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ABSTRACT

A mathematical reprasentation has been developed for the
clectromagnetic force ficld, the fluid flow field, the
temperature field (and for transport controlled kincticg), in a
levitation melted metal drowvlet. The technigque of mutual
inductances was enployed for the calculation of the clectro-
magnetic force field, while the turbulent Navier ~ Stokes

. equations and the turbulent convective transport équations
were used to represent the fluid flqw field, the temperature
field and‘the concentration field. The governing differential
equations, written in spherical coordinates, were solved numerically.

The computed results were found to be in gocd agreement with
measurements reported in the literature, = jarding the lifting
force, and the average temperature of the specimen and carburiza-

tion rates, which were transport controlled.
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1. INTRODUCTION

The levitation melf:ing technique, that is the positioning of
metal droplets by an eleciromagmetic- force field, generated
by induction coils of suitable geometry has gained a great deal
of popularity during the 1950's and‘1960’s. The principal
attraction of'thig technifue was that small metallic samples (say
ranging in weight from .5to 5 g.) could be meiteﬁ and reacted in the
absence of a solid container. It was generally held that the eddy
currents induced in the metallic samplc prodgcéd*a spatially uniform
temperature field thus the technique was found to be particularly

useful for studying gas - melt interactions.

More recently levitation melting is gaining rather greater
prominence, bhecause electromagnetic force fields are being used
for the positioning of samples in_Space processing exneriments.

_One of the important features cf these systems is that the

. .. absence of gravity will necessarily eliminate thermal

buoyancy driven natural coﬁvectign, a factor, of particular
importance in certain solidification studies. However, since the
samples are‘posithmd by an électromagnetic force field, the question
will naturally arise whether this force field in itself may give
rise to convection currehts, furthermore whether any temperature
gradients that may exist on the free surface of these samples

may give rise surface tension driven flows. o -

- - - tr st .
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Clearly, a quantitative understanding of these phenomena would
be highly desirable, for both the planning and thc’intexpretation
of in-flight experiments. Furthermore, the guantitative '
description of'thc temperature and velocity ficlds in levitated
droplets under conventional ground based experimental conditions
would also bhe of considerablce interest, since this knowledge
would be very helpful in the interpretation of any kinetic measure-

nents., o
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Previous work in the area of levitation melting may be
divided into two categories, namely cxperimental studies concerned
with physico-chemical measurements at high temperatures, which
did not consider transnmort phenomena in the melt'on the one hand, (1)
and purecly clectrodynamic woxk, conccrﬁed with the calculation of
the lifting force on the other.(z)

The principal purpose of the present paper is to develop the
theoretical framework for combining the electrodynamic and the

transport aspects of this nroblem.

2. FORMULATION

Fig. 1 shows a sketch of the conventionally used ©oil arrangements
for the levitation melting of metal droplets. It is seen that an AC
current is being passed through two (or more) opposing coils and as
a result an electromagnetic forece field is being generated,

This forceé field will haQe two effects on a metallic specimen

located between the coils:

. Tmmeei I s
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(i) A net force (lifting force) will be exerted on the
specimen, which, when large enough compared to the weight of
the samole, will be able to balance the gravitational force and thus
"levitate the specimen”.
. (ii)  vhe induced eddy currents dissipated in the sample will cause
"Joule Heating" and will also gencrate a stirring force.

In developing a quantitative representaéiqn.of such’a |
syvstem, one has to

(a) Calculate the electromagnetic force field acting on the
specimen, hence the lifting force, i.e. the conditions for levitation

for a given applied magnetic field, such as the coil current and the

.. coil confiaguration.

(b) Calculate the fluid flow field, as gencrated hy the
electromagnetic (Lorentz) forces.
| (c) Caleculate the temperature field that results from the
balance between heat generation and heat dissipation due to
convection and radiation.

Here one should remark that ‘the governing equations are necessarily
coupled, because the fluid flow wiﬁhih the sphere is driven by
the combined effects of thermal natural‘convection and electro-
magnetic forces. Furthermore, the spatially variable heat
generation in the system is caused by the current distribution,
While a number.qf electromagnetically driven flow problems have
been successfully modelled in the past,‘3f7{ the present system poses

the additions complication of spherical symmetry.

T o . — . e e - -
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2.1 Calculation of the Electromagnetic Force Field and

éfmtggﬂpifgigg_rgrgg”

Let us cqnsider a molten sphere having spatially uniform
physical nroperties sketched in Fig. 2. Let us consider
furthermore, that the applicd electromagnetic force field also
shown in the figure will be axially symmetrical. TFoxr spherical
geometry the induced current will be flowing in the ¢ direction.

The induced current will generate a maénmt@c field and the
interaction of this magnetic field with the current will give
rise to an dlcctromagnetic force field.

These electric phenoﬁena will have three manifestations:

(a) A lifting force will be generated

(b) Thermal cenergy will be dissipated in the
metallic speciman

(c) A stirring force will be exerted on the snecimen.

Fy oo the total levitation force is given by ,
i

S 5 (1/2) Re (JxB}) dv (1) **

furthermore the power adsorbed by the melt (i.e. the total

Joule Heat generated) is:

P = [(1/2)Re(J . M/ v (2)
v

finally the spatial distribution of the time-averaged stirring force in

the melt per unit volume is:

= 1/2)Re (J x B*) ,(3)

F -
~S | : e

"*Phe list of symbols is given at the end of the paper.
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What necerls to be done here is to evaluate the induced current

geomztry and coil current.

In essence there are two ways in which this may be accomnlished.

OF POOR QUALI™Y

- density J and the magnetic flux intensity B, for a given coil

One of these would involve starting with the differential Maxwell's

equations, solving for the magnetic field and then computing

the induced current. (6)

The alternative technique, which will be used here, involves

the concept of mutual inductances.

the specimen (i.e. the levitated droplet) is. considered to consist

of a set of electrical circuits and ona,sol?es for

the current generated in ecach of these.

distribution is known, the magnetic flux density is readily calculated

and hence the terms appearing in Eqgs. (1)-(3) may

T e myheettro ey

+

The magnetic £lux density B feor a given current distribution

"is given by Ampere's law:

N
gxa

.3 dv

be evaluated.

Bt e . T
T
Riadad

Once the current

(4)

In this integral formulation

L1N

where J is the current density in a volume element dv at a distance

r' from the point at which the flux density B is being evaluated

and &r is the unit vector in the r direction.

must include the induced current within the levitated sphere as

"well as the current within the coil.

Let us define the vector potential A, as: =

’

B=VxA

~ ~ ~

Then Eqg. (4) becomes

Vo J
A=y fvol r’ dv .

The quantity J

(5)

(6)

On noting the axial symmetry of the field, the levitated
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sphere is divided into elementary circuits as shown

in Fig. (3),  'Each segment of the spherical shell is considered
as a region of constant current density. For such a system

Eq. (6) may be written as::

“ol sphere i age coils ad K
A¢¢ T ( 81 (J.S)c dst --i-:-"- + 5 I(k) 6 —FT) {(7)
Cm= =

$

where df is the line’element of circuit of constant current density,
and S igvthe'c;osé sectional area of the ciréuit, and I(k) is the coil
current | R

It should be noted that first term on the rhs of Eq. (7)
hdéscriﬁdﬁ;the induced potential while the second term describes the
applied potential.

From Faraday's law of induction, the induced current in anv

circuit, i in a levitated sphere is given explicitly by:

QJIQ-
o

J B.ds (8)
s ~

where the surface of integration is bounded by the Seriphery of the circuit.

Yoerim

2

For. a t.ime harmonic field we have
J = Re { g ejmt} : (9)

B = Ré { B ejwt} : (10)

~

Using Eq. (9) - (10), Eg. (8) can be written as:

o sprhere , n } (11)
, . . ="' y ¥ - J-S + ): rdl I >
¢ J; - dk, =-Juo {cil ', M o (T.8) oy TiE (k)
where - :
dg.ds
= ¥ 4 ~c (12)
Ml, c = Ir Y r'




ORIGINAL PAGE 13
-8~ OF POOR QUALITY

is the mutual inductance, (on self inductance, when i=C) which may

be calculated using the ring-ring formulas (8).

Finally in order to avoid decaling with complex numbers, equation
(12) is separated into xcal and imaginary varts, as follows:

The levitated sphere denicted in Fig. (8) is divided into
N x L circuits. The eddy current distribution can be obtained by

solving 2 x N x L real, simultancous algebraic eauations.

NL '

. . Re (I.8 LIm (T, 42t sin 0 (13)
o0 X B M, R0 TS gt M

colls

- o ‘

N L
dw % oM

hﬁJ.ﬁ.u
p=l V=l '

- R \ 21 ¥ sin 0
. }% 31,&

(L,8), 1,yV) 'V

2

=wo N | . 14)
--mo’z;=1 Md&hk]m‘uw (

In the present case, the vector wotential has only one

component, in the ¢ direction; since the vector notential has the

same. direction as the current, Br' and Be are related to A as follows:

¥

. 1 0 . ' 15
B = F5ins™ Ty (Pgsin 0) “ ()
=1 2 : 1€
By = = 3% (P Ay) (€)

Thus finally the knowledge of B, Be and J¢ enables one to evaluate

the quantities TF,, P and F which were defined in Egs. (1-3).

'
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2.2 Calculation of the Fluid Flow Field

In general the fluid flow ficld in levitated mctal droplets will
be driven by two forces, that is the clectromagnetic force field
(which we have just calculated) and the buoyancy force ficeld, which
is due.to temperature difﬁercnces within the specimen., It may be
expected that the velocity field will he turbulent, so that avnronriate
technicques have to be invoked for evaluating the turbulent shear
stresses (i.e. the Reynolds stresses). .

The following principal assumptions are made in the decvelovment
of the governing equations.A

(1) The f£flow field will be considered to be two dimensional,
that is only the r and the 0 comwonents of the velocity will appear.

(2) The k-g modcl<g'lo)

may be used to represcent the turbulent viscosity
(3) Any nossible damping of the turbulence by the magnetic field
is neglected
(4) No allowance is made eitherxfor the anisotropy of tunr-
bulence near the free surface, or for the possible damving effect due
to surxface tenéion forces near the free surface.
On commenting on the apnropriateness of these assumptions it is
noted that because of the axial symmetry (symmetrical location of
the specimen regarding the coils) the assumotion concerninag the two
dimensional nature of the velocityv field was thought to be reasonable.

The k-& model has been selected because this has been a auite

widelv used anvroach for modelling turbulent electromagnetically
(11,12)

1

there appears to be no obvious, more satisfactory alternative.

driven flows » with considerable success and at present
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The last two assumptions represent an oversimplifica-~

tion, which ought to be refined, once experimental data become

available in order to permit this. The implications of thesc
assumptions, ib the light of some experimental measurements, will
be discussed subsequently.

For steady two dimensional flow in svherical coordinates, the
governing equations take the following form:

The equation of continuitv: ) ;

R

L ( 20 ) 4 - LI~ g (pU,sin 0) = 0 17
L2 or pE Yy ¥ sin 0 80 'PU¢ (7)

The equation of motion:

r direction

13 2 2 2 1 a
;5 oy (PUL X - Mogg F srr)+ Y sin 0 00 (pu, Ugsin 0

= Hegg 84D ® SrO)

il

s, | A (18)

0 direction

l 9 2 2 1 ) .
;7 ?r (pUrUG S Y3 Spo) * FEIRD 0 ‘PUe Sin 0

= Wegg Sin 0Sgg) = SU, (19)
where Sij is the symmetric part of the strain rate tensor
R 2 - 5, 48
su,. = Ug - %% - Mg ( eg ~Ml) -(p—o& g sin 0
+ % pRe ( J& BY) (20)
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- S R Yy _cot 0 p .S
SUg = = === = 0 W0 M Verg ¥ T Ty offT00
. t% .
# (p=p,) gcos 0 + -237 P Ry (T, BY) (21)
where
' P=PpP=-p grcos 0 (22)
| p=p, (L =avr) . ‘ | ' (23)
BUx
Ser ® TOr (24)
ou .U
So0 =% 7 * ¥ -
: U, u,cot 0 | (2%)
Sgp = J£ 4 L . .
U ol
- X 9 r,, 1 r

S0 =7 Pl ) o) (27)

The turbulent or eddy viscosity may be calculated

by using the k-t model: ’
] 2 | N - -

=C pk'/c : (28)

e = C

Separate transwort equations will have to be written for k, the

" turbulent kinetic energy and € the turbrlent kinetic enerqgy
dissipation; these, take the following form:

The turbulent kinetic energy:

2 e o ok 1 3 .
1 0 2, - (A ) =) - e 29
;7 T (pUr r°k g or r sin 0 90 (29)

Ve sin 6 23k )

A o 93 T J(r’)g*f‘?‘fv:l;n 1‘0 ‘};( “-At’(l?;;'._ :‘kn . ‘:;,]:A, B e a e: e :":;Sl;'k,,ﬂ,, N B g e
PP s T
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where
- 2 2 G2 ¥
SMy = 2uy (8L, ok Sgg b By, ok 8L) - e (30)

The turkulent enexgy dissipation:

L 3 .2 2, De, 2c
Tz oaE (Pugrte - T ) ) - FEIRND
3 . hl 3 e
70 (puo sin 0 e -~ (W+ ot) 512 0 %%w = SU (32)
where
3 2 2 4 02 4 c?
SU, = zcl " “t(srr + Sqq zs¢¢ 4 SrB)
2
£
vy
‘and Oy nh, c“, Cl and C, are constants. At high
values of the Reynolds number all these quantitics are generally
acsumed to be constant. At low Reynofds numbers Cu and C, will
bezcome dependent on Remékz/va). The values of these constants and of

. , . (9,10)
the func ion are given elsevhere.

2.3 Temperature field

The temperature field in a levitated metal droplet is governed
by the rate of heat generation, due to Joule Heating, the rate of
convective and radiative loss from the free suvface and by the rate
at which thermal energy is being transported inside the svecimen,

by conduction and by convection.

- Written in spherical coordinates the convective enexrgy balance

equation takes the following form:

N T T e e e e o e 7
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| t 9T, _ 1
Py + prt) 36 T T 8In0

2
57 %;(p‘ r2T ~Ur (
X

. | *
sin 0 (_u_ He y amy _ Re (J:T %) (33)
x pr g P, d0 “335;“"
The boundary conditions necessary to complete the statement of the

%O.(puo sin 0T -

L

problem are given as follows:

At the axis of symmetry ¢ = ¢ and 0 =

r'i*\
)

UO = 0 ]

aqa%o

ok/a0

I

Ntatement cf symmetrv. (34)

i

o€ /00

H

0
0
0
AT/30 = 0

At the surface of sphere r = R

U _for = 0

U'O | | , (35)
r=0 .

9k/9%r = 0

aéﬁré=0

' a'l‘ . - 4_!"4

-k m = h (T ‘b) + oe(T lb)

These surface boundary conditions express the physical
constraints that momentum, turbulent kinetic energy and the rate of
turbulent energy dissipation are not transported across the phase
boundary, and that the velocity normal to the phase boundary is zero.

The last equation expresses the continuity of the heat flux.

‘
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h, the convective heat transfer coefficient between the levitated

drop and the surrounding gas stream was correlated for forced

convection and natural convection as ~(13L ' ‘
50< Ra< 500
Nu = 0,8Re /2 pg/3 150« Re 36)
/ . 8 oy
Nu = 0.78 (Gr Pr)l’4 10° < Gr < 10 < (37)

+

3. COMPUTATIONAL»TECHNIQUQ.

’ -

In generating a solﬁtion of the governiny pquations the
magnetic field equations were solved first.‘ This involved
dividing the sphere into 8x15 circuit elemenﬁs and solving the
resultant set of linear eguations. Once the current distribution
was known, the magnetic flux density was readily calculated,
together with the electromagnetié force field vector, the pattern

of Joule Heat generation and the lifting force.

In the subsequent phase of the computation the fluid flow
equations, the convective heat flOWfaﬁmtﬁmy and the conservation
equations for k and € were solved together, using a finite difference
technique described by Spalding.(I4T
A 10x17 grid structure was used and the computation required

about 100 seconds on MIT's IBM 370 digital computer.
4.. COMPUTED RESULTS

In the following we shall present a selection of the computed
fesglts, pertaining to the lift force exerted on levitated dronlets,
on the fluid flow and heat flow phenomena and finallv this informa-
tion will be used for the interpretation of some measurements,
obﬁained by one of the authors on the carburization of molten iron

(13,15)
droplets.
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The actual calculations were carried out for input paramecters
which correspond to the exnerimental conditions used for these
carburization measurements. One gram of iron was levitated in a
COZ+CO gas mixture, at 40 atmospheres, with a gas flow ratelof
5 1/m (STP). The tube containing the droplet and the gas stream
was 13 mm in diameter . Under steady state conditions the temperature
of the molten drop was 1650°C.

The actual coil configuration used islgiven in Fig. l; the
coils were made of silver tubing, 3.1 mm in diameter. Two co-
planar turns, 17.2 mm inner diameter were employed, both above
and below the levitated sphere. The distance between the upper
and the lower turns was 10 mm. |
,- The powér supply was a 10kW, 450 kHz high freqﬁency generator.
The actual coil current was not measured, but its value will be
deduced from subsequent heat flow calculations.

4.) Lift Force Calculations

In order to find the.position of the levitated sphere, for an
estimated coil current, the lifting force and power absorbhed ig
calculated along the axis of the coil. Figs. (4) to (6) show the

" results for coil currents of 200, 250, 300 Amp rcspectively. The
symmetry-of the force field and power absorption around the center
of the coil is a result of the symmetry of coil. At a 200 Amp coil
current, Fig. (4), the mgximum lifting force is 7x10_3‘N which

3

is less than weight of the drop (9.81x10 "N). Under these

conditicns it is not possible to levitate the 1 gram iron drops. At

higher coil currents Figs. (5) and (6) levitation is possible as

indicated by the intersection of the curves representing the lift

LR T PN I

force (Fg) and the wright of the particle (mg). There ére two

positions where the electromagnetic force balances the
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welght of the dron, as elearly shown in Fig. (5), but only the
larger of these Lwo values dooes correspond to a stable equilibrium,
since any upward or downward doviation from it produces a
restoring lifting foree decrement or increment reswmectively.
It is interesting to note that at zero gravily, the stable position
corresponds 1o the center of the coil, The power absorboed at 250
*owas 70 W owhile for 300 this figure wasg 51W,  The decreasce of the
power alsorption by increasing coil current is the basic feature
of electromaynctie levitation. T .

The coil current may now be estimated with reasonable accuracy,
beecause a value of ahout 250A will give the vroper lifting forco.
Furthermore, as will be shown subscouently, the corresvonding
power input will give the correct droplet temperature, using an
overall energy balanco.

4,2 Moectromagnetic Lorces and heat generation in levitaloed

Svowce o

sohere.

Fig. (7)  shows the computed foree field and the heat generation patten
in the drop. It is scen that the electromagnetic field is markedly
attenuntng boyond the skin denth which is 0.9 wm for molten iron at
450 Kiz. As a rosult of positioning the levitated svhere close to
to the bottom coils the force field and heat generation ave moved
toward the lower half of the snheore.

Since tho current onlv penetrates a very small region in the
drop, the magnetic flux density increases rapidly with x as it

apnroaches to the surface, therefore the electromagnetic forxces are

almost normal to the r diraection,

U s S U I ST P Ay & P




4.3 Flow Vields

The computed velocity field and temperature ficld are given
in Fig. (8) . 'The computed velocity field shows a double loopn
circulation pattern, which is consistent with the force field shown
in the previous figure and is to he expacged for a stationary
electromagnetic field. ‘T'he maximum velocity at the free suriace |
was found to be about 0.28 m/s, which is in reasonable, jqualitative
agreement with measurements reported in the Qiteracure. More
specifically Robertson estimated surface veloeities vanging from
about 0.1 - 0,2 mw/s for a similar svstem considered here.(lﬁ)

An impertant point to be made about the temperature field is that
the average temperature of 1650°¢ agrees well with the measurements.

The examination of the temperature field is instructive,
because it shows that a temperature difference of about 10°C may
exist even in this relatively small scale system, in spite of
regions having quite high lincar velocities. This is a significant
finding whiéh deserves further comment.

The apparently quite rapid circulation rates that were predicted
do not guarantee that the syétem is vll mixed, provided the time
scale for convection is much smaller than the diffusive time scale,

For the present case, tc, the convective time scale is given

as:
» ~ d ) ~ : '
LC‘M U - 0.02 S (38)
while the diffusive time scale (for turbulent flow)is given as:
2.
N
tan ~ = Ls

Poff ~ (32)

-
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This can ecxplain the existence of the slight temperature gradients
within the system. The ¢uestion of mixing is of greater immortance
in diffusion problems (since the molecular diffusivity for molten
metals is much smaller than the thermal diffusivity, even when
both are effectively enhanced by turbulence) and this question
will be discussed subsequcntly.

Fig. 9 shéws a computed plot of both the turbulent kinetic
energy and of the ratio: =2ffective viscosity/ﬁolecular viscosity
for the system. The important point to note here is that k is
sharply reduced and that the ratid‘ﬁ[ueff tends to
a value of 2 on approachingbthe‘frge surface. It nas
to be stressed that this behavior has not been externally imposed
on the system, Hut rather is a direct consequence of the curvi-linear
geometry employed here. More specifically the rate of energy
traﬁsfer from the center toward the outside is being diminished
by the generation of angular momentum. Another important factor,
which contributes to the laminarization of the flow field close
to the free surface,is the energy consummed in the acceleration
of the fluid in this region.“‘l7)

It should be noted; thazt yet another factor, which may
contribute to the laminarization of the flow field in the vicinity
of the free Qurface,is the role played by surface tension forces.

This effect has not been considered explicitly in this formulation,

but will be commented upon in the subsequent section of this paner.

!
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4.4 Reaction Kinetics in a Levitated Dronlet

E}

‘’he praviously given computed results were found to bhe in
good quantitative or at least semi~«qualitative agreement with
measurements, regarding the lift force, the surface velocities
and the mean temperature. BExamination of the computed temperature
ficld has indicated that the system was not very well mixcd, in
spite of the quite rapid circulation rates, but no direct experi-
mental evidence was available to support thesé predictions.

Much better insight reoarding the extent of mixing in the sysgem
‘mav be obtained by the remaxaminntié? qf some kinstic measuremants
reported by El-Kaddah and Robertson.(lb)

In this work the rate of ca;burization of iron drowlets was
studied with a COz/CO riixture, for experimental conditions
which have been given wnreviously.

The carburization recaction involved the following reaction

gocheme.

> : (40)
2C0O 002 + (C) Fe | |

Previous studies have shown that the chemical reaction rate
was very fast under the experimental conditions emploved, further-
more, the calculated gas phase mass transfer rate was found to bhe
faster than the experimentally observed rates. It follows that
the rate limiting step had to bhe liquid phase diffusion or a
mixed control involving both the gaseous and the motion phases.

On poétulaginq mixed control the governing equétions take

]

the following form:



conservation of the transferred species:

"
aC 1 0 e 2 oyl e o M Tk G 1
AL AL (Scp ! Sct) 7%t FTEIn
; " (40
. S I ', aC
(00 sin 0 ¢ = ESigh v g §) = 0
the boundary conditions are given as follows:
C=0 at t =20 (42)
specifying zero initial carbon content, and,
) ‘
t ac
(g b gm) b = KRy (X -X ) (43)
Scy Sc,’ or oop g COQS\\,()2r3

specifying the continuity of the flux of carbon of the gas-melt

interface where Xun 1S calciulated from cquilibrium considerations and

2
s
may be expressed as
_ K %¢ Red, 9 ‘
XC02 = 1 R \(l" 5 ) 1 (44)
where the activity of carbon is given by flS)‘ .
a,=c10 15

(45)
This system of equations is recadily solved, utilizing the
previously obtained values of the velocity field and of the
turbulence parameters, needed to compute the values of the eddy
dif fusivity.
In view of the sharp chanées in both the eddy diffusivity
and in the volume of the grids in the vicinity of the free surface a
somewhat finer grid structure was used in these calculations,
employing 17«16 grids, with the extra points being locéted in the

vicinity of the free surface.
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Fig., 10 shows the experimental measurements with the full
circles; the computed xresulis, using turbulent flow considerations
are given by the broken line, while the solid line shows the
results of calcﬁlations, assuming laminax flow in the levitated
sphere.

It is seen that the assumption of laminar flow jave
excellent agreément between the measurcements and the nredictions,
The calculated results based on turbulent flow appear to be
quite close also, but this may be somewhat misleading, because
the curve drawn with the broken line closely approaches the linit
of gas phase mass ¢ransfer control,

| These results clearly indicate substantial damping of the
turbﬁlcnce in the vicinity of the free surface, which apnecars
to go well beyond the behavior that was attributable to the
acceleration of the flow and the curvi-linear cooxdinate system
that were discussed earlier.

Mechanisms that may be responsible for the damping of

turbulence in the vicinity of the free surface may include the role

played by surface tension forces, as discussed by 1evich ) ang Davis(zo),

However another important mechanism that may have to be considered
is the damping of the turbulence by the electromagnetic field,
which would be particularly important in damping the velocity

components parallel to the free surface.(zl)

In view of the quasi-laminar behavior postulated in the
vicinity of the free surface it may be of interest to show one
additional figure, depictiﬁg the computed velocity field and

temperature field for laminar flow conditions. This is done in

Fig. 11 where it is seen that the behavior is qualitatively similar
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to that found for turbulent flow, except for the fact that the
lincax velocitics are somc 30~40% higher and the isotherms are

consistent with a rather well defined laminax circulation nattoern.

S, CONCLUDING REMARKS

A mathematical representation has been developed for the
electromagnetic force field, the fluid flow field, temperature
ficld and transport controlled kinetics in a levitated metal

droplet. : v

The statement of the vroblem included the use of mutual
inductances to calculate the current density distribution in
the droplet resulting from a given coil currentand coil confiqura-
tion. Knowledge of the current density distribution enabled the
calculation of the lifting force, of the stirring force within
the sphere and of the heat generation pattern,

The fluid flow field in the spherc was modelled by writing
the turbulent Navier-Stokes equations in smherical coordinates, with
symmetry about the angle 0. The effect of both buoyancy and
electromagnetic' forces was included in‘the formulation, thus the
fluid flow equations were coupled with the differential thermal ‘
energy balance equation, which included convection, eddy conduction
~and heat generation. A differential cémponent balance was also
developed to represent the carburization of an iron sphere, due
to the decompesition of CO at the metal surface. The governing ecuations
were solved numerically, using the k-& model for the turbulent
viscosity and employing primitive vafiables.

Computed results were obtained for the lifting force, fe¢r the
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heat generation pattern, the velocity and temperature fields
and the rate of carburization. The theoretical predictions
were compared with experimental measurements, reported previously.

In a macroscopic sense the thecoretically predicted lifting
force and mean bulk temperaturce ¢f the levitated sphere were

found to be in good agreement with the measurcments.

It is thought, however that the detailed insight into the
m;crosccpic behavior of'thc system, provided ﬁy-theso calcula-
tions was perhaps of greater significance.

The calculations have shown that the electromagnetic force
field in the molten metal sphere produced quite high melt
velocities, of the order of 0.1 - 0.3 m/s; these values were
in qualitative agreement with the estimates deduced {rom the
visual observation of levitated specimens. While the fluid
flow field was definitely turbulent in the central part of the
sphere, notwithstanding the quite smallAlinear scale of the system,
laminarization had occurred to a considerable extent in the vicinity
of the free surface.

In a mathematical sense this laminarization is attributable
to the acceleration of the fluid in a éurvi—Linear system, 1n a
‘physiqal sense laminarization near the free surface may also have
been promoted by surface tension forces. )

This laminarization of the flow field has important consequences
regarding other transport phenomena. The calculated.tempexature
fields within thé sphexre have shown that & ¢ertain non-uniformity.
of the temperatures may exist within the system (say temperature

differences of up to 10°C in the particular case calculated)

e
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notwithstanding the high linear fluid velocitles and the relatively
small physical size of the specimen ( 6mm diameter).,

This laminarization has an even greater influence on transport
controlled kinetics. In thas regard the theoretical predictions
for the rate of carburization were compared with experimental
measurcments. The theoretical predictions were based on the
assumption that gas mhase mass transfer and liquid nhase convective
(includinq turbulent) diffusion being the rato‘cbntrolling factors.

It was found that the use of a turbulent model would have over-
predicted the carburization rates, while the postulate of laminar
flowtgave very good agreement between measurements and predidtions.
This latter finding clearly confirmed the important laminarizing
effect of surface tension in the vicihity of the freec surface, which
in the present case corresponded to the major part of the phygical
domain. .

At this stage it ought to be mgsﬁiéned th%é two assumptions
implicitly made in the formulation, namely svherical geometry and the
absence of surface tension driven flows may be justified a posteriori
by the reasonable agreement between the measurements and the predicted
behavior. The close approximation to spherical geometry has been
observed by many investigators, furthermore, the absence of significant
temperature gradients on the surface should preclude significant
surface tension driven flows, esmccially as the electromagnetic forces
are at maximum at the free surface. ‘

In conclusion it may be stated that a, realistic mathematical

represcntation has been developed for the electromagnetic force field

*
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heat, mass and momentum transfer in levitated metal dronlets and
that the theorctical predictions appear to be in very good agreement
with measurcments.

It is suqgqested that these results may gain useful application
in two distinct areas., One of these is the rational plan;ing and
interpratation of space processing cexperiments, which involve
levitation melting. The othexr wrovides a potcn?ially very uscful
tool for thd interpretation of gicund based levitation experiments,

thrxough the quantitative definition of the fluid flow field in

these systems.

From the standpoint of basic f£luid dynamics the laminarization
of the flow field in the viecinitv of the free surface is a very
interesting f£inding, which will deserve further detailed study.
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OF SYMBOLS

> o

0N w1
b+ ]

O O

p

€,1C,,C, constants of k-c model (m) »

activity of carbon

vector potential (Wh/m)

magnetic f£lux density (Wb/mz)

applied magnetic flux density (Wb/mz)
carbon concentration (Wt%)
concentration diffusing species (kg/ms)

specific heat of levitated sphere (J/kgox)

electric field (v/m)

electromagnetic Llifting force (N)
gruvitional acceleration (m/sz)
electromagnetic stirring force (N/m3)
heat transfer coefficient WW/mZOK)
coil current (A)

imaginary value of

induced eddy current density (A/mz)
turbulent kinetic energy (mzsz)

.mass transfer coefficient (m/s)

mass of levitated drop (kg)

. mutual inductance (H) levitated drop (W)

power adsorbed by Eq. 22)

pressure (N/m?)

modified pressure

radial coordinate (m)

real value gf

cross sectional area of elgmentary éircuit (mz)
temperature (°k)

ambiant gas'températnre (OK) '
time (s)

velocity (m/s)
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X mole firaction of reactive gases

magnetic permecability (1/m)

o
Ve turbulent viscosity (kg/m.s)
N density of levitated sphere (kg/mB)
€ turbulent kinetic encrgy (m233)
€ emissivity of levitated sphere
o electric conductivity of levitated droplet (Rm);l
o] . Stéfan-Boltzman constant (J/s.lﬁ2 °K4)'
0y 0 constants in k-e modelq . " \
v kinematic viscosity (M /s)
w frequency

a.¢e effective thermal diffusivity
a thermal expansion coefficient

Dimensionless group

Nu Nussett number
Pr Prandtl number
Re Reynolds number
ReT turbulent Reynolds number
Sc  Schmidt number

Gr Grashof number



Figure Captions - ’

l.
2.
3'

10.

11.

Sketch of the levitation coil used in this work.

Sketch of the electromagnetic field in levitated sphere.
Illustration of the elementary circuit used in
numerical computation.

Computed lifting force and power adsogption for a

molten iron droplet along the axis of the coil., Coil

- current. 200 Amp.

Computed lifting force and power adsorption, for a
molten iron droplet along the axis of the coil.

Coil current 250 Amp.

Computed lifting force and power adsorption for a
molten iron droplet along the axis of the coil. Coil
current 300 Amp. |

Computed electromagnetic force field and computed
Joule.heating (x106 w/m3) in a levitated molten iron
droplet. Coil current 250 Amp.

Computed velocity field and temperature field

in a levitated iron sphere.

Computed turbulent kinetic energy (x104.m2/52) RHS and the

»

ratio of “eff/p LHS.

3
Experimental carburization results (CO 2.15/CO

*

2 at 38.9 atm and
165000) (13,15) compared with the theoretical predictions
for turbulent and laminar flow in the levitated drop.
Computed velocity field and temperature field in a levitated

molten drop assuming laminar flow.
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