The Shape of a Liquid Metal Jet under a
Non-uniform Magnetic Field*
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The shape of a horizontal slender jet of a liquid metal issuing from non-contacting
circular nozzles under a non-unifortn magnetic field is discussed. Our primary interests
are to determine the shape of the free surface of the jet under such a field, and to
demonstrate the possibility of the magnetic shape control of liquid metal jets. The
basic equations of MHD flows are simplified by neglecting the terms concerning the
viscosity, and solutions of the approximate analysis are presented. Parameters on
which the magnetic shaping of jets are dependent are made clear. A jet with a circular
initial shape forms a thin sheet, but maintains the same cross-sectional area. The
shapes obtained by the approximate analysis are shown to be in good agreement with
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those of the experimental results using mercury.
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1. Introduction

Much interest has arisen over the phenomena of
liquid metal flow with a free surface under a magnetic
field, in relation to the development and the design of
atomic and metallurgical plants such as in the blanket
cooling system of fusion power reactors, liquid metal
MHD power systems, electromagnetic stirring
devices, levitation melting devices, and others. In
recent years, studies on the application of a levitation
technique by using alternating magnetic fields for
controlling the shape of liquid metal without contact
have been actively conducted. For example, interest-
ing results were given from the theoretical study of
Shercliff” and the experimental investigations of
Etay-Garnier® and Garnier®.

In present metallurgical processes, contact
between the molten metal and the walls is unavoid-
able, and the chemical and physical properties of the
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products are degenerated by contamination arising
from the walls. In present continuous casting plants,
castings are limited in size due to the danger that the
metal might solidify in the nozzle. Subsequent proces-
ses, such as rolling and forging, could perhaps be
reduced and the quality of the solidified ingots or slabs
be improved if a non-contacting shape control method
were developed. Because the magnetic shape control
method using alternating magnetic fields is based upon
the skin effect, which causes the magnetic pressure, it
requires relatively high-frequency alternating mag-
netic fields, Hence for the large deformation of a
flowing molten metal surface a strong, high-frequency
alternating magnetic field is required.

Formerly, we have made clear the effects of a
magnetic field gradient on film flow by an approxi-
mate analysis and by experiments with mercury, and
have demonstrated that the non-uniform magnetic
tield can act as a wall, without coming into contact
with the fluid”®. In recent years, with the develop-
ment of fusion power reactors, MHD power systems
and the linear motor car, it has become relatively
easy, from a technological viewpoint, to generate a
strong, static magnetic field in a relatively large
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space. We believe, therefore, that static magnetic
fields are suitable for the non-contact shape control of
flowing molten metals.

Many studies of a liquid jet without a magnetic
field have been conducted since Rayleigh® and Weber®™,
Many researchers have discussed its stability, the
breakdown length and so on. Interesting and important
results have been produced from the theoretical inves-
tigations of Taylor'®®, Clark®™, Longuet-Higgins®®,
Tuch Green® and Geer'®. However, the investiga-
tions of a liquid metal jet under a magnetic field are
very rare. In this paper, we discuss the effect of non-
uniform magnetic fields on a liquid metal jet, for the
development of a non-contact shape control method
using a magnetic field gradient.

2. Nomenelature

a : nozzle radius
B, > magnetic flux density vector in the non-uni-
form applied magnetic field zone
B,y . magnetic flux density vector in the uniform
applied magnetic field zone (Bou=|Bou|)
b5 width of the jet
b» : nozzle width
d @ nozzle diameter =24
h; : thickness of the jet
h» . nozzle height
ir,ie,j,k . unit vectors
J ¢ electric current density
L *longitudinal characteristic length of the jet
Ln : characteristic length of an applied magnetic
field
N, : Stuart number
D . pressure
Pa * atmospheric pressure
»,0,z : cylindrical coordinates
71,72 © principal curvatures of the jel surface
¥p,¥ps « poSition vectors
s ¢ distance measured from the center
v : velocity vector
W. : Weber number
wo . main flow velocity
x,¥,2 . coordinates
e=allL
em=allLn
©* | non-dimensional coordinate = »/s(6,z)
o7 . mass density
o . surface tension
de . electrical conductivity
¢ © electrostatic potential

3. Analysis
In this section, we analyze the shape of a horizon-

tal slender jet of a liquid metal issuing from non-

Vol. 30, No. 261, 1987

conducting circular nozzles under a non-uniform
magnetic field. We neglect the effects of gravity and
viscosity, and assume that the initial velocity of the jet
is uniform.
3.1 Basic equations

The basic equations of the steady flow of imcom-
pressible, conductive fluid under a magnetic field are
written in the following vector forms.

1 1
((7'V)U~E'VP+EJXB0 (1)
J=06=Vé+vXBy) (2)
V.-v=0 (3)
V-J=0 (4)
V-Bo=0 (5)
VX By=0 (6)

In order to non-dimensionalize these vectors, the
following variables are defined.

v*=v/wo, p*=plosw§

¢™* = /aweBou

J* =J/(7eU)OBou

V*=aV, BO*:BO/BUH
Substituting the defined values of Eq. (7) into the
vector forms, we have the following equations for the
non-dimensional basic equations.

(7)

(v*-V¥)v¥= — V* p* + N(J* X Bf) (8)
JH*= —U*g*k o p* x BF (9)
V*.p*¥=0 (10)
V*.J*=( 11
V¥ BFf=0 E (12)
V*X Bf= (13)

where Nao=0.Bo.’a/owo is the Stuart number of the
jet.
3.2 Approximation for the basic equations

We express the non-dimensional velocity as fol-
lows -

v¥=ypf+ov* (14)
where v*, is a uniform velocity and »’* is an addi-
tional velocity due to the shape change., When the
shape of the jet is changed gradually, we can assume
that |»*|<|v,*|. Substituting the above equation into
Egs.(8) and (9), and neglecting the small term, we
obtain

(V8- V¥)v'* = —V*p* + N(J* % B¥) (15)

J*=—V** + vF X B¥ . (16)
From the above equations and Egs. (10)~(14) we
obtain the following differential equations :

A*p= “%Na(v(;k'v*)B(;kz (17

A*p*=( (18)
where Bo* indicates | Bo*|. Since the distribution of the
applied magnetic flux density B,* is a known function,
Eq. (17) is a Poisson’s equation. Under a uniform
magnetic field, electric currents are not induced in an
inviscid jet with a uniform velocity. Setting /*=0 in
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Eq.(16), we obtain

V*¢*#U X Bfu=C, (19)
where C, is a constant vector. Resolving the above
equation, we obtain

¢;§:C}'Y’ff"‘Cz:(U(’)kasku)'r;vk‘f‘Cz (20)
where C; and 7,* are an arbitrary constant and a non-
dimensional position vector, respectively.- When the
magnetic field strength changes very gradually, the
above equations hold approximately, even in a non-
uniform magnetic field. The non-dimensional electros-
tatic potential ¢* is given by

d*=PpF+ ™ }

=(vF X B¥)-rk

where‘ng’* is an additional electrostatic potential in-
duced by the gradient of the applied magnetic field.
We assume that |¢™* <] o¥].

Here, we choose the co-ordinate system as fol-
lows :

2*=z/L r*=7la

iy |
where L is a characteristic length (see Fig. 1). Also,
By* and v are given by

Bf=B*(z*)j }

vi=k
where j and £ are unit vectors in the direction of the
y- and z- axes, respectively. Substituting Egs.(21)
~(23) into Eq.(18), we obtain

7k 2 173k 7%
RNV 2N FE o
+e2 28 g (24)

where e=a/L, and we assume that £<1. We consider
#* in an asymptotic expansion in &* as follows

pFr=ctpF +etpF -+ ()" PR+ (25)
The leading term of ¢* is ¢o* of Eq.(21). Substituting
the above equation into Eq.(24) and collecting the
same order terms, we obtain

@1

(22)

(23)

Bo
Bou

non-uniform magnetic field

™ r=5(8,2)

Fig. 1 Coordinate system

nozzle

JSME International Journal

439

”'1? a ( * a)’n+l)+ 1*2 a¢:‘+l

ar*\” T96%% | ¥ 9%
- 3;‘?;; (n=0) (26)

On the other hand, substituting Eq.(23) into Eq.
(17), we obtain the following equation for the non-
dimensional pressure p*.

1 (r* (?b* > 1 azp* 2321)*

TF OarF\ or* 2 gp% T € gw

= —-lz—eNaG*(z*) @7

where G*(2*)=dB™(z¥)/dz*. We neglect the third
term on the left-hand side of the above equation as a
small, higher order term.

L 9 () L,

g;{z = *%ENaG*(Z*)
(28)

The right-hand side term of the above equation is
a known function. Once the boundary conditions are
given in the (»* 6%)-plane, pressures everywhere in
the jet is determined by solving the above equation.

Now, we estimate the order of each term of the
equation of motion. We denote the right-hand side
terms of Eq.(15) by F* Then,

F*=F# +Fm“—V*p*+Na(J><BS") (29)
where F,* and F,* are pressure and electromagnetic
force terms, respectively. Using Eqs.(16), (21) and
(25), each component of the non-dimensional current
density vector J* is given by

r=— 2981 O(en

7* or*

JH= ~-5* g‘g; + 0(e) (30)

sr=eS 1 0(e)

Thus, each component of F»* and F* has the follow-
ing orders ~

“‘0(1) Fifi~ 0(1) Fg~0(e) (31)
"’O(ENa) Fms"‘O(ENa) sz'\’O(Ean)

Assuming that £<1, we find from the above that the
longitudinal force acting on the jet is smaller than the
cross-sectional one and that the change in area is
smaller than the change in shape. Thus, we may
consider that
o ¥, lo 3> 0 _ (32)

Substituting Egs.(16) (21),(25) and (30) into Eq.(15),
we obtain the following differential equations for v.*
and wve'™*.

%
A

+%zsNar*ZG"‘(z*)cos2 6*]

(33)
el = e o] 1t e GH (e
X cos? 6’*] (34)
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In resolving these equations, we have to know the
boundary conditions on the free surface of the jet and
the upstream conditions. :

3.3 Boundary conditions

In this section we formulize the boundary condi-
tions. Let the position vector 7»s, which denotes the
position of the free surface of the jet, be

ros(0,2)=zk +5(0,2)i- (35)
From the above equation, e, and e, which are unit
vectors on the boundary surface, are given by

€5~ g; 3(59 i +S 0(9 = Solr+Slo (36)
€= ‘3;’ B+ gs Ry N (37)

where the subscripts of s denote differentiation with
respect to these vectors. From these equations, the
normal vector ¢, is given by

€n=e9X €:=Sir — Solo—$5:h (38)
The velocity vector « is approximately given by
U—_~l/’rl.r+ Z}’sl'9+ wok (39)

Using Eqs.(38) and (39), the condition that the fluid
must flow along its own free surface is expressed as
follows

€n* V=507 — So¥ g~ SSzwo =0 (40)
Denoting the above equation with non-dimensional
variables, we obtain

es*s¥a=s%0 v —5* g0 o (41)

We now induce the boundary condition for the
pressure. At the free surface, the jump in pressure 8p
due to surface tension is given by
sp=p—pa=o{ L0 L) (42)

1 2

where 1/#1+1/r; is twice the mean curvature of the
surface, and p. is the pressure of the surrounding
atmosphere. When the position of the surface is denot-
ed as in Eq.(35), we obtain the following equation

1 S 2 —32,
” + o {s (lfsz)+.99}

{ss22(s?

+ 58) — 2(S5 05— $250)5.256

+ (14 s2)(ss00— 255~ 5} (43)
Using non-dimensional variables, we find that Eq.(43)

can be written as follows.

1 1 s¥+2557—s*s ),
TE T = (3*218;2)3’2 100 (44)

Substituting Eq.(44) into Eq.(42), we obtain
b*:— 1 . $*2+25;(*2_

VVH (s*z__(_S;‘Z):s/z

where W.=paws/o is the Weber number of the jet,
based on the nozzle radius. Thus, Eqgs.(41) and (45)
are the boundary conditions for the fluctuating velocity
component v'* and for the pressure p*, respectively.

E3
S*Speps

(45)

4. Analytical solutions

We make the following variable conversion for p*
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and s*.
Pr=—FeNGHN =)+ Lt gr (46)
s*¥(g*,z2*)=1+5*(6% 2*) (47)
where s is the fluctuating component of the free

surface. When the shape change of the jet is small, we
can assume that |s
change of the independent variable as follows.

(r*,6*%,2%) - (p*, H*,z*)}

7'*

o= s*(ﬁ*,z*)
Thus, # is stretched in a non-uniform manner, but the
unknown boundary »*=s*(8* z*) is mapped onto the
known boundary p*=1. Using the independent vari-
ables o*,0* and z* and the dependent variables ¢*(o*,
g%,2%), v*(p*,0* 2%) and s™*(o*,0%,2*), FEgs.(28),(33),
(41) and (45) can be written as

(48)

FRE g w

'952; — (g/} AENp“G*(z*)COSZW‘J

(50)

e%sz =v¥ (o*=1 (51
P V(s*+sw,.)+ eNoG*(2*)s™*

(o*=1) (52)

Here, we consider the following series for the solution.
¢* = fH(0") g (2% )cos 6%+ fH(p*)gd=*)
X cos 20% + b fEF(p*) gia(2*)cos no*
e (53)
v'F=1H0*)gh(2%)cos 0% + fE(0*)g¥l=*)
Xcos 260% + -+ fh(0*) gt (2¥)cos nb*
Jeerenes (54)
=g&(e*)cos A* + gh(z*)cos 20* +
+g&(z*)cos n@* +------ - (55)
Substituting Eq.(53) into Eq.(49), we obtain
4 2
S o) Lpt=0 (n2D (56)
Since f# is finite at the center of the jet (p*=0), we
find the following solution for Eq. (56).
fon=Ano*" (57)
Substituting Eqgs.(53)~(55) into Egs.(50)~(52),
we obtain

Angh(2*)={ - (n?—

1) +%£Na(}*(z*)}

X gk(z*) {(nz1) (58)
* (K
Ef:ﬁ;(ﬁ*)dg#(f)= ~ nAno*gk(2*)
—*%‘ENa&n X p* G*(2*) (59)
e BB — p5(1) g (%) (60)

where §:; denotes Kronecker’s symbol. The above
equations give us the following equation for g%(z*).
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L O sz"ﬁf )~ —%;{;n(nz—l)g?n(:a*)
L eNel 8un+ (29} G(2%) (61)

The first term on the right-hand side of Eq.(61) is due
to the surface tension, and the second term is due to
the electromagnetic force. In the case without a
magnetic field (N.=0) we have the following oscil-
latory solution for gH{z*).
g6(2%) == DaR [ otwi="+ ] (62)

where D, and ¢, are arbitrary constants, and w,* is a
non-dimensional angular frequency given by the
following equation.

* . AL S Y ~
w ZTW, (63)

The wavelength of the n-th mode deformation, Az, is
given by

=2na (64)

This equation is consistent with that of Rayleigh®. A
jet with an n-th mode shape change oscillates in wave
length A.. If the surface of the deformed jet is relative-
ly smooth, we may consider that the derivative of s™
with respect to # is small.

Ing¥(2*)|<1 (65)
In such a case, we can easily find , by Eq.(61), that the
second mode (%2=2) of the shape change becomes
predominant. This is understandable in view of the
fact that the shape change of the jet is due
to the eddycurrent. In the right half of the jet, the
current flow is in one direction, while in the left half,
the current direction is the opposite. Thus, the jet is
narrowed or widened by the electromagnetic force
which is induced by the interaction of the eddycurrent
and the applied magnetic field. The changed shape is
symmetric with respect to the y- as well as the x- axis.
This condition is well satisfied by the function cos 26*.
Therefore, we consider the second mode of shape
change only. Equation (61) gives the following equa-
tion for the shape change by the electromagnetic
force.

&= dlg,zﬁf ) _“‘%:Q:Z(Z*>—'1_EN(1G*(Z*) (66)
Now, we consider a non-uniform applied magnetic
field, such that (sec Fig.2)

Bi*=4(1-tanh -F-2%) (67)
where L. is a characteristic length of the non-uni-
form magnetic field zone. Substituting the above equa-
tion into the second-term on the right-hand side of Eq.
(66), we obtain

2

(dme+y Jora =550ty (@)
where en=a/L» and z'**z*/e Resolving the above
equation under the condition that gsz=dgs:/dz"* =0 for
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the limit (z*—-00), we obtain the following solution
for gs(2%).

o) = sinta) [ 1* (St

-8 cos(afz'*)j: C(ff—ks‘z(z% (69)
where a=/6/Wa and 8=¢enN./8a. When the effect of
the surface tension is small, we can neglect the second
term on the left-hand side. In such a case, we obtain
the following solution for ge(z™).

g;kz(z/*)zivg_a_{z/* _*_%mlog(QEmz"_Jr_ e—emz’*)} (70)

In the region that 2’*>1, the above equation is satis-
factorily approximated by the following equation.
gE(2™) = Naz'* /4 (71)
Thus, in the case of a small and smooth change,
the free surface of the liquid metal issuing from the
circular nozzle changes in shape in the mode of cos
26*. The deformation rate of the jet shape is propor-
tional to the Stuart number N,. When the applied
magnetic field is given by Eq.(72), we obtain the
following solutions for ¢%(z'*) as Egs. (73)~(75).

Bi*(2 ") =-5(1+tanh en2™) (712)
Y N cos(at).
g¥(z'*)=— B sin(az’ )f cosh¥ ety dt
» [ _sin(atf) .
+ 8 cos(az’ )/ coshz(emt) (73)
gh(z'*) —lvg—”—{z""“-*-?lm-log(e“‘z"-l- e“""-z'*)} (74)
gE(2*)=~ Naz'™*/4 (75)

When the gradient of the applied magnetic field
changes in sign, the shape change due to the electro-
magnetic force also changes.

5. Analytical results

Solutions for g&(z'*) af® governed by three non-
dimensional parameters N.,W. and en. The Stuart
number N, is a non-dimensional parameter that
denotes the ratio of the electromagnetic force to the

1.0 s

%[Ltanh(_lgj_%i )1

magnetic flux density

o of the electromagnet

o
oo
O oodin

30 40 50
Zn mm

Fig. 2 Distribution of the applied magnetic field
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inertial force. The Weber number W, is the ratio of
the dynamic pressure to the pressure rise by surface
tension. The parameter &» is the ratio of the nozzle
radius a to the characteristic length of the non-uni-
form magnetic field zone L.. It denotes the approxi-
mate ratio of the longitudinal length of the eddy-
current to its width . We now present the analytical
results for the case of a non-uniform magnetic field
which decreases in the streamwise direction.

At first, we examine the effect of the Stuart
number N, on the shape change of the jet. We calcu-
late the shape for various Stuart numbers from 0.1 to
0.5, keeping W. and e» constant. The distribution of
the width of the jet is shown in Fig.3. The jet is
widened by the electromagnetic force, and the width
of the jet increases with increasing N,.

Next, we calculate the shape for various Weber
numbers to examine the effect of surface tension,
keeping the other parameters constant (see Fig.4).
The width of the jet increases with an increase in the
Weber number W.. Except for the case where W,=oo,
the widened jet width is restored to its initial value
under the influence of the surface tension, and then it
oscillates widethwise in the streamwise direction. The
wavelength of this oscillation increases with an
increasing W,.

Finally, we calculate the shape for various e to
examine the effect of the distribution of the applied
magnetic flux density on the shape change, keeping N.
=0.2 and W,.=400 (see Fig.5). In the upstream region,

) ) " ) 36

TFig. 3

Dependence on the Stuart number N.

1 \l<
200

0 16 - 70 36

Fig. 4 Dependence on the Weber number W,
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where the shape change is relatively small, the shape
change for a small e is larger than that for a large
enIn the downstream region, however, the shape
change for a small &, is smaller than that for a large
&m. The electromagnetic force induced for a small &,
acting on the fluid though the wide region, however, is
weaker than that for a large .. Thus, in the case of
small en, the jet shape changes gradually under the
influence of not only the electromagnetic force but
also of the surface tension.

6. Experiments

6.1 Experimental apparatus and procedure

The experimental apparatus, shown diagram-
matically in Fig.6, consists of a nozzle, an electromag-
net and feeding cycles. In this system, mercury is fed
to the channel by a difference in height between the
upper reservoir and the nozzle. The tip of the electro-
magnetic pole is rectangular in shape, 350mm long and
160mm wide, and the gap between the poles is 50mm.
The nozzle exit is located 13mm inside the edge of the
poles so that the fluid will flow under a non-uniform
magnetic field zone. The working fluid accumulated in
a lower reservoir is returned to the upper reservoir
continuously by a mercury pump. In order to maintain

.2
€n=05 °

1
o.1 \

0

0 1 ~ 26 30

Fig. 5 Dependence on the non-dimensional parameter enx

(D Upper reservoir @ Channel

@ Orifice @ Lower reservoir
O Needle valve ® Mercury pump
@ Nozzle @ Stop valve

® Electromagnet (D water jacket

Fig. 6 Schematic diagram of the experimental apparatus
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the fluid at a constant temperature, a water jacket is
attached to the mercury loop. The flow rate is adjust-
ed with a needle valve and measured by a pipe orifice.
The magnetic flux density of the electromagnet can be
changed continuously up to 1.48T by regulating the
amperage of the current. In this experiment, we
attached steel sheets between the poles to change the
length of the non-uniform magnetic field zone. We
used several types of nozzles as shown in Table 1. The
shape of the jet is measured by a spot electrode probe
which is shown in Fig.7. The measuring apparatus
consists of four spot electrode probes, and it is
attached to a reading microscope. The position of the
probe is changed and measured three-dimensionally.
The electrodes of the probe are made of 0.2 mm
diameter stainless wire and the tips are filed and
sharpened. The probe is electrically connected
through a D.C. power supply to an anode, which is
attached to the upper reservoir, and the circuit is
"~ closed through the fluid. As the jet contains the small
disturbance on its surface, an electric circuit must be
constructed to obtain the time-averaged position of
the surface. The electric circuit, shown in Fig.7, con-
tains two LED’s (Luminous Electric Diode) and an
ammeter. Both of them emit light, depending on
whether or not the probe contacts the surface. If both
LED’s turn on and off with the same brightness, then
the intermittency factor of the surface can be judged
to be about 0.5 and the position of the probe can be
measured. When the probe perfectly contacts the fluid,
an electric current of 0.5mA flows through the fluid.

Table 1 Dimensions and materials of the nozzle

No.1-3 d
iabainipbiubelolnde | il iploloslosilybonl é
___________ B |
g L
] No.4-6

]
- - . Y c
1L
L
Dimensions(mm) :
Nozzle type | No. q ) Material
Circular 1 6 700
pipe 2 8 700 Glass
3 10 700
hpyX by| L
Rectangular 4 2 X 1017700 Acrylate
¢ 5 3X 15| 700 .
pipe 6| 5x 10| 700 resin
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We may consider that the effect of this current on the
jet is negligibly small.

The coordinate system we used is shown in Fig.7.
As the jet issuing from the horizontal nozzle droops
under the influence of gravity, the shape obtained by
the probe is different from the real cross-sectional
shape which is perpendicular to the flow. We obtained
the shape perpendicular to the flow by the following
procedure. At first, we obtained the barycenter of the
shape which is measured perpendicularly to the z axis.
Then, we obtained the barycenter curve in the y-z
plane by connecting the neighboring barycenters with
a curve, Next, we calculated the gradient of the
barycenter curve and obtained the values of cosine at
all points where the jet shape was measured. Finally,
we obtained the cross-sectional shape by correcting
the measured shape with the cosine values.

6.2 Experimental results

We examine the effects of the applied magnetic

field strength and the shape of the nozzle.
6.2.1 Dependence on the applied magnetic field
strength

At first, we examine the dependence of the shape
change on the applied magnetic field strength. We
used a nozzle of 8mm inside diameter and changed the
applied magnetic flux density from 0 to 2.02 T, keep-
ing the exit mean velocity w, at 2.10m/s. The Stuart

- S — *
T a—

Noncontact

LED Contact
O% 1 indicator

Fig. 7 Diagram of the measuring equipment

Ammeter
.

Bou=202T
20F se :
- 188 TN _
1.5t { Nozzle exit
141
m 1 O_ / i
Electro- E
magnetic !
Q5 pole tip i
:. L
0 0 50 100
Zn mm

Fig. 8 Distribution of the applied magnetic flux density
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number N, increased with increasing applied mag-
netic field strength. The distribution of the magnetic
flux density measured by a Gauss meter is shown in
Fig.8. The origin of the 2,- axis is located at the nozzle

(c)
Bou = 1.88T
( Na = 0.57 , Wa = 496 )

exit. Photographs of the jet and the cross sectional
shape, measured by a spot electrode probe, are shown
in Figs.9 and 10, respectively. The jet is widened by
the electromagnetic force and the width of the jet

()...
Bou = 1.41T
( Na = 0.29 , Wa = 496 )

- o)
Bou = 2.02T
( Na = 0.60 , Wa = 496 )

Fig. 9 .Photographs of the jet for various applied mag- netic field strengths

E 4f 5] o Mznns 4f iﬂac%b% En =15
o
¢ o 0 -
-4} -4 -4}
5 5 [ [
\ELL O&POLO%O 35 A 09°PC0o, 35 L °o°‘£°o° 35
> of—% 3 0 i 2 0
< ﬁo q gboc"liobooocl:g %OOOTOOOQ
-4} odo -4 -4t
E4} oop 55 4r 55 4t
E & q‘% - §°°°°D°°o ] 0 ©°1 %o *
> of——3 > Of——p=t R 0 2o e 0
o] a [ o O,
L- oé’é’ . g3!::;0"0 °oo°j . &moo OQ%}
- s i OD i 1 e 8 A H 1 i - C 1 1 1 .
-8 -4 0 4 8 -8 -4 4] 4 8 -2 -8 -4 0 4 8 12
X  mm X mm X mm
(a) (b) (e)
T Bou = 1.88 T

Bou=0T Bou = 1.41
(Na =0, Wa = 496)( Na = 0.29 , Wa

=496 ) ( Na = 0.57 , Wa = 496 )

Fig. 10 Cross-sectional shape of the jet obtained by spot a electrode probe
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increases with increasing applied magnetic field
strength. In the case without a magnetic field, the jet
shape remains almost circular at the origin. However,
in the case with a magnetic field , the shape is different
between the upper and lower halves. It may be consid-
ered that this asymmetry in shape is due to the non-
uniformity of the exit velocity. In the process of the
shape change, the fluid near the surface, where the
axial velocity is small, is pushed to both sides, and
then both sides hang down under the influence of
gravity. The disturbances appear on the free surface
of the jet, with or without an applied magnetic field.

The electromagnetic force has not only a lateral
component but also a longitudinal component. Next,
we examine the effect of the longitudinal force on the
jet. The locus of the barycenter of the cross-sectional
shape and the change in area are shown in Figs.11 and

Zn  mm

e 0_ :2.0 40 60 80 100
E B T
20+ o
> 2 | 1.41 parabola
o |1.
40"‘ S 2%—‘

Fig. 11

Locus of the barycenter of the jet

S mm x 10 mm
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12, respectively. The solid line in Fig.11 is the locus of
the falling body with a horizontal velocity w,. The jet
is changed in shape but not changed in area, and it
describes almost the same parabola as a falling body.
We conclude, from this, that the longitudinal electro-
magnetic force is smaller than the lateral one, and
that the shape of the jet is changed mainly by the
lateral force.
6. 2.2 Dependence of the nozzle shape

We used two rectangular nozzles of almost the
same cross-sectional area. We examined the effect of
nozzle aspect ratio keeping wo and B,y constant. The
gap between the poles is 22mm. The photographs of
the jet and the shapes obtained by measurements are
shown in Figs. 13 and 14 respectively. In the case
without an applied magnetic field, the jet issuing from

1.0 R
Bou T a
<o o |0
0.8 5 11.41
» o |1.88
5 e | 2.02
X 1 1 i i
0 0 20 40 60 80
Zn mm
Fig. 12 Change in the jet area
(bn/hn=2)

BOu=OT

Bou = 1.97 T

(b)

3 mm X 15 mm {bn/hn=25)

Fig. 13 Photographs of the jet issuing from a rectangular nozzle
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Fig. 14 Cross-sectional shape of the jet issuing from a rectangular nozzle

the rectangular nozzle, is longer along the width of
nozzle which later on is changed to be longer in the
vertical direction due to surface tension. On the other
hand, in the case with an applied magnetic field, the jet
is widened by the electromagnetic force. When the jet
issues from a nozzle of large aspect ratio, the jet
shape changed by the electromagnetic force is nearly
symmetric along the y axis and almost uniform in
thickness. Both sides of a jet issuing from a 3mm X
15mm rectangular nozzle become round with a change
in shape, and they separate from the main part of the
iet. We consider that surface tension and gravity have
an important role in this separation, similar to the
generation of a liquid drop. Fig. 15 shows the distribu-
tion of the jet aspect ratio b;/k;. In the case that the
cross-sectional areas of the nozzles are same, the
larger the nozzle aspect ratio b./h. becomes, the
greater the change in the jet aspect ratio &;/k;. The
aspect ratio of the jet issuing from a rectangular
nozzle of 3mm X 15mm increases up to 80 (see Fig.17).
6.3 Comparison of the jet shapes obtained
experimentallyandanalytically

At first, we show the results for a liquid metal jet
issuing from a rectangular nozzle without a magnetic
field. When we calculate the jet shape, we use the
modified Weber number as follows :

) £WS [ bnin
Wo="0700 [2n (76)
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Fig. 15 Distribution of the jet aspect ratio

where b and %, are the width and height of the rectan-
gular nozzle, respectively. Fig.16 shows a comparison
of the jet shapes obtained experimentally and analyti-
cally. We calculated the jet shape on the condition
that ¢%=0.33 and W, =175. The analytical results
agree fairly well with the measurements and show
well the oscillation of the jet shape due to surface
tension.

Next, we show the results for a liquid metal jet
under a non-uniform magnetic field. When we calcu-
late the jet shape, we use the distribution of the
applied magnetic field expressed by Eq.(67). Fig.17
shows a comparison of the jet widths obtained experi-
mentally and analytically. We calculated the jet width
under the condition that W,=496, N.—0.29 and &,=
0.645. The analytical results agree fairly well with the
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Fig. 17 Change in width of the jet issuing from a circular
nozzle with a magnetic field

measurements and show well that the jet is widened
by the electromagnetic force. Fig.18 shows the jet
shapes. Though the measured shapes are asymmetric
along the y axis under the influence of gravity, the
calculated results agree qualitatively and explain well
the effect of the electromagnetic force on the jet
shape.

7. Conclusions

The shape of electrically conducting fluids under
a non-uniform magnetic field was studied by an
approximate analysis and by experiments with mer-
cury, and the following results were obtained.

(1) The magnetic field gradient changes the jet
shape and acts on the jet like a wall, without coming
into contact with the fluid.

{(2) Three parameters play important roles in the
magnetic shape change, namely, the Stuart number

JSME International Journal

Zn=15mm

mm X mm

Fig. 18 Shape change of the jet issuing from a circular
nozzle with a magnetic field

N., the Weber number W, and the non-dimensional
parameter €.

(1) In the case that W, and e, are constant, the
shape change increases with increasing N.,.

(ii) In the case that N, and e. are constant, the
shape change increases with increasing W,.

(iii) The shape change tends to decrease with
decreasing e, but the effect of & on the shape change
is relatively small in comparison with the other
parameters.
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(4) A jet deformed by an electromagnetic force
has almost the same area as the original jet.

{5) In the case that the cross-sectional area of a
nozzle is constant, the larger the aspect ratio of the
nozzle, the larger the change in the jet shape.

(6) A jet is widened under a negative magnetic
field gradient, while a jet is changed in shape to be
longer than it is wide under a positive one.
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