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Abstract—The equations under the MHD approximation show that a non-uniform magnetic field induces

a pressure gradient and a current in a conducting liquid. The pressure difference and the change of

temperature created due to the collapse of an external magnetic field are assessed. Considerable values of

these effects lead to the conclusion that the effects in question can be of importance for future nuclear
fusion power plants, where a liquid metal is a possible coolant.

1. INTRODUCTION

As 1T 15 well known, no thermonuclear power plant
has yet been built. Some research work has been car-
ried out but the energy balances of systems in action
still remain negative.

Liquid metal is considered to be a possible coolant
in such a power plant because of its suitable thermo-
physical properties. Inasmuch as the hot plasma
has to be separated from material walls by means of
magnetic traps, the entire system is to be exposed to
the action of a strong magnetic field. Variations of
this field can result for instance from an accident. This
is why the effects of collapse of the external magnetic
field in the liquid metal have been considered worthy
of examination. Obviously, since the shape and the
parameters of the cooling system in the future
thermonuclear power plant are as yet unknown, this
examination deals with physical phenomena in-
volved rather than with their effects within a real
construction.

Under the conditions of interest to the present
analysis the MHD approximation is valid. The basic
equations for liquid metals under this approximation
are shown in Appendix A after ref. [1]. In Appendix
A the dimensionless quantities and the similarity num-
bers, applied to the presented analysis, are defined as
well.

The equation of motion, equation (A7), shows that
a non-uniform magnetic field induces a pressure gradi-
ent in the liquid metal. According to Maxwell’s equa-
tion (A2) a current is induced as well, which leads to
Joule’s heat generation and to an increase of the metal
temperature. The aim of this paper is to assess the
magnitude of these effects in the case of collapse of
the external magnetic field.

The following problem will be considered. A cir-
cular cross-sectional tube filled with liquid metal at
rest is surrounded by an ideal insulator, e.g. free space,

and finds itself in a magnetic field which, being initially
uniform and equal to B,, drops far from the tube
according to

t A T
BM-_-BoeXP(—t—); BM=CXP<—‘T—> (1)
0 0

where ¢, is the characteristic time of the electromagnet.
The tube is long and by virtue of this fact all the
variables of interest are independent of the z-coor-
dinate, i.e. they are constant along the tube axis. Such
a system seems to be a convenient choice in so far as
both an analytical solution can be found and the
results may be of use for the future applications.
Two limiting cases will be considered :

(a) the external magnetic field parallel to the tube
axis (Appendix B);

(b) the external magnetic field perpendicular to the
tube axis (Appendix C).

Any other case is completely specified by the two
limiting cases given above. The pressure variations,
the heat generation rate and the change of tem-
perature will be assessed on the grounds of these mag-
netic field distributions.

2. THE PRESSURE VARIATIONS

2.1. The magnetic field parallel to the tube axis

The problem is axisymmetrical and, according to
equation (B1), the Lorentz body force reduces to the
magnetic pressure gradient. Consequently, for liquid
at rest the equation of motion, equation (A7), reduces
to the magnetic Bernoulli equation

BZ
V(p+ 27()) =0. 1))

The magnetic field distribution is evaluated in Appen-
dix B. Integrating equation (2) yields
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NOMENCLATURE
A vector potential R resistance, cf. equation (C8)
A vector potential for A = 0 Re Reynolds number
a thermal diffusivity Re,, magnetic Reynolds number
B magnetic induction r,0,z  polar coordinates
B, initial magnetic induction ro tube radius
B, magnetic induction for A =0 S characteristic area, cf. equation (C9)
B, non-homogeneous part of magnetic T temperature
induction, cf. equation (B9) T, liquid temperature
By magnetic induction far from the tube Tuwax maximum temperature over the tube
b dimensionless parameter, cf. equation cross-section
(C13) Tw wall temperature
Cy, G, g, F, f auxiliary functions t time
Cp specific heat at constant pressure ty time constant, cf. equation (1)
D,, K,, P, coefficients of orthogonal t, time constant, cf. equation (C10)
expansions U characteristic velocity
E electric field u velocity
Fo Fourier number x,y Cartesian coordinates.
H inductance, cf. equation (C8)
h heat transfer coefficient Greek symbols
Ha Hartman number o, B,  roots of Bessel functions, cf. equations
I resultant current (B6) and (C14)
i current density g electromotive force
Jo,Ji  Bessel functions n magnetic diffusivity
k thermal conductivity y) auxiliary constant, cf. equation (C3)
L characteristic length o magnetic permeability of free space
Nu Nusselt number v kinematic viscosity
p pressure ) density
Ap pressure difference o conductivity
Apuax maximum of Ap for given 1, T dimensionless time
Pe Peclet number To,T;  dimensionless time constants
Pr Prandtl number corresponding to 7, and ¢,
Pr, magnetic Prandtl number respectively
Pr;, modified magnetic Prandtl number ¢ magnetic flux
Q heat generation per unit length @ auxiliary functions.
0 heat generation rate per unit length
q heat flux The same letter may denote a vector (bold) or
qg. heat generation rate per unit its modulus as a scalar (italic). Dimensionless
volume quantities are referred to with a *.

Ap(F,7) = p(F, 1) —p(F = 0,7)
=BG =0,0)—-BF1). (3)

The pressure distributions for various values of
are shown in Fig. 2 for 7, = 0.1. At every instant the
greatest Ap occurs at the wall. The pressure at the wall
reaches a maximum in a relatively short time and the
value of this maximum Apysx strongly depends on
79, which is shown in Fig. 3.

The dimensionless value Ag = 1.0 is equivalent to
3.98 x 10° BZ in ST units, which for B, = 5 T yields Ap
virtually equal to 10 MPa (cf. equation (A14)).

The pressure difference Apyax is relatively high for
small 7, only. It is equivalent to a short time z, as well
as to large values of conductivity or of the tube radius.

For liquid sodium for instance, taking r, = 0.1 m.
7= 1.0refersto ¢t ~0.1s [2].

2.2. The magnetic field perpendicular to the tube axis

Equation (2) is now not as rigorous as in the pre-
ceding case. Nevertheless, it can be applied, at least
for the approximate analysis. The brief discussion of
this problem is given at the end of Appendix C. In
Appendix C the suitable magnetic field is evaluated as
well.

This field, and consequently the pressure distri-
bution, depend not only on 1,, but on parameters 1,
and b as well. These parameters refer to the unknown
geometry of the cooling system, part of which is the
considered tube—cf. equations (C9)—(Cl11) and
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FiG. 1. The considered system.
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Fic. 2. The dimensionless pressure distribution for various
values of the dimensionless time 1 when 174 = 0.013 (parallel
external field).

(C13)—and their values can be estimated only by
intuition. The results presented in Figs. 4 and 5 were
obtained for b = 1.0, 1, = 0.01, 7, = 3.0.

The isobaric lines are shown in Fig. 4. The pressure
distribution for x = 0 is shown in Fig. 5 for various
values of 7. It can be seen that the order of magnitude
is the same as that for the parallel external field. This
remark holds in a wide range of values of t; and 4. A
remarkable effect is noted. At successive stages the
pressure becomes greater at the axis than at the wall.
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F1G. 3. The dimensionless maximum pressure at the wall

Abmax VS 1o (parallel external field). Ap = 1.0 is equivalent
toAp=10MPafor B, =5T.
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Fi1G. 4. The isobars Ap = const. for t = 0.02 (perpendicular
external field).

This ‘pinch’ due to resultant current flow is not of
great value but may be of significance, e.g. in a case
of boiling. The influence of the resultant current
increases when t, — 1,.

The case of an arbitrary orientated external mag-
netic field can be examined as the proper superposition
of the cases given above.

3. THE THERMAL EFFECTS

The current density can be evaluated from
Mazxwell’s equation (A2). The heat generation rate
per unit volume due to this current is described by
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F16. 5. The dimensionless pressure distribution along the

diameter perpendicular to the initial magnetic field for vari-

ous values of the dimensionless time 7 (perpendicular exter-
nal field).

52

gy = A(_); . (4)

Assuming thermophysical properties to be constant
and considering equations {A17) and (A18) one can
write the dimensionless heat conduction equation as
follows:

O _ 1K enfy 2, (5)

dt P
A certain interpretation of the coeflicient in equation
(5) may be proposed. Substituting the kinematic vis-
cosity v for the magnetic diffusivity = (u,6)~' in
Reynolds number Re = Ury/v one obtains the mag-
netic Reynolds number Re, = Uryu,0. The definition
of the modified magnetic Prandtl number Pr;, may be
introduced in the same way

Pr= v
a
s M GP
Pry, = 2= ok’ 6)
The heat conduction equation (5) is now
0T 1 apo o

One should note that there also exists a classical
definition of the magnetic Prandt! number Pr,
= v/n = Re,/Re (cf. ref. [1]). Each one seems to be
appropriate in different problems. The number Pr, is
unrelated to any heat transfer whereas the number
Pr. introduced above and the ordinary Pr are in a
sense symmetrical. They both refer to heat transfer.
Moreover, the following relation occurs:

Pe = Re Pr = Re,, Pri,.
Taking liquid sodium as an example one obtains at
T = 400°C, Pr,, = 2200 [2].
Equation (7) has been solved numerically in ref. [3].
The computer code COMES, by J. Banaszek, based
on the CVFE method has been applied (for details of
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F1G. 6. The dimensionless heat generation rate per [ m of
the tube tength Q vs the dimensionless time 7.

the method see ref. [4]). The initial temperature was
assumed to be constant

T(,0,1=0)=0.

The adiabatic wall was taken as the boundary
condition

— = 0. 8
{37 Fet ( }
There are no data, on the grounds of which a real
boundary condition referring to a thermonuclear
reactor and its cooling system can be submitted.
Assumption (8) results in the greatest possible excess
of temperature due to effects in question. The sym-
metry of the current density leads to the second
boundary condition

=0,

4
¥

V=0

T

The results presented below were obiained in the
case of an external magnetic field perpendicular to
the tube axis for b = 1.0, 7, = 0.01, 7, = 3.0 and Pr,
= 2200. The exemplifying dimensional values refer
to liquid sodium at T = 400°C and to r, = 10 cm.
The denominator in relation (A16) is then equal to
0.07. The total heat generation rate per metre of the
tube length O vs time is shown in Fig. 6 (cf. equation
{A19))

0= f g.dv. )

The maximum value of the heat generation rate per
unit volume is of the order of 10° Wm % for By = |
T. The maximum value of ¢ is equivalent to 3.76 MW
m~' for Bo=1T and to 94 MW m~' for B, =5
T. The heat rate of such a great value is generated,
however, for a relatively short period. Consequently
the total heat generation is of moderate value
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F1G. 7. The isotherms T = const. for T = 0.1.

Q= L Q) dr. (10)
For 7 = 0.02, i.e. for maximum Q, Q = 0.466. It is
equivalent to 3.72kJ m~ "' for B, =1 T and to 93 kJ
m~' for By=5T. For = = 1.0, 0 = 3.666, which is
tantamount to 29.2 and 730 kJ m ™!, respectively (cf.
equation (A20)).

A temperature distribution is shown in Fig. 7. At
every instant the highest temperature occurs at the
wall for x = 0. This maximum Ty .x vs time is shown
in Fig. 8. The highest value Tyax = 6.78 (for ©
approximately equal to 0.6) is equivalent to the
increase of temperature AT = 5 K for Bo=1 T and
AT=125K for B,=5T.

The excess of temperature of such a value, together
with the foregoing change of pressure, evidently can
modify the heat transfer conditions. Hence, the entire
analysis of heat transfer in a liquid metal in a strong
magnetic field has to include the effects in question.
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Fi1G. 8. The dimensionless maximum temperature Troax vs
the dimensionless time t.
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On the other hand any complete description of heat
transfer in a liquid metal coolant requires convection
being included. To solve the MHD flow together with
the heat transfer in the varying external magnetic field
is, however, no easy task and both numerical and
experimental modelling seem to be necessary. The
dimensional analysis can be useful as well.

The well-known relation, describing the con-
vectional heat flux density g, is of shape

q=hTuy—To).

The heat transfer coefficient 4 can be evaluated by
means of relations, mainly empirical, between proper
similarity numbers. The change of the heat flux due
to considered effects may possibly be included in the
same way. To this purpose the adequate set of simi-
larity numbers has to be formed first of all.
Inspection of the Appendices leads to the following
set of relevant quantities : initial magnetic induction
B,, magnetic diffusivity n = (uo)~', electrical con-
ductivity o, time constant #,, ¢, (or both of them
if necessary). Considering also the classical case of
convectional heat transfer one can assume

h=hk,ry, U, p, pv,c,,n, 15,0, Bg).

There are 11 dimensional quantities and 5 fun-
damental units (kg, m, s, K, A). Consequently, one
can form the set of six dimensionless numbers

GoriBi) )y
k T ugord’  k ’

Nu = Nu(ﬁ, _U_r_g’ ey _lo
k' n

Relation (11) can be expressed by means of the simi-

larity numbers as follows (cf. equations (A21)-

(A29)):

Nu = Nu(Re, Pr, Pr;,, Fo, Ha). (12)

The Fourier number Fo may refer both to the time
constant ¢, connected with the external magnetic field
and to t,, the time constant of the system taken as an
electrical circuit.

Equation (12) seems to be of use for any exper-
imental modelling of the effects in question.

4. CONCLUSIONS

Considering a liquid metal as a possible coolant in
a nuclear fusion power plant one should take into
account the analysed effects. The order of magnitude
of the heat generation and the pressure variations is
such that both the heat transfer can be influenced and
the considerable force interaction between the liquid
and the wall can occur. It depends first of all on the
initial magnetic field B, and on the time constants 7,
and 1,. The geometry of the system is of consequence
as well.

To obtain a complete description of the problem,
the flow of a liquid metal and the real geometry of a
cooling system have to be included, which requires
both numerical and experimental research.
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APPENDIX A. EQUATIONS UNDER THE MHD
APPROXIMATION AND DIMENSIONLESS
QUANTITIES

Al. The MHD approximation

The liquid metal flow which undergoes an interaction with
a magnetic field is of such a nature that it allows the so-called
MHD (MagnetoHydroDynamics) approximation [1]. The
following basic assumptions are made in addition to the non-
relativistic conditions.

(1) The induced magnetic field is much smaller than the
externally applied magnetic field. For liquid metal the mag-
netic permeability is usually assumed to be equal to that of
free space.

(2) Phenomena involving high frequency are not taken
into account so that the displacement current is neglected
compared to the conduction one.

In liquid conductors the space charge may be neglected.
The basic equations for the liquid metal under the MHD
approximation are as follows:

VxE = —ﬁ—B (A1)

ot
VxB = ui (A2)
Vei=0 (A3)
V-B=0 (Ad)
i=d(E+uxB) (AS)
Vou=0 (A6)

2

—g—'t' = %Vp F Wi %[v(%)- uiO(B-V)B]. (A7)

Equations (Al)-(A4) are Maxwell’s equations, (AS5) is
Ohm’s law, (A6) is the continuity equation for incom-
pressible fluid and (A7) is the equation of motion with the
Lorentz body force. D/D: denotes the substantial time
derivative.

Assuming both the magnetic permeability and the elec-
trical conductivity to be constant the following relation can
be derived from equations (A1), (A2), (A4) and (AS):

B ,
— = 4V°'B+V x (uxB)

Y (A8)

where 5 = (uo0) ' is called the magnetic diffusivity. This
relation, along with equation (A3), contains all the infor-
matjon about the magnetic field and, together with equations
(A6) and (A7), completely specifies the problem. The mag-
netic Reynolds number Re,, = ULu,0 is a measure of the

P. BADER

ratio of magnetic convection to magnetic diffusion [1]. In the
case of Re,, « 1 diffusion is the dominant means of transport
and the term V x (u x B), which represents in equation (A8)
a pure convection, is to be neglected. It leads to the magnetic
diffusion equation

B

A2. The dimensionless quantities
The dimensionless quantities, applied to the presented
analysis, are defined as follows:

i-t (Al10)
Byro

B =£; (A1D)

= z“;Z‘] (A12)

= n‘g’fs. (A13)

The definitions of S and L are given by equations (C9) and
(C11

. 2p0
p=rp (A14)
=l (A15)
ro
11
= (A16)
HoOry
7= 7H%P (A17)
By
2 2
s T _#o‘”'o
4. g (Al8)
: L uic
6-0%5 (A19)
A Ho
0=01% (A20)
1
Fo="0 (A21)
s
g
Ha = \/(——)Boro (A22)
pv
hrgo
Nu =220 (A23)
k
U
pe= " (A24)
a
Pr=_ (A25)
v
Pro=" (A26)
n
pr, =" (A27)
a
Re = %’B (A28)
U
Re, = 2 (A29)
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APPENDIX B. THE EXTERNAL MAGNETIC
FIELD PARALLEL TO THE TUBE AXIS

The problem is axisymmetrical (Fig. 1). The radial and
circumferential components of the magnetic induction vector
are equal to zero

B = 1,B(r, ). (B1)

Thus, for liquid being initially at rest, the magnetic transport
equation (A8) reduces to

9B _0’B 108
Fra A i T

Maxwell’s equations (A1) and (A2) together with Ohm’s
law (AS) give

(B2)

1é .. 6B

Pl = "%
0B .
A

From the relations given above it appears that the considered
magnetic field induces in the tube a current with the cir-
cumferential component only. The situation is therefore simi-
lar to that in an infinite solenoid. The magnetic field induced
by such an axisymmetrical current remains inside the tube
and does not disturb the external magnetic field. This leads
to the following boundary condition:

Bf=1,1)=8By= exp(— 1).
To
The second boundary condition resuits from the continuity
of the field B at the tube axis. The initial condition is
B, t=0)=1. (B4)

The solution of equation (B2) under the conditions given
above is to be found in the shape of a sum

B(#,1) = g(F, 1)+ 0, 1) (BS)

where the auxiliary functions g and ¢ fulfil equation (B2)
but with different initial and boundary conditions, namely

gFt=0=1, @F1=0)=

(B3)

gF=1,0=0, of=1,7)= exp(—%).
0

Considering that (cf. ref. {5})

® Jo(a,F) 1
a1 O 1 () T2
Jo@) =0 (B6)
one obtains
; Jo(a.7)
g(F, 1) = z 2T exp( a21). (B7)

The function ¢ can be found by means of Duhamel’s theorem
(see ref. [6]). Let f(7,7) fulfil equation (B2) under the fol-
lowing conditions :

fFt=0=0, fF=117=1

Then

(. = | exp( =)= fhe-r)ar

(pr,r—oep o) Fr—1)dr.
The function f is given by
f=1l—yg

and upon integrating one obtains

Jo(a,F)  a,T

)[ p(— %)—exp(—a.?r)]-

(B8)

=2 Z 71@,) @to—
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Relations (BS), (B7) and (B8) specify completely the mag-
netic field in question. Simple transformations give

B(t, ) = Bu()+B.(F, 1) (B9)

where By, is the homogeneous external field _described by
relation (1) while the non-homogeneous part B, is

B =2 i Jo(oc,,f)K,,l:exp (— g—)—exp (—a,ft):|
0

n=1

Kn = [%L(“n)(#% - l)]~ ! .

APPENDIX C. THE EXTERNAL MAGNETIC
FIELD PERPENDICULAR TO THE TUBE AXIS

The case is more complicated than that analysed in Appen-
dix B. The problem is two-dimensional and the Lorentz body
force has a non-potential part. Consequently, even for
liquid being initially at rest a velocity field can be induced.
From equations (A7) and (A8) it appears that in general the
velocity and the magnetic induction are not to be calculated
separately. One can apply, however, equation (A9) instead
of equation (A8) in the case Re,, « 1. As the induced velocity
is expected to be of moderate value, this restriction has been
assumed in the present analysis.

For liquid sodium as an instance, assuming a characteristic
velocity U of the order of a few centimetres per second and
a radius "020f the order of a few centimetres, one obtains
Re,, ~ 1072

In the two-dimensional problem the induced magnetic
field affects the external one. Both the tube and the sur-
roundings have to be considered simultaneously. This leads
to the following boundary condition at the tube wall:

B(F—1*,0,7) = BF—>1",0,7).

The initial condition and the other boundary conditions are
the same as in Appendix B.
The vector potential A may be introduced as follows (refs.

{L,7D:

VxA=8B
V:-A=0
A=14
B - 1 24
" F 00
. 94
B, = — FrE
For 7 < 1 the magnetlc diffusion equation (A9) yields
5; = VA, (&3]
From Maxwell’s equation (A2) there is for 7 2 1
VA =0. (C2)

The initial condition leads to
A(7,0,7 = 0) = Fsin.

Taking into account equation (1) and the essential continuity
of the fields in question at the wall, the set of boundary
conditions may be established as follows:

04

- ) .
- = Ffexp| — — Jcos@
Farco To,

a0

odl o (*\ane

5 | = exp . sin
AGF>1%,0,1) = AF-17,0,7)
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The continuity of the magnetic field at the tube axis is also
required. The separation of the variables in equation (Cl)
leads to

A = GOFFHY©)

~2G/ ~21 ! " " _ﬂ_ _ 2
P —f (EF+F)—¢—const.— AL (CYH

F

Cl. The case A # 0
Separating the variables in equation (C2) and applying
Duhamel’s theorem one obtains:

forF <1
- . T il Ji{o,#) T
4= {“’“’(‘ R)Z EACE (ex‘{' ro)
—exp(— a}t}}} sing  {C4)

D, =43 (o= D15

—exp{~ a,?r)]} sinf. (C5)

The above relations describe both the magnetic induction
field and the induced current. For 7 < | there is

VA= —i
. 24
HE e
ot
It is evident that the symmetries of vectors A and i are alike.
1t leads to the conclusion that the resultant current is equal
to zero for such a potential.

C2. The case A =0
Equation (C2) yields
Ay = = Co(r) Ini 4 Dy(x).

This axisymmetrical vector potential 4, fulfils the boundary
condition far from the tube and results in the magnetic field
having the circumferential component only

Gy

B =~

(C6)
Applying Stokes’ theorem and integrating over the circle for
# > 1 one obtains

2arB; = ual{z)

Ho

Co= 2rry

I(r). (C7)
Thus relation (C6) describes the axisymmetrical field B,
induced due to resultant current 7 flowing along the tube.
Such a current cannot flow in the infinitely long tube and is
not to be specified in terms of the plane problem. Considering
however the tube in question as an idealization of a part of
a cooling system one has to take into account the fact that
such a system—filled with conducting liquid—forms an elec-
trical circuit. The variation of the magnetic flux resulis in a
current flowing in the circuit.

Let a cooling system be an electrical circuit of inductance

P. BADER
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FiG. C1. The dimensionless resultant current 7 vs the dimen-

sionless time 7 for various values of r, when t, = 0.01./ = 1.0

is equivalent to the current of the order of 10° A for S/L of
the orderof I mwhen B, =1 T.

H and of resistance R. One should insist on the fact that the

determination of these parameters requires knowledge of the

geometry of the whole cooling system and therefore it can
be made only very roughly.

The resultant current is then described by

df d¢

E'—H'd; ] Rl, £ = —E

where ¢ stands for the electromotive force. The magnetic flux

¢ can be estimated as follows:

¢ = BySexp (—— l)
)

where § is a measure of an area surrounded by the circuit
and perpendicular to the magnetic field. Introducing the
circuit time constant

(C8)

()

H t
L=t = (C10)
R HoOFg
and transforming the resistance R as follows:
L
R=—- (Cil)
RF50

where L stands for a measure of the circuit length one obtains
under the initial condition /(r = 0) = 0 the following sol-
ution of equation (C8):

i) = %—{—%; [exp(— %) -»exp(— %):l (C12)

The values of S, L and 1, are unknown. According to
some remarks in ref. [7] the time constant 1, is expected to
be rather greater than 7.

The dimensionless current f vs time is shown in Fig. Cl
for various values of 7,. [ = 1 is equivalent to 2.5 x 10¢ A for
S/L =1 mand By = 1T (cf. equation (A13)).

The current evaluated above specifies the magnetic induc-
tion field for r > 1 according to equations (C6) and (C7).
The field in the liquid is to be calculated from magnetic
diffusion equation (A9). Relations (C6), (C7) and (C12)
result in the boundary condition at the tube wall:
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L b T T
=19 = o ( 3 )-on (=)
S
=30 (C13)

The initial condition is evident
B(f,t=0)=0.

Separating the variables and applying the proper orthogonal
expansions one obtains

so. b J(Fry ) T
B(ro = TI_IOI:J](TI_”Z AP _;

G

J1 (16 I,’Z) exXp <_ %>+"§] Pn‘ll (ﬁnf) exp (—ﬁfr):|

P — 28, ( To T )
" JoBI\I—1eB;  1-1,82
Ji(B,) = 0. (C14)

The magnetic induction field in liquid metal for the resultant
current /# 0 is given by the superposition of the cir-
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cumferential field By and of that resulting from equation
(C4).

To be precise one should note that certain terms in the
relations given above as well as in those evaluated in Appen-
dix B tend to infinity for the particular cases 708} = I,
7,82 =1, 1oa? = 1, or 1, = 1,. Such singularities are mean-
ingless physically. A proper solution can be found for each
case and no discontinuity occurs.

As it was mentioned, the Lorentz body force has the non-
potential part in the considered case. Taking it theoretically,
the complete equation of motion (A7) should be solved in
order to evaluate the pressure distribution. However, the aim
of this paper is to assess the pressure variations and to this
end the rigorous solution seems to be unnecessary. One
should point out the following.

(1) The liquid is initially at rest. The magnetic pressure is
balanced by the static one. The only motion is due to the
non-potential part of the Lorentz force.

(2) Only the potential part of Du/Dr can alter the static
pressure.

(3) The kinetic energy is small compared with the magnetic
pressure, at least as far as the restriction Re,, « | holds.
Taking this into account the pressure variations are to be
assessed from the magnetic Bernoulli equation (2).

EFFETS THERMIQUES ET DE PRESSION DANS UN METAL LIQUIDE DUS AU
COLLAPSUS D'UN CHAMP MAGNETIQUE EXTERNE

Résumé—Les équations de 'approximation MHD montrent qu'un champ magnétique non uniforme induit

un gradient de pression et un courant dans le liquide conducteur. La différence de pression et le changement

de température dus au callapsus d’un champ magnétique externe sont dégagés. Des valeurs élevées de ces

effets conduisent & conclure que les effets en question peuvent étre importants dans les futures centrales
nucléaires a fusion dans lesquelles le réfrigérant serait un métal liquide.

DRUCK- UND WARME-EFFEKTE IN FLUSSIGEM METALL INFOLGE DES
ZUSAMMENBRUCHS EINES EXTERNEN MAGNETISCHEN FELDES

Zusammenfassung—Die Niherungsgleichungen fiir MHD zeigen, daB ein ungleichméiBiges Magnetfeld

einen Druckgradienten und einen Strom in einer leitfahigen Fliissigkeit induziert. Die Druckdifferenz und

die Temperaturinderung infolge des Zusammenbruchs eines externen Magnetfeldes werden abgeschitzt.

Dabei ergeben sich beachtliche Werte, was zu der SchluBfolgerung fiihrt, daB die Effekte moglicher-

weise fiir zuklnftige Fusions-Kraftwerke wichtig werden kénnen, wo fliissiges Metall ein mogliches
Kiihlmittel ist.

BIMAHUE OTKJIIOUEHUSA BHEIIHETO MAFHUTHOI'O 110OJiA HA U3MEHEHHE
JAABJIEHUA U TEMIIEPATYPbI B )XKUJIKOM METAJIJIE

Annorauus— YpaprHenus B8 MI'/] npubiisokeHud nmoKa3piBaloOT, YTO HEOJHOPORXHOE MArHUTHOE MOJIE

CO31a€eT rpalieHT AABJIEHUA U TOK B JIEKTPONPOBOIHON KHAKOCTH. OLEHHBAETCA PA3HOCTD NaBJICHHIH U

HM3MEHEHHE TEMIEPATYPhI NPH OTKIHOYEHHH BHEIIHETO MArMTHOTO NOJA. 3HAYHTENIbHAS BEJHYMHA ITHUX

3pexTOB MO3BONSET 3AKIIOUHTD, YTO OHH MOTYT HMEThH CYUIECTBEHHOE 3HauYeHHe B GyNYyLIMX JHEPreTH-
YECKHMX TEPMOSIICPHBIX CTAHIMAX C XHAKOMETAJUIHYECKHM TCTIOHOCHTENIEM.



