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Nomenclature Subscripts

A =energy loss due to collision i =representing the particle
B =(0,0,B) magnetic field vector N =noble gas atom (=argon)
B, =Planck function r,0 = coordinate direction -
e =electron charge S =seed atom (= potassium)
E =(E,,E,,0) electric field vector
F =plasma volume .
g = statistical weight of the ground state of ith atom Introduction
et = statistical weight of the ground state of ith ion T has been shown that the reduction of power due to the
h = Planck’s constant; also channel height ionization instability in the closed-cycle MHD power
j = (J,.Js,0) current density vector generation can be eliminated by using the concept of the fully
k = Boltzmann constant ionized seed.! The results of the shock tunnel experiments per-
ko =jonization rate of argon formed by the group at Tokyo Institute of Technology have
ks = jonization rate of potassium shown the advantage of a disk generator with fully ionized
k.n =recombination rate of argon seed.>
k,s =recombination rate 'of potassium Steady-state analyses also help ensure theoretically the high
m, —mass of electron performance of the full-scale disk generator.%’
m; =mass of ith particle It is also important to confirm the dynamic realization of
n, =electron number density the stable state due to the fully ionized seed in the MHD
n,; =inlet electron number density generator channel. The main purpose of this report is to in-
n; = number density of ith atom vestigate the dynamic realization of the stable plasma in a disk
nt =number density of ith ion channel due to the fully ionized seed by numerical analysis us-
De = electron pressure (= n,kT,) ing time-dependent MHD equations. The influence of the
0, =radiative energy loss change of the load resistance and the inlet boundary condition
S =plasma surface are also described.

T, =electron temperature

;‘—’" :gl;lslfgrﬁlpgg;gf electron temperature Basic Equations and Procedure of Calculation

Tiv =wall temperature The calculation is based on the two temperature model
u =(1,,0,0) heavy species flow velocity vector equations of the closed-cycle MHD plasma.®'® In this model
u, =electron drift velocity the equations of MHD plasma can be written as
B = Hall parameter
AN =t{roa}der}ing of pot.assiun} resonance line i”g + V- (n,u,)=n, (1)
€ = (ionization. potential of ith atom)/k ot

Ve =total collision frequency of electron

Vo_ = collision frequency between electron and ith .

e Darticle e j+B/BjxB=0lE +1/(en,) VP, @
g = electrical conductivity (gigeq) ,
Tesp = effective electrical conductivity U 7
03 (T,) =spatial variance around averaged 7, over the + V- (Uu,)=——A-p,V-u,—Q,—V-q, 3

channel at g
63(T,) =spatial variance around T, of the uniform region
where
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The realization of the stable plasma due to the fully ionized seed has been dynamically confirmed in a channel
of the closed cycle disk generator by solving time-dependent MHD equations. The relaxation process is exam-
ined near the inlet of the disk generator. In the stable state, as the load resistance increases, the width of the
relaxation region becomes narrower and, as a result, the uniformity of the plasma in a whole channel becomes
better. The influences of the inlet conditions on changes of the relaxation region are also examined.
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the argon atom and potassium atom are taken as the ith
particle,

U,=(372)n kT, +exnt; +esng

ey=1.388%x10°, €5 =5.035x 10*

i

the argon atom, argon ion, potassium atom, and potassium
ion are taken as the ith particle,

O, = (S/F)xAN(B, (T,) ~B,(T,,))

3 k T, 1 1 a8 / o7, 1 3T,
V= ——— 31—\ )t 5z
2 n, v, 148°Lr or\ or r~ a0
In these equations, a two-dimensional r—# coordinate
system and magnetic field perpendicular to the disk plane are
adopted, and the following assumptions are also made: charge
neutrality, low magnetic field; that is, the heavy particle flow
is assumed to be constant throughout the generator.

Using the above assumptions, field equations are rep-
resented by

rotE=0 @
divji =0 )
By integrating along the z direction, Eq. (5) is reduced to
3, ¥,
= 6
ar a0 0 ©
Substituting Eq. (2) into Eq. (6), we get an elliptic function,
{ * > *B(—— + (6*E,, —0*BE,4)
o 5"B}+W{ 6<_ ) <r66>
+ (¢*BE, +0*E,z) —0o* u,B} =0 @)

using the potential function defined as

a3 0o
E or’ f rd0 ®
where
g kK 0 kK 9
* = e— T N E = —_— eT
1+82° Ew en, dr (neTe)s En en, raf (nTe)
®

To obtain the electron temperature and the electron number
density, the energy equation (3) and electron continuity equa-
tion (1) are transformed as follows,

aTe aTe ( GN ) IZN < : ES r’l;
T,+ +\T,+
a o 3/2Kk <32 ) T,

=2
= (10—~A P,V u—0Q,— v -qe>/(3/2kne) (10)
on ) an
TR = an

In the practical calculation, Egs. (7), (10), and (11) are used
as the basic equations instead of Egs. (1), (2), and (3). The
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generator channel size is determined on the basis of the
characteristic length of the plasma, which is shown in Fig. 1,
where the channel of constant area of cross section is assumed.
In Fig. 1, direction of magnetic field and gas velocity are also
shown.

Constant electron temperature of 3500 K and three kinds of
electron number densities are assumed as inlet boundary con-
ditions. The outlet boundary condition is assumed as
(8T,/9r) 4, =0. The validity of this outlet boundary condition
is obtained after calculations. We could get uniform plasma
without the region near the anode. The initial electron
temperature is assumed to be the same as the inlet one and a
Gaussian distributed disturbance is introduced, where the
standard deviation of the disturbance is given as 5 K. Here the
initial and boundary values of electron temperature, 3500 K,
are assumed to reduce the calculation time, but this value is
not too far from a realistic situation because the plasma radia-
tion can be observed at the region just close to the anode.!! As
the electrical boundary condition, the potential function is
assumed to be 0 at the anode and cathode.

Calculations are based on the finite difference method, and
the generator channel is divided into 20 mesh points along the
r direction and 100 mesh points along the 8 direction. One
elementary section used for calculation is schematically
described in Fig. 2, where the data for 9 points marked by
dark circles are used in the representation of the difference
equation at point N.

The time step should be chosen small enough as compared
with the changes of n, and T!° and is determined up to
0.01 ps.

The initial potential distribution is obtained from Eq. (7),
based on the initial and boundary conditions mentioned
before.

After obtaining ¢, T,, and n, distributions in the channel at
t=0, the T, and n, for the next time step are obtained from
Egs. (10) and (11), and the potential ¢ is determined by Eq.
.

Results and Discussions

Evolution Properties

Table 1 shows the conditions of the working gas, magnetic
field strength, and load resistance used in these calculations.
These load resistances are selected to realize the stable plasma
from the quasi-one-dimensional calculation.®

The evolutions of average electron temperature (7,) and
electron number density (n,) over the channel obtained from
the numerical calculation for argon seeded with potassium for
load resistance 3.59Q are shown in Fig. 3, where the average
electron temperature and electron number density are defined

Inlet radius rjp = 0.1 m
Outlet radius royt = 0.2 m
Cross section 1.25x10°2 m?

\Cathode

Ry,

Fig. 1 Schematic of the disk generator used in the numerical
calculations.
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N-100

Fig. 2 Schematic view of elementary mesh section used in oﬁr
calculation. The data for 9 points marked by dark circles are used for
the difference equation at point V.
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Fig. 3 Evolutions of the averaged electron temperature (7, and the
electron number density (n,) with time over the channel
(RL = 3.599).

as
N N N
(Te)=Ene(i)Te(i)/Ene(i), <ne)=Ene(i)/N (12)
i=1 i=1 i=1

where T, (i) and n, (i) represent the electron temperature and
electron number density at the ith mesh element, respectively,
and N represents the total number of elements. It is found
from this figure that (7,) and {(n,) attain steady values at ap-
proximately 12 us.

Figure 4 shows the temporal development of the isothermal
pattern of electron temperature 7, and the current stream
function inside the whole channel for the same conditions,
where ¥ is introduced by

. 2 U
e T T o =

using the channel height 4. The intervals of T, and  are 500 K
and 10% of total current, respectively. This figure shows that
the distribution of T, is highly disturbed at approximately 9
us; and as the time increases, the disturbance becomes weaker
except at the region near the channel inlet called the relaxation
region.

The temporal development of the variance of spatial
distribution of electron temperature is shown in Fig. 5, where
the variance 0%, (T,) is defined as

N N
0% (T,) = Ene(i){Te(i)—<Te)}2/Ene(i) (14)
i=1 i=1

DISK MHD GENERATOR 427

-
®
<
=)
®
<

()

(b} (e}
Te v

Fig. 4 Distribution of the.isothermal line of 7, and current
streamline for five different cases of time instances: a) 0 ps, b) 5 us,
¢) 9 us, d) 14 ps, e) 20 ps; the intervals of T, and  are 500 K and 10%
of the total current, respectively (R, =3.599).
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Fig. 5 Temporal development of the variance of spatial distribution
of T, (R; =3.59Q).

It is seen in this figure that the variance attains steady value
at approximately 12 ps. From the behaviors of (7,) and
0%, (T,), it can be confirmed that the whole plasma in the
channel reaches the steady state at the end of our calculation
time, even though the plasma changes locally near the inlet
region.

Figure 6 shows the changes of (7,) and (n,) with time for
several load resistances. The load resistances are considered as
3.59Q, 3.949, and 4.37Q, and the other conditions are kept the
same as listed in Table 1. It is shown for these three load
resistances that as the load resistance increases, (7,» and {(n,)
rapidly reach the steady state of stable plasma.
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Fig. 6 Evolution of (7,) and (n,) with time for three kinds of load
resistance.
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Fig. 7 Changes in the variance of spatial distribution of 7, for three
kinds of load resistance.
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The behavior of variance 6%, (T,) of spatial distribution of
the electron temperature also supports the above results. The
development of ¢%, (7, ) with time is shown in Fig. 7, where it
is found that as the load resistance increases, o3, (T,) reaches
the steady state faster. This variance also shows the degree of
inhomogeneity of the plasma in the channel. As the load
resistance increases, the variance becomes smaller so that good
uniformity is achieved. The reason 0%, (7,) does not approach
0 at steady state is that the relaxation region exists near the
channel inlet.

The Steady-State Plasma

On the left-hand side, in Fig. 8, the distributions of the elec-
tron temperature averaged over the tangential direction (7, ),
are plotted along the radial direction of the generator and, on
the right-hand side, isothermal lines of 7, inside the whole
channel are described at the end point of the time interval.
Case a corresponds to the load resistance of 3.59Q, case b to
that of 3.94Q, and case ¢ to that of 4.37Q. Near the inlet
region, 7, increases from 3500 K to the uniform value in the
downstream, and this region is represented as the relaxation
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Fig. 8 Distribution of the T, averaged over the tangential direction
of the channel (left-hand side) and the isothermal line of 7, (right-
hand side) for a) R; =3.592, b) R; =3.949, ¢) R; =4.37Q (at 20 ps).

Table 1 Plasma parameters for investigating the effect of the change in load resistance

Inlet n,,
Stagnant Stagnant Seed Mach Magnetic field Load X the Saha
Inert gas Seed pressure, atm  temperature, K fraction, X 10~°  number strength, T resistance, Q equilibrium value
Ar K 10 2000 1.0 1.5 7.0 3.59 1
Ar K 10 2000 1.0 1.5 7.0 3.94 1
Ar K 10 2000 1.0 1.5 7.0 4.37 1
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region. In this region the electron conductivity is low and, as a
result, the tangential direction of the current stream becomes
opposite to that in the case of the uniform region. The fully
ionized seed is achieved in the uniform region. The broad
relaxation region reduces the performance of the generator so
that it is necessary to make this region narrower. From the
comparison of the results for cases a, b, and c, it is shown that
as the load resistance increases, the relaxation region becomes
narrower.

To estimate numerically the width of the relaxation region,
we consider the variance of the distribution of electron
temperature for constant radius in the @ direction defined as
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o
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[
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Fig. 9 The variance in the distribution of T, for a constant radius in
the ¢ direction (at 20 ps).
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Fig. 10 Relation of load resistance to recovery factor.
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100 100
a3 (T,r) = Ene(r,i){Te(r,i)—Tm}Z/ Y no(niy  (15)
i=1

i=1

and is plotted along the radial direction in Fig. 9. Here T, (r,i)
and n,(r,i) represent the electron temperature and the elec-
tron number density at ith mesh element at radius r, respec-
tively, and T, is the uniform value of 7, in the downstream,
the summation is made in the 4 direction. The distances re-
quired to get the value of ¢ (T,,r) nearly 0 are 3 cm for case a
(R; =3.599), 2 cm for case b (R, =3.94Q), and 1.5 cm for case
¢ (R, =4.379). In this figure it is clearly shown that in the
steady state the width of the relaxation region becomes nar-
rower with increasing load resistance.

Furthermore, the relation between the load resistance and
the recovery factor R (= 044/0;4.,) Of the electrical conduc-
tivity is examined for several load resistances and is shown in
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Fig. 11 Potential distribution averaged over the tangential direction
for three kinds of load resistance.
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Fig. 12 Evolution of (7,) and (n,) with time for three kinds of inlet
electron number density (at 20 gs, R; =0.78Q).

Table 2 Plasma parameters for investigating the effect of the change in the inlet electron number density

Stagnant Stagnant Seed

Imert gas  Seed  pressure, atm  temperature, K fraction, x 1073
Ar K 6 2000 6.0
Ar K 6 2000 6.0

Ar K 6 2000 6.0

Inlet n,,
Mach Magnetic field Load X the Saha
number strength, T resistance, Q equilibrium value
1.7 3.5 0.78 1
1.7 3.5 0.78 172
1.7 3.5 0.78 1/3
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Fig. 13 Distribution of the T, averaged over the tangential direction
(teft-hand side) and the isothermal patterns of T, (right-hand side) for
a) n, =the Saha equilibrium value, b) n,; =one-half of the Saha
equilibrium value, and ¢) n,; = one-third of the Saha equilibrinm value
(at 20 ps, R; =0.789).

Fig. 10, where o, and g4, are defined as
Oefr = <J> N <]>/<]> <E), Oideal =ezne/meue

It can be seen in Fig. 10 that we have to keep the relaxation
region narrower to achieve a better recovery factor of the elec-
trical conductivity.

From the above numerical analysis, the following conclu-
sion can be drawn: when the gas conditions, the seed fraction,
and the magnetic field strength are kept the same, the unifor-
mity of plasma becomes better with the increment of the load
resistance, using the concept of fully ionized seed and, as a
result, the performance of the generator is expected to be
improved.

The distribution of the potential averaged over the tangen-
tial direction is plotted along the radial direction as shown in
Fig. 11. At the region near the anode the small electrical con-
ductivity causes the potential drop. As T, and n, increase in
the downstream, the potential tends to recover. This potential
profile resembles the experimental results with the shock tun-
nel.?* It can be found that one can experimentally estimate the
relaxation width from the potential profile.
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Fig. 14 The variance in the distribution of T, for a constant radius in
the @ direction for three kinds of inlet electron number density (at 20
ps, Ry =0.78Q).

Dependence on the Inlet Boundary Condition

In the preceding section the electron temperature of 3500 K
and the electron number density equal to the Saha equilibrium
value are assumed as the inlet boundary conditions. The inlet
boundary conditions generally play an important role in
nonlinear numerical analyses, but it is difficult to know the ac-
tual values of the inlet electron temperature and the electron
number density; therefore, in this section we will study the ef-
fect of the change in the inlet electron number density n,;. The
inlet electron temperature of 3500 K is again assumed, and
three different values of the inlet electron number density are
taken; the other conditions, such as working gas, magnetic
field, and load resistance, are kept common as listed in Table
2.

Figure 12 shows the evolution of (7,) and (n,) for three
different inlet electron number densities. It can be seen from
this figure that only a slight change is observed in the evolu-
tion profiles of (7,) and {n,) even if the inlet electron
number density is changed from the Saha equilibrium value to
one-third of the Saha equilibrium value.

On the left-hand side of Fig. 13, the electron temperatures
averaged over the tangential direction 7, in the steady state
are plotted along the radial direction and, also on the right-
hand side, the isothermal patterns of T, in the steady state are
displayed. It is seen that when the inlet electron number den-
sity is changed from the Saha value to one-third of the Saha
value, the width of the relaxation region remains almost the
same, even though the tangentially different electron temper-
ature distributions appear near the inlet.

To compare numerically the widths of the relaxation region,
in Fig. 14 we plot the variance of the distribution of the elec-
tron temperature in the 6 direction defined in Eq. (15). It is
found that the change in the inlet electron number density
scarcely influences the width of the relaxation region.

Conclusion

It is found from the numerical analyses that the stable state
plasma with the fully ionized seed can be dynamically realized
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in a channel of the disk-type generator within the framework
of our assumptions. The relaxation region is found near the
inlet of the channel. In the steady state under the condition of
the fully ionized seed, as the load resistance increases, the
relaxation region becomes narrower and, as a result, the
recovery factor increases so that the performance of the
generator is expected to improve. The change of the inlet elec-
tron number density has scarcely any influence on the width of
the relaxation region, though it affects the tangential structure
of the isothermal pattern of T, in the relaxation region.
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