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Numerical Simulation Study on Electromagnetic Force
Constrained Liquid Metal Deformation
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Abstract. In order to explore the mechanism of electromagnetic force restraining the
deformation of liquid metal with non-uniform diameter, the coupling simulation of
electromagnetic field and flow field was carried out to study the distribution of
electromagnetic field and flow field in liquid metal. The simulation results show that
the electromagnetic force at the convex position of the liquid metal is the largest, while
the electromagnetic force at the concave position is smaller, and the diameter of the
liquid metal with non-uniform diameter tends to be the same under the action of the
pressure difference of the electromagnetic force.
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1. Introduction
Researchers have found that the penetration power of metal jets is proportional to the effective length
through a large number of theoretical calculations and numerical simulations[1-3]. When the metal jets
fly under electromagnetic field, the development of necking state can be delayed, the effective length
can be extended, and the penetration depth of metal jets can be enhanced. Because the measurement of
the length and shape of metal jet under the action of electromagnetic field involves some difficult
problems such as the explosion of armor-piercing projectile and the timing control of the application of
intense pulsed magnetic field[4], the measurement is difficult and dangerous. There is lack of
experimental data to verify and improve the theoretical and simulation results. Only part of the research
compares the electromagnetic field. The change of penetration ability of metal jet after action indirectly
shows that the effective length of metal jet is increased under the action of electromagnetic field.
Because the physical properties of liquid metal and metal jet are similar, it is convenient to measure
the morphological changes of liquid metal under electromagnetic field, which can lay a foundation for
measuring the effective length changes of metal jet under electromagnetic field. In order to measure the
deformation of liquid metal before the experiment, the distribution law of electromagnetic field and flow
field in liquid metal under the action of electromagnetic field was simulated, and the variation law of
magnetic induction intensity, induced current density, electromagnetic force density and deformation
velocity with time was analyzed. The simulation results were preliminarily verified. The effective length
of metal jets increases under the action of electromagnetic field.
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2. Simulation model establishment and parameter setting

Induction heat has little effect on the viscosity and deformation of liquid metal, so it ignores its effect.
Because of the rotational symmetry of the model, a two-dimensional model is used to simulate the model.
As shown in Figure 1, the diameter of the liquid metal simulation model is 3mm-8mm, and the contour
is changed according to the cosine function r=1.25*cos(2*pi/5*z)+2.75, in which r is the radius, z is the
axial length and the total length is 15mm; the two series coils are solenoid coils made of single-turn
copper wire, each coil length is 155mm, the inner diameter is 3 1mm, the cross-section of copper wire is
2mmx4mm rectangular, the line The number of turns is 31 turns, and the two coils are 15.5mm, which
is exactly equal to the radius of the coil. The resistance and inductance values of two series coils are
calculated according to the theoretical formula: R=13.7mQ and L=12.2uH. The excitation loading
circuit is shown in Figure 2, the capacitor capacitance is C=250uF, and the charging voltage is U=7000V.
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Fig.1 Simulation model of electromagnetic field constraint

The following assumptions are made in the calculation: (1) The liquid metal Gag7InzosSnj2s is an
incompressible conductive fluid, and all physical parameters of the liquid metal such as density,
viscosity, conductivity and permeability are scalar constants, and their physical properties are shown in
Table 1; (2) The displacement current and the resistance of the conductor in the liquid metal are
neglected, while the induction is neglected. The effect of electric current on the heating of liquid metal
is that the viscosity of liquid metal does not change. (3) The influence of liquid metal flow on
electromagnetic field is neglected. The applied current is in the positive direction, i.e. perpendicular to
the paper face, and is considered to be evenly distributed across the wire section. Because the Reynolds
number of liquid metal is small, the flow field is laminar. The liquid metal model grid is set as a moving
grid to ensure the flow deformation of liquid metal under electromagnetic force. The computation time
is 5x10s and the step length is 2x10s.
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Table.1 Physical properties of Gas7lnzo sSnias

. . Electric Thermal Dynamic )
Ilzenmﬁ JSp?ﬁj h;?fl conductivity conductivity/ viscosity/ Relat;Yﬁ
g-m -Kg - /S . m71 W m_l ) K_l Kg ) m,l . S,l permeability
6360 481 3.1x10° 39 0.002162 1

3. Simulation results and analysis

3.1. Electromagnetic field analysis.

Fig. 3 is a nephogram of magnetic induction intensity distribution in the middle region of two solenoid
coils at t=8 U s. It is found that the magnetic field intensity decreases sharply at the end of the solenoid
coil and distributes gradiently along the axial direction of the coil, that is, the magnetic induction
intensity at point 1 is greater than the corresponding value at point 2 and point 3, while the magnetic
induction intensity in liquid metal tends to skin. Because point 1 is closer to the end of the coil, the
magnetic induction intensity at point 1 is always greater than the corresponding value at point 2 and
point 3, but the magnetic induction intensity at the three points is not very different.
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Fig.3 Distribution of magnetic flux density in the middle region of solenoid coil

Fig. 4 shows the variation of induced current density with time at midpoint 1, 2 and 3 in Fig. 3. The
positive and negative values represent the direction of induced current density. The analysis shows that
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when t<<142 p's, 280 1 s<<t<<426 u s, the flux of induction current obstructs the increase of magnetic
flux caused by coil current, and the direction of induction current density is opposite to solenoid coil
current; when 142 1 s<<t<<280 u's, 426 1 s<<t<<500 u s, the solenoid coil current decreases and the
excitation magnetic flux decreases. The flux of induction current impedes the decrease of the flux, so
the direction of induction current density is the same as that of solenoid coil. The figure shows that the
maximum induction current density of protrusion is 2.59 X 108A/m2, the maximum induction current
density of depression is 9.26 X 107A/m2, and the variation trend of induction current of three positions
is the same, and the protrusion (such as point 1, point 3) The induced current density is much higher
than the corresponding value of the depression (e.g. point 2) because the protrusion is closer to the inner
surface of the coil and the magnetic field coupling is stronger than the depression; the radial radius of
point 1 and point 3 is the same, the axial position is different, and the induced current density is slightly
different.
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Fig.4 Curves of induced current density varying with time

Fig.5 shows the variation of electromagnetic force density with time. The magnitude of
electromagnetic force density is determined by the product of induced current density and magnetic
induction intensity, but the magnitude of induced current density is much larger than that of magnetic
induction intensity. Therefore, the magnitude of electromagnetic force density is mainly determined by
the induced current density, and the positive and negative magnitudes represent the pulling of liquid
metal respectively. Force and pressure. The analysis shows that the electromagnetic force density is
closely related to the position and coil current. The electromagnetic force at the bulge is obviously
greater than the corresponding value at the depression. When the electromagnetic force is pressure, it
will drive the liquid metal from the bulge to the depression, which is beneficial to reduce the diameter
difference of the liquid metal. Under tensile stress, the resultant force of the axial and radial components
of the electromagnetic force stretches along the arc surface of the liquid metal, driving the liquid metal
in the bulge to flow to the depression, thus still conducive to reducing the diameter of the liquid metal.
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Fig.5 Variation of electromagnetic force density with time

3.2. Flow field analysis.

Fig. 6 shows the variation of deformation of liquid metal with time at the convex and concave points.
Deformation refers to the increase or decrease of the diameter of liquid metal points 1 and 2 in Fig. 3. It
can be found from the diagram that the deformation of the bulge is always greater than the corresponding
value of the depression, because the diameter of the bulge is larger, and the effect of electromagnetic
force is more obvious. When t<200ps, the deformation rate of the electromagnetic force bulge is the
largest in the whole electrification process. When 200us<t<320us, the deformation of the bulge and the
depression is small and the deformation rate is slow due to the change of the direction of the
electromagnetic force. However, the change of the direction of the electromagnetic force in the
depression lags behind the bulge due to the skin effect. The influence of electromagnetic force on the
deformation is lagged behind the bulge. When 320us<t<500us, the electromagnetic force changes
direction again, the diameter of the restraint bulge decreases, and the liquid metal flows and deforms
from the bulge to the depression. Accordingly, the diameter of the depression increases. The ratio of the
maximum diameter to the minimum diameter of the liquid metal is 2.67 before electrifying. After
electrifying 500us, the ratio of the maximum diameter to the minimum diameter is 1.76. The diameter
of the liquid metal tends to be more uniform under the action of the electromagnetic field, and the
reduction of the diameter of the liquid metal can be equivalent to the increase of the length, that is, the
liquid metal with non-uniform diameter is in the electromagnetic field. According to the similarity of
physical properties between liquid metal and metal jet, the conclusion that the diameter of metal jet
under electromagnetic field tends to be consistent can be preliminarily verified.
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Fig.6 Variation of deformation with time
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4. Conclusion

(1) After the coil is electrified, the magnetic induction intensity, the induced current density and the
electromagnetic force density all have obvious skin effect. The value is closely related to the position
and the coil current. The electromagnetic force density is mainly determined by the induced current
density, and the electromagnetic force in the bulge is greater than that in the depression. Therefore, the
liquid metal is in the electricity. Deformation occurs under magnetic force.

(2) Under the action of electromagnetic force, the diameter of the bulge decreases, the diameter of
the depression increases, and the ratio of the maximum diameter to the minimum diameter of the liquid
metal decreases from 2.67 to 1.76. The diameter of the liquid metal is obviously more uniform, which
can preliminarily verify the conclusion that the diameter of the metal jet under the action of
electromagnetic field tends to be consistent.
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