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Abstract—Three-dimensional conservation equations for natural convection in a cubic enclosure heated
from one side wall and cooled from an opposing wall are numerically solved under three different external
magnetic fields either in the X-, Y- or Z-directions. Sample computations are carried out for Ra = 10° and
107 and Ha = 0-500 for Pr = 0.054. The external magnetic field perpendicular to the vertical boundary
layer type flow is found to be most effective in suppressing the convection. However, the external magnetic
field parallel to the vertical hot and cold walls is found to be least effective, although it is perpendicular to
the main circulating flow along both the vertical and horizontal boundaries. When the magnetic field is
relatively strengthened, for example, at Ra = 10¢ and Ha = 300, secondary flow is found to be doubly
strengthened with a reduction in the main circulation flow.

1. INTRODUCTION

ELECTRO-CONDUCTING fluid has been increasingly
used in the manufacturing process of semi-conducting
material such as silicon crystal or gallium arsenide.
In the Czochralski method, the polycrystal silicon is
melted in a crucible and pulled up from the liquid
surface to produce a purified single crystal rod. In this
operation, both a crucible and a crystal rod are rotated
in the same or reverse directions. The melted silicon
in a crucible convects in a gravitational field due to
the temperature difference between the crucible and
the rod. In this process, the addition of an external
magnetic field has been reported to be quite effective
in controlling the convection in a crucible [1]. Between
the crucible and the rotating rod, there is a free surface
and the surface tension also affects the convection.
The combination of these external forces makes it
difficult to predict the bulk convection in a crucible a
priori intuitively. This is especially true for the general
three-dimensional convection field. Some of the pre-
vious works, Hunt and Wilks [2], Nagase et al. [3],
Tabeling [4], Raptis and Vlahos [5], Maekawa and
Tanasawa [6], Munakata and Tanasawa [7], Weiss [8],
and Ozoe and Maruo [9] studied the convection of
liquid metal with magnetic forces but were limited
to either boundary layer, two-dimensional or linear
theory. Mihelcic et al. {10] reported the three-dimen-
sional simulation of the Czochralski bulk flow but did
not include a magnetic field. The effect of the direction
of the external magnetic field has apparently not yet
been reported. Maekawa and Tanasawa [11] studied
the effect of the direction of the magnetic field in
general but limited it to a two-dimensional field.

In this paper, the effect of the direction of the
external magnetic field on the natural convection of

molten silicon in a cubical enclosure was studied
numerically with three-dimensional Navier-Stokes
equation including Lorentz force terms.

2. MATHEMATICAL MODEL

2.1. The systems considered

The systems considered in this paper are shown
schematically in Fig. 1. The fluid in a cubic enclosure
is heated from a vertical side wall and cooled from
an opposing vertical wall. The other four walls are
thermally insulated. The direction of gravity is along
the Z-axis. The external magnetic field Bx is added
only from the X-direction for the system shown in
Fig. 1(a). The fluid in this enclosure receives both the
buoyancy force resulting from heat transfer through
side walls and the Lorentz force resulting from the
convection of fluid in an external magnetic field. The
system with an external magnetic field in the Y-direc-
tion only as shown in Fig. 1(b) and that in the Z-
direction only as in Fig. 1(c) are also considered in
this paper so that the effect of the direction of the
external magnetic field is expected to be compared
with each other.

2.2. Model equations

The model equations consist of mass balance,
energy balance, momentum balance and the state
equation for fluid. The convection of electro-con-
ducting fluid receives the Lorentz force in a magnetic
field and these terms should be included in momentum
equations.

The Lorentz force term F is given as follows [9] :

F=pE+JIxB )
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NOMENCLATURE

B magnetic induction (magnetic field) X x/xo [—1

[Wbm~% Vsm™? ¥ coordinate [m]
B,  external magnetic field [Wb m~?] Y ylyo [
C specific heat [T kg~ ' K] z coordinate [m]
D electric displacement [C m~ %] V4 z/zo [—].

R . . -1 ~1
E elef:trlc field intensity [Vm~', N C } Greek symbols
e Fm]t vector for an external magnetic field 5 thermal diffusivity of fluid [m? s~ ']
-3

F Lorentz force [N m™7] dielectric constant [C V™' m~]

g acceleration due to gravity [m s~
Gr  Grashof number, gB(6, —8.)1/v? [—]
Ha  Hartman number, (c./(pv))"*By/ [—]

J electric current density [A m~?]
k thermal conductivity of fluid
Pm='s 'K Y
L lxy = Ra'"® [—]
! distance between hot and cold walls [m]

Nu  average Nusselt number, g//[k(6,—6.)]

Pr Prandtl number, v/o [—]

q heat flux density [J m~?s~ ']

Ra  Rayleigh number, Gr Pr [—]

T dimensionless temperature
(0—00)/(0n—10.) [—]

t time [s]

U dimensionless velocity vector [—]

u velocity vector [m? 5™ ']

u x-component of velocity [m s~ ']

U ufug [—]

v y-component of velocity [m s~ ']

4 vfvg []

w z-component of velocity [m s~ ']

w wiwg []

X coordinate [m]

B volumetric coefficient of expansion [K "]
€
0

temperature [K]
0. cold wall temperature [K]
0, hot wall temperature [K]

u viscosity of fluid [kgm~'s™ "]

v kinematic viscosity [m?s~ ']

g vorticity vector [s™']

P density of fluid [kg m ™)

Pe electric charge density of fluid [C m ™3]

o, electric conductivity of fluid [Q~'m™"]

T dimensionless time, ¢/,

/4 vector potential for a flow field [m?*s~ ']

/R scalar potential for an electric field
[Wbs™ !, V]

v dimensionless vector potential for a flow
field, y/a

¥, dimensionless scalar potential for an
electric field, ¥/t

Q dimensionless vorticity vector, &/(axy 2).

Operators

D/Dt 6/0t+ UdjdX + Vd|oY + Wo[oZ
V2 0YaX 4 0%oY 4+ 507>
V (80X, 8/0Y, 8/0Z)

X vector product.

(@)

(©)
Fi1G. 1. Schematics of the system : (a) external magnetic field
in the X-direction only ; (b) external magnetic field in the Y-
direction only ; (c) external magnetic field in the Z-direction
only.

where p, is the electric charge density of fluid, E the
electric field intensity, J the electric current density
and B the magnetic field.
The Maxwell equation for a magneto-electric field
gives
divD = p, 2

where D is the electric displacement and is related to
E as follows:

D =¢E 3)

where ¢ is a dielectric constant. On the other hand,
Ohm’s law holds for this system

J = pau+o.(E+uxB) @

where o, is the electric conductivity and u the fluid
velocity vector. In this electro-magnetic field, the high
frequency wave such as light is not treated and the
displacement current is zero

éD/ot = 0. 5)

The fluid is also assumed to be electrically neutral
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and the convective term p.u is neglected in Ohm’s
equation. Then equations (1) and (4) become

F=JxB 6)
J = o (E4+uxB). 0

Following Kobayashi [12], a scalar potential for an
electric field is now introduced as follows :

E=-Vy.. ®

Then we have
J=0.(—Vy.+uxB). ®
The equation of continuity for electric current J gives
V-I=0. 10

Equations (9) and (10) give
Vi, =V (uxB) 1)

where the electric conductivity o, is constant. Equa-
tions (6) and (9) give

F= -0.Vy.xB+o (uxB)xB. (12)

Under any specific external magnetic field B, equation
(11) gives the electric scalar potential .. Both y,
and the magnetic field B give a Lorentz force from
equation (12).

The system equations are summarized in dimen-
sionless form as follows. They are an energy equation
and a vorticity equation

DT/Dt = VT (13)
DQ/Dr = Q- V)U +PrviQ
+Pr(—aTJoY,dT/ax, 0)"
+Ha* Ra=%? Pr{—V x (V¥, x €)
+Vx[(Uxe)xe]}. 14

The vorticity for the flow field is related to the

vector potential for the flow field as follows:
Q= -VV¥. a15)

The vector potential ¥ is related to the velocity vector
as follows :

U=VxY. (16)

The scalar potential for an electric field is rewritten as

V¥, = (VxU) e an

In the above equations, e represents a unit vector
in the direction of the external magnetic field.
The dimensionless variables are defined as

X =x/xy, Y =y/yo, Z =122y, U=rufttg, V =1]1,,
W=wiwe, t=1t/ty, Y=V o, ¥ =¥la,
L=llxo=Ra"® Pr=vja, T=(0-0,)/6,—0.),
Ra = gB(6,—06.)1*/(av), Ha = [o/(pv)]"*By],
Xo = yo = Zo = [gB(Bs —0)/(av)] "1,
0y =(6,+6)/2, Yo =aB,.

tO = x(z)/a’

Ug = Vg = Wo = &t/X,
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2.3. The initial and boundary conditions

Numerical computation for three-dimensional tur-
bulent natural convection in a cubical enclosure for
air was carried out in ref. [13]. Following the scheme
in ref. [13], the laminar natural convection was com-
puted for low Prandtl number fluid in this work. It
supplied an initial stable convection state.

The boundary conditions for this system are given
as follows for all variables on all six walls of a cubical
enclosure.

Temperature
T=05 at X=0
T=-05 at X=1L
0T/0Y =0 at Y=0 and L
OT/0Z=0 at Z=0 and L.
Velocity
U=V=W=0 at X=0 and L
\ Y=0 and L
Z=0 and L.
Vector potential
V. /oX=¥,=¥,=0 at X=0 and L
Y, =0¥,/0Y=¥,=0 at Y=0 and L
Y.,=¥,=0¥/0Z=0 at Z=0 and L.
Vorticity

Q. =0, Q =—-0WX,
Q,=0V/6X at X=0 and L
Q, =ow/dY, Q, =0,

Q, = —-0U/0Y at Y=0 and L
Q.= —-0VjdZ, Q,=0U/iZ,
Q=0 at Z=0 and L.

Scalar potential for an electric field

0¥, /0X=0 at X=0 and L
oV ./0Y=0 at Y=0 and L
oV, /0Z=0 at Z=0 and L.

The boundary conditions for vector potential are
given by Hirasaki and Hellums [14]. The vorticity
boundary conditions are from zero velocity con-
ditions on the walls. The electrical insulation on the
walls give the boundary conditions for scalar potential
for an electric field.

The cubical enclosure was divided into unequal
grids as shown in Fig. 2. There are 21 grids in the
X-direction, 11 in the Y-direction and 15 in the Z-
direction. The grid locations are listed in Table 1.

The computational scheme is the ADI method and
is similar to that of ref. [9].
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F1G. 2. Grid divisions of the enclosure considered.
Table 1. Coordinates of grid points
Grid X-Coordinate Y-Coordinate  Z-Coordinate

1 0.00000E+00  0.00000E+00  0.00000E + 00
2 0.10000E—01  0.50000E—01  0.80000E—02
3 0.23320E—01 0.11762 0.20000E — 01
4  0.41070E—01  0.20907 0.50000E — 01
5 0.64720E —01 0.33274 0.11762
6  0.96220E—01  0.50000 0.20907
7  0.13818 0.66726 0.33274
8  0.19409 0.79093 0.50000
9  0.26857 0.88238 0.66726

10 0.36780 0.95000 0.79093

11 0.50000 1.0000 0.88238

12 0.63220 0.95000

13 0.73143 0.98000

14 0.80591 0.99200

15 086182 1.0000

16 0.90378

17 0.93528

18 0.95893

19 0.97668

20 0.99000

21 1.0000

3. COMPUTED RESULTS

3.1. Natural convection of low Prandtl number fluid

The initial condition for this computation is a static
state and is isothermal at an average temperature at
all internal fluid regimes. Computations were carried
out for molten silicon (Pr = 0.054). However, the
computations are expected to be equally possible for
smaller Prandtl number fluids.

The converged convection at Ra = 107, Pr = 0.054
is shown in the velocity profile at ¥ = 0.5 in Fig. 3(a)
and in the Y-component of the vector potential at
the ¥ = 0.5 plane in Fig. 3(b). The Y-component of
the vector potential is a major component and the
maximum value is —19.99. In Fig. 4, the isothermal
contour maps are shown in three different cross sec-
tions at the middle height of the enclosure. Figure
4(b) represents that at ¥ = 0.5 in which temperature
stratification is apparent in a core regime even at this
high Grashof number Gr = 1.85 x 102 for this fluid at
a low Prandtl number Pr = 0.054. In Fig. 4(a) the

X Y= 0.50000
-
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PR= 0.0540

X Y= 0.50000

FiG. 3. Computed results at Ra = 107 and Pr = 0.054:
(a) velocity vectors at ¥ = 0.5; (b) contour maps of vector
potential ¥, at Y = 0.5 with a minimum value of —19.99.

thermal boundary layer is established over the hot
(left) and cold (right) walls. The thermal boundary
layer shows a slight wavy shape and gets thicker near
the insulated side walls. This is because the major
circulating convection rate is decreased near the rigid
side walls at Y =0 and L. Figure 5 shows the per-
spective view of the whole velocity vectors at Ra = 10°
and Pr = 0.054. These show a quasi two-dimensional
natural convection in the cubic regime.

3.2. Natural convection in a magnetic field

The initial condition is the convective state obtained
for a non-magnetic field described above.

Figure 6 shows the response curves of the Y-com-
ponent of a vector potential after a step addition of a
magnetic field. Curves (1)—(3) are the X-, Y- or Z-
direction of an external magnetic field. They are all at
Ra = 107, Ha = 100 and Pr = 0.054. Curve (2) is not
at a completely converged state because it required
extremely small time steps for a numerical stability.
Table 2 summarizes the computed results. The average
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(a)

Z= 0.50000

(b)

Y= 0.50000
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FiG. 4. Computed isotherms at Ra = 10" and Pr = 0.054: (a) Z=0.5; (b) Y = 0.5; (c) X = 0.5.
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FiG. 5. Perspective view of the velocity vectors at Ra = 10°

HMT 32:10-J

and Pr = 0.054.

Table 2. Summary of the computed results

Ra Ha B Nu ¥, (center)
107 0 — 10.524 —15.708
107 100 X 9.655 —13.682
107 100 Y 10.445 —15.523
107 100 z 10.024 —14.805
10¢ 0 — 5.7371 —8.876
10° 100 X 4.4577 —-7.792
10° 200 X 29168 —4.670
10¢ 300 X 2.2508 —2.998

Nusselt numbers are slightly different from each other
under this weak magnetic field. However, the differ-
ence is apparent. The magnetic field in the X-direction
gave the smallest value of the average Nusselt number
on the vertical hot wall. The magnetic field in the Y-
direction gave the largest. The central value of the Y-
component of the vector potential also gave the same
order of decrease in their magnitudes. This represents
that the heat transfer is convection dominated at this
condition even for the fluid at this low Prandtl number
of 0.054.
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Fi1G. 6. Transient responses of the central value of the Y-

component of the vector potential at Ra = 107, Pr = 0.054

and Ha = 100: (1) external magnetic field in the X-direction ;

(2) external magnetic field in the Y-direction; (3) external
magnetic field in the Z-direction.

It is commonly accepted that the external magnetic
field suppresses the flow most effectively when the
magnetic field is imposed perpendicular to the direc-
tion of the flow of electro-conducting fluid.

When the external magnetic field is in the Y-direc-
tion, the magnetic field is perpendicular to both the
vertical boundary layer flow along the hot or cold

H. Ozoe and K. Okaba

plates and the horizontal flow along the ceiling and
the bottom adiabatic plates; major circulating con-
vection. The authors expected to have the most sig-
nificant suppression for this external magnetic field in
the Y-direction. The results were just the opposite. The
magnitude of the Lorentz force term was therefore
computed term by term. In the momentum equation
in the Z-direction (and also in the Y-component of
the vorticity equation), the terms oW,/ 0Y—W
represent the Lorentz force when the external
magnetic field is in the X-direction only. The terms
— 0¥, /60X — W become the Lorentz force when the
external magnetic field is in the Y-direction only.
The magnitude of these terms is shown in Fig. 7.
When the magnetic field in the X-direction is given,
the 0¥./0Y term is small but the — W term is large
along the vertical walls and the resuiting magnitude
of the Lorentz force is large along the hot and cold
vertical walls.

When the magnetic field in the Y-direction is
exerted, both the — 0¥ /0X term and the — W term
have a large magnitude along the vertical heated
boundaries but with opposite signs so they cancel each
other out to produce a Lorentz force with a small
magnitude in the momentum equation in the Z-direc-
tion. This appears to be the reason why the Y-mag-
netic field gave the unexpectedly small suppression
effect.

(a} (b (¢)
T= 0-50000 1= 0.50000 Y= 0.50000
oo et
(d) (e) ()

X Y= 0.50000

Y= 0.50000

Fi1G. 7. Graphical presentation of the magnitude of the Lorentz force for two cases of an external magnetic
field in the X-direction only or in the Y-direction only : (a)—(c) are for the magnetic field in the X-direction ;

(d)—(f) are for the magnetic field in the Y-direction. (a) oW,/ 0Y— W, (b) d¥./3Y; (c)

_W;

(d) -0 /oX—W; (e) —0W./OX; (f) —W.
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FiG. 8. Computed velocity vectors at various cross sections at Ra = 107, Ha = 100 and Pr = 0.054 under
a magnetic field in the Z-direction at: (a) Y =0.05;(b) Y = 0.5; (¢c) X = 0.01; (d) Z = 0.008; (¢) Z = 0.5.

Figure 8 shows the velocity profiles in various cross
sections. These are similar to other cases and only
the system under the Z-directional magnetic field is
shown herein at Ra = 107 and Pr = 0.054.

Table 2 also includes the converged solutions for
various Hartman numbers under an external magnetic
field in the X-direction for Ra = 10° and Pr = 0.054.
The average Nusselt number is decreased extensively
when the Hartman number is raised stepwise and an
almost conductive state was attained at Ha = 500.

The isotherms at Ra = 10° and Pr = 0.054 are
shown in Fig. 9. The isotherms at the cross section of
Y = 0.5 represent the effect of the magnetic field in
the X-direction. The thermal boundary layer thickness
spreads into the core regime as seen at the cross section
at Z = 0.5.

Figure 10 shows the contours of the Y-component
of the vector potential. The ascending and descending
flows in Fig. 10(c) are suppressed by the horizontal
magnetic field in the X-direction and the vertical
boundary layer apparently disappeared as seen in Fig.
10(f) at the plane, ¥ = 0.5. The magnetic field sup-
presses the convective flow which is perpendicular to
its field.

The contour maps of the X-component of the vector
potential are shown in Fig. 11. It has the maximum
value of 1.63 when there is no magnetic field. On
the other hand when Ha = 300, the maximum value
increases to 3.69 in the cross section at X = 0.065. This
suggests that the external magnetic field suppresses the
major circulation with an increase in the strength of
a secondary flow. This phenomenon may not have
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X Y= 0.50000

(a)

X Z= 0.50000

(b)

Y X= 0.50000
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X Y= 0.50000

(d)

X Z= 0.50000

(e}

¥ X= 0.50000

FIG. 9. Computed isotherms at Ra = 10 and Pr = 0.054: (a)—~(c) are for Ha = 0; (d)—(f) are for Ha = 300.
(a) and (d) are at Y = 0.5; (b) and (e) are at Z = 0.5; (c) and (f) are at X = 0.5.

been stated explicitly so far on the effect of the mag-
netic field in a three-dimensional field.

The effect of the external magnetic field in the X-
direction can be seen more clearly in Fig. 12. The
velocity profiles in the cross section at Y = 0.5 are
shown for Ha = 0-500. The decrease in the magnitude
of the main circulation is apparent. The flow profile
dramatically changed. The vertical boundary layer
disappeared while the horizontal velocity components
near the upper and lower boundaries are affected less.

The velocity profiles in the cross section very near
the heated walls are interesting to note as shown in
Fig. 13. At the upper left- and right-hand corners,
the velocity vectors along the top plane appear to be
diverging at these corners. The same velocity appears
along the lower corners near the cold wall because of
the symmetry of the condition. This flow mode does

not exist at Ha = 0. This peculiar characteristic is
apparently due to the magnetic forces in a three-
dimensional domain. Even this flow dies out at
Ha = 500 as seen in Fig. 13(e).

These can be seen also in the perspective views of
the velocity vectors as shown in Fig. 14 at various
Hartman numbers.

3.3. Natural convection under very strong magnetic
field

At Ha = 500 with the magnetic field in the X-direc-
tion, the Lorentz force appears to be strong enough
to stop the convection essentially. The isotherms in
Fig. 15 at the cross section at Y = 0.5 shows tilted
isotherms in the core regime which suggest the domi-
nance in the conductive heat transfer. The isotherms
are almost at an equal distance as seen in three per-
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F1G. 10. Contour maps of vector potential ¥, at Ra = 10° and Pr =0.054: (a) at Ha=0and Y =0,
(b) at Ha=0and Y =0.33; (c) at Ha=0and Y =0.5; (d) at Ha =300 and Y =0; (¢) at Ha = 300
and Y = 0.33; (f) at Ha = 300 and Y = 0.5.

pendicular cross sections through the center of the
regime.

In Fig. 16, the contour maps of the Y-component
of the vector potential are shown at various cross
sections of the constant Y plane under the magnetic
fiela .. *he Y-direction at Ha = 500 and Ra = 10°
The flow field consists of the outer circulating regime
and multiple closed convection cells in a core regime.
The vertical flow is suppressed but the horizontal (par-
allel to the X-magnetic field) velocity component is
not suppressed and maintains a similar magnitude
along the upper and lower boundaries. The ascending
and descending flows are very weak and they fill the
whole horizontal cross section in a core regime under
this horizontal magnetic field in the X-direction.

4. SUMMARY OF THE RESULTS

The three-dimensional mathematical model for
natural convection in a cubic enclosure heated from
one side wall and cooled from an opposing wall and
under an external magnetic field was presented as well
as the boundary conditions for all variables. The finite
difference scheme was developed and the stable
solutions were obtained for Ra = 10° and 107 and
Ha =0-500 at Pr=0.054 (molten silicon). The
ascending and descending boundary layer type flows
along the heated and cooled walls were mostly sup-
pressed by the horizontal external magnetic field (X-
direction) perpendicular to the heated vertical wall.
However, the magnetic field ( Y-direction) horizontal
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FiG. 11. Contour maps of vector potential ¥, at Ra = 10® and Pr = 0.054: (a) at Ha = 0 and X = 0.023;
(b) at Ha =0 and X = 0.0647; (c) at Ha =0 and X = 0.3678; (d) at Ha = 300 and X = 0.023; (e) at
Ha = 300 and X = 0.0647; (f) at Ha = 300 and X = 0.3678.
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Ra=10%and Pr=0.054: (a) Ha = 0; (b) Ha = 100; (c) Ha = 200; (d) Ha = 300; (¢) Ha = 500.
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FIG. 16. Contour maps of vector potential ¥, at Ra = 10°, Pr = 0.054 and Ha = 500: (a) ¥ = 0.21; (b)
Y=033;(c) ¥=05.
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but parallel to the vertical heated wall was found to
be least effective in suppressing the circulation flow.
The external magnetic field in the vertical direction
was found to be effective in between these two
extremes.

For the sample calculations at Ra = 10%, Ha = 300
and Pr = 0.054, the main circulation was suppressed
by the magnetic field (X-direction) but the secondary
flow became stronger than those for no magnetic field.
Under this condition, the peculiar diverging flow was
found to exist at the upper corners of the vertical
heated wall and at the lower corners of the cooled
vertical wall.
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EFFET DE LA DIRECTION D'UN CHAMP MAGNETIQUE EXTERNE SUR LA
CONVECTION NATURELLE TRIDIMENSIONNELLE DANS UNE ENCEINTE CUBIQUE

Résumé—Les équations tridimensionnelles de conservation pour la convection naturelle dans une enceinte
cubique chauffée sur un c6té et refroidie sur la paroi opposée sont résolues numériquement pour trois
champs magnétiques externes différents agissant dans chacune des directions X, Y ou Z. Des exemples de
calcul sont conduits pour Ra = 10%et 107, Ha = 0-500, Pr = 0,054. Le champ magnétique perpendiculaire
a I'écoulement vertical du type couche limite est le plus efficace pour supprimer la convection. Le champ
paralléle aux parois verticales chaude et froide est le moins efficace, bien qu'il soit perpendiculaire a la
circulation principale du fluide le long des frontiéres verticale ou horizontale. Quand le champ est augmenté,
par exemple, & Ra = 10® et Ha = 300, I’écoulement secondaire est deux fois plus important avec une
réduction de 'écoulement principal de circulation.

DER EINFLUSS DER RICHTUNG EINES AUSSEREN MAGNETFELDES AUF DIE
DREIDIMENSIONALE NATURLICHE KONVEKTION IN EINEM WURFELFORMIGEN
HOHLRAUM

Zusammenfassung—Die dreidimensionalen Gleichungen fiir natiirliche Konvektion in einem Wiirfel, bei
dem eine Seitenwand gekiihit und die gegentiberliegende beheizt wird, werden numerisch gelgst. In die
Losung wird ein auflen angelegtes Magnetfeld einbezogen, dessen Richtungsvektor in X-, ¥- oder Z-
Richtung verlduft. Die Berechnungen werden fir Ra = 10° und 107 durchgefiihrt mit Pr = 0,054 und
Ha = 0 bis 500. Wenn der Richtungsvektor des auBen angelegten Magnetfeldes senkrecht zur vertikalen
Grenzschichtstromung verlduft, ist die Konvektionsunterdriickung am besten. Wenn das Magnetfeld
allerdings parallel zur senkrechten Heiz- bzw. Kithlwand verlduft, ist die Konvektionsunterdriickung am
geringsten, obwohl das Feld dann senkrecht zur Hauptstromungsrichtung an den senkrechten und
waagerechten Winden verlduft. Wenn das Magnetfeld stark ist z. B. bei Ra = 10° und Ha = 300, wird
die Sekundérstromung doppelt so stark und die Hauptstrémung verlangsamt.
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BJIUAHHUE HANIPABJIEHHWS BHEIHHEI'O MAHHUTHOI'O T10JIA HA TPEXMEPHVYIO
ECTECTBEHHYIO KOHBEKLIMIO B KYBUYECKOH MOJIOCTH

Amporanms—YHC/ICHHO peINaloTcs TPEXMEPHBIC ‘YPaBHEHHS, ONHCHIBAIOIINE ECTECTBEHHYIO KOHBEK-
mHio B KyOHuecko#f monoctH, oaHa n3 GOKOBBIX/CTCHOK KOTOpO# sHarpeBaercs, a NPOTHBONONOXHAA
OXJIaX/2eTCH, B TPEN PasIHYHBIX! BHEIIHHY MATHATHLIX /TIOJIAX, HANMPaBJICHHLIX BAOJbL OfHOH H3 OCCH:
X,Y win Z. Bunonsens snpoGupie pacueTl 1S Ra = 10° n 107, a takke mis Ha = 0-500 mpu
Pr = 0,054, Haitnteno, 4To HEMIHEE MArHETHOE M10Jle, HANPARJIEHHOS TIEPICHANKYIAPHO TEYEHHIO B BED-
THKLTHOM| IOrPAHHYHOM cJioe, HaHGOMee {CubHO Nogasise¥ koupexuuio. ONHAKO PHEIIHEE MATHATHOE
10JIe, NAPaLIEbHOE BEPTHERATHHHMAIATDETOM H XONOMHO# CTEHKaM,/ MEHHMAJILHO TIOAABJINET €€, XOTA
M HanpaBiIeHO/TMEPHEHIHKY/IAPHO OCHOBHOMY TEYEHHIO, -(UPKY/IHPYIOUIEMY BIOJb BEPTHKAJILHOH H
ropusoHTanbHOK rpanun./ IIpH OTHOCHTENHSHOM[ YCH/IEHHH MAarHMTHOTO MO, ‘HALIPEMEP, Koria
Ra = 10° 1 Ha = 300, HalineHO, YTO/AHTEHCHBHOCTh/BTOPHYHOTO/TEHEHNS BOIPACTAET BABOE C YMEHBILIE-

HHEM MHTEHCHBHOCTH OCHOBHOTO TEYEHHA.



