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ABSTRACT

To theoretically  explain the experimentally
obtained performance characteristics of nonequilibrium
Faraday MHD  generator, the authors have newly
geveloped a quasi-two-dimensional  time-dependent
simulation code, in which not only the two-dimensional
distributions of the electrical quantities but also
the one-dimensional distributions of the gas dynamical
quantities are calculated simultaneously and the
interactions between electrical and gas dynamical
quantities are taken into account. No model of
jonization instabilities is used. The simulation
results are compared with the experimental results and
| jt is confirmed that the simulation code can predict
| the performance characteristics of the generator.
¥ Next, numerically obtained distributions of the elec-
‘trical and gas dynamical quantities in the generator
channel are described in detail. The comparison
betwveen numerical results and experiments shows that
the behavior of nonequilibrium Faraday MHD generator
can be well predicted when the time-dependent
quasi-two-dimensional interactions between electrical
and gas dynamical quantities are taken into account.

INTRODUCTICN

‘ Two-dimensional time-dependent simulations of the
electrical quantities in a nonequilibrium Faraday MHD
- generator channel have been performed by the authors
and many items about the discharge structure in the
_channel have been made clear!:2, The simulations.
hovever, could not fully explain the experimentally
obtained erformance characteristics of the
Benerator3® such as the values of each electrode
Current and total output pover, because the gas
dynamical quantities were assumed to be constant in
~Space and time and the interactions between the
?lectrical and gas dynamical quantities were not taken
Into account. The authors newly develop a quasi-two-
Imensional time-dependent simulation code for a
Tonequilibrium Faraday MHD generator channel, in which
"ot only the two-dimensional distributions of the
°¥eCtrical quantities but also the one-dimensional
Istributions of the gas dynamical quantities are
Calculated simultaneously and the interactions are
; akeﬂ_ into account, to theoretically explain the
- SXperimentally obtained performance characteristics.

In this paper, at first, the numerical procedures
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of the newly developed quasi-two-dimensional time-
dependent simulation code for a nonequilibrium Faraday
MHD generator are described.

To confirm that the simulation code can predict
the performance characteristics of the generator,
numerical calculations are performed for the same
conditions as used in the_ experiments performed by
Harada. Shioda, et al.®: (Tokyo Institute of
Technology}, where they used shock tube and Faraday

generator driven by cesium seeded helium plasma. The
numerical results are then compared with the
experimental results.

Mext, distributions of electrical and ga

dynamical quantities in the channel are described in
detail, whereas the experiments could not shov the
distributions because of the difficulty of their
measurement. It is intended to reveal the relationz
between the numerically obtained distributions and the
experimentally obtained performance characteristics.

BASIC EQUATIONS

Cesium seeded helium plasma is selected as the
working fluid of the MHD generator in this study. Both
gas dynamical and electrical properties of the plasma
are calculated simultaneously to make clear the
performance characteristics of the generator. The
basic equations should include the equations which can

determine both gas dynamical and electrical
quantities.

The governing equations of gas dynamical
quantities are given by the following conservation
equations7.

Mass conservation:
80 . y. = /
5t ° V-(pu) =0 {1
Momentum conservation:
D(EB-Z-I-H-V)u:-Vp-.— V.t + JxB @
Energy conservation:
2 4w w2y
p(at + u-VyYth + >
=%%+V-(-':-u—q)+J-E 3
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The governing equations of electrical quantities
are given by the following set<'© under the usual MHD
approximations, i.e., the low magnetic Reynolds
number, the charge neutrality, the single ionization
and the three body recombination of helium and cesium.
Generalized Chm's law:

. - Vp. )

I+ g(JxB) = o(E* + E%) ()
Maxwell 's equations:

v.-Jl=0 (T

VxE = 0 (8:
Continuity of ions:

-a'&;-' + Vgt = kmhey — Kenne i 9:
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-é_t— : CANUY = KfelNlelle — KreNe Tle 10

Charge neutrality:
Me = Nih + Nic (1,

Electron energy conservation:

LG+ ) + neGhTe + sio))

£ - U, + ew)

+ nic(gk’re + Eic)} W)

= J-E' - V- (pte) — &

3. - Vh Ve Vih Vie s )
- = (T, = —0 4 =€ 4 g e )
EOnem_MTe T)(mh e - mc) (12
where
g = e?n, g = eB
meVe Mele
E =E + uxB, J =en(u - u,) 118:
Pe = n.kT. , Ve = Vh + Ve + Vip Vi

QUASI-TWO-DIMENSICMAL TIME-DEPEMDENT SIMULATION
CODE FOR FARADAY GENERATOR

The schematic diagram of Faraday MHD generator
and the coordinate system used in the analysis are
shown in Fig. 1. In the code, not only the two-
dimensional distributions of the electrical quantities
in z-y planer but also the one-dimensional
distributions of the gas dynamical quantities along
r-direction are calculated and the interactions
between the electrical and gas dynamical quantities
are taken into account.

At first, the following assumptions are
introduced8.9,
(1) All quantities are constant in z-direction.
4 .
35 0 (14)

(2) The gas velocity has only the x-component and is
represented as the following form:
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Fig. 1 Schematic diagram of Faraday MHD generator,
u = (u;.0,0; {15

(3) The magnetic field is constant in time and ha
the form:

B = (0.0.B: {16
(47 The term Vp. cn, in Ohm's lavw is negligible.
(5) All terms including space derivatives in th

electron energy conservation equation are negligibl
compared to the term of Joule heating.

(6) The relaxaticon of electron temperature ‘i
instantaneous compared to the relaxation of electro
density.

The gas flow 1is assumed to consist of the cor
flow and the boundary layer. In the core flow. the ga
dynamical quantities {p, u. p. T. h} are assumed to b
constant in not only z-direction but also i
y-direction and vary only in r-direction.

9 .48 . 17

dy oz 0 (
Considering this assumption together with the above
assumptions (1)-(3). the governing equations- of gas

dynamical quantities (1)-{3: are transformed into th

folloving one-dimensional equations in the cor
flow:
ou . 8F _ . 18
Pt 5.~ C=0 (
<
p ny
U= m,] , F = me2/p = p
Es me{€s + pP)/p
my 0
C-= "'}"g—;\: mrz/p - |i.f}
TLmles + p)/p q
0 o
+ |: 7,B- :l ‘ L 19
J:E: + JyEy
m =pu , & =pth + w52 - p/p)
— 1 h‘l
= H;[) chly
—m———— 1 h'I
JEe + JyEy = Tfj; (J:E: + JyEDdy
i

J/

. . . o
The following MacCormack's predlctor—COrrect
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meLhOdll is adopted to solve Eq. (18).

Fi.i - FI
Vi= U - AR - O
(20)

Fi - Fi-
Ut s S+ 0 - AL - )
ere subscript i and superscript n designate the =z
oordinate point and time mark, respectively. Symbols
c! and Ci designate F and C when the various gas
d;namical quantities are given by Uj.

The gas dynamical quantities in - the boundary
ayer are estimated by using a constant boundary layer
thickness and the (1/n)-th power law, whereas those in
the core flow are calculated by Eq. (18).

Considering the assumptions {1)-(8} and
introducing the electrical potential ¢ defined as

L 92 T o1,

E. = 3z’ E, = e (21}

the eoverning equations of electrical quantities
(5)_(12) are transformed into the following two-
dimensional equations8:9.

- 9 __(E. - BE, - B. .
Je T+ & (E; - BE, ~ u;B:)}) (22
Jy = 1 f[ﬂ [BE, + (E, — uB:)) (23;

0 fy,—9— (-2% 4 p22 4 pup.y)

=0 (24>
dnip . Onin _ o+ N, 8p ap )
EX + Uy ERS = Niph + D(at +l&aI) (25)
anic Inie _ + . Ric,dp ap
3t T Wgp T e ¥ gyt wgp) (&)
Ne = Nih + Nic @n
2 2
———&?neJ’ I e T - D
x(.li,l + Ye L 2‘_"‘. N .2_‘5.)
Y e My Me
_ 2Ein M _ 2€ic f‘_ﬁ
(T‘+'—3k)ne (T’+——3L‘)ne
- @r=0 (283
vhere
fin = kppnemn — keane?nin (29}
Ric = kpelene = krene?nic (30)

In the code, Galerkin finite element method® with the
Tectangular bilinear element is used to calculate the
electrical potential ¢ with Eq. (24). On the charac-
teristic curves given by

cx

3 du _
dt"uxv dt"o (3‘)

- Egs, (25) and (26) result in the following forms.

dy _ - L Nndp
ar = Nk T (32
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dnge e clp o
df S Tue + >l (23
The ion densities n,, and n;. are calculated with
these equations. The electron temperature 7. 1is
calculated with Eq. {28, by Newton-Raphson method.

COMPARISCM WITH EXPERIMENTAL RESULTS

In this chapter, the calculation results obtained .
by the newly developed quasi-tvo-dimensional time-
dependent simulation code explained in the preceding
chapter are compared with the experimental results to
confirm that the code can predict the performance
characteristics of nonequilibrium Faraday MHD
generator. The results obtained by a series of
experiments performed by Harada, Shioda. et al.°
(Tokyo Institute of Technology) using shock tube and
Faraday generator driven by cesium seeded helium
plasma are selected as the experimental data to be
compared. The calculations are performed for the
region between the channel throat and the last
electrodes pair of the experimentally used generator
channel. The dimensions and the cross sectional view
of the calculated channel are shown in Table ! and
Fig. 2, respectively. Simulations are performed in 8

Table | Dimensions of calculated generator.

Channel length 41 cm
Channel height 7 em
Channel width 2 +0.1x cm
Nozzle length 6 cm
Electrode pitch lcm
Electrode width - 0.4 cm
Number of electrodes ’ 35

1.1 +x/6 T  (x < 6 cm)
21T (x 2 6 cm)

Magnetic flux density

" Throat
/ -
T I
z
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Fig. 2 Cross sectional viev of calculated generator.
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Table 2 Numerical conditions.

e SEAM'%28 (1990); Session: Génerators B”

Inlet stagnation

Inlet stagnation

Case No. temperature pressure Load resistance
1 1950 X 1.7 atm 59
2 1950 K 1.7 atm 79
3 1950 X 1.7 atm 10 @
4 1950 X 1.7 atm 15 Q
5 1950 X 1.7 atm 30 @
6 1950 X 1.7 atm 50 Q
7 2000 K 1.5 atm 7Q
8 2200 X 1.3 atm 7Q

(6"

Gas velocity u,.

Cas pressure p.

Fig. 3 Transient distributions of gas dynamical
quantities along x-direction.

cases of conditions shown in Table 2, all of which are
the same as used in the experiments. The seed fraction
is selected as ¢ = 8x<10™ in all cases. Since the
channel throat is selected as the inlet of the
calculated region, the inlet Mach number is fixed as

il Cage 2
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Fig. 4 Load current distributions obtained by
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( ) M=1. fn the calculations, steady state distributions

] of the gas dynamical quantities in the case of no
Case | sq0} Cose? magnetic flux density are used as initial conditions
of them. It is also assumed that there exist boundary
layers of 10 mm near the anode and cathode walls in
which the profiles of gas velocity and gas temperature
are given by the (1/7;-th power law.

300

¢ (V)

As examples of time-dependent distributions of
the quantities in the generator, Fig. 3 shows tbe
distributions of gas velocity u; and gas pressure p in
Case 3. This figure tells that the distributions
attain to the steady state by t = 300 ps. Considering
this result and the fact that the experimental data
are the time averaged values at the steady state, the
calculation is performed until t = 400 ps and the time
Case 3 Case & averaged values from t =300 pus to t = 400 ps are
so0 ¢ ey adopted as the calculated data to be compared with the
experimental data. The distributions of load current
of each electrodes pair, the potential distributions
at 20th electrodes pair and the total output powvers
obtained by both the calculations and the experiments
in the above 8 cases are shown in Figs. 4. 5 and
Table 3, respectively. Since the potential dis-
tributions in Case 7 and Case 8 are' not measured in
L L the experiments. no graphs are shown in the cases in

L - ST S S Fig. 5. These figures and table reveal that the
23 485 87 ¢ 12 3 45 87 numerically obtained results agree well with the
h tem) h tem) experimental results. showing that the newly developed
quasi-two-dimensional time-dependent simulation code
can predict the performance characteristics of linesar
generator.

«{00
10 0

¢ (V)
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Q
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Details of electrical -and @gas dynamical
quantities in nonequilibrium Faraday MHD generator
were not sufficiently made clear by the experiments

: L L because of the difficulty of their measurement. It is.
B T s 4 s 6 7 however, indispensable to grasp these distributions in
h tem) h tem} detail for further researches such as the design of
large scale generator channel. On the other hand. it
was made clear in the preceding chapter that the
calc¢ulation results of the performance characteristics
obtained by the newly developed quasi-two-dimensional
time-dependent simulation code agree well with the
experimental results. indicating that the code can
also simulate the distributions of the electrical and
gas dynamical quantities in the generator fairly well
. because the distributions determine the performance
Table 3 Total output powers obtained by characteristics. The distributions of electrical and
calculations and experiments. gas dynamical quantities in the generator obtained by

the calculations are thus described in this chapter
and it is also intended to reveal the relations

s Calculation el : Experiment

h = 0 ¢m : Anode h « 7 em ¢ Cathode

Fig. 5 Potential distributions obtained by
calculations and experiments.

Total output power between the numerically obtained distributions and the

Case No. experimentally obtained performance characteristics.

Calculation Experiment

Figures 6-8 show the distributions of current.
1 87.0 kW 89.4 kW electron temperature and electron density. respec-
tively, at the steady state (t = 400 us) in Case 1
2 94.6 kil . 92.0 kW (R =5Q), Case 3 (R, = 10 Q) , Case 4 (R, = 15 0} and
3 100.4 kW 106.8 kW Case 6 (R = 80 Q). Effects of load change can be also
: studied because all conditions except the load
4 93.5 kW 91.5 ki resistance are kept the same in these 4 cases.
5 66.1 kW 70.1 kW Figures 7 and 8 depict the distributions only in the
half region of the channel between the channel center
6 40.3 kW 44.4 W line and the anode wall to clearly . show  the
7 88.2 kW 91.8 kW distributions along the center line of the channel.
8 87.5 KW 72.7 kW These figures show that the current distribution in

the channel is inhomogeneous by the ionization
instability of the plasmalé 13 and there exist high

1X.6-5
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8 Electron density distributions
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ent density regions called streamer regions and
”rrcurrent density regions in the channel. The width
o¥ the streamers becomes narrow and their pitch
f omes wide as the load resistance becomes high. Both

electron temperature and the electron density are
?:h in the streamer regions. There exist layers of
%sh electron density near the electrode walls. These
" ers are formed because the current flowing into or
a¥€" ¢ the fixed electrodes heats the flowing plasma
“d the nonequilibrium ionization occurs there.- The
n n electron density indicates high conductivity in
Li poundary layer, leading to small electrode voltage
rop il nonequilibrium MHD generator as shown in
ig. B Since the voltage drop is usually much lar%er
" such ‘a small scale open cycle MHD generator 4,
pere exists an advantage in nonequilibrium  MHD
enerator compared to the open cycle MHD generator
pat higher performance characteristics can be
ptained from smaller scale generator channel.

Figure 9 shows the distributions of gas dynemical
gantities in the same 4 cases (R, = 5. 10, 15 and
50 () at ‘the steady state (t = 400 ps). It is mede
lear that the inhomozeneity of distributions of the
jectrical quantilies has effects upon the gas
gynamical quantities. resulting in the fluctuation in
the channel. The gas temperature distribution
significantly fluctuates. wvhereas the gas velocity
Jistribution is relatively smooth. This means that the
| energy interaction between the electrical and gas
_ dynamical quantities is much larger than the momentun

3 4000
L 20
[ 50 |
2l _ 1S 0
L]
~ 109
= r R E 20001
L 1on 3' L 5Q
5N B
° ] 1 L i I8 1 {1 1 ° 1, 1 I 1 1 [ 1 L
] 10 20 30 40 0 10 20 30 40
x (em) x (em]

(a) Mach number M. (b)

Gas velocity u,.

1.6 1500
- 1000
E -~ b
~ L
0o.5 - X
a - 1 50 2
500 +
> L
15 Q 50N -
0‘0 ] 1 L ] lA 13 o 1 1 1 L L L 1
0 10 20 30 40 [¢] 18 20 3o 40
x (ecm) x tem)

(c) Gas pressure p, (d) Gas temperature T,

Fig. 9 Distributions of gas dynamical quantities
in the generator.
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interaction. The interactions beccome high as the load
resistance becomes small. Shock wave., therefore.
occurs in the channel and the gas flov becomes

subsonic after the shock when RL = 5 Q. vwhereas the
gas velocity does not decrease even at the latter half
of the channel when RL = 50 Q. The occurrence of shock
vave is the reason the load current decreases at the
latter half of the channel in the case RL =5
(Case 1) as seen in Fig. 4. The outlet Mach number is
about | vhen R, = 10 Q. This is the reason the largest
output power is obtained in this case (Case 3) as seen
in Table 3, because the outlet Mach number of about 1
means that the interaction is the optimum and the most

effective generation 1is realized in the given
generator configuration.
CCMCLUSICNS
The numerical procedures of the quasi-two-
dimensional time-dependent simulation code for a

. nonequilibrium Faraday MHD generator are described at

first. The code is newly developed by the authors to
intend to theoretically explain the experimentally
obtained performance characteristics of the generdtor.

The numerical simulations are performed for the
same conditions as used in the experiments performed
by Harada, Shioda. et al. (Tokyo Institute of
Technology) using shock tube and Faraday generator
driven by cesium sezded helium plasma. The numerically
obtained distributions of load current of each
electrodes pair., potential distributions at 20Lh
electrodes pair and total output povwers are compared
with the experimental-results and it is confirmed that
the code can predict the performance characteristics
of the generator.

Numerically obtained distributions of current.
electron temperature. electron density and gas dynami-
cal quantities in the generator at the steady state
are described and the relations are also made clear
betwveen the numerically obtained distributions and ths
experimentally obtained performance characteristics.
which are required for further research.
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