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Abstract—In nonequilibrium MHD generation with alkali metal seeded noble gas plasma, stable
regions free from ionization instability are investigated in terms of seed fraction, magnetic field
strength and current density by using linear perturbation theory with allowance for the ionization of
noble gas atoms. Regardless of fluctuations, a2 Faraday-type MHD generator with finely segmented
electrodes operating with a seed fraction of 10~° gives, in general, higher power density than a smaller
seed fraction of 10-%, and the power density can attain the target power density 50 MW/m® even at
a low gas temperature of 1500°K and a high pressure of 20 atm.

1. INTRODUCTION

IT Has been pointed out by many authors (KERREBROCK, 1964; BREDERLOW ef al.,
1966; Lours, 1967) that there are obstacles to the realization of an effective nonequi-
librium ionization during closed cycle plasma MHD generation; one of the main
obstacles now under discussion is the occurrence of ionization instability which results
in a large reduction of effective electrical conductivity and Hall parameters, and
thus leads to serious deterioration of MHD generator performance. Recently,
NAKAMURA et al. (1971) proved experimentally that plasma with a fully ionized
seed can be used successfully for damping the ionization instability, and showed that
the effective electrical conductivity with small seed fractions can be larger than that
for high seed fractions under conditions of constant electric field and weak magnetic
field. However, since the current density in the stable region in the case of such
small seed fractions is severely restricted, as will be shown later, the desired power
density can hardly be obtained and remains at a generally low level. This restriction
is, of course, very disadvantageous for practical MHD generation. Furthermore, it
is very important to know the influence of the operating pressure on the performance
of the MHD generator, since in the future practical MHD generation will be performed

at appreciably high pressures with HTGR’S.

2. EQUATIONS
The plasma is assumed to be spatially uniform in the initial state, and a perturba-
tion Y’ of plasma parameters, such as electron temperature and number density, is
assumed to occur in the form of a plane wave whose direction of propagation makes
an angle § with the average current density j (see Fig. 1). The perturbation is assumed
to have the form
Y’ o< exp (iwt), 0))
where o is a complex angular velocity defined by
0 =, — v, 2
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Fic. 1.—Wave pattern of ionization instability.

The maximum growth rate w, at angle 6 can be obtained in a well known form from
linear perturbation theory (KERREBROCK, 1964; NAKAMURA ef al., 1971) in which
instantaneous Saha equilibrium is assumed and terms apart from the elastic collision
loss term neglected in the electron energy equation. In the calculation of the electron
collision frequency, Coulomb collisions were included and Ovcharenko’s expression
(NELSON et al., 1969) used for the cross-section of electrons and argon atoms.

The results of the linear perturbation theory are summarized below.

= VB + or* — VBanr? + o7}, 3)

6 = arctan {(1 + /1 + 7.5/7.} (@)
7* = n,{3kT,[2 + np(3kT,2 + eV )} (o), (5)
ﬁe = eB/me z Ves (6)
6= nee2/me Z Vess (7)
np = din n,/din T, )
op =dln ¢/dln T, O]
Ap=dln A/dln T,, (10)
= Az — oginy, (11)

= ﬁenT/GTa (12)
A=32. kn(T——T)Z(m Imw,; b, (13)
eV = ez ntv, 2 , (14)

j=+/od4, (15)

where #,, T,, ¢ and §, are electron number density, electron temperature, electrical
conductivity and Hall parameter, respectively and B,,, n;, n;t and A, critical Hall
parameter, number density of the jth component, ion number density of the jth
component and elastic collision loss of electrons, respectively, and m;, 6;, v,;, e (V)

and eV; being the mass of the jth component, collision loss parameter of electrons
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with the jth component, collision frequency of electrons with the jth component,
averaged ionization energy and ionization energy of the jth component, respectively.
Considering the ionization of all components, n; is given by

np=>on l—a)3/2+ eV, kT[S an(2 — o), (16)

where «, is the degree of ionization defined by the ratio of the jth ion number density
to its initial neutral number density.

The performance of a Faraday-type MHD generator with very finely segmented
electrodes, each connected to a load resistance Ry, can be obtained from the following
simultaneous equations (see Fig. 2).

"t "
Tatel
RE £ d !
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B _}U
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S=a-w, c/az1, ald«t

Fig. 2.—Configuration of a Faraday-type MHD generator with finely segmented
electrodes.

Current density;

(= custBl(t + oulor),  (Ohw's law), a7
ij = (0o A)?,  (emergy equation). (18)
Power density;
P, = (jS)'Rz/Sd = j*[oz, (19)
where the effective electrical conductivity is assumed to be

o (Bo < %eBer)s (20)
T woBalfe (B b (1)

Here «, is a constant and the load resistance Ry, is expressed in terms of gy, as
oz = d/(SRy). 22)

The expression for Oeg: in equation (21) will be discussed later.

3. RESULTS OF CALCULATIONS

Calculations were performed for argon—potassiun? plasma for a gas temperature
of 2000°K. The dependences of electron number density 7, and electngal conductivity
o on the electron temperature 7,, including the effect of the argon ionization, are
shown in Fig. 3. It is obvious from the figure that the almost complete ionization of
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F1c. 3.—Electrical conductivity and electron number density vs electron temperature.

potassium atoms is reached and that the electron number density saturates in the
region near the intersection with the dotted line, corresponding to the maximum
critical Hall parameter (ur)max, With increasing electron temperature the argon plays
an important role in the ionization and the electron number density again sharply
increases. The electrical conductivity also at first increases with increasing electron
temperature until the region of full ionization of potassium is reached, and then
begins to decrease in spite of the temperature rise due to the constant electron density
and the increase of electron collision frequency for the relatively smaller seed fractions.
When the electron temperature increases further, the electrical conductivity again
begins to increase with the onset of argon ionization.

In Fig. 4 the current density j vs electron temperature 7, is shown for various
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FiG. 4. —Current density vs electron temperature.
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seed fractions. Since the current density is roughly proportional to n,, the platean
seen in Fig. 3 due to small n4 also occurs in Fig. 4.

Critical Hall parameters §,, and electrical conductivity ¢ vs current densities are
shown in Fig. 5. Since the ionization of argon atoms is allowed, the maximum critical
Hall parameter does not become infinite but remains finite (NAKAMURA et al., 1971).
According to the results obtained, the maximum critical Hall parameter is reached
at the minimum value of ny. It is generally true that the smaller the seed fraction, the
larger is the maximum critical Hall parameter and also the lower the corresponding
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F1G. 5.—Critical Hall parameter and electrical conductivity vs current density.

current density. The peculiar tendency seen for a seed fraction &= 10"% near
j= 108 Ajem? is attributed to the fact that the growth rate o, essentially cannot be
negative under these conditions. The reason why the electrical conductivity decreases
after reaching its maximum value is same as that mentioned for Fig. 3. It should be
noted that the critical Hall parameter ,, = 2 obtained experimentally (DETHLEFSEN
et al., 1966; BREDERLOW et al., 1966) in the current region of j = 1-10 Ajem? for
& = 2:10~3 agrees well with that for ¢ = 10-% in Fig. 5.

The growth tate w, vs the electron temperature T, at B = 1T is shown in Fig. 6
for various seed fractions. The growth rate w;, is required only to be negative for the
condition of stability, but the absolute value of w; is desired to be as large as possible
for a rapid decay of the perturbation. Under the present conditions, w, is of the order
of 108 sec™! and hence the system may be regarded as being completely stable simply
if w, is negative.

Hall parameters f, and critical Hall parameters B, vs the electron temperature
T, are shown in Figs. 7 and 8 for & = 10-% and 107, respectively. Needless to say
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FIG. 6.—Growth rate vs electron temperature.
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FiG. 7—Hall parameter and critical Hall parameter vs electron temperature for
& =10"3

the system is inherently stable at T, = T, independent of the magnetic field strength.
In Fig. 7 for & = 1073, the system is stable at B = 0-1 T for all electron temperatures
below 10¢°K. However, with the magnetic field increased above B, = 11:27 T, the
system can no longer be stable at electron temperatures below 10¢°K. This can also
be seen in Fig. 8 for ¢ = 10-% at magnetic fields above B, = 1528 T, where B, is
the critical magnetic field strength at which the system changes from a stable to an
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Fic. 9.-—Critical magnetic field strength vs current density for various pressures in case
of ¢ = 103,

unstable condition. Alteration of the system between stable and unstable states, in
general, is seen as the electron temperature is increased at a given field strength.
Figure 9 shows the critical magnetic field strength B, vs current densities for various
pressures in the case ¢ = 1075, It is seen that in general B, becomes large when the
pressure is high except in the neighborhood of its maximum, and also that the current
density corresponding to the maximum B, shifts to higher values. As far as the opera-
tion mode is concerned, the figures show that MHD generation in the stable mode at a
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given but weaker magnetic field, say about 5T, and also at a useful current density
may be realized by adjusting the operating pressure.

Stable regions as a function of the magnetic field and current density for various
seed fractions at atmospheric pressure are shown in Fig. 10. The regions above and
below the curve are unstable and stable, respectively. At a fixed magnetic field the

unstable

Ar+K
Tg=2000 K
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o' 1 10 10
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F1G. 10.—Stable regions as a function of magnetic field and current density at atmos-
pheric pressure.

1g1— 2

range of current density within which the system is stable is wider for larger seed
fractions. At a fixed current density, on the other hand, in the region above B = 5T,
the range of the seed fraction for which the system is stable is so narrowly restricted
that MHD operation in the stable region does not appear to be very easy.
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F1G. 11.—Stable regions as a function of current density and seed fraction at atmospheric
pressure.



Ionization instability and stable region in potassium seeded argon gas plasma 1093

is shown. The region between the upper and lower curves is stable, and current
densities of 1-10* Ajem? correspond approximately to seed fractions of 10~5-10-5.
Notice that the linear part of the stable region persists even though the magnetic
field is further increased.

The electrical characteristics of a Faraday-type MHD generator with infinitely
segmented electrodes, each connected to an individual load resistance R, as shown in
Fig. 2, were calculated for argon-potassium plasma at a gas temperature of 2000°K
assuming «, in equation (21) to be unity. Under these conditions the electrical
characteristics of the MHD generator were investigated for seed fractions & = 105
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FiG. 12.—Effective electrical conductivity vs magnetic field strength at atmospheric
pressure in a Faraday-type MHD generator with finely segmented electrodes.

and 1078 and flow velocities # = 500 and 1000 m/sec. According to the experimental
results recently obtained by BREDERLOW et al. (1973), the expression for the effective
electrical conductivity given by equation (21) at «, = 1 shows very good agreement with
the experimental results for Ar 4 0-05%K at T, = 1800°K in the range of P, =
2-1-8-2 bar and B = 1-1-3:55 T (8, < 10-1). However, they do not mention whether
this equation will still rigorously hold good for different seed fractions and gas
temperatures. If we assume that equation (21) holds exactly as long as the Hall
parameter lies below 10, then no exact comparison for the cases of &= 102
o; = 10/m or e = 1073, 6, = 10 {j/m can be made, as for these cases 5, exceeds
10 at large magnetic field strengths (Figs. 12-14).

In Fig. 17, however, the Hall parameter lies in the range far smaller than §, = 10
although the seed fraction is twice as large and the gas temperature 200°K higher than
the conditions used by BREDERLOW et al. (1973), and thus the equation may be used in
this case to estimate the electrical performance for MHD generation. The expression
for the effective electrical conductivity from equation (21) at «, = 1 will be more
exactly applicable to the actual case of high pressures, since the electron mobility
decreases with increasing pressure. In calculating the electrical performance for

MHD generation hereafter, equation (21) with &, = 1 will be used as the most reliable
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Fic. 13.—Current density vs magnetic field strength at atmospheric pressure in a
Faraday-type MHD generator with finely segmented electrodes.
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expression presently available for the effective electrical conductivity. It goes without
saying that the final conclusion may be slightly altered if other relations which have
been proposed (SoLBES, 1968; RIEDMULLER, 1973) were used in place of equation (21),
but the major conclusions obtained in this calculation seem to remain valid even for
those relations.

The effective electrical conductivity o, vs the magnetic field strength B at atmos-
pheric pressure is shown in Fig. 12. In case & = 10~3 the current density corresponding
to the maximum critical Hall parameter is easily reached, hence the largest effective
electrical conductivity is realized in the stable region, and with increasing magnetic
field oes; decreases slowly in the stable region and sharply in the unstable region.
This tendency is seen also for any o7, and the maximum effective electrical conductivity
for each gy, is thus approximately the same at about e = 40 tj/m. On the other
hand, for ¢ = 1072, since the electron mobility is small compared with that for
& = 107°, the stable region still exists in the case when both o, and the velocity are
large. In this region the increase of the magnetic field causes an immediate increase
in the current density resulting in a rise in electron temperature, so that the effective
electrical conductivities increase. The obvious difference between ¢ = 10~ and 10-3
is that in the latter case 6,¢; increases monotonically regardless of the system condition.
When o7, and the magnetic field strength are suitably fixed, there may be such a case
that the effective electrical conductivity for & = 10~° is larger than for ¢ = 10-3, but,
in general, they are larger for ¢ = 1073 than for ¢ = 103 despite the partial ionization
and being subject to the ionization instability in the former case. It may be noted that
the electron temperature rise for large oy, is very rapid even in the region of weak
magnetic field strengths due to the strong Joule heating.

The current density vs the magnetic field strength is shown in Fig. 13. In case
¢ = 1075 the maximum current density corresponds to the lowest effective electrical
conductivity in the stable region, and in the unstable region, except close to the stable
region, the current density is roughly proportional to the magnetic field; this applies
also to the case ¢ = 10~3. In general, current densities for ¢ = 102 as well as the
effective electrical conductivity seem larger than those for & = 1072

In Fig. 14 the power density variation with the magpetic field strength is shown.
At weak magnetic fields power densities for & = 10~% are comparable to those for
& = 1078, but in the region above B=1T those for & = 10~ are obviously far
larger resulting in superior operation at a relatively high seed fraction, for example
10-2, provided the relation expressed by equation 21 ho{ds exactly. ~I‘t should b'e
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 would be
desirable to compare maximum power densities for different s‘eed fractions with each
other, but since the power density is a very complicated fu-nctlon of the externzq load
resistance, it is not so easy, in the sense of calculation time, to find tpe maximum
power density. However, in the case of nonequilibrium MHD generation including
effects of the ionization instability the maximum power density is expected to appear
in the region of K.z < 0-5, where Koy is an effective load factor defined by Koz =

~1
. _ngéa{: :;)the actual MHD generation is concerned, it is of great interest to kn_ow
the influence of operating pressure and gas temperature on the MHD electrical

performance.
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Fic. 15.—Effective electrical conductivity vs magnetic field strength for e = 103 in a
Faraday-type MHD generator with finely segmented electrodes.
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FiG. 16.—Effective electrical conductivity vs magnetic field strength for ¢ = 10-%in a
Faraday-type MHD generator with finely segmented electrodes.

In Figs. 15 and 16 the effective electrical conductivity o, vs the magnetic field
strength B is shown for various pressures at 7T, = 2000°K for & = 10-3 and 103,
respectively. It is seen from Fig. 15 that o,y does not depend remarkably on the
operating pressure when the magnetic field strength increases, and this tendency will
be favorable to practical MHD generation. In the case of ¢ = 103 in Fig. 16, O
has a similar shape at higher pressures to that at P, = 1 atm shifted to the stronger
magnetic field. Since the current density which gives (8,,)max may be easily realized
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below B = 10 T at the small seed fraction, o, becomes a more complicated function
of B and oy, than that for ¢ = 10-%. A specific magnetic field strength which gives
'(O'eﬁ)max at high pressures also exist as in Fig. 12, and this tendency differs apparently
in that (Cert)max for &€ = 10~ may be obtained in general at the largest B.

In Fig. 17 power densities P, vs magnetic field strengths B for various pressures
P,fore =.10“3 are shown. Itis obvious that the power densities scarcely change with
the operating pressure and are still proportional to the square of the magnetic field.

4
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Fi1G. 17.—Power density vs magnetic field strength for & = 10-% and 7, = 2000°K for
various pressures.

According to this figure, power densities above 50 MW/m®, which is the present
target power density for future practical MHD generation, seem to be very easily
obtained even at high pressures for the conditions T, = 2000°K and u == 1000 m/sec.
In Figs. 18 and 19 power densities P, vs magnetic field strengths B and [P,[(uB)%]
vs B are shown at T, = 1500°K, respectively. Compared with that in Fig. 17 at
T, = 2000°K, P, at T, = 1500°K does not differ as much and shows a similar
tendency to that in Fig. 17. It seems thateven with a lower gas temperature of 1500°K,
power densities more than 50 MW/m? are still easily attainable at practical pressures.
In Fig. 19 [P,/(uB)*] vs B is shown for various seed fractions at a pressure of
20 atm. These figures obviously show the superiority of operating at higher seed
fractions and also afford the feasibility of closed cycle MHD generation which will
be used at considerable pressures in connection with HTGR in the future.
7
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F1G. 18.—Power density vs magnetic field strength for ¢ = 10-% and T, = 1500°K for
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F16. 19.—[P,/(uB)*] vs B at T, = 1500°K and P, = 20 atm for various seed fractions.
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4. CONCLUDING REMARKS

In nonequilibrium MHD generation with potassium seeded argon gas plasma under
the conditions of T, = 2000°K and atmospheric pressure, stable regions free from
the ionization instability are very narrowly restricted by the seed fraction, the magnetic
field and current density.

1t is concluded that in a Faraday-type MHD generator with very finely segmented
electrodes the results show the superiority of operations at relatively high seed frac-
tions, for example 103, over that at a seed fraction of 103, in the region of high
magnetic field strengths despite partial ionization of the seed atoms and the occurrence
of the ionization instability for ¢ = 103, Furthermore, it turns out that the influence
of the operating pressure on the power density of a Faraday-type MHD generator
is not pronounced, and that even at a low gas temperature of 1500°K and a pressure
of 20 atm, the power density for ¢ = 103 can still reach a value above 50 MW/m?
for practical values of magnetic field. These results consequently point to the feasi-
bility of closed cycle gas plasma MHD generation operating at a relatively high seed
fraction and high pressure.
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