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ARTICLE INFO ABSTRACT

Keywords: This study aims to investigate the intricate interaction between fluid flow and magnetic fields, known as mag-
Electro-vortex flow (EVF) netohydrodynamic (MHD) phenomena, within a hemispherical container filled with conducting gal-
Tornado lium-indium-tin (Ga-In-Sn) liquid. The primary objective is to explain the influence of the external magnetic
Cyclone field and electric current intensities on the flow structure. Novel insights into the emergence of Lorentz forces
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that drive the flow dynamics are pursued by varying these parameters. The motivation for this investigation is
rooted in the desire to deepen our understanding and uncover new insights into magnetohydrodynamic (MHD)
phenomena within a specific experimental setup. Specifically, we aim to understand how swirl velocity is
generated and altered by fluctuations in magnetic field strength and electric current intensity within the system.
Our investigation reveals a transformation in the flow pattern in a hemispherical pool as the magnetic field
strength increases while maintaining a constant electric current intensity. Sequential transformations from a rope
tornado to a tornado, cyclone, and finally an inverted tornado are observed, shedding light on the complex
behavior of the system. On the other hand, under fixed external magnetic field conditions, it is observed that, as
the electric current intensifies, the flow pattern evolves from a tornado to a rope tornado or from a cyclone to a
tornado. Furthermore, once the electric current intensity exceeds a specific threshold, the flow pattern remains
unchanged, providing valuable insights for process optimization and control. This study contributes to a deeper
understanding of MHD phenomena and offers practical implications for optimizing processes such as electroslag
remelting (ESR) and vacuum arc remelting (VAR) that involve a similar hemispherical pool of conductive liquid.
The simulation results are validated against experimental measurements, ensuring the reliability and accuracy of
our findings.

1. Introduction

arc remelting (VAR) [9-12], liquid metal batteries [13-16], and
aluminum reduction cells [17-19].

When a non-uniform electric current travels through a liquid metal,
it interacts with either a self-induced or an external magnetic field (The
magnetic field can be generated by various sources, including the
Earth’s magnetic field [1], magnetic fields induced by current leads [2],
and those produced by mixing devices [3].), resulting in the creation of
an electromagnetic force [4]. Understanding this interaction, known as
magnetohydrodynamic (MHD), provides insight into a variety of in-
dustrial processes, such as electroslag remelting (ESR) [5-8], vacuum

For instance, Ranawade [20] introduces an MHD model incorpo-
rating electro-vortex flow (EVF) to simulate fluid behavior in liquid
metal batteries (LMBs). The model predicts significant impacts on
various flow phenomena, including EVF, thermal buoyancy, and solutal
buoyancy on LMB performance. Furthermore, numerous studies have
investigated Li||Bi cell systems, particularly focusing on fluid dynamic
phenomena. Various authors have developed three-dimensional models
to analyze mass-transport [21,22].
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Understanding the MHD flow arising from the interaction between
fluid flow and the magnetic field is essential, particularly in a hemi-
spherical container. For example, in processes like Vacuum Arc
Remelting (VAR), the molten pool forms a hemisphere due to cooling
from the surroundings and solidification in the ingot [9-11,23]. The
flow structures inside the hemisphere influence critical parameters such
as the melting duration of the metal and the temperature distribution in
the bath. Additionally, they affect the crystallization front [24-26], as
well as the duration and quality of metal mixing [27]. In ESR, for
example, a slight increase in the magnetic field causes stationary zones
in the domain and overheats the metal bath [28].

Since this structure is sensitive to external axial magnetic fields and
the intensity of the electric current, controlling the flow with the aid of
these parameters is a natural solution that should be utilized with
caution. Vinogradov [29], introduces a novel method for calculating
magnetic fields in current-carrying media, utilizing unstructured grids
and NVIDIA CUDA technology for accelerated computations, without
prior knowledge of the computational domain’s shape. Frick et al. [30]
extensively investigated flow within a cylinder under the influence of an
external axial magnetic field. The external magnetic field also plays a
crucial role in EVF. For example, the application of a strong external
axial magnetic field promotes the flow, inducing a secondary electric
current [31]. Zhilin et al. [32] observed a horizontal swirling of EVF and
proposed that such swirling in the liquid metal could be induced by
external magnetic fields, similar to the magnetic field of the earth. The
effect of the external magnetic field on azimuthal velocity, axial veloc-
ity, and kinetic energy was examined. The strength of the external
magnetic field can either increase or decrease the intensity of the flow
[28].

Modeling and experimental attempts were made to investigate the
effect of electric current intensity on the flow structure within the
hemisphere. Shercliff [33] studied flow patterns considering an electric
current source and proposed an analytical solution for fluid motion.
Malyshev et al. [34] performed numerical research on the
Electro-Vortex Flow (EVF) with low electrical current using the Stokes
approximation to calculated the velocity and pressure fields. The surface
deformation below the electrode, in terms of depth, and the reasons for
arc development around the electrode tip using different electric current
intensities were explored numerically [35]. Teplyakov et al. [36] con-
structed an experimental setup to study the influence of electric current
on the flow structure. They investigated the variation of EVF velocity as
a consequence of current intensity within the hemisphere.

Vinogradov et al. [37] attempted to measure the velocity with the
help of an experimental setup, as shown in Fig. 1(a). They reported a
hydrodynamic self-oscillation, possibly arising from the interaction of
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two opposite vortices. However, experimental analyses alone may not
suffice to fully understand this phenomenon. Measuring the velocity at a
single point may not provide a comprehensive overview of the flow
structure. Additionally, the accuracy of measurements depends on the
limitations or resolution of the measuring instrument. This study pre-
sents a novel investigation into the behavior of conductive flow within a
hemispherical container, a geometry that has received limited attention
in prior research. The present study utilizes a model analogous to that
used by Kharicha et al. [38], who investigated the behavior of a
conductive fluid enclosed within a cylindrical vessel with a planar
electrode.

The aim of this study is to delve into fundamental questions sur-
rounding the influence of varying external magnetic fields and electric
currents on flow structures within hemispherical containers. Key in-
quiries driving this investigation include: How do varying external
magnetic fields influence the emergence and evolution of distinct flow
patterns within the hemispherical container? What role does electric
current intensity play in modulating the behavior of magnetohydrody-
namic (MHD) phenomena within the experimental setup? Additionally,
the research seeks to explore how the understanding of flow structures
under different magnetic fields and electric current intensities can
contribute to the optimization of industrial processes such as Electroslag
Remelting (ESR) and Vacuum Arc Remelting (VAR). Furthermore,
consideration is given to the limitations of current simulation ap-
proaches in accurately representing three-dimensional flow dynamics,
with a focus on addressing these challenges to propel advancements in
the field of MHD research.

2. Modeling

The experimental setup, shown in Fig. 1(a), was crafted to enable a
thorough investigation into the behavior of an In-Ga-Sn eutectic alloy
under controlled conditions. Fig. 1(b) offers a detailed perspective of the
3D axisymmetric cross-section, revealing the intricate regions and
boundaries within the simulation domain. Central to this setup was a
hollow copper hemispherical container acting as the crucible, providing
a stable environment for housing the alloy. With a diameter of 188 mm,
this container facilitated the execution of experiments on the alloy.
Accompanying the copper crucible was a smaller counterpart, serving as
the electrode. Shaped as a convex hemisphere with a diameter of 5 mm,
it was submerged into the alloy to a depth of 2.5 mm. The flow of electric
current density initiated at the electrode, traversing through the
conductive liquid medium to ultimately reach the crucible. Power to the
setup was delivered by a sophisticated current source employing a
Larionov rectifier scheme, ensuring a consistent current flow with
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Fig. 1. (a) Experimental setup, (b) the 3D axisymmetric domain. 1-solenoid, 2- electrode, 3-eutectic alloy In-Ga-Sn, 4- hemispherical container, 5-heat

exchanger [31].
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minimal ripple effects. Moreover, the integration of a system comprising
Maxwell coils served to counterbalance the Earth’s axial magnetic field.
This integration facilitated the establishment of a uniform magnetic field
along the z-axis, achieved through the placement of Helmholtz coils. For
further information, please refer to the citation provided [36]. The nu-
merical simulations were conducted under the following assumptions:

i. A 3D axisymmetric swirl model was adopted to represent the flow

behavior.

ii. The presence of an arc around the electrode tip was disregarded.

iii. The movement of the liquid-air interface was neglected, treating
it as a stationary boundary.

iv. The system was assumed to be isothermal, with no temperature
gradients considered.

v. Flow equations were not solved in the air zone, focusing solely on
the conductive liquid domain.

In the axisymmetric condition, the magnetic field (B) can be solved
by considering only the tangential component of the magnetic field (Bg)
and the magnetic potential vector (Ag). By utilizing this approach, the
behavior of the magnetic field within the system can be effectively
determined and analyzed, providing valuable insights into the electro-
magnetic phenomena under consideration [11,38].
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In the given equations, t represents time, u,ug,u, represent the
radial, tangential, and axial components of the velocity field, respec-
tively. Similarly, B,Bg,B, represent the radial, tangential, and axial
components of the magnetic field. The symbols pp and ¢ represent the
magnetic permeability and electric conductivity. Finally, r, 6,
z represent the radial, tangential, and axial coordinates.

The poloidal current density components (J;, J;) and toroidal
component of current density (Jo) could be calculated as follows [11]:

108,
J, = T 3)
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Jo = 6< o T T Tar ) “)
=T uor or

Eventually, Lorentz forces [39] are explicitly computed and added as
source terms to the momentum conservation equations:

Fr = JHBZ - JzBes (6)
Fy = J.B, 7JrBzy @)
F, = J;By — JyB,. (8)

where F,, Fy,F, are radial, tangential, and axial components of the Lorentz
force.

Navier-Stokes equations in 3D axisymmetric swirl cylindrical co-
ordinates are as follows [39]:
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where p is the static pressure, and p is viscosity.

The boundary conditions are listed in Table 1, with corresponding
boundaries shown in Fig. 1.

The computational domain utilized in the simulations consisted of a
total of 83,000 quadrilateral mesh elements. Notably, a finer mesh res-
olution was employed in the vicinity of the crucible and electrode to
accurately capture localized phenomena. The liquid metal used in the
study is composed of an Indium-gallium-tin alloy, while the crucible and
electrode materials are copper. The specific properties of these materials
are provided in Table 2.

2.1. Computational procedure

The Finite Volume Method (FVM) was applied to discretize the
governing equations within the computational domain. To accommo-
date specialized boundary conditions and equations, user-defined
functions (UDF) were integrated [42]. Discretization methods included
Green-Gauss cell-based for gradient calculation, body force weighted
for pressure calculation, third-order MUSCL for momentum calculation,
and swirl velocity, B-theta, and A-theta. The pressure-velocity coupling
was implemented using the PISO scheme. All simulations were con-
ducted transiently with a small time step of 10 ~>[s] to ensure

Table 1
Boundary conditions.
Boundary By Ag Flow
Symmetry axis 0 0 o Oy _O0u; _
o 00 oz
Air- I A,
ir-top B, =k 04y _ -
2ar 0z
Electrode-tip _ _ U =Up = Uy =
Air-electrode-interface B ~ lopy _ _
0 " 2ar
Crucible-air-interface _ _ -
liquid bath-air-interface Iopo _ ouy
By = =0 L muy=u =0
2ar or
Bottom wall 0By dAy -
20 _o 0 _o
0z 0z
Side wall I B,r
Wi By = 0o Ay =& -
2nr 2

Crucible-liquid bath-interface
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Table 2
Process parameters and averaged material properties used in the simulations
[40,41].

In-Ga-Sn (Liquid)

Density 6482kg m~
Kinematic viscosity 45x107 m? s7!
Electric conductivity 3.3 x10° Sm
Copper (Electrode and crucible)

Electric Conductivity 4.5 x 107 Sm
Process parameters

Electric current (Ip) 50-400 A

External magnetic field (B,) 0.001-10 mT

magnetic permability (po) 4t x 1077 m! A2

convergence.

To verify the simulation results, a comparison was made with the
experimental data obtained by Vinogradov et al. [43]. In their labora-
tory, they developed fiber-optical transducers to measure the axial ve-
locity at a depth of 10 mm on the axis near the electrode. Specifically,
the measurements were conducted for a current of 400 A and a magnetic
field strength of 0.5 mT. The experimental data served as a benchmark
for validating the accuracy and reliability of the simulation results. More
detailed information regarding the validation process will be provided
in Section 3.1.Validation.

By analyzing the behavior of conductive flow within a hemisphere
under different external magnetic fields and electric currents, our study
offers valuable insights for optimizing industrial processes such as
Electroslag Remelting (ESR) [5-8] and Vacuum Arc Remelting (VAR)
[9-12]. Understanding the flow dynamics can lead to improved effi-
ciency, reduced energy consumption, and enhanced product quality in
these manufacturing processes. Additionally, it’s worth noting that the
temperature of the liquid within the pool, which corresponds to the
hemispherical container, is considerably high in VAR and ESR. This
poses challenges for measuring temperature and velocity accurately,
unlike in Ga-In-Sn, which is liquid at room temperature.

3. Results and discussions

The Lorentz forces in the system can be classified into two types:

poloidal and toroidal. The poloidal Lorentz force (?pol) consists of
components in the radial (F;) and axial (F,) directions, as illustrated by
the vector field on the left side of Fig. 2(a). On the other hand, the

toroidal Lorentz force (?wr) only exists in the tangential direction (Fp),
as illustrated by the vector field on the right side of Fig. 2(a). The flow
structure is influenced by the relative strength of these two forces. It is
well known when the poloidal force dominates over the toroidal Lorentz

|
|
\Bext

(a)
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force, it drives the flow from the liquid’s free surface toward the elec-
trode, generating a strong jet that flows toward the bottom. Conversely,
when the toroidal Lorentz force becomes stronger, it induces a centrif-

swirl velocity?

2
. h _ . . ._
ugal acceleration £ = 2Z e postion perpendicular to the azimuthal di

rection. This leads to the formation of a secondary flow called vortex
backdown flow (VBF) [38]. The interplay between these two forces
determines the characteristics and behavior of the flow within the
system.

Considering Ampere’s law (Egs. (3)—(5)), the electric current density
can be derived from the magnetic field distribution. In the present study,
the electric current lines enter the computational domain from the
electrode and follow a path toward the crucible, eventually exiting from
the bottom of the crucible (as shown in Fig. 2(b)). The electric current
density exhibits a peak value near the axis and gradually decreases
radially away from the axis towards the crucible side wall. Herein, all
investigated cases exhibit an identical distribution of electric current
density.

To enhance the comprehension of the flow structure in the hemi-
spherical container and its dependence on the electric current and
magnetic field, several concepts proposed by Kharicha et al. [38] are
introduced. These concepts provide valuable insights into the underly-
ing mechanisms governing the flow behavior in such systems. These
concepts are as follows:

1- Rope tornado: The rope tornado refers to a flow structure charac-
terized by the presence of a toroidal velocity component concen-
trated around the axis of symmetry. This flow structure exhibits
similarities to the Electro-Vortex Flow (EVF) but with the additional
feature of a distinct toroidal velocity component.

Tornado: The tornado flow structure is characterized by the presence
of a Vortex Breakdown Flow (VBF) that rotates in the opposite di-
rection to the EVF. The VBF penetrates and displaces the EVF away
from the center line. The tornado is identified by a region of high
swirl along the centerline, indicating the presence of intense vortex
activity.

Cyclone: The cyclone flow structure is characterized by the interac-
tion between the VBF and the tornado. The VBF acts in opposition to
the tornado, particularly near the crucible where the tornado
weakens. In this region, the VBF has the capability to disrupt the
tornado structure. As the magnetic field increases, the VBF becomes
stronger, causing the concentration of swirl velocity to shift away
from the center of the container.

Inverted tornado: By further increasing the magnetic field beyond
the cyclone case, a new Vortex Breakdown Flow (VBF) emerges near
the bottom of the electrode. This newly formed VBF accumulates
sufficient angular momentum, leading to the development of an
inverted tornado within the existing cyclone structure. The inverted

N
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T
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Fig. 2. (a) Componnet of Lorentz forces including poloidal and toroidal in the hemispherical container. (b) The electric current flows from the electrode to

the crucible.
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tornado exhibits a reversed rotational direction compared to the
cyclone and is characterized by a distinct concentration of swirl
velocity.

Figs. 3 and 4 provide a visual representation of the flow structure
captured by our model, illustrating the poloidal and toroidal velocities.
These figures offer insights into the flow dynamics. Figs. 3(a), (b), 4(a),
and (b) describe the flow structures of the Rope tornado, Tornado,
Cyclone, and Inverted tornado, respectively. Herein, the magnetic field
is varied while keeping the electric current intensity constant. Each case
represents a different magnetic field strength, enabling us to study the
specific influence of the magnetic field on the flow behavior

Fig. 3(a) illustrates the flow structure characterized as a rope tor-
nado. This configuration is distinguished by the constriction of both
poloidal and toroidal flows around the axis, resulting in a pronounced jet
flow from the electrode toward the crucible. The absence or limited
presence of opposing forces allows the flow structure to remain stable.
The poloidal contour plot reveals the extensive coverage of the Electro-
Vortex Flow (EVF) throughout the domain, exhibiting a clockwise
rotation pattern. In Fig. 3(b), the emergence of a secondary vortex is
observed as the magnetic field strength increases. This vortex, known as
the vortex breakdown flow (VBF), appears on the side of the axis. The
VBF exhibits a distinct behavior by exerting pressure on the primary
EVF. The VBF displaces the EVF away from the center to occupy the
region closer to the axis. This interaction between the VBF and EVF
demonstrates the dynamic changes occurring within the flow structure.

As shown in Fig. 4(a), the augmentation of the magnetic field in-
tensity instantaneously alters the Lorentz forces acting along the radial
(r) and azimuthal (0) directions. In this scenario, the fluid experiences
accelerated rotation around the axis due to the amplification of the
toroidal force. Consequently, the centrifugal force intensifies, causing

Poloidal velocity [m/s] Swirl-velocity [m/s]

(a) 0 0.01 0.03 0.06 0.0 2.5e-3 5.0e-3

— —

5.0e-04

Poloidal velocity [m/s] Swirl-velocity [m/s]
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the fluid to migrate away from the central region. Simultaneously, the
diminishing radial forces with increasing magnetic field strength
become insufficient to maintain the fluid in a tightly concentrated vortex
shape along the axis. As a consequence, the emergence of a substantial
cyclonic vortex, characterized by pronounced rotation in the 6 direction,
becomes predicted. Concurrently, within the poloidal plane, the EVF
experiences a reduction in strength, while the VBF progressively domi-
nates a larger portion of the domain.

Based on the swirl velocity contour illustrated in Fig. 4(b), it is
evident that with a continued increase in the magnetic field, a novel
vortex emerges within the core of the cyclone. This phenomenon can be
attributed to the observation that the flow within the central region of
the cyclone experiences a relatively tranquil state in close proximity to
the electrode. As one moves along the axis from the electrode towards
the crucible, this calm region progressively narrows. Consequently, the
EVF once again becomes prominent and gives rise to a vortex structure
resembling an inverted cone, often referred to as an inverted tornado.
Moreover, by examining the poloidal velocity contour, it becomes
apparent that the VBF, which serves as the dominant vortex within the
domain, exhibits a counterclockwise rotation. Adjacent to this primary
vortex and in close proximity to the axis, a localized and concentrated
EVF can be observed rotating in the opposite direction.

Previously, four different flow structures were described by main-
taining a constant electric current and varying the magnetic field. The
impact of the electric current on the flow structure was also investigated
while keeping the magnetic field constant, as shown in Fig. 5. For this
comparative analysis, four cases were considered, employing a low
magnetic field to mitigate the influence of the induced electric field
present in the Ag equation (Eq. (2)). By referring to the definition of
Lorentz forces (Egs. (6)-(8)), it is evident that the magnitude of these
forces can be directly altered by increasing the electric current.

Fig. 3. (Left) contour of poloidal velocity and contour of swirl velocity. (Right) Schematic of the flow field structure. (a) Represent the rope tornado at I = 2004, B, =

1 x 107°T, and (b) represent the tornado at I = 2004, B, = 1 x 107*T.
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Poloidal velocity [m/s] Swirl-velocity [m/s]
(a) 0 0.01 0.02 0.0 20e2  3.0e2

Swirl-velocity [m/s]

(b) 0 0.05 X 0.1

Fig. 4. (Left) contour of poloidal velocity and contour of swirl velocity. (Right) Schematic of the flow field structure. (a) Represent the cyclone at I = 2004, B, =1 x
10737, and (b) represent the inverted tornado at I = 2004, B, =1 x 107 2T.
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Fig. 5. Left is the contour of poloidal velocity, and right is the contour of swirl velocity. Considering constant magnetic field 1 x 10™> mT. The electric current
intensity is shown for (a) 50 A, (b) 100 A, (c) 150 A, and (d) 200 A respectively.
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However, due to the assumption of a low magnetic field, the flow
structure is constrained to that of a rope tornado. The comparative
analysis of the four swirl velocity contours, illustrated in Fig. 5, dem-
onstrates a clear correlation between the strength of the tornado and the
increase in electric current. It is evident that as the electric current is
increased, the intensity of the tornado is amplified accordingly.

At lower electric currents, the tornado primarily occupies a region in
close proximity to the electrode. However, as the electric current is
elevated, the tornado gains power and expands its occupied area,
extending from the electrode toward the crucible. This phenomenon
illustrates how the increased electric current influences the spatial dis-
tribution and extent of the tornado within the system. Furthermore,
from the analysis of the poloidal velocity contour, it can be inferred that
as the electric current increases, the EVF in the respective region be-
comes stronger and exerts influence over the entire area. This height-
ened EVF leads to an accelerated clockwise rotation of the fluid at a
greater velocity. The observed relationship between electric current and
the strength of EVF highlights the significant role of the current intensity
in shaping the flow dynamics.

Several simulations were performed to further explore the dynamics
of the system. A parametric study was conducted to assess the system
behavior across a wider range of magnetic fields and electric currents.
The parameters used in our simulations are presented as black points in
Fig. 6, providing a graphical representation of the results obtained from
the study. These points serve as indicators of the simulated data,
allowing for a clear visualization of the observed outcomes. This chart
effectively illustrates the transformation of the flow structure as the
magnetic field strength increases for different electric currents. It dem-
onstrates the progression from a rope tornado to a tornado, followed by
a cyclone, and ultimately culminating in an inverted tornado.

Additionally, it was observed that the transition in the flow structure
does not occur at the same magnetic field strength for different electric
currents. For instance, the shift from a rope tornado to a tornado is
observed at approximately 0.01 mT for an electric current of 50 A, while
the same transition occurs at around 0.05 mT for an electric current of
200 A, as shown in Fig. 6. This finding indicates that the critical mag-
netic field strength required for the transition varies depending on the
magnitude of the electric current.

The qualitative assessment of the flow structure formed the foun-
dation for the classification presented in Fig. 6. However, to quantify the
flow structure, it is necessary to consider the amount of kinetic energy in
the poloidal (K},) and toroidal (K directions as follows:
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Fig. 7 shows the computed results of the kinetic energy of the fluid
against the magnetic field. Fig. 7(a) illustrates the relationship between
the magnetic field and the poloidal kinetic energy. It indicates that as the
magnetic field increases within the range of 0.01 mT to 0.1 mT, thereisa
slight rise in the quantity of poloidal kinetic energy. On the other hand,
Fig. 7(b) shows the toroidal kinetic energy and its variation. It demon-
strates that the toroidal kinetic energy experiences significant changes
during the range of 0.01 mT to 0.1 mT, which corresponds to the tran-
sition from a rope tornado to a tornado.

In the magnetic field range of 0.1 mT to 1 mT, Fig. 7(a) demonstrates
a significant decrease in the poloidal kinetic energy. Meanwhile, Fig. 7
(b) reveals that the toroidal kinetic energy remains relatively constant
during this range. This observation indicates the presence of a cyclone
within the domain. The observed decrease in poloidal kinetic energy can
be attributed to the competition between the two vortices present in the
system. As the cyclone structure emerges and becomes dominant, it
potentially opposes the existing flow patterns, leading to a decrease in
the poloidal kinetic energy. This competition between the vortices re-
sults in redistribution and alteration of the flow dynamics, influencing
the overall energy distribution within the system.

Afterward, as the magnetic field is further increased from 1 mT to 10
mT, a transition in the flow structure occurs from a cyclone to an
inverted tornado. During this stage, it is notable that both toroidal and
poloidal kinetic energy experience a significant increase.

Based on observations, fluid structures occasionally exhibit fluctua-
tions between two distinct structures. This behavior can be attributed to
internal oscillation and inertia within the system. This phenomenon was
also highlighted by Klementyeva et al. [31]. In their experimental setup,
noting the occurrence of these fluctuations at the measured point
located 10 mm below the electrode within the fluid. To visually repre-
sent the overlapping of the two structures, Fig. 7 incorporates a symbolic
representation using different colors and a dashed line. Each stage is
shown with a distinct color, and the dashed line illustrates the overlap
between the structures. This graphical representation aids in conveying
the transitional nature of the flow and the coexistence of different flow
patterns during the observed stages.
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Fig. 6. Classification of results into rope tornado, tornado, cyclone, and inverted tornado.
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3.1. Validation

The simulations were conducted under the same conditions as
Vinogradov et al. [43] experimental setup, with a current of 400 A and a
magnetic field strength of 0.5 mT. Based on the results illustrated in
Fig. 6, the flow structure for this particular case corresponds to the
cyclone region. To further evaluate and compare our simulation with
experimental data, Measurements of the axial velocity were conducted
at the specified location.

To account for potential manufacturing and testing errors in labo-
ratory setups, The measurements were expanded to two additional lo-
cations. These locations were situated 1 mm and 5 mm radially away
from the axis. By collecting velocity data at these positions, the aim was
to obtain a more comprehensive understanding of the flow dynamics
and minimize any potential sources of uncertainty in the experimental
measurements. The location of these three points is shown in Figs. 8(a)
and 9(a). Figs. 8(b), (c) and (d) demonstrate the fluctuating of the fluid

flow.
To validate the simulation results against experimental data, the
following observations are utilized:

o Firstly, during the initial five seconds, the axial velocity exhibits a
positive value, indicating the presence of a clockwise Electro-Vortex
Flow (EVF) within the domain. This observation is supported by
supplementary videos and Fig. 8, depicting consistent findings across
all three measurement points (8b, 8c, and 8d).

Secondly, fluctuation is evident not only in the experimental data but
also in our simulations. Moreover, it is observed that the level of
fluctuation is greater at the first point compared to the second point,
and similarly, the second point exhibits more fluctuation than the
third point. Generally, as the distance from the axis line increases,
the degree of fluctuation tends to decrease.

Thirdly, after approximately five seconds, the influence of the VBF
intensifies and leads to a reversal in the flow direction, causing the
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illustrate the temporal variation of axial velocity as a function of time for all three points, including the experimental measurement.

fluid to rotate in a counterclockwise manner. Subsequently, the flow
rate exhibits fluctuations around a relatively stable value. In the
experimental data, this value is approximately 0.1 m s !. How-
ever, in the simulation results from the three different measurement
points, the flow rate ranges from 0 to ca. 0.01 m s~ L.

It’s crucial to acknowledge the disparity between the experimental
and simulated values, suggesting potential differences in the accuracy
and precision of the two approaches. This variation may be attributed to
the following factors:

e The simulation was conducted in a 3D axisymmetric swirl setting, the
laboratory setup represents a full three-dimensional environment.
This simplification in the simulation could potentially contribute to
the differences observed between the laboratory results and the
simulated samples. This discrepancy highlights the inherent limita-
tions of the simulation approach and emphasizes the need for further
refinement and consideration of full three-dimensional effects in
future simulations to better align with experimental observations.
Furthermore, in the simplification, the dynamic motion of the fluid
interface was disregarded. It is important to note that the fluid
interface is not static but exhibits movement, as indicated by Khar-
icha et al. [35]. This disparity in the interface’s behavior could
potentially lead to discrepancies between simulation and experi-
mental results.

On the other hand, it is plausible that the sensor utilized by the
aforementioned group may not have exclusively measured the axial
velocity component. It is possible that the recorded velocity value
represents the magnitude of all velocity components rather than
solely the axial velocity. Such a scenario could lead to discrepancies
when comparing these experimental measurements with the

simulation results, which specifically focus on the axial velocity
component.

To address the potential discrepancy between the experimental ve-
locity measurement and the simulation results, a comparison was con-
ducted between the experimental velocity and the velocity magnitude
obtained from the simulation at three different points. As shown in
Fig. 9, at point 1, precisely located on the axis, the axial component of
velocity dominates, while other velocity components remain relatively
small. This dominance makes distinguishing between axial velocity
Fig. 8(b) and velocity magnitude Fig. 9(b) challenging, although there is
approximately a five percent difference between the two. Within the
initial five seconds, a counterclockwise rotation is observed, consistent
with experimental measurements. As once move 1 mm away from the
axis, the flow direction remains similar to that at the axis point, with
fluctuations diminishing. However, at point 3, situated further from the
axis, not only does the flow direction align with experimental data, but
the velocity magnitude also closely matches experimental values. As
move away from the axis and approach point three, the similarity be-
tween the experimental and simulated results increases. Notably, in
Fig. 9(d), it is evident that the simulation results exhibit a good agree-
ment with the experimental data.

4. Conclusion

This study conducts numerical simulations aimed at analyzing the
behavior of conductive flow within a hemisphere under different
external magnetic fields and electric currents. The key findings of the
publication are outlined below:
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e The simulations revealed the presence of four distinct flow types: the
rope tornado, tornado, cyclone, and inverted tornado, each observed
with increasing magnetic field strength.

The results contribute to the categorization of flow structures
considering different magnetic fields and electric current intensities.
The kinetic energy analysis was employed to assess and categorize
the toroidal and poloidal kinetic energy components within the
domain. It was observed that: As the magnetic field increased within
the range of 0.01 mT to 0.1 mT, there was a slight rise in the quantity
of poloidal kinetic energy, while the toroidal kinetic energy under-
went significant changes. In the magnetic field range of 0.1 mT to 1
mT, a noteworthy decrease in poloidal kinetic energy was observed,
whereas the toroidal kinetic energy remained relatively constant.
Subsequently, with a further increase in the magnetic field from 1 mT
to 10 mT, both toroidal and poloidal kinetic energy experienced a
significant increase.

The simulation results were compared with experimental data for a
specific case involving 400 A and 0.5 mT. Velocity analyses were
conducted at three locations, revealing that the similarity between
the experimental and simulated results increased as one moved away
from the axis.

The simulations results can assist engineers in improving processes
such as Electroslag Remelting (ESR) and Vacuum Arc Remelting (VAR),
which involve a hemispherical pool. While the comparison between
experimental and simulation results indicated a relatively satisfactory
agreement, it’s crucial to acknowledge a fundamental disparity: our
simulations were based on a 3D axisymmetric swirl model, whereas the
laboratory setup inherently operated in three dimensions. This
discrepancy highlights a primary limitation of our study. To overcome
this limitation and enhance the fidelity of our simulations, future
research endeavors could involve conducting full 3D simulations.
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