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Particle-based Magnetohydrodynamics Modeling and
Visualization: Part I - Theoretical Model

MiHAI DUPAC

ABSTRACT. In this paper a theoretical particle-base model for modeling of the magnetohy-
drodynamics (MHD) phenomena is presented. The fluid is modeled as a three dimensional
particles system. The Navier-Stokes equation, containing the surface tension term formula-
tion, are discretized using moving particles and their interaction models. Each particle moves
accordingly with its own mass and the external/internal forces applied on it. The forces are
evaluated on each particle. The purpose of this approach is to emphasize that this method
allows a good way for the study and design of the MHD process.
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1. Introduction

Modeling techniques are indispensable tools for the analysis of dynamical systems
such as computational fluid dynamics (CFD) or MHD. The modeling of the inside
phenomena in dynamical systems is a challenging subject not only from an analytical
or numerical point of view, but how to get insight to their dynamical behavior and
have a better understanding of the complex flow phenomena.

The importance of fluid flow phenomena in CFD or MHD (magnetic stirring or
electromagnetic levitation) has long been recognized. An analytically study for the
fluid dynamical aspects of the MHD process for a levitated cylinder has been con-
sidered in [22]. The fluid flow computation and visualization using a finite difference
scheme coupled with the electromagnetic forces derived analytically have been stud-
ied in [16]. Other theoretical approaches for flow modeling in MHD can be found in
1, 2,3, 5,6, 7.

For the modeling of the fluid flow phenomena two main categories of methods are
used: Lagrangian formulation, a method that discretize the fluid using particles and
Eulerian formulation, a method that discretize the problem using a subdivision of the
spatial domain and control fluid flow in each cell.

A Smoothed particle hydrodynamics (SPH) formulation, with the space non-uniformly
sampled using particles, was developed in [11, 15] using a Lagrangian formulation. A
molecular dynamics technique was used in [17] to describe particle interactions, for
simulations of melting materials and viscous fluids.

In [8] the SPH concepts were applied for the simulation of highly deformable bodies.
Using a SPH particle-based method [18, 19], a 3D simulation for material properties
ranging from highly plastic to stiff elastic was implemented.
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A spring-particles model for melting solids with various forces applied to their
neighbors was developed in [23]. A similar model using springs was developed in [9].

The work in the present paper is dedicated to describe a theoretical model for
modeling of MHD phenomena using particles with the specific goal of analyzing the
fluid interface and flow visualization.

The fluid is modeled as a three dimensional particles system using the Moving-
Particle Semi-implicit (MPS) method [12, 21]. In this mesh-free method the interac-
tion between particles is specified by a weight function which relates a particle with
others in its vicinity. MPS method has been proved suitable in dealing with large
deformations interface [20, 24].

To describe the fluid motion the Navier-Stokes equation containing the surface
tension term formulation has been used. The Navier-Stokes equation has been solved
using a Lagrangian formulation, the moving particles and their interaction models
(representing gradient, laplacian and divergence) of the MPS method. Comparing
with other application based on the Eulerian formulation, the Lagrangian modeling
allow an easy perception of flow data. The boundary conditions has been imposed
and a surface tension model [4] (continuum surface force (CSF) model) of the particles
that lie on the surface has been presented.

The external/internal force [9] (gravitational force, electromagnetic force, forces
between particles) formulation in Navier-Stokes equation, evaluated on each particle,
and the associated boundary conditions, for the case of electromagnetic levitation
(levitated droplet) and electromagnetic stirring (rotating cylindrical sample) are pre-
sented.

2. Governing Equations

Governing equations to describe fluid flows in the CFD or MHD process are the
continuity equation, written in a general form as

Dp
_r_ _ .u) = 1
20— (VW =0, (1)
and the momentum equation containing the surface tension term
Du
i = —Vp+nV?u + pg + F + okén, (2)
Du 0 . . . . .
where Dt = o + (u- V), t is the time, F is the force density exerted on the fluid,

k is the mean curvature of the interface, ¢ is the Dirac delta function that is zero
everywhere except at the interface, n is the unit normal vector to the interface, o is
the surface tension coefficient and ckdn represent the surface force per unit interfacial
area.

Instead of a surface tensile force or surface pressure boundary condition applied at
a discontinuity, surface tension is calculated by applying at extra body force in the
momentum equation (Eq.(2)). Using the continuum surface force (CSF) model [4],
surface tension is modeled as a volume force acting on the fluid interfaces (particles
that are regarded as the interface). Surface tension modeled with the continuum
method eliminates the need for interface reconstruction and simplifies the calculation
of the interface [13], enables accurate modeling of three dimensional flows and does
not impose any modeling restrictions on the dynamic evolution of fluid interfaces
having surface tension.



PARTICLE-BASED MAGNETOHYDRODYNAMICS MODELING AND VISUALIZATION 35
3. Particle Interaction and Surface Tension Model

3.1. Mathematical Model of MPS-method. Using the work of [12, 13, 21, 24],
all the terms expressed by differential operators in the momentum equation will be
replaced by particles interactions. For this, the continuous media is modeled as a
three dimensional particles system, a particle model normally distributed in its initial
configuration.

To discretize the continuous media, it is considered that a particle 4 interacts with
its neighboring particles j according to a weight function w (r), defined as

r
= —_1if 0<r<r.
w(r) = T - , 3

(r) {O it re<r )

where r =| r; —r; | is the distance between the particles ¢ and j and 7. represents the
radius of the interaction (Fig. 1.a). An example of weight function is given in Fig.
1.b.

The particle number density at coordinate r; is defined as

b= w(lr;—r), (4)
J#i
where j # ¢ means that the contribution from particle i to itself is not considered.
For simplicity, it is considered that the particles have the same mass m. The, the
mim>z .
Jw(r)dv
A gradient vector is defined by (¢; — ¢;) (r; — ;) /| r; — 15 %, where ¢; and ¢; are
scalar quantities and r; and r; represent particles co-ordinates. The gradient vector
at particle i can be expressed as

b= 2 [ = w (= ). 6

J#i

fluid density is proportional to the particle number density (p), =

where d is the number of space dimensions and n is the particle number density in
the initial configuration.

The divergence operator can be modeled in the same way as the gradient vector
(Fig. 1l.a). The velocity divergence between two particles ¢ and j is defined by
(w; —w;) - (r; —r;) /| r; —r; |* and the velocity divergence at the particle i is given
by

T [“?‘W>@fﬂww0m—un. (©)

The Laplacian operator can be interpreted as if a fraction of a scalar quantity at
particle ¢ is dispersed to a particle j according to the weight function, and can be
written as

2d
S s~ dw (s —xi )], @
J#i
Sz llri—riPw(r—ri )]
2w ([ 15 —xi [)]
Using Eqgs.(1) and (2) a Poisson equation for the pressure is obtained

2 n+1 _
<V p >z At

<v2¢>i =

where A can be approximated as A =

(V-u"). (8)
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FIGURE 1. (a) Radius of Interaction, and, (b) An Example of a
Weight Function

The left side of Eq.(8) is the Laplacian model and can be calculated using Eq.(7), the
right side of Eq.(8), is the velocity divergence, and can be calculated using Eq.(6).
The temporal velocity can be calculated using

*k

u,

—ur
At

where u is the temporal velocity explicitly calculated, uj* is the new time velocity
and At is the time increment. The right side of Eq.(9) is the gradient model and can
be calculated using Eq.(5). After pressure calculation, the new time velocity u* can
be calculated using Eq.(9).

_ 7% <Vpn+1> , (9)

3.2. Surface Tension Model. Surface tension is computed on the fluid interface.
A surface tension model [20] is extended to a three dimensional computation. A new
particle number density of the particles that lie on interface is considered to be

nt =Y wt (|- ),
J#i
where the new weight function is
1if 0<r<rst
st _ — e
v (’")_{0 it <
Because the particle number density can increase near the interior of the droplet, and

this can lead to errors in the calculation of curvature, a new particle number density
for the particles that lies on the interface is calculated

nft,new — Zwstjzew (| rj—r; |) 7
J#i
where another weight function
wst,new (’I“) — 1 if 0 <r< T:t and njt > nft
0 if otherwise

)
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is used.

The unit normal vector n vertical to the interface and the curvature & on the fluid
interface are calculated using the w®* weight function and the particle number density.
The particle number density for six different positions around the particle ¢ can be
expressed by n? (r; + dsny), n; * (r; — dgnyg) , n? (v; + dsiny), nf (r; + dsny), and

n? (r; £ dgn,), n? (r; £ dsn,). The unit normal vector at particle ¢ that lies on the
interface is computed as

S
n, =—,
[si
T - Y -y z —z
n¥ —n, nl —n,; n —mn,; i
where s; = — ' n, + — ‘—n, + ————n,, and n,, n,, n, are the unit
2o 2lg 2o

normal vectors in the z, y and z directions.
The curvature of the interface is computed as

i 1 2cosf
= — = 7t’
R rs
st
where R = £ represent the curvature radius, %! represents the radius of the
2 0 Toe
cos
T nst,new
interaction for surface tension and 8 = 5 L =
n:
1

4. Electromagnetic Forces and Boundary Conditions

4.1. Electromagnetic levitation. The levitation system shown in Fig. 2.a is com-
posed of N (N = 6) coaxial circular loops of current lying in parallel planes. The
radius of each loop is denoted by by, k = 1,2, ..., N. For the general case, each loop
carry an alternating electric current R[Ize“!], where I}, is the peak value, w is the
angular frequency of the imposed field (w = 27 f, where f is the frequency), ¢ is the
time, 7 = v/—1 and R(.) denotes the real part of the complex current. The body to
be levitated is a conductive droplet of radius R, mass M, electric conductivity o,
and magnetic permeability pu.

The unit vector of the Cartesian reference frame (z,y, z) are denoted by 1, J and k
and the unit vectors of the spherical reference frame (r,6,¢) by e,, ey and e,. The
k" loop is defined by 7, and ay, where 7 is the length from the origin to the k"
loop and «y, is the solid angle subtended by the k*" loop with respect to the spherical
reference frame as shown in Fig. 2.a.

The corresponding 3D particle system model of the levitated sample is shown in
Fig. 2.b.

The electrodynamic and hydrodynamic phenomena occurring in the magnetic lev-
itation process can be described by a set of the following coupled Maxwell equations

V.D=u, VXE+%—]§’:0, V.-B=0, VxH=17J,

along with Egs.(1) and (2) i.e., continuity equation and momentum equation, and with
the constitutive relationship linking the current density with other field variables, i.e.
Ohm’s law written for a moving medium

J=0.(E4+uxB).
In the above equations J is the induced eddy current density, H is the magnetic flux

density, D is the electric displacement, B is the magnetic field, E is the electric field,
F is the Lorentz force density, u is the velocity field, p is the density, p is the pressure,
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FIGURE 2. (a) Levitation System - Coil and Levitated Droplet, and,
(b) Particle Model of the Levitated Droplet

7 the viscosity of the fluid, g the gravity and ¢ is the time. The local distribution
of the electromagnetic force fields serves as a starting point for both the fluid flow
calculation and the global levitability of the system. The time-averaged Lorentz force
density exerted on a levitated sphere is given by

F = %éR(J x B*), (10)

where $(.) and * are the real part and the complex conjugate of a complex variable,
respectively.
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Using the work of [14], the values of r and 6 components of the time averaged
Lorentz Force for a single current loop (k-loop) can be calculated using

wo 1P sin” oy 212gin? o, > 2m—|— 1 2n+1 /R\™T"
F = L
Z Z (m+1)n(n+1) \rg
me(cosak)Pgl(cos9)P,1(cosak) Pl (cos6)

R G 12 (kpr) Lizaya (kyr)  nlgye (k)
I, (k; R) ’

+1/2 (kpR) In—1/2 kpR rRwop
(I sin o)’ (2m—1)(2n—1) [ R\
F = —_— -
g e 3y m 2 ) (m)

m=1n=1

<R IHmg1y2 (kpr) In_1/2 (k r)
I?n—l/Q (kpR) n—1/2 (k;R)
x P (cos oy, ) PL (cos 0) P} (cos o) Pl (cos 9), (11)

where P!(cosf) are the associate Legendre polynomials or the Legendre function of
the first kind of order n, I,, 1/ are the modified Bessel functions of the first kind of
order n +1/2, k, is a system parameter, k, = jwuo, ky is the conjugate of ky, w is
the angular frequency of the imposed field (w = 27 f, where f is the frequency), ¢ is
the time, j = v/—1 and R(.) denotes the real part of the complex current. The body
to be levitated is a conductive droplet of radius R, mass M, electric conductivity o,
and magnetic permeability u.

In order to implement the boundary conditions on the fluid interface, the Laplacian
model defined as in Eq.(7) is used. The Neumann boundary condition applied to the
pressure calculation via Poisson equation is imposed. The Neumann condition states
that the pressure change along the normal must be zero. The Neumann boundary
conditions specify the normal component at the boundaries, and for this case, that
the pressure calculated at each particle on the boundary is equals with the outside
pressure. So, the Neumann boundary condition is satisfied if the pressure of a particle
1 on the boundary is equal with the outside pressure. Supposing that the pressure
of a particle j outside the boundary is p;, the Neumann boundary condition may be
approximated using the next alternative expression of Eq.(7)

(V)= oo S (s pwli ).

j#t and j#out

4.2. Electromagnetic stirring. Electromagnetic stirring is now a well technique in
continuous casting of round strands. The method is usually based on the phenomena
that when a sample of viscous liquid metal confined to a cylindrical crucible, rotates in
an applied magnetic field, and in the presence of gravity, circulating eddy currents are
induced and a Lorentz force is produced. For the present case, the transverse magnetic
field imposed upon the rotating melt is assumed to be stationary and uniform. In
addition to the applied magnetic field, there is an induced magnetic field produced by
an electric current in the conducting fluid. To simplify the computation of the flow
and force fields, the melt is considered to be electrically and thermally conducting
and incompressible. The rotating cylindrical sample is shown in Fig. 3.a, and the 3D
particles system model in Fig. 3.b.

The equations governing the time-dependent incompressible viscous flow in the
crucible, including electrodynamic effect, are the stationary Navier-Stokes equation
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FIGURE 3. (a) Magnetic Stirring System - Rotating Cylindrical Sam-
ple, and, (b) 3D Particle Model of the Sample

with Boussinesq approximation, along with the the continuity equation. Equations
(1) and (2) must be supplement with a boundary condition for the fluid velocity at
the wall, and equation (2) with the Boussinesq approximation.
According to Maxwell equations and Ohm’s law, the Lorentz force can be computed
using
F=1Jx B, (12)

where J is the current density and B is the magnetic field.
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The body force F at the right side of Eq.(2) (electromagnetic stirring case), will
include the gravity, buoyancy and the Lorentz forces. A Boussinesq approximation is
used to account for buoyancy forces due to temperature gradients, that is, that the
temperature 7' fluctuates in a narrow range about a reference temperature 7}..r, and
the density, in this temperature range, decreases linearly with T,

L 1 BT = Tyep) (13)
,Dref

where p and § denote the density and thermal expansion coefficient of the fluid at
the reference temperature. The force of gravity is given by

P9 = prefg — Bpres(T — Trey)g. (14)

where Sprer(T — Tres)g represents the buoyancy force.

The Lorentz force term will be different for transverse or vertical, stationary or
alternating magnetic fields. For Lorentz force computation, a cylindrical coordinate
system (r,0,z) with the attached unit vectors s,, sy, s., and with the z axis along
the cylinder vertical axis is used. In the case of transverse stationary and uniform
magnetic field By = By(I, cos§ — Iy sin ), the components for the Lorentz force (for
more details see [10]) can be written as,

F. = —0By|¢.sin(d) + Byusin?(0) + %Bov sin(20)],
Fy = —0Bglp.cos(f)+ %Bou sin(26) + Bov cos®(0)],
F. = —oBolo.sin(6) + b cos(6) ~ Bou, (15)

where ¢ denotes the electric potential, ¢, denotes the z component of the electric
potential, u, v and w are the radial, tangential and vertical velocity components,
respectively. The tangential component of the Lorentz force is in a direction opposite
to the fluid rotation, and the radial component is in the direction related to the
position coordinates (r,0). The tangential component of the Lorentz force can be

evaluated as F} = §UwroBg sin(20). For the cylinder, all variables except 6 are

independent of z.

For the constant temperature boundary condition, the heat flux across the walls
is considered to be constant. It is determined by considering the temperature of the
computing point near the source and heat flux,

" 1 " qI/
TT;}lZ{Tijij]wﬂrjriD, (16)

n; =
J

where k is the thermal conductivity and ¢” is the flux.

5. Conclusions

In this work, the modeling of the magnetohydrodynamic phenomena related to
electromagnetic levitation (EML) and magnetic stirring, has been considered. The
fluid was modeled as a three dimensional particles system. The MPS method which is
based on moving particles and their interaction has been described. Grids commonly
used in FEM-based and Eulerian approaches are not necessary. The partial differential
equations, i.e. Navier-Stokes equations, are discretized by particle interaction models
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according to a weight function. A surface tension term formulation in the Navier-
Stokes equation was used. A calculation model of surface tension was presented.

Two particular models have been taken into consideration: levitated droplet for the
EML case and a rotating cylindrical sample for the electromagnetic stirring. The ex-
ternal/internal force have been evaluated on each particle, and the associated bound-
ary conditions imposed.

Using this approach it will be show through numerical simulation that this method
allows a good way for the study of fluid flows time-dependent phenomena i.e. three-
dimensional unsteady flows, complex turbulent flows, and associated surface defor-
mation.

References

[1] Y. Bayazitoglu, B. Sathuvalli, P.V.R. Suryanarayana, and G.F. Mitchell, Determination of sur-
face tension from the shape oscillations of an electromagnetically levitated droplet, IEEE Trans-
actions on Magnetics, 8, No. 2, pp. 370-383, (1996).

S. Berry, R.W. Hyers, B. Abedian, and L.M. Raczy, Modeling of Turbulent Flow in Electromag-
netically Levitated Metal Droplets, Merallurgical and Materials Transactions B, 31B, 171-183,
(2000).

[3] V. Bojarevics, and K. Pericleous, Modelling Electromagnetically Levitated Liquid Droplet Os-
cillations, ISIJ International, 43(6), 890-898, (2003).

J.U. Brackbill, D.B. Kothe and C. Zemach, A continuum method for modeling surface tension,
Journal of Computational Physics, 100, 335-354, (1992).

[5] A. Bratz, and I. Egry, Surface oscillations of electromagnetically levitated viscous metal droplet,
Journal of Fluid Mechanics, 298, 341-359, (1995).

[6] F.H. Busse, Oscillations of a rotating liquid drop, Journal of Fluid Mechanics, 142, 1-8, (1984).

[7] D.L. Cummings, and D.A. Blackburn, Oscillations of magnetically levitated aspherical droplets,
Journal of Fluid Mechanics, 224, 395-416, (1989).

[8] M. Desbrun, and M.P. Gascuel, Smoothed particles: A new paradigm for animating highly
deformable bodies, Computer Animation and Simulation, 96, 61-76, (1996).

[9] M. Dupac, D.G. Beale and R.A. Overfelt, Three-Dimensional Lumped Mass/Lumped Springs
Modelling and Nonlinear Behavior of a Levitated Droplet, Nonlinear Dynamics , 42(1), pp.
25-42, (2005)

[10] S. G. Teodorescu, M. Dupac, S. I. Bakhtiyarov and R. A. Overfelt, Numerical Simulations of
Fluid Flow During Electromagnetic Stirring of Aluminu, Proc. ASME IMECE; eds. D. A. Siginer
and S. I. Bakhtiyarov, New York, NY, FED - Vol. 254 (CD-ROM: Vol. 1), pp. 1-5, 2001.

[11] R. Gingold, and J. Monaghan , Smoothed particle hydrodynamics - theory and application to
nonspherical stars, Monthly Notices of the Royal Astronomical Society, 181, 375-389, (1977).

[12] S. Koshizuka, and Y. Oka, Numerical Analysis of Droplet Breakup Behavior using Particle
Method, Nucl. Sci. Eng, 123, 421-434, (1996).

[13] S. Koshizuka, K. Okamoto, and K. Furuta, “Development of computational techniques for nu-
clear engineering”, Prog. Nucl. Energy, 32(1/2), 209-223, (1998).

[14] B.Q. Li, “The Fluid Flow Aspects of Electromagnetic Levitation Processes”, Journal of Engng.
Sei., 32(1), 45-67, (1994).

[15] L.B. Lucy, “A numerical approach to the testing of the fission hypothesis”, Astronomical Jour-
nal, 82, 1013-1024, (1977).

[16] A.J. Mestel, “Magnetic levitation of liquid metals”, Journal of Fluid Mechanics, 117, 27-43,
(1982).

[17] G. Miller, and A. Pearce, Globular dynamics: A connected particle system for animating viscous
fluids, Computers & Graphics, 13(3), 305-309, (1989).

[18] M. Muller, D. Charypar, M. Gross, Particle-based fluid simulation for interactive applications.
SIGGRAPH /Eurographics Symposium on Computer Animation, 154-159, (2003).

[19] Muller, M., Keiser, R., Nealen, A., Pauly, M., Gross, M., Alexa, M., “Point based animation
of elastic, plastic and melting objects, SIGGRAPH/ Eurographics Symposium on Computer
Animation, 141-151, (2004).

2

[4



PARTICLE-BASED MAGNETOHYDRODYNAMICS MODELING AND VISUALIZATION 43

[20] K. Nomura, S. Koshizuka, Y. Oka, and H. Obata, Numerical Analysis of Droplet Breakup
Behavior using Particle Method, Journal of Nuclear Science and technology, 38(12), 1057-1064,
(2001).

[21] S. Premoze, T. Tasdizen, J. Bigler, A. Lefohn, and R.T. Whitaker, Particle-Based Simulation
of Fluids, Eurographics, 22(3), (2003).

[22] A.D. Sneyd, and K.K. Moffatt, Fluid dynamical aspects of the levitation-melting process, Jour-
nal of Fluid Mechanics, 117, 45-70, (1982).

[23] D. Terzopoulos, J. Platt, and K. Fleischer, Heating and melting deformable models (from goop
to glop), Graphics Interface, 219-226, (1989).

[24] H.Y. Yoon , S. Koshizuka, and Y. Oka, Direct calculation of bubble growth, departure, and rise
in nucleate pool boiling, International Journal of Multiphase Flow, 27, 277-298, (2001).

(Mihai Dupac) DEPARTMENT OF INFORMATICS, UNIVERSITY OF CRAIOVA,
AL.I. Cuza STREET, No. 13, CrRAIOVA RO-200585, RoMANIA, TEL. & FAX: 40-251412673
E-mail address: Mihai.Dupac@central.ucv.ro



