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Particle-based Magnetohydrodynamics Modeling and
Visualization: Part II - Numerical Simulation

MiHAI DuprAcC

ABSTRACT. In this paper a particle-base model is used to visualize results of the magnetohy-
drodynamics (MHD) phenomena related to electromagnetic levitation (EML) and magnetic
stirring. Using the theoretical model presented in Part I, a numerical algorithm for fluid flow
simulation has been described. To struggle out the local dynamics, the position and velocity
of each particle is visualized and the interface is reconstructed. The model was verified for
both cases, EML and magnetic stirring.
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1. Introduction

Visualization techniques are indispensable tools for the understanding of dynamical
systems such as computational fluid dynamics (CFD) or MHD. The visualization of
the 3D flow phenomena, especially of velocity field from CFD computations is one of
the fundamental tasks in scientific visualization and a challenging subject in order to
interpret the data and to have a better understanding of complex flow phenomena.

Several visualization techniques for two-dimensional and three-dimensional flows
have already been investigated. Some examples of flow visualization techniques, rang-
ing from streamlines to texture based techniques, i.e., Line Integral Convolution (LIC)
and variations of the LIC, are described in [4, 7]. A general streamline placement was
introduced in [16], and a refined technique for creating evenly-spaced streamlines in
[8].

Visualization of time-dependent phenomena, such as three-dimensional turbulent
flows or unsteady flows based on particle tracking was discussed in [10]. Visualization
of time-varying fluid flows using large amounts of particles has been studied in [11].
Other particles approach for visualizing three-dimensional fluid flows near surface
vicinity, with particle generation and deletion density based, are presented in [12].

Real time rendering of large amounts of particles and fluid interface particle trac-
ing algorithms have been developed for different types of meshes in [13] and [17]
respectively. A different approach for small particle systems was used in [5].

The work in the present paper is dedicated to visualize the fluid flow phenomena
using particles in a mesh-free approach. Following the theoretical model described in
Part I, a numerical algorithm for fluid flow simulation, obtained using the Moving-
Particle Semi-implicit (MPS) method [9, 14, 15] has been described.

Furthermore to struggle out the local dynamics, the position and velocity of each
particle is computed and continuously updated. Results from the simulation for the
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case of EML (levitated droplet) and electromagnetic stirring (rotating cylindrical
sample) are presented. The droplet was analyzed in a force field, which is derived
from the magnetic field produced by the coil. The cylinder was analyzed in a con-
stant magnetic field. The electromagnetic force distribution and velocity field were
computed and visualized. Three-dimensional numerical analysis of the effect of the
surface oscillations for a levitated (EML) droplet are carried out.

The advantage of the presented numerical method (mesh-free method) is that en-
ables accurate three-dimensional flow modeling, simplifies the calculation of the in-
terface, and does not impose any modeling restrictions on the dynamic evolution of
fluid interfaces having surface tension. It is also a good method for the study of the
surface deformation and the design of the EML or magnetic stirring process.

2. Numerical Algorithm

To simulate the MHD phenomena using particles, the continuous time is discretized
into time steps and then the Navier-Stokes equations of motion are solved numerically.
For every time step At, the forces in the momentum equation are computed explicitly
as follows:

1. The right hand side of Navier-Stokes equation is solved explicitly and the tem-
poral velocity is computed.

2. The temporal particle location of the particles are updated.

3. The pressure is computed implicitly using Poisson’s equation

4. A new temporal velocity is updated using the pressure gradient

5. A new temporal particle location is updated using the new temporal velocity

6. Check for convergence using an error limit based on the size of the difference
between Step 4 and Step 5

6.1. If not converging go back to Step 3.

6.2. If converging return to Step 1.

Algorithm
At

1. u* —u"+— (pV*u" + F, + F}, + F})
p

2. r* 1"+ u*%t

3. Vprtl -V .u*

AN

4. 0 — u* — _vanrl
P

5. 1 «—r*+uAt

6. Check for convergence

6.1 u"t! — v’

6.2 r"tl — ¢/

In the previous algorithm u* is the temporal velocity, the superscript “"” refers
to the n'” time step, At is the step size, n is the viscosity of the fluid, F, = pg
represents the gravity force, p is the density, F}; = F" represents the electromagnetic
force density computed for each particle of the droplet, F?, = o (k- n)" is the surface
tension force, o is the surface tension coefficient, k£ is the mean curvature of the
interface, J is the Dirac delta function that is zero everywhere except at the interface,
n is the unit normal vector to the interface, r* is the temporal particle location, r™
represents the positions from the previous time step, u’ is the new temporal velocity
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Ficure 1. (a) 3D Particles Model of the Levitated Aluminum
Droplet, and, (b) Shape of the Levitated Aluminum Droplet

updated using the pressure gradient and r’ is the new temporal particle location
updated using the new temporal velocity.

3. Implementation and Results

Results from the simulation of a levitated aluminum droplet by two parallel loops
carrying electric currents in opposed direction, and from the simulation of a rotating
cylindrical aluminum sample in a constant magnetic field, are presented. The droplet
is analyzed in a force field, which is derived from the magnetic field produced by the
coil. The cylindrical sample is analyzed in a constant magnetic field. The levitation
coil and the aluminum sample modeled as a 3D particle system are shown in Fig. 1.a.
The corresponding shape of the levitated droplet is shown in Fig. 1.b. The rotating
cylinder modeled as a 3D particle system is shown in Fig. 2. The initial temperature
of the sample (droplet and cylindrical sample) was considered to be 750° C. A 3D
particles system model, with a number of 600 particles (Fig. 1.a) were considered
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minum Sample

for the analysis of the levitated droplet. A number of 7500 particles (Fig. 2) were
considered for the analysis of the rotating cylindrical sample. The behavior of the
aluminum specimens (levitated aluminum droplet and cylindrical aluminum sample)
was studied using the next system parameters.

Parameters Symbol | Value Units
Density p 2700 Kg/m®
Electro — Conductivity oc 3.9 x 10° (Q—m) '
Current I 500 A
Frequency f 300 kHz
Magnetic Permeability 1 47 x 10~ | H/m
Viscosity n 1.3x107% |m
Volume Expansion Coefficient | 3 1.15x 1074 | 1/K
Gravity g 9.81 m/s’
Droplet Radius R 25x107% [ m
Cylindrical Sample Radius r 2.75x 1072 | m
Cylindrical Sample Height h 10.0 x 1072 | m

Table 1

The volume electromagnetic forces distribution acting on each particle have been
continuously computed and updated. The computation was made by neglecting the
diffusion of the magnetic field during the motion and under the assumption that the
induced magnetic field is negligible compared with the imposed field.

The electromagnetic forces distribution, for the case of the levitated aluminum
droplet, exerted on each particle of the system, was plotted in Fig. 3.a. As seen from
Fig. 3.a, the force distribution is highly non-uniform. The electromagnetic forces
distribution, for the case of the rotating cylindrical sample, exerted on each particle
of the system, was plotted in Fig. 3.b.

For the electromagnetic case, the simulation show that the electromagnetic force
density introduced a circulation with a very small velocity (1072 m/sec) as shown in
Fig. 4.a. As seen from Fig. 3.a, the turbulent viscosity (as indicated by the almost
random force direction) is mainly generated in the bottom part of the levitated droplet
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FIGURE 3. Electromagnetic Force Distribution of the (a) Levitated
Aluminum Droplet, and, (b) Rotating Cylindrical Aluminum Sample.
The Figure uses arrows with a 3-D tip to show the direction

and then transported to the rest of the volume. The velocity field of the rotating
cylinder is shown in Fig. 4.b.

Under terrestrial levitation conditions, the aluminum droplet is distorted from its
spherical shape owing to the existence of the magnetic field and gravity. Using the
numerical algorithm and a surface tension coefficient, s = 0.86 N/m, reported by [1],
the shape changes of a levitated droplet are simulated and the coordinates of the
center of mass, the surface shape and the radius of the droplet (three perpendicular
diameters in the vertical, horizontal and transversal directions and their dependence
on time) have been determined.

At the beginning of the simulation the levitated droplet has been assumed to have
a spherical shape. Then, the molten sample was excited about 4 seconds. From
Fig. 5 it can be observed that a initial transient time (first 2.2 — 2.3 seconds of the
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FIGURE 4. Velocity Field of the (a) Levitated Aluminum Droplet,
and, (b) Rotation Cylindrical Aluminum Sample

simulation) occurred, during which the levitated sample assumes the shape imposed
by the levitated force. In the numerical calculation, the oscillations damp after some
time (first 2.2 — 2.3 seconds of the simulation). The decay of the oscillations can be
clearly visualized in the droplet oscillations shown in Fig. 5.

To analyze the surface oscillation, data for the change in the radius of the droplet
were input into a fast Fourier transformation (FFT). From the FFT, the frequency
spectra of the surface oscillations has been obtained as shown in Fig. 6.

Since a numerical algorithm has been used, the surface oscillations can be analyzed
in more detail. Fourier analysis reveals 2 principal peaks in the frequency spectrum,
which corresponds to the 2 dominant frequencies of the specimen under normal grav-
ity conditions. As it can be observed from the fast Fourier transform, the levitated
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FIGURE 5. Aluminum Droplet Oscillations Simulated in Normal
Gravity, as Measured by Change in Vertical Radius
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F1GURE 6. Fourier Power Spectra of the vertical Radius for the Alu-
minum Droplet Oscillations

aluminum specimen leads to a dominant frequency of 35.97 Hz and a secondary fre-
quency of 64.73 Hz. The dominant frequency corresponds closely to the 35.39 Hz
(Rayleigh formula) of the 2"? mode. The secondary frequency is very close to the
374 theoretical mode frequency at 68.42 Hz (Rayleigh formula). Also, a translational
motion frequency at 12.76 Hz relatively close to the 1% theoretical mode frequency
has been observed.

The obtained results are in good agrement with the analysis shown in [6]. It was
observed that the 1% mode of oscillation of a levitated specimen corresponds to the
translational motion of the specimen, whereas the other modes are related to its
surface oscillation. The numerical computation relates an oscillation frequency with
the appropriate oscillation mode by comparison of different frequency spectra. The
geometry of the oscillations for 2"% mode is shown in Fig. 8 and for the 1! mode
corresponding to the translational motion of the specimen, in Fig. 7.
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FIGURE 7. Geometry of the Translational Oscillation Mode of the

Aluminum Sample

—0.003 <

0

2!

Width

FIGURE 8. Geometry of the 2"? Oscillation Mode of the Aluminum Sample

0.005

Height

0.003

Length

51

The obtained numerical results were compared with other reported results (the-
oretical and/or experimental) found in literature, and a very good agreement (with
respect to the overall systematic error quoted to be the sample variance) was observed.

4. Conclusions

In this paper a particle-base model numerical simulations is used to visualize re-
sults of MHD phenomena related to EML (levitated droplet) and magnetic stirring

(rotating cylindrical sample), subjected to a electromagnetic and external forces.
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A mesh-free numerical algorithm based on a theoretical model (MPS method) de-
scribed in Part I has been used for fluid flow simulation. Different time-dependent
phenomena, such as three-dimensional unsteady flows, velocity field, electromag-
netic force distribution or shape changes/surface deformations/surface oscillations,
has been visualized.

Excellent agreement was found between the obtained numerical results and other
reported results found in literature.
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