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ABSTRACT 

A numerical simulation was performed for a novel electromagnetic stirring system employing 
two rotating magnetic fields. The system controls stirring flow in the meniscus region of a 
continuous casting mold independently from the stirring induced within the remaining volume of 
the mold by a main electromagnetic stirrer (M-EMS). This control is achieved by applying to the 
meniscus region an auxiliary electromagnetic field whose direction of rotation is opposite to that of 
the main magnetic field produced by the M-EMS. 

The model computes values and spatial distributions of electromagnetic parameters and fluid 
flow in the stirred pools of mercury in cylindrical and square geometries. Also predicted are the 
relationships between electromagnetics and fluid flows pertinent to a dynamic equilibrium of the 
opposing stirring swirls in the meniscus region. Results of the numerical simulation compared 
well with measurements obtained from experiments with mercury pools. 
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1. INTRODUCTION 

Electromagnetic stirring (EMS) of the melt in continuous casting has been an integral part of 
industrial practice for the last 15 years. The EMS parameters and stirring conditions have been 
optimized through production trials, physical experiments, and numerical simulations. The latter 
two activities have mostly used laboratory devices with cylindrical geometry stirred pools and 
application of a main frequency (i.e., 50 or 60 Hz) magnetic field without the presence of a copper 
mold [l-61. This contrasts with industrial EMS systems installed on continuous billet and bloom 
casters, which are arranged around molds of predominantly square and rectangular cross-sectional 
geometry. These systems never operate at the main frequency but rather within a range below 10 
Hz. Therefore, predictions of electromagnetics and fluid flow phenomena derived from theoretical 
and experimental simulations, despite their usefulness in elucidating the fundamentals, have 
limitations too restrictive for use by industrial systems. 

In this work, an attempt has been made to improve the theoretical representation of the 
industrial EMS systems by accounting for their specifics. Moreover, a theoretical model was 
developed to describe electromagnetic quantities (i.e., magnetic induction, induced current, and 
electromagnetic force) and fluid flow fields within pools of melt (i.e., mercury) induced by not one 
AC magnetic field, as it is common in industry, but by two independent AC magnetic fields. 

The model represents a novel stirring system developed recently by J. Mulcahy Enterprises 
[7]. The system allows flexible control of the stirring flow in the mold meniscus region 
independently from the stirring intensity in the remainder of the mold volume. Such a technique 
can ensure the compatibility of EMS with the practice of casting under mold powder via a 
submerged entry nozzle. Stirring flow in the meniscus is controlled in this case by an AC magnetic 
field applied to that region; this field has a direction of rotation opposite to that of the main 
magnetic field produced by EMS. When the angular momentums of the two opposing flows in the 
meniscus are approximately equal, there is no stirring flow in any specific direction and the 
meniscus is flat and devoid of disturbance on any significant scale. 

Numerical simulations were performed to compute the electromagnetic force and fluid flow 
by coupling the finite-element electromagnetic code ELEKTRA and the finite-difference thermal 
hydraulic code CaPS. ELEKTRA solves three-dimensional time-varying electromagnetic field 
equations and predicts the induced eddy currents and electromagnetic forces. The time variation 
can be either transient or steady-state AC. CaPS provides an efficient solution of transient heat 
conduction within the metal and between the metal and the mold and computes the profile of the 



free surface [SI. The computed 3-D magnetic fields and induced current densities in ELEKTRA 
are used as input to flow- field computations in CaPS. The model involves the solutions of the 
Maxwell equations, the Navier-Stokes equations, and the transport equations for the turbulence 
kinetic energy k and its rate of dissipation E. Turbulent flow is included to describe recirculating 
electromagnetically induced flows, and control of turbulent flow in the pool is an efficient method 
to improve performance of the EMS system.. 

The model utilizes the data of design and operating parameters of an industrial stirring system 
at 3 and 5 Hz to calculate steady-state fluid flows. Results of the numerical simulation are 
compared with the experimental observations obtained on this installation. 

2. MATHEMATICAL MODEL AND NUMERICAL PROCEDURE 

Let us consider a cylindrical or square vessel in which a metal pool is contained. The vessel 
is surrounded by induction coils in an axisymmetric manner, as shown in Fig. 1. Quantitative 
mathematical representation of this system involves (1) the induced current, (2)  the electromagnetic 
field, (3) the magnetic force, and (4) the fluid flow resulting from the electromagnetic force field. 
These steps may be conveniently divided into (1) electromagnetic calculations and (2 )  the fluid 
flow computations. 

The following assumptions and simplifications are made in this model: 
All flows are assumed to be isotropic and at steady state. 
Surface tension is neglected. 
Fluid flow due to causes other than electromagnetic action (e.g., pouring stream) is not included 

Time-averaged values of the electromagnetic forces are appropriate for fluid-flow calculations. 
in the simulation. The pool container is stationary. 

2.1. Electromagnetic Equations 

ELEKTRA uses a combination of vector and scalar magnetic potentials to model time-varying 
electromagnetic fields. Vector potentials are used in conducting media, and scalar potentials are 
used elsewhere. In time-varying fields, the currents induced in conducting volumes are part of the 
unknowns in the system. Their fields cannot therefore be evaluated by simply performing an 
integration. Inside the conducting volumes, the field representation must include a rotational 
component. ELEKTRA combines the efficient total and reduced scalar potential method for non- 
conducting volumes with an algorithm that uses a vector potential in the conducting volumes. 



In a low-frequency time-varying magnetic field when the dimensions of the objects in the 
space are small compared to the wavelengths of the fields, the magnetic and electric fields are 
related by the low-frequency limit of Maxwell's equations: 

Magnetic flux density: P . j j = O  (1) 

Ampere's Law: J=PxirjI (2)  

Faraday's Law: v x E = - m a t  (3) 

- 

and 

Ohm's Law: J =o(E + 0 X B) (4) 

where o is the electrical conductivity, B is the magnetic flux density, is the electric field 
strength, fi is the magnetic field strength, and 5 is the current density. Once the current 
distribution and the vector potential are known, the magnetic field is readily calculated and one may 
then obtain the electromagnetic force by using the relationship 

F J X B  ( 5 )  

2.2. Fluid Flow Equations [8,9] 

The conservation equations of continuity, motion, and energy in CaPS are developed by the 
mass, momentum, and energy balance, respectively, over a control volume. 

Equation 6 indicates that the rate of mass accumul&on is the difference between the rate of mass in 
and mass out of the control volume. 

In Eq. 7, the terms on left-hand side indicate the rate of.increase of momentum. The terms on 
right-hand side are the rate of momentum gain by convection, the pressure force on element, the 
rate of momentum gain by viscous transfer, the gravitational force on element, and the electro- 
magnetic force on element, respectively. 

2.3. Turbulence Model 



In the bulk of the liquid. the k-E model is used. The transport equations describing the time 
and space distributions of turbulence kinetic energy k and its rate of dissipation E are given in terms 
of production, buoyancy, dissipation, and diffusion. The electromagnetic effect on turbulence is 
implied by the last term of Eq. 8 [lo]. 

In Eqs. 9 and 10, Pk and & are defined by Ref. 11 

Here, Pk is the source term due to mean shear and Gk is the source term due to thermal buoyancy. 
oh (= 0.9) is the turbulence fiandtl number used to calculate turbulent conductivity, and o k  (=1.0) 
is the turbulence Prandtl number for k. CT& (=1.3) is the turbulence Prandtl number for E, cle 
(=1.44) is the coefficient of the turbulence production, and c2& (=1.92) is the coefficient for decay- 
of-grid turbulence. The effective viscosity peff (= pi + pJ is the sum of laminar and turbulent 
viscosities. 

In the immediate vicinity of a solid wall, there is a large variation in the values of turbulence 
properties. Therefore, the wall function treatment is applied to predict the correct values of 
momentum flux, energy flux, and gradient of k and E. Figure 2 shows the two-layer wall function 
model used in simulation [ 113. When yp > yl, the first node is in the fully turbulent zone and one 
has 

k, = u*’/& (12) 

&P = .*’/(KYP) 

When yp 5 yl, the node P is in the laminar sublayer and one has 



with cP (= 0.09). K (= 0.42) is the von Karman constant and E (= 9.0) is determined from the 
roughness of the wall. 

2.4. Data Transfer from ELEKTRA to CaPS 

ELEKTRA solves the 3-D time varying magnetic field equations. When the time variation is 
alternating (steady state), all quantities in ELEKTRA are complex phasors and can be expressed in 
the form 

x = x,, cos(0t - 0) 

Consequently, after performing dot or cross products on these quantities, the computations come 
out in the form 

Y = z cos(20t - Y) 

TO calculate the average values Of EijkJjBk, (j X B), and BjBj, (Be B), per cycle in Eqs. 7 and 8 
from the ELEKTRA postprocessor, it is necessary to output the real part (AC time angle = 0") and 
imaginary part (AC time angle = 90") of the quantity in separate tables and to average the value in a 
stand-alone code. The computations are evaluated as follows: 

(1) Set AC time angle = 0" for main electromagnetic stirrer M-EMS (f = 5 Hz) and create the table 

B1 = Bx2+ By2 + Bz2 

Fx1 = Jy BZ- Jz By  

Fy1 = JZBx-JxBZ (18c) 

Fz1 = J x B y - J y  Bx (18d) 

(1 8 4  

( 18b) 

(2) Set AC time angle = 90" for M-EMS (f = 5 Hz) and create the table 

B2 = Bx2+By2+Bz2 

Fx2 = Jy BZ - Jz By 

Fy2 = Jz Bx - J, B, 

F d  = Jx By - Jy Bx 

(3) Average values for M-EMS (f = 5 Hz) 



(4) Repeat same process for the AC stirring modifier A.C.-SM (f = 3 Hz) and create table for 
( Be BIAC-SM, (WAC-SM, (F~IAC-SM and (WAC-SM. 

(5) Sum the effects linearly from both M-EMS and A.C.-SM coils for the final form. 

2.5. Approximation of Meniscus Deformation 

Meniscus deformation, Le., displacement of the free surface in the axial direction, was 
selected as the criterion of the motion equilibrium and intensity of a predominant swirl flow in the 
meniscus. Depth of the meniscus was measured by adjustable electrical contacts. Along with the 
measurements of meniscus deformation, magnetic flux density of both M-EMS and A.C.-SM was 
measured on the vertical axis of the system at different levels of the EMS operating current. 
Electrical parameters such as M-EMS and A.C.-SM currents, frequencies, and power inputs were 
also recorded. 

Intensity of stirring flow in the meniscus can be characterized by meniscus depth. A 
parabolic geometry provides a convenient approach to the assessment of a rotational flow velocity 
through the pressure difference caused by the centrifugal force: 

where Ap is the pressure difference produced by the centrifugal force, p is the melt density, and U 
is the characteristic velocity. The meniscus depression depth in the center of rotation defines the 
hydrostatic balance at the meniscus under a steady rotational motion: 



where g is the acceleration due to gravity and h is the depth of the meniscus concavity. For some 
idealized and practical situations where axial gradients of the forces are negligible, such an analysis 
can provide a good estimate of the peripheral velocity. The relationship between velocity of 
stirring flow and meniscus height in the meniscus can be determined from 

U=@& (24) 

With the computed velocity profile, the meniscus depth can be determined by the balance of 
volumes below and above the free surface. 

2.6. Potentials and Boundary Conditions 

In ELEKTRA, the choice of potential type in each region depends on region properties. 
Either reduced potential or total potential can be used in current-free regions, while vector potential 
must be used in eddy current regions. In this application, reduced potential is used in the air 
region, total potential is used for iron poles, and vector potential is applied to both the mercury 
pool and the copper mold in which eddy currents are induced by the AC stirrer. 

For electromagnetic stirring in continuous casting, the applied magnetic field extends over a 
finite domain and there are regions where the induced electromagnetic forces are practically zero. 
On the “far-field” external boundary, the position of these boundaries has been chosen at a distance 
from the mercury pool. The problem is solved with the far-field boundaries: (1) the tangential 
magnetic condition @+/an = 0) is imposed on the far-field external boundaries; i.e., at the edges of 
the air space on the top and bottom of mercury pool; and (2) the normal magnetic condition (@ = 0) 
is applied to the far-field external boundary, i.e., at the edges of the air space surrounding the 
mercury pool. 

The boundary conditions of thermal hydraulics used in this study are (1) symmetry about the 
center line, (2) no slip at the solid surfaces introduced through wall functions, and (3) free surface 
at top of the mercury pool. These boundary conditions are not thought to introduce a serious error 
affecting the general nature of the system. For the isothermal flow of mercury in stirring, there is 
no heat transfer between mercury and ambient air, and the energy equation is not solved. 

, 



3. SYSTEM LAYOUT 

Mercury pools of cylindrical and square cross-sectional geometries were used. Figure 1 
displays the two pool configurations. Large columns of mercury, especially of cylindrical 
geometry, were used to avoid or minimize the influence of the container bottom on flow 
recirculation within the pool. Both cylindrical and square geometry containers have very close 
cross-sectional dimensions and approximate reasonably well the volume of steel within the 0.14 m 
sq. mold. The main parameters of the computational data are summarized in Table 1. 

A schematic diagram of the integrated M-EMS and A.C.-SM system arranged within a mold 
housing is shown in Figure 3. Both M-EMS and A.C.-SM are racetrack conductors made up of 
four straight sections with rectangular cross section and four 90" arcs. The M-EMS coils are 
positioned in the lower portion of the mold, at a distance of 0.612 m from the mold top to the 
middle of the M-EMS coils. The A.C.-SM coils are arranged in the meniscus region at a distance 
of 0.287 m from the mold top. Six coils are mounted on the iron core of each M-EMS and A.C.- 
SM. In the three-phase configuration, these coils constitute two-pole AC inductors. Both the M- 
EMS and the A.C.-SM have independent low-frequency current supplies integrated into a single 
unit. 



Table 1 Parameters of Computational Setup 

Parameters M-EMS A.C.-SM 

1. Magnetic coils: 
No poles 
No phases 
Ampere-turns per pole (A) 
Frequency (Hz) 
Distance from mold top 
to coil center (m) 

2 2 
3 3 

43200 48000 
0 to 5 0 to 5 
0.612 0.287 

2. Pools of mercury: 
a) Cylindrical pool 

Diameter (m) 
Height (m) 

b) Square pool 
Size (m) 
Height (m) 

0.113 
1.290 

0.111 
0.650 

3. Copper mold: 
Inside dimensions (m) 
Wall thickness (m) 

0.14 x 0.14 
0.0 127 

4. Properties: 
a) Mercury 

Density (kg/m3) 
Electric conductivity (S/m) 
Kinematic viscosity (m2/s) 
Relative permeability 

Electric conductivity (S/m) 

Electric conductivity (S/m) 
Relative permeability 

b) Induction coil 

c) Copper mold 

13550 
1.05e+6 
1.15e-6 
1 .o 

5.70e+5 

5 .Oe+7 
1 .o 



4. RESULTS AND DISCUSSION 

Figure 4 shows magnetic flux density as a function of vertical distance in a cylindrical pool 
with I = 350 A, f = 5 Hz at M-EMS and I = 143 A, f = 3 Hz at A.C.-SM. The computational 
results match well with the measured data along the centerline of the pool. In Figure 4, the 
computed active stirring lengths, 0.39 m for M-EMS and 0.29 m for A.C.-SM, are in a good 
agreement with the measured data. The data for the active stirring length for all cases is shown in 
Table 2. 

Table 2 Active Stirring Length (m) 

Computation Measurement 

cylindrical pool 

143 A, 3 HZ (A.C.-SM) 0.29 0.22 

350 A, 5 Hz (M-EMS) 0.40 0.32 

300 A, 5 HZ (M-EMS) 0.41 0.33 

126 A, 3 HZ (A.C.-SM) 0.28 0.27 

Square pool 

350 A, 5 HZ (M-EMS) 0.48 

84 A, 3 HZ (A.C-SM) 0.32 

300 A, 5 HZ (M-EMS) 0.48 

75 A, 3 HZ (A.C.-SM) 0.32 

Figure 5 shows magnetic force distribution in the cylindrical pool with I = 350 A, f = 5 Hz 
on M-EMS; and I = 143 A, f = 3 Hz, on A.C.-SM at AC time angle = 0" and go", respectively. 
Figure 6 shows magnetic force distribution in the square pool with M-EMS (I = 350 A, f = 5 Hz) 
and A.C.-SM (I = 84 A, f = 3 Hz) at AC time angle = 0" and 90°, respectively. Values of the 
magnetic force line number within cylindrical (Fig. 5) and square (Fig. 6)  pools are listed in Table 
3. In both figures, larger magnetic forces occur in the lower portion of pool due to the stronger 
operating current at M-EMS. For cases with M-EMS only in the cylindrical pool (Figure 5) and in 
the square pool (Figure 6), only the magnetic force acting at the lower portion of pool is active. 
For cases with both M-EMS and A.C.-SM in cylindrical and square pools, all magnetic forces 
shown in Figures 5 and 6 will be taken into account. The magnetic force used in the computation 



is the average value at AC t h e  angle 0" and AC time angle 90". The figures indicate that A.C.-SM 
always acts to oppose M-EMS due to the different direction of the operating currents; one is 
clockwise and the other is counterclockwise. 

Table 3 Values of Magnetic Force Density (Newtodm3) 
within Cylindrical and Square Geometry Pools, 
as per Fig. 5 and Fig. 6 

Magnetic Force Field 
Line Number 

cylindrical Pool 
(AC time angle) 
0" 90" 

Square Pool 
(AC time angle) 
0" 90" 

A.C.-SM 1 0 0 0 0 
2 330 459 201 279 
3 660 9 17 40 1 557 
4 990 1375 60 1 835 
5 1320 1834 802 1114 
6 1650 2292 1002 1392 
7 1980 275 1 1203 167 1 

M-EMS 1 0 0 0 0 
2 998 148 1 1665 2052 
3 1995 296 1 3329 4104 
4 2993 4442 4993 6156 
5 3990 5923 6658 8209 
6 4988 7403 8322 10261 
7 5985 8884 9987 12313 

Figures 7a and 7b display velocity fields at a transverse plane of a cylindrical pool, z = 0.48 
m from the meniscus, with M-EMS only and with both M-EMS and A.C.-SM together, 
respectively. In Fig. 7a with only M-EMS located at the bottom of pool, velocity is transported 
from bottom to top by fluid viscosity, especially turbulence viscosity. Finally, at a steady 
condition, fluid motion is fully developed and velocity distribution is identical through out the pool; 
the maximum velocities at top and bottom approach the same value, 0.984 d s .  In Figure 7b, the 
flow originated by M-EMS is transported from bottom to top and the flow initiated by A.C.-SM is 
transported from top to bottom. These two clockwise-and-counterclockwise flows will mix and 



reduce the stirring velocity in the pool. The maximum velocity at the bottom of pool is 0.528 m/s  
and the velocity at the top is = 0.07 m/s. 

Figures 8a and 8b display velocity fields at a transverse plane of a square pool, z = 0.48 m 
from the meniscus, with M-EMS only and with both M-EMS and A.C.-SM together, respectively. 
For M-EMS only (Figure 8a), maximum velocity in the pool is = 0.767 m/s, while for addition of 
A.C.-SM (Figure 8b), maximum velocity in the pool is reduced to 0.527 d s .  Because of right- 
angle geometry shape and larger wall surface in the square pool, velocity in the square pool is 
lower than that in the cylindrical pool. 

Figure 9a displays the meniscus depth of a cylindrical pool with I = 350 A, f = 5 Hz at M- 
EMS, and I = 143 A, f = 3 Hz at A.C.-SM. For the case with M-EMS only, the computational 
meniscus depth (40 mm below the surface) is very close to experimental data (47 mm below the 
surface) at the center of the pool. With the addition of A.C.-SM to oppose the motion of M-EMS, 
the meniscus depth approaches zero and produces a flat surface. Figure 9b displays the meniscus 
depth of a cylindrical pool with I = 300 A, f = 5 Hz at M-EMS, and I = 126 A, f = 3 Hz at A C -  
SM. With the M-EMS only, the maximum meniscus depths are 32 mm for computation and 38 
mm for measurement, respectively. It is shown that the A.C-SM can be used to reduce meniscus 
depth and therefore the meniscus instability. 

Figure 10a displays the meniscus depth of a square pool with I = 350 A, f = 5 Hz at M-EMS, 
and I = 84 A, f = 3 Hz at A.C.-SM. Figure lob displays the meniscus depth of a square pool with 
I = 300 A, f = 5 Hz at M-EMS, and I = 75 A, f = 3 Hz at A.C.-SM. The maximum meniscus 
depth of the square pool is 13 mm for both I = 350 A and I = 300 A at M-EMS. It is possible that 
the meniscus shape of the square pool is different from that of the cylindrical pool because of 
different geometry shape of the pool. 

A detailed comparison of angular velocity profile between computation and measurement is 
shown in Table 4. The measured angular velocities are pertinent to the radius of 0.05 m for the 
cylindrical pool and 0.045 m for the square pool. The data shows consistency in predicting 
velocity distribution within the stirred pools and good agreement between the computational and 
the experimental results obtained with the square geometry pool. It is evident from Figs 9 and 10 
and Table 4 that the use of A.C-SM can produce a flat surface and can control the stirring flow in 
the meniscus. 

It is evident that geometry of the stirred pool has a profound effect on velocity axial 
attenuation. At the same M-EMS setting, e g ,  350 A at 5 Hz, the stirring velocity in the forced 
region is appreciably greater in the cylindrical geometry pool and it declines much less toward the 



meniscus than in the square geometry pool. Consequently, a much lower angular momentum is 
needed to counterbalance the stirring flow in the meniscus region of the square geometry pool. 
The effect of this counterbalancing (opposing) momentum on a velocity reduction in the region of 
forced stirring is also much less in the square geometry pool. 

Table 4 Comparison between the Computational (%, rads) and 
Measured (om, rad/s) Angular Velocities, oc/om 

Distance 
from 

Meniscu: 
tm> 

0.050 
0.075 
0.500 

Geometry of stirring: pool 
Cvlindrical Spa re  

M-EMS M-EMS+A.C.-SM M-EMS M-EMS+A.C.-SM 
(A/HZ) (A/HZ) (A/HZ) (AiHz) 

300/5 350/5 30015 35015 30015 350/5 30015 35015 
+ 126/3 + 14313 + 7513 + 8413 

14.11- 16.9123.7 3.41- 2.810.0 7.218.6 9.4/9.3 0.8/0.0 0.7/0.0 
14.51- 16.9/23.4 3.61- 4.2/2.6 7.518.9 9.619.7 1.212.4 1.312.4 
15.11- 17.4/23.3 9.31- 9.35112.2 10.8111.4 13.8/12.6 9.218.5 9.5110.3 

5. SUMMARY 

Numerical simulations of the electromagnetic fields and the fluid flows induced by them 
within mercury pools have been performed for cylindrical and square geometries that closely 
approximate an actual continuous casting arrangement. The coupling of a 3-D electromagnetic 
code (ELEKTRA) and a 3-D thermal hydraulic code (CaPS) provided encouraging consistency and 
a reasonable accuracy in the prediction of swirl flows induced by both the conventional M-EMS 
and the combination of a M-EMS and an auxiliary inductor A.C.-SM. These predictions account 
for an effect of the pool geometry on the swirl flow velocity. The developed model presented here 
demonstrated a validity in predicting stirring flow control in a continuous casting mold based upon 
electromagnetic parameter inputs. 
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B 
C 

ccL 
CMHD 

C l E  

C2E 

E 
F 
f 

Gk 
g 
H 
h 
J 
K 
k 
Pk 
P 
t 
U 
U* 

Xi 

Y1 

YP 

Magnetic flux density (Tesla) 
(= 9.0) Constant characterizing the roughness of a boundary surface 
(= 0.09) Constant 
(= 0.1) MHD constant in k-e model 
(= 1.44) Constant of turbulence production 
(= 1.92) Constant of turbulence dissipation 
Electric field strength (voltlm) 
Electromagnetic body force (Newton) 
Frequency (s-1) 
Production or suppression of turbulence kinetic energy due to buoyancy (J/s-m3) 
Acceleration of gravity (ds2) 
Magnetic field strength (Nm) 
Depth of the meniscus concavity (m) 
Current density (A/m2) 
(= 0.42) von Karman constant 
Turbulence kinetic energy (m2/s2) 
Mean production in k and E equations (J/s-m3) 
Pressure (Newtordm2) 
Time (s) 
Mean flow velocity/Characteristic velocity ( d s )  
Friction velocity ( d s )  
Coordinate system (m) 
Thickness of laminar sublayer (m) 
Distance of node P from the wall (m) 

Greek 
o 
o h  

o k  

B E  

P 
E 

P1 
Pt 

kff 
Indices 
C Critical state 

Fluid electric conductivity (S/m) 
(= 0.9) Turbulence Prandtl number for conductivity 
(= 1 .O) Turbulence Prandtl number for k 
(= 1.3) Turbulence Prandtl number for E 

Density (kg/m3) 
Dissipation of turbulence kinetic energy (Wncg) 
Laminar viscosity (kg/m-s) 
Turbulent viscosity (kg/m-s) 
Effective viscosity (kg/m-s) 



t 

Free or dummy index 
Free or dummy index 
Free or dummy index, Laminar 
Turbulence 



Fig. 1. Configuration of Magnetic System with (a) Cylindrical 
and (b) Square Geometry Mercury Pools 
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(a) Yp < Y1 (b) Yp ’ YL 
Fig. 2. Schematic Representation of the Two-Layer Wall Function Model 
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Fig. 3. Schematic Arrangement of Stirring System with Two Inductors 
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Fig. 4. Magnetic Flux Density Axial Rofrle for Cylindrical Geometry Pool: 
M-EMS at I =  350 A, f = 5 Hz; A.C.-SM at I =  143 A, f = 3 Hz 



(a) AC time = 0 (b) AC time = 90 

Fig. 5. Magnetic Force Distribution within Cylindrical Geometry Pool: 
M-EMS at I = 350 A, f = 5 Hz; A.C.-SM at I = 143 A, f = 3 Hz 

(a) AC time = 0 (b) AC time = W 

Fig. 6. Magnetic Force Distribution within Square Geometry Pool: 
M-EMS at I = 350 A, f = 5 Hz; A.C.-SM at I = 84 A, f = 3 Hz 



- 0.984 m/s 

Fig. 7a. Velocity Field at Transverse Plane of Cylindrical Pool, 
z = 0.48 m from Meniscus: 
M-EMS at I = 350 A, f = 5 Hz 

Fig. 7b. Velocity Field at Transverse Plane of Cylindrical Pool, 
z = 0.48 m from Meniscus: 
M-EMS at I = 350 A, f = 5 Hz; A.C.-SM at I = 143 A, f = 3 €b 



- 0.767 m/s 

Fig. 8a. Velocity Field at Transverse Plane of Square Pool, 
z = 0.48 m from Meniscus: 
M-EMS at I = 350 A, f = 5 Hz 

- 0.527 m / s  

Fig. 8b. Velocity Field at Transverse Plane of Square Pool, 
z = 0.48 m from Meniscus: 
M-EMS at I= 350 A, f = 5 Hz; A.C.-SM at I = 84 A, f = 3 Hz 
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Fig. 9. Meniscus Profrle in Cyhdrical Geometry Pool: 
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(a) M-EMS at I = 350 A, f = 5 Hz 
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(b) M-EMS at I = 300 A, f = 5 Hz 
A.C.-SM at I = 75 A, f = 3 Hz 

Fig. 10. Meniscus Profile in Square Geometry Pool: 


