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Abstract

In this work, a helical-type magnetohydrodynamics transportation system for active decay-
heat-removal system in a prototype fourth-generation sodium fast reactor was numerically
analysed considering operational conditions of atmospheric pressure, for liquid sodium
transportation in a loop. The prototype fourth-generation sodium fast reactor is a reactor with
high uranium utilisation and an electric power output of 150 MWe, subjected to a developed
pressure of 10 kPa and flowrate of 0.005 m?®/s under a temperature condition of 468.75 K for
the active decay-heat-removal system. A helical-type magnetohydrodynamics transportation
system was used to develop pressure in such a loop to reduce the current compared with that
in a rectangular-type one; this could overcome the principal limitation of the requirement of a
high current in a magnetohydrodynamics transportation system. The main parameters of the
considered helical-type magnetohydrodynamics transportation system were: the inner
diameter, silver brazing, number of turns, and radius of pump, which affect the current,
magnetic-flux density, and its velocity. The parameters were analysed in relation to the
minimisation of the pump current while maximising the pressure. The specifications of the
optimised helical-type magnetohydrodynamics transportation system—current of 352 A and
magnetic-flux density of 0.466 T—were derived to satisfy the conditions of the active decay-
heat-removal system.

Keywords: ADHRS, helical-type MHD transportation system, magnetic-flux density, current.

NOMENCLATURE

B Magnetic-flux density [T]

Be Magnetic-flux density from permanent magnet [T]
Bi Magnetic-flux density from electrode stub [T]

By Total magnetic-flux density [T]

d Inner diameter [m]

D Hydraulic diameter [m]

E Electric field [kg'm/(s*-A)]

E Total electric field [kg'm/(s*-A)]

f Force density [kg/(s>m?)]

fa Darcy friction factor

fr Friction factor according to pipe diameter

H Magnetic-field intensity [A/m]

Hi Magnetic-field intensity from permanent magnet [A/m]
J Current density [A/m?]

Ji Total current density [A/m?]

Kz Total bend coefficient

K Bend resistance coefficient

L Total length of the pump duct [m]

M Magnetisation [A/m]



n Number of pump duct turns [A/m]

y/ Developed pressure of the pump duct [Pa]
13 Hydraulic pressure loss in the pump [Pa]
r Radius of pump duct [m]

Re Reynolds number

t Time [s]

v Velocity of fluid [m/s]

€ Permittivity in vacuum [F/m]

& Roughness height [m]

Ko Permeability in vacuum [H/m]

T Relative permeability

v Kinematic viscosity [m%/s]

o Density of the liquid metal [kg/m?]

o Electrical conductivity of liquid metal [1/(Q - m)]
Xm Magnetic susceptibility

I. Introduction

The prototype fourth generation (gen-IV) sodium-cooled fast reactor (PGSFR) has the
advantage that it can operate at atmospheric pressure by using liquid metal as a coolant.’
Liquid sodium with high thermal conductivity and high boiling point of 882.8 °C is used as a
coolant because only slight deceleration occurs against fast neutrons. A decay-heat-removal
system is needed to remove the total decay and sensible heat from the reactor coolant to
ensure that the temperature limit of the reactor system is not exceeded. The PGSFR has an
electric output of 150 MWe, and uses decay heat exchangers (DHXs), which are located in
the cold pool. The specification of DHXs is set as 4 MWe considering 1% of the rated core
thermal power. An active decay-heat-removal system (ADHRS) and passive decay-heat-
removal circuit (PDRC) have been considered to reduce the decay heat while the heat is
released to the atmosphere, as shown in Fig. 1. The ADHRS process requires active sodium
circulation; therefore, a magnetohydrodynamics (MHD) transportation system, which
generates developed pressure in a loop system using high-electrical conductivity materials, as
shown in Fig. 2, is adopted as ADHRS owing to its advantages of simple maintenance and
safety aspects.”” In particular, the helical-type MHD transportation system offers the
advantage of minimising current to reduce the size of the power supply, which is the main
disadvantage of the rectangular-type system.’ The pressure is created by the Lorentz force,
which represents the vector product of an r-direction magnetic field and z-direction current
density. The main variables of the helical-type MHD transportation system are shown in Fig.
3. The inner diameter, silver brazing, and number of turns are affected by the current
according to the ratio of the inner diameter to the thickness of the flow channel, where the
latter is fixed at 1 mm. The silver brazing is directly affected by the current. When the
number of turns is increased, the required current decreases corresponding to its geometry.
The inner diameter and radius of the pump affects the magnetic-flux density because the
magnetic-flux density is affected by the magnetic permeability of the materials. The velocity
is affected by the inner diameter under a fixed flowrate.”’ The Lorentz force generated by the
vector product of current density and magnetic flux density, electromotive force generated by
the velocity and magnetic flux density of liquid sodium, and hydraulic pressure loss® due to
frictional force of the fluid were considered to calculate the input current’ of the helical-type
MHD transportation system. Therefore, the pressure generated by the Lorentz force, pressure



loss by the electromotive force, and hydraulic pressure loss relative to the parameters are
analysed to optimise the helical-type MHD transportation system.'’ The specifications of the
MHD transportation system are determined by the system pressure loss and mass flowrate for
heat transfer, and are set as follows: developed pressure of 10 kPa and flowrate of 0.005 m?/s
under a temperature of 468.75 K.'' The helical-type MHD transportation system as seen in
Fig.l could remove decay heat actively with relatively low input current compared to
rectangular-type one, and the helical-type MHD transportation system was analysed to
minimize input current.

I1. Analysis of the helical-type MHD transportation system

The schematic of the helical-type MHD transportation system shows four component types,
as shown in Fig. 2: ferromagnet, permanent magnet, electrode stub, and pump duct. The
Lorentz force was generated by the vector product of the current density from the electrode
stub in the z direction and by the magnetic-flux density from the permanent magnet and
ferromagnet in the 7 direction,'” '° where the liquid sodium flowed in the 6 direction. The
magnetic-flux density was determined by Maxwell’s equation of Ampere’s law, Faraday’s law,
Gauss’s law for magnetism, and Ohm’s law, as expressed in Eqgs. (1)-(4) using the finite
element method (FEM) that considered the material properties.' '’

Ampere’s law: V X B= uo(f+ o Z—f) (1)
Faraday’s law: V X E=- Z—f )
Gauss’s law for magnetism: V - B=0 3)
Ohm’s law: ] = o(E + V X B) 4)

The equations of the electric field, current density, magnetic-flux density, and velocity of a
liquid sodium are expressed by Eqgs. (5)-(10). The 8 direction electric field was eliminated
owing to the symmetry of the pump duct. The magnetic-flux density was divided into
external magnetic-flux density from the permanent magnet and induced magnetic-flux
density from the electrode stub. The external magnetic-flux density in the 6 direction was
eliminated owing to the symmetry of the permanent magnet and ferromagnetic material. The
fluid velocity contained only a 0-direction component because the pump duct was installed
along the 6 direction, and the z-direction component was negligible because the pump-duct
circumference was much higher than its radius. In other words, the angle of the pump duct
was almost equal to zero.

E.(r,0,2) = E,f + E,2 (5)
Je(r,0,2) = 17 +Jo0 + ]2 (6)
B,(r,0,2z) = B;(r,0,z) + B,(r,6, 2) (7)
B(r,0,2) = B;,# + By g0 + B ;2 (8)

Bo(r,0,2) = Bo T + B ;2 )



B(r,0,2) = vy0 (10)

Ampere’s law, given in Eq. (1), is expressed as Eqs. (11)-(14) using the curl operator
calculation in a cylindrical coordinate. The direction 6 of the magnetised material, which
contains the permanent magnet, was symmetric; the ferromagnetic material had a condition
of symmetry, and current density in the flow channel within the 8 direction was symmetric.
Therefore, all the induced and external magnetic flux were symmetric with respect to the 6

o ] . . .
direction, and thus, the 5g term of the magnetic-flux density was ignored. The external

magnetic-flux density was generated by rotating electrons where a microscopically small
current circulated. Therefore, only the induced magnetic-flux density was considered to
calculate Ampere’s law. The electric field due to the direct current was constant as time
progressed; thus, the rate of change in the electric-field term was zero.

V x B = o/, (11)

Vx B = T (T - TE) 84 1T (12
Mol = WoUr? + Jof +J,2) (13)

D50 = o)y, - Dy g, 22O (14)

In the same manner, Faraday’s law in Eq. (2) is expressed as Eqgs. (15)-(17). The magnetic-
flux density was not a time-varying function because the helical-type MHD transportation

. ] .
system used a permanent magnet and direct current. The 55 component of the electric field

was also ignored owing to the symmetry of the permanent magnet, ferromagnet, and current
density in the flow channel.

VxE, =0 (15)
= 8Er  OEy\ A
VxEt—(E—?)e (16)
dE; OE, _
—-2E=0 (17)

Gauss’s law for magnetism in Eq. (3) is expressed as Eqs. (18)(22) using the divergence
operator in a cylindrical coordinate. The divergence in the total magnetic-flux density was
zero, and that of the external magnetic-flux density from the permanent magnet was zero.

. . . f] .
Therefore, the induced magnetic-flux density was zero. The g component of the electric

field was ignored owing to the symmetry of the helical-type MHD transportation system.

V:-B,=V:B;+V-B. =0 (18)
V-B,=0 (19)
V-B; = (20)

=0 1)



v-B. = 220Bir) | 9Biz _ (22)

1 r or 0z

Ohm’s law in Eq. (4) is expressed as Eqs. (23)(26) using the vector product. The 6
direction current density was zero because the electric field in the 6 direction and the vector
product of the velocity and magnetic-flux density in the 0 direction were zero.

Je = o(E + V X By) (23)

Je =1 + o0 +J,2 (24)

o(Ec +V x By) = o{(E, + vgBi, + VgBe, ) + (E; — VeBir — VgBor )2} (25)
Jr = 0(Er +vgB;, + vgB. ), Jo = 0,], = 0(E; — vgBiy — VgBe,) (26)

Therefore, the relationship between the electric field and magnetic-flux density was
obtained by combining Eqs. (14) and (26), as expressed in Eqs. (27) and (28).

0Bjr _ 0Bj,

9z  or @7
1 0Bjg 1 10(rBjg)
——==F vgB; vgBy ,,—————==FE, —vgB;, — vgB 2
oo 0z r+ 0 l,Z+ 0 e,z:#oar ar z 0DPir 6De,r (8)

The electric field was eliminated using Eq. (17); therefore, the magnetic-flux density
relationship is expressed in Eq. (29).

1 (02Bj 10%(rB;, 1 0(rB;,
L (e 180R0) 4 100D = (B, + vBes + VoBir + voBey)  (29)
The magnetic-flux density in the flow channel was analysed by applying the magnetic
coercivity of the permanent magnet (Sm2Coi7) and magnetic permeability of the
ferromagnet (1010 steel) using FEM. The magnetisation can be expressed as Eq. (30) by

considering the permanent magnet and ferromagnet.

M = xpH + Hy, (30)

The total magnetic-flux density in the helical-type MHD transportation system was
calculated using Eq. (31) by considering the permanent magnetic field (H, ) and
independent local magnetic field.

B = po(H + M) = pop, H + poHy, (1)

The boundary conditions of the magnetic-flux density and magnetic-field intensity
between the different magnetic permeability materials were applied using Eqs. (32)-(34).

ﬁt,l = ﬁt,z (32)
Byn1 = By (33)
Ht|r:m =0 (34)

The tangential component of the magnetic-field intensity and normal component of the
magnetic-flux density between high- (1010 steel) and low-magnetic permeability materials
(air, stainless steel 316L, C103, and Sm2Co7) at the interface were applied to solve the



magnetic-flux density and flux line in the helical-type MHD transportation system using the
ANSYS electromagnetic code simulation.

The helical-type MHD transportation system requires the Lorentz force to generate the
velocity of the fluid in the narrow channel, as expressed in Eq. (35). The 6-direction
Lorentz force only affected the velocity of the fluid in Eq. (10), and it is expressed in Eq.
(36).

?: TX § = {O'EQ (Bi,?” + Be‘,T - G(UBBi,Z - UgBe’Z)(Bi‘g + Be’g)}i ~
+{o(E, + vgBi + vyBe,)(Bir + Ber) — 6(vgBi, + v,Be,)(Biz + Be,)}0
+{o(E, + voBi, + vgBe,)(Big + Bep) — 0Eg(Bi, + Be )}t (35)

fg = G(EZ + UHBi,r + UHBe,r)(Bi'T + Be,r) (36)

The vector product of the current density in the z direction and magnetic-flux density in
the » direction could be ignored as opposed to the current density in the » direction and
magnetic-flux density in the z direction according to Eqs. (26) and (36). The electric field in
the 7 direction could be ignored as opposed to the electric field in the z direction because
current flowed along the z direction, and the gap in the pump duct was narrow. The induced
magnetic-flux density in the  and z directions could be ignored because the electric field in
the » direction was negligible. The external magnetic-flux density in the z direction in the
flow channel was negligible compared with that in the 7 direction because the ferromagnetic
material induced a magnetic flux along the r direction. The » direction magnetic flux density
was dominantly influenced by the Lorentz force. The Lorentz force obtained from Eq. (35)
was applied below as MHD equations.

The Navier—Stokes equation for MHD is expressed using Eq. (37), which can be reduced
to Eq. (38) for steady-state incompressible flow of liquid sodium, where the viscosity term
was ignored in the MHD transportation system with the high Hartmann number owing to the
magnetic field”’. Therefore, the pressure gradient in the Navier-Stokes equation can be
expressed as the current density multiplied by the magnetic-flux density.

p(%+v-V)v=—Vp+vazv+ftX§ (37)

Vp=J. xB (38)

The hydraulic pressure loss between the flow inlet and outlet, Aps, was calculated using the
Darcy—Weisbach formula in Eq. (39), where the Darcy friction coefficient of turbulent flow,

f4, from the Colebrook—White equation”’ is given in Eq. (40), and total bend coefficient of Kz
is given in Eq. (41)%.

Apy, = fapLvg /2D + KgpLvg /2, (39)

1 6.9 g \ 11
7 = ~18logy [g + (m) ] (40)
Kg = (n— 1)(0.257f.7/d + 0.5K,) + K, (41)

Combining Eqs. (35)—(41) yields the developed pressure between the flow inlet and outlet
considering hydraulic pressure, as expressed in Eq. (42).



Ap = 4 [{o(E, + vgBi, + v9Be,)(Bir + Ber)}dV/md? — fapLvg /2D — KgpLvg /2 (42)

The FEM was implemented using ANSYS electromagnetic suite version 17.1 for the
calculation of magnetic-flux density and current density, and the total developed pressure was
calculated using Eq. (42). The input current was supplied under 10 kPa of developed pressure
at a flowrate of 0.005 m>/s based on the calculated result of developed pressure, which is the
combined result of both the FEM and Eq. (42).

II1. Results and Discussion

The helical-type MHD transportation system was analysed in terms of the current,
magnetic-flux density, and pressure. The optimisation consisted of the required pump current,
which is the main limitation of a helical-type MHD transportation system that determines its
efficiency. In other words, the developed pressure was optimised because it directly affects
the current when determining the developed pressure. To optimise the developed pressure, the
current and magnetic-flux density should be calculated for this geometry. These parameters
were numerically analysed using the FEM in the ANSY'S simulation.

3.1. Current

The current was affected by the helical-type MHD transportation system geometry because
the material components of the pump exhibited different electrical conductivities. The main
parameters being analysed were the inner and outer diameters of the flow channel and the
silver brazing. In particular, the thickness of the flow channel was fixed at 0.001 m as the
minimum because it disturbs the current flow in sodium while enduring its physical pressure.
The tendency of the silver brazing when the inner diameter of the flow channel was 0.06 mm
is shown in Fig. 4. The current ratio of sodium to the total components decreased as the ratio
of the silver-brazing size to the outer diameter of the flow channel was increased because the
electric conductivity of silver is much higher than that of sodium and the flow channel
(stainless steel 316 L). The current was fringed to the silver when the silver-brazing ratio
increased. Therefore, the size of the silver brazing was determined to be less than 6%
compared with the outer diameter of the flow channel whose value was 99% of the current
ratio. The inner diameter was affected by the current ratio because current could flow in the
flow channel, as shown in Fig. 5. More current flowed in sodium as the inner diameter was
increased considering its linear current path, and the current ratio was almost constant when
the inner diameter of the flow channel was more than 0.03 m because the flow channel did
not disturb the current flowing in sodium with a flat geometry. This result was considered
when the pressure generated by the Lorentz force was calculated.

3.2. Magnetic-flux density

The wvariables that affected the magnetic-flux density of the helical-type MHD
transportation system were the inner diameter of the flow channel, radius of the pump, and
ferromagnet thickness. The developed pressure increased as the magnetic-flux density
increased in this helical-type MHD transportation system structure. Therefore, the
ferromagnet thickness was maximised to infinity when it was analysed. The width of the flow
channel was determined by adding 6 mm to the inner diameter of the flow channel
considering the heat coil and insulator. The inner radius affected the magnetic-flux density



because the relative magnetic permeability of the materials was one except for the
ferromagnet. When the inner radius was increased, the r-direction magnetic-flux density
decreased due to the decreasing region of high magnetic permeability, as shown in Fig. 6. The
pump radius affected the magnetic-flux density in the flow channel. The tendency of the
magnetic-flux density showed an increase when the pump radius was increased because of
the high permeability of the inner ferromagnet. However, when the radius of the pump was
larger than 0.16 m, the magnetic-flux density decreased when the radius of the pump was
increased because the repulsive force among the permanent magnets was reduced, as shown
in Fig. 6. The height of the pump-duct region was fixed at 0.5 m considering the space
problem and maintenance of the helical-type MHD transportation system. The tendency of
the magnetic-flux density at the middle of the flow-channel width is shown in Fig. 7. The r-
direction magnetic-flux density was maximum at the middle, and it rapidly decreased at the
end part because the flux line shifted to the z direction moving to the end part. The flow
channel was installed at 0.3 m of the flow-channel height to maximise the magnetic-flux
density of sodium. The outer ferromagnet height and thickness were determined to be
maximum while the size and weight of the pump was minimised, as shown in Figs. 8 and 9,
with values of 0.08 and 0.06 m, respectively, at a magnetic-flux density of 0.466 T; this is
because the magnetic-flux density affected the developed pressure, as shown in Fig. 10. The
developed pressure increased as the magnetic-flux density due to the Lorentz force
proportionally increased, whereas the pressure loss was less than the developed pressure
below a magnetic flux density of 0.16 T. The magnetic-flux density result was considered to
solve the problem of the pressure generated by the Lorentz force and pressure loss caused by
the electromotive force.

3.3. Pressure

The pressure was divided into three parts, namely, the pressure generated by the Lorentz
force, pressure loss caused by the electromotive force, and hydraulic pressure loss. The
number of turns was the dominant factor that determined the developed pressure because it
determined the force generated at each pump-duct turn. The pressure due to the number of
turns is shown in Fig. 11, which was proportional to all other pressures and determined by the
height of the flow channel divided by the outer diameter of the flow channel, rounded to the
nearest integer. The pressure generated by the Lorentz force is shown in Fig. 12 as a 3D plot
and as 2D log-scale plots at a 352 A input current. The number of turns contributed to the
developed pressure, and the pressure was maximum at 0.3 m of the flow-channel height. The
pressure generated by the Lorentz force decreased as the inner diameter of the flow channel
increased. The main reason for the decrease was that as the inner diameter was reduced, the
pressure became inversely proportional to the flow-channel area. The current ratio shown in
Fig. 5 and magnetic-flux density shown in Fig. 6 also contributed to the pressure generated
by the Lorentz force. The pressure loss due to electromotive force is shown in Fig. 13,
considering the inner diameter of the flow channel and pump radius. The tendency was
determined by the square of the magnetic-flux density (Fig. 6) and velocity, which was
inversely proportional to the flow-channel area. The hydraulic pressure loss which is
proportional to velocity squared is shown in Fig. 14. Therefore, the hydraulic pressure
showed a rapid decrease when the inner diameter of the flow channel was increased. The
pump radius affected the hydraulic pressure loss because it increased the total length of the
pump duct, causing friction between sodium and the flow channel. The developed pressure,
which was equal to the pressure generated by the Lorentz force minus the pressure losses, is
shown in Fig. 15, which shows a zero value below a 0.045 m inner diameter; this because the
pressure loss was higher than the developed pressure generated by the Lorentz force. The



maximum pressure was 10 kPa when the inner diameter of the flow channel was equal to
0.06 m and the pump radius was equal to 0.16 m. In conclusion, the required current was
minimised at the same specification of the maximum developed pressure obtained at 352 A,
as shown in Fig. 16 and the design specifications listed in Table 1. The result could be
reliable because the simulation using the commercial ANSYS electromagnetic suite version
17.1 simulation was also performed for another type of MHD transportation device described
in Kwak’s thesis.”’ The electromagnetic characteristics of the flow channel in the helical-type
MHD are plotted in Fig. 17. This current value is only 6.2% of the required current compared
with 5671 A of a rectangular-type MHD transportation system'', given in Table 2 under the
same condition that leads to a decrease in the power-supply-cost problem.?* The pressure—
flowrate curve shown in Fig. 18 displays a negative slope, which indicates the negative
feedback action between the pressure and flow in sodium. This could stabilize the flow of
fluid sodium in the flow channel and ensure the sufficient cooling capacity of an ADHRS in a
Gen-IV reactor.

IV. Conclusion

The numerical optimisation of a helical-type MHD transportation system for the liquid-
metal-cooling-type PGSFR with high uranium utilisation was performed in terms of the inner
diameter of the flow channel, silver-brazing size, number of turns, ferromagnet thickness, and
pump radius. The generated pressure by the Lorentz force and pressure loss caused by the
electromotive force and hydraulic friction was considered to calculate the developed pressure
and input current. The inner diameter of the flow channel and pump radius with values of
0.06 and 0.16 m, respectively, were analysed relative to the pressure and current for the
optimize input current of a helical-type MHD transportation system. The optimum input
current was shown to be much less than that of a rectangular-type MHD transportation
system, 352 A at the developed pressure of 10 kPa and the flowrate of 0.005 m3/s under an
operating temperature of 468.75 K. Therefore, the helical-type MHD transportation system
was considered effective for use in the ADHRS of a PGSFR to increase cooling capacity.
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Schematic of the PGSFR
Design of a helical-type MHD transportation system for ADHRS
Algorithm of the variables in the helical-type MHD transportation system

Current ratio of sodium to the total components according to the percentage of
silver brazing at a flow-channel inner diameter of 0.06 m

Current ratio of sodium to the total components according to the flow-channel
inner diameter at 6% silver brazing

r-direction magnetic-flux density in the flow channel according to the flow-
channel inner diameter and pump radius: (a) 3D plot and (b) 2D plot

r-direction magnetic-flux density at the middle of the flow-channel width
according to the flow-channel height when the pump radius is 0.16 m and flow-
channel inner diameter is 0.06 m

Magnetic-flux density in the flow channel according to the outer ferromagnet
height when the outer ferromagnet thickness is 0.06 m

Magnetic-flux density in the flow channel according to the outer ferromagnet
thickness when the outer ferromagnet height is 0.08 m

Pressure in the helical-type MHD transportation system according to the magnetic-
flux density in the flow channel

Pressure in the helical-type MHD transportation system according to the number
of turns

Pressure generated by Lorentz force according to the flow-channel inner diameter
and pump radius: (a) 3D plot and (b) 2D log-scale plot at 352-A input current

Pressure loss by the electromotive force according to the flow-channel inner
diameter and pump radius: (a) 3D plot and (b) 2D log-scale plot

Hydraulic pressure loss according to the flow-channel inner diameter and pump
radius: (a) 3D plot and (b) 2D log-scale plot

Developed pressure according to the flow-channel inner diameter and pump radius:
(a) 3D and (b) 2D plots at 352-A input current

Required current of the helical-type MHD transportation system according to the
flow-channel inner diameter and pump radius: (a) 3D plot and (b) 2D log-scale
plot

Flow-channel electromagnetic characteristics of current density, magnetic flux
density and force density.

Pressure—flowrate characteristics of the helical-type MHD transportation system



Table captions

Table 1 Design specifications of the helical-type MHD transportation system from the
analytical solution.

Table 2 Comparison of the design specifications between helical-type MHD transportation
system and rectangular-type MHD transportation system.



Table 1

Variables Unit Values
Flow rate [m3/s] 0.005
Developed pressure [kPa] 10
Temperature [K] 468.75
. Velocity [m/s] 1.5
Hydrodynamic
Reynolds number 282300
Pressure generated by Lorentz force [kPa] 17.2
Pressure loss by the electromotive force [kPa] 5.5
Hydraulic pressure loss [kPa] 1.7
Inner diameter of the flow channel [m] 0.06
Thickness of the flow channel [m] 0.001
. Ferromagnet height [m] 0.08
Geometrical -
Ferromagnet thickness [m] 0.06
Radius of pump [m] 0.16
Number of turns 5
. Input current [A] 352
Electrical - -
Magnetic-flux density [T] 0.466
Table 2
Variables Unit (He}ilgzllllliilpe) (Rectazzluul?li-type)
Flow rate [m3/s] 0.005
Developed pressure [kPa] 10
Temperature K] 468.75
Velocity [m/s] 1.5 2.7
Hydraulic pressure loss [kPa] 1.7 4.3
Magnetic-flux density [T] 0.466 0.134

Input current [A] 352 5671




R =

’n t44 hot air out

AHX ¢
felAeéj
N hol.:_orln
ts ot
tE t
PD
===

cold sodium out

coldairin |l

Hot pool
sodium level

Cold pool
sodium level

CR—

~

~ -
~ -

p =

ttty hot air out

FDHX

YZ7771

Expansion i W
vessel cold air in
ADRC ;
blower P
MHD e
i : = ——
transportation steam
! system IHTS cold leg
— P
IHTS hot leg
[ — |
— — SG
Flare tip
rF 3
uIS
H (O«
F/w
H : Ep—
Gas/Liq. (-
Separarorf Rupture disk
=§
SDT

Pump

Fig. 1



Electrode Stub

<—Ferromagnet
Permanent magnet
Insulator

Circular duct

Current
(z-direction)

Fig.2
Inner Silver Number of Radius of
diameter brazing turns pump
Magnetic flux _
Current density velocity
Generated pressure Pressure loss Pressure loss
(Lorentz force) (Electromotive force) (Hydraulic friction)
| |
Developed pressure

Fig. 3



Current ratio (sodium/total) [%]

Current ratio (sodium/total) [%]

100

90 -

80 -

70 -

60 -

50 -

40 -

30 -

20 -

10 -

| 1 | 1 1 1 1 1 |

100

10 20 30 40 50 60 70 80 90
Silver brazing (brazing size/outer diameter) [%]

Fig. 4

40+

30 -

20 -

10 -

100

1 1 | | | | |

0

0.01 0.02 0.03 0.04 0.05 0.06 0.07
Inner diameter of flow channel [m]

Fig. 5

0.08



0.6

06
= —
= s E
506 o5
] ]
g ]
308 z
- 04 S 04
Zo4 z
= =
203 =
z 03 zo03
202 z
-] =
]
S 0.1 ]
£ 02 % 0.2
g -]
E‘og ” 2 ——— Radius of pump = 0.1 m
- - ~ = = Radius of pump = 0.12m
0.08 S 0.1 =0 Radius of pump = 0.14 m
Q"d/ 0.15 7 =+=-=- Radius of pump = 0.16 m
Ly 3\ ;
1 0.06 " panoe! Radius of pump = 0.18 m
“p of 0
Iy 01 004 o aamete’ 0 004 0045 005 0055 006 0065 007 0075 008
Lo Inner diameter of flow channel [m]
(a) (b)
Fig. 6
0.6 T T T T T T T T T
==}
—
@
E05- -
]
=
B}
z
=
. 0.4 -
=]
)
-
=
]
£03[ -
-
=
)
=
wn
5]
= 0.2 -
o]
=
=
3}
=
2 0.1+ =
=
on
s
0 I I 1 I I I 1 1 I
-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25

Height of flow channel [m]

Fig. 7



0.6 T T T T T

=
wn
T
1

=

'S
T

I

S
o
T

I

Magnetic flux density at flow channel [T]
= &

T T

| |

0 1 1 1 1 1 L 1 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Outer ferromagnet height [m]

Fig. 8

0.6 T T T T T T T T

o
n
T

]

S
'S
T

!

Magnetic flux density at flow channel |T]
S e
T
| |

&
—
T

I

0 1 | | | | 1 | 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Outer ferromagnet thickness [m]

Fig. 9



x10*

25 T T T T T
Developed pressure
= = Pressure generated by Lorentz force
===« Pressure loss by the electromotive force s
==== Hydraulic pressure loss 57
21 — il
L
-
-
L
-
L
-
— -
s 1.5 > N
)
b
=
w»
w
<
a 1
0.5+
04-’ L sessssane, I if 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Magnetic flux density at flow channel [T]
Fig. 10
4
=10
3.5 T T T T T T
Developed pressure an
= = Pressure generated by Lorentz force G
e Pressure loss by the electromotive force =T N
—=== Hydraulic pressure loss A

Pressure |Pa]

1 2 3 4 5 6 7 8
Number of turns

Fig. 11



Pressure loss by the electromotive force [Pa]

Pressure generated by Lorentz force [Pa]

X
we

Hed

%

e

10000

8000

6000

4000

2000

X
==
ES

Hydraulic pressureloss [Pa]

n

Ry
iy 015

.
II[,,'I
» /'ll/

g /,'I/

0.1

0.05 x O
0.04 . “-‘$‘\\c\t
: 1one

()

10000

9000

0

Fig. 13

0.08

7 ned A

1

Pressure loss by the electromotive force [Pa]

Hydraulic pressureloss [Pa]

Pressure generated by Lorentz force [Pa]

i
s x 10

Radius of pump = 0.10 m

45 ~ = = Radius of pump = 0.12m

\ Radius of pump = 0.14 m

AR ~ Radius of pump = 0.16 m

< Radius of pump = 0.18 m

0
0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08
Inner diameter of flow channel [m]
(b)
0000
Radius of pump = 0.10 m
9000 ~ = = Radius of pump = 0.12m
Radius of pump = 0.14 m
----- Radius of pump = 0.16 m
8000 Radius of pump = 0.18 m
"\
7000 1,
6000
5000
4000
3000
2000
1000
0
0.04 0045 005 0055 006 0065 007 0.075  0.08
Inner diameter of flow channel [m]
(b)
¢ x10°

Radius of pump = 0.10 m
- = = Radius of pump = 0.12m

Radius of pump = 0.14 m
----- Radius of pump = 0.16 m
Radius of pump = 0.18 m

0.045

005  0.055

0.06

0.065 007 0075 008

Inner diameter of flow channel [m]

(b)



Developed pressure [Pa]

Current [A]

10000

8000

6000

4000

2000

1000

3
g

-y
g

&

0.
i
| eter ©
0.04 ““‘e‘-d\“‘“

()

Fig. 14

10000
9000
8000
7000
6000
5000
4000

3000

Fig. 15

1000
900
800
700

600

0.08

Fig. 16

Developed pressure [Pa]

Current [A]

=
5

-
g
s

2
g
2

o
g
2

&
g
S

g
=

—— Radius of pump=0.10m

< Radius of pump = 0.18 m

0
0.04  0.045 005 0.055 0.06

0.065 007 0075 008

Inner diameter of flow channel [m]

(b)

1000

900

>
g

§

g

200

—— Radius of pump = 0.10 m
~ = = Radius of pump = 0.12m
Radius of pump = 0.14m

----- Radius of pump = 0.16 m
- Radius of pump = 0.18 m

0.04  0.045 005 0055 0.06

0.065 007 0075 008

Inner diameter of flow channel [m]

(b)



Magnetic flux

Current density Force density

14/m?] -l lkg/(s* - m®)]
3-104 055 1-104
l 2.7-10* l 053 l 9-10°
2.4-10* 051 8-10°
21-10% 0.49 7-10°
18-10* 047 6-10°
15-10* 045 5-10%
12-10% 043 4-10°
9-10% 0.41 3-10°
6-10° 039 2-10°
3-10% 037 1-10°
0 0

0.35

Fig. 17

2.5 T T T T T T

Current =492.8 A
= = Current=4224 A
cooos Current = 352.0 A
==== Current =281.6 A
—%— Current=211.2 A

Developed pressure [Pa)

10

Flow rate [m/s] %107

Fig. 18



