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Short title: Analyzing a charge stripper using an electromagnetic thruster

Abstract

This paper describes the variable optimization of a lithium charge-stripper device and experimental
characterization of lithium film formation for the charge removal of uranium using a
magnetohydrodynamic liquid metal circulation system. To this end, liquid lithium thin films were
developed using an electromagnetic thruster through collisions between a liquid lithium jet and a
planar deflector. The lithium film flow characteristics were analyzed through simulation and waterjet
experiments in terms of the liquid lithium film thickness. To circulate liquid lithium, a mechanically
safe electromagnetic thruster with precise pressure control was designed by analyzing its
electromagnetic and hydraulic parameters through finite element simulation. The analysis of the
geometric arrangement of the permanent magnet and input current of the thruster revealed that that
compared to the existing electromagnetic thruster, the nominal input current of the newly-constructed
one reduce by 57% and its weight reduced to 6%, and it required minimized input power, while
facilitating maintenance. Further, the formation of a liquid lithium thin film with a thickness of 22 pm
required to obtain the 79" charge state of uranium was verified at an input current of 107 A.

Keywords: Charge stripper; electromagnetic thruster; maintenance improvement; liquid-lithium film;



Nomenclatures

B

B

Hin
ivcr
ip

i

Ir
Jo
2

K3

Ky

Magnetic flux density [T]

Time-varying magnetic flux density [T]
r- direction magnetic flux density [A/m?]
0 - direction magnetic flux density [A/m?]
z - direction magnetic flux density [A/m?]
Hydraulic diameter [m]

Diameter [m]

Electric field [V/m]

Time-varying electric field [V/m]
electromotive force [n]

Force [N]

Friction factor

friction coefficient

Darcy friction coefficient of turbulent flow
Magnetic field intensity [A/m]

Height of the duct [m]

Magnetic field intensity of the permanent magnet [A/m]
Current flowing [A]

Input current [A]

Fringing resistance [Q]

Current density [A/m?]

r- direction current density [A/m?]

0 - direction current density [A/m?]

z - direction current density [A/m?]

Total bend coefficient

Band resistance coefficient



RVCT

Re

Wi

€o

Ho

Hr

Xm

Total length [m]

Magnetization [A/m]

Number of duct turns

Fringing resistance [Q]
Resistance vertical to the current [Q]
Outer resistance [Q]

MHD circulator resistance [€2]
Vertical component resistance [(2]
Reynolds number

Duct radius (m)

Time [s]

Velocity [m/s]

Width [m]

Electrical permittivity in vacuum [=8.85x10712F/m]

roughness height
Density [kg/m?]
Hydraulic pressure loss [bar]

Electrical conductivity [S/m]

Magnetic permeability in vacuum [=47x107 H/m]

Relative magnetic permeability

Magnetic susceptibility



1. Introduction

To obtain a certain amount of uranium energy (200 Mev/u), the charge removal of heavy ions is
essential. A charge stripper is commonly used on a uranium beam with a charge state of 33" or 34" to
increase the charge state to 79" [1,2]. To achieve a mean charge state of 797, a liquid lithium thickness
of 1.13 x 1073 g/cm? (= 22 um) is required [2]. The efficiency of high-power heavy-ion accelerators
can be enhanced using heavy-ion charge strips. Liquid lithium, which exhibits a large operating
temperature range (melting point of 181 °C, boiling point of 1342 °C), low vapor pressure (107 Pa at
200 °C) to minimize vapor pollution, low Prandtl number (~0.05), low thrusting power owing to its
low density (513 kg/m?), high heat capacity (4.4 x 1073 ]J/kg - K), and low viscosity [3] has been
applied in the form of a thin film to remove the charge from uranium. Liquid lithium thin films are
formed by the jet spray of liquid lithium thrust from the jet nozzle of an electromagnetic thruster. As
shown in Figure 1, the electrons of the uranium beam are removed as the electrons flow from left to

right in the liquid lithium thin film, thus changing the charge state of uranium from 34" to 79" [4].
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Fig 1. Charge removal process of a uranium ion passing through a liquid lithium film

Because liquid lithium is highly reactive with water and air, a non-contact electromagnetic thruster
capable of generating electromagnetic force (Lorentz force) in liquid lithium is used for liquid lithium
jet. Figure 2 shows that the electromagnetic thruster is physically enveloped by the external
environment without an internal structure, such as an impeller or a sealing part [5]. The existing
electromagnetic thruster shown in Figure 2 weighs 340 kg, which makes it difficult to maintain and

manage; therefore, this study redesigned the electromagnetic thruster to reduce its weight. The



characteristics of the redesigned electromagnetic thruster are as follows. First, even if the magnetic
field is not located in all directions (located only in one direction), there is no significant difference in
the efficiency if the current only flows in the direction where the magnetic field is applied. By
attaching a magnet to one direction of the duct, the magnetic field strength increases and the amount
of ferromagnetic material required to shield the magnetic field considerably reduces, thus enabling the
circulation of a small amount of liquid lithium. In addition, the redesigned structure increased the
convenience of the maintenance process as the flow path is easy to replace. A direct current (DC)
conduction-type electromagnetic thruster requires a high current but less voltage (<1 V); thus, even if
the resistance of the electrode is large, copper corrosion can be prevented by replacing copper with
SUS316. Additionally, the constituent material of the electromagnetic thruster coil and charge stripper
system is SUS316, which is a non-reactive material in a lithium fluid flow environment (an alkali
metal), thus enabling continual stable operation. The newly designed DC conduction helical-type
magnetohydrodynamic (MHD) electromagnetic thruster was employed to generate a continuous liquid
lithium film for a charge stripper prototype that is used in Rare isotope Accelerator complex for ON-
line experiments (RAON), which decreases the amount of the power supply by minimizing the current
[5]. The thickness characteristics of the film were experimentally analyzed based on the components

of the thruster according to the change in the flow rate.
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Fig 2. Design concept of the helical-type electromagnetic thruster



2. Methods
2.1. Theoretical approach for the design analysis of the helical-type electromagnetic thruster

The design variables were determined by solving MHD equations, including the electromagnetic
and fluid equations. Ampere’s law, Faraday’s law, Gauss’ law for magnetism, Ohm’s law, and the

fluid equation are expressed in Egs. (1)—(4).

Ampere’s law: V X B= Ho(f‘*‘ & Z—f), (1)
Faraday’s law: V X E=-— ‘Z—f, (2)

Gauss’s law for magnetism: V - B= 0, 3)

Ohm’s law: | = o(E 4+ V X B) (4)

The magnetic field was simulated using ANSYS Maxwell. The boundary conditions were
identical to those presented in Egs. (5)—(9). The magnetic flux density in the flow path was analyzed
using finite element method (FEM) by applying the permanent magnet’s coercive force and the
permeability of the ferromagnetic material. Magnetization (M) can be expressed as a relationship
between the magnetic field strength (H) and the magnetic field strength of a permanent magnet (Hu)
by considering both the permanent magnet and ferromagnetic material. This relationship can be
expressed using Eq. (5):

—

ﬁ = Xmﬁ + Hpy. ®)

The overall magnetic flux density of the helical-type MHD electromagnetic thruster was
calculated using Eq. (6), which considered the permanent and independent local magnetic fields, as

well as the relative permeability:

B = po(H + M) = popr H + poHy,. (6)

The boundary conditions between the magnetic field intensity and magnetic flux density of

materials of different permeabilities were determined using Egs. (7)—(9):

ﬁt,l = ﬁt,z, (7)
By1 = Bna, (8)
Hel,_,, = 0. ©)



This was simulated in COMSOL Multiphysics, and Eqgs. (10)—(13) were used for this simulation.

The force generated by the electromagnetic phenomenon was applied to the flow and solved through

coupling:
Jo = o(E, +V x By). (10)
Je = Jrf +Jo0 +J,2, (11)

o(E¢ +V X By) = o{(Ey + vgBi, + vgBe,)F + (E; — vBiy — voBer)2}, (12)
Jr=0(E, + VBBi,z + UGBe,z)']G =0,/J,=0(E;, — UGBi,r - VBBe,r)- (13)

The helical-type MHD system generated fluid velocity in a narrow channel through the Lorentz
force, which only affects the fluid velocity in the 8 direction, and is expressed using Eqgs. (14)—(15)
(also using Eq. (10)).

f=]xB={0Es(Bir + Bey) — 0(veBis — v6Be)(Bio + Bep))2
+{o(E, + v9B; + v9Be,)(Bir + Ber) — 6(vgBi, + vBe,)(Bis + Bo)}0
+{0(E, + vgBi, + vgB.,)(Big + Beg) — 6Eg(B;, + Be ) JE, (14)
fo = 0(E, + voBir + vgBey)(Bir + Ber). (15)

For an MHD transportation system with a high Hartmann number owing to the magnetic field, the
Navier—Stokes equation can be expressed using Eq. (16), which can be reduced to Eq. (17) for a
steady-state incompressible flow of liquid metal, where the viscosity term can be ignored [6].
Accordingly, the Navier—Stokes equation’s pressure gradient can be written as a number derived by

multiplying the current density with the magnetic flux density.

p(%+v-l7)v=—Vp+pv72v+ftx§, (16)

Vp =J, x B. (17)

The hydraulic pressure loss between the flow inlet and outlet was computed using the Darcy—

Weisbach formula expressed in Eq. (18).

Apy, = fapLvg/2D + KgpLvj /2, o
o 60 [ e \L1
\/T_d =-1.8 loglo [E + (m) ]’ "

Kg = (n — 1)(0.25nf.r/d + 0.5K,) + K;. (20)



By considering the hydraulic pressure, as expressed in Eq. (15), the pressure developed between the

flow inlet and outlet (Eq. (21)) can be derived by combining Egs. (15)—(20):

Ap = 4 [{o(E, + veBir + v9Ber)(Bir + Ber)}dV/md? — f4pLvg/2D — KgpLvg/2. (21)

The coupling between electromagnetic and fluid effects was calculated using COMSOL Multiphysics
code simulation. The input variables included material properties, input current, and initial fluid
dynamic conditions, and the output variables included the developed pressure and electromagnetic field

distribution.

2.2. Equivalent circuit equation

Figure 3 shows an illustration of the electric circuit methods for a helical-type MHD circulator. The
force produced inside liquid lithium if affected by electromotive force (EMF) and the resistance of the
thruster duct. To obtain the developed pressure in the liquid lithium of the thruster channel, equations

for the helical-type MHD circulator were obtained using Kirchhoff’s and Ohm’s laws [7].
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Fig 3. Equivalent circuit of a helical-type magnetohydrodynamic (MHD) circulator

When an electric current flows through an electrode into an MHD circulator, the current flows
through the electrode.
Using Kirchhoff’s law, the vertical component of the current flowing in the direction of the

electrode stub and total input current can be represented as:

iyer = If + ig (22)

iy = ip + iyer (23)
The resistance in the direction vertical to the current flow can be expressed as:

1 _1,.1 (24)

Ryer Rf Rs



Ohm's law can be used to determine the voltage based on the current path as:
Roit + Ryeriver = Rolt + Rpip + E, =V (25)
According to the Lorentz principle, which follows an opposite trend to the generated force
(voltage), the EMF interrupts the force generated (voltage) as follows:
Ep = BWgv (26)
The developed pressure was calculated by dividing the Lorentz force, which is the product of the

magnetic flux density and current and width, by the flow area:

B .
AR, = 2, 27

The current flowing in the liquid lithium was obtained by combining Egs. (28)—(31) and

eliminating the outer resistance and vertical current flow:

Ryerig—Bwgv
i,=—"7"— 2
p Rp+Ryer (28)

Additionally, the hydraulic pressure drop was calculated using the Darcy—Weisbach formula:

_ fapLv?(Wq+Hq)

AP,
4W4aHgq

(29)

The friction coefficient can be expressed as a function of the Reynolds number, hydraulic diameter,

and roughness height. [8,9]

fg =2 (30)

Re

1 6.9 €s L1
== —1.8log;q [g + (ﬁ) ] o

2.3. Helical-type electromagnetic thruster

The developed pressure was influenced by the multilayered duct geometry. Particularly, the
permanent magnets and ferromagnetic materials in the 6 direction did not dominantly affect the
generated pressure. The geometries of the magnets and ducts were changed for maintenance (Figure

4) by reducing the overall weight of the thruster from 340 to 21 kg.
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Fig 4. Conceptual design of the helical-type electromagnetic thruster

Figure 5 shows the shape of the MHD electromagnetic thruster used for the COMSOL simulation,
in which the width, height, thickness, length, and number of turns were set as variables. The Lorentz
force generated increased as the magnetic flux density increased, thereby reducing the required
current. In addition, a ferromagnetic material, namely, ferromagnetic steel, was introduced to increase
the magnetic flux density. Figure 6 shows the magnetic flux density according to the thickness of the
ferromagnetic material. The thickness of ferromagnetic steel was set as 20 mm by considering
maintenance issues—a further increase in thickness increased the weight, making duct maintenance
difficult.
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Fig 5. Geometry of the electromagnetic thruster used for the simulation
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Fig 6. Magnetic flux density according to ferromagnet thickness
(width = 5 mm, height = 5 mm, thickness = 0.5 mm, and number of turns = 30)
As the number of turns in the duct increased, less current was required because the number of
revolutions was equal to the number of times Lorentz force was applied. Figure 7 shows the
relationship between the required current and number of turns. The number of rotations was

determined as 30 by considering the duct productivity.
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Fig 7. Needed current according to the number of turns
(width = 5 mm, height = 5 mm, and thickness = 0.5 mm)

Figure 8 shows the variation in the geometry of the MHD electromagnetic thruster. Increasing the
duct width reduced the current required owing to the reduced hydraulic friction losses, and increased
duct height, which increased the required current. A small duct height was created to prevent the
clogging of the pipe with lithium oxide and to prevent the possibility of filling the thruster duct with
steam that interferes with the current flow. Therefore, a 5S-mm-height-long rectangular duct was

adopted.



800 T T T T T T T T
Duct height (b) — 1 mm
~—— ] - 3mm| |
700 5mm|]|
-ow 7 mm
600 £ 9 mm
e i e e s e L S e Rt
=500 )
c
o
3 400 | y
°
]
°
8 300 P T
- s i ST SSRREE, SR AT [ I N A
200 T
100 )
0 1 1 1 1 | 1 1 1
1 2 3 4 5 6 7 8 9 10

Duct width (a) [mm)]

Fig 8. Needed current according to the height and width
(thickness = 0.5 mm and number of turns = 30)

When a ferromagnetic material was used in the magnet, the mean magnetic flux density of the
MHD electromagnetic thruster was 0.6 T (Figure 9). The ferromagnetic material created a maximum
magnetic flux density at the center. When an input current of 500 A was passed through the
electromagnetic thruster, as shown in Figure 10, a pressure of 14.6 bar was generated. Each duct
generated a pressure of approximately 0.5 bar.

Table 1 lists the design parameters of the new MHD electromagnetic thruster, and the P-Q curve
characteristics of the corresponding thruster are shown in the Figure 11 [8]. The graph was optimized
at approximately 6 cc/s. Compared to that of the existing design model, the total weight of the
redesigned model was reduced to 6%. In addition, the input current was reduced from 872 to 500 A,
and the generated pressure was 14% higher than that of the conventional units, even though the
pressure increased from 10.5 to 14.6 bar. The light weight of the redesigned thruster will enable
maintenance, and the newly designed MHD electromagnetic thruster could generate high-
specification driving pressure at a lower current. In addition, the driving pressure of the new
lightweight MHD electromagnetic thruster was 2.4 times greater than that of the existing one at the

same input current [9].
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Table 1. Design variables of the electromagnetic thruster for FEM simulation

Variable Units Values
Flow rate [cm?/s] 6
Developed pressure [bar] 14.6
Temperature [K] 473
Width and length of the flow channel (a,b) [mm] 5
Thickness of the flow channel (t) [mm] 0.5
Diameter of the flow channel (R) [mm] 200
Length of electrode stub (c) [mm] 50
Number of turns - 30
Mean magnetic flux density [T] 0.6
Input current [A] 500
Weight [kg] 21
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Fig 11. Developed pressure—flowrate curves of the three types of electromagnetic thruster

2.4 MHD electromagnetic thruster experimental setup (with thickness measurement)

Figure 12 shows the lithium-circulating system and its main components, namely, the lithium feed
tank, lithium storage tank, MHD electromagnetic thruster, and charge stripper prototype. The lithium
feed tank supplies lithium, and the lithium storage tank stores lithium when the system is not

functional. The electromagnetic thruster installed in the circulation system was driven to drain liquid



lithium from a thin nozzle within the charge stripper prototype.
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Fig 12. Electromagnetic thruster performance test loop system

2.6 Aluminum foil-based performance testing of the laser measurement system for the thickness

measurement of the liquid lithium film

The existing technology uses an electron gun to measure the thickness of a lithium thin film;
however, because an electron gun emits an electron beam, a radiation permit is required for its use
[10]. Therefore, this study employed a laser measurement system (as shown in Figure 13). This
system exhibits an alignment function, and the different wavelengths ejected from the laser were
transmitted to the computer. The alignment was performed until the two lasers exhibited the same
diffracted wavelengths location. Accordingly, the distance between the two devices could be
determined using the reference specimen. After aligning, the distance between the two devices can be
determined using the reference specimen. Two laser devices (Model CL-3000) were installed, and the
thickness of the lithium thin film was measured by calculating the change in the laser transmission
time with a change in the distance between the liquid lithium thin film and the laser device. In terms
of specification, the resolution of the laser device was 2.5 um and the distance that can be measured
by a laser device was 120 to 160 mm. As only a short distance could be measured, the shape of the
charge stripper prototype was changed, as shown in Figure 14.

The containment unit of the charge stripper prototype contained a viewport for observing the state
of the liquid-lithium film. The deflector and nozzle influenced the formation of the liquid lithium film,
and the level meter measured the flow rate of the electromagnetic thruster. The equivalent line

functioned to equalize the pressure of the lithium film and storage tank, and the quartz view port was



used for visually observing the measurement performed by the laser device. Thickness calibration
verification was performed (Figure 15) using 16-, 30-, 40-, and 50-pm aluminum foils, whose
thicknesses were determined using the installed charge stripper prototype. Figure 15 reveals that the
measurement errors at thicknesses of 16, 30, 40, and 50 um were = 1.5, + 2.5, £ 2.5, and £ 2.5 pm,
respectively, while the deviation interval of 2.5 um satisfied the resolution of the laser thickness
measurement system. In addition, the standard deviations at thicknesses of 16, 30, 40, and 50 um
were 1.29, 2.29, 1.84, and 1.29 um, respectively, while the deviation interval of 2.5 pm satisfied the

resolution of the laser thickness measurement system.

Sensor A Sensor B

Laser

Charge
stripper

Fixing
Equipment

Fig 13. Laser measurement method
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3. Results and discussion
3.1 Electromagnetic thruster

Figure 16 shows a schematic representation of the newly redesigned MHD electromagnetic thruster co
nsisting of electrodes for supplying current, brackets for fixing, ducts, magnets, and a core. Copper ele
ctrodes cannot be employed for prolonged periods because they undergo rapid oxidation at high temp

eratures. Therefore, the electrodes used in this study were made of stainless steel (SUS316).

Duct

Duct holding braket

Electrode holder2 —
Electrode holderl

Electrode

Side core
Counter core

Fig 16. Diagram of the electromagnetic thruster

The fabrication of the new MHD electromagnetic thruster is shown in Figure 17. The reduction in t
he weight of the thruster from 340 to 21 kg for maintenance purposes facilitated the removal of the m
agnet core. Consequently, the flow path structure of the MHD electromagnetic thruster can be easily r
eplaced in the case of an accident. The specifications of the power supply used in the MHD electroma
gnetic thruster are shown in the table 2.

Table. 2 Specification of power supply

Value

Input voltage 380V

Input current 30 A

Frequency 60 Hz
Output voltage 0-5VDC
Output current 0-3000 A




Fig 17. Fabrication of the new electromagnetic thruster

The MHD electromagnetic thruster was successfully driven via a driving process, as shown in
Figure 18. Several differential pressure gauges and flow meters were installed in the loop to enable
precise measurement. The measured developed pressure and flow rate as a function of the current are
presented in Table 3. Table 3 indicates that the developed pressure at 500 A was 8.95 bar, which was
0.62 times smaller than the simulation value (14.6 bar). This difference was attributed to the reduction

in the magnetic flux density at a high temperature and fringing current from actual soldering.

Lithium

nozzle

Liquid
lithium




Fig 18. Liquid lithium driving test

Table 3. Results of the liquid lithium electromagnetic thruster driving test
Current (A) Developed pressure (bar) Flow rate (cm/s)
100 1.63 2.87 (£0.02)
200 2.74 4.32 (+0.04)
300 4.01 5.12(£0.06)
400 6.18 5.93 (£0.07)

In this study, FEM simulations were performed to verify the water test and the thickness trend with a

change in the flow rate, and the results are shown in Figure 19. The surface tension of liquid lithium is
greater than that of water, and the difference in the Reynolds number of the two is approximately 1.2.
The simulation results revealed that the thickness of lithium was 1.1 times higher than that of water.

The results of the water simulation were consistent with the water experimental data.

Relative thickness

D> Lithium simulation

% Water simulation

O Water experimental data

0.6 L 1 L 1 ! L !
1 2 3 4 5 6 7 8 9 10
Flowtrate [cm 3/s]

Fig 19. Finite element method (FEM) simulation analysis results of the water and lithium thickness

The nozzle angle was analyzed through the water experiments. As shown in Figure 20, the length
of the resulting lithium film was stable between 30 and 38°, and the value did not appear linearly at
angles beyond this, so the average nozzle angle was determined as 34°. To satisfy the 22 pm lithium

film thickness, a nozzle with a minimum thickness of 0.7 mm was determined as ideal.
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The deflector was designed and constructed to determine the characteristics of the liquid thin film
with a change in the shape of the deflector. Figures 21 (b) and (c) indicate that the respective deflector
radii are set to 50 and 100, and do not have any significant impact on the shape of the film. However,
the curvature of the deflector enabled the coalescence of the droplets. As the curvature increased, the
deflector radius was set to 50 mm because of the decrease in the number of water droplets that can

interfere with lithium film formation. The film thickness was less dependent on the geometry of the

deflector.

Fig 21. Deflector experiment: (a) flat, (b) R100, and (c) R50

Figure 22 shows the fabricated charge stripper prototype.



Fig 22. Fabricated charge stripper prototype



3.3. Experimental analysis of the liquid lithium film thickness

As shown in Figure 23, a liquid lithium film was successfully formed. The liquid lithium sprayed
through the nozzle collided with the deflector to form a thin film. The thickness of the thin film was
measured using a laser thickness gauge. The thickness and flow rate increased with an increase in the
input current. The laser measuring device measures the thickness at the time when the laser is
reflected. The shape of the lithium film became inflated owing to splashing liquid, and the bouncing
off of lithium increased with an increase in the input current, resulting in an unstable shape. The

thickness of the thin film based on the flow rate is shown in Figure 24.

Lithium
film

Fig 23. Liquid lithium film formation experiment
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Fig 24. Liquid-lithium film thickness according to the flow rate

4. Conclusions

A lithium charge stripper prototype for removing uranium charge was optimally designed using an
MHD liquid-lithium circulating electromagnetic thruster of which structure was optimized in a
direction that was easy to maintain and its weight was greatly reduced. A new attempt by using a laser
thickness measuring device was made for the measurement of the thickness of the lithium film and its
thickness on the change of input current was experimentally verified.

The results revealed that the ideal nozzle diameter and angle that ensured stability and satisfied the
lithium film thickness (22 pm) were 0.7 mm and 34°, respectively. The deflector was manufactured
with a curvature that minimized the contamination problem of lithium droplets. The results confirmed
that the flow rate and liquid lithium film thickness increased as the input current increased. In
addition, the results confirmed that the liquid lithium thin film thickness of 22 um could be achieved
at an input current of 107 A.

This research provides experimental evidence for the fabrication of an MHD electromagnetic
thruster-based charge stripper prototype. The optimized charge stripper prototype can be used to
fabricate liquid lithium films for increasing the charge state of heavy-ion beams passing through it to
obtain an energy of 200 MeV/u.
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