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Abstract. The United States Department of Energy's (DOE) Office of Nuclear Energy, Science, and
Technology is supporting the National Aeronautics and Space Administration (NASA) in evaluating
space mission power, propulsion systems and technologies to support the implementation of the Vision
for Space Exploration (VSE). NASA will need increased power for propulsion and for surface power
applications to support both robotic and human space exploration missions. As part of the Fission Surface
Power Technology Project for the development of nuclear reactor technologies for multi-mission
spacecrafts, an Annular Linear Induction Pump, a type of Electromagnetic Pump for liquid metals, able to
operate in space has to be designed. Results of such design work are described as well as the fundamental
ideas behind the development of an optimized design methodology. This project, which is a collaboration
between Idaho National Laboratory (INL), Pacific Northwest National Laboratory (PNNL) and Marshall
Space Flight Center (MSFC), involves the use of theoretical, computational and experimental tools for
multi-physics analysis as well as advanced engineering design methods and techniques.

Keywords: Annular Linear Induction Pump, Electromagnetic Pump, Space Nuclear Systems, MHD.

INTRODUCTION AND FUNDAMENTALS

The design process and technology evaluation of annular linear induction pumps (ALIP) was divided in
three stages. The first stage is a basic study of the main electrical, mechanical and thermal parameters
which constitute the basis of this paper. The second stage is the fabrication and test of a full scale
prototype to characterize the pump performance. The third stage is the comparison of the actual
construction parameters and test results against the developed models and designed parameters for the
future design and construction of an optimized ALIP for nuclear space applications.

Working Fundamentals

The ALIP under design make use of a 3-phase alternate current input voltage to power a group of
solenoids that generates a traveling magnetic field along the pump duct, Fig. 1. This traveling magnetic
field induces a current on the surface of the liquid metal in the duct and as a result, an electromagnetic
(EM) force is generated. This EM force will be the one pumping the molten metal through the duct.

One can model the current, /, of the primary windings by an equivalent current sheet at the outer wall of
the pump':

]S(Z' t) zjaei(wt_kz) (1)
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where k = /1, 1 is the pole pitch,  is the angular frequency,J, = 3v2kNI/pt, p the number of pole pairs
and N is the number of turns per slot. This is a sinusoidal wave with wavelength L. and speed, or
synchronous velocity, vi=wL/2m; the pole pitch being 1=L/2 and the length L=2pr.

1 pole = 2%pi
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Figure 1: Cross sections of an annular linear induction pump.

The equations describing the pumping process in the duct are *:
Ji = o(E+uxB) 2
p[g—?+(u-V)u]+Vp—va2u—f=]><B 3)

where the current density is J=J+J;, ¢ and v are the conductivity and kinematic viscosity (ratio of the
viscous force to the inertial force) of the fluid, and u is the fluid velocity. Because the linear momentum
of the fluid element could change not only by the pressure force, —Vp, viscous friction, pvV?u , and

Lorentz force,i X ﬁ, but also by volumetric forces of non electromagnetic origin, eq. (3) has the addition
of the term f; while the conservation of mass for liquid metals is given by V - =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,

2 . — L2 )
=B+ V)B=—VB+(B D, @)

describing the time evolution of the B field, oB / ot due advection (u-V)B, diffusion V2B and field

intensity sources (B - V)u. The term (uo)™ is known as magnetic diffusivity. One of the solutions of the
induction equation gives rise to the possibility of self-excitation of the B field even with no external field
sources due to small perturbations once the production of magnetic intensities by mechanical stretching
overcomes their damping by diffusion. The induction equation, eq. (4), can be written dimensionless by
the introduction of scale variables, one of such variables is the magnetic Reynolds number, R, = puoLuy,
where uy is the mean velocity and L the characteristic length. A relatively small R,, generates only small
perturbations on the applied field; if R,, is relatively large then a small current creates a large induced B
field. For small Reynolds numbers (R,<<1), the magnetic field will be dominated by diffusion and
perturbative methods can be used. Expressing the magnetic Reynolds number as R, = (g/6,,K.) -
(ouw/k?) - s where 8,,is the wall thickness (non-magnetic gap), K. is the Carter’s coefficient and s the
slip factor’, it was found experimentally that instabilities arises when the following three conditions hold
true: Rye>1, the ratio of the mean radius to the pole pitch (D/21) and the modified interaction parameter
Ny are large enough. The modified interaction parameter is expressed as Nint=2gBar2 o/pivy, where B, is
the radial component of the applied magnetic field and A the friction coefficient. This instability appears
as a low frequency pulsation in the pressure head affecting the flow rate, liquid metal velocity and
magnetic field distribution. As a consequence vortices are generated in the inlet region as well as
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fluctuations in the winding currents and voltages. Araseki et al.’ have reported that the dominant
frequency of this instability is in the range 0-10 Hz with amplitude that increases with the slip factor.

In a similar way, one can find that the equation for temperature is
pc, [%T+(u-V)T]=v-(AVT)+§]2+¢+Q , (5)

which is a convection-diffusion equation with A: thermal conductivity, Q. other sources of volumetric
energy release such as radiation or chemical reactions and thermal diffusivity k= A/pc,, c,: constant
pressure specific heat of the flow,; while the kinetic energy evolution is given by,

%Gpuz)=—V-[u(p+%pu2)—u-S]+u-(]><B)+u-f—CD 5 (6)

where S is the viscous stress tensor, which is related to the deformation tensor D, by the constitutive
equation S = 2vD. The variable @ is the vector dissipation term, S:D. The deformation tensor can be
1 [ow oy
2|0x;  Ox;
forces an increase of the kinetic energy leads to a decrease in the magnetic energy. From the temperature

expressed as D = [Di j] = ] We deduce from the latter that due to the action of the Lorentz

equation, eq. (6), one can identify the temporal increase of enthalpy, pc, Z—:, which equals to the loss of

magnetic energy due to joule dissipation, p J2, plus the loss of kinetic energy, ®, due to viscous
dissipation. The ratio of kinetic energy to the accumulated energy can be expressed through the so called

2

5 F Uu
Eckert number, E., which can be expressed numerically as E, = ﬁ,
(2 0

average or core values. The Eckert number could be useful to express dissipation.

where the subscript indicates

Specific working Requirements

The EM pump under design has the following requirements: an operating temperature between 850 and
875 K, an initial pressure of 20 psi (137895 Pa) and a pressure head of 3-6 psi (20684 Pa); A compound
of 78% K and 22% Na known as NaK78 will be the working fluid with a flow rate of 4.3 kg/s (5.03 107
m’/s). Since the NaK thermal conductivity is so high, the principal mode of energy transfer is conduction,
and not convection. The ALIP will be part of a cooling system for a fast spectrum reactor intended for a
Iunar surface power system and will be required to operate in a vacuum environment.

The working fluids considered were Na, Li and NaK78. The disadvantage of NaK78 compared to the
other options is the fact that it requires more pumping power than Na or Li but when we study other
characteristics we find a series of advantages that NaK78 has over the other elements, among them:

NaK78 is liquid at 261K while Li at 454K and Na at 361K

Li dissolves Ni at the temperature of interest so it is not suitable to use with steels or super-alloys;
Neutron capture of °Li and "Li produces He gas that would have to be removed from the reactor;
NaK78 activates less strongly than Na.

DESIGN METHODOLOGY

There are many possibilities to design, model and simulate EM pumps and its components. Some main
parameters can be obtained by decoupling the electrodynamics from the thermo-fluid component. The
parameters obtained are first order approximations and they constitute the basis for a qualitative
understanding of the physical phenomena taking place.
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Electric Circuit Model Approach

The idea behind the equivalent circuit approach relies on the assumption that the flow is laminar (pressure
and velocity independent of time). Hence the electromagnetic and hydrodynamic phenomena can be
separated. Then the theory of linear induction machines and electric circuits can be used’, Fig. 2a). It is
assumed that only one phase needs to be considered (symmetry of a 3-phase balanced system). Using this
approach the flow rate, O, and the developed pressure, AP, are connected by the following expression’:

2 -
ap =3 B0 (7)
e stz Z_+1)

where X, is the magnetizing reactance of the pump, R, the secondary resistance due to the liquid metal
and s 1s the slip factor (1- Wig mera/ Ugraveling wave). An alternative expressionl’4 is:

AP = 360sfT? (HokywNI)?
T pgin?+Qugosfi2)2}

®)

where g, is the effective inter-core gap coefficient (K. *g, K.: Carter coefficient and g: inter-core gap), 7is
the pole pitch, p the number of pole pairs, N the number of turns per slot, ky, the winding coefficient, fthe
input frequency and i, the vacuum magnetic permeability. The resistance of the liquid metal can be
expressed’ as,

_ GHDP;'(kwN)Z

Rg=— )

7
as well as the magnetizing reactance of the pump,

_ 6upwtaDy(kyN)?

X
m n2pge

" (10)
where p,is the surface resistivity of the fluid (resistivity/fluid thickness), D,: diameter of the inner core,
D: mean diameter of the fluid and g.: effective inter-core gap (g.= Carter’s coefficient*inter core gap).
Another important parameter is the pump efficiency. In a very first approximation®, it can be expressed as

_APQ
T 3vips

n , (11)

where V' is the phase voltage and P,is the power factor. But a more useful expression for pump design’ is,

2(1—
o= 6kg,(1—s) (12)

- 2 n2
chcoils,pole,phkprh”gEf ( T )2] ) 6k, ’
kekgt " \euofsat?/ | s

where k;: slot filling factor (usually 0.5 to 0.6), k;: slot depth/width, N,,: number of input phases and £,
slot pitch/slot width. In a similar way, another expression for the developed pressure can be derived,

_ 1817 mDprpof (kywN)?s(1-s)
AP = Q 3m2DplgelkwN)2+t3ugpfs? ’ (13)

where 7 = L/(2p). These equations were confirmed experimentally for Na with accuracy of 7% to 17%.
Main contributors to the uncertainties are the end effects generated by the distortion of the magnetic fields
at both ends of the pump. Using the Kim-Baker-Tessier method, the width of the stator slot is given by

T

Dstator sior = 0.625 (14)

7
Nphasechoils,pole,phase



Proceedings of Nuclear and Emerging Technologies for Space 2011
Albuquerque, NM, February 7-10, 2011
Paper 3236

where Nipases 18 the number of phases and Negiis, pote, phase 15 the number of coils per pole per phase. In a
similar way, the width of the stator tooth is given by

Dstator tootn = 0.375 - ’ (15)

Nphasechoils,pole,phase

Being the slot depth five times the stator slot width (Dot gepth = 5Dstaror sior )-The clearance between the
coil and the end of the stator tooth was estimated to be ~2.54 mm for a voltage of 120 V. The winding
distribution factor, ky, can be expressed as

k Sin(lsoo/ZNphases)
w " §
Ncoils,pole,phaseSm(1800/2Nphasechoils,pole,phase)

(16)

The maximum value of the developed force increases with the diameter of the inner core and the
efficiency decreases for larger inner core diameters. The lower the input frequency and the longer the core
length, the larger the maximum value of the efficiency. The number of turns should be moderate so as not
to require values of the input voltage which are too large due to the increased impedance that results from
a large number of turns.

Heat Transfer Considerations, Materials and Related Issues

The material selected for the ALIP ducts and outer shell is 316 stainless steel. Grade 316 is the standard
molybdenum-bearing grade, which gives it a better overall corrosion resistant property than grade 304.
The austenitic structure gives it good toughness properties in a wide range of temperature. The inner core
and stator material could be laminated silicon steel which has anisotropic heat conductivity, Fig. 1b. The
heat conductivity in the lamination plane is 5 to 30 times higher than the component in the stacking
direction. The laminated material reduces the losses produced by the induced eddy currents. For
acceptable losses, flux density swing AB must be restricted to much less than the magnetic flux density at
the material saturation limitg, Bsat

AB =

1

T Edt, (17)
where N is the number of turns, A, the core cross section and E dt is the applied voltage per second. AB is
the total peak flux swing whereas AB/2 should be applied in the core loss curves.

One option for the coil conductors is alumina-dispersed-strengthened Cu strip conductors, which has a
small volume expansion coefficient, with HML coating plus double glass insulation, Si impregnated and
one layer Si bonded mica tape all around the coil. The selected material for this application is glidcop AL-
15, which is a low alumina content grade of dispersion strengthened Cu consisting of a pure Cu matrix
containing finely dispersed sub-microscopic particles of Al,O; which act as a barrier to dislocation
movement. The dispersed Al,O; is thermally stable so that it acts to retard recrystallization of the Cu.
Consequently, significant softening does not occur as the result of high temperature exposure. Along with
superior strength retention, thermal and electrical conductivities are higher than conventional Cu alloys.

Another material to consider is ceramic aluminum nitrate which is not only a good electrical insulator but
a good thermal conductor as well. Aluminum nitride is used to fill the space between stator, coils and
outer shell. Ceralloy 1370-DP is a good option of ceramic aluminum nitrate.

Three phase power system

The ALIP under design make use of a 3-phase alternate current input voltage to power the group of
solenoids that generates the traveling magnetic field along the pump duct. The system is assumed to be
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balanced so only one-phase needs to be considered. The coils can be interconnected in either “Y™ or “A”
configuration. The A configuration is the most common but the values of the equivalent one-phase circuit
correspond to the equivalent “Y” configuration. A diagram of a “A" configuration is shown in Fig. 2b).

a) b)

Figure 2: a) Equivalent circuit for the ALIP, b) Equivalent circuit diagram for a “A” configuration interconnection.

In a balanced system, the currents I,,=I,z=I.c ; so if current measurements indicate otherwise the system
is not balanced and that might be an indication of damage or fabrication flaws in the solenoids; 1,4, Iy, Lc
are known as the line currents, Lie ; Ias, Inc, Ica are known as the phase currents, Iphse - The relationship
between currents is I}, = \/§Iphase with a change in phase of 30°. In a load connected in “A",
Viine=Vphase. The power associated to each phase is Pa=Pg=P=Pnase=VphaselphaseC0S(0), where 0 is the
angle between the phase voltage and the phase current. The total power to a balanced “A" load would be

Piotar = 3Pphase = 3Vphase]phasecos(9) = \/§Vline]linecos(9) ’ (18)

For the analysis of the one-phase “Y” equivalent circuit the equivalent impedance is Zy=(1/3)Z,. If the
voltage taken is V.4 then Vyp = V3V, gnd (30° phase shift). A 3-phase power system under balanced
operation has the property that the instantaneous power is constant in value. As a consequence, the ALIP
exhibits less vibration and noise than a mono-phase device. The power source of the ALIP should be able
to generate a sine wave signal to drive the solenoids; if the power source cannot generate a high fidelity
sine wave then a sine wave filter should be used. Since nonlinear components generate harmonic currents,
any distortion of an originally pure sine wave constitutes harmonic frequencies. When the sine-wave
distortion is symmetrical above and below the average centerline of the waveform, the only harmonics
present will be odd-numbered. The 3™ harmonic, and integer multiples of it, are known as triplen and they
are in phase with each other, despite the fact that their respective fundamental waveforms are 120 degrees
out of phase with each other. Triplen harmonic currents in a “A” connected set of components circulate
within the loop formed by the “A”.

S Solenoids

End shell
™, convoluted for
", thermal expansion

Torpedo ¥ — Duct
(inner core)

Author: Carl Baily

Figure 3: 3D model of the EM pump. Notice how the inner core, or torpedo, extends beyond the solenoid-stator section.
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The three-phase winding arrangement for the solenoids usually follows the sequence AA ZZ BB XX CC
YY where A, B, C denote the balanced three-phase winding and X, Y, Z the opposite phase; for a direct
balanced system, if A: 0 deg, B:120 deg and C:240 deg then X:180 deg, Y:300 deg and Z:60 deg.
Arranging the sequence by rising phase, one obtain the correct winding sequence for the solenoids: AA
Z7Z BB XX CC YY. Sometimes a phase shift to this arrangement could minimize certain instabilities
present in the pump but a lower efficiency of the ALIP is the cost to pay for such procedure.

FURTHER CONSIDERATIONS

Construction approaches & operational issues

Using the methodologies just explained, a first set of parameters for the ALIP design was obtained and
two models were generated, Fig. 3. In the Kim-Baker-Tessier (KBT) approach there is a thermal
insulation between the duct and the solenoids, some cooling gas space and a k. slot depth/width factor of
1.6. In the Adkins-INL approach there is no thermal insulation between the duct and the solenoids but a
high thermal conductor/high dielectric in contact with the duct and a &, factor of 1.85 was chosen.

Studies have established a limit to the temporal variation in temperature. The pump should not be heated
at a rate larger than 1-16 C per minute. The thickness of the duct walls affect the efficiency of the pump
due to the magnetic resistivity that presents; but it must not be too thin as too risk its structural integrity.
The width of the fluid channel should be limited to below the skin depth of the fluid for stable operation.

1

— (19)

skin depth = 6 =

End effects

The fringe fields generated by coils contain various nonlinearities due to the longitudinal dependence of
the magnetic field. Due to the solenoids fringe fields, its finite core length and the induced currents, the
ALIP has an end 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. Theoretical
calculations indicate a reduction of the end effects by controlling the input frequency; increasing the
efficiency at the 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 far as the 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 velocity u
to the synchronous velocity a/k of the fields (i.e. n=xu/w=1-s). But when the end effects are included its
efficiency has to be computed using numerical integration and its maximum lies in the range 0.2<s<0.4.

Instabilities and flow

As explained before, instabilities arise when the three conditions hold true: R, >1, D/2t and N, = "large
enough”. An instability appears as a low frequency (LF) pulsation in the pressure head affecting the flow
rate, liquid metal velocity and magnetic field distribution. As a consequence vortices are generated in the
inlet region as well as fluctuations in the winding currents and voltages. The dominant frequency of this
instability is in the range 0-10 Hz with amplitude that increases with the slip factor. This LF pressure
pulsation is produced by vortices in the liquid metal generated by the no uniformity of the azimuthal
component of the applied magnetic field when R, >1. The magnetic Reynolds number, R, often
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becomes greater than unity in the pump region where the slip is larger than 0.2 giving place to another
instability known as double supply frequency (DSF) pressure pulsation. The vibration caused by the DSF
pressure pulsation occurs in the pump outlet and propagates to the pipe when R,,,;<1 and 5<0.2°.

CONCLUSIONS

A first study for the design of an annular linear induction pump for space applications was done using
different theoretical models, experimental data and computational tools. Very few information is available
on this topic and there is a lack of a full theoretical understanding of the processes involved that constitute
a problem for an accurate design procedure. Another problem relies in the non-existence of solvers for the
engineering magnetohydrodynamic analysis the FSP technology project needs to perform. Some of these
problems are being addressed by the authors of this paper and the results of our first study were used for a
qualitative understanding of the parameters involved in the design process and as a basis for the
generation of more accurate models. The different physical phenomena involved cannot always be
decoupled and therefore a more precise multi-physics analysis constitutes a priority, A test model was
built at the U.S. Department of Energy’s Idaho National Laboratory together with a test loop at one of
NASA’s test facilities, a series of experiments were designed, software is being tested and different
mathematical and computational methods are being studied with the goal of developing a set of programs,
algorithms and methodologies for ALIPs design and optimization. These tasks contribute to the
evaluation process for space fission power and propulsion systems and technologies for space exploration,
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