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Abstract: The simulation of the solidification of alloys (like steel or aluminium alloys), which is
carried out by using the melt flow induced by a rotation magnetic field (RMF), needs the correct
angular velocity vs. the radius function of the melt. Because it is impossible to directly obtain
information about the melt flow from industrial casting, this information can only be obtained
from well-monitored experiments using low-melting-point metals or alloys (e.g., Hg, Ga, Galn, and
GalnSn). In this work, we first summarized the measuring methods that are suitable for determining
this function and analysed their advantages and disadvantages. All of them disturb, to some degree,
the melt flow, except for the Pressure Compensation Method (PCM); therefore, this method was
used in the experiments. Closed TEFLON crucibles with a 60 mm length and 12.5 mm radius and
Ga75wt%In25wt% alloy was used. The angular velocity (w) was calculated from the compensation
pressure measured atr = 5,7.5, 10, and 12.5 mm in the 0-90 mT range of magnetic induction, B. Based
on the w(B, r) dataset, a suitable w(B, r) function was determined for the simulation.

Keywords: melt flow; RMF; angular velocity; pressure compensation method; Galn alloy

1. Introduction

The aim of simulating the solidification of alloys (like the semicontinuous casting of
aluminium alloys or the continuous casting of steels) is to produce a tool that can integrate
the planning of the process parameters, which can guarantee a suitable microstructure
and good mechanical properties [1-5]. In the continuous casting of steel, magnetic stir-
ring is used worldwide to obtain a microstructure without a columnar zone and central
macrosegregation extending across the centre equiaxed zone, refine the grain size, min-
imise the shrinkage porosity and macrosegregation, and improve the surface quality [6-18].
The magnetic induction causes a melt flow, and its simulation is complicated and needs
correct data, like the w(B, r) function. It is known that obtaining information about the
melt flow from industrial casting is impossible, so we must conduct some cold experi-
ments with well-monitored parameters (like Hg, Ga, Galn, and GalnSn alloys) [19-27].
Because only very little correctly measured data for the w(B, r) function can be found in
the literature [21-23,25,28-35], any previous simulations of the melt flow induced by an
RMF ignored the function to solve the problem mentioned above [6-11]. After analysing
the known methods used to determine the w(B, r) function, the most suitable method,
namely the Press Compensation Method (PCM), was chosen. This study aims to pro-
vide a correct dataset for validating the w(B, r) function before this simulation is used in
industrial processes.

2. Measuring Methods Used

Four different methods are given in the literature to obtain information about the
angular velocity of the melt induced by a Rotating Magnetic Field (RMF); these methods
are as follows:

Metals 2024, 14, 368. https:/ /doi.org/10.3390/met14030368

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met14030368
https://doi.org/10.3390/met14030368
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0003-0655-1711
https://doi.org/10.3390/met14030368
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met14030368?type=check_update&version=2

Metals 2024, 14, 368

2 of 20

(1) Investigate the form of the free surface, (2) measure the angular velocity using
a “turbine”, which is immersed in the melt, (3) measure the angular velocity by using a
conductive anemometer with its own magnetic field, and (4) take a pressure difference
measurement. All four methods have some advantages and disadvantages.

ad.l. Investigate the form of the free surface

The form of the free surface of the rotated melt is a paraboloid if the Lorence Force
(F.L.), which produces the rotation, is constant along the radius; then, the liquid’s viscosity
and the wall friction can be negligible, and the aspect ratio (h/2R) can be higher than 6. In
this case, the angular velocity (w) is constant along the radius. To measure the fall in the
original surface in the centre of the paraboloid (red circle and Ah/2 in Figure 1) [31], the
calculation can be carried out as follows:

w(R) = (2gAh(R))™/R = w(r) = (2gAh(r))**/r @

where g is the gravitation constant, R is the crucible’s radius, and 0 <r <R.

Ah(R)2

Y Ah(R)
Ah(R)2

Figure 1. A sketch of the free surface of the rotating melt if h >> R (the aspect ratio is higher than 6).

If the F 1 is not constant along the radius (the magnetic induction is not constant), the
wall friction and/or the effect of the viscosity cannot be negligible, and the form of the free
surface is not a paraboloid, so w(R) # w(r).

The Ah(R) value is measured mechanically or with the use of laser rays. The latter
method is more precise. The Ah(r) value cannot be measured using laser rays (4) because
the backscattered laser ray (5) is absorbed in the crucible wall (see Figure 1). So, only the
w(R) value is measurable using a laser.

Advantage:

(i) Conducting the measurement is simple.
Disadvantages:

(i) Itisnot too easy to find the deepest point.

(ii) Because the viscosity of the melt and the wall friction are usually not negligible, the
form of the free surface is not exactly a paraboloid (i.e., there is a potential formation

of vortexes), so w changes with r.
(iii) The w(B, r) function is not practically measurable.
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ad.2. Measure the angular velocity by using a “turbine”
By immersing a so-called “turbine” into the rotated melt and measuring the revolution
number (Rpm, n) of the axis of the “turbine”, the angular velocity is calculated as follows:

w = 2mm/60 )

In [23], a “turbine” was made that consisted of a glass ampoule (a) containing liquid
Ga and a “turbine blade” (b) formed at the higher end of a glass shaft that was immersed
into liquid Ga (version A). The bearing of the “shaft + turbine blade” was placed into
the cap, closing the top of the glass ampoule (Figure 2). The rotating liquid Ga rotated
the shaft. The Rpm of the turbine was determined by evaluating the video film taken of
the marked disc located on the upper part of the shaft. (Figure 3). By placing the small
turbine into the holes, which are the different distances from the wall of the inductor, the w
value can be measured as a function of r. In a bigger crucible (Figure 4), the turbine blade
could be placed at a different radius r (r1, r2 and r3) or height, so w can be mapped in the
hole crucible.

Figure 2. Glass ampulla (a) and glass “turbine” (b), “shaft + turbine blade” (b and c), and complete
measuring unit (d)

- ST - wyr \ —
““ ~ ."‘ - l}\‘ \ ‘-’

Y

Figure 3. Picture of process of determining Rpm of molten gallium.
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R

Figure 4. A sketch of the measuring possibilities with the turbine blade in a bigger crucible;
1: inductor; 2: turbine blades in 3 different positions of the crucible.

In [21], another type of “turbine” was used (Figure 5) (version B). One turbine consists
of 8 blue rods (turbine blade, 2) fixed on a wheel and (5) immersed in the mercury melt
in a glass crucible (4). The radius (R) of the fixing wheel is changeable, so the Rpm is
measurable at a different distance from the centre. The rotation of the shaft (3) is used to
measure the Rpm.

£3\

4

Figure 5. Sketch of turbine (version B); 1: inductor, 2: turbine blades, 3: shaft of turbine blades,
4: glass crucible, 5: fixing wheel, 6: crucible cover.

Advantages:

(i) Itis a mechanical facility that is not too complicated;
(i) It can map the w value in the whole crucible;
(iii) It can spectacularly demonstrate the rotation of the melt.

Disadvantages:

(i)  If the torque caused by the friction force between the cover of the crucible (6) and the
shaft (3) is too high compared with the torque caused by the Lorenz Force (especially
B < 15 mT), the measured w would be smaller than the real one.

(ii) The turbine blades (version A) or the rods (version B) disturb the flow, especially in

the case of a relatively high magnetic induction (B > 100 mT), when a vortex can form
near them.
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ad.3. Perform the measurement using a conductive anemometer with its own magnetic field

The conductive anemometer is made from a thin ceramic tube (3 in Figure 6) [22].
A longitudinally magnetised permanent magnet is mounted at one end of the tube (2).
Electrodes made from copper wire are mounted at the two opposite sides of the magnet
and aligned along its axis. The induced voltage is measured using a nano-voltmeter (4).
The ceramic tube is fixed in the holder of the traverse gear and can move along the radial
and axial (blue arrows). The facility must calibrate with the mechanically rotated melt with
different angular velocities.

4

|
T

5

Figure 6. Sketch of facility using conductive anemometer with its own magnetic field; 1: inductor, 2:
permanent magnet, 3: ceramic tube, 4: nano-voltmeter, 5: crucible.

Advantages:

(i) Conducting the measurement is simple.
(i) Moving the anemometer into radial and axial directions could allow the w value to
be mapped in the whole crucible, including the w(B, r) function.

Disadvantages:

(i) The ceramic tube mechanically disturbs the melt flow (the vortex near the ceramic

tube) and the permanent magnet magnetically disturbs the melt flow.
(if) Calibrating the facility is complicated.
(iif) It can only be used at a small magnetic induction (B < 5 mT).

ad.4 Pressure difference measurement

The pressure changes if the melt is rotated in a closed crucible without a free surface.
A higher pressure corresponds to a larger radius and larger velocity. This phenomenon
can be used to determine the Rpm of the rotating melt stirred using an RMF. The pressure
difference, Ap, related to the pressure prevailing at the axis of rotation, can be calculated
from the velocity differences present at any place with a radius of r. The peripheral speed
was zero at the sample axis (r = 0), whereas the maximum value was at the crucible wall
(r=R).

The crucible is closed with two gauges connections to measure the pressure atr = R [24].
The gauges at the tank’s axis (r = 0) and periphery (R) are labelled, respectively, “a” and
“b” in Figure 7A. The two gauges connections and crucible are a “communication vessel”.
The melt level is the same as that at the gauge connections if the RMF inductor is not
operated. Moreover, the atmospheric pressure is identical in the so-called “stationary-level”
or “0-level” gauge connections.
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Figure 7. Developing the melt level difference, Ah, in the gauges connected to the closed crucible.
The melt levels before (A) and after (B) the switch on the inductor; 1: closed crucible, 2: inductors, a
and b: the two gauges connected to the closed crucible, L is the height and R is the crucible’s radius.

A level difference of Ah developed between the melt levels in the “a” and “b” gauge
connections when the melt was rotated (stirred) using the RMF inductor (Figure 7B). The
pgAh metal-static pressure of the melt column is in equilibrium with the pressure difference
(Ap) developed between the axis and periphery of the crucible. If the free surface of the
melt is at atmospheric pressure in the gauge connections,

Ap(R) = p[v(R)]*/2 = pw?R?/2 (3)

The azimuthal (v) and angular velocity (w) of the metallic column can be calculated
as follows:
v = (28p(R)/p)" (4)

and
w = (2Ap(R)/p)*° /R (5)

The Ap can be measured using two methods: (a) using a manometer and (b) with
pressure compensation.

(@) Measuring using a manometer [22]

A differential manometer is placed between the two measuring connectors and directly
used to measure the Ap (Figure 8).

—C

Ap

\
lm
IS

[~

.

v

Figure 8. 1: Closed crucible; 2: inductors; a and b: the two gauges connected to the closed crucible;
C: manometer.
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Advantages:
(i) During the measurement, nothing in the melt can disturb the melt flow.
Disadvantages:

(i) There must not be air in the measuring system because it interferes with the measurement.
(ii) The differential manometer can be damaged by metallic melt.
(iii) The w(B, r) function cannot be measured in this form.

(b) Pressure Compensation Method (PCM)

The Ap = pgAh differential pressure is compensated by an external pcomp = pgAh
pressure produced by a compressor at measurement gauge “b”; the “0” level is restored at
both gauges “a” and “b” (Figure 9) [31-33].

w= (zpcomp/p)O'S/R (6)
pcom
a l b
9 1 "0 level .
\
[~
w
<
i >

Figure 9. Compensation of melt levels by pcomp pressure in gauges. 1: Closed crucible; 2: inductors;
a and b: the two gauges connected to the closed crucible.

Advantages:

(i) During the measurement, there is nothing in the melt that can disturb the melt flow.
(ii) The w is measurable in an extensive range.
iii) The measurement of p.omp Would be very accurate depending on the precision of the
Pcomp y P & p
used manometer.
(iv) The melt does not come into contact with the manometer.

Disadvantages:

(i) The press compensator is complicated.
(i) The w(B, r) function cannot be measured in this form.

In thin glass gauges (2 mm inner diameter), the capillary effect influences the melt
level due to the surface tension between the melt and the glass. However, since the material
and size of the two gauges are the same, this effect is identical in the two gauges, so the
difference in the measured level is only proportional to the difference in pressure between
the different radiuses. It must be noted that the w(r = 0) is not measurable by either method
because Ah/r = 0/0 (method 1); the azimuthal velocity is definitely 0, so the extremely
small turbine blade cannot rotate (method two a); the shaft is in the axis (method 2 b); the
radius of the ceramic tube must be some mm so it measures the w at the surroundings of
the axes (method 3); and the first gauge is in the axis of the crucible.
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3. Experiments

As mentioned earlier, this work aimed to give a correct dataset to check the w(B, r)
simulation. Compared to the four different measuring methods, it can be stated that the
PCM method is the most useful in determining the w(B, r) function after some minor
reconstruction (see the advantage of this method). Therefore, four new TEFLON crucibles
were used. The wall and the cover of the TEFLON crucible are very smooth, and the friction
force is nearly zero [24]. The diameter of the crucibles was 25 mm (R = 12.5 mm), and the
height was 60 mm. A sketch of the new type of crucible is shown in Figure 10. The w(B, r)
function value was measured at 5, 7.5, 10, and 12.5 mm from the axis. Holes were made in
the axes (Figure 10”a” and Figure 11) in all crucibles, and one of these distances from the
axis in the cover of the three crucibles (Figure 10“b1” and Figure 11a—c) and on the wall
of the fourth crucible (Figure 10“b2” and Figure 11d) had a 2 mm diameter. The accuracy
of the pressure measurements was 20 Pa. This accuracy was sufficient as the measured
pressure was higher than 20 Pa in most cases.

b1 a g -H.b2

—) e —

Figure 10. A sketch of the new type of crucibles. The “a” gauge is at the centre of the crucible, the

“b1” gauge is in three different positions, and the “b2” gauge is at the wall of the crucible.

Figure 11. Four crucibles with 2 mm diameter holes. The distances from the axis are (a) 5 mm,
(b) 7.5 mm, (c) 10 mm, and (d) 12.5 mm. The black and yellow arrows show the holes.

The Ga75wt%In25wt% alloy was chosen because the experiments were performed
at room temperature (20 & 2 °C), where this alloy is melted. The physical parameters of
the alloys are listed in Table 1. The molten alloy “melt cylinder” height was 60 mm, so the
aspect ratio was 65/25 = 2.4. The magnetic field induction was a maximum of 95 mT, the
pole number of the three-phase inductor was two, and the frequency of its power-supply
voltage was 50 Hz.
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Table 1. The physical parameters of the Ga75wt%In25wt% alloy.

Ga75In25
Melting point, °C 15.7
Density, kg/m3 (atm.p.) p 6517.5
Dynamic viscosity, kg/ms n 2.223 x 1073
Specific electrical conductivity, MS/m o 3.58
Magnetic permeability, Vs/Am n 47t x 1077
Penetration depth at 50 Hz, mm ) 36

4. Results

Earlier [32,33], the pressure at the wall was measured across a hole in the cover of the
crucible near the wall (Figure 12a). Because it revealed the suspicion that, precisely at the
wall, the angular velocity (and, thus, the measurable pressure) differs from the actual value,
in this work, the hole was made on the crucible wall (Figure 12b), which was also carried
out in [6]. The results of the two different measuring methods are compared in Figure 13
and Table 2. There is no difference between them.

Table 2. The w value measured using two different methods at the crucible’s wall.

r=12.5 mm

Meas 1 Meas 2
B [mT] w [1/s] B [mT] w [1/s]
0 0 0 0
4 6.3846676 14.66 30.4
7.7 13.08333 30.77 64.9
14.7 30.458 44.23 96.87
22.5 48.14667 75.90 149.5
30.8 64.998 88.99 169.1
37.4 82.16333 - -
442 96.81667 - -
51.6 111.784 - -
57.7 125.286 - -
67.3 136.904 - -
75.9 149.5687 - -
81.8 161.1867 - -
89 169.1413 - -

d
O] mm il

- [ 0.2 mm

Meas 1

Figure 12. A sketch of the two measuring methods. (a) The measuring hole is across the crucible’s
cover; (b) the measuring hole is at the crucible’s wall.
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Figure 13. A comparison of the angular velocity measured using the two methods.
Figure 14 and Table 3 show the measured pcomp as a function of magnetic induction at

the four different radiuses. A quadratic equation can well describe the measured values.
The measuring error (A) is less than 5%.

Pcomp vs magnetic
induction

o5mm WM75mm ¢ 10mm A125mm

16000
T 125 mm
14000 "f Pcomp = 1441882 + 33,6548
R*=09977
12000 - 10mm
4 Pcomp = 1013382+ 19.7758
10000 R*= 09844
< 75mm
g 8000 Pcomp = 0677782 + 42.886 B
& R*= 09884
6000
5mm
Pcomp = 0.2018 B2 + 28519 B
0 R*=09797
2000
0 r

0 20 &40 60 80 100 120
B, mT

Figure 14. The measured peomp is a function of magnetic induction.
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Table 3. The measured pcomp at four radiuses.
5 mm 7.5 mm 10 mm
B Pcomp B Pcomp B Pcomp B Pcomp
[mT] [Pa] [mT] [Pa] [mT] [Pa] [mT] [Pa]
0 0 0 0 0 0 0 0
14.7 320 14.72 480 14.7 440 14.66 460
294 1200 29.44 1740 294 2200 30.77 2100
442 1800 43.42 3200 449 3580 4423 4650
73.6 2800 66.98 5000 7.6 6180 75.9 11,100
89.8 4400 89.79 10,300 92 10,000 88.99 14,200
Using Equations (4) and (5), the azimuthal and angular velocities (v and w) were
calculated from pcomp (Figure 15a,b and Table 4). The azimuthal velocity is the highest at
12.5 mm (at the crucible wall), while it is the smallest at 5 mm, and at 7.5 and 10 mm, it is
practically the same. Of course, at 0 mm, it is definitely zero. The w(B) is approximately a
straight line until 30 mT, similar to the results in [21], where the authors investigated the
effect of RMF on the w value in the case of mercury by the B-type turbine.
azimuthal velocity vs. magnetic induction angular velocity vs. magnetic induction
- —o—5mm —=—75mm 10 mm
--5mm -#75mm 10 mm 125 mm 05mm  —e Calerd
2500 300
a b p»
4
2000 = £
Yy
/ 200 ——
1500 : I |« 5
H 4 E 150 PP e
= /‘ - y p
1000 ; / /
/4 4
7 | o 100 A —
/ *//
500 '
50—
/
0 0
D 20 W 60 80 100 0 50 00
B, mT B mt
Figure 15. (a) The measured azimuthal and (b) angular velocities as functions of magnetic induction.
Table 4. Calculated azimuthal and angular velocities from measured pcomp-
I, mm Magnetic induction, B, mT 1, mm Magnetic Induction, B, mT
15 30 45 73 90 15 30 45 73 90
Measured Angular Velocity, w, rad/s Measured Azimuthal Velocity, v, mm/s
0 85.46 158.69 187.93 218 270 0 0 0 0 0 0
5 63.4 122.9 150.5 181 235 5 427.3 793.45 939.65 1090 1350
75 51.8 98.6 134 167 210 7.5 388.5 739.5 1005 1252.5 1575
10 37.2 83.2 106.2 139 177 10 372 832 1062 1390 1770
12.5 30.4 64.9 96.87 119 169 12.5 380 811.25 1210.875  1487.5 21125

Because the w(r) function is needed for the solidification simulation, based on Table 4,
the azimuthal and angular velocities are shown as functions of the radius in Figure 16a,b.
It can be well seen that the azimuthal and angular velocities significantly change along
the radius. From the centre to the wall, the azimuthal velocity increases, and the angular
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velocity decreases. The theory of the flow of the liquid phase postulates that the flow
velocity (in this case, the azimuthal velocity) is zero; implicitly, the angular velocity is also
zero. In contrast to the theory, the measured pcomp is not zero; consequently, the azimuthal
and the angular velocities also do not equal zero.

Measured azimuthal velovity vs. radius Measured angular velocity vs. radius
®15ml ¢30mT A 45mT ©73ml m90 mT ®15ml ¢ 30mT 4 45mT © 73 mT m90 mT
2500 300
a + b
| |
250 —
2000 | i
|
. 200 | .
1500 i f \ .
= 2 _ a}
g r \ E 150 | Wl B
~ 1000 ¢ + N T l
T g 100 ;
IR ® l
®
- ® o o o 50
o ®
0 = 0
0 25 5 75 10 125 0 25 5 75 10 125
radius, mm

radius, mm

Figure 16. (a) The measured azimuthal and (b) angular velocities as functions of the radius.

5. Discussion
5.1. An Explanation of the Changes in the Measured Angular and Azimuthal Velocity along
the Radius

As mentioned earlier, in a rotating molten alloy, the angular velocity (w) is constant
as a function of the radius (r); if the magnetic induction is constant along the radius, the
liquid’s viscosity produces the friction force in the molten alloy (F), and the wall friction
(FW) can be negligible. In this case, the free surface of the molten alloy is a paraboloid. The
viscosity of the molten alloys and the wall roughness of the crucible could not be negligible,
so the angular velocity changes in the rotated melt along the radius. In two earlier papers,
we showed the effect of magnetic induction on the angular velocity of the melt in the case
of a crucible with smooth [32] and rough [33] walls (wall friction) on the angular velocity.
The angular velocity was determined using the Pressure Compensation Method (PCM)
near the wall of the crucible (r =~ R, where R is the radius of the crucible). As can be well
seen from our measured data, the angular velocity decreases from the centre to the crucible
wall (Figure 16). The explanation for this phenomenon is below.

Suppose a melt cylinder with electrical conductivity is placed in a rotating magnetic
field with an angular velocity wy. In that case, if a crucible is made of electrically insulating
material (i.e., TEFLON), the melting cylinder will begin to rotate. The force that produces
the rotation (Lorenz force, Fy ) is created by the interaction of the rotating magnetic field
with the eddy current in the melt cylinder. When switching on the rotating magnetic field
(t = 0), the angular velocity is zero (w = 0) for all circles of the radius, R, of the melting
cylinder. Thus, at the moment, t = +0 for each part of the melting cylinder on the radius, 1,
and F  (start) is applied perpendicular to the radius.

Fp (start) = (1/2)0B%rwy 7)

where o and B are the electrical conductivity and the magnetic induction of the inductor,
respectively. It should be mentioned that Equation (1) gives an exact value if the height of
the melting cylinder is H = oco. Its radius, R, is insignificantly smaller than the penetration
depth §,ie., R <<<< 6 =[2/(wy on)]%5, where y is the magnetic permeability. However, a
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good approximation can be used if H > 4R (in this case, 60/12.5 = 5) and 2R < §. The force,
F. (start), creates a torque on the melt cylinder. It begins to rotate at an angular velocity w,
so for a rotating melt cylinder, the penetration depth will change as follows:

5= [2/((wo — w)ow)]*? ®)

The angular velocity w depends on many parameters: the aspect ratio of the melt-
cylinder (L/R), the roughness of the sample holder wall (W.R.), the physical parameters of
the melt (o, , 1), the penetration depth of the melt (), the value of the applied magnetic
induction (B), and the radius of the given location (r). We only investigated the effect of the
B and the r on the w, while the others were constant. The value of the Lorentz force acting
on the melting cylinder brought into rotation changes due to the rotation of the melting
cylinder, and it begins to decrease with an increasing w:

Fr(w) = (1/2)0B?r[wy — w(B,1)] = K B?r[wy — w(B,1)] )

The Fy, consists of two parts: F,, induced by the kinematical viscosity, #, and the wall
friction, F,,. As the crucible material was TEFLON, the F , was small [25] and only affected
the crucible wall. So, inside the crucible,

I dv) rdw) | o (dw)\ | 5, (wy . 5
Ffr—Fn—AT]<dr) —Zm"n(dr ) = 2nr n(dr) R 2mr n(R> =Kr-w (10)

When the inductor is switched on, the angular velocity w increases, and then the
F1. decreases from the F (start), and the F, increases until the equilibrium between the
friction force (Fg,) in the melted Ga75In25 alloy and the Lorentz force (F ) is reached (red
and blue points in Figure 17):

Fi(w(st)) = Fy(w(st)) a1

Fi, Fir vs. angular velocity

—e—FlR2) —e—FI(R]) - @ -FfrR]) - -Ffr(R2)

o r2>rl

F(start)R2) w(st)(r2) g

Fustart)R) ) w(st)(r1)

Fi, Ffr, arbitrary unit

0 50 100 150 200 250 300 350
W, radfs

Figure 17. Graphical calculation of the stationary angular velocity (w(st)) at two different radiuses.

The w(st) will be the maximum (stationer) angular velocity at the radius, r. It can be
seen from Figure 17 that at a higher radius (1), this maximum w(st) is lower than at the
smaller one (r1). By using Equations (9) and (10), we can obtain the following;:

KiB*r[wy — w(B,1)] = Kor?w (12)
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By rearranging Equation (12), we obtain
KiB2rwo = [K,B? + Kzr] rw (13)
And, finally,
KiB2wo /[K,B? + Kzr] — B2wy/ [B2 + Kr} = w(st) (14)
K =K2/K1 = 4m/Ro (15)

The value of K can be determined theoretically with Equation (15), but because
(%—‘f) ~ w/R is an approximation, K = 300 was determined by regression.

Figure 18a shows the calculated w(st) at five magnetic inductions as a function of the
radius; in Figure 18b, the measured and calculated w(st) values are compared. As R? =0.96,
the fitting is good enough to prove the theory for the evolution of the stationary angular
velocity. Based on this figure, it can be stated that the angular velocity changes along the
radius; the maximum and the minimum are near the centre and at the wall, respectively.

angular velocity vs. radius Calc w(st) vs Meas w(st)
300 T
a b R2=0.96
250 B A
(] @15ml A5mm

200 o 8L 7
v o ®30mT
= A @75mm
=150
k7 A > ALSmT 9
N A

r
Q A 010 mm
i o73mI
< (
° o (]
50 ) m90mT ¢125mm
’ +
0
0 25 5 75 10 125 0 100 200 300
radius, mms Meas w(st), rad/fs

Figure 18. (a) The calculated w(st) vs. the radius; (b) a comparison of the measured and calculated
w(st) values.

Consequently, the angular velocity measured in [32,33] close to the crucible wall has
only given information about the minimum angular velocity as a function of magnetic
induction B and the crucible’s radius, R.

According to the theory, the velocity of the flowing melt (here, the azimuthal velocity)
on the crucible wall is zero, so the angular velocity must be zero, too. The pcomp measured
at the crucible wall (or very close to it) is not zero, so the angular velocity is also not zero.

5.2. Direct Determination of w(B,r) Function from Measured Values of w

We must mention that the model and the calculation shown before are only valid for
laminar flow, and not for turbulent flow, and it cannot consider the change in the magnetic
induction along the radius because the penetration distance decreases with the increasing
angular velocity. So, we worked out another method for calculating the angular velocity
as a function of the magnetic induction and the radius. Because this method is based on
the direct processing of measured data, it is usable at a high magnetic induction, which
causes turbulent flow, and the change in the magnetic induction along the radius can be
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considered. The azimuthal and angular velocities vs. the radius and the magnetic induction
(w(B,r) function are interesting for the simulation. So, based on the measured values of w,
it was constructed as detailed below.

The following function estimated the w(B, r) functions:

w(B, 1) = Wmax(1 — exp[f(r)B]) (16)
We rearranged this equation as follows:
Y =In(1— w(B,r)/wmax) = f(r)B (17)

In Figure 19a, Y is shown as a function of B at five different radiuses. If the R? > 0.98,
then the error is acceptable. The slope (f(r)) of the Y functions can be seen in Figure 19b as a

function of r:
f(r) = 9.8210 *r +1.928 1072 (18)

Y vs. magnetic induction

f(r) vs. radius
#0mm ¢5mm A75mm ®=10mm e125mm

0 -0.005
3N 2 a y=-0.00788 k
BN SR, 125 mm R = 0.9852 -0.007
S [ NI .
0.5 A N, - :
NN ST~ y=-0.008834B -0.009
3 S| >e | 10mmRe=09943
. LN L S -0.0m
g M y=-00116368 b
3 " 15mmR 0993 = s -
" L y=-00140548 0015
< | 5mmR:09852
. -0.017 flrl = Dﬂ:ﬂﬂ‘?BZr 0.019280
* y=-0.0197128 R*=0.984536
0 mm R* = 0.9824 -0.019
2 0021
0 00 4 60 80 100 0 : i =
= Radius, mm

Figure 19. (a) Y as a function of magnetic induction (B) at five different radiuses (r); (b) f(r) as a
function of r.

If the R? > 0.98, then the fit is also acceptable.
Finally,

w(B,r) = 314 (1 - exp[(9.82 104 +1.928 10*2)8} (19)
vV = wr (20)

In Figure 20a,b, the measured and calculated angular and azimuthal velocities are
compared as functions of the radius at the five magnetic inductions. In Figure 21, all
measured and calculated angular velocities are compared. Based on these figures, it can
be stated that with Equation (19), the angular velocity is calculatable with acceptable
error (R? = 0.98) as a function of the radius and magnetic induction, which is usable in the
simulation software.



Metals 2024, 14, 368

16 of 20

angular velocity vs. radius
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Figure 20. (a) The calculated angular velocity as a function of the radius at five magnetic inductions.
(b) The calculated azimuthal velocity as a function of the radius at five magnetic inductions.
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Figure 21. Comparison of measured and calculated angular velocities.

In Figure 22, the angular and azimuthal velocities are shown in a wide range of
magnetic inductions at five different radiuses. It can be seen that wmax = 314 rad/s can be
reached using about 200 mT at r = 5 mm, while at r =12.5 mm, about 800 mT is needed. It
must be mentioned that the curves are verified in the range of magnetic induction between
0 and 90 mT, and from 90 to 800 mT, only the estimation is based on the measured data.
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angular velocity vs. magnetic induction azimuthal velocity vs. magnetic induction
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Figure 22. (a) The calculated angular velocity as a function of a wide range of magnetic inductions
at five radiuses. (b) The calculated azimuthal velocity as a function of a wide range of magnetic
inductions at five radiuses.

6. Conclusions

The angular velocity of the Ga75In25 melt rotated using an RMF was measured as a

function of the radius in the crucible using the Pressure Compensation Method. Based on

the

()

(i)

(iii)
(iv)

measured w(B, r) dataset, the following conclusions were established:

Based on a simple physical model, a calculation method was worked out for the
calculation of the (w(B, r) function:

w(st) = B2wy/ {Bz + Kr}

With the simple physical model and calculation, it was proven that the angular
velocity strongly depends on the radius in the crucible; the highest is at the axis, and
the smallest is at the wall and continuously increases from the wall to the axis.

The zero angular velocity given by the theory was not demonstratable when it was
measured directly at the wall.

As the simple model is valid only at laminar flow, the w(B, r) functions were estimated
based directly on the measured w, which can correspond to the change in the magnetic
induction along the radius and the effect of the turbulence of the flow by a function
that can be usable in the simulations:

w(B, 1) = Wmax(1 — exp|f(r)B]
where wWmax = 314, and

f(r) = 9.8210 *r +1.928 102
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Abbreviations

RMF Rotation Magnetic Field

PCM Pressure Compensation Method

Symbols

r the radius at a given point in the melt cylinder, m

R the radius of the crucible, m

Z the height of the centre of the melt cylinder at B >0, m
h the original position of the liquid surface, m

Ah(R)/2 the fall of the original liquid surface at the axis, m
Ah(R) the difference in level caused by the pressure difference at the crucible’s wall, m
Pcomp the compensation pressure, Pa

P the density of the melt, kg/m3

w the angular velocity of rotation, rad/s

Wmax the maximum angular velocity of rotation, 314 rad/s

v the azimuthal velocity, m/s

g the gravitational constant, 9.81 m?/s

o the specific electrical conductivity, S/m
v the magnetic permeability, Vs/Am

n the dynamic viscosity, kg/ms

5 the penetration depth, m

WR the wall roughness, m

FL the Lorenz force, N

Fg the friction force, N

Fy the force induced by the dynamic viscosity, N
Ew. the wall friction force, N

f the frequency of the RMF, Hz

B the magnetic induction of RME, mT

the slope of the Y(B) function, depending on the physical constants of the melt
(density, electrical conductivity, and kinematic viscosity)
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