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Abstract

A DC electromagnetic pump with a rectangular channel was optimally designed and fabricated for studying
the reaction between liquid sodium and carbon dioxide (CO>) gas in a sodium fast reactor. Heat exchange using
CO; gas has recently been proposed for the secondary sodium loop of the sodium fast reactor being developed
in Korea because of the strong chemical reaction between liquid sodium and water. A DC conduction-type
electromagnetic pump with a rectangular channel was selected to circulate liquid sodium in the experimental test
loop for the sodium—CO, reaction. Electromagnetic force, which was generated by the Lorentz force of an
electrical equivalent circuit, was used to drive the liquid sodium. The developed pressure of the pump was
investigated using optimization of the geometrical and electromagnetic variables of the pump considering
Lorentz force, electromotive force, and hydraulic loss in the narrow channel of the pump. The characteristics of
the developed pressure were studied with respect to the flow rate, and the pump was fabricated using the
optimized design specifications. The distributions of current and magnetic flux density in the narrow channel
were calculated for the fabricated DC electromagnetic pump with a flow rate of 3 L/min and developed pressure
of 0.05 bar, operated at a temperature of 300°C. A comparative analysis of the performance of the designed
pump was investigated by considering the fringe effects and Lorentz force using both the equivalent circuit

method and numerical analysis.

Keywords: Rectangular DC electromagnetic pump, fringe effects, current distribution, magnetic flux density

distribution, developed pressure, sodium—CQO; reaction test loop.

NOMENCLATURE

B Magnetic flux density [T]

B Magnetic flux density vector [T]



Vi

<d

Equivalent hydraulic diameter [m]

Electromotive force [V]

Electric field vector [T]

Darcy friction factor

Pump duct height, excluding the wall thickness, along the permanent magnet direction [m]

Fringe current [A]

Total input current [A]

Liquid metal flowing current [A]

Pump wall current perpendicular to the electrode stub direction [A]

Current perpendicular to the electrode stub direction [A]

Current density vector [A/m?]

Loop friction loss factor

Fringe factor

Length of pump duct [m]

Flow rate [m?/s]

Reynolds number

Fringe resistance [(1]

Outer resistance [Q]

Liquid sodium resistance [(1]

Pump wall resistance perpendicular to the electrode stub direction [€1]
Resistance perpendicular to the electrode stub direction [Q]
Thickness of the pump wall [m]

Temperature [K]

Input voltage of the pump duct [V]

Mean velocity of fluid [m/s]

Velocity vector of fluid [m/s]

Pump duct width, excluding the wall thickness, along the electrode stub direction [m]

Roughness of stainless steel [m]

Efficiency



u Permeability of material [H/m]

v Kinematic viscosity [m?/s]

Ps Resistivity of liquid sodium [Q - m]

p' Density of material [kg/m?]

p's Density of liquid sodium [kg/m?]

o Electrical conductivity of material [1/€ - m]
AP Total developed pressure [Pa]

AP, Hydraulic pressure loss in the pump [Pa]

APg Pressure loss due to electromotive force [Pa]
AP, Developed pressure due to Lorentz force [Pa]
AP System pressure loss [Pa]

1. Introduction

Electromagnetic pumps have been employed for transporting various liquid metals with high electrical
conductivity, including liquid sodium in a sodium fast reactor. A DC electromagnetic pump moves liquid metal
using the Lorentz force generated from an independent driving current and the magnetic field perpendicular to
the driving current. A DC electromagnetic pump with a rectangular channel was selected for the circulation of
liquid sodium in the reaction test loop between sodium and carbon dioxide (CO») gas (Lee, 2014) because of its
structural simplicity and compactness, which make the design suitable for this limited space application.

However, the DC electromagnetic pump requires a relatively high input current compared to induction-type
electromagnetic pumps that develop pressure owing to the induced current and magnetic field generated from an
externally supplied current source. The input current passing through the pole of the DC electromagnetic pump
is one of the parameters that affect the developed pressure. The magnetic field from a pole of finite length and
width affects the generation of electromagnetic force. Thus, the developed pressure depends on the geometrical
variables of channel height, width, and length, as well as the electromagnetic variables of input current and
magnetic field. Moreover, the distributions of the current and magnetic field in the narrow rectangular channel
should be analyzed by considering the fringe effects to optimally design the DC electromagnetic pump for
implementation in the test loop of the sodium fast reactor.

In the present study, the variables for a DC electromagnetic pump, which needs to operate at a temperature of
300°C with a flow rate of 3 L/min and developed pressure of 0.05 bar, were optimized to maximize the

developed pressure while minimizing the input current. The developed pressure—given as a function of the



geometrical and electromagnetic input variables—was derived using an equivalent circuit. The fringe effects of
the current and magnetic field (Baker, 1987), which could influence the developed pressure of the pump, were
analyzed, and the design of the pump was optimized. The pump was then fabricated using the optimized design

specifications.

2. Analysis of the DC electromagnetic pump with a rectangular channel

The schematic of the DC conduction electromagnetic pump with a rectangular channel is shown in Fig. 1. The
electromagnetic pump could be divided into three parts: the electrode, permanent magnet, and pump duct. The
developed pressure of the pump was obtained from the Lorentz force, i.e., the product of the externally supplied
current and the magnetic field perpendicular to the current. Here, the current flowed through the electrode
connected to the power supply, and the magnetic field was driven by an Sm>Co;7 permanent magnet. Electrical
equivalent circuits were adopted for the analysis of this pump, as shown in Fig. 2 (Nashine, 2007). The
equations for the pump were obtained using Kirchhoff’s law and Ohm’s law. First, from Kirchhoff's law, the
current flowing perpendicular to the electrode stub direction iver Was expressed as the sum of the fringe current if

and the current passing through the duct wall perpendicular to the electrode stub direction is:

fyer = If + 1 (D

The total current i; was obtained by adding the current flowing in the liquid metal i, to the current flowing

perpendicular to the electrode stub direction iyer:

iy = ip + iver @)

By applying Ohm’s law and substituting the outer resistance R,, fringe resistance Ry, and pump wall
resistance perpendicular to the electrode stub direction R related with the liquid sodium resistance R, we

obtained a relation for the resistance perpendicular to the electrode stub direction Ryer:

1 1 1
=—+— 3
Ryer Rf Rs ( )

Roit + Ryeriver = Role + Rpip + Ep =V, 4

where V was the input voltage of the pump duct. Here, E;, was the electromotive force of the pump duct that
disturbed the Lorentz force generation:

E, = BWyv, )



where B was the magnetic flux density, Wy was the pump duct width along the electrode stub direction, and v
was the mean velocity of the fluid. The developed pressure derived by the Lorentz force APy and its relation
with the current i, and magnetic field B that generate the liquid metal flow was represented by

B .
AR, = (i, ©)

where Hyq was the pump duct height along the permanent magnet direction. The current passing through the
liquid metal in the channel was obtained by combining Eq. (2), Eq. (4), and Eq. (5) and by eliminating R, and

lver-

. _ Ryerit-BWgv
o = Rp+Rver ™
The hydraulic pressure loss APy, (Crane Co, 1988) of the pump duct was calculated using the Darcy—Weisbach
formula (Ohse, 1985) as

_ faprsLv*(Wg+Hq)
4W4aHg

AP, (8
where L was the length of the pump duct and p’s was the density of liquid sodium. The friction coefficient fy
(Haaland, 1983) was expressed as a function of the Reynolds number Re (Grosse, 1966), the roughness of
stainless steel g, and the hydraulic diameter D from the Colebrook—White equation for turbulent flow:

1 6o e \ 111
J_f_d = —1.8logy, [E + (3.7D) ] v

Substituting Eq. (7) in Eq. (6) and considering the hydraulic effects represented in Eq. (8), the developed

pressure AP and total current i; of the DC electromagnetic pump were represented, respectively, by

BitRyer B2Q fap’sLQ*(Wq+Hq)
AP = - - and 10
(Rver+Rp)Hd (Rver"'Rp)Hé 4’(Wde)3 ( )
. B2Q fdPsLQz(Wd+Hd)) (Rver+Rp) Hq
iy = | AP —, 11
t < (Rver"'Rp)Hé 4(WqHq)3 Rver ( )

where v = ﬁ, Q was the flow rate, ps was the resistivity of liquid sodium, t, was the thickness of the pump
dHa

wall, and

_ psWq
b= (12)

_ PsWq
Ry =51 (13)
R; =2 (14)

" KpHq



The fringe current ir was given as

. _ KyHg(ipRp+Ep)
= Ps

(15)

where the experimentally determined fringe factor K, was equal to 0.4 (Baker, 1987). The pressure loss in the

test loop AP was proportional to the square of the flow velocity and was expressed as a function of flow rate as
APs =K, Q% (16)

where the proportionality constant K; was the loop friction loss factor. The operating point was formed when the
developed pressure of the pump was equal to the pressure loss of the test loop of the experimental system.
Therefore, the flow rate can be derived from the following quadratic equation obtained by combining Eq. (10)

and Eq. (16):

fap’ LIWa+Ha)\ ~2 B2 BitRyer
K s ) - =0 1
( it 4(WqHg)? Q"+ ((Rver+Rp)H5)Q (Rver+Rp)Hg an

The hydraulic efficiency of the pump was defined by the ratio of hydraulic power to electrical input power as

— APQ
= (18)
where
Vi = Roi¢ + Ryeriver (19)

The developed pressure was analyzed at different heights and widths of the pump channel and different input

currents.

When the width of the electrode and pole piece of the magnetic field are finite, the magnetic field and current
in the channel of the pump were obtained by solving the magnetohydrodynamic (MHD) equations given by
Ampere’s law, Faraday’s law, Ohm’s law, along with equations for magnetic induction, zero divergence on the

magnetic field, and the Navier—Stokes equation as represented in Eq. (20)—(25).

VxB=yf (20)
VxE=-2 @1)



j=o(E+VxB) (22)

a8 = 1 =

E:vX(va)“—uvZB (23)
V-B=0 (24)

Ny @ VV=—2VP+ vV +2]xB 25

o % V= > vVev p,] (25)

Here, B is the magnetic flux density vector, T is the current density vector, E is the electric field vector, p and
o are the permeability and electrical conductivity of the material, respectively, V is the velocity vector of the
fluid, and v is the kinematic viscosity. The normal component of the magnetic flux density at the interface
between the permanent magnet and the non-magnetic media of the pump was continuous, and the tangential
component of the magnetic field intensity was also continuous. This set of six equations (Eq. (20)-(25)) was
solved using the ANSYS code to find the magnetic field and current density. The fringe effects were analyzed
from the distributions of the current and magnetic field. As a result, the electromagnetic force generated in the
channel of the pump with an electrode and magnet of finite dimensions was obtained by considering the fringe

effects.

3. Result and Discussion

The width (W) and height (Hy) of the DC electromagnetic pump with a rectangular channel were optimized
to maximize the developed pressure for liquid sodium circulation in the sodium—CO; reaction test loop, as
shown in Fig. 3. An equivalent circuit was used for the optimization, where the length (L) of the pump was set
to 0.09 m based on the space in which the pump was to be installed and the input current was 116 A. As the
width of the pump was increased, the electromagnetically developed pressure slowly decreased owing to the
increase in resistance, while the hydraulic pressure rapidly decreased. In Fig. 4, the total developed pressure of
the pump rapidly increased to its maximum and then slowly decreased as the width of the pump was increased at
various input currents of 80 A, 120 A, 160 A, and 200 A. To reach the required developed pressure of 0.05 bar,
the width of the pump was optimized to 0.0384 m for a fixed length of 0.09 m, as shown in Fig. 4. As shown in

Fig. 5, to further maximize the developed pressure when the width and length of the pump were fixed at 0.0384

m and 0.09 m, respectively, the height of the pump was required to be between 0.001 m and 0.002 m;



specifically, the optimized height of the pump was 0.0018 m. The length of the pump was determined as 0.09 m
considering the current density permissible in copper electrodes, even though the developed pressure reached its
maximum at a point between 0.04 m and 0.07 m of the pump length when the current was higher than 80 A, as
shown in Fig. 6. Consequently, the channel of the pump had a length of 0.09 m, width of 0.0384 m, and a height
of 0.0018 m, and the thickness of the channel was 0.001 m (Gahan, 1970). At these dimensions, the input

current of 116 A resulted in a developed pressure of 0.05 bar.

The SmyCoy7 permanent magnets of thickness 0.006 m were selected to satisfy temperature condition to
generate an external magnetic field of 0.172 T at the required input current of 116 A, where the hydraulic
efficiency was approximately 27.2%. The flow rate increased as the input current increased, as shown in Fig. 7.
The total developed pressure, the pressure losses from the electromotive force and hydraulic pressure, and the
developed pressure from Lorentz force were plotted against the change in input current, as shown in Fig. 8. A
developed pressure of 0.082 bar was generated from the Lorentz force, while pressure losses were induced by
the counter electromotive force (0.028 bar loss) and hydraulic pressure (0.004 bar), resulting in a total developed
pressure of 0.05 bar at the nominal input current of 116 A. The characteristics of the developed pressure are

shown with respect to the flow rate in Fig. 9.

The pump was fabricated according to the optimized design specifications listed in Table 1, as shown in Fig.
10. A DC power supply with a maximum current of 200 A and voltage of 5 V was employed. Using Eq. (2), Eq.
(7), and Eq. (15) in the equivalent circuit of the pump, the current flowing in the liquid sodium in the completed
pump channel was found to be 48.7% of the total input current, while the fringe and wall currents were 24.9%
and 26.4%, respectively. The fringe effects on the current and magnetic field were important factors affecting

the developed pressure of the pump.

Using ANSYS code, the distribution of the current density was obtained, as shown in Fig. 11 and Fig. 12. In
Fig. 11, the contour of the current density distribution on the plane of height and length showed that the current
was constant along the height, whereas current reached its maximum in the central region of the electrode of
length 0.09 m. In Fig. 12, the current density at the center of the width and height of the channel decreased
toward the outside of the electrode and was almost zero at a distance of 0.1 m from the center of the electrode;
the current density was constant over 60% of the area of the pump duct, strictly showing a maximum at the

center of the pump duct. Finally, there were two types of fringe current effects: an “out of duct” current parallel



to the direction of the input current along the electrode stub, and a current perpendicular to the direction of the
input current along the electrode stub. The “out of duct” current was 17.84% of the total current passing through
the pump duct, while the current flowing perpendicular to that in the electrode stub was 0.0354%, i.e., negligible.
Finally, 17.88% of the current flowing in the duct was thought to be leaked without contributing to the
generation of electromagnetic force required for the flow of liquid sodium. Consequently, the ratios of the
current flowing along the liquid sodium inside the channel to the input current, fringe current, and duct wall
current were 60.40%, 13.16%, and 26.44%, respectively. Thus, from the ANSYS code analysis when the
inhomogeneity of the current distribution of the electrode was considered, the fringe current reached
approximately 13.16% of the total current, in contrast to the fringe current of 24.94% from the equivalent circuit
analysis on the constant current. In considering the fringe effect of the magnetic field, some of the fringe current
was thought to contribute to the generation of electromagnetic force, where the magnetic field would not be

completely zero on the outside of the pole piece.

In Fig. 13 and Fig. 14, the distribution of the magnetic field perpendicular to the current is shown along the
direction of flow when the input current was 116 A. The magnetic field distribution at the center of the width
and height of the channel was obtained using ANSYS code when the Sm;Coj; permanent magnets were
arranged on both sides of the channel, as shown in Fig. 13. The magnetic flux density was positive on the inside
of the pole piece of the magnet, showing peaks at both edges, and the mean value of the magnetic flux density in
the pole piece was 0.172 T. The direction of magnetic field was downward in the, majority of the flow channel,
except for the ends, where the direction of the magnetic field was upward, as represented in Fig. 14, because
flux line was generated around the permanent magnet causing opposite direction magnetic field as represented
in Fig. 15(b). Therefore, the magnitude of magnetic flux density was negative outside the pole piece at both ends,

causing a force in the direction opposite to the flow of the liquid sodium.

The magnetic flux density was measured using a Gauss meter along the direction of sodium flow at the flow
channel of the manufactured DC electromagnetic pump, as represented in Fig. 10. The distribution of the
magnetic flux density obtained from calculations and measurements are represented in Fig. 15(a). The actual
magnetic field along the length of the pole piece positively deviated from the calculated magnetic field, which
indicated a distortion error in the electromagnetic force. The generated electromagnetic force density was
plotted from the vector product of current density and magnetic flux density, as shown in Fig. 16. The

electromagnetic force was reversely generated at the outside of the pump duct (the pole piece of the permanent



magnet) due to the reversed (upward) direction of magnetic field at that point. The total electromagnetic force
was 0.295 N on average, where 0.318 N of the electromagnetic force was on the inside of the pump duct (the
pole piece) and -0.023 N of the electromagnetic force was on the outside of pump duct, causing a developed
pressure of 0.043 bar. This developed pressure was lower than the developed pressure of 0.082 bar from the
equivalent circuit. In this calculation, the fringe effect of the magnetic field as well as that of the current caused
a reduction in the force, whereas a constant magnetic field was assumed in the equivalent circuit. The current
density reached its maximum at the center of the pump and decreased outward from the center, while the
magnetic flux density reached its maximum at the edges of the pump duct with a negative value outside the duct.
Therefore, the Lorentz force, f T x B dv, showed a reduced value of the developed pressure compared with that
from the equivalent circuit analysis. In particular, the electromagnetic force (Lorentz force) from the ANSYS
code analysis was reduced by 52.4% compared with that from the equivalent circuit analysis, which assumed a
constant distribution of current and magnetic field. The reduction in electromagnetic force in the ANSYS code
analysis occurred because the magnetic field distribution was not homogeneous in the permanent magnet, as

shown in Fig. 15, while the fringe current effect was higher in the equivalent circuit analysis.

4. Conclusion

Optimization of the geometrical variables (width of 0.0384 m, height of 0.001 8 m, and length of 0.09 m) and
an electrical variable (input current of 116 A) was performed to obtain a design for a DC electromagnetic pump
that required a developed pressure of 0.05 bar and a flow rate of 3 L/min at a temperature of 300°C. The total
electromagnetic force was reduced owing to inhomogeneity in the current and magnetic field at the electrode
and magnet, even though fringe effects on the current and magnetic field contributed to the generation of

electromagnetic force.
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Diagram of the proposed DC electromagnetic pump with a rectangular channel

Electrical equivalent circuit of the DC electromagnetic pump with a rectangular channel: (a) basic
form, and (b) simplified form.

Total developed pressure of the DC electromagnetic pump with a rectangular channel versus Wy and
Hy atI=155.06 A and L =0.09 m.

Total developed pressure of the DC electromagnetic pump with a rectangular channel versus Wy at
Hq =0.0018 m and L =0.09 m.

Total developed pressure of the DC electromagnetic pump with a rectangular channel versus Hy at
W4 =0.0384 m and L =0.09 m.

Total developed pressure of the DC electromagnetic pump with a rectangular channel versus L at Hqg
=0.0018 m and Wy = 0.0384 m.

Flow rate on the change of the input current in the DC electromagnetic pump with a rectangular
channel.

Developed pressures and pressure losses on the change of input current in the DC electromagnetic
pump with a rectangular channel

P—Q curve of the DC electromagnetic pump with a rectangular channel considering the fringe effects
at[=155.06 A

Manufactured DC electromagnetic pump with a rectangular channel and its power supply

Plain current density distribution of the DC electromagnetic pump with a rectangular channel at a
midpoint of Wy

Linear current density distribution of the DC electromagnetic pump with a rectangular channel at
midpoints of Wy and Hgq4

Plain magnetic field distribution of the DC electromagnetic pump with a rectangular channel at a
midpoint of Hy

Linear magnetic field distribution of the DC electromagnetic pump with a rectangular channel at
midpoints of Wy and Hgq4

(a) Magnetic field distributions of the DC electromagnetic pump with a rectangular channel obtained
with both simulation and experimental data; (b) Magnetic flux lines of the DC electromagnetic pump

Generated force density of the DC electromagnetic pump with a rectangular channel at midpoints of
Wd and Hd



Table captions

Table 1 Design specifications for the DC electromagnetic pump with a rectangular channel from the analytical
solution.



Table 1

Design variables Unit Values
Flow rate (Q) [m3/s] 0.00005
Developed pressure (AP) [bar] 0.05
Temperature (T) [K] 573.15
Hydrodynamic|Velocity (v) [m/sec] 0.72
Reynolds number (R,) 6445
Fringe Factor (K,) 0.4
Pressure loss (AP;) [bar] 0.004
Height (H,;) [m] 0.0018
Geometrical Width (Wy) [m] 0.0384
Length (L) [m] 0.09
Thickness (ty,) [m] 0.001
Input current (i) [A] 116
Electrical |Input voltage (V,) [V] 0.0079
Efficiency (1) [%] 27.2
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