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ABSTRACT: This paper examines the dependence of the attenuation of magnetic induction on
the current distribution etc. in the exit regions of the Faraday type non-equilibrium plasma MHD
generator by a two-dimensional calculation. The numerical analyses are made for an example of the
cesium-seeded helium. As a result, a reasonable magnetic induction attenuation can make the
distribution of current very uniform near the exit region of generator channel and has little influence on
the current distribution in the middle part of generator, and the output electrodes can be used without
great ballast resistors. Also the inside resistance of the exit region and the current concentration at the
exit electrode edges decrease with the attenuation of magnetic flux density. By the author's examination,
it is made clear that the exit electrodes of the diagonal Faraday type non-equilibrium plasma MHD
generator should be arranged in the attenuation region of the magnetic induction, since arranging them
in this region becomes useful for the improvement of the electrical parameters of generator.

Keywords: Numerical calculation, MHD generator, diagonal type, ballast resistance, two-
dimensional analysis.

1. INTRODUCTION Accordingly, by a two-dimensional

Already it has been ascertained that the analysis, the author has investigated the

performance characteristics of a diagonal type
non-equilibrium plasma generator can be well
approached to those of the Faraday type one by
the quasi one-dimensional MHD theory [1,2].
However, though this theory is convenient for
us to grasp the outline of the generator
characteristics, it is very difficult to treat
accurately the effects of the spatial non-
uniformity of the working gas plasma in the
generator duct cross section by the above

theory.

electrical characteristics in the central part of
the diagonal type non-equilibrium plasma
generator duct as described in [3], etc.
Moreover, in the end regions of the MHD
generators there arise the so-called end effects,
and they degrade the total electrical

characteristics of the generators.

Hence, up to now the end effects in the
Faraday type generator have been analyzed in
fair detail [4-6]. On the other hand, the end
effects in the diagonal type have been only a
little discussed [7-9]. Therefore, the author has

investigated some  influences of the
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arrangement of the output electrodes and the
attenuation of the magnetic induction along the
generator duct on the current and potential
distributions etc. near the entrance and exist of
the diagonal type MHD duct when the physical
guantities in the duct are assumed to be
uniform, and shown that the variation of the
arrangements of output electrodes has little

effect on the current distribution etc. [10]

In this paper the author studies the end
effects in the diagonal type non-equilibrium
plasma generator by a two-dimensional
analysis. In section 2, the basic equations and
the boundary and subsidiary conditions are
introduced, then, are shown configurations of
the gas velocity and the applied magnetic
induction that are adopted in the present paper.
In section 3, by the numerical calculations are
investigated the influences of the attenuation of
the magnetic induction on the current and
potential distributions, the internal resistance

etc. in the end regions of the generator.
2. BASIC EQUATIONS
2.1. Basic equations for current distribution

In the analysis of end effects in a diagonal
type MHD generator, it is assumed that the
electric quantities, such as the current, electric
field etc., vary with x and y, where x and y are
the coordinates as shown in Fig. 1, and that the
gas velocity and temperature depend on only y
according to Egs. (9) and (10) which will be
presented later, and that the pressure is kept

constant.

In order to evaluate the current distribution
in the generator duct, we introduce the

conventional stream function ¥ defined by
Jy =0¥/oy,J, =-0¥/ox @)
where J, and J, are the x and y components of

current density, and the z component J, is

assumed not to exist.

Insulator
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Figure 1. Coordinate system and generator duct

geometry

Then, it is assumed that the magnetic
induction and the gas velocity have only the z
component B and the x component u,
respectively, from the Maxwell equations and
the generalized Ohm's law which are given in
Egs. (1) and (2) in Ref. [3], we can derive the

following partial differential equation:

V3P +POW/ox + QoY /dy =R
(@)

where
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P=c/e{d(e/c)lox-0(B/c)ldy}
Q=o/e{o(e/c)l oy +a(B/c) ox}
R =c/e{-0(0p, /0y/en,)l ox +
+0(p, /dx len )l By + ©)
+uoB /ox}
e=1+Bp,

in which e is the electron charge, p.=n.kT, the
electron partial pressure, n. the electron
density, k Boltzmann's constant, T, the electron
temperature, B the Hall parameter for electron,
Bi the Hall parameter for ion, and o the scalar
electrical conductivity of the plasma. In
addition, since o, B, n. and T, are given in Ref.
[3], we omit the explanation for them in this
paper.
2.2. Boundary and subsidiary conditions
First, the boundary condition on the

electrode surfaces is
E,=0 4)
where E, is the x component of electric field.
The one on the insulating wall surfaces is
J, =0 (5)
Using Eq. (1), these conditions (4) and (5)
are transformed to
0¥ /0y —BOY /0x —cdp, /oxlen, =0 (4')
Y =const (5

Next, in the diagonal type generator, the
potential difference must be zero between the
anode A; and cathode C; which are shorted each
other as shown in Fig. 1. Therefore, the first

subsidiary condition is obtained as

v :—Lff Eds=0,i=1,2,...n  (6)

where E is the electric field intensity vector, ds
the line element vector of an optional integral
path from A; to C, and V; the potential
difference between A; and C;.

As the current which runs through an
arbitrary surface S; crossing the insulating wall
surfaces A and C'; is equal to the load current

I, the second subsidiary condition is written as

jsgds =1,i=1,2, ..,n @

where dS is the element vector of the surface
Si.

Lastly, let us assume that the electric
quantities vary periodically in the period of the
electrode pitch s along the gas flow behind the
n-th electrode pair A, and C,. Then the
condition for the current density J(X) is given
by

J(x+5) =J(x) (8)

By Eq. (1), the Eq. (8) is transformed into

P(x+s)=Px)+1{" (8)
where 1{" is the current flowing into A,

The current distributions in the diagonal
type generator can be found by numerically
solving Eq. (2) under the conditions (4)~(7)
and (8') (see section 3).

2.3. Calculation of potential

When Eq. (2) is numerically solved under
the conditions (4')~(7) and (8'), the electric
field E at the optional point can be evaluated by
Eg. (1) and the generalized Ohm's law, with the
obtained numerical solution of Y. Then the

potential at any point can be calculated by the
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numerical line integration of E along an
arbitrary integral path from a reference point to

the considered point.

2.4. Gas velocity and temperature

distributions

As assumed in section 2, the velocity u has
only the x component u, and u and T vary only
in the y direction according to the following
relation [11]

ulug ={ay/h@a—y/h)" 9)
(T-TW(To-Ty) = {4y/h@-y/N)f" (10)

respectively, where h is the duct height, uy and
T, are the gas temperature and velocity at the
center of flow, namely y=h/2 and T, is the wall

temperature.

A
4
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N

123456 7 8
Electrodes

Figure 2. Configuration of applied magnetic

induction

2.5. Configuration of Applied Magnetic

Induction

For effective use of the applied magnetic
flux density B, the MHD generator duct may be
arranged in the attenuation region of B. So in
order to investigate the influence of the

configuration of B on the current distribution in

the end regions of the diagonal type generator,
we assume that the intensity of B is constant in
the central region and decreases linearly from
the left edge of the j-th electrode in the end
regions of the generator. In this connection in
this numerical analysis, the author assumes the
six configurations of B as plotted in Fig. 2,
where g is the gradient of B and j=5.
3. NUMERICAL METHOD FOR
SUBSIDIARY CONDITIONS

In a diagonal generator, the solution of Eq.
(3) is required to satisfy the two subsidiary
conditions (6) and (7). From Egs. (1) and (7),

we can derive the following equation:
wA —wC = 1/w,i=1,2,...,n (11)

where ¥/ and W are the values of ¥ on the

insulating wall surfaces A/ and Cy
respectively, and w is the duct width in the z
direction.

First, if the values of | and w are assumed

and ¥/ are given plausible values, the values
of ¥E are decided by Eq. (11). When Eq. (2)
is digitally solved with these values of ‘}’iA'

and ‘}’ic and the appropriately assumed values

of u, o and B, we can obtain the numerical
solution of W. By applying the solution to Eq.
(1) and the generalized Ohm's law, we can find
the values of E and E,. Further, by substituting
the values of E, and E, into the integral in Eq.
(6), we can decide the value of V;. Then the
value of V; obtained is not necessarily equal to

Zero.
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Let us consider the resistance between the h=02s=0.1w=0.1¢=0.06m
electrodes A; and C; T, =1800K,T,, =1600 K,p = 5atm
Ug=2000m/s,m=n=1/7,B,=40r5T
8=5¢, =0.3%

(14)
Rj = h/{(c),cw cos(n—6)},i=1,2,...n (12)

h h d the duct height, th
where h, ¢ and O are the duct height, the where ¢ is the seed fraction of C,, B, the

electrode width and the angle of inclination to L L .
magnetic induction in the central region of
the y axis of the lines joining the equipotential .
] generator duct, and & the collision loss factor.
electrodes, respectively, and we assume that an o .
o ) These conditions are assumed with respect to a
imaginary current defined by .
generator of the pilot plant [13]. The load

li=Vi/Ri =1, 2,....m (13) current | is assumed to flow equally into two
flows through the resistance R/. To make V; output electrodes E; and E; through a ballast
zero, it is needed to flow the inverse current —I; resistance Ry, defined by (see Fig. 1)

through R;. Then it is required to increase by —I;
g q y R, =—jEEzEds J(112)  (15)
1

the value of w(¥/;, —¥2"), which gives the

current running into the anode A,. 4.2. Calculation Results

In Figs. 3a~c, the current distributions are
plotted in the case of g=0, 6 and 10T/m,

Again beginning with the new modified

values of W', we must repeat the above
respectively, By=4T and I=70A, where the

mentioned calculation process. When V; . o
contour interval of current streamlines is 1/20

becomes adequately small after the many .
of the load current I. In the figures, (J)e=

repetitions of the above mentioned process, at 5
0.583A/cm?, (c)=1.84 mho/m, (B)=2.01 and

last we can obtain the satisfactory numerical

lution of ¥ Beit=2.48, where (J) is the average current
solution of \P.

density on the output electrodes, (c) and {f3) are

In connection, the other parts of numerical . .
the average electrical conductivity and Hall

calculation processes are explained in Ref.

parameter in the center of flow, respectively,
12].
[2] Berit 1S the critical Hall parameter [14].

4. NUMERICAL CALCULATION )
Figure 3(a) shows that the current

4.1. Numerical Conditions concentration at the edges of the output

Numerical analysis is carried out for the electrodes is very intensive when B does not
diagonal type MHD generator with the cesium attenuate. On the other hand, Figs. 3(b) and (c)
seeded helium in non-equilibrium ionization in indicate that the concentration weakens as the
which attenuation of B increases, since 3 becomes

small in the area suffering a spatial reduction of

B. Also it is seen that the current flowing into a
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diagonally connected electrode pair reduces
with increasing the gradient of the magnetic
induction in the entrance region of duct, for
instance, the currents of about 60, 25 and 15%
of I flow into C, when g=0, 6 and 10T/m,
respectively. Also the figures denote that the

eddy current is not induced when the output

Ry

Ey |_WW_| E; Ay Ay

electrodes are disposed in the region of the
attenuating magnetic induction [5], and that
arranging the output electrodes within the
attenuation region of B does not have a great
influence on the current distribution in the

central part of generator duct.

C C, Cs

Cs Ce C, Cs

(a) g=0, Bo=4

A

As

C, C, Cs Cy Cs Cs C, Cs
(b) g=6, Bo=4

A, Az

C, C, Cs Cy4 Cs Cs C, Cs
(c) g=10, Bo=4

Figure 3. Current distributions
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Figure 4. Variation of potential difference

for By=4

Next, Fig. 4 shows the variation of the
potential difference between the electrode pairs
A;-C1~Ag-Cs and the electrode E;. From the
figures it is seen that the relatively large
potential difference arises between the two
output electrodes E; and E, when B does not
attenuate, namely g=0. On the other hand, the
potential difference become smaller as ¢
becomes larger, it almost vanishes for g=6, and
the inverse difference appears for g>7. Also
Fig. 4 denotes that the potential differences in
the central part of generator duct are little
influenced by the decrease of the magnetic
induction.

Next, for estimation of the end effects of
the generator, the author evaluates the internal
resistance R; of the end regions and the grade
of the current concentration on the output

electrodes given by the relations

R; =(V,—V)/I (16)
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Figure 5. Influence of g on Ri/Rig, Re/Rpg and Jpea/{J)er

when Bg=4

where Vj and V are no-load and load potential
difference between the output electrode E; and
the n-th electrode, respectively, and Jpex is the
maximum current density on the output
electrodes. In this connection, Jpead/(J)e=1
means the state of no current concentration and
Jpearl(J)e>>1 does the intensive current

concentration at an electrode edge.

Now Fig. 5 shows the variations of Ri/Rj,
Ru/Roo and Jpea/(J)e BY 9, Where Rjp and Ry, are
Ri and R, for g=0, respectively. From the
figure, it is seen that R; decreases with g, for
instance the value of R; for g=6.0 becomes
about 80% of the one of Rip, and that Jpea/(J)el
decreases from g=0 to 8T/m, reaches the
minimum value 1.90 and increases again. This
fact shows that the current concentration at the
edges of the output electrodes is almost
diminished when g=8T/m.  Accordingly,
arranging the output electrodes in the

attenuation area of the magnetic flux density is
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useful to guard the output electrodes. Also Fig.
5 tells that Ry/Rpo decreases with g, becomes
almost zero for g=6.5 and then increases with

g. Therefore, it is shown that many output

Ay

electrodes will require large ballast resistors
when B does not attenuate or exceeds 8, but
they can be used without large ballast resistors

in the range of g=6~7T/m.

A Ay As Ag

Figure 6. Current distribution for g=6 and By=5

In Fig. 6, the current distribution is plotted
g=6T/m, Bg=5T 1=150A,
(Ne=1.25A/cm?, (c)=2.85mho/m, ($)=2.48 and

when and

Beri=1.90. The figure indicates that the streamer
is induced in the central part of generator,
while the current distribution becomes
successively uniform as B attenuates along the
generator duct and the current concentration is
almost swept away near the output electrodes.
Therefore it is seen that arranging the output
electrodes within the attenuating region of B is
effective for the case where the streamer is
generated in the central region of generator

duct, too.
5. CONCLUSIONS

The main conclusions derived from the
above described numerical calculation are as

follows:

1. A suitable distribution of the magnetic

flux density can make the current

distribution very uniform near the end
region of generator duct, both when the
streamer is not induced and when it is

induced in the central region.

2. Disposing the output electrodes within the
attenuation area of magnetic flux density
has little influence on the current

distribution in the central part of generator

duct.

3. When the output electrodes are disposed
in the region with a suitably reduced
magnetic flux density, the potential

difference and the ballast resistance

between two output electrodes become
very small. Accordingly it is thought that
many output electrodes can be used

without large ballast resistors.

4. The internal resistance in the end region
of the generator duct decreases as the

magnetic flux density attenuates.
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5. The current concentration at the edges of
output electrodes can be fairly eliminated

by attenuating magnetic flux density.

As mentioned above, it is made clear that

the output electrodes of the diagonal type non-

equilibrium plasma MHD generator should be
arranged in the region of the attenuating
magnetic flux density, since arranging them in
the region of the decreasing magnetic flux

density become useful for the improvement of

the electrical characteristics of the generator.

PHAN TICH ANH HUONG CUA SU SUY GIAM CAM UNG TU DPEN SU PHAN BO
DONG DPIEN TRONG MAY PHAT DPIEN TU THUY PONG LOAI FARADAY

Le Chi Kien
Ho Chi Minh City - University of Technical Education

TOM TAT: Bai bao nghién citu anh huong cia su suy giam ciia cam img tie dén sy phan bé
dong dién trong vang phia cudi ciia may phdt dién Tir thuy déng loai dién cuc chéo dung plasma khong
can bdang bang phan tich hai chiéu. Nhitg tinh todn sé d& diroc thuc hién cho truong hop khi 1am viéc
hé-li duoc cdy thém xé-zi. Két qua 1a mét sw suy giam phU hop ciia cam img tir ¢6 thé tao ra sw phdn bo
dong dién rdt dong nhat gan khu vuee cudi ciia ong dan mdy phat dién, va anh huéng nhé dén phén bo
dong dién ¢ khu vuc giita, va dién cuc ddu ra c6 thé duwge dung ma khong can dién tré cdn b&ng lon.
Dién tré ndi ciia ving cudi va sir tdp trung dong dién tai dién cuc dau ra cing gidm cUNng Vi s suy
giam cia mdt do tir thong. Theo nhw khdo sat duoc tir bai bao, rd rang la dién cuc dau ra cia may phat
dién Tir thuy dong loai dién cuc chéo dung plasma khdng can bang nén duoc sdp xép trong khu viec suy
gidm ciia cam 1img tir boi Vi Viéc sap xép ndy S tré nén hiru ich trong viéc cai thién nhitng thugc tinh

dién cua may phat.
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