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a b s t r a c t

Liquid alloy systems have a high degree of thermal conductivity, far superior to ordinary

nonmetallic liquids and inherent high densities and electrical conductivities. This results

in the use of these materials for specific heat conducting and dissipation applications for

the nuclear and space sectors. Uniquely, they can be used to conduct heat and electricity

between nonmetallic andmetallic surfaces. The motion of liquid metals in strong magnetic

fields generally induces electric currents, which, while interacting with the magnetic field,

produce electromagnetic forces. Electromagnetic pumps exploit the fact that liquid metals

are conducting fluids capable of carrying currents, which is a source of electromagnetic

fields useful for pumping and diagnostics. The coupling between the electromagnetics and

thermo-fluid mechanical phenomena and the determination of its geometry and electrical

configuration, gives rise to complex engineering magnetohydrodynamics problems. The

development of tools to model, characterize, design, and build liquid metal thermo-

magnetic systems for space, nuclear, and industrial applications are of primordial

importance and represent a cross-cutting technology that can provide unique design and

development capabilities as well as a better understanding of the physics behind the

magneto-hydrodynamics of liquid metals. First studies for the development of computa-

tional tools for the design of liquid metal electromagnetic pumps are discussed.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

The coupling between the electromagnetic and thermo-fluid

mechanical phenomena observed in liquid metal thermo-

magnetic systems, and the determination of the device

geometry and electrical configuration, gives rise to complex

engineering magneto-hydrodynamics (MHD) and numerical

problems that we aim to study, where techniques for global

optimization are to be used, MHD instabilities understood,

and multiphysics models developed and analyzed. The
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environment of operation adds further complexity, i.e., vac-

uum, high temperature gradients, and radiation, whilst the

presence of external factors, such as the presence of time and

space varying magnetic fields, also leads to the need for the

development of active flow control systems. The development

of analytical models and predictive tools to model, charac-

terize, design, and build liquid metal thermo-magnetic sys-

tems and components for space, nuclear, and industrial

applications are of primordial importance and represent a

cross-cutting technology that can provide unique design and

development capabilities, as well as a better understanding of

the physics behind the magneto-hydrodynamics of liquid

metals and plasmas.

2. Liquid metal technology for nuclear
fission reactors

Liquid metal-cooled reactors are both moderated and cooled

by a liquid metal solution. These reactors are typically very

compact and can be used for regular electric power generation

in isolated places, for fission surface power units for planetary

exploration, for naval propulsion, and as part of space nuclear

propulsion systems. Certain models of liquid metal reactors

are also being considered as part of the Generation-IV nuclear

reactor program. The liquid metal thermo-magnetic systems

used in this type of reactor are MHD devices, of which the

design, optimization, and fabrication represent a challenge

due to the coupling of the thermo-fluids and the electromag-

netics phenomena, the environment of operation, the mate-

rials needed, and the computational complexity involved.

A liquid metal-cooled nuclear reactor is a type of nuclear

reactor, usually a fast neutron reactor, where the primary

coolant is a liquid metal. While pressurized water could

theoretically be used for a fast reactor, it tends to slow down

neutrons and absorb them which limits the amount of water

that can flow through the reactor core. Fast reactors have a

high power density, thereforemost designs usemoltenmetals

instead. The boiling point of water is also much lower than

most metals, demanding that the cooling system be kept at

high pressure to effectively cool the core. Another benefit of

using liquid metals for cooling and heat transport is its

inherent heat absorption capability.

Liquid metals also have the property of being very corro-

sive and bearing, seal, and cavitation damage problems

associated with impeller pumps in liquid-metal systems

mean they are not an option so electromagnetic pumps are

used instead. In all electromagnetic pumps, a body force is

produced on a conducting fluid by the interaction of an elec-

tric current and a magnetic field in the fluid. This body force

results in a pressure rise in the fluid as it passes from the inlet

to the outlet of the pump.

In space reactors, as well as in other types of semi-

transportable small modular reactors, weight, reliability, and

efficiency are of fundamental importance. Furthermore, liquid

metals are the only option for the working fluid in space re-

actors due to the working environment characteristics that

outer space provides. In space power systems, the induction

electromagnetic pump is inherently more reliable than the

conduction electromagnetic pump because it lacks electrodes.

The annular linear induction pump (ALIP) has several ad-

vantages over its flat counterpart because it has greater

structural integrity, is more adaptable to normal piping sys-

tems, and allows greater design freedom in the coil configu-

ration. The annular design also has a basically greater output

capability because the path followed by the induced currents

has a lower resistance than the path followed in a corre-

sponding flat pump.

3. Fundamental equations

The equations describing the liquid metal dynamics are given

by:

Ji ¼ sðEþ u� BÞ (1)

r

�
vu
vt

þ ðu$VÞu
�
þ Vp� rnV2u ¼ J� B (2)

where the current density is J ¼ JsþJi, s and n are the con-

ductivity and kinematic viscosity (ratio of the viscous force to

the inertial force) of the fluid, Ji is the liquid metal-induced

density current, Js is the surface current density, and u is the

fluid velocity. The linear momentum of the fluid element

could change not only by the pressure force, �Vp, viscous

friction, rvV2u, and Lorentz force, J� B, but also by volumetric

forces of nonelectromagnetic origin; then Eq. [2] should be

modified and it could be expressedwith an additional term f in

the right hand side:

r

�
vu
vt

þ ðu$VÞu
�
þ Vp� rnV2u� f ¼ J� B (3)

while the conservation of mass for liquid metals would be

given by V$u ¼ 0, which expresses the incompressibility of the

fluid. An induction equation, valid in the domain occupied by

the fluid and generated by the mechanical stretching of the

field lines due to the velocity field, can be written as:

v

vt
Bþ ðu$VÞB ¼ 1

ms
V2Bþ ðB$VÞu (4)

describing the time evolution of the magnetic field vB=vt, due

to advection ðu$VÞB, diffusion V2B, and field intensity sources

ðB$VÞu. Sometimes the induction equation, Eq. [4], is written

dimensionless by the introduction of scale variables and as a

function of the magnetic Reynolds number Rm ¼ msLu0, where

u0 is the mean velocity and L the characteristic length. A

relatively small Rm generates only small perturbations on the

applied field; if Rm is relatively large then a small current

creates a large induced magnetic field. For small magnetic

Reynolds numbers (Rm<<1), the magnetic field will be domi-

nated by diffusion and perturbative methods can be used

accurately. Similarly, the equation for temperature is:

rcp

�
v

vt
Tþ ðu$VÞT

�
¼ V$ðlVTÞ þ 1

s
J2 þFþ Q (5)

which is a convection-diffusion equation where l is thermal

conductivity, Q is other sources of volumetric energy release

such as radiation or chemical reactions and thermal
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diffusivity k ¼ l/rcp, and cp is the constant pressure specific

heat of the flow. The kinetic energy evolution is given by:

v

vt

�
1
2
ru2

�
¼ �V$

�
u

�
pþ 1

2
ru2

�
� u$S

�
þ u$ðJ� BÞ þ u$f � F (6)

where S is the viscous stress tensor.We deduce from the latter

that due to the action of the Lorentz forces an increase of the

kinetic energy leads to a decrease in the magnetic energy.

From the temperature equation, Eq. [5], one can identify the

temporal increase of enthalpy, rcpvTvt, which is equal to the loss

ofmagnetic energy due to joule dissipation, 1
s
J2, plus the loss of

kinetic energy, F, due to viscous dissipation.

From the mathematical point of view, the coupling be-

tween Maxwell equations and NaviereStokes equations in-

duces an additional nonlinearity with respect to the ones

already present, leading to unsolved questions of existence

and uniqueness (mainly related to the hyperbolic nature of

Maxwell equations). As explained by Gerbeau et al. at the

INRIA - Institut National de Recherche en Informatique et en

Automatique (France), simplified models can be analyzed but

care should be taken with certain approximations: “A system

coupling the time dependent incompressible NaviereStokes

equations with a simplified form of the Maxwell equations

(low frequency approximation) is well-posed when the elec-

tromagnetic equation is taken to be time-dependent, i.e.

parabolic form. In contrast, the same model is likely to be ill-

posed when the electromagnetic equation is taken to be time-

independent, i.e. elliptic form, while the hydrodynamic

equations are still in a time dependent form”. The coupling of

Maxwell equations with NaviereStokes equations certainly

represents a challenge.

4. ALIPs

A special type of liquid metal thermo-magnetic device is the

ALIP. It is known that electromagnetic pumps have a number

of advantages over mechanical pumps: absence of moving

parts, low noise and vibration level, simplicity of flow rate

regulation, easy maintenance, and so on. However, while

developing induction pumps, in particular ALIPs, we are faced

with a significant problem of MHD instability arising in the

device. The manifestation of the instability does not allow

linear induction pump development in a certain range of flow

rate or the development of high efficiencies under certain flow

rates and dropping pressure conditions.

Linear induction pumps use a traveling magnetic field

wave created by 3-phase currents, and the induced currents

and their associated magnetic fields that generate a Lorentz

force (Fig. 1). The 3-phase winding arrangement for the sole-

noids usually follows the sequence AA ZZ BB XX CC YY where

A, B, C denote the balanced 3-phase winding and X, Y, Z the

opposite phase; for a direct balanced system, if A ¼ 0�,
B¼ 120�, and C¼ 240� then X¼ 180�, Y¼ 300�, and Z¼ 60�. The
correct winding sequence for the solenoids is obtained by

arranging the sequence by the rising phase: AA ZZ BB XX CC

YY. The complex flow behavior in this type of device includes

a time-varying Lorentz force and pressure pulsation due to the

time-varying electromagnetic fields and the induced convec-

tive currents that originate from the liquidmetal flow, leading

to instability problems along the device geometry. The

determination of the geometry and of the electrical configu-

ration of a thermo-magnetic device gives rise to an inverse

magnetohydrodynamic field problem. When the re-

quirements of the design are defined, this problem can be

solved by an optimization technique. The objective function

which must be maximized in the optimization problem is

derived from themain design requirement. Usually for a MHD

device, this is the efficiency. Other design requirements can be

taken into account as constraints. For a nonlinear system,

such as for linear induction pumps, the main objective func-

tions are lowweight and high efficiency and somore than one

maximum can exist. In this case a technique for global opti-

mization must be used.

Before any optimization method can be used, design ap-

proaches should be identified and understood, while mathe-

matical and computational models are developed. This leads

to the study of MHD instabilities, usually with negative effects

Fig. 1 e Cross section of an ALIP in a conceptual representation. ALIP, annular linear induction pump; Fig. 1B shows the cross

section of the ALIP and it is an adaptation of a diagram originally drawn by Dong Won Lee, KAERI, Korea Atomic Energy Research

Institute. Adapted with permission.
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on the efficiency and working fluid behavior, as well as to the

study of its individual components, its fabrication methods,

assembly, and system integration procedures. The design

process and technology evaluation of thermo-magnetic sys-

tems, with emphasis on ALIPs, can be divided in four stages.

The first stage is a basic study of the main electrical, me-

chanical, and thermal parameters. The second stage is the

development of a fully integrated model using theoretical,

experimental, and computational tools for the design and

characterization of an ALIP system and its components. The

third stage is the development of programming methods and

procedures for the design and construction of optimized

ALIPs. At the end of the third stage a test, or proof of concept,

device can be built for benchmarking and performance eval-

uation. The fourth stage involves further study of the MHD

instabilities and the development of control systems for active

flow control and machine protection.

In the past we have built an ALIP for the National Aero-

nautics and Space Administration/Department of Energy

Fission Surface Power Technology Project using the electric

circuit approach [1,2]. The measurements and experiments

performed can be partially used for validation of our models

and simulations. Historical data is also available from the

Idaho National Laboratory's Transient Reactor Test Facility,

Idaho Falls, ID, USA. We intend to build a prototype for the

evaluation and validation of our codes and methods during

the next 2 years, depending upon funding availability.

5. Modeling using first principles

Our modeling, simulation, and analysis methodology can be

divided into three parts: (1) understanding the uncoupled

physics phenomena; (2) understanding the coupled physics

phenomena; and (3) an understanding of the engineering

methodology to use. The first part can be subdivided into

modeling individual engineering components and simulating,

analyzing, and validating the results. After the main individ-

ual components were modeled, then the modeling, simula-

tion, and analysis of combined engineering components was

performed, analyzing the results of the integration process

with uncoupled physical processes. The second part can be

divided into simulating the coupled physical processes (mul-

tiphysics) and analyzing its behavior.

For our project development we selected COMSOL Multi-

physics (COMSOL AB, Sweden) and MATLAB (Mathworks, Inc,

USA). COMSOL Multiphysics is a finite element analysis,

solver, and simulation software package for various physics

and engineering applications, especially coupled phenomena,

or multiphysics. COMSOL Multiphysics also offers an exten-

sive interface to MATLAB and contains toolboxes for a large

variety of programming, preprocessing, and postprocessing

possibilities. The packages are cross-platform. In addition to

conventional physics-based user interfaces, COMSOL Multi-

physics also allows coupled systems of partial differential

equations to be entered. As a finite element method solver,

partial differential equations are converted into a system of

equations according to the meshing and physics involved.

Sometimes the whole system can be solved as a whole, which

is called fully coupled solving. When the solution does not

converge using the fully coupled method due to the

complexity of NaviereStokes and Maxwell's equations, then

the governing equations are divided into two groups: the first

containing magnetic vector potential and currents, and the

other one flow parameters (velocity, pressure, and turbulence

variables). This is called segregated solving. The segregated

approach solves these groups sequentially, feeding the solu-

tions from one to another until two consecutive iterations

rounds produce solutions that differ less than some pre-

determined condition. In our case absolute tolerance was <
5e-4 and relative tolerance < 0.01. It may be necessary to

adjust time step size to fulfill these criteria, and COMSOL does

it automatically.

After an initial phase studying the main electrical and

mechanical components of the induction pumps, we pro-

ceeded to model and simulate individual components of the

ALIPs and to understand the computational issues encoun-

tered in our software and simulation platform. We have

studied, modeled, and simulated the solenoids that represent

the core of the ALIPs, the magnetic fields that they generate

independently and the way such fields interact when a group

of solenoids is considered. When an AC current is used

instead of a DC signal, a sinusoidal component should be

added and, occasionally, an additional term to compensate for

the frequency response. A field distribution for thick sole-

noids, in agreement (7% uncertainty) with the coils used in the

ALIPs (Fig. 2), is given by the so called CMST function which

describes a thick solenoid extending longitudinally from s ¼ 0

to s ¼ l, and radially from r ¼ R1 to r ¼ R2, with a winding

density n and carrying a current I [3, 4].

Bz;CMSTðsÞ ¼ m0In
2ðR2 � R1Þ

2
64s log

0
B@R2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
2 þ s2

q

R1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
1 þ s2

q
1
CA

� ðs� lÞlog

0
B@R2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
2 þ ðs� lÞ2

q

R1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
1 þ ðs� lÞ2

q
1
CA
3
75 (7)

A strong dependency on frequency has been found where

the lower the frequency the higher the magnetic field avail-

able for Lorentz force pumping (Fig. 3). A possible nondesired

effect of working at a lower frequency range is the increase of

the edge effect on the solenoidal cell. Large fringe fields are

found as well as the excitation frequency of the system. These

fringe fields should be minimized using a stator section but

they can be identified as a source of instabilities at the inlet

and outlet of electromagnetic pumps considering that a full

stator enclosing the solenoids 360� is impractical and costly. A

shifting on the start and end positions of the axial magnetic

field as a function of frequency can also be observed when the

data is analyzed (Fig. 4). At higher frequency, the axial

component, Bz, starts and propagates further to the end sec-

tion of the configuration. Although further analysis of the

results is needed, the origin of some start-up instabilities has

already been identified and can be attributed to the configu-

ration used in the 3-phase power system, its initial phase, and

the electromagnetic coupling behavior.

The next step was to model the stator and to study how its

presence affects the electromagnetic fields generated by the
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solenoid source of the Lorentz force, followed by the addition

of liquid metal (Na) in annular flow. Due to the complexity of

the MHD phenomena involved and the fact that a two-

dimension (2D) study would not provide a precise model of

the electromagnetic pump, a full 3D model and simulation

effort was performed. With the goal of a better understanding

of the engineering MHD involved in the design and fabrication

of liquid metal ALIPs, we have moved from uncoupled to

semicoupled phenomena, segregated solving, which implies

the generation of more complex models. Semicoupled phe-

nomena leads to an exponential increase in the computa-

tional requirements due to the coupling phenomena being

Fig. 3 e Model and simulation results for 12 solenoids powered by a 3-phase system. (A) Line graph. (B) Streamline:

magnetic flux density (T); volume: red, 0�; green, ¡60�; yellow, ¡120�, magenta, ¡180�, cyan, ¡240�; gray, ¡300�.

Fig. 2 e Axial magnetic field for the ALIP solenoids when a DC current is applied. Note the extension of the fringe fields.

ALIP, annular linear induction pump.
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dealt with and the higher complexity and number of the ele-

ments considered.

After studying the individual components and some

uncoupled phenomena, wemodeled, simulated, and analyzed

the behavior of a generic one pole pair, six solenoids, sodium

pumpwith different core sizes. Themodels employ the full 3D

geometry of the pump and the cooling loop, and couples

electromagnetic and turbulent fluid dynamics to simulate the

flow in the closed system. A time-dependent study was used,

time step being 1/16 of the full excitation voltage cycle to

capture the temporal variation of Lorentz force that produces

the pumping action. Simulation was run for 0.6 s, in which

time the flow velocity did not reach a steady state value. There

is no restriction for a longer study; just the penalty of

increased computation time. Heat transfer and thermal

expansion were included in the model and they can be solved

for, but those features were switched off due to the short

duration of the simulation. They can be turned on once a

steady state operation is found, and different time steps can

be used. A study of the pressure headwas developed, showing

the development of instabilities over a short period of time

(Fig. 5). The specific instability found as a result of our simu-

lations is known as a double-frequency pulsation and it is

found in most ALIPs in operation. This result is useful for

partial validation of the modeling work done. Simulation of a

12-coil ALIP for a different set of parameters represents a

bigger computational challenge. Analysis of the pressure head

for a 12-coil, 60 Hz, 70 V 3-phase systemwith a relatively large

core (Fig. 6) shows the presence of two types of instabilities as

expected. An instability appears as a low frequency pulsation

in the pressure head affecting the flow rate, liquid metal ve-

locity, and magnetic field distribution. As a consequence,

vortices are generated in the inlet region as well as fluctua-

tions in the winding currents and voltages. The dominant

frequency of this instability is in the range 0e10 Hz with

amplitude that increases with the slip factor. This pressure

pulsation is produced by vortices in the liquidmetal generated

by the nonuniformity of the azimuthal component of the

applied magnetic field when Rms > 1. The magnetic Reynolds

number, Rms, often becomes greater than unity in the pump

regionwhere the slip is > 0.2 giving place to another instability

known as double supply frequency pressure pulsation. The

vibration caused by the double supply frequency pressure

pulsation occurs in the pump outlet and propagates to the

pipe when Rms < 1 and s < 0.2. However, differences have been

foundwhen symmetry is used instead of using a full 3Dmodel

(Fig. 7). As a result of the combination of instabilities, a com-

plex pressure pattern is developed at the inlet and outlet

(Fig. 8). The inhomogeneous pressure distribution, as well as

the complexmagnetic field profile generated, prevents the use

of symmetry. The fringe fields generated by the coils contain

various nonlinearities due to the longitudinal dependence of

the magnetic field. Due to the solenoid's fringe fields, its finite

core length and the induced currents, the ALIP has an end

Fig. 4 e Normalized axial magnetic field versus distance as a function of frequency for a group of 12 solenoids.
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Fig. 5 e Pressure head versus time for a six solenoid ALIP fully modeled and simulated in three-dimension. ALIP, annular

linear induction pump.

Fig. 6 e Pressure head versus time for a 12 solenoid ALIP modeled and simulated using a section of the pump in three-

dimension.
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effect at both ends of the pump. A reduction on the developed

force arises which is roughly equal to the product of the

magnetic field and its perpendicular induced current. Calcu-

lations indicate a reduction of the end effects by controlling

the input frequency; the efficiency is increased at lower

frequencies compared with results obtained at frequencies

over 60 Hz. The inlet end effect force affects most of the pump

while the outlet end effect domain is limited to the exit region.

Considering the direct relationship between fluid velocity and

end effect, low frequency operation is preferred as long as the

Fig. 7 e Comparison of pressure head results for a three-dimension model simulation and a sliced model simulation. The

sliced model using symmetries does not seem able to resolve the presence of the double frequency instability alone.

Fig. 8 e Pressure at inlet and outlet for a 12 coil, one pole pair, 60 Hz ALIP, showing the inhomogeneous pressure

distribution that prevents the use of symmetry. ALIP, annular linear induction pump.
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developing force and the efficiency are not decreased too

much. When the end effects are neglected, it is easy to show

that the pump efficiency is given as the ratio of the flow ve-

locity u to the synchronous velocity u/k of the fields (i.e.,

n ¼ ku/u ¼ 1es). But when the end effects are included its ef-

ficiency has to be computed using numerical integration and

its maximum lies in the range 0.2<s<0.4 where s is the slip

factor. The power generated by the solenoids by sinusoidal

input signal can be seen in Fig. 9. These results represent a big

step in the modeling and validation of liquid metal thermo-

magnetic systems in general and in ALIPs in particular using

first principles. A generic 3D diagram of an ALIP is shown in

Fig. 10. Notice how the inner core, or torpedo, extends beyond

the solenoidestator section.

6. Conclusion

The complexity of the MHD equations made it impossible

until now to develop a design and optimization methodology

using first-principles, as well as to perform a true multi-

physics analysis where the couple phenomena is studied as

a whole. The approach used previously was to approximate

the system behavior by using the electric-circuit approach for

electric machines, but this alone cannot give a realistic

insight into the physics phenomena that take place and can

neither lead to a reliable design methodology nor to the

determination of reliable operational working points [1,2

5,6,7,8]. The increase in computational power, at software

and hardware level, as well as the theoretical, computational,

and experimental effort performed during the past years by

this author and a group of people in the United States, France,

Japan, and South Korea has led to advances in the

understanding of the phenomenology and technical chal-

lenges that the engineering of MHD devices represent. For

first time, we have suitable conditions in which to perform

this type of work: designing and optimizing liquid metal

thermo-magnetic systems using first principles and multi-

physics analysis.

The variety and importance of the topic leads to the need

for: (1) developing computational tools for the study and

analysis of the liquid metal MHD phenomena; (2) a better

understanding of the physics and engineering of liquid metal

thermo-magnetic systems for better modeling; (3) developing

Fig. 9 e The power absorbed by each solenoid without the loading effects given by the liquid metal. The signal follows a

sine/cosine wave form as expected.

Fig. 10 e Generic three-dimension diagram of an ALIP (also

known as magnetohydrodynamic pump). Notice how the

inner core, or torpedo, extends beyond the solenoidestator

section. ALIP, annular linear induction pump. CAD

drawing by C.O. Maidana and C. Bailey.
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tools, procedures, and computer-aided engineering software

for a more accurate simulation of the device; (4) to develop

procedures and tools for design optimization; and (5) devel-

oping control systems for active flow control. The latter rep-

resents our current and future road map in this important

area.
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