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Abstract—The role of mixed convection, caused by a forced Couette flow, during the directional solidi-

fication of tin in a toroidal mould is studied. The macrostructure of the solidified melt is examined and

the metallurgical findings (crystal growth) connected with the heat and fluid flow measurements. The

results are compared with those obtained with another type of rotating flow, driven by a stationary

electromagnetic field and produced by an annular electromagnetic conduction pump. The angle of deflection

of the columnar crystals is related to the mean velocity and the shear stress upon the melt-solid interface,
as well as to the initial superheat.

1. INTRODUCTION

THE INFLUENCE of natural convection on the con-
trolled solidification of metals and alloys in moulds
has been particularly studied over the last two
decades, for various thermal boundary conditions [1-
5]. These investigations were principally based on tem-
perature measurements and have revealed that free
convection in the metal pool during solidification
plays an important role on the rate of evacuation of
superheat, on the shape and movement of the melt-
solid interface and on the structure of the solidified
melt [1-4]. Recently, Gau and Viskanta [5] have
studied the effect of natural convection on solidifica-
tion of pure gallium under gravitationally unstable
situations (melting from below or solidification from
above) and shown the appearance of Bénard convec-
tion cells and convection rolls, which have an impor-
tant impact on the interface shape.

It is an established fact that the morphology of a
growing crystal is strongly affected by the fluid flow
in the bulk liquid. The fluid motion is generally pro-
voked either by natural convection or mixed free and
forced convection. It should be emphasized that the
grain structure of a metal is of great importance, since
many of its mechanical properties are directly related
to the size, shape and distribution of the grains. For
instance, several dynamic methods, producing a vig-
orous forced convection in the melt during freezing,
lead to substantial grain refinement. In such processes
heat and fluid flow are controlled by various externally
applied forces. The methods primarily include the use
of electromagnetic or mechanical stirring [6-14]. In
contrast, the production of large single crystals is
made possible when the natural convection is strongly
damped by the application of a stationary magnetic
field of sufficient strength [15-17].

The purpose of this work is to study the effect of a
forced Couette flow during the solidification of a pure

metal. Since the pioneering investigations of Couette
[18], Mallock [19] and Taylor [20], this complicated
subject has been extensively studied and an excellent
review of existing experimental and numerical results
was presented by Cognet [21]. The problem is made
still more difficult here, on account of the increasing
number of parameters (involving the thermal par-
ameters), acting in such an experiment, which is not
isothermal. Moreover, the superheat, the melt
volume, the geometric and thermal boundary con-
ditions and hence the heat and fluid flow phenomena,
are unsteady during solidification. So, the goal has
been restricted to the examination of the main hydro-
dynamic and thermal parameters, which could be
directly connected with the crystal structure of the
solidified melt.

The practical interest of this study lies first in the
fact that, in order to refine the grain, forced rotating
flows are sometimes used in industrial casting pro-
cesses. These dynamic treatments can be obtained
either by an electromagnetic technique using rotary
induction motors [6, 9, 12], or mechanical stirring
through rotation of the mould [12, 13]. The present
investigation will show another attractive application
consisting in the control of the direction of crystal
growth, so as to obtain blade-shaped columnar crys-
tals, for example. The directional freezing technique
has been particularly applied to turbine blade manu-
facture [22-24]. Directional solidification promotes a
texture, namely dendritic growth in a preferred direc-
tion and this columnar structure avoids transverse
grain boundaries, which are an initiating point for
creep failure.

Moreover, this work bearing on the mechanical
stirring of the melt during freezing, has been sup-
plemented by some remarks on a specific elec-
tromagnetically driven rotating flow, which lends
itself more easily to the establishment of several experi-
mental relationships between the crystal features (i.e.
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NOMENCLATURE

B, externally imposed magnetic field t*  dimensionless time, v#/(R,~ R,)*
€ specific heat U, tangential velocity component, in steady
D average diameter of the crystals state
g gravity U,, tangential velocity component, in
Gr  Grashof number, gBp*H3AT/n? transient state
H  liquid metal height U. circumferential velocity of the outer
H/(R.—R)) aspect ratio cylinder
I,  externally imposed direct current U} dimensionless velocity in transient state,
Jo  externally imposed current density U /Uy
k thermal conductivity Ui  dimensionless velocity in steady state,
L; latent heat of fusion Uy/U,
M  Hartmann number, B H(a/n)'"? z vertical position (from the mould
¥ radial position bottom).
r*  dimensionless radial position, (R.—r)/R.
Re’  Reynolds number, UHp/n Greek symbols
R,  outer radius of the crucible B thermal expansion coefficient of liquid
R;  inner radius of the crucible (or average n viscosity

radius of the interface) u magnetic permeability
R, Reynolds number of rotation, v kinematic viscosity

R(R.~R)w. /v I density
T, initial temperature of the bulk liquid o electric conductivity of liquid
Ty  melting point T shear stress on the melt-solid interface
AT initial superheat ¢  angle of inclination of columnar crystals
t time @, angular velocity of the exterior cylinder.

size and inclination of the dendrites) and the main
hydrodynamic and thermal parameters.

It is important to note that the present investigation
is the continuation of previous experiments [10, 17]
which, in any case, were performed using the same
mould and the same metal and under identical thermal
conditions, namely, the same initial superheat and the
same flow rate of cooling fluid. The essential interest
of such arrangements was to permit the realization
of a comprehensive and comparative study of the
interactions between the hydrodynamic, thermal and

Insulation

crystal growth phenomena, which occur in typical
examples of crystallization of a pure metal in the
presence of natural, forced and damped convection.

2. EXPERIMENTAL APPARATUS AND
PROCEDURE

The apparatus for experiments is shown in Fig. 1.
This apparatus is a modification of the system already
described in detail {10, 17] and used for studies con-
cerning the effects of natural and electromagnetically
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Fic. 1. Schematic diagram of the apparatus {Couette flow).




Couette flow during the controlled solidification of a pure metal

forced, or damped, convections during the solidi-
fication of a pure metal. In these previous inves-
tigations, the device consisted principally of an annu-
lar mould, made of stainless steel and containing
about 2 dm® of a commercially pure tin (99.85%
purity), with a free surface. The outer cylinder of 174
mm i.d. was resistance heated, while the inner cylinder
of 24 mm o.d. was internally cooled by water at 20°C,
with a flow rate of 1000 dm® h~". All the exterior walls
of the furnace were thermally insulated [10, 17].

The single modification consisted here in the sup-
plementary presence of a rotating outer cylinder, with
an interior diameter of 160 mm, driven with a constant
angular velocity w, by an electric motor, through a
pulley—belt system. A speed reduction gear permitted
variations of w, ranging from 0 to 13.23 rad s~
Therefore, the molten metal was set in motion under
the action of viscous forces caused by the rotation of
the outer concentric cylinder, while the inner one was
kept at rest.

The experimental procedure was the same as
employed in the previous works [10, 17]. Temperature
measurements were taken by means of a battery of
six thermocouples, positioned horizontally along a
radius, and likely to be placed at various prescribed
heights within the melt. A six-channel recorder
enabled evolution of the temperature distribution
inside the bulk liquid with time during solidification
to be followed (as well as the shape and position of the
melt-solid interface). Each experiment was performed
by melting the metal and heating it to 10°C above the
required superheat temperature T, at this moment
the heating was turned off in order that the liquid
metal could cool slowly to T,. Afterwards, the ingots
were solidified by delivering cooling water from an
initial superheat AT = T,—T;, above the melting
point Tt.

Finally, prior to the examination of its macro-
structure, each solidified specimen was sectioned,
polished and macroetched [10, 17, 25].

3. VELOCITY MEASUREMENTS

It is difficult to carry out velocity measurements
during a solidification, on account of the movement
of the solidifying crust. So experimental runs have
been performed without cooling, in order to avoid the
solidification of the bath. The progression of the front,
which results in a modification in time of the geometry
of the annular pool, has been simulated by additional
interior cylinders, of exterior radii R; , and fashioned
from solid stainless steel.

3.1. Transient flow

It is obviously essential here to know the time
required to reach a fully developed flow. Conse-
quently, the evolution of the tangential component of
the local velocity with time has been recorded from
the onset of the cylinder rotation, using an elec-
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F1G. 2. Tangential velocity component measured in the tran-

sient state, at a given point and for two values of the angular
velocity of the rotating cylinder.

tromagnetic probe [26, 27], placed at a given point in
the melt. Figure 2 shows two typical examples of
recording, corresponding to different values of the
rotation speed of the outer wall. The dimensionless
parameter, Uf = Uy, /Uy, represents the ratio of the
tangential velocity component U,,, measured at a
given time, to the U, component measured at the
same point, in the steady state ; t* = v¢/(R,— R;)is an
adimensional time.

It occurs that, when the cylinder rotates at a rela-
tively low rate (w, = 2.62rad s~'), the evolution of the
azimuthal velocity component exhibits an exponential
trend. For a higher rotation speed (@, = 13.23 rad
s~1), it can be seen that U increases rapidly, passes
through a maximum and then decreases up to a mini-
mum, from which the molten metal is once again
accelerated and the steady state is finally reached.
This phenomenon corresponds very probably to a
transition state from laminar to turbulent flow. More-
over, it is seen that the fully developed flow is reached
more rapidly as the angular velocity of the rotating
cylinder is high. As an illustration, the steady Couette
flow is nearly obtained after about 70 s, for w, = 13.23
rad s~!, and after about 140 s, for w, = 2.62 rad s~ .

3.2. Steady flow
3.2.1. Tangential component. Figure 3 presents the
distribution of the adimensional parameter Uj =

14 © Sn (275°C)
® Hg (20°C)
We-13.238"
Uy = 105.8cm S™
] Z.3cm

0

Fic. 3. Tangential velocity component profile, plotted in
steady state.



2050

Uy/U, (which is the ratio of the tangential com-
ponent Uy of the liquid velocity to the circumferential
velocity of the rotating cylinder U,) as a function
of the radial position, defined by the dimensionless
parameter »* = (R, —r)/R.. It appears that, because
of the low viscosity of the liquid metal, the azimuthal
velocity decreases rapidly, from the rotating wall
towards the centre of the melt. The fluid is practically
unmoved inside a zone located between the inner cyl-
inder and the mid-radius of the pool. Moreover, the
kinematic similarity between mercury and tin flows
can be satisfactorily observed. Furthermore, sup-
plementary experiments have proven that these vel-
ocity profiles are practically independent of the ver-
tical position except, obviously, in the vicinity of the
horizontal bottom wall.

3.2.2. Secondary flow. Methodical measurements,
performed inside a radial cross-section of the melt,
reveals the presence of a secondary flow (Fig. 4), with
radial and axial velocity components. The flow
pattern, presented in Fig. 4, presents some similarities
with that produced by a strong natural convection,
characterized by an ascending flow along the hot wall
and a descending flow along the cold wall [10, 17]. This
loop occurs for the values of the Reynolds number
of rotation, R, = R.(R.— R))w,./v, ranging between
5.5% 10% and 2.8 x 10°. It is secn that the stirring inten-
sity is more intense in the upper part of the melt
than in the vicinity of the bottom, whereas the peak
velocity, measured within this vortex exceeds 5 ¢m
s~'; hence, the stirring intensity can be here more
important than in the main flow, except in the neigh-
bourhood of the rotating wall.

It must be noted that, owing to the three-dimen-
sional character of the fluid motion, the volumetric
flow rate is not conserved inside such a cross-section.
On the other hand, it has not been possible to explore
completely the regions situated in the near proximity
of the vertical walls, on account of a probe-wall inter-
action effect.

In the case of an isothermal Couette flow, it is
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F1G. 4. Velocity pattern plotted inside a radial cross-section
of the tin pool.
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established that, as a rule, when the outer cylinder
rotates while the inner one is at rest, the centrifugal
forces are irrotational and, consequently, balanced by
a pressure gradient. So. in contrast to the inverse
case (i.e. rotating inner cylinder and outer cylinder
unmoved), any secondary flow is likely to appear,
under these circumstances.

In the present system, the mechanism of the for-
mation of this unexpected secondary flow has not
been well understood and can perhaps be attributed
to a bottom effect, caused by the horizontal wall of
the crucible. Nevertheless. the presence of this cell was
confirmed by repetitive tests and will be corroborated
later by inspection of macrographies.

4. TEMPERATURE MEASUREMENTS

The isotherm maps obtained in natural convection
(1.e. with no rotation), for various values of superheat,
have already been preseanted [10, 17] and, conse-
quently, are not reproduced herc. Their inspections
have mainly revealed the presence of a hot zone
located in the vicinity of the free surface, while the
radial and vertical thermal gradients are much steeper
in the upper part than in the neighbourhood of the
bottom of the solidifying melt.

Figure 5 shows the evolution of the temperature
distribution plotted in the liquid metal poo! during
freezing, for an angular velocity of the outer cylinder
w, of 13.23 rad s™' and an initial superheat of 43°C.
Inspection of Figs. 5(a) and (b). connected with the
early stages of solidification, reveals the existence of
two different zones. Very steep horizontal and vertical
thermal gradients appear along the interface in the
upper left-hand corner of the cavity, while the thick-
ness of the thermal boundary layer is found to increase
downward along the solidifying crust. Moreover, the
isotherms are nearly horizontal in the upper half and
vertical in the lower half. The low thermal gradients,
which exist in the bottom region indicate that con-
duction seems the preferential mechanism of heat
transfer and that velocities urc very probably smaller
in this zone. On the other hand. the existence of a cell,
filling about 3/4 of the volume occupied by the
molten metal, can be anticipated. These expectations
are in agreement with the remarks expressed after
inspection of the secondary flow ficld, displayed in
Fig. 4.

Al the initiation of the liquid-solid phase change,
the hotter zone is situated in the proximity of the
free surface, and the difference between the extreme
temperatures (i.e. from top to bottom) is 16°C, for
t = 50 s (Fig. 5(a)), while the difference was 24°C in
natural convection [10]. This observation is obviously
explained by the fact that, with regard to the case of
natural convection, the stirring, which is here largely
provoked by the secondary flow, promotes a more
rapid dissipation of superheat. For the same reason,
the growing of the solidified portion is markedly
slowed down in the upper part of the pool (Figs.
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F1G. 5. Temperature fields plotted in the presence of a forced Couette flow (AT = 43°C): (a) t = 50 s; (b)
t=110s;(c) t=170s; (d) t =200s.

5(a) and (b)), because the liberation of latent heat is
hindered on account of the higher intensity of the
convective flow in this region.

In the course of solidification, the temperature of
the melt tends to be uniformized under the action of
mixed convection (Figs. 5(c) and (d)) and a very
slightly hotter zone even occurs, in the bottom region.
This later observation confirms the predominance of
a convective mode of heat transfer in the upper region,
and of a conductive mode in the lower zone. Inspec-
tion of these isotherm maps shows the probable pres-
ence of two vortices, the volume of the upper cell
decreasing in favour of the lower loop during freezing.
The existence of these loops, where the velocities are
probably weak, may be understood by the evolution
of the aspect ratio H/(R.—R;), due to the advance-
ment of the solidification front, of average radius R;.

Temperature profiles plotted, either in natural con-
vection, or in the presence of a forced Couette flow,
are compared in Figs. 6 and 7. It should be mentioned
that, under the present experimental conditions, the
convective process corresponds rather to a mixed con-
vection mode (the adimensional group Gr/R’e” is of
the order of ten). For this reason, the discrepancy
between the temperature distributions is not as pro-

nounced as in the case of an efficient electromagnetic
stirring caused, for instance, by the application of an
induction electromagnetic field [10].

Temperature profiles, plotted along a radius, at
different levels, are conveyed in Fig. 6. Their inspec-
tion shows that, in the upper half of the mould (Fig.
6(a)), the central region is isothermal in the horizontal
direction and confirms that the temperatures are
smaller in the case of the Couette flow, because the
convective stirring is strengthened by the secondary
flow (Fig. 4). Moreover, in the bottom area (Fig. 6(c)),
the temperature tends roughly to a linear variation in
the core region, due to the predominance of a radial
conductive heat flux in this lower zone.

The profiles, conveyed in Fig. 7(a), have been plot-
ted along a vertical approximately situated at mid-
radius (r = 4 cm); it is seen that the temperature of
the core region decreases almost linearly, from top to
bottom. Figure 7(b) presents a temperature dis-
tribution corresponding to a vertical close to the exter-
nal wall ( = 7 cm). In the case of the Couette flow,
the more complicated shape of the temperature profile
is probably due to the combined effect of the rotating
flow (driven by the outer cylinder) and of the sec-
ondary loop. The temperature increases suddenly in
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F1G. 6. Temperature profiles plotted along a radius in natural
convection (NC) and in the presence of a forced Couette
flow (CF): (a) Z=7cm; (b) Z=4.25cm; (c) Z= 1.5 cm.

the vicinity of the bottom of the crucible; this obser-
vation once again argues the case for weaker heat and
mass transfer in this area.

Figure 8 displays the shape and position of the
solid-liquid interface, drawn at a given time, in the
absence and presence of forced rotation. It appears
that, compared with the case of free convection, the
average solidification rate is slowed down because the
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Fig. 7. Temperature profiles plotted along a vertical in
natural convection (NC) and in the presence of a forced
Couette flow (CF): (a) r=4cm; (b) r = T em.

liberation of latent heat is delayed to the profit of
the superheat drop (stirring effect). Moreover, in the
presence of the Couette flow, the solidification front
exhibits, in the top region, a concave shape which very
probably coincides with the existence of the secondary
vortex, already pointed out.

AZcm
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104 © CF(e=13.23 1)
AT .43°C
t =170
51
rem
0 5 10

Fic. 8. Shape and position of the melt-solid interface in
natural convection (NC) and in the presence of a forced
Couette flow (CF).
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5. REMARKS ON AN
ELECTROMAGNETICALLY DRIVEN
ROTATING FLOW

During solidification, the tin pool was subjected
both to an externally imposed axial and stationary
magnetic field and to a radial electric field, giving rise
to a tangential electromagnetic body force distri-
bution, throughout the melt (Fig. 9). Hence, the sys-
tem behaved as an annular electromagnetic con-
duction pump and the liquid metal was set in rotation
under the action of the steady electromagnetic force
pattern.

A magnetic field B,, uniform to 2% inside the melt,
was generated by an inductor made up of 248 jointed
turns traversed by a direct current, liable to vary
within the range of 0-165 A, whereas the cor-
responding strength B, was included between 0 and
0.1 T. Furthermore, a constant voltage was applied
between the inner and outer cylinders of the crucible ;
these walls, playing the role of electrodes, permitted
the flow of a radial direct current 7, (between 0 and
250 A) through the solidifying metal to take place. In
the case of the hydrodynamic study and in order to
allow easier operation in the steady state, the pro-
gression of the solidification front has again been
simulated by the adjunction of inner cylinders, made
of stainless steel and of exterior radii R;.

Preliminary experiments showed that a steady state
rotation speed of the molten metal was reached after
a transient time of about 30 s. The tangential velocity
profiles presented in Fig. 10, were plotted along a
radius, at mid-height of the melt and at different stages
of solidification (i.e. for various simulated positions
of the front of radius R;). The Hartmann number M,
which is proportional to the magnetic field By, has
been already defined [17]. The inspection of these
velocity distributions reveals the decay of the elec-
tromagnetically driven fluid flow inside the tin pool
during freezing. This damping is caused both by the
increasing surface area of the interface, which results

‘ Ucm.s™

Ta 2 275°C
-4cm

M . 80
I. . 250A
30

Fem
0 5 10

Fia. 10. Tangential velocity profiles, plotted for different
positions of the solidifying crust.

j ;
N a
£

in an enhancement of the viscous frictional forces,
and by the decline of the externally imposed elec-
tromagnetic body force J, x By, acting on a unit vol-
ume of the fluid. Indeed, J, x B, is nonuniform ; the
forces decrease along a radius, from the inner cylinder
to the outer one, on account of Kirchhoff’s first law :
divd, =0,

Subsidiary experiments showed that, for a given
radial position, the tangential velocity was practically
independent of the vertical position, except in the near
vicinity of the bottom of the mouid (no slip condition)
and of the liquid free surface. Moreover, a weak uni-
cellular fluid motion (with measured velocity peaks of
the order of 3 ¢cm s~'), mainly located in the upper
half of the pool, has been detected inside a radial
cross-section, at the onset of freezing.

Temperature measurements were again performed
from an initial superheat of 43°C. The shape of the
isotherms, sketched in Fig. 11, presents some simi-
larities with those already seen in natural convection
{10, 17]. Inspection of this isotherm map, plotted at
the initiation of solidification, confirms the presence
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F16. 11. Temperature field, plotted in the presence of crossed
electric and magnetic fields.

of a single loop located in the upper part of the bath,
while the low radial thermal gradients, seen in the
bottom region, indicate the dominance of conduction
in this latter zone.

6. CRYSTAL GROWTH AND DISCUSSION

6.1. Natural convection
The presence of a unicellular molten metal flow,
with fluid rising near the hot wall and descending near

CH. VIVES

the cold one, has been detected in a previous work
[10]. It has also been shown that the columnar zone
is sloped in the upstream direction to the interface [28.
29] and that the inclination of the dendrites increases
with the degree of superheat (Fig. 12(a)), mainly at
the onset of freezing. It should be noted that the left-
and right-hand sides of the samples, presented in Fig.
12 and cut along the whole radial and vertical cross-
sections of the toroidal ingots, are respectively con-
nected with the cold and hot wall of the mould. Figure
13(a) shows a horizontal slice solidified from a low
initial superheat of 3°C. Owing to the weakness of the
free convection, the conductive and radial mode of
heat transfer is here predominant ; it follows that the
crystal grows horizontally. Moreover, the radial crys-
tal growing direction proves the absence of a tan-
gential component of the melt. The sample presented
in Fig. 13(b) relates to 43°C of superheat and displays
the sections of the oblique columns, already seen in
Fig. 12(a).

6.2. Couette flow

Figure 12(b) displays a specimen obtained from an
initial superheat of 100°C and an angular velocity of
13.23 rad s™'. It appears that the effect of the rotating
outer cylinder results, for a given initial superheat, in
a diminution of the average diameter of the columns

(a)

F16. 12. Macrostructures of commercially pure tin (vertical slices) solidified in natural convection, (a)
AT = 100°C, in the presence of a forced Couette flow, (b) AT = 100°C, @, = 13.23 rad s™', and in the
presence of crossed electric and magnetic fields, (¢) AT = 100°C, M = 80, 7, = 250 A.
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(b)

(c)

FiG. 12.—Continued.
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FiG. 13. Macrostructures of commercially pure tin (horizontal slices) solidified in natural convection, (a)

AT = 3°C, (b) AT = 43°C, in the presence of a forced Couette flow, (¢) AT = 43°C, w, = 13.23 rad 5™/,

(dy AT = 100°C, @, = 13.23 rad s~' and in the presence of crossed electric and magnetic fields, (g}

AT = 100°C, M =80, I, =250 A, (f) AT = 100°C, M = 80, 1, = 250 A (periodic reversals of the flow
rotation).

(a)

(®)
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F1G. 13.—Continued.
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and in an enhancement of their angle of inclination
¢. Obviously, the inclination of the dendrites is
enhanced by the secondary vortex, pointed out in Fig,
4. Moreover, at the start of solidification, ¢ is greater
in the upper part than in the lower region of the ingot ;
this finding is consistent with the comments expressed
after examination of the flow structure, displayed in
Fig. 4, and of the temperature distributions, depicted
in Figs. 5(a} and (b). Figures 14(a) and (b) show that
the deflection angle of the dendrites increases, while
their average diameter decreases, when the initial
superheat and the rotation speed of the outer cylinder
increase.

On the other hand, a fine equiaxed structure (the
diameter of the grains is included between the range
50400 pm) is observed in the cortical zone (Figs.
12(b), 13(c) and (d)). This sudden and spectacular
change of crystal structure is most likely provoked
both by the superheat drop and the tangential liquid
metal flow. Indeed, the multiplication of floating
nuclei is favoured in the completion of solidification,
because the temperature of the liquid metal pool is
practically equal to the melting point (Fig. 17). Fur-

¢ degrees

401 I'= 24 mm
Z 250 mm

o NC
0 CF ((De«13.23 rd.S1)

2 3 Gr.10?
y A o . el
0 50 100 AT°C  (a)
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inclination ¢ ; (b) on the average diameter D of the columns.
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thermore, during the latter stages of freezing, the
rotation of the outer cylinder results in an increasing
shear rate in the melt (caused by the augmentation
of the tangential velocities in this area and by the
reduction of the space between the solidifying crust
and the external wall). It is well known that such
conditions promote the production of very fine
grained suspensions.

To summarize, it appears clearly that this outward
solidification takes place successively from two very
different mechanisms: the growing of the columnar
macrostructure is mainly under the dependence of the
secondary flow, while the production of the equiaxed
crystals is only due to the main tangential flow.

Figures 13(c) and (d) exhibit two horizontal slices
corresponding to an initial superheat of 43 and 100°C,
respectively, and show again the sections of the
deflected columns. A tendency to a slight inclination
of the dendrites, caused by the weak tangential vel-
ocity of the fluid flow in the area of the columnar
crystal growth, can be discerned. However, it is ob-
vious that the effect of the secondary flow is here
predominant.

6.3. Electromagnetic rotation

Figure 13(e) conveys a typical example of direc-
tional solidification obtained in the presence of a mag-
netically driven rotating flow, provoked by appli-
cation of crossed electric and magnetic fields. This
macrography reveals the presence of fine blade-
shaped crystals, once again inclined against the
stream. Moreover, the columns grow horizontally
confirming that, in this situation and contrary to the
case of the Couette flow, the secondary loop, inside a
radial cross-section of the melt, is virtually insig-
nificant with respect to the movement of rotation.
This finding is corroborated by observation of the
sample depicted in Fig. 12{c), which exhibits the ver-
tical sections of the blade-shaped columns. Although
the columns are sloped counterflow, the mean velocity
of the molten metal U,, and the shear stress T = n du/dr
upon the interface of average radius R, affect the solute
distribution, and hence act indirectly on the shape
and size of the obtained crystals [28, 29]. So, the
measurements of the angle of deflection ¢ (defined
here with respect to a radius), made under the con-
ditions of Fig. 13(e) and for different positions of
the solidification front, have been connected with the
measured corresponding hydrodynamic parameters.
Inspection of Figs. 15(a) and (b) shows that ¢ first
increases with U, and 1, and then tends to a limit of
about 50°. Attention must be drawn to the fact that
a notable inclination of the dendrites can be obtained
even for a relatively low mean velocity (or shear
stress) ;e.g. ¢ ~ 15°, when U, = Icms™ (Fig. 15@@)).
Methodical experiments have proven that, for a given
initial superheat, the increase of the stirring intensity
results in a decrease of the average diameter D of the
dendrites and in an enhancement of their inclination
¢. Likewise, it is seen in Figs. 15(c) and 16 that,
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all other stirring conditions remain unchanged, the
curvature of the crystal increases and its thickness
decreases, when superheat increases. On the other
hand, the equiaxed structure which occurs (Fig. 13(c))
within a cortical area of about 1 cm thickness (con-
nected with the latter stages of freezing, i.e. with a
melt temperature close to the melting point (Fig. 17)),
is coarser than that obtained in the presence of the
Couette flow (Figs. 13(c) and (d)), because the shear
stress is here much lower.

Figure 13(f) exhibits the effect of periodic reversals

of the direction of the flow rotation obtained by inver-
sion of the polarity of the electric current I, (every
150 s); the growing of zig-zag-shaped crystals is
clearly revealed and, in accordance with the results
displayed in Figs. 10 and 15(a), it may be seen that
the value of ¢ is not significantly affected during the
first three reversals of rotation.

7. CONCLUSIONS

The role of mixed convection, caused by mech-
anically, or electromagnetically, driven rotating flows
during the solidification of tin in a toroidal mould,
was investigated. The macrostructure of the solidified
melt was examined and the metallurgical finding (crys-
tal growth) connected with the heat and fluid flow
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measurements. The deflection of columnar crystals
has been particularly related to the mean velocity and
the shear stress upon the melt—solid interface, as well
as to the initial superheat. The dramatic effect of these
various conditions of stirring on the shape and size of
the directionally solidified crystals is pointed out in
Figs. 12 and 13.

The results obtained here combine with a still more
comprehensive and comparative study including in-
vestigations, reported in recent papers [10-17] and
bearing on the solidification of a pure metal, ¢ither in
the presence of natural convection [10, 17], or in the
presence of time-varying [10] or stationary [17] mag-
netic fields. Figure 17 illustrates a representative ex-
ample of the effects provoked by different situations
of natural, forced and damped convection on the
escape of superheat AT during solidification. The
evolution of AT is particularly significant, on account
of its repercussion on the solidification rate, as well as
on the shape and size of the crystal. It is seen that,
from the superheat drop standpoint, the stirring due
to the application of an induction electromagnetic
field [10] is more efficient than that produced by
crossed and stationary electric and magnetic fields.
Nevertheless, at the onset of freezing, the velocity
peaks are of the order of 10 cm s™', in the first cir-
cumstance, and of 25 cm s~', in the second. In the
case of the electromagnetic rotation, the velocity being
mainly tangential does not contribute directly to
adequate mixing. In contrast, in the presence of an
induction electromagnetic field [10], the bulk liquid
is rapidly homogenized, because the fluid particles,
carried away by the recirculating vortex, travel alter-
nately from a hot to a cold zone. Accordingly, it
occurs that, in such a system, the flow structure is very
important and that the stirring intensity (or the flow
rate) is not the unique criterion of efficiency.

To summarize, these investigations have shown the
spectacular impact of the flow patterns during the
directional solidification of a pure metal. It is clearly
evident that the application of electromagnetic fields
of adequate pattern and strength is, in most cases, a
very attractive method for the production of crystals
of required shape and size, without pollution of the
metal.
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CH. VIVES

EFFETS D’UN ECOULEMENT FORCE DE COUETTE PENDANT LA SOLIDIFICATION
CONTROLEE D’UN METAL PUR

Résumé—On étudie le role de la convection mixte, provoquée par un écoulement de Couette, pendant la

solidification dirigée de I’étain dans un moule toroidal. La macrostructure du bain solidifié a été examinée

et les résultats métalliques (croissance cristalline) ont €té reliés aux mesures thermiques et hydrodynamiques.

Les résultats ont été comparés avec ceux obtenus avec un autre type d’écoulement tournant, entrainé par un

champ électromagnétique stationnaire produit par une pompe a conduction électromagnétique annulaire.

L’angle de déflection des cristaux colonnaires a €té particuliérement reli¢ a la vitesse moyenne et au
cisaillement sur interface liquide-solide, ainsi qu’a la surchauffe initiale.

EINFLUSSE EINER ERZWUNGENEN COUETTE-STROMUNG BEI DER
KONTROLLIERTEN ERSTARRUNG VON REINEM METALL

Zusammenfassung—Der Einflul der Mischkonvektion infolge einer erzwungenen Couette-Stromung bei
der Erstarrung von Zinn in einer ringférmigen Gufform wurde untersucht. Die Makrostruktur der
erstarrten Schmelze wird bestimmt und die metallurgischen Erkenntnisse (Kristallwachstum) mit den
Messungen der Wérme- und Fluidstrome in Verbindung gebracht. Die Ergebnisse werden mit anders-
artigen Rotationsstréomungen verglichen, die durch ein stationires elektromagnetisches Feld aufrecht-
erhalten und durch eine elektromagnetische Pumpe erzeugt werden. Der Richtungswinkel der sidulen-
formigen Kristalle wird sowohl auf die mittlere Geschwindigkeit und die Schubspannung an der Grenzfliche
der Schmelze als auch auf die anfingliche Uberhitzung bezogen.

BJISAHUE BBIHYXIEHHOI'O TEUEHHWSA KY3TTA HA NNPOUECC PET'YJIMPYEMOT'O
3ATBEPJIEBAHHSI YUCTOI'O METAJJIA

Amsoramus—Uccnenyercs polb CMEINAHHON KOHBEKLMY, BBI3BAHHOM BBRIHYXICHHNM TeueHHeM KyatTa,
B OpOLIECCEe HATPABIEHHOrO 3ATBEPACBAHMA 0J10BA B TOPOHAAIbHOM mpecc-popme. AHanusupyercs
MaKpOCTPYKTYpa 3aTBEpPACBILEr0 PACILIaBa, H NOJYYCHHbIE JaHHLIE (0 POCTE KPHCTAILIOB) CBA3BIBAIOTCA
C W3MEPEHMAMH TEIUIOBBIX M IWHAMHMYECKMX XaPAKTEPHCTHK TeYeHHs. DTH [aHHble CPABHMBAIOTCH C
Pe3yJbTaTaMH HMCCAENOBAHUS IPYroro THNA POTAUMOHHOIO TEYEHWS, BHI3BAHHOIO CTalMOHAPHBIM
3NIEKTPOMATHHTHBIM MOJIEM, KOTOpOE cO3/1aeTcs B KonblesoM MITJI-Hacoce. Yron uarnba xpucraswios
3aBHCHT OT CpPeAHEH CKODOCTH TEUCHHA ¥ HANPSOKEHAsA COBAra Ha TPAHHLE Pa3ieNa MeXy PACILIaBOM U
TBepaoi $a3oif, a TaxKe OT HAYaJILHOTO NEperpesa.



