4 [Vi - Vn] - Vn (38)

The total heat generated in the flow per unit volume per unit time is

o
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the smount of work donme by the neutrel perticles on the charges minus

the energy extracted from the flow and is after some manipulation equal

to

s

— - 2
- - =M e J.j 1 eB .
-j XB s Vp+ E ¢ = 1+ %
n g > u(ein nn) (39)

The ion cyclotron frequency is given by

and the mumber of collisions per ion per unit time is glven by

r m; +
g 5 S S e S R (40)
ng Ty 2 my my,

Thus, the engle subtending the mean free path is

2wy, eB (b1)

mi + mn ein nn

wy T4 =
end its effect on fluid heeting may be seen from equations (40) end (59)

33 1 {mi"'mng

2
o 1+ T u\ " (wg Ti) (42)

IXB eV +E -] =

Specifically for a nitrogen gas AN and @ are each of the order of 1072

(see eppendix), so thet the ion slip becomes spprecisble when @y Ty = 10-2

and increaces with the square of g T4.
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The requirement VT = O imposed the condition that the genersated

heat balance the heat loss due to expansion, i.e.,

Pav
bp (3 xB ¥y -E - )

= constant (43)

Bquation (42) demonstrates how the generated heat increases with

increasing A, since (from egs. (41) and (22))

Up A oy T4

The heat loss due to expansion must be the same, otherwise, a solution
with VT = 0 would not exist. Consequently, the heat created due to ion
slip is an important factor in realizing & constant temperature condition
in the MHD generator.

To obtain a generalized expression of Ohm's law equation (15) is

divided by €gy, equation (16) by ey,, and the two resulting equations

are subtracted. Simplification of this expression ylelds

& et

— 1 = — —
=E + P +m]xn A

1+l € 1 (k)
However, the electron velocity is greater than the ion veloclity due

to the difference in inertia of the two particles, end A, the ratio of

€
"friction" paremeters 222 , 15 less than 1, that is,

in
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1/2
€en _ me(mg + my) Sen «< 1
€in mymy Qin

A=

Thus, to a first approximation, equation (k) becomes

which is the well known and commonly used form of Ohm's law., Prior

analyses (refs. 1, 2, and 3) have assumed this equation with Vg

replaced with the velocity of center of mess.
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VIII. FIOW AND FIELD CHARACTERISTICS

The following equations were derived in the previous section:

I--——L—--E—-x;
Ve 1-AB
1l -2 1l Kp 1/2
= —- B
B 2 KB+ 1 (A+pu+u ‘n
"i"‘)"’e
e
Ue = uy nncin[viB+Ex]+un (from eq. (16))

Ey = IB uy (L 1is a load character-
istic subject to exter-
nal determination through
the current drewn. This
implies a minimum current
such that ng = ny

remains valid.)

1
g,f oo P (45)

“Ao.’fm.:. (46)
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To demonstrate the behavior of these quantities inside the gen-
erating channel, s typical calculation was performed for a nitrogen gas
partially seeded with cesium. A numerical integration of equation (45)
wag accomplished on a desk calculator using the basic trapezoidal rule,
This method is quite applicable and ylelds good results if the curve
x = f(u,) does not vary sbruptly.

The veriations in the flow and field characteristics are plotted
in figures 2 - 7. One notes that for L = 1/2 the area opens very
rapidly and suggests that it would be better to prevent the possibility
of the flow bresking away from the walls by increasing L, that is,
decreesing the rate at which the area opens. The ares is plotted for
L = 3/8, 1/2, and 5/8, and the effect in area change is apparent.

The amount of energy extracted per unit time per unit volume

(from eq. (18)) is
E‘ j“ﬂn?n’ (?n '_G)Fn

or the total energy extracted per unit time in distance dx (using

eqe. (22) and (25)) is

x -1
-j AE « J)ax = ja pn,ouf,,o m_Ae2 a0

o Dp,o0

= % Pn,o u‘?l,o Ao[l - 32]

As previously mentioned, the pover extracted depends only on the |

change in the kinetic energy of the neutrel particles. Figure T repre- |
sents the power extracted as a function of neutral particle velocity. |
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A basic difficulty one is confronted with in evaluating these rela~
tions for & specific gas 1s the evaluation of the momentum interaction

perameters €jo, €in, €epne Appendix I outlines these difficulties

and suggests a reasonable solution.
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XII. APPENDIX

Evaluation of Friction Parameters, €ei, €en» €in

The interaction parameter as defined previously is

1/2
8|2 mg My
€ = | BT et Q A-l
Jk © 3|x my + My Jk (A-1)

The difficulty in evaluation of this expression for electron~neutral
interactions is due to the Remsauer effect (ref. 7) which causes a

larger variation in Qgp near the lower energles. This difficulty
of rapid and large variation of Qg With electron velocity is over-

come by using experimental data on mobilities of swarms (monoenergetic)

of electrons. Consider the electron momentum equation
ne ng €5 (Ve - Vi) + De Dn €en (Ve - Vn) = -ne e[ﬁ + Ve x ﬁq (a-2)

Gen 18 independent of the magnetic field, '3, and also the number

density of ions. As these terms approach zero, equation (A-2) becomes

or

nn een = - E (A"i)

—

Vn,e

where 'ﬁ; -'ﬁh = Vh,e = relative electron-neutrel velocity and
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E | - 1 (definition). Thus, €epn may be evaluated
electron mobility

vn,e
from experimentsl data (ref. 7).
The Ramsauer effect is not significent in an ion-neutral interaction.
However, for convenience, €in may be evaluated in a manner analogous
to that used in the evaluation of €g,. From the ion momentum equation
E

n, €in = € |= (A-}4)
vn,i

The data used in the calculations (figs. 2 - 6) was taken at NTP (ref. 6)
and was adjusted accordingly by use of equation (A-1). For a first

approximation the collision cross sections, Gep and Qjyn, were held

constant in this adjustment.

The basic difficulty in evaluating €j, 1is due to the long-range

forces between charged particles. There is no single scceptable theory

by which Q. can be evaluated.

For a singly ionized gas (ref. 5)

ot

(km)z in A (A-5)

Qe = 8.1 x 1019

vhere A contains the limit at which the coulomb forces can be con-

sidered significent.
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Finkelnburg and Maecker (ref. 5) suggest

)
p o 200 (1-6)
%/3 el

1

9n

based on experimental data obteined in an arc.

Spitzer (ref. 4), however, based his calculations on the Debye

shielding distance and cbtains

A=7x1016 KT A-
: ey (A-7)

In the evaluations of the interaction terms for the cesium seeded
nitrogen gas the results cbtained from equation (A-6) and from equa-
tion (A-7) were compared and the difference proved to be negligible.

Since (;, varies as 1In A, the dépendency is not critical and con~

giderable error in A can be tolerated without significantly altering

the results.
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Figure 1l.- Schematic disgram of crossed field generator.
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Figure 2.- Variation of neutral particle velocity with channel length.
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Figure 35.- Variation of axiael electric field, transverse electron and

ion velocities with netural particle velocity.
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Figure L4.- Variation of transverse electric field, axial electron and
ion velocities with neutral particle
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Figure 5.- Variation of neutral particle density with neutral particle

velocity.




Figure 6.- Varistion of cross-section area with neutral particle velocity.
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‘Figure 7.- Variation of power extracted with neutral particle velocity.




THEORETICAL CONSIDERATIONS OF THE

MAGNETOHYDRODYNAMIC GENERATOR
by
J. Byron Pennington

ABSTRACT

The distinction between the magnetohydrodynamic generator and the
conventional wire-wound generator is that the role of the armature in
the latter is played by an electrically conducting fluid in the former.
This fluid is passed through a transverse electric and magnetic field
and between two parallel plate electrodes. The induced electric field
in the fluid, which is proportional to the fluid velocity and magnetic
flux density, maintains a voltage drop across the electrodes and a
current is generated when the electrodes are comected to an external
load, closing the circuit. Thus energy is extracted from the fluid and
delivered to an extermal load as electrical power.

This analysis considers a quasi- one-dimensional, inviscid, com-
pressible, expanding area, channel flow for the steady-state case of a
constant temperature magnetohydrodynamic generator. The theory is
developed from the individual equation of motion for ions, electrons, and
neutral particles.

Results of this analysis indicate the heat associated with ion slip
performs a major function in realizing the constant temperature flow.
When the ions move on the average through an angle of 10~2 radians or
more between collisions with neutral particles, that is, w4 T4 3 10"2,
the energy transformed to heat from ion "friction" is of the same order



of magnitude as the joule heat, J2/c . As the number density diminishes,
0y Ty increases, and the role of ion slip becomes more prominent.
Expressions are obtalned for the ion, electron, and neutral particle
macroscopic velocities and densities, and for the axial and transverse
components of the electric fleld as a function of the channel distance, X.
Results, including the power extracted as a function of channel length,

for a cesium seeded nitrogen gas are presented in graphical form.




