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By using known relationships of t he energy balanc e f or elec -
trons and dependence of the conductivity of a turbulent pl asma 
on the Hall parameter, 1-we obtained u~eful r e lat i onshi ps whi ch 
permit evaluating the maximum parameters of a.n MHD uen r ator 
operating on a noneqtdlibrium plasma . It i s snown that with 
a r gon having an addit ion of ces i um vapor ~ at an l ectric load 
coeff'icient of o. 8 t he maximurri pres sure i n t he r eact or must 
not exceed 100 atmospher e abs olute , even at t he presently 
practica lly limitine; va l ues of reac tor outlet as temper ature 
approximately 2500 degr ees K, magnetic fi e l d induction approxi-
mately 10 T, and power of a given s ingl e MHD gener ator channel . 
I t i$ shown t hat wit h a reduction in M number f rom 2. ~ t o 0. 5 
t he maxi mum pe r mis i bl e pr essure in t he r eactor i s r educed f rom 
70 t o approximat e l y 20 atm aos . Wi th an increase in i nitial 
t emper a t ur e and th ot er parameters r em in ing cons tant, the 
maximum va lue of capac i ty of a s ingl 11 ' 11 i s r educ ed . The 
art i cle conta i ns f our i llustr a tions . 
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LIMIT CHARACTERISTICS OF AN MHD GENERATOR WITH 
A NONEQUILIBRIUM PLASMA 

A. V. Gubarev and V. A. Gurasl1vili 

(Moscow) 

By using known relationships of the energy 
balance for electrons and dependence of the 
conductivity of a turbulent plasma on the Hall 
parameter, we obtained useful relationships which 
permit evaluating the maximum parameters of an 
MHD generator operating on a nonequilibrium 
plasma. 

It is shown that with argon having an 
addition of cesium vapors at an electric load 
coefficient of 0.8 the maximum pressure in the 
reactor must not exceed 100 atmospheres absolute, 
even at tne presently practically limiting values 
of reactor outlet gas temperature -2500°K, 
magnetic field induction -10 T, and power of a 
single MHD generator channel of 3 • 10

6 lcW. It i s 
shown that with a re duction in M numbe r .from 2 . O 
to 0.5 the maximum permissible pressure in t he 
reactor is reduced from 70 to - 20 atm aos. Wi t h 
an increase in initial temperature and the othe r 
parameters remaini1g constant,the maximum value 
of capacity of a single unit is reduced. The 
article contains four illustrations and four 
references. 

For closed MHD cycles, where a nuclear reactor with a gas eo us heat 
exchanger is used as the source of the rmal energy, it is nec es s a ry t o 
utilize nonequilib rium ionization effects . Even rough eva l ua ~ions 
show that maintaining nonequilibrium conductivity in t ~e channe l of 
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MH D generator requires a higher flow speed and strong magnetic fields 
a t a low level of preszure in the channel. Effective heat removal in 
tne reactor, especially on fast neutrons, is possible only at adequately 
high pressures. This work is concerned with the question of 
compatibility of an MHD generator witn nonequilibrium conductivity and 
a nuclear reactor with a gaseous heat-exchange agent (argon). Unde~ 
s t ~ady-stat~ conditions the following equation of the energy balance 
i s valid [l]: 

(1) 

w11ere o1 is a coefficient ta¥.ing into account inelastic losses, Te is 
ectron temper~ture, and Ta is the temperature or the gas. In the 

re gion of practical interest the Saha equation for electron concentration· 
i s valid [2]: 

(2) 

whe re a• n /n is the degree or ionization of the admixture, n is e s s . 
admixture concentration, Is is the ionization potential or the admixtur.e, 

i s the Planck constant, and the conductivity of the plasma is defined 
by t he relationship [3] 

,,. ,,,,, 
a. = ).(, ,)-- ,, 

'"• 

where A(Te) is 1 coefficient on the order of unity. 

( 3} 

However, at sufficiently large values of Ot (in strong magnetic 
f ields) a diffe~ent type of instability is developed in a nonequilibrium 
p asma. The plas~a becomes turbulent and, as research has shown [4], 
saturation of the Hall field sets in: the ratio of the longitudinal 
field to t he transve~se <E ~l<E > - 2. Here it turns out that when X V 

1 > 2 it is possible to take in the first approximation the following 
r l ationship for conductivity: 

I+ 2{h 
n. _. , a,. -- - -· ·- ·· , (4) 

I ·I ff, •· 
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where o is the conductivity of the turbulent plasma and o i s t he 
t 

n conductivity of a laminar plasma, which is determined from (3). 

From the relationship k • E/uB, where E • uB - Erp'it is pos s i bl to obtain the following expression for Erp: 

E,, = (t - lt)/Jf\•111',M~ I (t + ('Y - 1} .II'/ 21. ( 5 ) 
Thus, when the gas temperature Ta, the concentration ns of easi ly ionized additive (cesium), and the gas conc~ntration na are known, it is possible to use (1-3) and (4a) to establish the dependence Erp• f(Te); at a given value of the load coefficient k, (5) can be used to obtain the relationship E • f(M). rp 

Considering that the total pressure on the input to the generator (the pressure in the reactor) is 

( 6) 
where R is the Boltzmann constant, and by using (1-4) it is pos s ible to construct the relationship pp• f(M) at a given value of the electric load coefficient k, gas stagnation temperature TP (temperature in the reactor), admixture concentration n

5
, electron temperature Te, and induction B. 

Fig~re 1 shows certain calculated relationships pp• f(M). I t also presents relationships for the case of total ionization of the admixture (a - 0.95), calcu1ated on the assumption that in this case laminar conductivity of the plasma is realized. The con centration of cesium admixture is ns • 10 14 cm- 3. Figure 2 shows the results of calculations for an admixture concentration ns • 1015 cm- 3. In both cases the load coefficient k equals O. 8. It was ass t:med t hat at th i value of load coefficient the effectiveness of energy conversion is acceptable. 

It can be seen that the maximum permissible pressure in t h reactor grows with an increase in magnetic field induction 9 and reactor temperature T. The pressure in the reactor also grows with an incre~s 
p 

in M. The relationship pp• f(M) has a minimum at M - 1 on ly in t he 
•j 
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Fil · 1 Fig. 2 

Fig. 1. Dependence of pressure in the reactor on M number in the 

MHD generator channel (TP • 1500°K, k • 0.8, n
8 

• 10 14 cm- 3): 

1 - B • 4 T, Te• 0.3 eV; 2 - B • 4 T, Te• 0.25 eV; 3 - B • 4 T, 

Te• 0.2 eV; 4 - B • 10 T, Te• 0.3 eV; 5 - B • 10 T, Te• 0.25 eV; 

6 - B • 10 T, T • 0.2 eV; 7 - B • 4 T, a• 0.95, laminar 
e 

conductivity; 8 - B • 10 T, a• 0.95, laminar conductivity; 9 -

B • 10 T, T • 0.2 eV, T • 2000°K; 10 - B • 10 T, T • 0.2 eV, 
e p e 

Tp-= 2500 °K. 

Fi g. 2. Dependence of pressure in the reactor on M number in the 

MHD generator channel (T • 1500°K, k • o.8, n • 10 15 cm- 3): 
p s 

1 - B • 4 T, T • 0.3 eV; 2 - B • 4 T, T • 0.25 eV; 3 - B • 4 T, 
e e 

T = 0. 2 eV; 4 - B • 10 T, T • 0.3 eV; 5 - B • 10 T, T • 0.25 eV; 
e e e 

6 B = 10 T, T • 0.2 ~v; 7 - B • 10 T, T • 0.2 eV; T • 2000°K; 
e e p 

8 B • 10 T, T • 0 .2 eV. T • 2500°K. 
e p 

weak nonequilibrium region (T • 2500°K and T • 0.2 eV). An increase 
P e 

in e lect ron t emperature T 
e leads to an essential reduction in the 

ma xi mum le ve l of pressure. An increase in admixture concentration 

cads t o a ce rtain reduction of pressure in the reactor. In the area 

f practical interes t t he relationship p • f(M) as calculated from 
p 

condi tion of t otal admixture ionization (laminar conductivity) lies 

wer than t he ca l cul ated curve in i::he case of turbulent conductivity. 
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It is not difficult to obtair. the following expres s ior f or 
generator l engt h L : 

i{ 

,'J t t ·I (\' - t) .ttz/2 /,c ·· • --· - ••·- · •· rh ·- ---··-, 
k(t ·- k) \' - - I .411 

where Sis stagnation length, 

( 7 ) 

( 8 ) 

where En• 6T0/T0 is therelative usaole heat drop. Then, wit h gi ven 
values of M, TP, k, and pp the r:ow G through the generator is writt en 
as follows: 

--""----"(yMi/Jtr.,, 
(I+(\' ·- t lJfl /:.!P• 11/ ZC, · • II 

( ) 

where X is the relative length of the generator. In the final 
calculation it is possible to evaluate the total electrical capac ity 
of the generator as 

(1 0 ) 

Restricting the maximum values of the capacity of a single 
generator (for nigh energy it is possible to assume 105 < N < 3•10 6 kW), - r -at a given E and T we will find the range of change in G, and we . n p 
shall determine tne relationship pp• f(M) at given l~/X, Tp' ~e' J' 
and k. 

Figures 3 and 4 show the dependence of pressure in t he reactor on 
TP at a given value k • 0.8, B, M, and X. Te is a parameter. The 
shaded regions correspond to 105 < N < 3°106 kW. One can see that r -under subsonic conditions (M • 0.5) the maximum pressure in the reactor 
does not exceed 20 atm abs at Tp • 2500°K and B • 10 T; with s upe rs oni c 
flows (M ~ 2) the pressure can comprise 70 atm abs. It is a 
characteristic fact that at a given pressure pp in the reactor and 
with X • const tne maximum capacity of. a single generator i s reduced wi t h 
an increase in Tp. 
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Fig. 3 Fig. 4 

Fig. 3. 
(k • 0.8, 

.225; 3 
M :a 2 . 0 ; 

Dependence of pressure in the reactor on temperature 
X • 15, B • 4 T, ns • 1015 cm- 3): l - T • 0.2; 2 -
0.25; 4 - 0.3 eV; A - region 105 < N < ;.106 kW at 

a - region 105 < N < 3•106 kW at M • 0.5. 

Fig. 4. Dependence of pressure in the reactor on temperature 
(k • o.8, X • 15, a • 10 T1 ns • 1015 cm- 3): l - T • 0.2; 2 
0 .2 25; 3 0.25; 4 - 0.3 eV; A - region 105 < N < 3:106 kW at 
M = 2.0, 8 region 105 < N < 3•106 kW at M • 0.5. 

Conclusions 

1 . 1he obtained relationships make it possible to find the maximum 
pressure in tne reactor when the plasma parameters are known and the 
geometric relationships of the MHD generator channel are rationally 
se lec t ed. At an electrical load coefficient of 0.8 the maximum 
pres ure i n the reactor for a laminar plasma is significantly lower 
t han that for a turbulent plasma. 

2 . The concentration of cesium vapors in the argon has a weak 
i nfluence on the magnitude of maximum pressure in the reactor. The 
ma ximum press ure i s reduced with an increase in concentration. 

Witn a gi ven value of the electrical energy load coefficient 
• n of generat or capacity t he maximum pressure strongly depends on the 
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mag~etic fie l d (proportional to ~B ) and on the M numb er (wit h n cnan _ 

in M from 0.5 to 2.0 tne maximum pressur e grows by -4 ti~es) . 

4. The maximum pressure in tne reactor grows with an i n~rease i n 
temperature. At a given pressure in the reactor and with t he ot ner 

characteristic parameters held constant, an increase i n t empe r at ure 
leads to a reduction in the maximum permissible capacity of a : in le 
unit. 
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