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ABSTRACT

In this paper problems concerning spatially nonuniform properties
of the MHD plasma were investigated. They were, however, limited to
those due to the current concentration at the electrode edge and due
to the ionization instability in MHD generation, and also to those due
to the spatial temperature distribution in the line-reversal method.

In chapter I, the electrical characteristics of MHD generators
with nonuniform gas plasma were investigated. When the surface of
discontinuity is not parallel or perpendicular to the direction of the
MHD channel length, the electrical conductivity and the Hall parameter
become tensor quantities in Ohm's law. With increasing degree of
spatial fluctuation of the electrical conductivity, the effective
electrical conductivity and the effective Hall parameter greatly
decrease both for isotropic and anisotropic nonuniformity. For a
Faraday-type MHD generation, the power density is much influenced by
the degree of fluctuation, but for a Hall-type MHD generation, on the
other hand, it is not so sensitive to the degree of fluctuation and
reaches as large as half of the maximum attainable power density for
large fluctuations as long as the angle is negative, where the angle
is that of the flow direction measured from the axis perpendicular to
the surface of discontinuity. The elevation of the electron tempera-—
ture in a nonuniform gas plasma is also strongly dependent on the
degree of fluctuation and the effective nonequilibrium ionization
will be hardly expected for large fluctuations.

In chapter II, the feasibility of easing the current concen-—
tration at the electrode edge was studied through the adoption of
resistive segmented electrodes and leading out the current from the
electrodes at the edges opposite the points where the current usually
concentrates. Numerical analyses were performed both by difference

method and by iteration method, assuming constant gas-dynamical param-
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eters and uniform channel cross section. The results reveal that when
the resistivity of the electrode is moderate, the current distribution
becomes fairly symmetric with reference to the electrode center, and

the current concentration on the electrode edge is thus greatly reduced..
When the Hall parameter is large, the internal resistance in case of
resistive electrodes becomes nearly equal to that of non-resistive
electrodes. For small Hall parameters, however, the intermal resist-
ance is appreciably greater in resistive than in non-resistive elec-
trodes.

Another feasibility for the reduction of the current concentration
through the adoption of the spatially nonuniform Hall parameters was
examined in chapter ITII and the current refraction was analyzed. The
idea to control the current pattern by the spatially nonuniform Hall
parameters seemed to be very promising according to the analysis per-
formed, but the application of this idea to the practical MHD gener-
ation by using spatially modulated magnetic field will be very diffi-
cult to be analyzed, since the analysis must be made in the three
dimension, resulting in complications in numerical calculations. Only

the feasibility was hence proved in this chapter.

The other representative phenomenon causing a serious nonuniform
ity in the MHD plasma is the ionization instability. In chapter IV,
the condition of occurrence of the ionization instability and the
electrical characteristics of MHD generation including the effects of
the ionization instability were calculated for an alkali metal seeded
noble gas plasma with varying seed fractions, magnetic field strengths
and current densities, using the linear perturbation theory with allow-
ance for the ionization of noble gas atoms. The results indicate that
the stable region is narrowly restricted, and once the MHD operation
condition falls into an unstable region subject to the ionization
instability, the power density in a Faraday-type MHD generator with
finely segmented electrodes in case of a small seed fraction is no more
proportional to the square of the magnetic field strength and further-

more there exists an optimal magnetic field strength for the maximum
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power output. But in case of a larger seed fraction of 107%, on the
other hand, where the ionization instability is thought to be dominant,
current densities are approximately proportional to the magnetic field
strength and power densities to the square of the magnetic field
strength. Regardless of fluctuations due to the ionization instability,
a Faraday-type MHD generator with finely segmented electrodes operated
in a seed fraction of 107° gives higher power densities, in general,
than in case of a smaller seed fraction of 107°, With increasing oper-
ation pressures in case of a seed fraction of 10~?, the plasma remains
still stable until large magnetic field strength and consequently the
power densities are almost independent of the operation pressure. This
will be very favorable to a practical MHD generation.

In the last chapter, from the diagonostic point of view, the
influence of the spatial temperature distribution and the measuring
configuration on the line-reversal temperature was investigated under
MHD generation conditions at a seed fraction of 10-% and atmospheric
pressure, under which conditions, dispersion broadening occurs. In
order to obtain information about the inner part of the plasma at
large optical thicknesses, the width of the spectroscope inlet slit
and of the spectral region covered by the photomultiplier must be made

sufficiently wide.
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INTRODUCTION

With the progress of human life, the quantity of energy consump-
tion surprisingly increases year by year, causing serious anxiety
about fossil fuel exhaustion. The most promising means of solving
this problem will be the utilization of nuclear energy through nuclear
fission at present and nuclear fusion in the future. A huge number of
heat sources will, however, be necessary to meet the huge consumption
of energy required, but when energy is practically used, electrical
energy is preferentially consumed because of the highest performance.
Hence heat energy must be converted into electrical energy with high
conversion efficiency. However, the conversion efficiency at present
can not exceed much more than 40%, as it experiences mechanical energy
on the way of conversion, and thus waste heat more than 50% is thrown
away into the atmosphere or the sea. This means immediately not only
ineffective usage of energy sources, but also occurrence of serious
and large scale thermal pollution. There is no doubt that the thermal
pollution will increase in much wider scale on the earth so as to
affect the existence of the human beings in the future unless new radi
cal and wise means of energy conversion with much higher efficiency
are developed.

In order to solve these problems fundamentally, it is obvious
that the energy conversion system with much higher efficiency should
be applied and considering large capacity of electrical power, the
direct energy conversion by MHD generation fits best to this purpose
and here exists the significance of investigations of MHD generation.

In this paper problems concerning mainly the closed cycle plasma
(CCP) MHD generation are investigated, and some are surely very pecul-
iar to the CCP MHD generation, but some may well be applicable to the
open cycle MHD generation. The merits of the CCP MHD generation are

high power density at considerably lower temperatures and lesser mate-—



rial restrictions due to high temperature atmosphere than those to the
open cycle MHD generation, if the effective nonequilibrium ionization
is achieved. 1In practice, however, it is not so easy to realize the
effective nonequilibrium ionization due mainly to the effects of the
nonuniformity in the MHD plasma which is the greatest bottleneck to
the early realization of the CCP MHD generation at present.

When the external magnetic field is applied, Hall effect appears
and this effect becomes strong with increasing magnetic field strength,
resulting in nonuniform properties in the MHD plasma. It is needless
to say that perfect uniform properties of the MHD plasma are the most
desirable[1l] from the point of view of the nonequilibrium MHD gener-
ation, and the MHD output power depends much on the degree of the non-
uniformity and decreases with increasing the degree of the nonuniformi-
ty. Hence the phenomena causing nonuniform properties of the MHD
plasma should be studied and the method to suppress such phenomena
must be investigated.

One of the representative phenomena causing the nonuniformity is
the current concentration on the electrode edges due to Hall effects
[2], and this phenomenon is solved completely[3] by infinitely seg-
mented electrodes. From the technical point of view, however, infi-
nite segmenting is almost impossible in an actual generator and thus
finite segmenting effects remain. In case of finite segmenting and
constant plasma parameters, the elongation of current path results in
the increase of internal resistance of MHD generators[4], but it can
be reduced to some degree by staggering electrodes[5]. From the point
of view of nonequilibrium ionization, short-circuiting between neigh-
boring electrodes by large induced Hall fields and strongly nonuniform
Joule heating due to the current concentration become rather serious
problems. The former results in an internal current leak loop, thereby
in the reduction of segmenting effects of electrodes[6] and consequent-
ly in the large power loss of MHD generation. The latter incurs the
spatial nonuniformity of the electron temperature due to nonuniform

Joule heating[7,8,9,10] resulting also in the deterioration of elec—



trical performances of MHD generation. In the field of study to sup-
press the current concentration on the electrode edges, there were

a few proposals, one of which is the adoption of wedged-shape resis-
tive segmented electrodes[3,37] and another is the adoption of stag-
gered electrodes[5]. With respect to the proposal of the former,
however, no detail analysis has not been made and recently an exper-
iment using resistive segmented electrodes equivalent to wedged-shape
resistive ones was reported[1l] but not in detail with respect to
their performances. As to staggered electrodes, considerably uniform
current distribution is surely obtained, but the current concentration
seems to remain still to some degree. In chapter II, resistive seg-
mented electrodes which are different from wedged-shape resistive
electrodes are proposed and electrical characteristics of MHD generator
together with current distribution are numerically analyzed.

From the point of view of controlling current distribution, end
effects have already been analyzed by using spatially modulated mag-
netic field[12,13,14]. 1In chapter III, current refraction due to
spatially discontinuous Hall parameters are also analyzed and the fea-
sibility of current distribution control by spatially modulated mag-
netic field through Hall parameters are discussed.

Another representative phenomenon causing the nonuniformity is
the ionization instability due to incomplete relief of the excess
energy by the local fluctuation of Joule dissipation. This phenomenon
occurs when the Hall parameter exceeds the critical Hall parameter
which is dependent on the macroscopic properties of the plasma[l5,16,
17]. The expressions of the effective electrical conductivity and the
effective Hall parameter were theoretically obtained for an isotropic
[18] and an anisotropic[19] nonuniformity and were also numerically
calculated[20]. Considerably well expressed equations for these quan-
tities have been given by many experiments[21,22,23,40]. A few tran-
sient numerical analyses for the mechanism of the ionization instabil-
ity[20,24] were made and its wave length[22,25,26], mode[27] and veloc-

ity[28] including boundary conditions were also studied, and recently



current streamer was observed by image converter technique[29] and
investigated[41]. One method to suppress the ionization instability
is to realize perfect ionization by very small seed fraction, say 10“5,
aiming at the increase of the critical Hall parameter[30] and this
method was experimentally confirmed[30,31,32]. Another method, also
proposed and analyzed[33], is to mix impurities, carbon monooxide for
example, whose collision cross section with electrons are large. In
chapter IV, the influence of the ionization instability on the power
density and stable region free from the ionization instability under
various seed fractions are investigated at relatively high pressures
[26] at which an MHD generator will be coupled with HTGR in the future.
In the nonequilibrium MHD generation experiment, the electron
temperature is a very important parameter and particularly that of the
core region of the plasma is desired most to be known. There are
several methods for electron temperature measurements, among which an
optical method will be most superior as it affects the MHD plasma con-
dition least. Hence line-reversal method is frequently used as the
resonance lines of seeding alkali atoms are available. For the opti-
cally thick plasma as such MHD plasma, however, the temperature distri-
bution in the boundary layer has a large influence on the measured
line-reversal temperature[10], which makes it difficult to guess elec-
tron temperatures of core regions of the plasma from these measured
line-reversal temperatures. In chapter V, the influence of the temper-
ature distribution and the measuring configuration on the line-reversal

temperature is theoretically investigated.




I. ELECTRICAL CHARACTERISTICS OF MHD GENERATOR IN A NONUNIFORM
GAS PLASMA[38]

I.1. Introduction

In a magnetohydrodynamic (MHD) generation the applied magnetic
field strength is desired to be as high as possible, since the power
output is proportional to field strength squared. However, high fields
result in high Hall parameters which are apt to incur undesirable phe-
nomena such as the current concentration on the electrode edge or the
ionization instability. When such phenomena occur, nonuniform charac-
teristics of the plasma are further emphasized to a considerable degree,
leading to a serious deterioration of the MHD performances. In the
practical applications of the MHD generator, it is not likely that the
perfect uniformity will appear, and the appearance of such nonuniformi-
ty should be rather taken for granted. Thus, in order to realize ef-
fective MHD generation, much efforts must be made for lessening the
degree of the nonuniformity. 1In this chapter, the effects of the non-
uniformity on the performance of the MHD generation are estimated in

a more general manner than in reference [1].

I.2. Derivation of equatioms

Equations of the nonuniformity are derived and the effective
electrical conductivity and the Hall parameter in case of isotropic
and anisotropic nonuniformity are calculated. Then the influence of
the nonuniformity on the specific power density in a Faraday-type or
a Hall-type MHD generator is investigated and furthermore the relation
between the nonequilibrium ionization and the nonuniformity is dis-

cussed.



First, the governing equations including the effects of the non-
uniformity are briefly outlined according to Rosa[l].

Ohm's law for a gas including ion-slip may be written

d = OE*-(B,/B)jxB+(B,B;/B?) (7%B)xB, (1.1)

&y |

* = F+uxB+p o/ Nes (1.2)

where E-is the current density, E* the sum of all electric fields and
motional emf's measured in the coordinate system of the observer, o
the scalar electrical conductivity of the gas, u the velocity of the
gas, B the applied magnetic field, Pg the electron pressure, n, the
electron number density, ¢ the elementary electric charge, Be and'ﬁi
being the electron and ion Hall parameters, respectively.

In deducing equations, u and B are sssumed to be constant and
0,Bg and B; are also assumed to be a function of p only, i.e., the
nonuniformity is in the form of planes parallel to the g-»r plane(see
Fig.1.1). Although this is not a very general form of the nonuniformi-
ty, it gives some simplified mathematical expressions and approximation
to the situation where the nonuniformity exists. It is, however, true
for the case of the nonuniformity caused by the plane wave due to the

ionization instability.

The components of Eq.(1.1) are found to be

iz = BBy, (1.3) q

Jy = LB} g, (1.4) 3 6,6, 6,6, 6,6 6,_»"
or

jp = ):Eg_s}jq, (1.5) % -

iq = TE3Mp  (1.6) 7 Eaar "
where

I= U/(1+Be3i)a (1.7) Fig.l.l. Coordinate system and

nonuniformity. Plasma flows in
the positive a2 direction and
magnetic field is applied in the
Positive gz direction.

=2
Il

Be/(jw"ges-{,). (1.8)



Equations relating two coordinate systems (p,q,r) and (x,y,2) are

Ip
= ~jpsinbjgeoso, (-1/2<8<m/2), (1.10)

I cos@+quine, (1.9)

Jy
where 0 is the angle made by the xand the p axes measured from the p
axis. The assumption that jq and Eb are functions of p only will be

an imposed boundary condition and the relations for a steady state

situation
div j = 0, (1.11)
rot E* = rot E + rot(uxB) = 0, (1.12)

imply that a perpendicular component of the current density E-and a
tangential component of the electric field E* are continuous across

the surface of discontinuity and are independent of p and g. Hence,

jp = const., (1.13)
Eg = const. (1. 74
Eliminating jq from Eqs. (1.5) and (1.6), one obtains
2 P = pA_OF%
{(1+Q )/z}gp = E}-QF}. (1.15)

Since jp and Eg are constant, Egqs.(1.6) and (1.15) may be integrated

over the direction p immediately to yield

<jq>= <Z>E3+<Q>jp, (1.16)
<(1+92)/z>-jp = <Ef>-<Q>E, (1.17)

where the branket < > means an average over the direction p perpen-

dicular to the surface of discontinuity, or
L
<F> = <>, = (J/LJIO Fdp. (1.18)

A set of averaged equations over p analogous to the original equations

(1.5) and (1.6) are derived from Eqs.(1.16) and (1.17):

i o "
Jp = (<Z>/G)<Eb> (<Q>/G}<gq>, (1.19)

<jq>= <z>Eé+<Q>jp, (1.20)



where
G = <I><(1+0%)/I>-<>2, (1.21)

This G was first defined by Rosa[l] to indicate the degree of non-
uniformity.

We next consider averages of Eqs.(1.9) and (1.10) in order to
obtain equations analogous to Eqs.(1.19) and (1.20) in the coordinate
system (x,y,2). Average of j, over z from Eq.(1.9) with previous

assumptions yields

iy = (1/L) ff; Jpde = (1/L) f‘;’(jpcose+quin6)dm
= (1/1c0s8) [ (70T, 0086+ 4in0 )dp
= <jp>cose+<jq>sin8. (1.22)
Similarly,
5 <jx>p’ (1.23)

unless the arbitrary direction s is perpendicular to the direction p.
Therefore, we denote these averages independent of the direction by
the branket < >; hereafter. If one eliminates jp,<jq>,<E;> and Eg
from Eqs.(1.19) and (1.20), equations expressed by the terms in the

coordinate system (Z,y,2) are obtained as

(Gc30326+5in2G)<,j'x>s+{<§2>-(G~I)coses£n6}<jy>s <I><EP ., (1.24)

{<9>+(G*1)cosesin8}<jx>s-(Gsin29+00326)<jy>3 = ‘<E><E§>s' (1.25)

Consequently, Eqs.(1.24) and (1.25) may be written as

<Fs = (<E>/G11)<E§>s-(<9>/G12}<jy>s, (1.26)

Ty>s = (T>/Goy J<EP #(<Q> /Gy, )<jy>s, (1.27)
where

G1, = Geos®0+sin’e, (1.28)

Grz = G11<>/{<Q>-(G-1)cosBsind}, (1.29)



Gy1 = Gein?B+cos®n, (1.30)

[}

Goo = Go1<O0>/{<>+(G-1)cos08inb}. (1.31)

Comparing Eqs.(1.26),(1.27) with Eqs.(1.3),(1.4), electrical conduc-
tivities are reduced by the factor of 1/G;, and 1/G,;, respectively,
and Hall parameters by the factor of 1/G;, and 1/G,,, respectively.

It is seen from Egqs.(1.28)-(1.31) that G;; is not generally equal to
Gp1 as well as GG1p not to Gpp. Since ¢ is greater than (in case of
nonuniformity) or equal to (in case of perfect uniformity) unity, Gy,
and G,; are always greater than or equal to unity according to & value,
whereas G;, and Gy, can be negative or less than unity when the angle 6

is taken into account.

In order to estimate the influence of the nonuniformity on the
averaged electrical conductivity and the averaged Hall parameter,
assumptions will be made following Rosa[l], that the local Hall para-
meter is constant and the gas is made up of layers whose conductivity
alternates between 07 and og(see Fig.1l.1). 1In this case the degree of

fluctuation f is defined as

f = bho/(o7+02) = (07-02)/(071+02). (1.82)
Under these assumptions, Eq.(l1.21) is reduced to

G = (1#0%F2)/(1-F%). (1.33)

When f is referred to hereafter in the calculation, the assumptions
just mentioned are always implicitly made.
In case of 6=0 and #1/2, G:; is reduced to G or unity as follows:

d
6=0; Gll = Glz =G, 621 = Gzz = I, (1.34)
e-‘—‘i"ﬂ'/2,' Gy, = Gap = G, G171 =G12 = 1. (7.885.)

Gij at the negative angle 6’ can be easily found to be
Glj(e') = ng(BJ; Jj=1,2 (0<6<mn/2), (1.36)
ngre') = ijre); J=1,2 (0<6<m/2), (1.37)

from Eqs.(1.28)-(1.31), when the relation 8'=8-1m/2 holds.



In Fig.l.2 G vs. Be is shown

2 —r— ————
T T ] % with the assumption of Bg/B;=10°.
gl R=Tﬁi§ 1 Here the ratio of B, to B; is arbi-
; RylB =10 1 trarily assumed to be 10°%, but this
°t g i value gives reasonable order to the
i E 1 ratio, since it is approximately
% 1 proportional to the square root of
H — 'HB s ]'$2 lﬂ.I. Hﬁ mi/me’ where m; and m, are mass of

ion and electron, respectively. In
Fig.1.2. § vs. B,.
the actual MHD generation, hdwever,
the range of the Hall parameter is usually not so large as to be very
sensitive to the value of Be/Bi' It is evidently seen that { takes
maximum at Be=¢303. In Figs.1.3,1.4 and 1.5 inverse:
of @ and G;4 at 6=0, m/6 and T/4 are

1

B shown with the assumption of Be/8i=
(O]
. 10%. It is seen that inverses of G

10" : and Gij take the minimum at Be= 108.
When the degree of fluctuation f in-

creases, inverse (.. remarkably de-

d
creases with increasing ) and any

inverse G;j except (7% are greater

than inverse (¢. This is because the

effect of the nonuniformity

1 10 10 Be 10°

Fig.1.4. I/Gﬁj vs. B, for 6=m/6. Fig.1.5. I/Gij vs. B, for B=n/4.
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is thought to be the greatest when the x axis is parallel to the p
axis, i.e., in the case of 0=0. As mentioned before, inverse (G, can
be greater than unity in the region of small  and it becomes remarka-

bly large when the angle 6 is small.

I.3. Effective electrical conductivity and Hall parameter in a non-

uniform gas plasma

The- effective electrical conductivity and the effective Hall para-

meter are defined, respectively as
Toff = <F>2/<j>e<F*>, (1.38)
Bofr =|<Tox<Eh> |/ (<For<E>). (1.39)

These quantities in case of isotropic and anisotropic nonuniformity

but not stochastic are discussed below,

I.3.1. Isotropic nonuniformity for constant f

In the case of isotropic nonuniformity, Geff and Beff can be cal-
culated from Egqs.(1.24) and (1.25) as averages over the angle under the
assumption that the direction x rotates with a uniform angular velocity

around B keeping f constant, that is

Oapp/ B> = (/n<E2) 115 (<> /<EL> )| o
Iy =0
= ING = {(1-F2)/(1+Q°F%)}31/2, (1.40)

In deducing this relationship, it was assumed that B, is constant and
only 0 varies in the direction p alternating between 07 and Ty as

mentioned before. Similarly, the effective Hall parameter is given as

Begr = (1/m) 112, 1<E8> /<Bg, | do
<3y> =0

= Q{(1-72)/(1+0%F2)}1/2, (1.41)

From Eqs.(1.40) and (1.41) the following relation is deduced for a

11



constant Hall parameter to yield

Geff/<0> = Beff/BB' (1.42)

Tn the limit of a large §! the effective electrical conductivity and

the effective Hall parameter are given for 1/0<f<1
lim o, = <T>/(F), (1.43)
. = (1.44)
1im Beff l/f.

In Fig.l.6 the relatioms of O, f¢<0>

and Bgrp for various degrees of

—

fluctuation f in case of Bg/B;=10°

are shown as a function of B, at

the region below Bp,=10 where the

Betl (&)

ion-slip effect is negligible.

4 Betf

5,
T
|

It should be noted that
<o> i
P Ueff/ 0> is not equal to unity even
i at Bo=0, as being pointed out by

Rosa[3], due to the presence of

nonuniformity and reduces to
_p2y1/2
0 5 Be 10  (I-f*)'/% from Eq.(1.40). As for

the nonuniformity caused by the

Flg'%'é' Fffective electricdl comr 4 .soavicn instability, this insta-
ductivity and Hall parameter vVs.

B, for isotropic nonuniformity. bility occurs suddenly when the
Hall parameter [ exceeds the criti-
cal Hall parameter Bsp. Hence Oeff/<0> holds unity until B, becomes

Bey and then begins to decrease according to the degree of the induced

nonuniformity. The experimental data obtained by other authors[35,36]

show good agreement with the curves of f=0.3-0.5 in Fig.1l.6.

I.3.2. Anisotropic nonuniformity for constant 6

Another model is to imagine anisotropic nonuniformity whose degree
fluctuates with time from zero to fﬁ for the fixed direction. Using

Eqs.(1.24) and (1.25), we obtain Geff and Beff by integrating over f as

12



Tt p e

c:eff./<z> = (1/fm<z>)f0m(<3m>8/<g*> )|¢>if y

y g
= ey {fyt(e1-1)1}/f,» (1.45)

Bopf/S = (1/fhﬂ)f£%|<E*>s/<E*>s[df
S
= —01/02—{01(c1+32)/ﬁﬂﬂ32)}1; (1.48)
where
e; = 1/(sin*6-Q%cos0), (1.47)
cg = 20/{(1+0%)sin20-2Q}, (1.48)
yjf

I= famdf/(fz-al). (1.49)

The definite integral I is expressed according to a positive or a

negative value of e; by

I = (1/V-cj)arctan(fp/v-c1); c1<0, (1,50)
= (1/2Veq)inl(Va-F,)/ (Vet+fy)Ys  e121>Fn- (1.51)

Since ¢, can not become zero unless {! goes to infinity, the case of
¢7=0 can be eliminated from the practical point of view. Consequently,

Ogff and By are explicitly expressed in terms of ¢j, ¢y and f}, as

Il

Opff/<L> cj+{/:53(1-e1)/Th}arctan{ﬂﬂ//:EEJ; eq<0, (1.52)

= eq-{Ve (1-cq)/2f, Yinl (Ve q-F ) / (Ve +£,) }s e21>5,,, (1.53)

Beff/ @ = -ep/egtlV=cq(1+ei/cg)/Fylaretan(fy,/V-c1); e4<0, (1.54)
= —ey/cg-{Vey(1+es/eg)/of, Minl (Vo 1-F)/ (Ve 1+£,) };

c121>f,,. (1.55)

In the limit of the degree of fluctuation, Ogff and B, f are expressed

as

iim fGe <r>) =1, (1.56)
o > f/

13



Lim (Bypp/) =1, (1.57)
£, >0 eff

and for large B, in the case where the ion-slip effect can be neglected
Lim (deff/<c>) = 1/(28of )5 8=0, (1.68)
1im Beff = 1/(28,F ) 8=0. (1.59)
On the other hand, at B.=0 for 0#0, Ueff/<g> is reduced to
Geff/<cs>=1/sinze+(cos 20/ 2fpein’0)in{ (1-fysind )/ (1+fysind)}, (1.60)

and this term is always less than unity unless f,, is equal to Zero[38],
In Figs.1l.7 and 1.8 Geff/<c> and B, £ VS, B, are shown for 6=0,
+n1/4 in the anisotropic nonuniformity. It is to be noted that when
6=m/2 both of them are reduced to unity and @, respectively, as is
seen from Eqs.(l.53) and (1.55). With increasing 0, which is the di-
rection of lessening influence of discontinuity, the decreasing rate
of g, f/<d> becomes smaller and the increasing rate of Beff becomes
larger. Compared with those in Fig.1l.6, both of geff/<g> and Beﬁf

in case of the anisotropic nonuniformity are larger even at 8=(.

1 T T | T T T T - 10 1 . 10
~ F ,"
Q ,”fI'H:O'T( - @ -
-~} << 1'% — ©
& e & 5 o]
O ‘ 3 L ®]
P 0.2

5t 45 5 5

L s 0.3<]

- 6=0 05

I 1.0 ]

O i 1 4 1 ] L i 1 1 0 0 - 0
0 5 5, 10 0 10
Fig.1.7. Effective electrical con- Fig.l.8. Effective electrical con-
ductivity and Hall parameter vs. ductivity and Hall parameter vs.
Be for anisotropic nonuniformity Be for anisotropic nonuniformity

at 0=0. at G=im/4.
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I.4. Power densities of MHD generators in a nonuniform gas plasma

Y Under the existence of non-
w uniformity, power densities of an
L—G-—LC4 MHD generator are discussed. The
RL§ y configuration of the MHD generator

V¥
“‘AIA'"A
(oY
m
N\Tz;
=

channel with finely segmented elec-

trode is shown in Fig.1.9. In

/vy/li:.y/liy/éll/lg deducing equations, ﬁpe in Eq.(1.2)

S=za-w, c/az1, a/dgl

is neglected.

Fig.1l.9. Configuration of MHD gen-
erator channel with finely segment-
ed electrodes.

I.4.1. Faraday-type MHD generator

The power density P, may be written by

P, = -j.E. (1.61)

Tf Pe is averaged over the direction perpendicular to the surface of

discontinuity,

P> = _(jp.<5b>+<jq>-3¢) = '(<jx>s<3&>s+<jy>s<Ey>s)'(1'62)

Since the Hall component of the current demsity <j,>, is equal to zero,

the averaged power density may be written as

<Pp>p = '<jy>8<Ey>s = '(<E>/621)<Eg>y<Ey>y

(<T>/G21)Kp(1-Kp)u®B?, (1.63)

where the load factor KF is defined as

Kp = <Eg>y/(u3). (1.64)
The maximum power density is obtained obviously at KF=I/2 and G=1 as
<Pg>Far = <L>u’B%/4. (1.65)
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I.4.2. Hall-type MHD generator

The normal component of the electric field <Ey>s being zero, the

power density of the Hall-type MHD generator may be similarly written

as
Py = —<Jz”y <Exzs (1.66)
<EF% > = - i (1.6?)
Eé y uB

Elimination of <jy>8 from Eqs.(1.26) and (1.27) with use of Eq.(l1.67)
yields

<E > + 1L coouB (1.68)

X x G126

. G124Gg2%%>
<4 > =
Ja Y G111 (K0>24+G15+Go5)

If we denote a load factor of a Hall-type MHD generator as the ratio
of the actual electric field to that in the open-circuit, similarly as
the load factor of a Faraday-type MHD generator, it is expressed from

Eq. (1.68) as

r _Gir =
Ky = '<Ex>m/[612G21 <ﬂ>uBJ = poKys (1.69)
where
_ G126y _ <{(G-1)sin®0+1}
E G11 T <Q>-(G-1)cosBe2ind * (1.70)
Ko= =<Bp>yp/(<>uB). (1.71)

Since { reduces to unity at G=I] or 6=0, KH becomes the same as Ko

which is a usual notation of a Hall-type MHD generation in a uniform
plasma. With use of Egqs.(1.69),(1.70) and (1.71), <jx>g is reduced to

. <Q>- (G-1)cosd +3ind
Jpy = Gt LouB(1-K,). (1.72)

Another component <jy>m is written in the form as

i s = _ SD>uB  GHKy<@>?+(G-1)2cos®Bsin’6 (1-Kp)
Ty G+<5>2 Gein28+cos?2H 2

(1.73)
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Consequently, the power density is obtained by substituting Eqs. (1.69)
and (1.72) into Eq.(1.66) as

p > = L5@=(G-1)cos85ind}?

&8 = (G4<>2) (GoinZ0+cos2n) Lo B Ky(1-Ky). (1.74)

Normalized power densities of a Faraday- and a Hall-type MHD gen-

rators are defined, respectively, as

~ ~ __dEp(1-Kg)

PR = PP/ P Eygy = Hp(1-Kp) /G201 = 75 T)sinrerg (1-75)
B _ 4Rp(1-Kg) {<Q>-(G-1)cosBsind}?

FPi = PPy PRy =~ (G2 ((G-1)sin20+1] (178

It is obviously seen from Egs.(1.75) and (1.76) that the maximum <P3$F
and <PQSH are both achieved at Kp=Ky=0.5. With respect to <P, >p,
inverse Gz1 in Figs.1.3, 1.4 and 1.5 should be referred to. In Figs.
1.10, 1.11 and 1.12 the maximum (KH=0'5) normalized power densities

of a Hall generator <P,%y at 8=0 and #7/4 are shown. In case of 6=0
in Fig.1.10 <Pefﬂ increases monotonously with increasing (! and stays
at considerably high level until large degree of fluctuation in the
region above (=3, It is notable that the decreasing rate of <P_>

e H
with respect to f is very small for small fand very large for large f,

T

Fig.1.10. Normalized power densi- Fig.l.1l. Normalized power densi-
ty of a Hall-type MHD generator ty of a Hall-type MHD generator
vs. B, for 8=0, KH=O.5. vs. By for 6=-m/4, Ky=0.5.
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since <p,>y is proportional to (I-f2) at 6=0. In Fig.l.1l <P, 5 at a
negative angle of 0=-1/4 for KH=0.5 is shown. It is very interesting
that <PQ$H at f=0.9 exceeds those at smaller degrees of fluctuation
in the region of considerably large {I. This is because when f ap-
proaches unity, the direction of the current makes the angle -m/4 with
the x axis, i.e., the current is forced to flow only in the layer of
higher conductivity, resulting in <P,5p=0.5 independent of B, . When
6 is negative, the inclination of the layer generally agrees with the
current direction of the normal Hall generation and hence favorable
performances of the Hall generation may be achieved as seen in Fig.1.11..
On the other hand for the positive angles, since the inclination
of the layer is generally opposite to the current direction of the
normal Hall generation, only the small positive Hall current is, if
possible, achieved, resulting in a serious decrease of the power out-
put of <P >p. When f approaches unity, the current is also forced to
flow in the layer of higher conduc-

tivity, which makes an angle of

-31/4 with the x axis in case of
Fig.1.12, thus resulting in the
negative <jx>y' The limiting abso-
lute value of <jx>y is, however, the
same as that at the negative angle
of 8=-m/4 for f=7 and hence <Py

becomes similarly as large as 0.5.

As far as the practical Hall gener-

ation is concerned, it is, however,

Fig.1.12. Normalized power densi- quite unlikely that the nonuniformi-

ty of a Hall-type MHD generator .
vs. Bg for B=T/4, K=0. 5. ty corresponding to the positive

angle 6 will macroscopically occur.
It should be noted as a conclusion that the normalized power density
<P,%y of the Hall generation can be expected to be considerably high

as long as the angle O stays in the negative region.
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The averaged electrical efficiencies Np and Ny for a Faraday-

and a Hall-type MHD generation are defined, respectively, as

Mg = KF (1. 77)

<_31EBH/(<31E4>H+<-33E$H) = <jm><E&>/(<jy>uB)

W

___Ky(1-Kp){B.-(G-1)cosB+sind}? (1.78)
G+KpBZ +(1-Ky) (G-1)2cos?6sin?@ )

It should be noted that when B,

becomes large, approaches Kp un-

g

1 T T T T ™ T
' | less 0 1is #m/2 or 0 and the follow-
& ing relation holds
. ng(-8) = ng(6-1/2), 0<B<m/2
L (1.79)
In Fig.1.13 Ny vs. Bz is shown
| for 6=0. When f increases, it is

difficult for the Hall current to

Fig.1.13. Electrical efficiency flow in the z direction due to the
of a Hall-type generator vs. B,

for 0=0, Ky=0.5. large nonuniformity in the @« direc-

tion, and hence ny at smaller f

is larger than that at larger f.

'h-('

107

A — s

10’ 1 0 e 10
Fig.1l.14. Electrical efficiency Fig.l.15. Electrical efficiency
of a Hall-type generator vs. Bg of a Hall-type generator vs. B,
for D=-m/4, Ky=0.5. for f=0.5, Ky=0.5.
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For negative O, on the other hand, every ny for f>0 exceeds that for
f=0 as seen in Fig.1l.1l4., This is because such an inclination of the
layer is highly favorable to the influence of the Hall effects on a
Hall-type MHD generation. The dependence of Ny on the angle 6 is
shown in Fig.1.15. It is seen that when the effects of the nonuni-
formity is thought to be the strongest on the Hall current (6=0), the
electrical efficiency is the lowest, and Ny becomes maximum for cases
of 8#0. 1t is to be noted that Ny at 0=-m1/6 (or -m/3) or -m/4 is far
larger than that at f=0 and Kg=0.5 in the region near B_ =10, and this
is also true for large f. The reason is similar to that mentioned in

reference to Fig.1.13.

I.5. Nonequilibrium ionization in a nonuniform gas plasma

In a closed cycle gas plasma MHD generation, such as a coolant
rare gas of a HIGR or heatexchanged rare gas by the rejected combus-
tion gas of an open cycle MHD generator is now being thought as a
working gas. The temperature of these gases is, however, not so high
as to be able to operate MHD generation in the thermal equilibrium
state, which will lead to a very poor performance of the MHD generation.
It is hence desirable or rather inevitable to operate MHD generation
in the nonequilibrium state. The review of the nonequilibrium ioni-

zation is briefly stated below.

Since the mass of an electron is very small compared with that of
an atom or an ion, the electron can be very easily accelerated result-
ing in the energy gain from the electric field, whereas it loses energy
very little through collisions with atoms or ions due to large differ-
ence of masses. As a result, electrons can maintain the energy at the
level higher than those maintained by atoms or ions, and the electron
number density reaches its equilibrium state based not on the gas tem-
perature but on the electron temperature. This phenomenon is usually
stated as the nonequilibrium ionization. Once the effective nonequi-
librium ionization is achieved, the electrical performances of MHD

generation are highly improved, since the electrical conductivity of
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the plasma is preferentially dependent on the electron temperature.
The qualitative estimation of the nonequilibrium ionization will be

made next.

The energy equation of electrons is written as

D 3 3 P —— — —

= am
= FeE*- 2’”_2 Gknéue(Te—TgJ-—Qr, (1.80)
— — 5KT -
9, = -AeMvre-(—§;€—+vi)J, (1.81)

1 1'1'“8‘%: BxBy_ Ba, BZ Bx'f‘By
M= 7787 | BuBytBzs 178y, ByBz-Bx | (1.82)
BzBx-Bys ByBa+Br, I1+B3

Ao = Sngk®T,/ (2mave) , (1.83)

Pe = ngk T, (1.84)

In the above, p/pt is a mobil operator, and n,, Tz, P, and eV; are
electron number density, electron temperature, electron pressure and
ionization energy of seed atoms, respectively. Eé, Gy Wy Ky Tg and
&y are heat flux of electrons, collision loss parameter of electrons,
collision frequency of electrons, Boltzmann's constant, gas temperature
and radiation loss term, respectively. M and Bj(:ij/me“e) are the
tensor Hall parameter and the Hall parameter based on the j-th compo-
nent of E'(B§=B;+B§+B§}, Mgs M, being mass of electron and atom, re-
spectively.

In the steady state for a uniform gas in the absence of the radi-

ation loss, Eq.(1.80) with use of Eq.(1.1) is reduced to the familiar

form as[36]

32/0 = (3my/2my) 8kngvg (To=Ty). (1.85)
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In deducing Eq.(1.85), it was assumed that the effect of ion-slip can
be neglected. The left-hand side of Eq.(1.85) denotes Joule dissipa-
tion in the plasma and Eq.(1.85) shows that the energy obtained from
Joule heating(dissipation) is balanced by the energy dissipated through
collisions with atoms, and the difference between the electron and the
gas temperature is roughly proportional to Joule dissipation. If the
Joule dissipation is spatially uniform, the electron temperature is
also uniform in space as seen in Eq.(1.85) which corresponds to the
case of G=1, realizing an ideal MHD generation. In the actual MHD
generation, however, the spatially uniform electron temperature distri-
bution which realizes an effective nonequilibrium ionization state

can be hardly obtained due partly to some undesirable phenomena. One
of them is the current concentration on the electrode edge by the Hall
effect, for example, as will be discussed later. Although this phe=-
nomenon may be reduced to some degree by finely segmented electrodes,
the degree of segmentation or the aspect ratio 1is practically restriect---
ed from technical point of view. Therefore, in the presence of the
Hall effect, the current is still apt to concentrate on the electrode
edge, and hence causes a seriously nonuniform Joule heating around the
electrode edge leading often to a short-circuiting of the neighboring
electrodes. These are both detrimental to the performance of MHD gen-
eration. The other phenomenon which causes also a serious nonuniformi-
ty in the MHD plasma is the ionization instability first indicated

by Velikov et al.[15] and Kerrebrock[16]. When the Hall parameter
exceeds the critical Hall parameter, the fluctuation wave of electron
number density or temperature occurs and consequently results in a
nonuniformity of the plasma parameters. These two phenomena, the
current concentration on the electrode edge and the ionization insta-
bility, if occur, considerable nonuniformity often appears and the
effective nonequilibrium ionization will hardly be realized as will

be shown below.

In a Faraday-type MHD generator with finely segmented electrodes

(see Fig.1.9) the local electron temperature is estimated from
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Eq.(1.80) as
J%/0 = FYE* = (88/2Y) (uB/M)? (0/BL) (To/Ty=1), (1.86)

where # is the Mach number in the plasma, and Y is the ratio of specif-
ic capacities. In using Eq.(1.80), it was assumed that u and Eé are
constant, whereas other terms are uniform in the gas and &p can be
neglected.

The averaged Faraday component of the electric field can be ex-
pressed by the averaged load factor Ky, and the averaged Hall compo-

nent of the current density vanishes as

o>y = 05 (1.87)
<E§>y = <Ey>y-uB = (Kg=-1)uB. (1.88)

The left-hand side of Eq.(1.86) may be written with use of Egs.(1.27)
and (1.63) as

TS — o d _ 2 2

<JeE*> = <Jy>m(<Ey>y—uB) = <0>(1-Kp)*“ (uB)*/G2:. (1.839)
Average of Eq.(1.86) with use of Eq.(1.89) then yields

<Tg>/Ty-1 = (2Y/38)M*BG(1-Kp)?/Ga1. (1.90)

In deducing Eq.(1.90), it was assumed that the Hall parameter is con-
stant and the electron temperature is weakly dependent on the electron
number density, whereas the electrical conductivity depends strongly

on the electron temperature. In addition, the terms except for the
electron were assumed to be constant and the effect of ion-slip was
neglected. Eq.(1.90) shows that when the nonuniformity occurs, the
degree of nonuniformity G plays an important role for the electron
temperature elevation through G2; and only a small temperature eleva-
tion is expected in the case of a nonuniform plasma, which results in

poor nonequilibrium MHD performances in a Faraday-type MHD generation.

In a Hall-type MHD generation, on the other hand, the averaged

Joule dissipation term may be written as

<JOE*> = <jx'5&'jy'“3> = <jx>'<Ex>{3“<jy>“3/(<jx><Ex>)
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<0> (uB) *{G+[BoKH+(G-1) (1-Ky7) cos08inf )2} (1.91)
(G+B3) (Gsin?0+cos?t) * '

Average of Eq.(1.86) together with Eq.(1.91) vields

<Te>-Tg
Tgo-Ty
_ (1+B%){G+XgBe+ (1-Kpg) (G-1)cosBsing}

(G+BZ) (Gsin®8+cos?0) {1+(KgB,)2} °

:RT

(1.92)

where T,, is the ideal electron temperature in the uniform plasma,
namely, for G=1. Ry vs. Be is shown in Fig.l1l.16. 1In case of 0=0 the

averaged electrical conductivity

<0> becomes large since RT exceeds
unity, but as far as the averaged

tensor conductivity is concerned,

Re

it is reduced by the factor of 1/G
10’ as a result. In general, Rn begins
to decrease greatly when B, exceeds

about 2 in the case of 6#0, and

10— | s L — consequently, the effective elec-
10 1 10 g, 10

tron temperature elevation is hardly
Fig.1.16. Relative electron tem—
perature elevation vs. B, for

f=0.5, Ky=0.5. efforts to suppress the nonuniform-
H=

expected in these conditions. Much

ity is hence required in order to

realize the effective nonequilibrium ionization.

I.6. Concluding remarks

When the angle 6 is taken into account, the electrical character-
istics of the MHD generation differs greatly from that at 6=0 or /2
which was previously calculated by Rosa[l], and the electrical conduc-
tivity and the Hall parameter in the averaged Ohm's law as in Eqs.

(1.26) and (1.27) become tensor quantities expressed as

24



_ Gils 0] _ 0, G13) _
<J>8 = <> <E*>S_<Q> <j>

: - (1.93)
03 GEI —GE%_, 0

It is important that the inverses of (1, and G, can be negative or
greater than unity according to the relationship between {2, G and 6,
and the sign of G, is identical with that of the Hall current <jx>y
in case of Hall generation.

When the degree of fluctuation f increases, both the effective
electrical conductivity and the effective Hall parameter are greatly
reduced regardless of the isotropic or anisotropic nonuniformity.

But the decreasing rate of g, vl and the increasing rate of B, F seem
larger and smaller, respectively, in case of the isotropic nonuniform-
ity than in case of the anisotropic one, in general, with increasing
Hall parameters.

In a Faraday-type MHD generation, <P,5p is proportional to the
inverse G5, and is considerably large in the region of small f and {,
but when f or { increases, <Pe$F decreases very rapidly to lead to a
very poor performance of MHD generation. In case of a Hall-type MHD
generation, on the other hand, <Pe$H can take relatively large values
for the negative angle 6, and even if the degree of fluctuation f is
very close to unity, <P85H still approaches (.5 independent of B, and
exceeds those at smaller degree of fluctuation in the region of large
Q. Comparing <P, 5y with <P, Sy, it turns out that the influence of the
degree of fluctuation f on the former is far stronger than that on the
latter. In the Hall generation, the region where the Hall current is
negative can exist under the condition of the positive angle &, whereas
<P 3y is always positive independent of the sign of the Hall current.
It is, however, very unlikely in the actual MHD generation that the
negative Hall current will flow in a large scale.

With respect to the nonequilibrium ionization in a nonuniform gas

plasma, the elevation of the electron temperature is much influenced
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by the degree of nonuniformity and an effective one is scarcely ex-
pected, in general, when the degree of fluctuation is large. It is
thus emphasized that much efforts must be made mainly towards lessen----
ing the degree of fluctuation to realize the effective MHD generation,,,,

particularly in a closed cycle gas plasma MHD generation.
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IT. ELECTRICAL CHARACTERISTICS OF MHD GENERATOR WITH RESISTIVE
SEGMENTED ELECTRODES IN THERMAL EQUILIBRIUM[39]

II.1. Introduction

Many two-dimensional numerical analyses have been reported on
the performance characteristics of equilibrium and nonequilibrium MHD
generators([4,5,7,8], and attention has been drawn to the deterioration
of generator performance due to the current concentration. This tend-
ency of the current to concentrate around one edge of the electrode
is accentuated with increasing Hall parameter. The phenomenon leads
to short—circuiting of the current between neighboring electrodes,
and increases the internal resistance of the MHD generator, thus re-
sulting 1in generator performance deterioration.

In order to reduce this current concentration, the author here
propose an arrangement of MHD generator in which segmented electrodes
of resistive material are used, and the current is led out from the
edge just opposite the edge where the current concentration usually
occurs( refer to Fig.2.1). The analysis is limited to generators with
a seperate electrical circuit for each pair of electrodes. Numerical
analysis by difference method has been undertaken(see Appendix A).

The electrode is treated as one dimensional, which is valid if the
thickness of the electrodes is very small compared with their length.
From the current distribution thus calculated, the internal resistance
and the potential distribution along the wall of the MHD generator are

discussed.

II.2. Theory
I1.2.1. Assumptions

The following assumptions are adopted:
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(1)

(2)

(3)
(4)

(5)

(6)

(7)

(8)

(9
(10)

The gas—dynamical parameters (pressure, temperature and gas ve-
locity) are constant, aéfu,0,0J. Also, the electrical conduc-
tivity 0 is constant (thermal equilibrium between electrons and
atoms is assumed).

The channel cross section is constant along its axis (x direc-
tion).

The applied magnetic field B is constant and uniform, gé(G,OJB).
Channel end effects are excluded, thus providing a repetitive
boundary condition in the & direction.

Ton-slip is neglected.

The thickness of the electrodes (y direction) is very small com-
pared with their length (x direction), which assumption permits
the electrodes to be treated as one dimensional.

The upper (anode) and the lower (cathode) electrodes have the
same constant resistivity p.

Lead wires are connected to the edges just opposite the points
where current usually concentrates.

No leakage current flows between neighboring electrodes.
Fig.2.1 shows the right-hand coordinate systems. The gas flows
from left to right in the positive x direction and the magnetic
field is applied in the positive 5z direction. Arrows indicate

position of lead wires.

D i, e X

|

Fig.2.1. Coordinate system and con-
figuration of MHD generator.

Arrows indicate positions of lead
wires.
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I1.2,2. Basic equations

Ohm's law may be written in the form from Egs.(l.1) and (1.2) as

J = E*-B,(7%B)/B,

E* = E+uxB.

(2.1)

(2.2)

On the basis of Maxwell's equations and the preceding assumptions, it

can be shown that
. rot E* = 0,

div § = 0.

The current flux function Y is defined by the relation

fj;c = aw/ay.!

dy = -3U/3z.

Substitution of Eqs.(2.5) and (2.6) into Eq.(2.3) yields

Vi =0,  -d/2<x<d/2, -d/8<y<d/e.
On the insulator surface,

dy = s e/2<|x|<d/2, y=td/2,
which, with Eq.(2.6), results in

Y= Yo e/2<x<d/2, y=*d/2,

Y =0, -d/8<x<-c/2, y=*d/2,
where

d/2

Y. = -7 dax.
(o] f—d/,g Y

On the resistive electrode surface(see Appendix A)

-e/2
e/ 8 ) p
E: = o/b jm Jydm, |z|ze/2, y=-d/&,
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(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.13)

(2.13)



where p is the resistivity of the electrode, and b the electrode thick-

ness. Introducing dimensionless quantities defined by
1])' ='-f)/lpo: &7 =.’£/d_, y' =.y/d, (2.14)

Egs. (2.7).(2.9),(2.10),(2.12) and (2.13), with the previous assumption

(4), become

32’/ 2492 foy 2 = 0; -1/2<x'<1/2, -1/2<y'<1/2, (2.15)
Y’ o= 0; -1/2<x'<-¢c/2d, y'=t1/2, (2.18)
P! = 13 e/ed<x'<1/2, y'=t1/2, (2.17)

—ap;  |x'|zes/2d, y'=1/2, (2.18)

I

Y’ /oy -, " /A’

/Y -B N " = ~a(1-Y"); |x'|<e/2d, y'=-1/2, (2.19)

Il

Vi(x',y')+1 =Y (2'+1,y'); (2.20)
where

o« = opd/b. (2.21)

II.2.3. Internal resistance

The total current J is written in the form

e/2
J=w [ -j (x,d/2)dz = wg, (2.22)
-a/Zy
where w is the electrode length in the 3 direction (channel width).
The potential difference V between the right-hand edge of the positive
electrode (anode) and the left-hand edge of the negative electrode

(cathode) can be expressed by

d/2 c/2
V=2l -BEj(0,y)dy + | -Ej(z,d/2)dz} = (Vy/0)<R;>, (2.23)
0 0
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where

1/8 e/ 2d
<Rgp> =2{f (W'/x')|dy' +af Y'(x',1/2)dx’
0 x'=0 0
+ BolV'(0,1/8)-0.57}, (2.24)

Then the internal resistance of the MHD generator is given by
Ry = V/J = <Ri>/0w = Rigeqy*<R;>, r2.2s)

where
Rideqr = 1/0w. (2.26)

R;dpq1 is considered to be the ideal resistance for the case ¢/d=I

(continuous electrode) and Be=0 without end effects.

IT.2.4. Potential distribution along the wall

The potential distribution along the upper electrode can be cal-

culated from Eq.(A.3). The result is

O = (Vo/0)b, s (2.27)
where
:C’
bpe = of V' (x',1/2)de" + ¢ (-c/2d,1/2). (2.28)
-e¢/2d

The potential distribution on the insulator downstream the electrode

is expressed as

¢’u,£ = (IIJO/G)MT,, (2.29)
where
‘,rr
ge=[ W'y )dx - B Y (x',1/2)b"(-1/2,1/2)}
~1/3
+ ¢, 0-1/2,1/2). (2.30)
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The potential distribution on the insulator upstream the electrode can
be written in a similar form. The potential distribution ¢d along the
upper wall is represented in Fig.2.16, where ¢ﬁ£(—1/3,1/2) is taken

to be zero.

II.2.5. Hall potential

Making use of Eq.(2.1), the Hall potential difference between the
points (-d/8,0) and (d/2,0) can be written as

d/2 :
Vg = [  -Bidrz = (bo/0)V}, (2.31)
-d/2
where
1/8
Vi = [ (3'/3y')dz' + B, (2.32)
~1/8

II.3. Results and discussions

Numerical analyses were made for various values of the three
parameters, i.e., geometric parameter ¢/d, Hall parameter B,, and
dimensionless resistivity of the electrodes 0.

The following ranges were used.
0.265¢/d<0.75, 0<B<10, 0<0250.

The current distributions are shown in Figs.2.2-2.9 for various values
of Be and o, and its dependence upon o is shown in Fig.2.10 for the
case of Be=10, e/d=0.75. 1t is clear from these figures that, for
e/d=0.25, B,=1, if o is chosen to be about 5, the current concentration
on the edge of the electrode is greatly reduced and the distribution
becomes nearly symmetric relative to the electrode center, which pro-
duces a condition analogous to that in case of B,=0, o=0. The similar
tendency is also seen for the case of Be=5’ 0=12.5, ¢/d=0.5 and of
Bg=10, 0=20, c/d=0.75.
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Fig.2.2. Current distribution for

Fig.2.3. Current distribution for
Be=0, 0=0 and e/d=0.25.

Be=1, 0=0 and c/d=0.25.
The line V'=0.5 is identical with

Weak current concentration is seen.
the electrode center.

o

Fig.2.4. Current distribution for Bg=I,
o=5 and e¢/d=0.25.

Note that fairly symmetric current dis-
tribution relative to the electrode cen-

ter is obtained compared with distribution
of Fig.2.3.
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Fig.2.5. Current distribution for
Bo=5, a=0 and ¢/d=0.5.

Considerable current concentration
is seen.

Fig.2.6. Current distribution for
Be=5, 0=12.5 and ¢/d=0.5.

Note that fairly symmetric current
distribution relative to the elec-
trode center is obtained compared
with distribution of Fig.Z2.5.

Fig.2.7. Current distribution for
Be=5, 0=30 and e/d=0.5.

Current concentration at the edge
where lead wire is connected be-
gins to occur again.
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\ U

1 ]

Fig.2.8. Current distribution for Fig.2.9. Current distribution for

Bg=10, 4=0 and ¢/d=0.75. Be=10, 6=20 and ¢/d=0.75.
Strong current concentration is Note that fairly symmetric current
seen.

distribution relative to the elec-
trode center is obtained. Greatly
reduced current concentration is
seen compared with distribution

of Fig.2.8.

Fig.2.10. Dependence of current distri-
bution upon O for B,=10 and c¢/d=0.75.

With increasing o, the current begins
to concentrate on the edge where lead
wire 1is connected.
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When o increases further, as in Figs.2.7 and 2.10, the current begins
to concentrate at the other edge of the electrodes where the current

is led out.

From the various current distributions calculated, the value of
o that gives a current distribution closest to symmetry in reference
to the electrode center is a function of B, and ¢/d (since the pitch

is chosen to be unity). This function can be approximated by

ag = 4. 58,5 e/d=0. 25, (2.33)
ag = 2.58,; ¢/d=0.5, (2.34)
ag = 2.0B8,; e/d=0.75. (2.35)

Fig.2.11 shows the distri-
bution of the current flux func-
tion Y’ for the lower electrode
in the case of Bg=56, c/d=0.5.
Since the gradient of this curve
gives the current density jy, the
current distribution nearest to
the ideal current flux distri-

bution (dotted straight line) is

that which is sought for effective-

0 2 A .6 1.0

8
x'+c/2d ly reducing current concentration.

Fig.2.11. Distribution of current
flux function ' on lower electrode
for Bg=5 and ¢/d=0.5.

The dimensionless internal resistance <R;> for each aspect ratio
is shown in Figs.2.12-2.14. Tor Bg=0, while the current distribution
is perfectly symmetric relative to the electrode center when a=0, it
progressively loses its symmetric form with increasing o and the cur-

rent path becomes longer, resulting in increased internal resistance.
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Fig.2.12. Dimensionless internal
resistance for case of ¢/d=0.25.

e e L L

-

c/d=0.75

s {Ry

o
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Fig.2.14. Dimensionless internal
resistance for case of ¢/d=0.75.
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Fig.2.13. Dimensionless internal
resistance for case of e¢/d=0.5.

For Bp=1, as is seen in Figs.2.12
-2.14, <R{> increases with a.

This is due to the reduction of
the dependence of the internal
resistance on the current homoge-
neity brought about by the resis-
tive electrode since the degree

of the current concentration is
small compared with the case of
larger Hall parameters, and the
effect of the electrode resistance
begins to make itself felt with
increasing B,. Therefore, in so
far as the internal resistance

is concerned, the resistive elec-

trode system does not contribute



to the generator performance so effectively for small values of Be'
In the range of large values of B, however, the internal resistance
becomes strongly dependent upon the current distribution, so that a
moderately resistive electrode gives nearly the same value of <R;>
as in case of =0, and at the same time it can assure more symmetric
current distribution. This fact is very favorable to improving MHD
generator performance in nonequilibrium ionization, since a more uni-

form Joule heating and therefore a more uniform electron density can

thereby be expected.

Fig.2.15 shows Vj; in case of ¢/d=0.75. The potential distributicn
¢, on the upper wall is also shown in Fig.2.16. It is clearly seen
how, for w=0, the potential gradient (i.e., electric field) at one
edge of the electrode is so steep as to force the leakage current to
flow along the wall, resulting in the short-circuiting effect. The
potential difference between the two points (-d/2,d/2) and (d/2,d/2)
is theoretically equal to the value I/, and if o=0 this value is main-

tained only by the insulators. But when o increases the wvalue Vy is

T T T T T T
f/,,nuod_ | 4
104 =
AN -
ol c/d=0.75 | ]
=0
6 “T ]
B 5 i
;///,#fﬂ___,____————————- : sk 125 |
L -
s ] 2r 40 ’
2} 1 . i cid=0s |
/_f 0 1 [ / L
0 N 1 L 1 N L | 1 PR | 0 j
0 10 20 10 40 50 of insulator —]e—  electrode —l— insulator
Fig.2.15. Dimensionless Hall poten- Fig.2.16. Potential distribution
tial between points (-d/2,0) and on upper wall for case of Be=5
(d/2,0) for case of e¢/d=0.75. and e/d=0.5.

Steep potential gradient of o=0
is markedly reduced when a=40.
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maintained by the combined action of both the electrode and insulators,

which greatly reduces the steep potential gradient as illustrated in
Fig.2.16 for cases of a=I12.5 and 40.

IT.4. Concluding remarks

As foreseen, with moderately resistive electrode, the current
distribution is brought appreciably closer to symmetry in reference
to the electrode center, thus greatly reducing current concentration
on one edge of the electrode. And furthermore, the gradient of elec-
trical potential at the border between electrode and insulator is
eased, thus preventing short-circuiting between neighboring electrodes.
However, as a general rule, the internal resistance must inherently
be larger with resistive electrodes than with non-resistive, and this
disadvantage is accentuated when the Hall parameter is small.

The foregoing analysis has been based upon the thermal equilib-
rium condition, but the difference of current distribution between
equilibrium and nonequilibrium conditions seems not so great[7,8] in
the tendency, and therefore, even under the latter conditions a homo-
geneous current distribution can be expected by choosing a suitably
resistive material, semi-conductor or some ceramics for example, for
the electrodes. This will assure a homogeneous Joule heating and
thereby a homogeneous electron density, and possibly in addition a
smaller internal resistance than with non-resistive electrodes. In
addition, the merit of resistive electrodes will lie in the fact that
Joule heating of the electrode caused by the passage of the current
will ensue the enhancement of the boundary layer temperature and also
assist in thermionic emission from the electrode surface leading to

the decrease in electrode drops.

While in the present work the lead wires have been connected to
the extreme end of electrodes and the resistivity assumed to be the
same between upper and lower electrodes, there may be many other prac-

tical arrangements for lead wire connections and selection of resis-
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tivity. For example, if the lead wires were connected to the points
(e/4,d/2) and (-e/4,-d/2), slightly removed from the electrode edge,
the current concentration would then be much further reduced.(see
Figs.2.17-2.19). Analyses covering cases of nonequilibrium conditions
will provide more realistic and practical information on actual MHD

generator performance.
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Fig.2.17. Current distribution Fig.2.18. Distribution of current
for Bp=1, 0=5 and ¢/d=0.5. flux function ' on upper elec-
trode for By=1 and e¢/d=0.5.

The dotted straight line indicates
Y* for a strictly uniform current.
Arrows indicate positions of lead
wires.

Fig.2.19. Current density jy on
upper electrode for Bg=1 and ¢/d=
0.5.

The peaking of jy in the vicinity
of the lead wire indicated by an
arrow 1is accentuated with increas-
ing O.
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11I. CURRENT REFRACTION DUE TO DISCONTINUOUS HALL PARAMETER

III.1. Introduction

As was stated in chapter II, the current concentration at the
electrode edge immediately causes complications such as short-circuit-
ing between neighboring electrodes or nonuniform Joule heating, which
consequently results in a seriously ineffective MHD generation'in the
nonequilibrium state. The proposal of using resistive electrodes was
successfully analized in chapter II to realize a very uniform current
distribution. The demerit of the electrode resistivity will be well
canceled by the uniform current density and the shortening of the
current path. In this chapter, another method to control the current
distribution is proposed, that is, to control the current pattern by
using spatially nonuniform Hall parameters.

We begin by assuming that only the electrical conductivity O and
the Hall parameter B, are variables, whereas other quantities such as
flow velocity % or the applied magnetic field B are constant in order

to simplify the problem.

y
III1.2. Theory )
|
The configuration of an MHD ﬁ ,
} .
generator is shown in Fig.3.1l and © _ i j;T,‘
u, B are expressed as — L q’-x
u = (u,0,0), u=const., (3.1) L Be
B = (0,0,B), B=const. (3.2) O JgrJJ

From Eq.(1.1) neglecting the ion- Fig.3.1. Configuration of MHD gen-

erator .-
slip effect and electron pressure
Dotted line denotes surface of

gradient, it is reduced to a discontinuity of Hall parameters.

41



familiar form as

J = o(E+uxB) - B,/B*jxB. (3.3)
where

rot E* = rot E + rot (uxB) = 0, (3.4)

div 7 = 0. (3.5)

Parameters such as 0 or B, are assumed to change from g or B, to o'

or RS, respectively across the boundary (surface) of discontinuity
(dotted straight line in Fig.3.1l) which makes an angle ¢ with the

x axis as seen in Fig.3.1. Denoting components parallel to or tangen-
tial to the surface of discontinuity by a subscript # or ., respec-
tively, and from Eqs.(3.4) and (3.5), the following relations are

obtained
Jy =dls (3.6)

*
Ey

E3'. (3.7)

The tangential component of J and the parallel component of E* are

written as

j.l. =jx37:nq,_ ijOSCOJ (3.8)
E} = Bjcosep + E‘gsinqo . (3.9)

We denote angles of € and 6' as
tand = gy /dps (3.10)

tand’ = g /ik. (3.11)

Use of Eqs.(3.3) and (3.6)-(3.11) then yields

AyE* =0, (3.12)
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where

.

Bo-tand, 1+Bgtans, 0, 0 ]
a, 0, Bé—tanﬁ’, 1+ Jtand !
A=
i 1, tan, -1 ~tang |- (8-1%)
a(tany-Bz)  o(1+B tang) o'(tang-B,) o' (1+f)tany)
y = T =
| I+R3 1+B3 1+842 ’ 1+B4?
f E‘g h
E*
- Y
£” = ) (3.14)
EA
B

For the existence of the non-trivial solution of é;, the following

equation must hold
det Ay = 0. (3.15)

Eq. (3.15) is simply reduced to

(3.16)

Bg + cot(6-9) B + cot(6'-P)

a g’

In order to generalize discussions, we introduce a new angle O as
0 =n/2 - (6-9), (3.17)

which denotes the angle of incidence (or refraction) of the current
density vector with respect to the line normal to the discontinuity
boundary line and @ is measured from the incident or refracted current
density vector to the normal line(see Fig.3.2, where j, is an electron

mobility).
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Use of Eq.(3.17) with Eq.
(3.16) then yields

Bettan® _ Bttand’ (3. 8]

o a’

Fig.3.2. Schematic Ohm's law and
angle G,

Ug Is an electron mobility.

IIT.3. Results and discussions

In the calculations the electrical conductivity was assumed to
be constant for convenience. From Eq.(3.18) the following relations

hold

tan@' = tan® - AB,, (3.19)
tanh® = -AB,/ (tan®@ - AR tan® +1), (3.20)
DOy | = arctan{diB,/(ABE-4)}, (3.21)

tan0*=ABg/2
where
Ay, = Bg - Bos (3.22)
A =0'" - 0. (3.23)

@' vs. @ for positive AB, is shown in Fig.3.3. It is seen that when
AB, is positive, the incident current is always refracted to the left
and the refracted angle changes greatly at large incident angles. It

should be noted that the relationship between © and ©®' for negative
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Fig.3.3. Refracted angle vs, inci-
dent angle of the current density
for positive ABe.
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Fig.3.4. Angle of deviation vs.
incident angle of the current
density for positive ARg.

Dotted line shows ACp;.,.
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AB, will be easily obtained by ex-
changeing angles O and @' with
each other. TFig.3.4 shows the
relationship between AQ and © in
Eq.(3.20). The figure shows that
the large angle of deviation is
obtained at large incident angles
and its minimum lies on the straight
line (AG=-20%) and is realized at
0=0%*, where 0% is arctan(AB,/2).
In Fig.3.5 AQ,;, is shown

with respect to AB,.
ing AB,,40,..,
and approaches -180 deg.

With increas-
begins to saturate

In the
region below &BeﬂSJAGmindecreases
greatly, but gradually in the

region above AB,~5.
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g
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Fig.3.5. The minimum angle of
deviation ABp;., vs. AB,.



The results of above calculations, consequently, proved the feasibili-

ty of current pattern control by arranging Hall parameters.

IIT.4. Concluding remarks

The feasibility to control the current distribution by using spa-
tially nonuniform Hall parameters was successfully proved. With re-
spect to the method realizing a desirable distribution of the Hall
parameters, the application of the spatially modulated magnetic field
will be most convenient, since the Hall parameter is proportiomnal to
the magnetic field strength. The analysis, however, must be made in
the three dimension when the spatially modulated magnetic field is
applied. This is because the external magnetic field E& must always

satisfy the equation for small magnetic Reynold's numbers
rot B, = 0. (3.24)

Hence the external magnetic field such as E&=Bz(m,yJE;[12,13] can't be
realized in practice and it should be noted that such E& is always
associated with other components B, and By, resulting in the three-
dimensional current distribution in general.

The detail analysis of the current control by using the spatially
modulated magnetic field is beyond our scope and is left to future

study.
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IV. IONIZATION INSTABILITY AND STABLE REGION IN POTASSIUM SEEDED
ARGON GAS PLASMA MHD GENERATION

IV.1. Introduction

It has been pointed out by many authors[16,35,42] that there are
obstacles against the realization of an effective nonequilibrium ion-
ization in a closed cycle plasma MHD generation and one of the main
obstacles now being thought of will be the occurence of the ionization
instability resulting in a large reduction of effective electrical
conductivities and Hall parameters and thus in a serious deterioration
of MHD generator performance. Recently, Nakamura et al.[32] proved
experimentally that the plasma with fully ionized seed can be success-
fully used for the damping of the ionization instability and they
showed that the effective electrical conductivity Oeff at small seed
fractions can be larger than that at high seed fractions under the
condition of constant electric field strength and small magnetic field
strength. However, since the current density in the stable region in
case of such small seed fractions is severely restricted as will be
shown later, the desired power density can hardly be obtained and
remains generally at the low level. This restriction is of course
very disadvantageous for practical MHD generation. And furthermore
It is very important to know the influence of the operation pressure
on the performance of the MHD generator, since, in the future, prac-
tical MHD generation will be made at considerably high pressures with

HTGR.

In this chapter, stable regions free from the ionization insta-
bility are studied as functions of electron temperatures, magnetic
field strengths, seed fractions and current densities under the con-

dition of a gas temperature of 2000 °K and furthermore the influence
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of magnetic field strength and operation pressure on the performance
of a Faraday-type MHD generator with finely segmented electrodes are

investigated.

IV.2. Equations

The plasma is assumed to be spatially uniform at an initial state
and a perturbation of the plasma Y', such as electron temperature and
number density, is assumed to occur in a plane wave whose propagation
direction makes an angle O with the averaged current density 5(see
Fig.B.5).

The perturbation form is assumed to be
Y! = exp(iwt), (4.1)
where W is a complex angular velocity defined as
W= W, - ., (4.2)

Consequently, the maximum growth rate w; at the angle € is given in a
well known form from the linear perturbation theory[16,32] where in-
stantaneous Saha equilibrium is assumed and terms except the elastic
collision loss term are neglected in the electron energy equation.
In the calculation of the collision frequency of electrons, Coulomb
collision was also taken into account, and Ovcharenko's expression
for the cross section of electrons with argon atoms was used[17].
Results by the linear perturbation theory are summarized below

(see Appendix B).

w; = {V(BenT)2+o; = J(Bcrnf)2+o;}/T*, (4.3)
8 = avetan{ (1+/1+y2) /Y, }, (4.4)
T4 = n KT,/ 24 (BRT o/ 24e<V ;> )} /(5 /0)2, (4.5)
Be = eB/(mgive;), (4.6)
o= neez/(mg;;vej), (4.7)
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np = d(in ng)/d(In Tals (4.8)
op = d(in 0)/d(1n T,), (4.9)
Ap = d(in A)/d(ln T,), (4.10)
Bagp: = th-c /Mps (4.11)
Ye = Benp/Ops (4.12)

= (8/2)kng (Tg=Tg )5 mg/mj) V65, (4.13)
e<Vi> = znﬁfw/zn i (4.14)

= Jod , (4.15)

where Bcr' nj, n§ and 4 are critical Hall parameter, number density

of the j-th component, ion number density of the j-th component and
elastic collision loss of electrons, respectively, and mJ, Sj, Veis
<elV;> and eV-- being mass of the j-th component, collision loss para-
meter of electrons with the j-th component, collision frquency of
electrons with the j-th component, averaged ionization energy and

ionization energy of the j-th component, respectively.

Considering ionization of all components, o is given by

= Zu N (=0 )(3/2+eV$J/kT )/Zu s (2~ o . (4.16)

where O is the ionization degree defined by the ratio of the j-th

ion number density to its initial neutral number density.

Performance of a Faraday-type MHD generator with well finely seg-
mented electrodes, each connected to a load resistance RL’ can be ob-

tained from the following simultaneous equations(see Fig.4.1).

Current density;

]

J = 0, fuB/(I+Oe f/OL), (Ohm's law), (4.17)

7= #befTA & (energy equation), (4.18)
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Power density;

o y . A2

a—|e- where the effective electrical conduc-
y tivity is assumed to be[32,40]
RL% - d / X
B S —u Ogff = O (BoS0oBopls  (4.20)

Yo/ v/ v/ /4 O‘g—B"%”m (B0 sBp)s (4.21)
e el e

here o, is a constant and the load
S=a-w, c/az1, a/d«l

resistance is expressed by o, as

Fig.4.l. Configuration of a o = d/(SRL). (4.22)
Faraday-type MHD generator

with finely segmented elec-

trode.

IV.3. Results of calculations

Calculations were performed for argon-potassium plasma under the
condition of a gas temperature of 2000 °K. The electron number densi-
ty n, and the electrical conductivity O vs. the electron temperature
Te with allowance for the argon ionization is shown in Fig.4.2. It
is obviously seen from the figure that the nearly perfect ionization
of potassium atoms is realized and the electron number density satu-
rates in the region near the intersecting point with the dotted line
which corresponds to the maximum critical Hall parameter (Bcr)max’
and then with increasing the electron temperature, argon plays an im-
portant role in the ionization and the electron number density sharply
increases again. As for the electrical conductivity, it also increases
at first with increasing the electron temperature until the region of
full ionization of potassium atoms and begins to decrease in spite of
the temperature rise due to invariable electron number density and the
increase of collision frequency of electrons in case of relatively

smaller seed fractions. When the electron temperature further in-

creases, the electrical conductivity begins to increase again by the
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Fig.4.2. Electrical conductivity and electron
number density vs. electron temperature.

onset of argon ionization.

In Fig.4.3 the current density j vs. the electron temperature Te
is shown for various seed fractions. Since the current density is
proportional to 7,, the plateau seen in Fig.4.2 also exists in Fig.4.3
due to small e

Critical Hall parameters B, and electrical conductivities ¢ vs.
current densities are shown in Fig.4.4., The ionization of argon atoms
being allowed, the maximum critical Hall parameter does not take an
infinite value and remains finite[32]. According to the results ob-
tained, the maximum Hall parameter is realized at the minimum value
of P It is generally true that the smaller is a seed fraction, the
larger is a maximum critical Hall parameter and also the smaller is
the corresponding current demnsity. The peculiar tendency seen for a
seed fraction of e=10~? near j:IOSA/sz is attributed to the fact that
the growth rate w; can not essentially be negative under these condi-

tions. The reason why the electrical conductivity decreases after

reaching the maximum value is same as that mentioned in Fig.4.2.
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It should be noted that the critical Hall parameter B,,~2 experimental-
ly obtained[34,35] in the current region of j=I1-10 A/em?* for e=2x10~3
agree well with that for e=70-° in Fig.4.4.

The growth rate w; vs. the

electron temperature 7, at B=I

p—y

E: Tesla is shown in Fig.4.5 for var-
o
Z ious seed fractions. The growth
3 3
0 rate is requested only to be nega-

tive for the condition of stabili-
ty, but the absolute value of w;
will be desired to be as large as
possible for the rapid decay of

the perturbation. Under the pres-

6 8 10 ent conditions, w; is of the order
3.
Te (10°°K) of 10° s~! and hence the system
Fig.4.5. Growth rate vs. electron vy be regarded te be cemplstaly

temperature. stable only if w; is negative.

Hall parameters B, and critical Hall parameters B, vs. the elec-
tron temperature 7, are shown in Figs.4.6 and 4.7 for e=I0-° and 10-°,
respectively. It is needless to say that the system is inherently
stable at Te=£b independent of the magnetic field strength. 1In Fig.
4.6 for e=10-3, the system is stable at B=0.1 Tesla for any electron
temperatures below 10% °K. However, with increasing the magnetic field
above B,=11.27 Tesla, the system can not be stable any more in the
electron temperature range below 70% °K. This can also be seen in
Fig.4.7 for £=10"" at the magnetic field strength above B,=15.28
Tesla, where B, is the critical magnetic field strength at which the
system changes from stable condition to unstable one. Alternation of
the system between stable and unstable states is seen, in general,

with increasing electron temperature at the specific magnetic field

strength.
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2 4 6 8 10 2 4 6 8 10
Te (10°K) Te (10° 'K)
Fig.4.6. Hall parameter and crit- Fig.4.7. Hall parameter and crit-
ical Hall parameter vs. electron ical Hall parameter vs. electron
temperature for e=]10"3. temperature for e=]0""°.

In Fig.4.8 critical magnetic field strength B, vs. current densi-
ties for various pressures in case of £=10"° is shown. It is seen
generally that B, becomes large when the pressure is large except in
the neighborhood of its maximum and also the current density corre-
sponding to the maximum B, shifts to the larger region. As far as the
operation mode is concerned, the figures show that the MHD generation
in the stable mode at a moderately high magnetic field, say about o
Teela, and also at a desired current density may be realized by arrang—
ing the operation pressure.

Stable regions as functions of the magnetic field and the current
density for various seed fractions at atmospheric pressure are shown
in Fig.4.9. The region above and below the curve are unstable and
stable, respectively. At a fixed magnetic field the range of the

current density in which the system is stable is wider, for larger
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Fig.4.9. Stable regions as functions of magnetic field
strength and current density at atmospheric pressure.
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seed fraction. At a fixed current density, on the other hand, in the
region above B=5 Tesla, the range of the seed fraction making the sys-
tem stable is so narrowly restricted that the operation in the stable
region does not seem to be very easy.
In Fig.4.10 the dependence of the stable region on the current
density and the seed fraction is

shown. The region between upper

10{ [ ! o I and lower curves is stable and
?g B=5(T) current densities of I1-1024/cm?
=< B g correspond approximately to seed
:: fractions of 10-%-70-°. 1t is

- to be noted that the linear part
of the stable region still re-
mains even if the magnetic field

] strength increases,

The electrical characteris-

tics of a Faraday-type MHD gener----

Ar +K

Tg= 2000 ‘K N ator with infinitely segmented
i R=1 atm. l electrodes each connected to an
2 individual load resistance R
10 = ) l-ﬁ ) l_{. . 1-3 L L
10 10 10 10 € as shown in Fig.4.1 were calcu-

lated for the argon-potassium
Fig.4.10. Stable regions as functions
of current density and seed fraction
at atmospheric pressure. 2000 °K assuming a, in Eq.(4.21)

plasma at a gas temperature of

to be unity. Under these condi-
tions the electrical characteristics of the MHD generator were inves—
tigated in case of seed fractions of e=70~° and 702 and flow veloci-
ties of w=500 and 1000 m/s.
According to the experimental results recently obtained by
Brederlow et al.[40], the expression of the effective electrical con-
ductivity given by Eq.(4.21) at 0e=1 shows very good agreement with

the experimental results for A.+0,05%K at Tg=1800 °K in the range of
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Py=2.1-8.2 bar and B=1.1-3.55 Tesla (68;;0.1). However, they do not
mention whether this equation will still rigorously hold good for var-
ious seed fractions and gas temperatures. If we assume that Eq. (4.21)
exactly holds as long as the Hall parameter lies below 10, then exact
discussions for the case of £=10"%, 0r=1%/m and £=10"3, GL=10'Eﬁm can
not be made, as for these cases, B, exceeds 10 at large magnetic fields
(Fig.4.11-4.13). 1In Fig.4.16, however, the Hall parameter lies in the
range far smaller than,Be=20 although the seed fraction is twice and
the gas temperature 200 °K higher than the condition executed by
Brederlow et al.[40], and thus the equation may be allowed in this case
for the estimation of the electrical performances of MHD generationm.
The expression for the effective electrical conductivity from Eq.(4.21)
at 0,=1 will be more exactly applicable to the actual case of high
pressures, since the electron mobility decreases with increasing pres-
sures., In the calculation of the electrical performances of MHD gen-
erators hereafter, Eq.(4.21) at oe=] will be used as the most reliable
expression now available for the effective electrical conductivity.

It goes without saying that the final conclusion may be a little bit
altered if the other relations which have been proposed[19,43] are

used in place of Eq.(4.21), but the major conclusion obtained in this

calculation seems to be still exact even for those relations.

The effective electrical conductivity Ogff VS- the magnetic
field strength B at atmospheric pressure is shown in Fig.4.11. 1In case
of €=10"° the current density corresponding to the maximum critical
Hall parameter is easily realized, hence the largest effective elec-—
trical conductivity is realized in the stable region, and with increas-
ing magnetic field Ocff decreases slowly in the stable region and
sharply in the unstable region. This tendency is seen also for any
UL’ and the maximum effective electrical conductivities for each UL
are thus approximately same as about O, pp=40 &/m. On the other hand
for =103, since the electron mobility is small compared with that
for e=10"%, the stable region still exists for both large 9 and veloc-

ity. In this region the increase of the magnetic field immediately
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causes the increase of the current
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38 T s ’ The obvious difference between

P

e=10-° and 10~% is that Ogff in
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o, \
.
N
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i
:
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!
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o
L Ill

= ] the latter increases monotonously
regardless of the system. When o
and the magnetic field strength
are suitably fixed, there may be
such a case[32] that the effective

electrical conductivity in case of

N e=10"% is larger than that in case
3
1 ; ! o1l 1 L l-n:rlo of €=IO—3, but in general. they
107 1 10
B(T) are larger in case of €=10"* than
¢ R 5
Fig.4.11. Effective electrical those in case of €=107" despite
conductivity vs. magnetic field the partial ionization and being
strength at atmospheric pressure . »
in a Faraday-type MHD generator subject to the ionization insta-
with finely segmented electrodes. bility in the former. It may be

noted that the electron temperature
rise for large GL is very rapid even in the region of small magnetic
field strengths due to large Joule heating.

The current density vs. the magnetic field strength is shown in
Fig.4.12. 1In case of €=10"° the maximum current density corresponds
to the smallest effective electrical conductivity in the stable region,
and in the unstable region except the vicinity of the stable region,
the current is roughly proportional to the magnetic field strength
and this can be said also for the case of £€=10-°. 1In general, current
densities for €=10"7 seem larger than those for £=10~° and this is
true for the effective electrical conductivity also.

In Fig.4.13 the power density with respect to the magnetic field
strength is shown. At small magnetic field strengths, power densities

for €=10"° are comparable to those for e=10"%, but in the region above
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=] Tesla those for e=10-° are obviously far larger in general result-
ing in the superiority of the operation at a relatively high seed frac-
tion, for example of 10~%, provided the relation expressed by Eq.(4.21)
exactly holds. It should be noted that the power density is still
roughly proportional to the square of the magnetic field strength for
€=10"? in spite of being in the unstable region. It is desirable to
compare maximum power densities for different seed fractiomns with each
other, but the power density is a very complicated function of the

load resistance, and its maximum is not attained generally at O, =Ocff
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in case of nonequilibrium MHD generation including the effects of the

ionization instability.

As far as the actual MHD generation is concerned, it is of great
interest to know the influence of the operation pressure and gas tem-
perature on the MHD electrical performance.

In Fig.4.14 and 4.15 the effective electrical conductivity Opff
vs. the magnetic field strength B is shown for various pressures at
Tz=2000 °K for the case of €=10-° and 10~%, respectively. It is seen
from Fig.4.14 that Oeff does not remarkably depend on the operation
pressure when the magnetic field strength increases and this tendency
will be favorable to the practical MHD generation. In case of e=10""
in Fig.4.15, dgff at higher pressures has the similar shape to that of
Py=1 atm. shifted to the larger magnetic field strength. Since the

current density which gives (B,,); . may be easily realized below 10

10— — - 103 , —
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£ B=0-0 Ef ]
Br BN Br 1
3t 5 S[ RB=tatm
102?1 = 10 .
[P [ / Ar +K
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Fig.d.14. Effective electrical
conductivity vs. magnetic field
strength for €=10"? in a Faraday-
type MHD generator with finely
segmented electrodes.

Fig.4.15. Effective electrical
conductivity vs. magnetic field
strength for €=10"° in a Faraday-
type MHD generator with finely
segmented electrodes.
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Tesla in the small seed fraction, Ueff becomes a more complicated func-
tion of B and g; than that for e=10-%. The specific magnetic field
strength giving (Ueff)max at high pressures exists also as shown in
Fig.4.11, and this tendency differs apparently in that (Ueff)mam for
¢=10"? may be obtained at the largest B in general.

In Fig.4.16 power densities P, vs. magnetic field strengths B for
various pressures in case of £=10"° are shown. It is obvicusly seen
that the power densities scarecely depend on the operation pressure
and they are still proportional to the magnetic field strength squared.
And according to this figure, power densities more than &0 MW/ma,which
is the aiming power density at present for the practical MHD generation

in the future, seem to be wvery

T LN N B L | T T

easily obtained even at high

pressures under the condition of
Tg=2000 °K and u=1000 m/s.

In Figs.4.17 and 4.18 power
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tively. Compared with that in

Fig.4.16 at Tg=2000 ‘K. P, at

Tg=1500 °K does not differ so

much and shows similar tendency
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10 that even at a lower gas temper—
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more than 50 MW/m® are still
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Fig.4.16. Power density vs. magnetic

field strength for e=10-? and Tg= 20 atm. These figures show the

2000 °K for various pressures. superiority of operation at higher
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seed fractions and also afford the feasibility of the closed cycle

MHD generation which will be connected at considerably high pressure

levels with HTGR in the future.

IV.4. Concluding remarks

In a nonequilibrium MHD generation with potassium seeded argon

plasma under the condition of Tg=2000 °K and atmospheric pressure,

stable regions free from the ionization instability are so narrowly

restricted by the seed fraction, the magnetic field strength and the

current density, that a careful control of these quantities must be



made in order to operate MHD generation in the stable mode.

It is concluded that in a Faraday-type MHD generator with well
finely segmented electrodes the results show the superiority of the
operation at relatively high seed fractions, for example of 1073, over
that at a seed fraction of 10‘5, in the region of high magnetic field
strengths despite the partial ionization of the seed atoms and the
occurrence of the ionization instability in the case of £=1073.

Furthermore, it turned out that the influence of the operation
pressure on the power density of a Faraday-type MHD generation is not
pronounced and even at a low gas temperature of 7500 °K and a pressure
of 20 atm., the power density for £=10"% can still attain a value more
than 50 MW/m® in the practical range of the magnetic field. These
results consequently lead to the feasibility of the closed cycle gas
plasma MHD generation operated at a relatively high seed fraction and
a high pressure. Theoretical calculations including other energy loss

effects of electrons are expected to be of the further study.
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V. THE INFLUENCE OF SPATIAL TEMPERATURE DISTRIBUTION AND MEASURING
CONFIGURATION ON LINE-REVERSAL TEMPERATURE[44]

V.1l. Introduction

The potassium line-reversal method is widely used for plasma tem-
perature measurements in MHD generators. It is a variant of the sodi-
um line-reversal method[45,46,47]. Bundy and Strong[48] measured
flame temperatures with this procedure. Recently, Riedmuller et al.
[49] investigated the conditions which should be satisfied for a potas-
sium line-reversal temperature to be almost identical with the electron
temperature in the plasma and concluded that the typical MHD generator
meets these conditions. According to their experiments, the potassium
line-reversal temperature agreed well with the electron temperature
derived from the measured electrical conductivity.

In this chapter, the effects of the temperature distribution in
an MHD channel are studied, of the width of the inlet slit of the
spectroscope and the spectral region covered by the photomultiplier

on the potassium line-reversal temperature.

V.2. Line broadenings

In distinguishing the resonance line from others, we usually de-
note as; K, 4P1/2—4S1/2, Ao=7699 ﬁ, where A, is the wave length of the
resonance line center. But in the strict meaning, the resonance line
has not the definite energy corresponding to lo=7699 j. This is part-
ly due to the interaction with particles and partly due to the quantum
effect. The physical coefficient describing these effects is called

the absorption coefficient k with frequency dependence corresponding

to each effect.
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V.2.1. Natural broadening

Natural broadening effect is caused essentially by the pure quan-
tum effect, uncertainty principle, and the half-width for natural

broadening AvN is given by[50]
buy = ezvéfhn/feomeca}, (5.1}

where Vg, fﬁn are the frequency of the resonance line center and the
emission oscillator strength for m » # transition, respectively, and
@, Eo, ¢ are elementary electric charge, dielectric constant of vacuum
and speed of light, respectively. Thus a knowledge of fﬁn allows im-

mediate calculation of its natural broadened half-width Mgy to be
My =(\3/e)bvy ® 1.15x107 44, (5.2)

for K, A0=7699 ﬁ. The overall shape of the absorption coefficient due

to natural broadening is

_ V-Vo .,
Ryy = Cm/(l”_”*m)ﬁ/z) Is (5.3)

where CN is a coefficient independent of the frequency V.

V.2.2. Collision broadening

This broadening effect is ascribed to the field perturbation in
the radiating atoms caused by the colliding atoms. The half-width
for collision broadening Av, is composed of the two half-widths AyR
(due to collision with radiating atoms themselves) and AUP (due to
collision with parent atoms). AVR and AvP are expressed with optical

cross sections g;, p;, respectively, in the forms[52]

_ 2
AvR = PV (5.4)
_ .2
AVp = PVpps (5.5)
where nP and nR are the densities of parent atoms and seed atoms
(radiating atoms), respectively, and v_ and v_, are the mean relative

P R
speeds of parent atoms-seed atoms and seed atoms-seed atoms, respec-

tively.
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They can be written as

np = (1-€)Po/KT, (5.8)
np = ePo/kT (&.7)
vp = V(8RT/m) (1/Mp#1/Mp) (5.8)
v, = 4RI/ (M), (5.9)

where €, T, P, are seed fraction, temperature and pressure of system,
respectively and MP’ Mé are mole weights of parent atoms and radiating
atoms, respectively. The optical cross sections of the potassium reso- -
nance lines (doublet, A,=7665 A and Ao=7688 ﬁ) in the potassium seeded

argon plasma are written in Table 5.1.

Table 5.1 (T in °K)

K* AO{:Z) fmn[S].] p; r’ﬁz)[sz] p; (‘32)[52]
4Py, - 451/, | 7665 0.625 3.79x10% T-°2 | 2.79x705 7-0*5
4P1/2 = 451/2 7699 0.326 3.79x102 =92 | 7.56%x305 7~0*5

The total half-widths Av, are in the forms

8.94x10' Y (1-¢)T7°7 + 5.29x10"e7"! (s7Y,  (5.10)

7665 A Avc

7699 A; hvg = 8.94x10'1 (1-e)T-°+7 + 3.77x10"%eT-! (s7).  (5.11)

The overall shape of absorption coefficient for collision broadening
is derived from the electron oscillator treatment of the classical
theory as

V= vo
Av,/2

kua = Co/(1+( )2) (5.12)

where Ce is a constant of proportionality, which is

C, = QZnﬁfﬁn/{4weomec(&vc/2)}, (5.13)
Notice that the form of Eq.(5.12) has the same frequency dependence
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as that of natural broadening.

V.2.3. Stark broadening

The Stark broadening is caused by the external electric field
perturbation. In an MHD plasma this effect is due to the existence
of many charged particles. Griem[51] has obtained the following esti-

mation of the half-width AlSt for neutral emitters.

for K, A,=7665 A and 7699 4 at T=2500 °k,

Bhg = 2.87%107%(n,/10%%) (4), (5.15)
ng = 4.8%10°%(n,/10%2)1 /", (5.16)
Yo = (8/4mn ) /% (e kT /n e?)"1 /2, (5.17)

where Ahse is the half-width caused by the radiating atom-electron
collisions and n;, Y, are the ion broadening parameter and the ratio
of Debye radius of electron alone to the mean distance of ions, re-

spectively. The electron number density 7, is in m3.

Assuming Saha
equilibrium, the electron number density at T=2500 °K, P0=1 atm. is

calculated as
ne = 1.35%10*"e (m=2). (5.18)
Thus, at €=70~° for example,

>~ -k 1
&lSt = 1.26x10 (4). (5.19)

The overall shape of the Stark broadened line in the wing region is

expressed as

B e i i (5.20)
kVSﬁ = Cst/[QVSt/z > (wing region),
where CSt is a constant independent of frequency.
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V.2.4. Doppler broadening[50,53]

Since the radiating atoms have random thermal velocities accord-~
ing to Maxwell's distribution, they show Doppler effect in the reso-

nance line resulting in the following shape

= CDexp{-(EZEQ—JZZn 2} (5.21)

A\JD/ )
2v0/a'V2RTZn 2/MR (5, 25

ka

Av

]

<
Il

eznﬁfﬁn/(4enmgvo)'VMR/(2WRT) (5.23)

Notice that the strong influence

of Doppler effect is limited to

\ the reagion near the line center

-2 due to its frequency dependence,
while natural or collision broad-

Aldp ening plays an important role in

| — . the wing region. Half-widths for

collision and Doppler broadenings
AXc \

. are shown in Fig.5.1 as functions
4aXp
Y§§ of temperature T and seed fraction

€ in their ranges T=1000-4000 °K

and €=10"°-10"? at atmospheric

pressure. The ratio a of the col-

lision broadened half-width to the

Doppler broadened one is also shown
in Fig.5.1 [see Eq.(5.28)].

1 2

TR 3 x0*?

Fig.5.1. Half-widths for collision
and Doppler broadenings and the
ratio a with respect to the temper-
ature for K, A,=7699 4.
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V.2.5. Combined natural broadening and collision broadening profile

and estimation of Stark broadening

The additional reciprocal life time due to collisions which is
proportional to the uncertainty in the occupied energy level can be
added to that for natural broadening, since they are involved in the
same physical processes. Thus, the total half width Avz can be writ-

ten as
vt = Avy + By, (5.24)

and the coefficient CN in Eq.(5.3) being equal to C, in Eq.(5.12), the

combined shape of absorption coefficient is then written in the form

eznﬁfﬁn/{4ﬂeamea(ﬂvt/2)}
ky = . (5.26)
1+{ (V=) /By, /2}?

The above shape expressed by Eq.(5.25) will be referred to "pure dis-
persion broadening' hereafter. Comparing AVN with Av,, the relation-
ship AUC>>AvN always holds in the region we are interested in, hence
we may ignore AUN, and AV, will stand for Av, hereafter.

The absorption coefficient for collision broadening shows (v—vo)-z
frequency dependence, whereas the Stark broadening shows (vuvo)_s/z
frequency dependence in the wing region. Consequently, in the wing
region far from the line center, the Stark broadening may be ignored
if AvStﬁﬁvc and also it can be reasonably ignored if Av5t<<AVG
The latter condition is satisfied at T=2500 °K from Eq.(5.19) and Fig.
5.1. Hence we may consider only collision broadening and Doppler

broadening in practice.
V.2.6. Combined collision broadening and Doppler broadening profile

[52]

The combined profile of absorption coefficient can be written as
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Py = kig|/ko = (a/m) 7, g%%%g%;%E-dy, (5.26)
where

ko = e’/ (deome) Vily/(ETRT) (5.27)

a = Mvg/In 2/Av,, (5.28)

E = (v-vo) o MG/ (2RT) = (v-vo)VIn 2/(hv,/2). (5.29)

The theoretical representation of P, suitable for numerical calcula-

tions were obtained as follows:

P, = exp(a®-E?){cos(2ak)erfe(a)+exp(-a®) [1-cos (2at)]/oma
-da/meexp(-a?) Eémp(—nz/é)/(n2+4a2)[cos(2a€)-cosh(n£)}L

n=1
(5.30)

for moderate or small values of £, and
P, = {a¢%11+(5/a)21}-‘-{1-1/(2a2)-f1-[§](a/a)zj/[1+rg/a)212

+3/(2a212[1-[§}(g/a)2+[j)ra/a)“J/[z+(g/a)2J“+-------}

for £/a >> 1, where [z]=n!/[m!(n-m)!} is the binominal coefficient.

For pure Doppler broadening and pure dispersion broadening, the absorp-

tion coefficient can be expressed as follows:

P exp(-E2); pure Doppler broadening, (5.32)

a

P& = 1/&/%:1/{1+(E/aJ2}; pure dispersion broadening., (5.33)

The calculations based on Egs.(5.30)-(5.33) are shown in Fig.5.2 for
=10"%. It is seen from the figure that the difference between com-
bined form and pure dispersion form is almost negligible for A~X0>0.Iﬁ:

and it is very little, if any, for A-A.<0.I1 4 when the ratio a is
y o=
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large (i.e., low temperature). Therefore at low temperatures, the
combined form may be well approximated by pure dispersion form. Even
in the region of small 4 (i.e., high temperature), it is only for
A-2,20.1 £ that the difference becomes clear.

As this remarkable difference

exists only near the line center,

the influence of this approxima-

Rl iyt b tion on the specific intensity
=190 . a
s contour is small. This can be

seen from the following explana-
tion. Assuming T to be constant,
the specific intensity I, at the

wave length ) can be written as

1

N W opea, ¥ ! Iy = BA(T){I-exp(-k,0)} (5.34)

Fig.5.2. Absorption coefficients where %, By (T) are the interaction
for collision and Doppler broaden-
ing and combined absorption coef-
ficient at T=2000 °K. ma and Planck function, respec-

length of the light with the plas-

tively. Thus the deviation of

intensity with respect to kk becomes as
8Iy = By (T)ewp(-k)2)Ek). (5.35)

Since the value of k) near the line center is very large, exp(-k)%)
may be estimated to be nearly zero and thus ¢&Iy=0.

Accordingly, for the temperature below 3000 °K, one may use pure
dispersion profile instead of complicated combined profile without
considerable error. In the following calculations, we thus consider

only pure dispersion profile due to collision broadening.

V.3. Basic equation of radiation field

The following assumptions are made:
(1) The radiation field is in local thermodynamic equilibrium.
(2) Continuum radiation is negligible near the resonance line.

(3) Atoms and electrons in the plasma are in thermal equilibrium at
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the temperature T.

(4) The population distribution of excited levels of radiating atoms
is Maxwellian at a temperature T and the transitions of the atom-
ic state are caused mainly by electron collisiomns.

(5) The temperature of the plasma has the following spatial distri-

bution in the observation direction
T =Ty + (Ta-Ty)f(x), (0<f(x)<1), (5.36)

where T, and T, are temperatures at the plasma center and the
wall (surface of the plasma), respectively. The temperature
range is restricted between 1500 °K and 2000 °K and the spatial
distribution function f(x) is symmetric with respect to the plas-

ma center.

Under these assumptions, the equation of the radiation field may
be written as

1/c*3I3/3t + 3I)/3s = ky (B\(T) - I)), (5.37)

where I, B) are specific intensity and Planck function, and k) is the
absorption coefficient expressed by Eq.(5.25), since induced radiation
can be neglected under the conditions discussed here.

At the steady state, Eq.(5.37) can be integrated with the result
I)(%) = I)(0)exp{-1y (2,0)} + fﬁklfT)BA(T)emp{—Tk(E,s)}ds,
(5.38)

where I) (0)=I)(s=0). Here the optical thickness of the layer Tj(s,s’)

is defined as

Ty (8,8") = fg, ky (T)ds. (5.39)

V.4, Measuring geometry and method

The measuring configuration for the line-reversal method is illus---
trated in Fig.5.3. The plasma is contained in the region between s=0
and s=% where the direction & denotes the direction of observation.

The W-lamp of known brightness temperature is set on the line & (opti-
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cal axis) and the light from the W-lamp goes through the plasma into
the inlet slit of the spectroscope. The light from the W-lamp is fo-
cused at the plasma center (8=£/2) and the inlet slit of the spectro-
scope, respectively. The light emitted from the W-lamp is received
by photomultipliers P.M.1 and P.M.2 whose outputs are connected to
the X- and Y-axes of an X-Y recorder, respectively. The spectral
shape on the focal plane of the spectroscope is sharp in ideal case,
but, in practice, because of the finite width of the inlet slit of
the spectroscope, distortion occurs. The distorted spectral shape
characterized by a superposed width & can be calculated by integrat-
ing the spectral shape with no distortion. The superposed width ¢
and the wave length region (Ay-A/2, A\, +A/2) covered by P.M.2 are
shown in Fig.5.4.

rm‘ L _".:1:.' '.-".-'.";'.LLZ Spectro-
{} N O R (} scope
7 SR L ¢ Focal
W-amp r':-'-P'laS.l'Tlél-" N\ plane |
A coaliiilg oy T St
! | I «IV. PM(A
0 : 2 No.2 ﬁ’)
Y
Y
A(Pt.f)
| B(A.)
a S
; “gradient

e-Tre(20)

— TS or BA(Ts) X

Fig.5.3. Measuring configuration of the line-reversal
method .

Specific intensity A(Af) corresponds to the equivalent
specific intensity expressed by Eq.(5.41) and B(Ag/
corresponds to Eq.(5.40) in the case of Aj.
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Under the conditions, the line-reversal temperature(LRT) is de-

fined as follows.

V.4.1. 6=0 4

The specific intensity of the light at the wave length A emitted
from the W-lamp (the brightness temperature T.) through the plasma is

written as
I)(T,) = By (Tg)eap[=Ty (2,0) 1+ gk (T)By (T)exp [Ty (L,8) ]ds.  (5.40)
In the absence of the plasma, the specific intensity is given by
Iy (Ty) = By (Tg). (5.41)
When specific intensities in Eqs.(5.40) and (5.41) are equal, the
following equation holds

By (Tg) = B\ (Tg)expl{-1y (1,00} + [ K\ (T)B, (T)expl-1y (R,6)}ds. (5.43)

The temperature satisfying Eq.(5.42) is defined as the line-reversal
temperature at the wave length ).

At a constant plasma temperature, Eq.(5.42) is reduced to
By (Tg) = BK(T), (5.43)

showing that the LRT is equal to the plasma temperature. In the next
place, we define the averaged LRT Tp over the region (A\y-A/2, Aoth/2)

as

AoHB/2 A +h/2
i By (T {1-exp(-1)(%,0)1YA = [ = Jyd), (5.44)
Ag=b/2 Ag=0/2
where
)
Ty = IO ky (T)By (T)exp{-7y (%,8) }ds. (5.45)

Since A/lo<<1, The left-hand side of Eq.(5.44) can be written as

AO+A/2 Agth/2
[ 7 By (TpH{I-exp(-T)\(2,0)]}Yd\ = By (T))| {1-eawp[-Ty(R,0)]}d\. (5.46)
Ag=0/2 * Ag-0/2

74



For large T3(%,0), Eq.(5.42) is reduced to
B\(Tg) = By(T)| = By(T,). (5.47)
For small TA(R,O), on tﬁggother hand, Eq.(5.42) is expressed by
BA(Ts) = [ K\(T)By(T)ds /) (2,0). (5.48)

It is to be notable that the LRT T, satisfying Eq.(5.48) corresponds

to the asymptotic LRT Tg4, at |A-Ay| +w~and is independent of the
interaction length %.
V.4.2. 8%0 4

Because of the finite width of the slit, the distorted spectral

shape appears as shown in Fig.5.4 (dotted curve).

Fig.5.4. Distorted spectral
shape (dotted curve) on the fo-
cal plane of the spectroscope.

8§ and A are the superposed
width and the spectral region
covered by a photomultiplier-
Intensities at points a,b,c,d
and e are calculated by inte-
grating a non-distorted spec-
tral shape(region of oblique
lines).
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In this case the IRT Iy at the wave length A is defined as

A+A/8

1/8+[ By (Tg){1-exp[-T)(2,0)]1}dX = I, (A), (5.49)
A-0/2
where
A+S8/2
I (\) = 1/8- Jrd A (5.50)
A-8/2

The average LRT Tp over the region (Ay-4/2, Ay+A/2) is similarly

defined as

Aoth/2 Aotl/2
[ 7 Bgy(mp)dh = [~ Ip(A)dh, (5.51)
Ag=0/2 Ao=0/2
where
A+S/2
By (Tp) = 1/8-] 6ﬁl(TA){1-exp[—Tl(£,O)J}di. (5.52)
A-8/2

In order to know the influence of the optical thickness upon LRT,

we introduce for convenience the following terms concerning optical

thickness:
Ly = {1/7y(2,0)x100 %, (5.53)
Lyg = {(2-24p) /8100 %, (5.54)
Lgg = {(8-250)/2}%100 %, (5.55)
Lgp = {(2—210)/2})1100 % (5.56)
where
Yy
Iy (y) = fo k) (T)B y(T)exp[-Ty (L,8)]ds, (5.57)
Ix(8;) = (3/100)xTy (2). (5.58)
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By these terms, we can estimate the degree of contribution from the

plasma layers to the measured intensity.

V.5. Results of calculations

All calculations were made for the potassium resonance line (Ag=
7699,A) at e=70"3% and atmospheric pressure. Under the condition the
specific intensity I and the LRT T, may be regarded as being almost

symmetric with respect to the resonance line center.

V.5.1. Constant temperature

At a constant temperature (7'=2000 °K), spectral intensities
emitted from the plasma alone are shown for %=1 and 10 em in Fig.5.5
(solid curves). Since the intensity emitted from the plasma is pro-
portional to [I-exp(-kj%)], the spectral shape thus shows sharp peak
around the line center for small &. With increasing &, the shape
becomes flattened and the intensity also decreases. The dotted curves
show intensities of the light emitted from the W-lamp at Ta= Ty

and 6=0 A after passing through the plasma.

o e R B —— " T
,::;&QQ%O
80k L X
/ B
: /
- 12
% A.=7699 A
%2 y. Tc=Tw=m'K
= | / [ |2 | e=10° N
| i
/ £=1cm 2=10cm
—— 1
1
912 -8 -4 0 & 8 (A) 12

A=2,

Fig.5.5. Intensity profiles of a constant
temperature for %=1 cm and 10 cm.
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V.5.2. Variable temperatures

Three spatial distribution functions of the temperature are chosen

as follows(see Fig.5.6):

fi(z) = |1-2z/4%], (5.59)
Folw) = (1-|1-22/%|) /7, (5.60)
fzlx) = sin(mx/L). (6.61)

The spatial distribution function fg(x), often encountered in an MHD
experiment, changes remarkably large at the boundary of the plasma,
and fz(x) is chosen to compare with fg(x). f1(xz) is also chosen as
the special case where the temperature at the boundary is highest.
Spectral intemsity profiles in case of fy(x) and fg(x) for 2=1 and 10
em are shown in Figs.5.7 and 5.8, respectively. The conditions of
solid and dotted curves are same as in the section V.5.1. It is obvi-
ous that the intensity near the line center is independent of the in-
tensity emitted from the W-lamp because of a large optical thickness
of the plasma. It is also seen from Fig.5.8 that self-reversal occurs
for distributions having a maxi-

mum temperature at the plasma

2000 L center, and with increasing §
the concave shape particular to
T the self-reversal phenomenon
€K f{x)=|1-2x12| deminishes. The LRTs for each
- fgx):IIJI-ZfoIF'7 | distribution function are shown
fﬂx)= sin-xx/t in Figs.5.9 and 5.10. For the
function f;(xz), the LRT has a
i T maximum at the line center for
small § and it is equal to the
] e R S S B S plasma temperature T, in case of
0 0.5 x/g 1 §=0 4 as predicted in Eq.(5.47).

Fig.5.6. Three spatial distribution By similar reasoning, the LRT

functions of plasma temperature. in cases of fa(x) and fz(x) has

78



1, (100 W/m3)

to=It-2x/2
5=0A[ | O\ T =1500%
. e L\ Tw=2000%
~ | [ a2 €=10°
ﬂE L — ‘.l i +
%2 Y 6! 20 N\\ i
E % S
o g=1cm /( \C

e S / \0 A.=7699 A

AT T T N

2=10em S —

L
~
1
@™
]
&
| ©f—-—rdtem—
=~
@
—~
p-d
—
—-—
~

A

Fig.5.7. Intensity profiles in case of
f1(x) for Q=1 cm and 10 cm.
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Fig.5.8. Intensity profiles in case of
f2(:r:) for %=1 cm and 10 cm.
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a minimum at the line center. These figures show that the LRT depends
greatly both on the spatial distribution function and on the superposed
width. The LRT experimentally obtained[49] shows a similar tendency

to that in Fig.5.10 at moderate G,

A =7699A
foo=|1-2x1]|
Tc =1500K
'Rv=209014.
N E ’Id

AATT NN
/ /// I =10 em \\ N

1 1/ ‘--.k
Tse=17785
L
-12 -8 =4

(°K)

T
s f=1cm

Fig.5.9. Line-reversal temperatures in
case of fy(x) (A=0 A) for %=1 cm and
10 cm.

L |
(*K)] | =3
Tsa=1940.5 | 12 k 2\ 74 /4/
19001— AN X -
o AN 7
. A=T699A o
s foo=1-11-2xs8])
Te = 2000
Tw =1500°
€=16°
2=1cm £=10cm
110
=12 -8 -4
8 (A) 12

Fig.5.10. Line-reversal temperatures in

case of fg(x) (A=0 &) for %=1 em and
10 cm.
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The temperature T'p including effects of both § and A are shown in Figs.
5.11-5.13. With increasing A, every curve approaches to the curve with
6=0 ﬁ, and TA will be almost independent of &, if A is taken at least
20 A for every case in these figures. Comparing these average LRTs

at large A with each other, Tp in case of fyo(x) is closest to the tem-
perature at the plasma center, because it holds higher temperatures

to the vicinity of the plasma boundary. The asymptotic LRT TAw at
large A is shown in Fig.5.14 with respect to the product of seed frac-
tion and interaction length, €*%, which is proportional to the optical

thickness.

From the point of view of an MHD experiment, it will not be de-
sirable that the observed LRT depends greatly on § or A. This is part-
ly because it is impossible to explain the observed LRT in connection

vith the coupled function of § or A with the unknown spatial distri-

2
A.=7699 A n
x| foo=11-2x72 (
Tc =1500‘1‘.
o 42 20
H Q=1ecm— R, e = Sl 3| o) M
10cm—- 6 12 _ t;.”""
TA _____ S N 1
TA wd
% /§H:/
83,1 ‘," 4
i W 1800 i<
6 20 /
P S U ., 0 / A.=7699 A -
N - 2/ fo=01-11-20)
o |7 Te =2000°K
— g Tw=1500°K
=N e € =10°
18 1700 —|r
20 ‘f Q= 1ecm —
i 10cm -——
1600
| 48 12 , 16 20 248 9 & &8 W% oW Kye
Fig.5.11. Average line-reversal Fig.5.12. Average line-reversal
temperatures in case of fy(x) temperatures in case of fg(x)
for f=1 em and 10 cm. for %=1 c¢m and 10 ¢m.
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_ f)ssinmx/g | _ el
T.=2000°K lr— Hx)= sinnx/t
. Tw=1500°K | B R
Li— E=10-3 i e Ar*EK
2 g=1cm
' -] 1600} fy,f3: Tc=2000°K , Tw=1500"K  _
: fi  :Tw=2000°K , Tc=1500°K
6=0A l | | I ] |
| 10° 10° 107
| €£(m)
1500
0 4 8 26 20 2428
Fig.5.13. Average line-reversal Fig.5.14. Asymptotic average line-
temperatures in case of fz(x) reversal temperatures with respect
for %=1 cm. to the product of seed fraction

and physical length of the plasma.

bution of the plasma temperature, and partly because it is hoped to
measure the LRT closest to that at the plasma center (or that of core
region) by which a theoretical electrical conductivity or other prop-
erties can be determined. It should be noted that the superposed
width ¢ and the spectral region covered by the photomultiplier A are

interchangeable when either of them is small.

Lys Lyps Lsp and Lg,y for fo(x) is shown in Fig.5.15. From the
curve of LQO in case of =1 em, it is seen that the contribution to
the observed intensity is made mainly by the plasma surface with re-
spect to the resonance line center and the plasma is optically very
thick. For the wave length smaller than Agt2 4 the variation is very
large resulting in 70% at Ag+2 A. This variation corresponds to that
of absorption coefficient near the resonance line center. And Lsp

reaches only 30% at Aot2 A. These Lspand g, show that the major
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contribution to the observed intensity is made from the vicinity of
the plasma surface. In the case of larger optical thickness as £=10
em in Fig.5.15, this tendency becomes more prominent. It is also seen

that I‘k inversely proportional to the optical thickness stays between
Lsp and Lgp for small |l-10|.

1
|
)| Lk
Loo
-
B0 -
A=769A | |
fixy=(141-200 If .
Tc=2000°K [ s
Tw =1500K L /
60— 1 € =107 - 7 i 1B, 5 .
R:&gm: / . g.3.15. Lqp,s 502 go and Lk
- J0em -— | in caseof fq9(x) for f=1 cm and
/| Lso
/ LA P 10 em.
|/ A L
/ ’_.’ i
7 7
/ 4 . Lio
L L L
,/' ?,’:’?r e h"|_‘°
3 -
8 2 A _41_ . (A) 8

V.6. Concluding remarks

Considering absorption coefficient, we can get good approximation
by using collision broadening alone under the condition discussed here.
In the case of &=0 ﬂ, the intensity profile is very sharp, and with
increasing § its variation with respect to the wave length becomes
small. Particularly, self-reversal phenomenon can not be distinguished
for large 6. The line-reversal temperature T, takes T, at the reso-
nance line center for 8=0 4 for an optically thick plasma, and with
increasing 6, Ty vs. A-Ay curve becomes flattened resulting in a con-

(=]
stant temperature at 0=20 4 near the resonance line center and it
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approaches Tgy. As for Tp including effects of § and A, the average
LRT should be observed by widening 6 or A to some degree in order to
get as much information as possible from the inner region of th plasma.
It is, however, very difficult to guess the temperature in the inner
region of the plasma from these observed LRTs, since they are very
sensitive to the spatial distribution of the plasma temperature and

to the measuring configuration as foreseen. The observed LRT hence

must be interpretted taking much care of these respects.
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SUMMARY AND CONCLUSION

The nonuniformity of the MHD plasma has much influence on the
electrical performance of MHD generators. It is needless to say that
this phenomenon is not desirable from the point of view of effective
MHD generation, but it must be taken for granted at the same time as

an inherent property attached to the slightly ionized gas plasma.

Several proposals both theoretical and experimental have been
successfully made in order to get rid of the causes of the nonuniform-
ity, but in the final estimation of its effectiveness, it should be
checked whether the output power density can be increased by them or

not.

Among many phenomena causing nonuniformities in the MHD plasma,
Ionization instability seems not so detrimental to the performance of
MHD -generators under practical MHD operation conditioms. This conclu-
sion is, however, based on Eq.(4.21), and thus it needs to be estab-
lished using more exact expressions applicable to various conditionms.

With respect to the nonuniformity due to current concentration
at the electrode edge, it can be remarkably reduced by using resistive
electrodes and this method seems very promising particularly to the
nonequilibrium MHD generation. It is, however, necessary that the
proposal mentioned in this paper should be not only analyzed more in
detail including nonequilibrium ionization effects, but also checked

experimentally.

Bald but well deliberate proposals for the reduction of the non-
uniformity are expected in the future and only those accompanied with
the originality will be useful to the early realization of the effec-

tive MHD generation operated in the nonequilibrium state.
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Appendix A. Boundary condition and formulation of equations by the

difference method

=g

W 1. Equation (2.12) can be shown to
1 be valid for the upper electrode

as follows.

2 b AR
(-ci2dr)| | | Lildx | |(ci2.d12)
i i The resistance of an element

—u A——— =X of length dxr of an electrode is
pdx/ (wh), (4.1)

Fig.A.l. Configuration of upper where p, w and b are electrode resis-
wall.
tivity, electrode length in the z
direction and electrode thickness

in the y direction, respectively(see

Fig.A.1).
The current that flows through this element dxr is
i
w [ -gyde. (4.2)
-c/2
Therefore the potential difference df in dx is
x
d¢ = ode/wbs w | -jydm. (4.3)
-a/2

Since E£=Eb:hd¢/dx’ Eq.(2.12) holds.

2, Calculations have been performed in the region of —d/22;§§/2,
0<y<d/2, for the reason that the current flux function ' satisfies

the relation

Wix!,y') = 1= (-z',-y"'). (4.4)
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This can easily be proved as described below.
Changing the variables into
¥r=1-y', (4.5)
X=-z', Y=-y', (4.8)

and substituting Eqs.(A.5) and (A.6) into Eqs.(2.15)-(2.20),

32Y/0x2+32Y/8Y% = 0; -1/8<X<1/2, -1/8<¥<1/3, (4.7)
¥ =1 e/2d<X<1/2, Y=t1/2, (4.8)
Y= 0; -1/85X<-c/2d, Y=+1/23, (4.9)
1-¥(-X,-Y) = -¥(1-X,-Y), (4.10)
aY/3Y-BA¥/3X = -a(1-¥); |x|ze/2d, ¥=-1/2, (A.11)

3Y/3Y-B,Y/9X = -o¥; |X |<e/2d, ¥=1/2. (A.12)

Eqs.(A.7)-(A.12) have the same form as Egs.(2.15)-(2.20). Therefore,
Eq.(A.4) holds, and the analysis can be made only in the region of
positive y. Since the ends of the electrode are the singular points
in the calculation, the number of square meshes is chosen to be 48 in
the region of 4/13<y’<1/2 and to be 24 in the region of 0<y'<4/13 in

order to obtain more detailed information around these edges.
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Appendix B. Linear perturbation theory for ionization instability

In the linear perturbation analysis, following equations are
used[16].
Continuity equation of electromns;
Dng/Dt = ajng(ngo-ng)-kynl = k{S(Tolng(ngo-ny,)-n}.  (B.1)
Energy equation of electrons;
D{n, (3kT,/2+eV;)}/Dt = J*/0-A-Qp. (B.2)
Ohm's law;
J = oB*-(8,/B)J*B, (B.3)
E* = E + uxB. (B.4)

Saha's equation;

omm kT,)3/2 ~eVy
Ne e“e %
=—"C = |———| ez (B.5)
5(Ze) Ngo=Tg [ h? } ( kTe]
Maxwell's equation;
div 7 = 0, (B.6)
rot E = 0. (B.7)
Collision loss of electrons;
3 Mg
A =2Ikn (T T ) % —vV,r 0., (B.8)
2 "e'te™g” dmy Ve "J

where a;, k, are ionization coefficient and recombination coefficient,
respectively, 7g,, eV; being initial number density of a seed material
and its ionization energy, k, k2 and Gj being Boltzmann's constant,

Planck's constant and collision loss parameter of electron with the
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j-th component, respectively. In the analysis, % is assumed to be
zero, hence E* and mobil operator D/Dt are reduced to E and d/dt, re-
spectively. In Figs.B.1-B.4, 4, 0 and ve(:g vgj) are shown for several
set of pressure, temperature and seed fraction. It should be noted

that all these quantities vary rapidly at the electron number density

corresponding to (B,.); qp-

102: T T I'lllrlf T T Illll[ T TTTTITTy Lt lfllll:
Ar+K ]
Tg =2000 K ]
| R=1atm.
€=10° 1
10 - P
5 3 Fig.B.l. Properties
g of the plasma for
] T,=2000 °K, P =1 atm.
| and =102,
1F -
= " il i il 1 el a1l N .||..-
10 10° 10%° 107 f (w107
102: L) T T rTTTT T T T l!l|i[ L T L 'III[' T g
E Aok 1
- Tg=2000 K ]
[ R 1 aim.
€ Al
10f - Fig.B.2. Properties
B . of the plasma for
] T,=2000 °K, Py=1 atm.
1 and e=10"°.
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Let's assume that 7, and Te are initially uniform in space and then
change to ng+n) and T,#T,, respectively where nj and I; are perturbed
terms independent of space. Under these assumptions the following

relationship is obtained from Eq. (B.5)

5'/8 = (8/2+eVi/KT )T /T ,, (B.9)
and Eq.(B.1) is reduced to

dhé/dt = kPS'nefnSO-ne)+Sné(nso—2ne)-3néné. (B.10)
Assuming instantaneous Saha equilibrium (dnj/dt=0), we obtain

S'nd (ngo-2ng)+8 'y (ngo-ny,)-3nink = 0. (B.11)

From Egs.(B.5), (B.9) and (B.11l) np is defined as

I

np = dlln ngl/d(ln Tg) =(ng/ng)/(T}/T,)

(8/2+eVy/RT ) (ngg=npl /(2ngg~ny)

Il

(8/2+eV; /KT ) (1-0.;) /(2-07) }, (B.12)
where G; is the ionization degree defined as

Of = N,/ Mgg- (B.13)
Similarly, Eq.(B.2) is reduced to

(8kng/2)dT4/dt+(3KT o/ 24eV )dn!/dt = 255" /o-G2c'/o2-A".

(B.14)
In deducing Eq.(B.14) &, was assumed to be negligible.
Here we assume the perturbed term Y' in the form

Y = exp(inwt) = exp(w;t)exp (tw,t), (B.15)

W= Wp - Ty, (B.16)

where w is a complex angular velocity and its imaginary part w; is a

growth rate.

Substitution of Eq.(B.15) into Eq.(B.14) then yields

wi{8kngT o/ 2+ (BKT o/ 2+eVy I} YT /TS = (253 '/0)T,/T)
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32~ 2 -
J20'T /(0T )-A'T /T

= (233" /0)T,/T2- (§%/a)op-Apd, (B.17)

where

O

Ar

It

d(in 0)/d(in T,)s

L]

d(ln A)/d(1In Tl

(B.18)

(B.19)

Next, we consider the term (23137/b)Te/Té appeared in the right-

hand side of Eq.(B.17).

X

Fig.B.5. Pattern of ionization
instability wave.

Wave propergates iny direction.

The perturbation is assumed to propa-
gate in the y direction as a plane
wave as seen in Fig.B.5. From Eq.
(B.3) the respective current compo-

nents are reduced to

Ty = OBy=Bgdys (B.20)

jy = UEy+Bejx, (B.21)
and for such wave of perturbation,
Maxwell's formulas readily give

Jy = 0, (B.22)

E; = 0, (B.23)

where charge neutrality was assumed and this is not true in the strict

sence, since space charge electric fields occur as a result of the

fluctuations. But due to relatively small difference in electron and

ion number densities compared with the fluctuation in the amplitude

of the two number densities this

assumption may be reasonable[17].

Use of Eqs.(B.20) and (B.21) together with Egs.(B.22) and (B.23)

yields
Ja = U'Em“Bejy = j(o'/0) (sin®+B,c080)-B jcosh, (B.24)
By = (JytBody)/0 = (§/0) (sinbtBc088), (B.25)
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where © is the angle made by the y axis and the unperturbed (averaged)

current density.

Hence

Il

2i+3'/c = 2jsind Jpl'S

(2520 /0%)sind (sinb+B cos8-Bocosd/a’). (B.26)

Considering the relationship between 0, 1, and B,

o = n,B,(e/B), (B.27)
we obtain

1-(9/0") (B4/8g) = (9/0") (ny/ng) = np/op. (B.28)
Consequently, the final expression is written as

253 T/ (0T4) = (2§/0)0psind (sind+Bgn,e088/0,) . (B.29)
Substitution of Eq.(B.29) into Eq.(B.17) then yields

wine{skTe/2+(3kT6/2+eV£)nT} = (jz/GJUT{2sin6(sine+yeeose)—1}

~A A, (B.30)

where Yo 1s defined as

Yo = BenT/UT. (B.31)
In the unperturbed state the enrgy equation denoted by Eq.(B.2) neg-
lecting @p gives the relationship as follows

4 = 7%/6. (B.32)
Eq.(B.30) is thus reduced to

w; (growth rate)

{GT[ZsinB(sin8+yecosej—1]—AT}/r*

Il

= (0/T*)VI+Y] cos(2e+e*)+ﬂT/bT}, (B. 33)

—
>
]

ne{SkTe/2+(3kTe+eV€)nT}/(jz/b), (B.34)

g#*

]

aretan Y. (B.35)
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The condition of the angle 6 giving the maximum growth rate w; is ob-

tained as

cog (20+6%*) = -1, (B. 36)
and the maximum w; is expressed as

(Wi g = (0p/T*) (VI#YE -A/0,). (B.37)

Defining the critical Hall parameter Bsp identical with the Hall para-

meter Bp which satisfies (w;)y,=0, B,, is written as
B = JA —0 /Mgy (Ag2 a). (B.38)

Expression of (wi)maw in term of B., is then obtained as

(Wi )maz = 1V(Bgny) 402 - V(Bopnp) 2405} /1% (B.39)

The most probable direction in which the ionization instability will

propagate may be written as

cos(20+6%*) = -1, (B.40)
and hence

8 = arctan{(1+/f;;z)/ve}. (B.41)
It is easily understood that the following relationship will hold

Bs < Bops w; < 0, stable, (B.42)

Be > Bers w; > 0, unstable. (B.43)

Hence the Hall parameter must satisfy the relation in Eq.(B.42) in

order that the plasma is stable to ionization instability.

The most feasible way to stabilize the MHD plasma is to increase
the critical Hall parameter B,,, the reason for which will be obvious-
ly seen from Eq.(B.42). From Egs.(B.12) and (B.38), Bsp is readily

written as

vﬂz

% 7 /(3/2+9V1/RT ). (B.44)

The above equation shows that B,, may increase to a considerable
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degree, as the ionization degree approaches unity. One of the ways
to make 0; as large as unity (complete ionization) is to increase Te
as much as possible which will be immediately thought of, but this is
practically impossible for a MHD generation due to severe limitation
of the electron temperature. Therefore, other methods must be inves-
tigated.

Using Eqs.(B.5) and (B.13), the ionization degree o; is expressed

as

a; = 2/{1#/THng/S(T,)} , (B.45)

which shows that with decreasing the value of nSO/S(Te), o; approaches
unity. This situation will be easily realized by a very small seed
fraction as was indicated by Belousov et al.[54], and experimentally

proved by Nakamura et al.[32].

In the calculation of collision frequencies, the following

expressions are adopted.

Vei = Vejlelastic collision)+ Vg (Coulomb collision) (B.46)

1) electron-potassium atom;

Vei(elastic collision) = ny/8kT,/(mmy)*Qy1, (B.47)

Qg7 = 4.0%10-'% m?, (B.48)
2) electron-argon atom;

Vez(lelastic collision) = nyvV8kT,/(1m,)*Qyg, (B.49)

Qe = (6.0+0.0055|T,~2000|}x1072" m?[17], (B.50)
3) electron-potassium ion;

Vei(Coulomb collision) = nf T,3/2 coln A, (B.51)

co = e*/(6vVam, mk%e?), (B.52)

A = (12n/e?) (e, kT, )% 2 /ml/2, (B.53)
4) electron-argon ion;

veZ(COuZomb collision) = nz T;s/z eoln A. (B.54)
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With respect to the collision loss parameters of electroms, they are

taken to be 2 both for argon and potassium atoms.
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