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a b s t r a c t

The force of a DC electromagnetic

Q3

pump used to transport liquid lithium was analyzed to optimize its
geometrical and electrical parameters by numerical simulation. In a heavy-ion accelerator, which is being
developed in Korea, a liquid lithium film is utilized for its high charge-stripping efficiency for heavy ions
of uranium. A DC electromagnetic pump with a flow rate of 6 cm3/s and a developed pressure of 1.5 MPa
at a temperature of 200�C was required to circulate the liquid lithium to form liquid lithium films. The
current and magnetic flux densities in the flow gap, where a Sm2Co17 permanent magnet was used to
generate a magnetic field, were analyzed for the electromagnetic force distribution generated in the
pump. The pressure developed by the Lorentz force on the electromagnetic force was calculated by
considering the electromotive force and hydraulic pressure drop in the narrow flow channel. The
opposite force at the end part due to the magnetic flux density in the opposite direction depended on the
pump geometrical parameters such as the pump duct length and width that defines the rectangular
channels in the nonhomogeneous distributions of the current and magnetic fields.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Electromagnetic pumps are employed to circulate liquid metals
with high electrical conductivity using the Lorentz force whose
value is calculated as the cross product of the current and the
magnetic field perpendicular to it [1,2]. The heavy-ion accelerator,
which is being developed in Korea, uses a liquid lithium film as a
charge stripper [3] to increase the acceleration efficiency of ura-
nium heavy ions. The uranium ions with a charge of 33þ become
uranium ions with a charge of 78þ, which pass through a liquid
lithium film with a thickness of less than 25 mm. The DC electro-
magnetic pump causes the liquid lithium to circulate to generate
thin liquid lithium films from a high-speed jet of 60 m/s at the
injection nozzle of the charge-stripper system, which is subjected
to a high hydraulic pressure loss at a low flow rate [4].

In the present study, the distributions of the current [5] and
magnetic flux densities in the narrow channel of such pump with a
finite-length permanent magnet were analyzed [6]. The developed
pressure, which depends on the Lorentz force and hydraulic pres-
sure drop, was analyzed by numerical simulation using the ANSYS
code. Analyses were performed on the changes in the geometrical
and electrical parameters by considering the distributions of the

current and magnetic flux densities for the required pressure and
flow rate [7]. The geometrical and electromagnetic parameters of
the pumpwere optimized to satisfy the requirement of a developed
pressure of 1.5 MPa and flow rate of 6 cm3/s under an operating
temperature of 200�C.

2. Mathematical setup for analysis

The DC electromagnetic pump was divided into three parts,
namely an electrode stub that transports current to the liquid
metal, permanent magnets with a thickness of 50 mm to generate
the magnetic flux for the liquid metal, and a 1-mm-thick pump
duct [8], as shown in Fig. 1. The electrode stub and permanent
magnets are arranged in the x and z directions, respectively, by
applying the Cartesian coordinate system to the rectangular pump
shown in Fig. 1 [9,10]. Liquid lithium flows along the y direction
because of the developed pressure from the Lorentz force, which
was generated by the vector product of the current through the
electrode stub in the x direction and the magnetic field B from the
permanent magnets in the z direction [11]. The governing equa-
tions, which consist of magnetohydrodynamic equations, to solve
the force generated in the DC electromagnetic pump are expressed
in Equations (1)e(5). This set of equations was solved using the
ANSYS code to determine the magnetic field and current density.
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TheMaxwell equations were applied to solve the inducedmagnetic
flux density, and Ohm's law was used to calculate the current
density. The force and pressure drop of the DC electromagnetic
pump were calculated using the NaviereStokes equation, where
the electromagnetic force J� B was added to the last term in
Equation (5) as an external force [12].

Ampere0s law: V� B
!¼ m0

�
J
!þ ε0

vE
vt

�
(1)

Faraday0s law: V� E
!¼ �v B

!
vt

(2)

Gauss0s law for magnetism: V$ B
!¼ 0 (3)

Ohm0s law : J
!¼ s

�
E
!þ v!� B

!�
(4)

Navier� Stokes equation :
v v!
vt

þ ð v!$VÞ v!

¼ �1
r
V
�
p!þ ph

�!�þ nV2 v!þ 1
r
Jt
!� B

!

(5)

The components of the electric field, current density, magnetic
flux density, and velocity of fluid are expressed in Equations
(6)e(11) according to the Cartesian coordinate system. The z-di-
rection electric field of the DC electromagnetic pump was dis-
regarded because of the nonconductive material (Teflon) between
the permanent magnet and pump duct to avoid a z-direction cur-
rent from flowing to the permanent magnet and narrow the gap of
the flow channel, as expressed in Equation (6). The permanent
magnet creates a magnetic field because of its rotating electrons.
The microscopically small circulating current in the permanent
magnet was negligible in the analysis of the induced current.
Therefore, the magnetic flux density was divided into an external
magnetic flux density from the permanent magnet and the induced
magnetic flux density from the current density to avoid confusion
in the magnitude of the induced magnetic flux density according to

Equation (8). The fluid velocity was only taken along the y direction
owing to the laminar flow at the low Reynolds number according to
Equation (11).

E
!

tðx; y; zÞ ¼ Exbx þ Eyby (6)

J
!

tðx; y; zÞ ¼ Jxbx þ Jyby þ Jzbz (7)

B
!

tðx; y; zÞ ¼ B
!

eðx; y; zÞ þ B
!

iðx; y; zÞ (8)

B
!

eðx; y; zÞ ¼ Be;xbx þ Be;yby þ Be;zbz (9)

B
!

iðx; y; zÞ ¼ Bi;xbx þ Bi;yby þ Bi;zbz (10)

v!ðx; y; zÞ ¼ vyby (11)

Ampere's law in Equation (1) can be expressed as Equations
(12)e(15) using the curl operator calculation in the Cartesian co-
ordinate systemwhere the time-varying electric field termwas not
considered because the DC electromagnetic pump used the DC
source. Only the induced magnetic flux density was affected by the
current density because the external magnetic flux density was
affected by the small circulating current in the permanent magnet.

V� B
!

i ¼ m0 J
!

t (12)

V� B
!

i ¼
�
vBi;z
vy

� vBi;y
vz

�bx þ
�
vBi;x
vz

� vBi;z
vx

�by þ
�
vBi;y
vx

� vBi;x
vy

�bz
(13)

m0 J
!

t ¼ m0
�
Jxbx þ Jyby þ Jzbz� (14)

vBi;z
vy

� vBi;y
vz

¼ m0Jx;
vBi;x
vz

� vBi;z
vx

¼ m0Jy;
vBi;y
vx

� vBi;x
vy

¼ m0Jz

(15)

Fig. 1. Schematic of the DC electromagnetic pump.
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