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ABSTRACT | Voo~ e C1 s .:Qz;j:-a %
A variety of subjects connected with the.electromagnetic.ievitation of

metals is considered. A complete theoretical de-scription-of the phenorrienon

is glven, 1ead1ng to the basic equat1ons for the 11ft1ng force and power input

for a metal sphere lev1tated in an 1nhomogeneous sinusoidally alternat1ng

magnetic field,

f_ 3 G(x) & -
W__-pr‘(B'V)B
: PP
3mR H(x) = =
P= ——— (B B),
oM
0
where
x—R(—z-wuo) /2

p, O, M, . and . R are the metal den51ty, electrical conduct1v1ty, permeability,
and radius, respectively, B is the magnetic- -field . strength vV 1is the vector
del operator .and w is. the radian frequency of the magnetlc field.

Both.the vforce and power cannot be simultaneously controlled with the

.current-control knob of an induction heater. The suspended metal is suitably

controlled either by operating .at lower freqﬁencies and supplying additional
heat with an electron beam, plasma-arc torch, high-frequency induction

heater, or reflection.furnace, or by operating at high frequencies and employ-

ing high-thermal- conductivity gases such as hydrogen and helium to cool the metal.
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Values indicating the ease of levitation of 1-cm-radius spheres of
more than 50 different metals at 0°C and at'their respective mekltivng’,points
are given. When frequencies in the 10 to 100 kc/sec range are used, the
density of the metal chiefly determines thevea:s_.e .of levitation. Refx:va_.ctory,
semiconducting, or dielectric materials can be levitated either by heating
‘them to high temperatureé to decrease their electrical resistivity or by
coating a light and inert metal of high melting point with the material to be
studied. -
| Liquid sodium surreunded‘ by a mineral eil of velmost id.entical density
can be ﬁseel to stﬁdy the‘megnetic-ﬁeld.disfribﬁtion of 1e\}itat-ion coils. LiQuid
mercury can ,-Be ruseci to dete'rnﬁne the ability of levitation coils to suspend
hig'h;-temperature .liqei.d metals,

Although the use of this technique with large commercial quan;cities of
liquid metals appears .dis_coureging, the.ievita.tion of long‘.rods .or plane sheets
of liquid metale does appear to be feasible, provided..thatv these configurations
are not dyna.x"ﬁicially unstable-. B

More attention should be giveh. to the improvement of commercial
levitation equipment through the use -of variable frequencies, solid-state cir-
cuits, and high-permeability magnetic core materials with low losses. The
,videal. levitation power supply would have a variable frequency for the range
of 500 cps to 50 kc/sec,_ a decade capacitor'ba_.nk, and the eapabilify of pro- '
ducing a sque.re er sine-wave élternafing,,meénetic .Ifi’eld ﬁp to several kilogauss

v ‘ 3 o
.over a 75 cm~ volume,

L

L3
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1. INTRODUCTION

: , -
_—""  Levitation, the phenomenon. of suspending a dense object without sup-

port,. was first confirmed both theoretically and experimentally for metals in
‘the liquid -and solid .state-s,By the Westinghouse group of Okress,. Wroughton,

. Comenetz, Brace, and Kelly early in 1950. in,the'suc_ceed_ing,,deca.de, the
use of this technique has spread.to numerous areas. of fnéta,l,lurgy. . Two

levitation melting furnaces have’ become commercially available L and

other induction.heaters have.been-adapted for such.work. 3,4 Demonstrated
| 1,5,6 ‘

applications have included alloy preparation, metal purification,

_vapor plating, 8 sintefing; 9 det_'ermination,of liquid-metal densities and emis-

‘ 2
sivities, 6,10, 11 physicochemical studies of gas-metal reactions, 2,1 metal

14,15 and alloy thermodyna,fnicso

i 6 .
supercooling, vaporization phenomena,
Despite such advances, the.levitation of liquid metals has often.been.con-
sidered . to be an art. Furthermore, the technique itself has never fulfilled

its optimistically stated earlier pro,misye,‘"the,full-.s‘ca.le[cofnmercial] pro-

‘duction - + - | of] quantities of the world's purest.met.als and some of its finest E

alloys. '.'5
The driving force for this study is the gfeat potential of electromagnetic
levitation of metals as a tool in.vacuum _meta.llurgy,‘ providedligs assets and
limitations are properly understood and appreciated. Since the metallurgist
should have more than a casual knowledge of electrdmagnetic.theory as applied
'to metal levitation, the derivation .of the .fundé.mental levitation .equa,tioné is
given.in.full detail in .the appendix. In Sec. II it is shown that the fundé.menta.l
equations are valid and do allow the':qua,r_ltitative prediction of the lifting force
on and the power input to a.levitated metal sample. Section III discusses t_he
implications of these equations and Secs. IV and.V point to future directions

for both.research on and practical applications of this technique.
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The symbols used in this paper are defined in a section (Notations) that

follows the Appendix,

II. THEORY OF ELECTROMAGNETIC LEVITATION OF SOLID METALS.

A. Eddy Currents and Skin Depth

The study of electromagnetic levitation is simply the determination of
the forces that time-varying magnetic fields exert on any conducting material.
This conducting material may be a metal, a semiconductor or insulator that
has beén heated to a high temperature to increase its electrical conductivity ,
a gase‘ousﬂ plasma, an electrolytic solution, or a molten electrolyte. The
latter two systems usually do not have electrical conductivitieé high enough
- for the fields to have much of an effect.

What happens when a conducting material is placed in a time-varying
magnetic field? To answer this question, consider a homogerieous metal

sphere of electrical conductivity ¢, magnetic permeability p, and radius R

surrounded by a vacuum in which there exists a uniform z-direacted sinusoidally

alternating magnetic field of frequency w, as shown in Fig. 1. The application
| | 17,18

of Maxwell's equations and the proper boundary conditions to this system

shows that sinusoidally alternating circular currents, all of the same frequeﬁcy,

are induced in the metal sphere. These currents, commonly called eddy cur-
"rents, are illustrated in Fig. 2. They have a maximum value at the equator
of .the sphere but vanish at the poles. Their magnitude__, phase, and the extent
to which they penetrate into the metal sphere depend upon 0, k, R, and the
frequency and magnitude of the applied magnetic field. |

For a quick estimate of the effect of an alternating magnetic field on
-a metal, it is convenient to define a quantity called the skin depth, which is

given by the formula

Yo

%
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MUB—-3033

Fig. 1. Homogeneous metal sphere of electrical conductivity ¢,
permeability p, and radius R in a uniform z-directed
sinusoidally alternating magnetic field.
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MUB-3015 :

Fig. 2. Eddy currents induced in the metal sphere.
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4 -1/2 ' o
8 = (zwpo) /2. . (1)
Thié,qﬁaﬁfity appears quite na;flii'ally in solutions dés-cri_bing_edd;y‘;current_s.

derived from the ,appro'priate Ma.xwéll equations. As the skin depth is an im-

--por;ta,‘r{t parameter, several conclusions can.be.made from a knowledge of its

value aloﬁg.

In levitatioﬁ-and .induqtidn—heatingva.p‘plications; th'e’effe.ct of theieddy
currents,induced,.in the conductbr.is delibe_ra_.tely_ maximized. . For other appli-
cations, such as_in,transformers, the presen.ce of eddy curr_ehts coristitutes‘
a power loss and is.thus ciuité _un&esivﬂra:ble; in such cases, thé,iron.,cofé is
broken into thin.insujla,ted‘_layers to minimize the effect of these currents. If
the frequencies are so. large that even.thié solution.is .unsa_,tis,fa,ct_ory,“ high-
perfneability low-éonductivity maferialsknown-a.s ferrites a,fe uséd for the
transformer. cores.

- There is another fundamental distinction between 1_evitat10n and in-
dﬁction ,heating. In levitation, .two variables must be cbritrolled:_ the force on

the metagl.s'a_.mp‘le and .the power'.‘inpﬁt to the metal, In induc’ci'onlhea,ting, only

the powér input to the workpiece must be controlled. . Wheréa.s one .knob on

the induction heater, the currentacontro.lvknob, suffices for indgcti'on—hea,tihg
applications;. it is not _su;fficienf for Alevitat‘:ion,work., This point will be con-
sidered in a later secti_on', '

Physically, the skin depth is that surface thickness of a conductor
whose dc resistance is_équivalént to the.totarl ac .resistance. This deﬁnition,
ihvolving the_.resistance of a fictitious sﬁzjfa,ce layer, is somewhat after-the-

fact. It has been.found to be a convenient descrpiton for an otherwise obscure

.collection of parameters.
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_The skin depth is also.commonly defined as that depth below the sur-
face of a conductor at Whic.h,-the,qurre'nt density or magneti:c.fbield,has de-
.creased.to _1/e, vor. 37%, of its value at the “‘sul_'face (Fig.. 3). Beyond about
.three or. four skin.&epths.into-the.conductof, .these two.quantities have essen- .
tially disappeared; At high ifreqp.e-ncies, neither an alte»rnat.ing‘magnetic.field
nor.-the.induced eddy currents,exist in;the..interio_r of a ,conducting:ma;teria,l.

. The induced eddy, currents.rea,c-b a limiting value and,. b_y any, re_a.sor_;a,ble
description, can.be considered as sur‘vfa,cv,e.current.s, which explains the use
of hollow metals,, for ca_,rrying{high-frequency cqrr,ents‘. . The interior metal

- region is essentially superfluous .énd_can ,-.be'easi'l_j remerd_to cons'erve

.costly metal a.,nd_té permit coqli_ng,by a,ciréulating_:_,ﬂuid s_uch a,s.wa,t_er.

Once the concept of eddy currents has.been gr;a,sPed?‘, the dif_fefence
;be’tween‘ levitation and.induction heating can.be understood. In levitation,. ad-
vantage is.taken of the 'force of ref;ulsion ‘between the ,.induce,deddy_’;éurrents
and the time-varying current in the conductors Vprod,‘ucving the 'ma.g':r:1etic field,

, of, a._lternativeiy, . the force of repulsion:between the applied an@ eddy-current
alternating ,magnetic.ﬁvelds. The dissipation of energy inéide ‘the conducting
materigl occurs simultaneously, but this can be controlled generally by op-:

-erating,a,t.thé correct frequenc&r. .In,ir‘ldm»:tvion ‘heating, the.importaﬁc;e of these
physical effects is reversed and advantage is mainly taken .'of_. the heat dissipated
by the eddy currents. By operating at high frequencies and _modé-_ra.te,field
_strengths,.v a conducting material can be heated but not levitated. Thu‘.s,A the
two effects, force and .heating, are somewhat independent of ea_.éh other.. .For
‘best results, oh_e or the other should be maximized for a particular applica-

‘tion.
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Metal

“Vacuum

MUB-3016

Fig. 3. Skin depth for semi-infinite plane conductor.
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.B. . Fundamental Levitation Equations

The system shown.in Fig. 1, a metal sphere of conductivity ¢, per-
-rhea_-bility i, and radius R located.in a uniform unidirectional alternating mag-

19

netic field of frequency w, is precisely the one suggested by R.C. Mason ’ and

first used by Okress et al. 19

to develop the fundamental equations of levitation
theory. The detailed mathematical derivation is inclﬁded,in.the appendix.. The
fundamental result of the calculations. is that the metal sphere behaves exéc-tly
as an idealized magnetic dipole loop. For every metai sphere located in a
_uniforni alternating magnetic field; B a magnetic dipole moment M can.be
rigorously defined. The equ'.ivalence of the magnetic-field distributions for an
idealized magnetic-dipole.loop and _é. metal sphere with induced eddy currents
.is illustrated in Fig. 4, _ As a consequence of this result, the total force F
acting on a rigid metal sphere is given by the relatively simple formula |
_i":(m.v,)ia’., | (2)
where V is.the vector del operator, which in.cylindrica,lv coordina,te-s, is de-
fined as | -
T2 .8
r

-_—

-
e
r dr

_ d 8
V= 30t €2 3z ¢

An important simplification is made in deriving formula (2). This has

.been.best stated by Okress et a.l.,19"1f now the sphere is set into é_,non-uniform

alternating field, then to a first approximation the force may be calculated by

~replacing the sphere by the dipole that would.be produced by a fictitious uniform

aflterna_.ting' field having everywhere the value the given non-uniform field has
at the center of the sphere. The actual non-uniform field would exert a force
upon this dipole. ' If this simplification could not be made, the calculation of

the total force upon the metal sphere would be prohibitively difficult.

K3
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Sphere

- MUB-3017

Fig. 4. Lines of force for (a) a metal sphere with induced
eddy currents and (b) a magnetic dipole.
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The complete equations for the force-to-weight ratio for the metal sphere’

and the power absorbed by it, as given in the appendix, are

B v)B (3)
p= 220 (8. B), (4)

where the parameter x is defined as the ratio of the metal sphere radius to
the skin depth -

(5)

x= =

=%
and G(x) and H(x) are specified functions of this quantity.

| The approximation used in deriving these equations is most valid for

extremely small spheres and relatively small magnetic-field gradients.
Okress et al., however.,v have experimentally demonstrated that the theoretical
result given.in Eq. (3) is valid to a high degree of accuracy for 1-in. brass
_balls stSpended.in 4.85-in. copper coils using 600 amperes. at 9.6 kc/sec and
a Jolly balance. 19 -Their findings are verified by the coincidence .of their
.theoretical and experimental curves for the coil configurations shown in
‘Figs. 5,6, and 7.  Theoretical calculations were not made for the configuration
shown in Fig. 8. Since levitation éalculatipns do not demand three or four-
figure accuracy, the above-equations are rr;mre than sufficient for most cases.

Formulas-A(3) and (4) can -be rewritten in the following manner

Force _ <coil—ge6metry <skin—depth .rms. magnetic-field- density \ n
Weight function function ‘strength factor factor R

Power = <coil-geo'metry>(skin-depth) (rms magnetic-field-\ {conductivity R
strength factor factor

function function

(6)

(7)
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| | i | I
O — Experimental , _
® - —- Theoretical

S0~

b 40 -
F(in % of To
wt of ball) Jolly balance_]

20 -
10 -
\.\
0 | |
0 4 8

-z (ém)——»

Lifting force vs poéition

MUB-3018

Fig. 5. Lifting force on a solid metal sphere exerted by
alternating magnetic field of a single circular loop
along its axis. : ‘
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| 1 | I Al 1
40~ 1o Jolly balance © — Experimental N
}+7 ® --- Theoretical
—_
20 =]
F(in % of o
"wt ball)
_20 -
Lower loop */u I
position pper foop
-40- | l position .
1 l 1 ] 1 |
-8 -4 0 4 8 12
z (cm) — '
Lifting force vs position
MUB-3019

Fig. 6. Lifting force on a solid metal sphere exerted by alternating
magnetic field of two coaxial circular loops (with current di-
rections opposed as shown) along their common axis.

1
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| — T 1 | 1
-o— Experimental R
100k *-- Theoretical

50 - : f) -
o Lower Upper \ Y
loop
position
[

F(in % of ¢

~wt of ball) e

Q\oop L. o ©
lposmon'
-

To Jolly balance

“ | -
: \ _f

-100}|- _\:) : -

L ] l l

8 4 0 4 8 12

z (cm)—>
Lifting force vs position

MUB-3020

Fig. 7. Lifting force on a solid metal sphere exerted by alternating
magnetic field of two coaxial circular loops (with current di-
rections the same as shown) along their common axis.
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| | | [ | { I
100 o—Experimeéntal -
50 ]
¢
F (ln % Ofo
wt of ball)
_50 — —
To Jolly balance
-100 |~ ? | —
RAVAY
-150} \| K | \ / iy —
| I N I N | 1
-4 4 8 12 16 20
z (cm)—»
Lifting force vs position
MUB-=3021
Fig. 8. Lifting force on a solid metal sphere exerted by alternating

magnetic field of two coaxial circular loops (with current di-
rections opposed as shown) along a loop radius projected onto
‘plane midway between planes of the loops.
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-where n .and m are specified integral powers of the sphere.radius R.. The

significance of this type of formulation is_that both the force and power equa-

' tions can be divided into two independent and separable multiplicative functions,

one relating to the geometry of the field distribution and the other ‘relating to
the .value of the skin depth.  These functions are different in.the force and
power equations, a result thaf has important consequences for the practical

application of levitation.

C. . Definition of G{x), H{x), and F(x)

The skin-depth functions, G(x) and H(x), can:be immediately ‘discussed
without reference-to any particular field distribution or interisity, . These are
the two basic functions of levitation theory. For purposes of discussion, it is

convenient to define their ratio,

Fe) = S - (8)
F(x) is a measure of the effe_ct of thé skin depth on the force-tO'-power ratio
for the sphere,
In Figs. 9 through 413, the quantities G(x), H(x), 'apd.,F'(x) are plotted
for.bqth low and high yalues of x. The correct formulas for"these functions
for nonferrous .metals are

sinh2x - sinZx (9)
coshlx - cosZ2x

: 3
G(X)—i-K

x{sinh2x 4+ sin2x)
coshlx - cosix

H(x) = -1 ©(10)

F(x) = 2x(coshix - cosix) - 3(sin}>1‘2x”-= sindx) . (11)

sz(sinhZX + 8in2x) - 2x{coshix - cosZx)
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~ Fig. 9 G(x) and H(x) plotted as a function of x (low values of x),
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1.0

0.8 i

1 0.6 :

G {x) g4
d.z

70'0 4 6 8 10 12

X —o
- MUB-3035

Fig. 10. G(x) plotted as a function of x (high values of x), where

3 sinh2x - sin2x

Gx) = 1 - 2X CoshZx- cosex
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12

H (x)

)

MUB-3036

Fig. 11. H(x) plotted as a function of x (high values of x),
where

x(sinh2x + sin2x)

cosh2x - cosZx 1.

H(x) =
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0.288

0.286

0.284

F(x)

0.282

0.280 ' .
0.2 04 06 0.8 1.0 1.2 1.4

MUB-3037

Fig. 12, F(i) plotted as a function of x (low values of x).



-20- ' | UCRL-11411

0.32
F (x)
0.16
*ﬂss‘ -
0.08
O Ll
0] 2 4 6 8 10 12

MUB-3038

Fig. 13. F(x) plotted as a function of x (high values of x),
where .

G(x)

F(X)= m .
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In the limit of large x, x =2, they reduce to

G(x)=1 - 23—x SRR R € ) I
CHG) sx- 1 S 3
IZX—:vi

For low values of %, they are given by the approximate formulas

Glx) = 0.025 x : C(15)
4

H(x) = 0.091 x (16)

Fix) = 0.28 , ' - (17)

where,xé 1.

Eqvu»atiohs | (1) and‘(S) shov;r that. the parameter X is pro.porfional to ‘the
squar‘é ‘rov;)t of the;frevquenvcy,‘ Thus, the higher the frequency, the larger the
value of x Ih the limit as x becomes’very large, ‘theA férce function G(x)
approachéé 1.000 at relatively l.ow values of x, whereas the heating function
H{x) increaées essentially .without bound. . For metals of modérate electrical
conductivity, no significant increase in the levitation for;:e results by operation
at véry high fre'aquenciés° At these very high frequenci_és, however, the energy
absorbed by the sphere becomes so large that the sample melts and may even
iburn up. ' Because of this, the use of high .frquenciesvis ideal for >inductio.n-
heating a‘pplicatic;nsa Figures 12 and 13 show that the ratio of the force and
heating fﬁnctionsg F(x) is relati.vely constant for'iow yalues of x. From these
observations, the following two conclusions can be made:

a, All other conditions of field.geométry and magnitude being the same,

~if it is desired to levitate a metal but not to heat it, "low" frequencies and high

field strengths and gradients should be used.
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'b. Alternatively, if only heating is desired, moderate field strengths
and high to very high frequencies should be used.
These conclusions define quite explicitly the useful operating regions

for levitation and.induction heating, respectively. The importance of fre-

quency in.such applications is certainly apparent from the above considerations.

The exact value of the "low" frequency to be used depends completely on the
nature of the metal, the magnitude .of the radius, and the operating tempera-
ture desired (see.Charts 6 and '12)1 . For a 1-cm radius sphere of liquid.mer-

cury at 20°C, the frequency should.be about 40 kc/sec.

D.  Effect of Coil Geometry

To demonst;ate,how the coil geometry affects the levitation experi-
ment, considér a . metal sphere levitated in a field produced by two coaxial
.loops, separgtéd.by a_disténce.Zd, in.which opposed alternating currents.are
present (Fig. 14). . From simple magnetostatic considerations such as those

18

given by Smythe17 or Van .Bladel, " ‘the r and z components of the field are

: n 1 1
0 1 I
B =B _+B . = + (18)
2~ “zl" Tzl T 7R l:(i+yz)3/z (“yz)a/z]
1 11
B =B "o Rivil ——————szwf (19)
=B . +B .. = - K + E 1
r~ Bt BrnTaar. 17z |- & —7 2P
i 1 | el (1+p) "4y (1-0) 4y
o | 2 2
. Yun K s 1o +yqp
227172 | —7 7 ;
pl (1+p) "ty ] / 1 e Y1 1

where K and E are complete elliptic integrals of the.first and second. kinds

of the moduli

.
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" MUB-3022

| 'Fig.r 14, Metal ;sphéli'e levitated at point P ‘between two

coaxial loops with opposed current directions.
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kP 4o and k& = — 20
17 2z % kgt e
(1+p) "4y, (1tp) "ty

I, and I arethe currents in coils I and II, respectively, and vp,'YI',, and YII

are :deﬁned as
- z+d ' z-d r . :
Y= o Yir S W pP=5 . (20)
TRy I Ry Ry W

When z.= 0, the following simplifications appear:

- —y=29
Y17 '__YII—Y"A_ﬁ'i
kIZZ‘k.fI:kz
K = K = K
E =E;-E

- With these simplifications, the expressions for the field and field gradients in

the z and r directions become

BZ,:BZI- BZII =,0' , : o (21)
ﬂ:.ziﬁil_:z EEE_I_L:_ MQI Y (22)
8z 82 8z R (14y9)/?
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Therefore, in the z direrctién.the gradients are additive and thé fields t‘en.d to
ca.ncei each other, In the r directidn, both the fields and the field gradients
are additive., The origin is taken at a poibnt on the axis midWay befcween the
two coils, ‘sputies above consideratioris result directly from the symmetry of
the system,

According to Eqgs. _(3) and (4), the levitation force on a -metal sphere

is proportioﬁal to the product of the field and field gradient, and the power is

“proportional to the square of the field intensity. Thus,. there is a greater

force and a greater rate of heating acting on the metal sphere when the axis
of the two coils.is horizontal instead of vertical. The first of these conclusions

19

has been verified experimentally by Okress et al. A comp.arison of their
data, shown in Figs. 6 and 8, demonstrates that the maximum force on the
1-in. bronze ball is approkimately 3.5 times greater when the axis of the two-
cloil"s'ysltem.is horizontal than when it is ,verticai,

In pra.ctiée,' the coil turns have a finite thickness and the above forxpulas

do not strictly apply. Fortunately, a very thorough analysis of this particular

point as well as the geometrical design and characteristics of commonly used

| levitation coils has ,been_givenv by Hulsey. 2
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11I.  APPLICATION OF THE LEVITATION EQUATIONS

A. Simplified Levitation Equations .
Equations (3) and (4) can be simplified along the lines of Eqs. (6) and

(7).

F | g2 G(x)
w M B | (25)
_ 2 H(x)
P= xz B — (26)
where 2&1_ and >‘2' depend on the spatial characteristics of the magnetic field,

the size of the levitated spherey and the point in the field at which it is levitated, '

and .B2 is defined by

2.2
2 Mol (27}
B® = :

_ 4R21 :

For the coil system shown in Fig. 13 and considered in Sec. II. D., the values

of the parameters )\1 and }‘2 are

N, = D [ 11 [ 1 Vn ](28)
LRk Ly eyt (14904 (g2 e

2

o 3TTR2 [ 1 | 1 ] 2
AN, = - ’ . ( 9)
2 yJ 372 Z 372 |
Ko (HYI?) / (“Yn)?/_ ' |

For a particular mhetal sphere levitated at constant temperature at

various points in a given magnetic-field,only thevva.lues of )\1, >‘2’ and .B
are needed to describe the relative behavior at the different points. For
spheres of identical size but different metals located in the same magnetic
field and levitated at the same point, oniy_ the values of p, 0 ,x, and B are
needed to describe the rela.tive,beha.vior. of the different metals:. ‘These two

.cases are c_onsidered.in Secs, III. B and III. C.
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B. Typical Levitation Experiment .

The current in the coils producing a given magnetic-field distribution
and intensity usually is.controlled by one knob, the current-control knob on
the induction heater, With this one knob, aftempts are made to coﬁtrol both
the force on and the hea._ting_of a,fneta.,l sphere levitated by the field. (The-fre-
quent failure to achieve this control ha_s,been one of the chronic deficiencies
of levitation heating. It is therefore worthwhile to discuss.the pitfalls inherent
in such an attempt. |

Consider the case of a.metal sphere 1evitat¢d in a vacuum at point a
by a given magnetic-field distribution and intensity, as illustrated iﬁ Figs.

15 and .16. Since the sphere ié exactly levitated, |
: Fo'rcé = Weight. (30)
From Eqs. (25) and (26), the force and power are

2 G(x) _ v
,>\1a B, - = 1 A {31)

p =\, s> HE | | (32)
a 2a "a O
What happens when the induction-heater current is (a) increased, (b) decreased,

and (c) left unchanged?

When the current in the loops is increased, the metal sphere is lifted

to a new point b in the field. Equations (25) and (26) are now

2 Glx) _ . '
M By o7 ! (33)
o 2 H(x)
P = be B, > , (34)

where Bb > Ba, and "}‘1b <'>\'1a

levitation applications, it is usually observed that

- 5 v ) _ ‘ .
>‘Zb .Bb < KZa Ba ’ v , o ) v (33)

With the field distributions used in typical
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' Fig. 15. Location of points a,b, and ¢ in the coaxial-loop
levitation system.
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Fig. 16. Schematic plots of B and BVB along the common -
axis for two coaxial circular loops with opposed cur-
rent directions.

, initial coil current , — — — .decreased coil
current, — - — increased coil current. . '
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with the result that the power actually decreases -

P < P, | - (36)
causing the metal to decrease in temperature despite the increase in coil cur-
rent. This phenomenon is illustrated in graphical form in Fig. 15.

When the current is decreased, the force on the metal is diminished

and it drops to a lower point c in the field. . Now the relationships are

2 Glx)_ - | '
1c Be 5 1. _ | (37)
B 2 H(x) ‘ |
PC = )‘Zc BC - : | (38)
B <B
a
xic > xia
2 2 '
‘)\Zc B_ > xZa B : (39)
P >P . o (40)
C a .

Thus, despite the decrease in coil current, the temperafure of the metal in-
creases.

Finally, if the current is left unchanged and .if the metall is levitated in
a vacuum environment, it gradually increases in temperature due to th.e energy
being absorbed. As it increases in temperature, the metal resistivity also in-
.creases, with the resu}t that G(x), and consequently the force, decreases. The
metal drops to lower positions in the coilsfield distribution where the power
a.bsor.pt‘ion. is grea.-.t-e‘xl'. ‘The value of x, and c-onset—;uently the force, continues

to decrease until either thermal steady state is reached or else the metal falls
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or pours out of the magnetivc-:fievld region. In.va.cu\ims, the latter usually
occurs. Inthe presence of gases of high thermal conductivity (such as helium
and hydrogen), thermal steady state can be achieved and the metal can be main-
tained at any :ea_.sonable,temperature.in the solid or liquid stateé. 11,21

The conclusion that can be derived from the above desvcription.of a

typical levitation experiment is

.FOR LONG DURATIONS, THE FORCE ON AND THE TEMPERATURE
OF A METAL LEVITATED IN A VACUUM CANNOT BE SIMULTA-
NEOUSLY CONTROLLED WITH ONLY THE CURRENT-CONTROL KNOB
ON THE INDUCTION HEATER.

The restrictiqn "long duration” in this c'oncll_lsioh must be efnphasi‘zedl‘
Because of the fortuitous de'sign of a levitation coil, the use of small samples,
the choice of metal, or the use of low frequencies, it is possible to levitate
'certain sdlid‘and‘li‘quid_meta,ls'a.s long a.é 20 or 30 min in-a vacuum. = The
procedurés fdr'achieving such stabiiity have not been completely elucidated,
so this area of levitation can still be“consid.ered -an -art.

. For achieving the long-duration levitation of metals at a specifically
chosen temperature, the only alternatives are

a. Levitate at high .frequenc”ies, ‘but have a.separate method of
cooling the metal sphere and establishing thermal steady-state conditions. An
example is the use of gases of high thermal conducti\}ity.

b. Levitate at "low' frequencies,. but have a separate method of
hea.ting the metal sphere and establishing thermal steady-state conditions. An
example is the use of an arc, electron beam, or.small high-frequenc;y induc-
tionmﬁeating coil.

In both of these alternatives, independent controls dn the levitation force and
the metal temperature are achieved. T}ﬁs is the basic requirement for é

satisfactory levitation system, . For levitation experiments in a vacuum,
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only the second ‘alt.e:'rna.tive,i.s.»av.,ai._lable.v It will be. shqwn in Sec. III, C that
individu'ail_ metals vary in.their enefgy—abso’rption properties.  Thus,. the
-applicability and usefulness of the above alternatives depend e'ntirely, on the
~metal levitated.

For applications such as allpy_ preparation, sintering, vapor plating;
and metal purification,, th_e necessity fovr‘: long,duration_,levita,ti(_)n of the ‘m'e_.ta.l
sample is not so great. . This fact is .the basis for the usefulness of the existing
commercial levitation units,

C.  Levitation of _Differ.ent Metals -

_Along with the use of only one ,knob.to control_. both the force on-and the
hea.ting.of a metal sample, only one fixed frequency, 450.-kc/sec, i..sAu‘sed,,vin
.commercial levitation devices to hopefully levitate different sizes and shapes
of some 60 different metals a:Lndchuntless -more alloys. . The. varying.levitation
behavior of the different metals tried and the inability to conipensate for this
-variation has been another one of the major deficiencies of the levitation
heating technique. In addition, although_considerablleA attention has been given
to the design and .construction of levitation coils, no systematic attempt has
been made to calculate the rela.tvivev eas e of levitation of c_l'iffer;ent ‘met_a_,ls. It
is thus worthwhile.to inquire ,into.theL limitations on the.types éf metals or
semiconductors that can be levitated and the usefulness of operating at fre-
quencies other tha,_,n,450,1-<c_/sevc°

- Consider the case of spheres of different metals with identical radii R
lev_ita,tedval.t t_hé same point i_’n:the same magnetic-—fi_eldAd‘istribution in.separate
experiments, - The metals differ from each other only in the values of their
.densify .a'.nd:electrig:_al conductivity. Since each sphere is exactly levitated,
formula (30)

~Force = Weight (30)
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applies, as do Eqgs. (25) and (26)

2 G(x)_ | |

N BY ==t (25)
B 2 H(x) o

P=\, B" =C (26)

Two distinct cases . can now be considered:
.1. Operation at a constant skin depth for every metal, and

2. Operation at constant frequency for every metal.

Case 1

. In this case, }\1, )‘2’ Gi{x), énd H(x) are constant for every metal. A
suitable value for the parameter x is 4.0, which corresponds to G(x)=0.625
and H(xv) = 3.00. Solid sodium,ﬂone of- the easiest metals to-levitate, is chosen

as.a standard. The field needed to-levitate it is given by the formula

2 | PNa .
|
!
The field needed to levitate any other metal, Me, is given by
P
Bi/le - _Me VBIZ\Ia . (42)
o pNa N ‘

. The power for the different metal spheres is

A\ P T
_ 2 Na "Na
PNa = N F(x) “ ' o (43)
Pure T : :
PMe - d T e, PNa - (24)
PNa "Na

where 7= 1/0 .
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. Case 2
If the metals are levita,téd at constant frequency, the skin;depth..func-
-tions. G{x) and H(x) no longer remain the same for each metal. Now,, the.

magnetic field needed to levitate the spheres is

2 PNa . |
B = (45)
Na X'IE;iXNa) : oo :
P Glxy )
Biﬁe ‘pMe GixNa) vBIZ\Ia ! (46)
" Na Me
and the power 'is
A Pay. T
-2 “Na Na
o Pre "Me F(XNa.‘) :
Pyre® ) T F(x,, ) PNa - (48)
Na Na - Me - -

At low values of x, the ratio | F(xNa}/[F(xMe)]L_ may not vary much "
for different metals. . For the levi.tation of 1-cm-radius spheres of silver,

sodium, and graphite at 10 kc/sec,

Fleg,) 0 Fleg) o
ﬁ;A—g) = 1,66 and -P_‘(;(;T = 0.344 .
All other metals fall Setween thesetwo limits at 10 kc/séc. Thus, the power
for the metals in both cases can be approximated by Eq. (44).

The fields needed to levitate the metals differ widely for the two cases.
The ratio [G(XNA)]/l'G(xMe)] for 1-cm spheres of silver, sodium, and

. graphite at t0 kc/sec is
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From Eq. (46), it is seen that at 10 kc/sec exceedingly high fields are needed
‘to levitate a 1—cr‘r"1-»rad.iusv ‘sphere of graphite. At 450 kc/sec, these ratios

are

Glxy,) « Glx...)
2 - 0.99 and Na' _ ) 43

When levitating graphite, there is a definite advantage to operating at this
frequency instead..of 10 kc/sec: The magnetic field strength required at 450
kc/sec is less by a factor of ten.

By calculations such as these, it is possible to determine an optimum
frequency, or, more correctly, a minimum frequency for the levitation of a
metal of specified size and electrical conductivity. Operation at frequencies
considerably greater than this frequency has the following _disadvantages.:

1. Coil power losses are increased,

2. It is. more difficult to obtain high-magnetic-field strengths.

3. The sample may become excessively hea,ted.anddifﬁcult to control.

4. Ferrites and high-permeability laminated-core materials are less

useful,

5. Itis rﬁore difficult to employ repetitively switched solid-state

power devices. -
Operation at ffequencies considerably lower than this frequency has the fol-
lowing fundamental disadvantage: Cohsiderably gréater magnetic field
strengths must.be used.

This is the explanation for the distinction ''near-optimum. frequency"
given to the frequencies listed for .1=cm-_ra_d'1us metal spheres in Charts 6
and 12, Considerations of cost, feasibility, -efficiency, and sample control
should not substantially alter this choice of frequency. A changg of size of» _

.the metal sphere, by virtue of Eq. (5), definitely alters it.
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To demonstrate the practical applications of Eqs. (42), (44), (46), and
(48), it is convenient to summarize the data and calculations for more.than
50 different elements by a series of periodic charts. Chart 1 gives the density

2 - s i
-and Chart 2 gives their electrical resistivities at

of the elements at ZO°C,»2
0°C. 23 - The values of the element densities can be used directly in.Eq. (42)
~to calculate the field ratios.

. Chart 3 lists the product of these two quantities, a result that can be
used to compute the power ra,tios. given in Eqs. (44) and (48). For the purpose
of these levitation caiculations, the difference in the .den'sity of the metals be-
tween 0°C and 20°C is insignificant. |

Chart 4 gives the values of the function, G(x)/p, for 1-cm-radius |
metal spheres in a 10 kc/sec magnetic field. This quantity can be used in
Eq. (46) to determine the field ratios required to levitate the metals, in com-
parison. . with sodium, at the frequency given. For comparison, Ché.rt 5 gives
the va..lues‘.of G(x)/p for 1-cm-radius metal spheres levitated af a constant
skin depth of 1/4 cm.

Chart 6 gives a near-optimum value of the frequency for the levitation
of metal spheres of 1-cm radius. This frequency is calculated from Eq. (5)

x = R (Jouo) /2, | o (5)
with the assumptions that x = 4.0, .R = 1 cm, and the densities are those given
in Chart 1;.

Charts 7. through 12 give the same set of data.and calculations for the
liquid or solid elements at either their respecti'v;e melting points or the tem-
peratures given. If no value of the density of the liquid metal is available,
the density of the solid at 20°C is used. Since the data are less plentiful and V
precise at these temperature_s, the quantities given in these charts must be

used with caution. . The dramatic change in the levitation properties of the
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! € Chart 1. Density of the elements at 20°C (g/cm3),
0.534{1.85 o
o
Na |Mg | Al "o
0.974]1.74 | 2.70
K Ca Sc |.Ti |V Cr. {Mn | Fe | Co |Ni |Cu [Zn |Ga |[Ge As
0.86 |1.55 | 3.02| 4.54| 6.0 | 7.14| 7.20| 7.86| 8.9 |8.90|8.93|7.14|5.91|5.36 | 5.7
Rb |Sr Y | Zr | Nb | Mo | Te | Ru |Rh |Pd |Ag |Cd. |In |Sa | Sb
1.53 |2.6 | 4.47| 6.5 | 8.57}10.2 |11.5 |12.2 }12.5 [t2.0 }10.55 | 8.65|7.30 | 7.31 |6:68]
Cs |Ba lLa | Hf | Ta | W Re | Os |Ir | Pt |Au |Hg |T1 Pb Bi
1.87 |3.5 | 6.15[13.2 [16.6 [19.3 [20.5 |22.5 [22.4 [p1.5 [19.3 [14.]11.9 | 14.3 |9.78
Fr Ra Ac
5 o Ce|Pr | Nd | Pm| Sm |Eu |Gd | Tb |[Dy [Ho |Er |[Tm |Yb |Lu
6.90(6.77 7.01 7.54 | 5.17] 7.87] 8.25 | 8.56 {8.80 |9.06 |9.32 {6.96] 9.85
Th |Pa U | Np | Pu
a. Data from N. A, Lange, Handbook of Chemistry
McGraw-Hill Book Company, Inc., New York
4 | 18.7]19. . ( pany, Inc., ’
11.5 |15 18.7}119.5} 19 1961), page 100.
b. At -38.9°C.

12222208 %:1029!
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Li Be Chart 2. Electrical res‘is‘tivity of the elements at 0°C(|¢Q-cm).a
8.55 [3.2
Na |Mg Al
T
4.28 |4.31 | 2.50
K |Ca | Sc | Ti |V | Cr | Ma [ Fe [Co |Ni [Cu [Zn [Ga [Ge | As
» S p:91.
6.10 {4.06 55..] 42. 18.2} 18.2 8.60 | 5.57 |6.14 |1.55 | 5.65 |25.0 26.
v:39.
Rb |Sr Y Zr | Nb | Mo | Tc | Ru [Rh |Pd [Ag [Cd [In Sn Sb
11.3 {30.7 | 59. | 41. | 16.1} 4.40 6.6714.3519.77 1 1.47|7.07 {8.19 |11.2 | 39.
Cs |Ba | La |'Hf |Ta |W | Re |Os |Ir [Pt |Au |Hg |TI |Pb Bi
18.4 [36. . | 63. | s0. | 12.4] 4.86|17.5.] 9., 14.93 |9.812.06 | 21.3%17.5 [19.2 |110.
Fr Ra Ac
Ce| Pr [Nd | Pm| Sm [Eu [Gd |Tb |Dy [Ho | Er | Tm| Yb | Lu
81. 76. | 71. 126. |[113. [90. 77. 82. 63. 53,
Th Pa U Np Pu a. Data from R.B. Stewart and V. J. 'Johnson,
A Compendium of Properties of Materials at
13 21 150 Low Temperature (Phase 1I), WADD Technical
: - : Report 60-56 Part IV, December 1961, National
;. Bureau of Standards, Boulder, Colorado (unpublished).
bT At -50°C.
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Li Be . Chart 3. Product of the chensity (20°C) and electrical resistivity (0°C) of the elements
(12-g/cm®),
4,57 (5.92 ' V
Na | Mg Al oT
4.16 17.50 | 6.75
K Ca | Sc Ti A Cr | Mn | Fe |Co |Ni Cu [Zn JGa [Ge As
B:670.
5.25 |6.29 |- 170 | 190 | 110 | 130 a a; a 13.8 140.3 |148 150
: y:290 :
Rb (Sr Y Zr |Nb {Mo | Tc |Ru ['Rh |Pd |Ag [ca |m [sa Sb
17.3 |80 260 |.270 ] 138 |45 81 54,4 (117 {15.4 |61.1 |60 81.5 | 260
Cs Ba La Hf Ta w Re Os Ir bt Au Hg T1 Pb Bi
33.8 [130 1390 | 400 [206 |94 360 [200 |110 {210. {3928 |302P |207 218 41080
fFr Ra Ac
‘ Ce | Pr {Nd |Pm |Sm |Eu |Gd Tb | Dy | Ho [ Er |- Tm| Yb | Lu
560 | 510 | 500 990 | 930| 770 680 | 740 | 590 | 520

Th | Pa |U Np | Pu
a. . Ferromagnetic

150 390 2900 b. At -50°C.

22425881001
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elements at higher‘témperatures is. well illusfrated by thesevché,rts, even if
they are accurate only to within 10 or 20%.

. Figures 17 and 18 correspond to-Case 1 in Sec. III.C., summarizing
.pictorially the data for. the.lévitation of some common metals at a constant
skin depth‘a'nd., ra,dius. - Figures 19 and 20 correspond to. Case 2, levitation at
a constant frequency, 10 kc/sec. Terms not involving w, T, p, or R have

been eliminated from Eqs. (3) and (4), leaving

Force « G(x) ‘ (dimensionless)
Force/weight %2{—)- _ (_cm3/g)
Power OC_F—T}?Y , (n2-g/cm”)

. This is the explanation for the unusual units given for the quantities at the
bottom of the columns. It is apparent that density plays -an extremely im-

portant role in levitation phenomena,. acéounting for the fact that the aikali
and alkaline earth .metals,,‘andgluminum,, are.the easiest to levitate.

. Figure 21 can be conveniently used.to determine values of x if ¢, v,

and .R are known.

D. Magnitude of the Magnetic Field

With the sole exception of Hulsey's, 20 no measurements have been
‘made of the strengfh of the magnetic.field for levitation-coil shapes and
designs currently used. Even he meaéured only the magnetic-field strength
for a.3-in. -diam standard solenoid. = Fortunately, the analytical solutions for
a circular loop can be used with.good-accuracy, and iny‘_ the diameter, the
relative location of ea,ch‘lo_op,ofk the multi-turn coil,and the rms current are
need_ed‘to.ca.lcula,te the rms field strength.

The minimum field.jneeded,to_-levitate ;i,i/_Z—cm—diam sphere of alumii -

‘num or beryllium is about. 200 Gauss. . Typical values for coils used.by
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Fig. 17. Levitation at constant skin depth and radius with x = 40

and R = 1 cm. Data is from Charts 1 through 6.
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Fig. 18. Levitation at constant frequency and radius with v = 10 kc
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- Fig. 19. Leévitation at constant skin depth and radius with x = 4.0 and

R = 1 cm. Data is from Charts 7.through 12,
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Data is from Charts 7 through 12.
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Fig. 21. Representation of parameter x for the evaluation
' of the dimensionless functions G(x), H(x), and F(x).
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Li Be Chart 4.  Values of the function, Gix)/p, for solid metal spheres of 1-cm radius in a
‘ 10 kc/sec magnetic field (cm3/g).
1.45 | .47 |
. G(x)
Na Mg | Al L
.87 | .49 .33
K Ca | Sc ‘Ti v Cr | Mn | Fe Co Ni Cu | Zn | Ga | Ge As
B:
_ .036
.95 551 .45 .11 | .11 [.095 v: a a a A0 | 42 | 11 A1
.074
|Rb -Sr Y Zr Nb | Mo | Tc [-Ru Rh Pd | Ag | Cd | In Sn Sb
.49 .23 1.094 |.084 | .081]|.083 .066 |.068 | .064 .086f.092{ .44 | .10 [.080
Cs "Ba | La-|{ Hf | Ta | W Re | Os Ir Pt Au | Hg Tl Pb Bi
.36 .16 |.063 }.045 | .044 | .043| .033|.034|.037 | .036| .04§ .046b .058 1 .059] .021
Fr Ra Ac
.Ce |Pr Nd Pm | Sm | Eu Gd Tb Dy Ho | Er Tm | Yb Lu
.043}.048 |.050 .016 {.020 }.031 | .037|.033 | .043 066
\
Th |Pa U Np Pu a., Ferromagnetic.
063 .035 007 | P At -30°C

..9&-
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' 1i i Be Chart 5. Values of the function, G
magnetic field with x = 4.0 (cm

1.17 | .34

INa | Mg |Al . | i 0

'k lca |sc Ti |V | Cr | Mo | Fe |Co [Ni |Cu |Zn iGa IGe | As
i | | ! {

o

W

©
3
o
o
o

.
.
-

©73 140 J.24 | 44 | .10 | .088] .087] a

'f_Rb Isr Y | zZr | Nb ;| Mo | Tc  Ru |Rh 'Pd iAg {Cd {In [ Sn . Sb

‘ ; ; o . 1
41 1.24 .14 .096 | .073{.061| .054 .051 .050  .052 ;.060 .072 .0856 '.085 |.094:
Ce ‘Ba (La | Hf | Ta | W | Re {Os {Ir Pt |As {Hg .|TL | Pb | Bi
/.33 .18 ;.10 |.047 |{.038| .032/.030 .02& @ .028 /.029 :.032 .044" |.053 /.050 [.0065

_Lf_

H 1
i i !
{ i h H
5.13 H , ! i
: i ;

.090 |.092 | .089 | 083 1 .12 [.079 |.076 |.071 |.074 .069 |.067 [.90 |.063

Th ; Pa U Np Pu  a; Ferromagnetic,

LB, At -38.9°C.

055 1.041 | .034 .033 .033

f S

12242208 % -1071!



Li Be Chart 6. Values of the frequency calculated from Eq. (5) for solid metal spheres of
. 1-cm-radius in a magnetic field with x = 4.0 (kc/sec).
3.47 | 1.30
Na Mg | Al v
1.73 | 1.75{ 1.01
‘K_ Ca | Sc | Ti v Cr Mn {Fe Co Ni Cu | Zn | Ga | Ge As
L p:37. | : : o :
a4 | y:i16. | .1 | }
2.47 1.65] 22, 17. 7.381 7.38 a a a .63 {2.29 1 10.1 11.
{Rb Sr Y Zr Nb Mo | Tc {Ru {Rh Pd Ag Cd § In Sn Sb
4.58 112.4 | 24. | 17, |6.53]1.78 2.7 {4.76 {3.96 { .60 | 2.87{3.32 | 4.54 | 16.
{Cs Ba | La { Hf |'Ta |[W {Re ]Os Ir Pt Au | Hg | Tl Pb 1 Bi
' ‘ 4 4
7.34 185, 25, {42, | 5.03]1.97( 7.0913.6 ]2.00 13.98 | .84 _8.63b 7.0947.78 | 44.6
Fr . Ra Ac
Ce |Pr |[Nd |Pm | Sm| Eu | Ga| ™ | Dy | Ho | Er | Tm | Yb | Lu
33, | 31, | 29. 51. | 46. | 36. | 31. | 33. | 26. 21.
Th Pa | U Np Pu a. Ferromagnetic.
b. At -50°C.
5.3 8.5 61.

- —Sb-
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Li Be
.508 [1.42% Chart 7. Density of the elements at the melting point (g/cm3).
Na Mg Al S
928 | 1.59 | 2.38 P
K Ca{ S | Ti {V {Cr |'Mn |Fe [{Co |Ni [Cu |Zn |Ga |Ge |As
.83 7.01 | 7.67 | 7.75 | 8.01 | 6.64 16.09 |5.49
Rb | Sr| Y | 2r | Nb [Mo| Tc {Ru [Rh |Pd |Ag |Cd |l |Sn [Sb
1.48 10.7 | 10.5}9.34|8.01 [ 7.03 [ 7.00 [6.47
Cs | Ba| La | Hf | Ta |W | Re |Os |Ir |{Pt |[Au |[Hg |T1 |Pb |[Bi
1.84 48.9 | 17.2 13.5° | 14.3 |10.7 [10.0
Fr Ra Ac

- |

Ce Pr Nd |Pm {Sm Eu | Gd Tb Dy Ho Er Tm |Yb la

Th |Pa U |Np |Pu a. At 1500°C,

b. At 20°C.
17.9 ‘

_6?_

12542258 %0118



i |Be
45, |46.% Chart 8. Electrical resistivity of the elements at the melting point or at
‘the indicated temperature (pf2-cm and .°C}.
[230° 11000
Na Mg Al
9.7 [12.12|24.2 .
400°
K |ca Sc {Ti |V |Cr | Mn]|Fe [Co |Ni |cu [zn [Ga |[Ge As
113. 210. *|165. % 146, *[110. * 139, 145,52 121.3 |37.4 |25.8
1000°|800° 1800°[1000° 900°
Rb  |sr Y Zr | Nb { Mo| Tc | Ru [Rh |Pd |Ag |Cd [In [Sn Sb
23.5 120. 2 66.5% |63, 2 5.2 }50.2)17. |29. [29.0 [48.0 |113.
150° H000° [1450°[2000° 1500°1400° 1000° :
Cs |Ba Ta | Hf | Ta | W | Re | Os [Ir | Pt |[Aw [Hg [TT [P5 | Bt
[36.6 150.%| 87.*67. % 4o5. 2 35.% [55.4% [30.8 [95.8 |74. |95. [129.
11000°2000°[2000°[2500° 1500°}1500°{ 20° 300°
Fr (Ra . Ac
Ce |Pr | N [Pm [sm [ Eu |Gd {Tb [Dy |Ho |Er [Tm |¥Yb |Iu
Th Pa U I[Np Pu a. Solid
68.2
800°

_Ogn
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/

Product of the density and electrical resistivity of the elements at the melting

12002

Chart 9.
point or at the temperature indicated in Chart 8 (pf2- g/cm ).
23, 65. % » -
Na- | Mg | Al
pT
9.0 |19.2 [57.6
K "Ca | Sc | Ti |V Cr [Mn [ Fe |Co |Ni Cu |Zn |Ga Ge | As’
11. 630% {750 1040%790% {1070 3s0® |180 [260 [160
Rb sr |y Zr |Nb |Mo |Tc |Ru |Rh |Pa |Ag |Cd | Sn | sb
34.8 780% |570% |640® 370% {5302 1160 {230 [200 | 340 { 730
Cs Ba | La |Hf [Ta [W |Re |Os |Ir [Pt [Au |Hg [Tl Pb | Bi
67.3 2000* 11400% 1 290%[2450% 7802 1050%| 530 1290 [960 [1020 {1290
“iFr Ra Ac
Ce | Pr [ Nd |Pm | Sm |Eu |Gd |Tb Dy | Ho | Er | Tm | Yb | Lu
Th Pa U |Np Pu |a. Solid ’

_'Fg‘-

125422081 :1019!
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Li Be: '
Chart 10. Values of the function, G(x)/p, for metal spheres of 1-cm radius in a 10 kc/sec
a magnetic field at the melting point or the temperature indicated in Chart 8 (cm3/g),
.99 |.35 /
Na Mg Al G(x)
. e
.82 |.46 | .27 '
Ca | S |Ti |V |Cr |Mn|Fe |[Co [Ni [Cu [Zn [Ga [Ge [As
027% 0262 .020* }.028%1.021 .065%}.082 |.083 | .10
Sr Y Zr | Nb | Mo {Tc |Ru |Rh |Pd |Ag |Cd In |Sn iSb
.028% |.044%].0397 .053%.045%| .074 |.075 |.063 |.072 |.031
Ba | La | Hf | Ta |W | Re | Os |Ir | Pt |Au |Hg [Tl  |Pb |Bi
.010%1.017%1.019% .0103 .025%.023%].034 {.019].030 |.023 [.017
Ra JAc
Ce| Pr | Nd { Pm| Sm |Eu |Gd Tb; Dy ; Ho { Er ; Tm{ Yb {Lu
i % ‘?
, i
H
-
i ]
i |
Th | Pa | U Np | Pu |a. Solid ’

_Zg_

12542 208810081
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a. Using densities at 20°C.

Li Be Chart 11. Values of the function, G(x)/p, for metal spheres of 1-cm radius in a
magnetic field with x = 4.0 at the melting point or the temperature indicated
1.23 |. 44 in Chart 8 {cm3/g).
[Na  [Mg JAL G(x)
p
.67 1.39 | 26
dxk dca fse T |v |cr | Mo |Fe |co | Ni| culzn | Ga | Ge | as
L75 b 212 142 .088%|.087 |.089 |.082 |.081 |[.078{.094 | .10
IR sr [ Zr |Nb. |Mo [ Tc |Ru |Rh | Pd| Aglcd | Im | sSn | sb
.42 Loge? ,.0734,0613' .058 [.060 [.067 |.078 |.089 [.089 |.097
"|ICs [Ba [La Hf |Ta |W [ Re |Os |Ir Pt | Au |[Hg | T1 | Pb | Bi
.
34 | .047%1.038%|,032.030% .028%[.033 [.036 [.046 |.055 |.058 |.063
: Fr’ “Ra |, Ac T
.Cel| Pr Nd | Pm | Sm |Eu |Gd Tb |Dy - Ho |.Er Tm . [Yb Lu
Th| Pa U Np Pu

;Egm

T¥WiT-1T¥9DN



Li Be Chart 12. Values of the frequency calculated from Eq. (5) for metal spheres of 1-cm
radius in a magnetic field with x = 4.0 at the melting point or the temperature

18. |19.2¢ indicated in uhart. 8 (kc/sec). :
Na Mg | Al o
3.9 | 4.9 9.8
K | cCcal| sclti [v Cr | Mn [Fe |Co |Ni |Cu |[zn | Ga[Ge |as
5.3 85.% l67.2 59.% 145.2] s6.. 18.%18.6 |15. | 10.
Bb | sr | Y jzr INb [ Mo [Tc [Ru [RE |[Pd |Ag Jcd | m-[sn |sb
9.5 49.% p7.% 6.2 14.%120.% 6.9 f12. | 12.}19. |4e.
Cs Ba| La |[Hf fra |W |Re Jos |ir [Pt Jau |Hg Tl |{Pb |Bi
14.8 61.2 B5.2 27.2 143.2 14.% 1 22.2|15. |38.8] 30.]39. |52.

3 : ! -
Fr | Ra | Ac |\

) Ce |Pr [ Nd Sm |Eu |Gd | Tb | Dy |Ho | Er | Tm] b |Lu
U Pu | a. Solid

Th |Pa

28.2

S

125225888 -20)8!
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24,25

- : 2 ’
Comenetz and Salatka, ? Hulsey, 20 Jenkins, ! Polonis et al., Begley et al.,7

and '.Weis,ber’g26 are probably in the 250 to 500 G range. Okress et al. 19, 27
-appéa.r to have used a.s much as 700 G in their experiments. From Hulsey' s
?:alculat.ions, typica.l field gradients are of the order of 50 to 500 G/cm, de-
pending upon the number of turns , their diameter, and their svpa_tial dis,tri;
bution, as well as the magnitudé»‘of the ..c.oil current. |

The exact magnitude of the field and field gradient near the levitated
metal depends on its exact povsi’ﬁion within -tﬁe magnetic field where it is levi-
tated. Thus, the figures gix'/en' above must be used with caution. Nevertheless,
they do gfve the correct order of magnitude for the quantities involved.

Chart 13 gives. the values of the ma.gnet'ic field required to lévitate

1-cm-radius spheres of the solid metal elements at 0°C, as calculated from

Eq.(49) ,
. B2

4pgpo (49) .

This equation is .vthe result of integrating _tl_le magnetic pressure normal to the
metai surface over.the.lower'hemispherve area and then equating the force
obtained.to the total weight of the sphere. The values obtained in Chart 13
are extremely reé.sona_ble. . They are most valid for conditions.in which the
skin depth is much less than the sphere radius, i.e., at higi'z'..fréquencies.

An ac gauss meter, which reads as much as 3000 G at frequencies
up to 30 ké/secg 28 should be of considerable use in determining whether a

given inhomocgeneous magnetic field.can levitate a chosen metal sample.



Li Be Chart 13. Values of the magnetic ﬁéld Eq (53) required to levitate solid metal
spheres of 1-cm radius at 0°C (G).
160 {300 | |
Na |Mg | Al | |
B
220 1290 | 360 -
K Ca Sc Ti A Cr Mn | Fe Co {Ni Cu Zn Ga | Ge As
240 }280 390 | 470 | 540 {590 | 600 {a a e a 660. 590 § 540 | 510 530
Rb r Y Zr |Nb |Mo |Tc |Ru |Rh [{P2 Ag | Cd | In Sn {Sb
J270 B50 | 470 § 570 [650 | 710 | 750 |770 |780 770 | 720 450 | 600 | 600 I 570
s a La {Hf {Ta |W JRe |Os Ir Pt Au { Hg | T1 Pb }Bi
00 k10 | 550 | 8¢0 | 900 | 970 11000 |1050 {4050 14030 | 970 |s40® | 790 | 750 | 690
Fr Ra Ac .
Ce Pr Nd |{Pm |Sm |Eu Gd Tb | Dy | Ho [ Er Tm | Yb Lu
500 |
580 | 580 | 590 510 500 620 | 640 650 {660 | 670 { 680 | 580 { 700
-Th Pa U Np Pu a. Ferromagnetic.
b. At -38.9°C.
750 870 J960 |980 ‘

~9G-
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IV. THEORY OF THE ELECTROMAGNETIC LEVITATION OF LIQUID METALS

All of the previously derived equations do not apply to the case of de-
termining the stability of a nonrigid levitated material such as a liquid metal.
In such a case, ‘a'lltghough Eq. (3) gives general guidelines, a more detailed de-
scription of the point-toeboinf variation in the gravitational, surface tension |
and magnetic "pressures® over the surface of the liquid sample is required.

Consider ‘a, liquid-metal sample levitated in an alternating magnetic
field with a field distribution such .that the metal as sumes a completely
spherical shape. It is assumed that the skin .depth ié much:less than the

sphere radius. Under these co'nditions_[_according,to Colgate et al. 29}

"a mean hydrostatic pressure B /ZpLO is exerted normal to the metal surface!!

The gravitational, surface tension, and magnetic pressures exerted on the

liquid metal zt the lowest point of the sphere are

P = gh{p- 50

g~ 8 (p-py) | (50)

- 2y (51)
Ps= =®

2 2
B - B : :
P = bottom top (52)
m Zpo : _

In the absence of electromagnetic forces, the radius of the sphere
when the gravitational and Sur;face.tension pressures are approximately
equal to each other is given by the formula
rR®= L - (53)
PE . ' '
In the absence of surface-tension forces, the radius of the sphere,whe;;x‘the

gravitational and magnetic pressures approximately balance each other is

calculated below with the assumption that there is only a small field at the top
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of the sphere,

. _ B
R = oo . , 49
pg“’o ( ) «©
-where p is the metal density, P is the density of the external dielectric e

mediurx}, Y is the surface tension, B is the rms magnetic-field strength,
and g is the gravitational constant (approximately 980 cm/secz. In vacuums,
Po = 0. In these approximations, the heignt of the liquid-metal column is
chosen to be equal to ZR..

The values of the surface tensions of the liquid elements at their re-
spective melting points is given in Chart 14, The data have been obtained
from the Handbook of Chemistry and Physics, 30 -landbook of Chemistry, 31
Metals Reference Book, 22 recent references in Chemical Abstract, Mayer,

4,35 with heat of vapori-

Taylor, 33 or from the empirical formula of Strauss,
zation data obtained from Brewer,

Chart 15 summarizes the values. of the radii calculated from Eqgs. (52)
and (53). The top number in each element box corresponds to Eq. (52), where-
as the bottom one is calculated from Eq. (53) with a value of 1 kG assumed
for the field sfreﬁgth. The density used in these calculations is that for the
sbiid metal elements at 20° ¢, awvalue from 2% to 15% higher than the actual
density of the liquid metals at their respective melting points. No great:
accuracy is claimed for the figures given in'Chart 15. The numbers semi-
quantitatively indicate how the metals differ from each other.

Unfortunately, these calculations are naive and may not even come
close to predicting t.he.true amount of a particular metal that can be levitatel
in the liquid state. The flaw in the arguments given above is that, to deter-

‘ fhine the stability of the lévitated metal syls.tem,- Both..t}i:ce static and dynamic

aspects must be considered. Static stability is concerned with the production
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of restoring forces and corresponds.to the above cc‘)nslidera_tions,‘ fbr which
the grayitationdl, surface tension, and electromagnetic forces are balanced.
Dynamic stability is concerned with the oscillations that are set up in.the
system a.s=a result of these restoring forces. If these oscillations are damped,
~then:the systefn; is dynamically stable. If they are divergent, then the system
is dynamically unstaE_leo Dynamic insta,bility may occur with either static
stability or static instability.

If the levitated rﬁeté,l.i_s dynamically unstafble,,.the existence of this
condition can be noticed almost immedia.tely; _the metal may separate into .
smaller li'qluidt .drops, cscillate violently, or fly apart. This condition should
.not‘be confused with the effects mentioned in Sec. IIl. B, where, as.the metal
gradually increases in.tem'pera,ture, the forcé,decreases until the m.eta.l no
-longer can be sustainec‘i by the field. According to Colgate, 29 "the presence
of apprecia?bl‘e-surfac':e .tension'_ma,y be expected to inh.ibit the growth of in-
stabilities, especially those having short wavelengths.! This fact explainsﬁ
.why stable levitation of liquid-metal sa.mples éf moderate size can be ach‘ieved.

The exact cfiteria,,,for dynamic stability, of a levitated system,in-
»vol;zir;g factors such as the metal size a;nd shape, skin.depth, magnet.ic—;lfield
dis"crib'ution and intensity, density, and su-r’fa_ce fension, have not yet been
explicitly sfta;ted.,'., The calculation of these criteria will involve many of vthe
.techni_éues now used.fo determine the stability of high-energy plasmas in con-

"troll.éd—nuclearufusion.resea;rcho The a,na,logyvbetweéx}'rthe two physical
problems.is quit\eLCI_o)s:e‘, It can even Be speculated that some of the techniques
used to stabilize and confine gaseous plas'rrias, suéh as the application of a
static 'ma,gr;etic fiel}cﬁ in a éuita_ble direction:, may be applicable to n.1>eta,'1' levi-

tation. - The possibility of 'suc"h-anapproach awaits further calculatidns.



Li . Be
4303. 1900 Chart 14. Surface tension of the elements at the melting point. (dyne/cm and °K)
454 |1556 v
Na | Mg Al T
. - “mp
192 [550 | 900
371|923 | 933
K |Ca | S | Ti |V [|Cr|Mn| Fe [Co [Ni [Cu |Zn [Ga [Ge [As
90 |340 |820% 1460 |1700%[1600%1000%| 1600 |1800 | 17004300 | 780 | 730 | 840®
336 (1123 |1812 1940 |2190 |2471|1516 | 1810 {1765 | 1726 [1356 | 693 | 303 |1210 | 1090
Rb |Sr Y | Zr [ Nb [ Mo | Tc | Ru | Rh | Pd [Ag [Cd 1o T&—T5
75 1290 |730® |1400 { 2100|2100 22001900 |1500 | 900 | 560 |560 [580 |380
312 [1043 |1782 |2425 |2740 {2880 2770 {2233 {1824.{1234| 594 [429 |505 |904
Cs Ba La Hf Ta w Re Os Ir . Pt Au Hg TI Pb Bi
557 |220 |680% {1500%2100%]250072400%[2600% 220041.700 1100] 480° | 460 {450 |370 |
302 1983 1193 |2495 |3250 [3650 [3450 {3318 [2716 {2042 | 1336] 234 {577 |601 [545
Fr |Ra Ac - ;
Ce |Pr Nd { Pm| Sm { Eu {Gd { Tb Dy |Ho {Er |Tm |vp | Lu
700 [540% {500? 350% 1250 {5907 1580 {510% | 540 | 5302 |490® {2802 |740?
. E ; } .
{107011200 112971 11345 {1099 {1600 {1630 {1680 {1730 [1770 |182814097{1935
Th {Pa U | Np | Pu |a. Estimated :
900% 1200%{1100%930% | b. At 20°C. -,
‘ 1
1968 1406 | 913 [943
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0.914) 1.03 Chart 15, Radii calculated from Eqgs., {52) and {53) with field strength

. - B = 1000 G {cm)}. : '

38. | 11

Na | Mg | Al

0.45|0.57 | 0.58

24 12, | 7.6

K 1Ca |Se |Ti |V Cr |Mn Fe | Co | Ni Cu |Zn | Ga | Ge | As’

0.3310.47 | 0.52 [0.57 10.54 [0.48 [0.38 | 0.46] 0.46 |0.44 | 0.39]0.33 | 0.35] 0.40

24. |13, 6.8 |45 [3.4 |29 |28 | 26| 23] 23 |29 |35 |38 |38 |36

"Rb Sr Zr Nb Mo |Tc Ru | Rh Pd | Ag Cd | In Sn Sb

0.22]0.34 |0.41 {0.47 }0.50 |0.46 0.43{0.39 {0.36 | 0.30{ 0.26{0.28 | 0.28 [0.24

13. 7.9 |46 [3.4 |24 |20 1.8 | 1.7 [ 1.6 | 1.7 | 1.9 | 2.4 |28 [ 2.8 |34

Cs [Ba |La [Hf |Ta |[W |[Re | Os |Ir | Bt | As | Hg | T1 | Bb [ B

0.17 10.25 | 0,34 [0.34 |0.36 [0.36 [0.35 | 0.34] 0.32]0.28.|0.24 |0.19%0.20 | 0.20 |0.20

11, |58 |3.3 |1.6 (1.2 |14 |10 | 0.9 | 0.9 ]0.95] 4.4 | 1.5 | 1.7 | 1.8 | 2.1

Fr Ra Ac |
Ce | Pr- [Nd Pm |[Sm Eu Gd Tb Dy Ho [ Er Tm | Yb Lu.
0.320.29 {0.27 0.22 0.22 {0.28 |0.27 |0.25 |0.25 |0.24 |0.23 {0.20 |0.28
3.013.0 2.9 2.7 | 40 | 2.6 |25 |2.4 |23 |23 |22 |29 | 2.4
Th |Pa U [Np Pu a. At 20°C,
0.37 0.26 [0.24 lo.22 | |
1,8 1.4 |10 |11

-79-=
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Even without cbnsiderat_ions of dynamic stability, it can be concluded
that levitation will probably not bé_ widely épplicable to the full-scale com-
mercial production of pure metals. A possible :exception which appears at
present is ,the -development of statically and dynamically stable levitation
:te'chniques for large~plane-metal sheets, long rods, or other systems designed
to minimize the hydrostatic head of metal that needs .to ‘be balanced by the elec-

tromagnetic field,

V. FUTURE DEVELOPMENTS

A. Improved Induction Heaters

In previous chapters it has been shown that separate control of both
the frequency and magnitude of the sinusoidé.lly alternating magnetic field is
very desirable for laboratory-scale levitation work. Unfortunately, no com-
mercia.l.:induction.hea.ter exists that can be either continuously or decade
tuned over a frequency range that spans even-two orders of magnit_ude,, such
as 500 cps.to 50 kc/sec. The usual induction heating devices are (a) line
freq_uencyhea.tefs,for. large metal pieces, (b) motor generators, which com-
monly operate in the 1to 10kc/sec range, or (c) electr'ovn-tube oscillatoré,
which geﬁera_.lly operate at fixed _frequenci.es such as 100 kc/sec; 450 kc/sec,
or higher into.the 'rf range. At best, the frequency tuning range for any of
these devices.is limited.

This situation.is ﬁnfortqna,—te, since there is an optimum frequency.
for. the levitation of a given metalv sample, depending not only on its size,
shape, but also on its resistivity at the desired operating temperature. This
point has been illustrated for solid-metal spheres of 1-cm radius in Charts 6
and 12. If too high a. frequency is used, simplicity, low cost, and power are
sacrificed. . The coil losses at high .freqﬁ.encies are very-iarge, although

Litz wire can occasionally be used to minimize them.

i
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In Chart 12, it is shown that the highest frequency needed to levitate
a t-cm-radius liquid sample of most metals is 60 kc/sec. . For many of the
common metals, frequencies as low as 20 kc/sec are very satisfactory. Thus,
there is no real advantage to levitating metals at 450 kc/sec, as.is done by
the two commercial levita.t.iontdevices., unless (a) small samples are used,

11, 21

or (b) high powers are desired. Jenkins, Weisberg, 26 and others

have commented on the fact that temperature control in.vacuum levitation

work is generally poor, with the result that the levitated metal samples have

a-tendency to “burn up." These problems can be reduced by operating at

lower frequencies, .

: What is the ideal levitation device? From previous calculations, it
has been shown that fields as high as several kG are quite desirable if
they can be conveniently generated over reasonable field volumes,. although
a device.providing 500 G over a 75 cm3 volume ié probably more than adequate
for most laboratory applications. This field can be generated through.the use
of (a) high current, low leta,geg and few-turn air-core coils, (b) low-
cufrentp high-voltage, multiturn air-core coils, or perhaps (c) multiturn
coﬂskwound over ma,gne.tic cores., Ferrites or low-loss laminated-core
niain,teria,]ls éuch as Si]lecvtron37can be used at frequencies as hig.h as 50 kc/sec
as transformers and perhaps to produce the field distribution difectly;44The
frequency of this device wouid be adjustable in the range from at least 500 cps
to 50 kc/sec, with a decbade capacitor bank provided to tuhe the levitation-
cdil inductance. | H |

In.this frequency range, the use of motor generators with .variable-

speed control and/or frequency multipliers is most inconvenient. . Fortun-

ately, recent advances in high-power solid-state active devices have made

it possible to construct different and better induction heaters, Simpson38
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h.a.s discussed the use of a transistor inverter as an induction heater. This
is a switching device capable of converting dc to ac power of the order of
at least several kilowatts. The resulting waveform is a .squa_.:e-wa_.,ve,.the
fundamental mode being the dominant one in induction heating and levitation.
It is useful to quote Simpson on.these points:
“"Frequencies as high as 12.kc have been reported, and it is pos sible
that higher/-frequencies couid be achieved with improved transistors.
Power ratings can be increased by utilizing transistors. in series,
enabling a higher input voltage to be used. Even with.transistors
available at present, aﬁ.inver@er of seyeral,kiléWatts at 10 kc and
300 to 500 vo‘lts,i'i‘s a p-r,acticé,l po.ssibility. Efficien_cies of these
inverters are very high (95 per cent), and the future potentialities
of combining them with .hiéh-efﬁciency silicon diode dc power .
supplies a_fe very great. . The wei_ghf and cost would be low,. and the
variable frequency factor of transistor inverters gives them a great

advantage over rotary equipment. "

High-frequency power .transistors have been further imbroved,. and
other efficient switching devices, such as the silicon-controlled rectifier
(SCR) and the gate turn-off switch (GTO), have been discovered. The .firs.t
two devices have definite limitations, the power’t-;ansistor being inherently
- a.low-voltage device, and the SCR being difficult to turn off once it has been
pulsed into conductio_n.' The gate turn-off switch, the most recéntly dis-
covered. device, shows promise of considerable improvement over the other
two. It can be turned off and von_from a single gate.terminal, bperates at
.frequencies as high as 100 kc/se_é, n_’éeds only low-power pulses to tur#.:it

on or off, and can handle much higher lo.ad power for the same current
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‘rating since it is inherently a high-voltage device. Its main drawback at
preseht is the fact that it is still a low-power aevioe, the largest commercial
. one being rated at 7.5 amperes and 500 .to.600 volts. Gra,fhamz'9 gives fur-
ther details. |

The day when laboratory-scale induction heating will ‘oe revolutionized
is not far off. Such devices will do much to simplify the application of in-

duction heaters to levitation problems.

B. Levitation of Dielectric Materials

Levitation techniques have found their most useful applications in the
research laboratory, where physicochemical studies of gas-metal reactions,
vapor plating, sintering, .vaporization phenomena, thermodynamics, and
‘;alloy preparation can be performeAd‘ relatively easily on small li_evitated metal
specimens. Analo_gous methods for levitating solid and liquid dielectrics in
a ‘cusped‘geometry similar to that used in metal levitation have not been
found.

A method for levitating and heating solid dielectrics such as refrac-
t_ory,oxi“des, nitridesv,'and carbides, other metal salts, and polymeré is
achieved by surrounding a light and unreactive metal sphere of high electrical
conductivity by the dielectric material desired,. and then levitating the com-
,posito sphere as outlined in the rest of the paper. This method involves the
same temperature-control problems as does the levitation of metals. If
these proble‘mvs can be met by suitable coil design, the use of Eigh=therma1.-
conductivity gases, or low frequencies, levitation techniques can be applied
to physicochemical .studie'sA of these materials up to their melting, softening,
or decomposition temperatures. Metal sal»t—_‘ga.s. reactions studied by this

technique may have advantages over other methods. .
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The most suitable metals for the core materials are those ,that are
easiest to levitate, are unreactive, and have a high melting point. Beryllium
meets these conditions, ‘although_low-meltin-g-'-point métals s.uch as aluminum,
magnesium, sodium, lithium, and potassium rﬁay be used for specialized
applications. A doublé dielectric coating can be used on these latter metals, -
one to render the metal inactive, and the other the one to be stud‘ie.d., A
molten electrolyte may remain on the surface of the suspénded sphére as a

consequence of its surface tension and adhesion properties.
VI. SUMMARY AND CONCLUSIONS

1. Levitation melting techniques may not have widespread commercial
appiicatio‘n due bo‘th to the difficulties in scaling up the magnetic fields
150 lex}itat'e larger samples and to possible dynamic-instability problems.
They have primary é.pplicability in the research laboratofy, where they
can be used for a variety of metallurgical problems and physicochemical
studies.

2, A possible exception to item 1 is the uée of levitation heating or melting
of large plahe sheets of moderate thickness or‘long métal rods of
moderate diameter. In this way, larger qué.m:ities can.be nﬁelted with-
out increasing the hydrbstatic head. of liquid, ‘pr'ovi-ded,that these con-
>fi‘gu"rations are not dynamically unstable. One of the coil configura,tions
de{feioped by'y Fogelqﬁ0 may be useful for such applications.

3. More attention should be given to vfﬁe improvement of‘co'nimercial" levi-
tation equipment for the labdratory through the use of variable fre-
que‘x;cie.s , solid-state circuits, and ’high-perr'n‘eabil'ity magnetic-core
'matérials with low poWevf losses. The ideal levitation power VSupply

would have a variable. frequehcy control for the ra.ngé'bf 500 cps.to
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50 or 100 kc/sec, a decade capacitor bank, and the. capability of pro-

_ ducing a square or sine-wave magnetic field up to perhaps several kilo- .
gauss over a.j?v5 cm‘3 volume. Gate turn-off switches seem most
promis‘ing___for this application.

An approach similar to the one taken:in this paper can be made for zone
refining techniques and other applications of induction heating.

For research into various problems connected with levitation--such as
the shape of the liquid-metal specimen in the confining:,magnetic.'field,
the minimum magnetic field needed for levitation, new coil.geometries,
and the use of magnetic cores to produce the magnetic-field distribution--
the most suitable system is that of liquid sodium surrounded by a min-
eral or silicone oil of riearly the same density. This minimizes the
magnitude of the magnetic field and the frequency needed to study the
-phenomena.

To determine whether a given coil, field strength, and frequency will
‘levitate a number of liquid metals, either liquid mercury or gallium
surrounded by a coolant canbe usedtodetermine the characteristics of the

system. If liquid mercury can be stably levitated, most otlr}er liquid
metals can be also, provided that adequate temperature control is
maintained. This substitutes easy-to-perform low-temp.)eraturevexperi-
ments-for high-temperature ones..

For vacuum metallurgy work in which a metal specimen is to be levi-
~tated for considerable time, levitation techniques can be uséd only with
difficulty. Both the force on and the temperature of the levi(tated metal
cannot be controlled with the power-control knob alone. For be‘st re-
sults, separate control of both the frequency and the field.inteﬁsity is

needed. The power absorbed by the liquid metal is minimized by
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operating-at the lowest frequency possible.  Certain metals, ‘because

.of their high density and electrical resistivity, are very difficult to

levitation melt in a vacuum for considerable periods-of time.

If the metalh;rgiéa.l studies can be performed in an inert-atmosphere
enﬂvironmen‘t, then the :composition.or" pres sure'of a helium-vg.rgon mix-
tufe can be used to éontrol.th‘e.tem-pera'ture of the liquid-metal $peci‘- .
men. Stable levitation of liquid metals can be achieved in this manner
for considerable periods of time.

Levitation techniques can be applied.to semiconductors and.insulators
at high..te.mperatures‘,. when . their elec;t_rica.i, resistivities are low.

A solid dielectric material can be levitated and heated under controlled
conditions if it surrounds a light unreactive metal of high electrical
conductivity and melting point. This technique permits physicochemical
studies of dielectric materials similar to those performed for levitated
metals.

There is a greater force on a levitated metal sample if the axis of a

symmetrical levitation coil is horizontal instead of vertical. . The power

'is greater also.

High-frequency magnetic-core materials may have possible application

to the production of magnetic-field distributions in levitation work.

The criteria for the dynamic stability of a levitated liquid-metal sample

‘have yet to be explicitly stated.

Techniques used to stabilize and confine gaseous plasmas may have

applications to metal levitation,.

e
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~ APPENDIX
- This appendix describes in detail the derivation of the fundamental
levitation equations. Consider a homogeneous “body of arbitrary size and
shape, constant permittivity €, permeability #, and conductivity ¢, sur-
rounded by a nonconducting medium’ characterized,by.the.free-épace per-

mittivity € . and permeability Ko The fundamental laws of electromagnetic

0
theory (in. rationalized mks wunits), which apply to both the body and the

surrounding medium,. are given by Maxwell's equations,

23
v¥E = - 3t

8D ‘
VXH = J + 3t » (A-1)
Vi’ﬁ? =0
v.D = ‘P',s

the assumed linear constitutive relationships between the various vector

'quahtities within the homogeneous body,

D=¢E _
"B = pH ' | (A-2)
J = oE,’

and the rigorously linear constitutive, relationships between .the various
vector quantities in the surrounding nonconducting medium,

D=¢yE

~oe

B=poH

o o

(A-3)

The electric and magnetic fields are now assumed-tb be steady-state
sinusoidaliy alternating fields. In spherical coordinates, the fields are of
the form

V= v (r, 6, ¢)cos [wt - a(r, 6, ¢)] _ | - (A-4)
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where it is noticed that both the peak arﬁplitude V' and phase a .of the
vector field may vary from point ;‘.o poivnt.l This s‘omewhat awkward ,;'epre—
sentation~ fdr tﬁe f.ie1>d' c:a.tn be Vs'impii:f.ied By th_é'_us'e o"ffhé Nc‘oﬁ.lpllex exéoneﬁt‘ial
efj(wt_a), whos‘e‘}tifne‘ de'rivai.tive is | |

‘

B jet-a) _ileea)

at
where j= (—1)1_/2
W= radian fr»e.quency |
t = t'ime.A
Thus,

X = Re [\_7‘ (r,9,¢)ej-[wt_q(r’6;d_>)] ] = Re v[V’_(r,‘G,¢)e-a(r’6’¢)ejwt] .

For simplicity of terminology, the Re symbol is omitted and V is sim:-v

plified to
V= V(6,900 o . (A-5)
Whe;‘e ‘ , | |
F(r,0,0) = V' (r, 0, g)e T 09 | | o o (A6)
Similarly, | - :
o' = Relp! (r, 0,410 % 0PI = pix 0, el . (A7)

. For further discussions of fhese points, Adler, Chu,. and_Fano‘M‘or Moon
and Spencer'42 should be consulted. |
-Equations (A-1) simplify to
VX‘E? = - jw pﬁ

. -

VXH = f+jweE

. (A-8)
v-B=0
.V-l—)':__p"_.-.

as do the constitutive relationships for the homogeneous body [ Eq. (A-2)] ,
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- =
D=c¢E
B = pH (A-9)
- =tn
J = ol

and the constitutive relationships for the surrounding medium [ Eq. (A-3)],

by

=l

€ 0 |
et Y .
B = pLOH . (A-10)
If it is assumed that no free charges exist either inside or outside the body,

p = 0 and the above equations reduce to the vector Helmholtz equations for

a homogeneous body,

2"> R -2
VE+ (0 ep - jopag)E =20
' 2= 2 . >
v B +‘(w €M - jopo)B =0
VZB+ (wzep-j»wpo)ﬁza ‘ (A-11)
VH+ (0 ep-jopoc)H=0
viT (QZGH[4J"@M0)3’,= 0

and for the surrounding nonconducting medium,

2 20 R

VE +w vEONOE_ 0

ng + w’zeopoﬁb= 0 L

' ‘ (A-12)

23 + w e D=0

v . OHQ =
°H H =

v + W GOH;O =0,

where advantage has been.taken of the vector identity,
va)ﬂ?’= v(v«V_) - ;VZV . : (A-13)

In order to solve these equations, it is useful to define a vector po-

tential, A,
B = vX A
. 8A | '-
E=- =, | (A-14)
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where it is assumed.that vV = 0. A will also vary sinusoidally,. as in

A= Redt S (A-15)
so.that |
E = - joA .  (A-16)
and
2 2 ~ o |
V A+ (wep - joupo)A =0. (A-17)

. For ‘meta.ls, O' is so high that for any ordinary frequency"
| jwpo > >wipe . | o (A-18)
Thus, Eq. {(A-17) reduces to
v2ZE = jupo X, | , (A-19)
which is the basic relationship used to derive vth;.e levitation equations.
Consider now a metal sphere of 0, p, and .R placed in a sinusoidal

alternating z-directed magnetic field,

B=BeE ,  cylindrical coordinates (A-20)
or '
- e et . :
B =|{B cosf e. - B sinb ee] e’ spherical coordinates. (A-21)

. From Eq. (A-14), the vector potential for this z-directed magnetic field is

q).(r,G)ejwt E:P = -é—_Br 5in6 ejwt é:b . (A-22) v

A=A
The fact that the vector potential has a ¢ component ohly simplifies the
mathematics considerably and.is the main reason for introducing it rather

then solving Eq. (A-14) for B directly. The left-hand side of (A-19) now

becomes
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1 -
e

: 2
-where V -g;b_: - . -Therefore .

V.fZA¢ - -—2—2-¢ -jwqu¢ =0, . ‘ (A-23)
r sin 0 : e
or, by expansion of V2A¢ )
3A o 8A, A
1 8 2 1 : . .
7 7 T ar¢ Vot g 5%~(51n9 5" ) - ¢2 ~jepo Ay = 0.
r K t sinf , r sm 6
(A-24)
If the substitution u = cosf is made, Eq. (A-24) becomes
' 1/2 o, 1/2 -
oA 2
1 8 2 L (1-u” 97 1- A . :
= 3 (r a]? ) + ( uZ) [ -u ) .Q] - JWH0A¢= 0.
T T 8u :
' (A-25)
The solution to Eq. {(A-25) is of the form,
A= '1/2R@ (A-26)

Substituting into the equation, multiplying by rz,' ‘and dividing _by_-A¢‘, gives

r? 8%R 18R £ 2 (1—11‘2)1/2 ) [(1 -u )1/291
T G2 REE 20T S T » - (A-2T)
T . . u

By setting both sides equal to n(nt+1) and expanding the derivatives, the

equations become

, do @ O o
{(1-u™) > - 2u Y + n(nf1)®n =0 | ' (A-28)
du : “1-u o
dZRn , 4R n(n+1)+%_. | -
TRz T oaE Liwpo '+‘—__rz—”"]'Rn": 0. o (A-29)
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.Equation (A-28) is the differential equation for associated Legendre func-
tions17 whereas Eq. (A-29) is the differential equation for modified Bessel

.functions. 17 - The final solution for the interior region of the metal sphere is

A¢ = r.'1/2[ AnPril(ﬁ) + BnQril.(u)] [ cnlnﬂ/z(jc’opo)i/z; +D K . 1/2(jwpo)1/2r]f

(A-30)

If n is an integer,’ I-(n+1/2) can be used in place of Kn+1/2 .

In the region outside the metal sphere where the conductivity of the
medium is zero, the vector equation analogous to Eq. (A-19) is - |
| | VZX+ wzev K A=0 , , | ‘ (A-31)
00 o _ :
which, when expanded and the substitution u = cos6 made, becomes identical
to Eq. (A-425) with the exception fh'at -jwpo is replaced by wzeopo. Con-
sequently, the solution is the same form as Eq. (A-26),

Ay = 1 2rig - (A-32)

where Eq. (A-28) again applies. With the substitution of wzeopo for
-jwpo into Eq. (A-29), it becomes the differential equation for Bessel
 functions. 17 -The final solution.for the nonconducting region exterior to the

metal sphere is

L 4/2 ST P 2 2
A:pz r 1/ [A;lPril(u)+ Bﬁ'Qﬁ(“)][CKJn+1/Z(“’ 5090)1/, r

: 2 1/2 .
1 -
SRSV Rty BT
: : . 2 i/2 . : s
. At ordinary frequencies, (w eopto) is a very small number, i.e., it is
equal to only 0.0033 meter_i,'.whe'n w= 106 fad/sec. Consequently, for the
nonconducting exterior region,. it is a very good approximation to remove the

term - jouo A from Eq. (A-27) and solve the remaining equation. The
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‘solution now takes the form -

54) R'O. - B  (A-34)

" : Again, the value of @n can be obtained from Eq.. (A-28), which remains

unchanged. . Equation (A-29) becomes

a2 9B, - |

& 07— ) - n@+)R! =0, : : (A-35)
which has a,solutlion »

R! =Gt Py D r2 1 ‘ (A-36)

Thus, the simplified solution for the nonconductihg region is

. 1 : 1 ‘ -n-1 i
A:b = [-AlﬁiPn._(_F:os 9) + Br‘lQn(COS 6 )] [-Cr'l.rr_l+ D;l r 7]
o _ ' (A-37)
where u.= cos 6. By use of the definition of Pi_(cos 0),
Pi(cos e) = (1-c0529‘)1/2 = sinf | -~ (A-38)

and comparison of Eqs; (A-22) and..(A-37),. it is seen that, for the presént
_syétem, n=1 and vB?1 = 0.

The solutions (A-30_,) and (A-37) are subject to four bounda.ry condi-
tions, which determine the values of the .unkr;own. constants:

1. Outside the metal sphere, the vector potential due to the eddy |

currents musf vanish at infinity |
A&) =’%Br sinf -~ . atr =w. o » l(A"'39)

. 2. Inside the metal .sphere,‘ the eddy»cqrrent-ve;ctor potential mﬁst |

remain finite at the center

A¢ = finite o at r = 0. (A-40)
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3. Across the phase boundary, the vector potential must be continuous-
R=3 at r = R. (A-41)
4. . Across the phase boundary, the tangential component of H, the

magnetic-field intensity, must be continuous

- -
X IXA o TXA at r = R.  (A-42)
n
0
From the first boundary condition,
) .
1 | -
A1C1 = ZB’ _ (A-43)
and .from the second,
‘Di = 0. - (A-44)
Equations (A-30) and (A-37) simplify to
, : 1 -1/2_. : 1/2
A¢ = 7BCr sin6 13/2 (jwpro) r (A-45)
At = iBrsinO + D‘r-zsine ' | ’ (A-46)
¢ 2 , 1 , _

where C = Ci/C'1 . By comparison of Eqs. (A-22) and v(A-46)‘, it is seen

that Eq. (A-46) can be written,

Al = vector potential due to the vector potential due to (A-47)
¢ | z-directed magnetic field the eddy.currents ’
= A S+ Av
$ : ¢
where
-2 '
i — P : -
A¢ D1 r sin0, {A-48)
which is a fundamental rés_u_lt for levitation theory. -

. From page 270 or Smythe, 17 the vector potential for a. :ve‘ry. small
circular loop of radius R is given by

MXr o Msin® (A-49)
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where M, the magnetic moment of the loop, is
M = "R°I . (A-50)

Thus, the eddy-current field of a metal sphere is like that of a small magnetic

dipole loop of radius R carrying a . current IeJ'-wt, where

41TDJ'1
M=o = (A-51)
o

All that is necessary now is to determine the constant 4D'1, from the re-

maining two ‘béundar'y conditions (A-41) and (A-42),

A=A o ' ' A-52
e T % ) | (A-52)
o . A &
Ko 3 (rsinf At ) '5‘5 (rsin @ A&)) , (A-53)
or
1,53 1 3/2 1 3/2 -
zBR7+D}= zBCR™ "1, ,, = 5 BCR [1_1/2-v 11/2]
(A-54)
3 1 3/2 “o 3/2
PL°[(I+'11 1 ,.] .(A 55)
IR YRV ¢

where 13/2,. 11/2, I_ 1"/2, and v are Smythe's shorthand notations

v = Gono) /PR

132 3/2(") (—-—)1/ cosh v - = sinh v] (A-56)

11/'2 = 1‘1/2'(v) = (-%),1/Z sinh v

e, 2 1/2
1_1/2 1/2(") (

cosh v.
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The solutions for C and -D! are

1
C = 3R3/Zp.v
(u-gIvI_ ot Litg(1+vE) - )L /)
2
(2ptp VI -[py(1+v)y+2p]I '
D! = 07""-1/2" 70 1/2 1gr3  (a-57)

(bmgVE_y /o Ligltevi)-plly 7

In order to simplify C and D'1 in Eqs. (A-57), the following hyperbolic,

trigonometric, and modified Bessel function identities are needed:

v = Gopo) 2R = (14))x

v = (jepa) 2R = (1-j)x  (A-58)
1/2
x= (=59 / R;

sinh(1 % j)x = sinhx cosx % j coshx sinx
cosh(1 £ j)x = coshx cosx *j sinhx sinx

co_shzx - sinhzx =1
(A-59)

sinzx_+ cos?x = 1

sin2x = 2 siinx cosX
sinhZﬁc = 2 sinhx coshx
| 2

sinhzx + sin"x = % (cosh2x - cosix);

% _ * 1 . L
11/2 1_1/2 = Ii/Z(V) 1—1/2(V ) = Trx—217-2—(51n1'12}-{ + J-SanX)v

11/2 1_1/2 = m—z (s1nh2x - ) Sln‘ZX)

(A-60 continued)
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1/2

* 2 .2 2,
11/2 11/2 = = {sinh x + sin x) v‘
1/2 . : _
* 0 _ 2 a2 2 v
__1_1/2 1_1/2 = (cosh™x < sin x) ; | ,(A-6.0)

"R o
{ ok Y 1 L%k ’ Sk B

J rI3/2(V) 13/2(V ) dr’v—_ TRYTr: }.LO'»[V -I_‘== 1/211/2+VI‘_1/2]‘:1/2-2 _11/211/2]
0 : ,

x(sinh2x + sfan) - Z(Sinh‘zx + sin'Zx) _.
_ o ‘ {A-61)
(wpo)™ " TR

* ~ . -
- where the asterisk denotes the complex conjugate and V = (jw po)i/zr .
- From the definition of the dimensionless parameter x given in Eq. (A-58),
it is evident that x is the ratio of the radius of the metal sphere to the skin

depth

.- R
.—To

This dimensionless group is of fundamental importance not only to levitation
melting but to the entire area of induct‘io_n hevating. "

. For nonferrous metals, W = Ho» and .Eq. (A-57) becomes

D' P .
_ D} 1.3 VI-1/2 ‘11/2 - 1. 3 Yy coshv - sinhv
%BRB. s v211/2 vZsinhy

, .3 sinh2x - SInZX - Gx) . (A-62)

4x . .2 .
_ sinh x + sin x

For ferrous metals, p > > MO and

(A-63)
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CIf pL>>va2,

2 _
Dy ~2 3k M I1/2 ) -2 M0 sinh®x + sinzx
1BR3 BT vl 1/2 " 11/2 T 7 7 7p sinh2x - sinZx
z , -
=~ 2. | . (A-64)

The calculation of the force on the mietal sphere follows the plan first

suggested by R.C. Ma.son19 and also the derivation for an analogous problem,

a dielectric sphere in an inhomogenous field, given by Abraham and
Becker. 43 The simplification applied is stated in.Sec. II.B in the main body

of the paper. The force is given by the simple formula

F=(M- vE . (A-65)

By substitution of Eq. (A-62), this equation becomes, for nonferrous metals,

2 'rrR3

Mo

.
F = -

G(x) (B- v) E, : ; (A-66)

where it is noted that the vectors M = M rT and B point in the same direction.’

For ferrous metals, Eq. (A-64) substituted int.o Eq. (A-65) leads to

3 .
4"RT 8. v)B. - (A-67)
o : . A

)

Since the term (ﬁb- v) is negative and since

= + (repulsive force) ' (A-68)

Ty T gy

= - (attractive force),

the forces in Egs. (A-66) and (A-67) are repulsive and attractive respectively
for nonferrous and ferrous spheres located near a loop of wire carrying an
alternating curreﬁt of low frequency. "Equation (A-67) also indicates that,

for low frequencies, the attractive force between the fevrrous-metal sphere
and the current loop is independent of the parameter x, which is a function of

the frequency and the metal radius, conductivity, and permeability,
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. Since a repulsive force is needed for levitation, calculations need be

)

made for nonpermeablé materials .ohly. These 'calCﬁlations obviously also
hold for permeable metals above their Curie points.

'The power absorbed by the metal sphere is given by the formulas

' N1
. > | =
P= 3 /E ¥ av - %] E T av = [ BT nrlsin6 dr d6 . (A-69)
\'s A4 . _ (VI :
From Eqs. {A-9) and (A-16),
. P= TI‘QJZ (A, A*rz,sine dr d6 ,
T 0}0 o6

and from Eq (A-45)

' R
2 2 i '
_Tw B *® 1. * . 3
P-T CC // 13/213/2r sin” 6 dr d6
070

. R
2 2
_ mw gB * * , .
0

‘ ) _ . %
The value of the product of C and its complex conjugate C is needed to cal-

cuiate the 'powér absorbed by the sphere

| e ; o
cc* = SR m SR - (A-71)

~ L3722, . L2 . 2 * .
x 2 {sinh "x + sin .x.)l vV 11/21 1/‘2
: : *
. By substitution into:Eq. (A-70) the values of the integral and the product CC
given in Egs. (A-61) and (A-71), respectively, the final form for the power

.absorbed by the metal sphere is obtained

2 : 2

.37RB x(sinh2x + sin2x 3mRB
po T | e i fR ) - U _HE,  (A-72)

Okg 2(sinh 'x + sin x) ok
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~where _ _ ‘
H(x) = .‘x(sinh2x.+ sin2x) _ 1= x(sinth + s1n2x) -1, (A-73)
- : R . 2 coshix - coséx
2(sinh "x + sin x) : . :
which is again identical to the formula for | H(x) given by Okress et al. 19
Equation (A-72) can be rewritten, becoming
_ 31mR > = ‘ ‘
P = — (B- B) H(x) . (A-74)
It

To .sumimarize, the key relationships of levitation theory for nonferrous
metals are given by the equations déscribing the force on the sphere, the

power absorbed by it, and the magnitude of the dimensionless group x:

_3
CFo . ZTRO® 0B G ’ (A-66)
p= 2R (§. B HE - (A-73)
O’I~LO
x = (Sano)/?r . . (a-58)

Equations ](A.=6‘6.) and (A-73), the fundamental equations of levitation,
. show that the properties of the levitated metal s.phere have been separated
from the spatial characteristics of the__ applied alternating magnetic field.
Since the frequency‘ has.also been separated, the terms B B and (B v)B can
be obtained from simple magnetostatic calculations. It must be emphasized
that Eqs. (A-66) and (A-73) are approximations, being most valid for metal

spheres of small size.
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NOTATION
Phase

Surface tension

Skin depth

Permittivity

Permittivity of free space

Coordinate direction

Specified function of 6

of magnetic field
Permeability
Pefmeability of free space

Frequency

_Density; reduced radial distance

Electrical conductivity

Electrical resistivity

Coordinate direction

Radian frequency

Del operator

Integration constants

Vector potential

Vector potential in' ¢ direction

Magnetic induction

Electric displacement

" UCRL-11411

- Functions dependent on spatial characteristics

. Density of ’vche' external dielectric medium



d

E

E, EI, EH

— —t — -
€rr Gz eq;’ €g
F

F(x), G(x), H(x)
g
H
h

I

Tnv1/20 Baray2olyy20

Li/2213720 372
3

Jn+1/2’ vJ-(m 1/2)

jA

K, Kp Ky
K, kpy Ryp
M

m, n

n
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One-half the distance between two coaxial coils

Electric intensity
Elliptic integrals of the second kind

Unit vectors in direction indicated

Force

Specified functions of x
Gravitational constant
Magnetic-field intensity

Height of liquid-metal column

Current

Modified Bessel functions

Electric current density

Bessel functions

(_1)1/2

Elliptic integrals of the first kind
Elliptic integral moduli
Magnetic dipole moment
Undefined powers of R

Unit normal vector

Power

Associated Legendre functions

Sphere radius; specified function of

Specified function or r

Coil radius

Coordinate direction

Time
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-Cos0

Arbitrary vector; scalar potential
Function of skin depth, sphere radius, and

imaginary number

-Complex conjugate of above 'vq.ua.ntity
" Weight

‘Ratio of skin depth to sphere radius

Reduced axial distances

.Coordinate direction
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