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a b s t r a c t

In order to investigate the magnetic force distribution, flow field distribution and Joule heat distribution
under the pulsed magnetic field (PMF), transient numerical simulation was carried out. Results show that
the magnetic pressure force appears in the inner of the melt, while the magnetic pull force and the mag-
netic pressure force appear alternately in the exterior of the melt, which is caused by the skin vortex cur-
rent. The axial direction magnetic force results in the convection of the melt. The radial direction
magnetic force produces vibration of the melt. The vibration will diffuse and superpose to produce the
pressure wave. Finally, the fluctuation of the melt is caused by the pressure wave. The Joule heat pro-
duced by pulsed magnetic field concentrates near the surface of the melt in the pulse applying period.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The microstructure can be refined by the electromagnetic field
applied in the solidification process, which will improve the prop-
erties of casting. It is notable that electromagnetic vibration can
significantly refine solidified microstructure [1–6]. Recently,
pulsed magnetic field (PMF) was applied to microstructure refine-
ment and showed significant refinement effect [7–9]. The PMF is
favorable because it is simple in equipment and easy to control.
However, the variation of magnetic force and the flow field distri-
bution with the magnetic pulse in the whole period is not clear be-
cause the PMF is transient, variable and complex. Because of
experimental restriction, it is hard to solve those questions through
experiment observation. But numerical simulation provides an
effective analysis for experiment and industry production. The
numerical analysis can contribute to understanding the mecha-
nism why the PMF can refine microstructure. Kolesnichenko
et al. simulated the magnetic force and the flow distribution under
PMF produced by sine wave current, and the variation in the pulse
applying period was investigated [10]. But the variation in the
whole period needs to be further investigated. Besides the mag-
netic force and the flow distribution, the Joule heat produced by
the PMF should also be investigated. In this work, the magnetic
force distribution, the flow distribution, and Joule heat distribution
in the nickel-based superalloy melt under 2.5 Hz PMF produced by
the capacitor are researched in the whole pulse period using com-
mercial Ansys finite element software.

2. Mathematical model

2.1. Physical entity and parameter

The PMF casting setup and FEM model used in the simulation
are shown in Fig. 1. The PMF casting setup is consisted by the
PMF coil, the mold and the melt. We build the FEM model accord-
ing the PMF casting setup. The current in the coil is a half sine
wave, and the pulse current time is 2.8 ms, which is very short
compared with the whole period time when the simulated PMF
frequency is 2.5 Hz. Therefore, the change in the pulse current
can be simplified as linear, which is shown in Fig. 2. The current
peak is 8700 A. The parameters used in the magnetic force distri-
bution simulation are shown in Table 1. In the calculation of the
flow field distribution, the melt density is 7800 kg/m3, and the vis-
cosity is 0.0073 Pa s.

2.2. Governing equations

The governing Maxwell equations of electromagnetic field can
be expressed in following equations:

r� E ¼ �@B=@t ð1Þ
r � B ¼ 0 ð2Þ
r � D ¼ q0 ð3Þ
r � H ¼ J þ @D=@t ð4Þ

The constitutive relations for the related electric fields are de-
scribed in the following equations:
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J ¼ rðEþ v � BÞ ð5Þ
D ¼ eE ð6Þ
B ¼ l0H ð7Þ

The Lorentz force can be acquired according to the following
equation:

f ¼ l0J � H ð8Þ

The continuity equation, the momentum equation and the incom-
pressible energy equation are described in Eqs. (9)–(11),
respectively.
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The boundary conditions consistent with the physical entity shown
in Fig. 1 are as follows:

Melt top surface Vy = 0;
Melt bottom and side surface Vx = 0, Vy = 0;
Symmetry axis Vx = 0.

3. Numerical procedure

Because the PMF is transient and variable, the time dependent
simulation is applied. In the simulation, 50 steps are calculated in
the periods I, II, IV and V, and the time step is 0.0005 s in the period
III. First the vector potential method is applied to calculate the elec-
tromagnetic field to get the force distribution and then the result for
the magnetic force is coupled with the flow field transient simula-
tion. The plane 53 element is used in the electromagnetic simulation,
and 2D flotran 141 element is used in the flow field simulation. The
flow field distribution is calculated using the tri-diagonal matrix
algorithm [11] (TDMA) iterative solver with laminar model.

Fig. 1. Sketch of PMF casting setup (a) and FEM model used in the simulation (b). 1. Generator of the pulsed magnetic field, 2. Cooling water inlet, 3. Cooling water outlet, 4.
Mold, 5. Melt, 6. Refractory.

Nomenclature

B magnetic flux density vector [Wb m�2]
Cp specific heat [J kg�1 K�1]
D electric flux density vector [C s�2]
E electric field intensity vector [V m�1]
f electromagnetic force [N]
H magnetic field intensity vector [A m�1]
J total current density vector [A m�2]
K thermal conductivity [J kg�1 K�1]
p pressure [Pa]
Qv volumetric heat source [J m�3 s�1]
t time [s]
T temperature [�C]
tij stress tensor
ui orthogonal velocities (u1 = vx, u2 = vy, u3 = vz) [m s�1]
v velocity vector [m s�1]
vx, vy, vz velocity vector components in the x, y and z directions

[m s�1]
x, y, z global Cartesian coordinates

Greek symbols
e permittivity [F m�1]
k second coefficient of viscosity [kg m�1 s�1]
l dynamic viscosity [kg m�1 s�1]
l0 magnetic permeability [H m�1]
q0 electric charge density [C m�3]
r conductivity [X�1 m�1]

Subscripts
I electric current
MN minimal value
MX maximal value
t time
x, y, z global Cartesian coordinates
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