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Electromagnetic Levitation—A Useful
Tool in Microgravity Research v = ~%

Julian Szekely, Elliot Schwartz, and Robert Hyers

Electromagnetic levitation is one area of
the electromagnetic processing of materials
that has uses for both fundamental research
and practical applications. This technique
was successfully used on the Space Shuttle
Columbia during the Spacelab IML-2 mis-
sion in July 1994 as a platform for accurately
measuring the surface tensions of liquid
metals and alloys. In this article, we discuss
the key transport phenomenaassociated with
electromagnetic levitation, the fundamental
relationships associated with thermophysical
property measurement that can be made us-
ing this technique, reasons for working in
microgravity, and some of the results ob-
taned from the microgravity experiments.

INTRODUCTION

Electromagnetic levitation, the po-
sitioning of conducting materials by elec-
tromagnetic forces, has been practiced
by metallurgists and materials scientists
for several decades.! During the past 10-
15 years, major advances have been made
inour quantitative understanding of the
underlying phenomena and, partly as a
result, many important practical ap-
plications of the electromagnetic levi-
tation principle have evolved. The most
important of these are the melting of
titanium in induction furnaces and the
control of the metal-mold contact in the
CREM (name derived from cast-refine-
electromagnetic) continuous casting pro-
cess. These are quite well documented
in the general literature and in the spe-
cific symposia dedicated to the electro-

" magnetic processing of materials.*®

This article presents a brief review of a
rather specific application of the electro-
magnetic levitation (EML) principle—
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microgravity research. There are several
motivations for such an undertaking,
including the fact that the July 1994
Spacelab IML-2(the Second International
Microgravity Laboratory) mussion,
which had an electromagnetic levitation
facility on board, has yielded very inter-
esting new results. Furthermore, micro-
gravity experiments require precise plan-
ning, because of the great expense and
the very long lead times involved. Thus,
EML studies necessarily require sophis-
ticated mathematical modeling efforts
during the planning and evaluation of
the experiments.

THE PRINCIPLE OF
ELECTROMAGNETIC
LEVITATION

The principle of electromagnetic levi-
tation is illustrated in Figure 1, which
shows the coil arrangement in an earth-
bound facility. A high-frequency (typi-
cally 100-800 kHz) current is passed
through conically wound coils, generat-
ing an electromagnetic field (also
sketched in the figure). [fa metallic speci-
men is placed between these coils, eddy
currents will be induced in the specimen
with the following results:

* A lifting force will be exerted on the
specimen due to the coupling be-
tween the induced current and the
applied electromagnetic field. If this
force is sufficiently strong, it can
levitate the specimen.

¢ The electromagnetic forces within
the specimen induce fldid flow ina
molten specimen, which is turbu-
lent under earthbound #onditions.

» Theinduced current provides Joule
heating through Ohmic losses,
which may melt, orevgn superheat,
the specimen. =

As a practical matter under earth-
bound conditions, the ability to levitate
is confined to metallic specimens of
moderate size (about 10-15mmindiam-
eter) for conventionai coil designs and
moderate to high meiting temperatures
(above 1,000°C). More sophisticated coil
designs have allowed the levitation of
rather larger specimens. Garnier has re-
ported levitating copper samples 50 mm
in diameter and Japanese researchers
have reported the levitation of 20 kg
titanium specimens. :

The electromagnetic phenomena are
governed by the well-known Maxwell’s

DL/ EC
equations, which are given by*
VE=0 )
L
VxE+—=0 (2
"ot 2
V.B=0 (3)
VxH=] )

where E, B, H, and | are the vector
fields for electric field intensity, mag-
netic flux density, magnetic field in.
tensity, and current density, respectively.

The time-averaged electromagnetic
force and power absorbed per unit vol-
umein the sampleare caiculated accord-
ing to the formulae’

F:lJ'fdet (5)

t 0

Q=lj 1T g (6)
t) o, .

where T is the period of the applied
alternating current and o, is the elec-
trical conductivity of the specimen.
The governing equations for the elec-
tromagnetically driven fluid flow inside
the molten specimen are the Navier-
Stokes equations, which express thecon-
servation of momentum in the fluid.
Using an effective viscosity W, that is
uniform throughout the fluid, the Na-
vier-Stokes equations, expressed as a
single vector equation, are given by®

o - —_)
—+i-Vi|=
& ”

~Vp+u, ViO+pg+F

where @ is the velocity vector field,
which represents the internal fluid flow
in the specimen, p is the pressure scalar
field, g is the gravitational acceleration
vector, and p is the density of the fluid.
The effective viscosity is equal to the
sum of the laminar (molecular) viscosity
u and a turbulent viscosity W,

The equation of continuity, the state-
ment of mass conservation, is given for
the incompressible fluid by*

V.i=0 (8)
For axisymmetric geometries such as

the specimens processed in levitation
facilities, the free surface shape at any
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where p is the atmospheric pressure, R.
and R, are the principal radii of curva-
ture, and u. is the component of velocity
in the direction normal to the free sur-
race.

The temperature distribution in the
specimen is governed by the thermal
energy balance equation, given bv*

pC.,, %%HIVT)‘!: kKVIT+Q (10
where T is the temperature,and C_and k
are the heat capacity and the thermal
conductivity of the specimen.

The boundary condition at the free
surface of the specimen, which expresses
heat losses by conduction to the cooling
gas, if used, and by radiation, is given
bylo

dT
-k—a_r;:(hcond+hrad)(T-T:) (11)

whereh . isthecoefficientof heattrans-
fer by conduction to the stagnant inert
gas, h_, is the radiation heat transfer
coefficient, and T, is the temperature of
the water-cooled coils, which serve as
the heat sink.

In order to rationally plan the mi-
crogravity experiments, we used nu-
merical techniques to calculate

¢+ Electromagnetic lifting and squeez-

ing forces

¢ Induced power

* Melt circulation

¢ Free surface deformation

¢ Heat transfer

The calculations were verified ex-
perimentally in earthbound levitation
facilities wherever possible. The cal-
culated melt circulation and free surface
shape in a pure nickel specimen levi-
tated in an earthbound facility and the
actual shape are illustrated in Figure 2.
The capability to calculate free surface
shapes was used to select the value of the
applied coil current used to deform the
molten specimens in the microgravity
experiments.

Over the years, notable contributions
to the mathematical modeling of electro-
magnetic levitation have been made by
researchers at MADYLAM in Grenoble,
France;'''2 Cambridge University in En-
gland;*4 DLR in Cologne, Germany;'5
the University of Alabama;"”'® Rice Uni-
versity;®2? and at the Massachusetts In-
stitute of Technology, 2 among others.

Because of the need to operate in an
efficient manner, mathematical models
are being increasingly used to predict
behaviorand intelligently controlindus-
trial materials processing operations. The
accuracy of the results produced by such
models is limited by the accuracy of

thermopnvsical propersy data such as
surtace tension, heat capacity, and vis-
cosity. The property database for liquid
metals in the superheated and under-
cooled states is incomplete, and the con-
ventional measurement techniques are
not entirely satistactory, providing mo-
tivation for the development and execu-
tion of the microgravity experiments.*

BRIEF HISTORY

Inordertoimprove upon theaccuracy
of existing property data and work with
high-temperature, corrosive metals, re-
searchers have developed methods to
measure properties in a containerless
mode. A brief, and by no means com-
plete, historical background of thermo-
physical property measurements using
electromagnetic levitation is presented
below.

In 1971, Fraser et al.* developed a
method to measure the surface tension
of liquid metals in a containerless fash-
ion, the oscillating drop technique using
electromagnetic levitation. Further de-
velopments were made by Soda et al.,*
Keene et al.,* and Egry et al.Z In this
technique, the oscillations of a levitated
droplet about its equilibrium shape are

observed. Therestonng rorce ror suriace
vsciilations of the sphericai sampie or
mass m is the surface tension 7. which
can be related to the frequency of the
oscillations v by Ravleigh's formula-

3
Y =—nmv- (12)
8

Themethod hastheadvantage of elimi-
nating persistent sources of contamin-
ation that arise through the use of sub-
stratesand/orcapillary tubes associated
with conventional methods such as the
sessile drop, the capillary rise, and the
maximum bubble pressure methods.* It
avoids any contact with a crucible and
thus reduces not only systematic errors
due to surface contamination but also
allows deep undercooling of the liquid
metal.®

Fechtand Johnson®' developed a non-
contact method for measuring heat ca-
pacity based on the temperatureresponse
of a specimen exposed to a sinusoidally
modulated heat source. In an electro-
magnetic levitation facility, the heat ca-
pacity CP can be determined from the
modulation frequency w,, the ampli-
tude of the temperature modulation
(AT ), theincreasein theaveragesampie

Figure 2. Calculated streamline pattern (left side), velocity vector fieid (right side), and equilibrium
free surface shape of a nickel droplet levitated in earthbound electromagnetic levitation facility

with conical coil arrangement.
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remperature ' AT, ), and the sampie bias
temperature (T,) by the relationship-?

= AT
C, =4y 2Ae0T] ! =~ (13)

0 AT, § T,
where A and ¢ are the surface area and
the emissivity of the specimen, respec-
tively, and ¢ is the Stefan-Boltzmann
constant.

Lamb®* suggested that the viscosity u
of a spherical droplet of radius R and
density p could be related to the oscilla-
tion damping constant [ bv the formulia

n= -;Rzpl' (14)

{t has not been possible to use the
osciilating drop technique using elec-
tromagnetic levitation to measure vis-
cosity in earthbound experiments be-
cause of the turbulent fluid flow driven
by the strong electromagnetic forces.

1SSUES IN MICROGRAVITY

Electromagnetic levitation provides
the means for processing metallic speci-
mens in a containerless mode, which
offers the great benefit of avoiding con-
tamination. Work with very reactive or
corrosive liquid metals is thereby pos-
sible without concern for falsification of
results by chemical reaction with the
crucible material. Electromagnetic levi-
tation offers the further advantage of
eliminating heterogeneous nucleationon
container walls, making it possible to
work in the metastable regime of un-
dercooled melts.*

Electromagnetic levitation in a mi-
crogravity environment is particularly
suitable for measurements of thermo-
physical properties such as the surface

tension. heat capacity. and DOSSIDIY Vis-
cosity, because much weaker electro-
magnetic fields are necessary to position
the metallic specimens than are required
in earthbound experiments. Thisotfersa
direct benefit to surface tension mea-
surements because theapparentincrease
in the surface tension value due to the
magnetic field in earthbound experi-
ments is thereby eliminated.

The noncontact calorimetry method
used to measure heat capacity requires
that the only method of specimen heat
loss is radiation, but in earthbound levi-
tation experiments cooling gas is re-
quired to reach specimen temperatures
below about 1,100°C. The reduction in
the necessary magnetic field strength in
microgravity makes it possible to proc-
ess under a vacuum and perform con-
tainerless heat capacity measurements
ondeep eutectic alloys with low melting
points.

Microgravity makes it possible to per-
form viscosity measurements using elec-
tromagnetic levitation by greatly reduc-
ing the magnitude of the electromag-
netic lifting forces needed to overcome
gravity. The turbulent fluid flow present
in earthbound experiments makes the
measurement of viscosity impossible
because momentum transfer and the
decay of the oscillations are governed by
the turbulent eddies rather than by the
molecular viscosity.*

Electromagnetic levitation in a mi-
crogravity environment is also attrac-
tive for studies relating to undercooling,
nucleation, and recalescence. Compari-
son of the results of earthbound experi-
ments with those of microgravity ex-
periments could provide insight into the
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Figure 3. Sketch of the TEMPUS experimental arrangement illustrating the main subsystems,
including the cyiindrical geometry of the induction coils.

=rrects ot duid flow on nucieaton ing
growth. Microgravity makes it theores,.
cally possible to studyv the metastable
states of materials obtained throughdeep
undercooling.

EXPERIENCE AND RESULTS
FROM IML-2

The experiments were conducted us.
ing TEMPUS (Tiegelfreies Elektromag.
netisches Prozessieren Unter Schwerelo-
sigkeit), an electromagneticcontainerless
processing facility. TEMPUS uses
electromagnetic levitation for contain-
erless positioning and heating of meta|
samples and can be used under micro-
gravity conditions. A schematic sketch
of the experimental arrangement of
TEMPUS is shown in Figure 3. TEMPUS
was designed to process 8 mm and 10
mm diameter spherical metal samples
within two sets of induction coiis. The
outer (positioning) coils, which operate
at a frequency of about 140 kHz and
create a quadrupole magnetic field, po-
sition the sample. The inner (heating)
coils, which operate at a frequency of
about 400 kHz and create a dipole mag-
netic field, provide most of the thermal
energy to the sample through induction
(Joule) heating.®

TEMPUS was buiit by Dornier GmbH
under contract from DARA, the German
space agency. A significant part of the
work for the participating experiment
teamns was the determination of the set of
parameters used to configure the ge-
neric main process flow for the perfor-
mance of each particular experiment.
The parameter set included such vari-
ables as the emissivity for temperature
measurement, inert gas pressure, heat-
ing and positioning coil voltages, heat-
ing times, maximum and minimum al-
lowable sample temperatures, and heat-
ingcoil voltage and duration. This prepa-
ration consisted primarily of a substan-
tial mathematical modeling effort and
experimentation with the development
model at the Microgravity User Support
Center (MUSC) in Cologne, Germany.

The microgravity experiments took
place July 8-July 23, 1994, aboard the
Space Shuttle Columbia as part of the
Spacelab IML-2 (Second International

Microgravity Laboratory) mission. Dur- .

ing that time, we monitored our experi-
ments from the Payload Operations
Command Center (POCC) at NASA's
Marshall Space Flight Center in Hunts-
ville, Alabama. From there, we teie-
commanded our experiments and coor-
dinated experimental runs with theother
TEMPUS scientists.

All of our microgravity experiments
were performed jointly with Ivan Egry
and his group from the German Aero-
space Research Establishment (DLR) in
Cologne, Germany. Prior to the mission,
experiments on the noble metals goid
and copper, the congruent-melting alloy
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Figure 4. Surface tension data for liquid Au obtained from Spacelab IML-2 microgravity experi-
ments, with linear fit of the data points. For the purpose of comparison, the “1 g-results” are
uncorrected data obtained by Sauertand et al.* in earthbound levitation experiments. The “1 g-
resuits extrapolated to 0 g" are surface tension vaiues obtained using the Cummings and
Blackburn correction formuia, which accounts for the apparent increase in the surface tension

value caused by the magnetic field.

AuCu, and nickel had been planned.
Theexperimentson gold and AuCu were
performed successfully based on the
preparation before the mission, and a
successful experiment was also con-
ducted on a sample of eutectic ZrNi pre-
viously used for heat capacity measure-
ments. The experiment was planned
during the mission based on the experi-
ence and teamwork of the groups.
Using electromagnetic levitation in
microgravity, we measured the surface
tensions of a pure metal (Au), a congru-
ent-melting alloy (AuCu), and a eutectic
alloy (ZrNi). The surface tension mea-
surements for gold, which were in the
temperature range of 1,225-1,330°C, are
shown in Figure 4. The filled points on
the plot are data points obtained from
the microgravity experiments. The dif-
ferent symbols represent different ex-
periment cycles. The “1 g-results” indi-
cate uncorrected surface tension values
obtained from the earthbound levitation
experiments of Sauerland etal. *and the
“1 g-results extrapolated to 0 g” indicate
the surface tension values obtained us-
ing the correction formula of Cummings
and Blackburn.” It can be seen in Figure
4 that the data points from the micro-
gravity expenments and the “1 g-results
extrapolated to 0 g” fall very close to a
single regression line, illustrating the
accuracy of the results from the
microgravity experiments. We con-
firmed our hypothesis that microgravity
experimentation would eliminate the
need for the Cummings-Blackburn for-
mula, which is used to account for the
effect of magnetic field on the surface
tension value in earthbound levitation
experiments. The microgravity surface
tension measurements and the results of

the TEMPUS team will be presented in
forthcoming papers.

ACKNOWLEDGEMENTS

The authors acknowledge the financial
support provided by NASA under contract
numbers NAG8-815, NAG8-970, and
NAGS-1078.

References

1. W.A, Peifer, “Levitation Melting—A Survey of the State-
of-the-Art,” Journal of Metals, 17 (5) (1965), pp. 467493
2. C. Vives and B. Forest, “CREM: A New Casting Process
Part {—Fundamental Aspect,” Light Metals 1987, ed. R.
Zabreznik (Warrendale, PA: TMS, 1987, pp. 769-778.
3.].P.Riquetand |.L. Meyer, “CREM: A New Casting Process
Part {I—Industrial Aspects,” Light Metals 1987. ed. R.
Zabrezruk (Warrendale, PA: TMS, 1987), pp. 779-784.
4. |. Szekely et al., ed., Magnetohydrodynamics in Process
Metailurgy (Warrendale, PA: TMS, 1992).
5.S. Asai, ed., Electromagnetic Processing of Materals (Nagoya,
Japan: [ST], 1994).
6.].-H. Zong, |. Szekely, and G. Lohoefer, “Calculations and
Experiments Concernung the Lifting Force and Power Ab-
sorption in the TEMPUS EML.” Acta Astromautica, 29 (5)
(1993), pp. 371-378.

. E. Schwartz et al, “The Cc of the Elec
netic Force Fields and Transport Phgmm in Lewitated
Metallic Droplets in the Microgravity Environment,” Magne-
tohydrodynamics in Process Metallurgy, ed. ]. Szekely et al
(Warrendale, PA: TMS, 1992), pp. 81-8Z.
8. E. Schwartz and |. Szekely, “The Shape of Liqud Metal
Droplets in El ic Levitation Experiments Con-
sldenng Internal Fluid Flow,” Experimental Methods for

uv:zl’_{;;mty Matemls Sclmce ed. R. Schiffman(Warrendale,
PA: 1994), p
9.]. Szekely, Flmd Flow thomm IWIS Processing (New
York: Academic Press, 1979), P 208, °
10. E. Schwartz and |. Szekely, “Mathetnatical Modelmg An
Essential Component of the Design of Space Ex|
Materials Processing in the Computer Age Il ed V.
El-Kaddah.andS.
147-161.
11. A. Gagnoud, |. Etay, and M. Garnier, “The Levitation
Melting Process Using Cold Crucible Technique,” Transac-
tions {SI], 28 (1988), pp. 36-40.
12 A. Gagnoud and [. Leclercq, “Free Boundary Problem in
Electromagnetic Levitation Melting and Continuous Cast-
LGbg. * IEEE Transactions on Magmetics, 24 (1) (1988), pp. 256~
13. AJ. Mestel, “Magnetic Levitation of Liquid Metals.”
Journai of Fluid Mechamics, 117 (1982), pp. 45-70.
14. A.D. Sneyd and H.K. Moffatt, “Flut cal As|
of the Levitation-Melting Process,” Journal of Fluid Mechanics,
117 (1982), pp. 45-70.
15.G. Lohoefer, “Theory ofan Elecmmagneucally Levitated
Metal Sphere—(I) Absorbed Power,” SIAM fournal of Applied
Mathematics, 49 (1989), pp. 567-381.
16. G. Lohoefer, “Force and Torque of an Electromagneti-
cally Levitated Metal Sphere,” Quarterly of Applied Mathemat-
ics, 51 (3) (1993), pp. 495-518.

Voller, N
.Marsh (Warrendale, PA: TMS, 1999), pp.

r\uuq_m and T T Nawaraian, e infuence U
n \w« shape .n £ gnenc Levitanon Mei
ondi (T and et 0
WO T

Electromagnenc
SLINAS

NO \azou lapan {SI[. °p
P4 L 8 sathuvan and Y deazuoilu
£ ez Caiculanoes tora Conteal Conl.” Metaiturgraar

m%‘pn‘wh op -"48

2 PV R Survanaravana and Y Bavazitoglu, "Effect or
Jtane Detormanon and External Forces onthe ‘Osallations ot
Levitated Dropiets. Phus Fluuds A, 3(3) (1981, pp %67-377
20 N £i-Kaddan and |, Szekelv. “The Electromagnetic Force
Fretd. Fiuid Flow Field. and Temperature Profiles in Levi-
:ated Metai Dropiets. ' Metalluryical Transactions 8. 14198,
"D #1410

i-H Zong, B Liand [ Szekeiv. ‘The Electrodvnamicand

Hvdrodynamic Phenomena in Magnetically Levitated Mol-
ren Dropiets—| Steady State Behawvior), " Acta Astromautica,
2bror . 1992), pp 4353449
23 E. Schwartz, Measurement of the Surface Tension of Electro-
magnetcaily-Levitated Droplets in Microgravity, Ph.D. thesis,
Departmentot Matenals Saienceand Engineening, MIT(1995).
24 M.E. Fraser et al.. ‘Surface Tension Measurements on
Pure Liquid {ron and Nickel by an Osculating Drop Tech-
nique,  Metailurgical Transactions. 2 (1971}, pp. 817-823.
33, H. Soda. A. McLean, and W A. Miller, “The [nfluence of
Osarilation Amplitude on Liquid Surface Tension Measure-
ments with Levitated Metal Droplets,  Metallurgical Transac-
tions, 98 (1978). ﬁp 145-147.
26. 8.]. Keene, The Use of a Fourier Analuser for Determination
of the Surface Tenswon or Liquid Metals bv the Levieating Drop
Technigue. NPL Report DMA(A) 36, NPL. Teddington. L.K.
(1982).
27.1. Egry et al.. "Surface Tension Measurements of Liquid
Metals Using Levitation, Microgravity, and Image Process-
mg," International fournal of Thermophysics, 13 (1) (1992). pp.
63~74.
28. {.W.S. Rayleigh, “On the Capiilary Phenomena of fets.”
Proceedings of the Royal Society of London, 29 (1879), pp. 71-97
29. T. lida and R.1L. Guthrie, The Phystcal Properties or Liguid
Metals {Oxtord, England: Clarendon Press. 1988).
30. R. Willnecker, D.M. Herlach, and B. Feuerbacher,
“Contatneriess Processing of Bulk Fe-Ni Melts.” Applied
Physics Letters, 49 (20) (1986), pp. 13391341,
31 H.]. Fecht and W.L. [ohnson, “A Conceptual Approach
for Noncontact Calonmetry in Space,” Review of Sciemtific
Instruments, 62 (5) (1991), P 1299-1303.
32.RK. Wunderhc.h et al “Prinaptes of Non-Contact A. C.
Calorimetry.” less Pri : Techniques and Appli-
cations, ed. W. Hofme\s!er and R. Schiffman (Warrendale.
PA: TMS, 1993), pp. 51-56.
33.H. Lamb, "Onthe Oscillations of a Viscous Liquid Globe,”
Proceedings of the London Math. Soctety, 13 (1) (1881}, pp. 51~
66

34. S. Sauerland, Messung der Oberflaechenspannung an
levrtierten Auessigen Metalltropfen. Ph.D. thesis, DLR Cologne/
University of Aachen, Germany (1993).

L ry and |. Szekely, “The Measurement of
Thermop%wsxcal Propemes tn Mi vity Using Electro-
magnetic Levitation,” Ado. Space Res.. 11(7) (191). pp. 263~
266.

36.S. Sauerland et al., “Magnetic Field Effects on the Oscilla-
Gon S of Levitated Drops,” Containerless Processing:
Techniques and Applications, ed. W. Hofmeister and R.
Schiffman (Warrendale, PA: TMS, 1993), PP 65-69.

37. D.L. Cummings and D.A. Blackburn, “Osdllations of
Magnetically Levitated Aspherical Droplets,” fournal of Fluid
Mechanics, 224 (1991), pp. 395-416.

ABOUT THE AUTHORS NN

Julian Szekely earned his Ph.D. in chemical
engineering at imperial College in 1961. He is
currently a professor in matenials science and
engineering at the Massachusetts Institute of
Technology. Dr. Szekely is aiso a Fellow of
TMS.

Elliot Schwartz earned his Ph.D. in materials
engineering at the Massachusetts institute of
Technology in 1995. He is currently a post-
doctoral research associate in the Materials
Science and Technology division at Los
Aiamos National Laboratory. Dr. Schwartz is
also a member of TMS.

Robert Hyers eamed his B.S. in materials
science and engineering at the Massachu-
sefts Institute of Technoiogy in 1992. He is
currently a doctoral candidate in the same
department. Mr. Hyers is also a member of
TMS.

For more information, contact E. Schwartz, Los
Alamos National Laboratory, Mail Stop G755,
Los Alamos, New Mexico 87545; (505) 665-6782;
tax (505) 665-4272; o-mail eillot@tani.gov.

1995 May * JOM

53



