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ABSTRACT, 

To theoreticz,J.ly explain the experimentally 
obtained performance characteristics of nonequilibrium 
Faraday MHD generator, the authors have newly 
developed a q~asi--~wo-dimensional time-:-depe~de:nt. 
simulation code, lll 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 bet11een electrical and gas dynamical 
quantities are taken into account. No model of 
ionization instabilities is used. The simulation 
results are compared 11ith the experimental results and 
it 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 
between 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. 

INTRODUCTION 

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 clearl,2. The simulations. 
however, could not fully explain the experimentally 
obtained ~erformance characteristics of the 
generator3-6 such as the values of each electrode 
current and total output po11er, because the gas 
dynamical quantities were assumed to be constant in 
space and time and the interactions between the 
~lectrical and gas dynamical quantities 11ere not taken 
l~to account. The authors newly develop a quasi-t110-
d1mensional time-dependent simulation code for a 
nonequilibrium Faraday MHD generator channel, in which 
not only the t110-dimensional distributions of the 
:~ectrical quantities but also the one-dimensional 
lstributions of the gas dynamical quantities are 

cat lculated simultaneously and the interactions are 
aken into account., to theoretically explain the 

experimentally obtained performance characteristics. 

In this paper, at first, the numerical procedures 

JX.6-1 

of the newly developed quasi-t110-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 srune 
conditions as used in the experiments performed by 
Harada. Shioda, et a1.5,6 (Tokyo Institute of 
Technology), where they used shock tube and Faraday 
generator driven by cesium seeded helium plasma. Th~ 
numerical results are then compared with th,:, 
experimental result&. 

Next, distributions of electrical and gas 
dynamical quantities in the channel are described in 
detail, 11hereas the experiments could not show the:
distributions because of the difficulty of their 
measurement. It is intended to reveal the relations 
between the numerically obtained distributions and the 
experimentally obtained performance characteristics. 

BASIC EQUATICNS 

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 11hich can 
determine both gas dynamical and electricai 
quantities. 

The governing equations of gas dynamicai 
quantities are given by the fol1011ing conservation 
equations 7. · 
Mass conservation: 

i ~ + 'v · (pu) = 0 

Momentum conservation: 

P<ft + u·v)u = -vp + v·, + J:<B 

Energy conservation: 
? 

p(jt + U•'il)(h + ~) 

- 2-B + 'ii·(,· u - q) + J ·E - at 

(I) 

(2) 

(3) 
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[ .. 

where 
p = p[{f 

h = CpT 

( .d. \ 
' . / 

The governing equations of electrical quantities 
are given by the following set2,8 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 Ohm· s law: 

J + JJ.B(Jx.B) = u(E' + vp.) 
enc 

Maxwell"s equations: 
v · J = 0 
vxE = o 

Continuity of ions: 

ani/, 
aT 

Charge neutrality: 

~ = nih + nic 

Electron energy consarvation: 

where 

%t ( nih(~kTe + Cih) + nic(~kTe + Cic)} 

E"' = E + u:,: B , 

Pe = n.,kT. , 

eB 
{3 = m.10 ...... ~. 
J=e~(u-u,,) 

QUASI-TWO-DIMENSIONAL TIME-DEPENDENf SIMULATICN 
CODE FOR FAR/illAY GENERATOR 

(6) 

(7:, 
(ff.: 

/9: 

( 10. 

( 11, 

(12) 

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 x-y plane· but also the one-dimensional 
distributions of the gas dynamical quantities along 
I-direction are calculated and the interactions 
between the electrical and gas dynamical quantities 
are taken into account. 

At first, 
introducect8,9. 

the following assumptions 

(!) All quantities are constant in z-direction . 

.iL = 0 az 

are 

(14) 

(2) The gas velocity has only the x-component and is 
r~presented as the following form: 

IX.6-2 

Anodes 

Z I 

Cathodes 

Fig. I Schematic diagrnm of Faraday MHD generator. 

u = (u,.o.o.:, 
(3) The magnetic field is constant in time and 

the form: 

B = (0.0.B::, 

(4) The term vp,,;cn,. in Ohm"s law is negligible. 
(5) All terms including space derivatives in the 

electron energy con.5ervation equation are negligible 
compared to the term of Joule heating. 

(6) The relaxation of electron temperature is 
instantaneous compared to the relaxation of electron 
density. 

The gas flow is assumed to consist of the core 
flow and the boundary layer. In the core flow. the gas 
dynamical quantitie$ (p, u. p. T. h) are assumed to be 
constant in not only z-direction bu~ also i.n 
y-direction and vary only in x-direction. 

.iL=.iL=o ay az 
Considering this assumption together with the above 
assumptions (1)-(3::. the governing equations· of gas 
dynamical quantities (1)-(3) are transformed into the 
following one-dimensional equationslO in the core 
flow: 

The 

u = 
[ 

m, J F = m//p .,.. p 

m, (Cs + p)/p 
[~] . 

Cs 

[ 
m, J _la...\ nt Zip 

A ax . '' 
m,tcs + p)/p 

C = -[ iJ 
+ [ I:~: J 

J,E, + JyEy 

m, = pu, , Cs = p(h + u//2 - p/p) 

following 

= h11h' (J,E, + JyEy)cly 
l/ <) 
· . rector MacCormack's pred1ctor-cor 
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thodll is adopted to solve Eq. (18). 
111e. 

U'/' 1 = ~ { if. + lft - flt cF7 ~fi-l - CD} 

here subscript i and superscript n designate the x 
voordinate point and time mark, respectively. Symbols 
ci and C: designate F and C 11hen the various gas 
~ynamical quantities are given by If; . 

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

Considering t.he assumptions ( I )-(6) arid 
introducing the electrical potential 'IJ defined as 

a--,, 
E, = - a.r ' Ey = -~ (21; 

the governing equations 
(6)-(12) are transformed 
dimensional equations8.9. 

of electrical quantities 
into the follo11ing t110-

11here 

J, = 
1 

: {3~ (E, - (3(£9 - u,B:) I 

J .. = --0
- .• ( /3£, + (E .. - u,B:) I , I + 13" , 

a I a ( 2...f .,_, ,1aa[!)y + n 8 , l a.t Wz 1 + 132 - a.t ,.., ,..,u, ::) 

.J.. j}_ { l" ___g____ (- n2.!P. a~ . a y •: I + (3~ /J a I - a !J - u,B:) } 

= 0 

+ J} 
- &11r.., er. - r) a 

(T + 2£ih) nih 
• 3k n,, (T 2£ ic ) Tl.ic' 

.+ 3k n,, 

(22) 

(23;: 

(24) 

(25) 

(26) 

(Zi) 

(28) 

(2:9) 

(30) 

In the code, Galerkin finite element methods 11ith the 
rectangular bilinear element is used to calculate the 
electrical potential~ 11ith Eq. (24). On the charac
teristic curves given by 

clt c/11 = 0 (31) dt = u, dt 
Eqs. (25) and (26) result in the following forms. 

dllih • 
+ nih clo (32) cit= nih p- cit 

IX.6-3 

c/llic = + ~'.E.s!J2 cit n,c pell 

The ion densities n,i. and nic are calculated 11ith 
these equations. The electron temperature T. is 
calculated 11ith Eq. :'281 by Ne11ton-Raphson method. 

CCMPARISCN WITH E<PERIMENfAL RESULTS 

In this chapter, the calculation results obtained . 
by the ne11ly developed quasi-t110-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 nonequ~librium Faraday MHD 
generator. The results obtained by a series of 
experiments performed by Harada, Shioda. et a1.5,6 
(Tokyo Institute of Technology) using shock tube and 
Faraday generator driven by cesium seeded helium 
plasma are selected as the experimental data to b~ 
compared. The calculations are performed for the 
region bet11een the channel throat and the last 
electrodes pair of the experimentally used generator 
channel. The dimensions and the cross sectional vie•.
of the calculated channel are sho11n in Table I and 
Fig. 2. respectively. Simulations are performed in 8 

Table I Dimensions of calculated generator. 

Channel length 41 cm 

Channel height 7 cm 

Channel width 2 + O. lx cm 

Nozzle length 6 cm 

Electrode pitch 1 cm 

Electrode width 0.4 cm 

Number of electrodes 35 

Magnetic flux density 1.1 + x/6 T (x < 6 cm) 

2.1 T (x ;:; 6 cm) 

Throat 

I 

x-z plane 

Anodes 
aaaoaaaoaoaaaaaaaaaaaaaaaaaaaaaaaaa 

uuuuuuuuauuauuuuuuuuuuuuuuouuuouauu 
Cathodes 

x-y plane 

Fig. 2 Cross sectional vi.ev of calculated generator. 
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Table 2 Numerical conditions. 

Case No. Inlet stagnation 
temperature 

l 1950 K 

2 1950 K 

3 1950 K 

4 1950 K 

5 1950 K 

6 1950 K 

7 2000 K 

8 2200 K 

Gas velocity U: • 

I ·O 

" O,s ~ 

" ~ .... 
<:, 

Gas pressure p. 

Fig. 3 Transient distributions of gas dynamical 
quantities along X7direction. 

cases of conditions 
the same as used in 
is selected as £ 
channel throat is 
calculated region, 

shown in Table 2, all of which are 
the experiments. The seed fraction 
= 8:< 10-5 in all cases. Since the 
selected as the inlet of the 
the inlet Mach number is fixed as 

Inlet stagnation 
pressure Load resistance 

1. 7 atm 5 11 

1. 7 atm 7 11 

1. 7 atm 10 11 

1. 7 atm 15 11 

1. 7 atm 30 11 

1. 7 atm so 11 

1.5 atm 7 11 

1.3 atm 7 11 

so Ctt~e I 50 r .. un 2 

:; zo --·-- - 20 < 

..::' ..: 
10 10 

l 10 15 zo Zl 50 ll , 1 o Is zo ll 50 55 

50 

:; 20 

..::' 
10 

o 

30 

:; zo 

-= 10 

o 

lO 
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Eloctrodo Numbor 

Cast! 3 

,·--·--
I .......... _____ 

I 
I 

I 

I 
I 

I 
I 

a l 10 1 l 20 ZS lO 55 

Eloctrodo Numbor 

Case 5 

.~ ~r / 
,....,-

o l 10 15 20 25 50 l5 

Eloctrodo Numbor 

Case 7 

'•-- --

IO 15 20 Zl 50 35 

Eloctrodo Number 

-- : Calculation 

Eloctrodo Numbor 

lO C.,se t. 

- 20 < 

-= 10 

5 10 15 20 2S lO 

EI octrodo Numbor 

50 Case 6 

; 20 

-= 10 

.. --........ --
o 
o 5 

50 

; 20 

/ 
-= / 

10 l 

10 15 

Eloctrodo 

,,.., 
I ' 

20 Zl lO 

Numbor 

Case 8 

I 
'• ........ ,,,_ _ _...._ 

0 
o 5 10 15 zo zs 50 

Eloctrodo Numbor 

: Experiment 

Fig. 4 Load current dislributions obtained by 
calculations and experiments. 

ll 
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Fig. 5 Potential distributions obtained by 
calculations and experiments. 

Table 3 Total output powers obtained by 
calculations and experiments. 

Total output power 
Case No. 

Calculation Experiment 

1 87.0 kW 89.4 kW 
2 94.6 kW 92.0 kW 

3 100.4 kW 106.8 kW 
4 93.5 kW 91.5 kW 

5 66.1 kW 70.1 kW 
6 40.3 kW 44.4 kW 
7 88.2 kW 91.8 kW 
8 87.5 kW 72.7 kW 

T 

7 

IX.6-5 

M =I. In the calculations, steady state distributions 
of the gas dynamical quantities in the case of no 
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. 

As examples of time-dependent distributions of 
the quantities in the generator, Fig. 3 shows the 
distributions of gas velocity u, and gas pressure pin 
Case 3. This figure tells that the distributions 
attain to the steady state by t = 300 µs. 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 µsand the time 
averaged values from t = 300 µs to t = 400 µs are 
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 powers 
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· 
the experiments. no graphs are shown in the cases in 
Fig. 5. These figures and table reveal that the 
numerically obtained results agree well with tbe 
experimental results. showing that the newly developed 
quasi-two-dimensional time-dependent simulation code 
can predict the performance characteristics of linear 
generator. 

DISTRIBITTICNS OF 
E1.£CTRICAL Ai':D GAS DYNAI·IICAL QUAfITITif.S 

Details of electrical ·and gas dynamical 
quantities in nonequilibrium Faraday MfID generator 
~ere not sufficiently made clear by the experiments 
because of the difficulty of their measurement. It is. 
however, indispensable to grasp these distributions in 
detail for further r-esearches such as the design of 
large scale generator channel. On the other hand. it 
was made· clear in the preceding chapter that the 
calculation 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 
characteristics. The distr_ibutions of electrical and 
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 
between the numerically obtained distributions and the 
experimentally obtained performance characteristics. 

Figures 6-8 show the distributions of current. 
electron temperature and electron density. respec
tively, at the steady state (t = 400 µs) in Case 1 
(RL = 5 ii) , Case 3 (RL = IO n) , Case 4 (RL = 15 Q) and 
Case 6 (RL = 50 Q). Effects of load change can be also 
studied because all conditions except the load 
resistance are kept the same in these 4 cases. 
Figures 7 and 8 depict the distributions only in the 
half region of the channel between the channel center 
line and the anode wall to clearly show the 
distributions along the center line of the channel. 
These figures show that the current distribution in 
the channel is inhomogeneous by the ionization 
instability of the plasma12.13 and there exist high 
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RL = 15 0 

RL = 10 0 
(fll{i = 3 A) 

Fig. 6 Current distributions in the generator. 
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Fig. 7 Electron temperature distributions 
in the generator. 
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Fig. 8 Electron density distributions 
in the generator. 
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nt density regions called streamer regions and 
urreurrent density regions in the shannel. The vidth 
oV ~he streamers becomes narro11 and their pitch 

of ornes 11ide as the load resistance becomes high. Both 
i,ec electron temperature and the electron density are 
t~e in the streamer regions. There exist layers of 
h~~ electron density near the electrode 11alls. These 
hl rs are formed because the current f1011ing into or 
1aYe of the fixed electrodes heats the flowing plasma 
ou~ the nonequilibrium ionization occurs there.· The 
a~ 11 electron density indicates high conductivity in 
htg t,oundary layer, leading to small electrode voltage· 
t,,e in nonequilibrium MHD generator as shown in 
df:~p 5. Since the voltage drop is usually much larger 
.1 'such ·a small scale open cycle MHD generator14, 
l~ere exists an advantage in nonequilibrium MHD 
t nerator compared to the open cycle MHD generator t~at higher performance characteristics can be 
obtained from smaller scale generator channel. 

figure 9 shows t~e distributions of gas dynamical 
uantities in the same 4 cases (Rt = 5. 10, 15 and 
~ m at ·the steady state (t = 400 µs). It is made 
clear that the inhomogeneity of distributions of th1:: 
electrical quantiLies has effects upon the gas 
dynamical quantitie~. resulting in the fluctuation in 
the channel. The gas temperature distribution 
significantly fluctuates. vhereas the gas velocity 
distribution is relatively smooth. This means that th~ 
energy interaction bet11een the electrical and gas 
dynamical quantities is much larger than the momentum 

0 ,__i__i__i__i__i__'---'L...-lJ 

0 10 20 30 

x (cm) 

(a) Mach number N. 

1,0 -------~ 

e .... 
C 0.5 

Q. 

50 0 0,0....__.__..__..__..__..__.._...,~ 
0 1 o 20 30 ~O 

x I cm l 

(c} Cas pressure p, 

., 
...... 

50 0 

_: 2000 . 
:::, 

:s:: 

I-

0 ..__..__..__..__.._.__.._...._. 
0 10 20 30 

x ( cm l 

(b) Cas veloci Ly u, . 

1000 

500 

0 .__.,__.,__.,__.__..__,__...__.. 

0 10 20 JO ~o 
x ( cm l 

(d) Cas lemperalure T. 

Fig. 9 Distributions of gas dynamical quantities 
in the generator. 
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interaction. The interactions become high as the lood 
resistance becomes small. Shock ·11ave. therefore 
occurs in the channel and the gas flow becomes 
subsonic after the shock 11hen Rt = 5 n. 11hereas the 
gas velocity does not decrease even at the latter half 
of the channel 11hen Rt= 50 n. The occurrence of shock 
11ave is the reason the load current decreases at the 
latter half of the channel in the case Rt = 5 \l 
(Case 1) as seen in fig. 4. The outlet Mach number is 
about 1 11hen Rt = 10 11. This is the reason the largest. 
output po11er is obtained in this case (Case 3) as seen 
in Table 3, because the outlet Mach number of about I 
means that the interaction is the optimum and the most 
effective generation is realized in the given 
generator configuration. 

C:CNCLUSICNS 

The numerical procedures of the quasi-t110-
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 generator. 

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 seeded helium plasma. The numerically 
obtained distributions of load current of each 
electrodes pair. potential distributions at 20Lh 
electrodes pair and total output powers are compared 
11ith the experimental·results and it is confirmed that 
the code can predict the performance characteristic3 
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 
bet11een the numerically obtained distributions and the 
experimentally obtained performance characteristics. 
11hich are required for further research. 
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