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A combined computational- experimental modelling effort is currently 

underway nt Sandia Jational Laboratories to characterize the vacuum consumable are 

remelt proce ss. · This effort involves the coupling of exper,imental results with a 
capable 

ma~ tohydrodynami-c flow model which is cf time accurate solutions of the 

interdependent fluid flow-solidification process in the ingot . At this time, the 

medelling and exper imental efforts are still in the developmental stage. Ther efore, 
intended 

the results presented in this work are . - to provide only a qualitative picture 

of the Lorentz and buoyancy induced flQ.l s. 

Models such as t his are driven by boundar y conditions . Considerable data 
< -

have been compiled from direct observations of the eleet.rode tip and molten pool 

surface by means of high speed photography in orde~ to gain an understanding of 

the proce s~es at the po?l surface and the appropriate corresponding boundary 

conditions. The crucible wall/ moltefu metal miniscus MXR conditions are l ess 

well understood. 

Pool volumes are computed at different melting currents and show 

reasonable agreement with experimentally determined values. Current flow through 

the ingot is evaluated numerically and the results indicate that a significant 

portion of the melt current does not reach the interior of the ingot. 
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1. Intro,·lw~tion. Vacuum consumabl<) arc remelting is !l cast~ng process carried 

out in vacu· . .J..'TI \.lith the aim of r·~mel ting the consu.rnable electrode iri such a way 

thnt the !19W in,pt hss improved 

che:nical .snd physical hornogenei ty. 

The energy './1ich causes the remelt­

ing is supplied by a "'lacuu:n arc 

b2b..reen the bottom surf3C3 of the 

electrode (cathode) and the ingot 

top surface/crucible wall (anode); 

. see Fig. l. Casting rnte ("melt 

rate"), 
e 

m ' is controlled by vary-

ing the melt eurr.ant, I • m 
The reason for using 

thisjprocess is to increase the 

ho;allgenei ty :lf the resulting ingot. 

However, its application is limited 

Fig. 1-Vacuum con:-;umable arc remelt furnace cut-awny 
view. 

by the onset of signific;mt macro segregation in segr·::g.3tion sensitive alloy 

systems. Since increasing the ingot diameter will increase the propensity for . 

macrosegregation, segregs.tion sensitive alloys are limited to small ingot dia­

meters. This limitation is beli1wed to be caused by adverso fluid flm..r and 

solute transport within the melt pool a:1d the ajacent interdendritic region. 

The goal of the research program described below is to understand how melt 

parameters such as I relate to fluid flow, solute transport, and the resulting 
;a 

ingot homogenemty. 

The U-6H/ol~b alloy used in this research was· chosen beca'.lSe of the 

following proper±iP.s: . 
~tense macrosegregatlODJ 

(i) .ki:~nq~xmmt:>."XiJd'Y · is observed in small diameter ingots (0.208m)-. 

(ii) Niobiu.11 js <~o~nplfd:aly s·Jlubl•J in both ljquid and solid uranium 
near the solidific:::~tion tempernture range. 

(iH)Niobium diffusion in solid uraniwa is lowAR . t 
-~~ 

Tn pRrtiGular, the macrosegregation observed in U-6·...r/oN~ :Xxg~Y c~m be 

broken down into three typas. Fir::;t, and most conspicuously, (Fig. 2), 'l11:1f!d~ 

of varying concentration can be seen. Second, the composition of th::l 3llny cnn 

vary with distanc9 fco~ the axis (Fig. 3). Fi.nally, the ends of the ingot may 
. . . 

hava clifft;Jreot. solute contt~nts than the intlerior, which was formed under quasi-
~ 1..:. lC:1tll'>~ · , · 

staady y...xli:;~ conditions. 
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'l'h(? octu3l rl;:,v,,::_o;_)ment of macrosegregation clearly must be a consequence 

of the conditions on ~he moving rolid-liquid interface in t~e ingot. As shown 

by Fhmings, M:3hrabis.n, and others (l, 2 ,J) over the past several years, a quant­

itative connection can be made b-2t\..reen the flow and the thermal environment in 
{.(. 

the interdendri tic spaces of the "m)shy zone". Hm.Jever, this t~eory requires that 

these conditions b2 cleter::nine:l vJi th gr('J3t precision and detail in order that 

-predictions of macrosegregation become possible. It/is this requir~3'!l,mt of 

.gr~ot a/tail and the accomp3nying Hish to,Lnaximize reliablUt.y ~nd relevance 

of conclusions \Jhich have motivated the combin<~d numerical (J~tailed) ~nd 

exp'!'rimental (reli.abll''!, r-3alisti.c) analysis of VAR. 

At this ti:ne, the modeling and exped:nt:mtal '-~ rf'0rts. a.re still in 
~ 

the developmental sbge, so the results presented here are intended to provide 

only n :t'-i:\11 b Ll V~!· ~i,~1 ~tt;'9. 2[ the Lorentz and buoyancy inducsJ flo·...rs in th·:'l 
'--"'n' .. L :..nurl.~.,~::s, 

reei on ahead J-:;f xx±x:bl: Y and in the part of the mushy zone where they 

are very .coarse ( volune fr::tctlon solid g ~ 0. 5). s 
Basic:llly, t~e Sandia VAR r0senrch progrnm is driven by the data 

obtuined fro:n an in::;tru:nented 10-in (0. 254:n), highly coaxial (axisymmetric) 

furnace ~The i!'lstrument!l tlon is briefly de ::;cl'i l.>~d in 
4' :.l:t. h 

.. ·Section :H:· t!lcl .formulation of a magnot<j&drodynamic 

S?ction r.r, follm,red in 

flo;,.,r model. The model 

I 
l·, 

L 

-> 
! 



is capable of time-a cc).Ll'a te simu 1 at i.nnn_ of th•'1 conr:>l ·~dfconve~tilJn- solid ifi cation 
,)<:!C"E:LOn lV i1"!SCt'lUI::S eXpt)i'ltnell'ES rorn WhlC 1 

processes in the ingot. S;ir....-se_ct.i;,:.1S.JAl-;t-R~--lllw.rntJ:XJQOCXIDI'>lrlr.t1Iiz "first-generation" 

boundary con:li t.io;1::; 3!'!:! coth1 tr.··1ct·~·1 and prCJ sents the resulting bo•.m:br_y conditions. 

Finally, in flection 1ft:.~~ a parameter study using the model produces predict-3d 

pool volunes' as a fu."lction of melting curr8nt and measureu I:li:Jlt rat:'!. These 

calculated volumes are compo.:red to experinientally determined values in order to 

infer the fraction of current passing through the melt pool. 

II. Experimental facilities. Th.cJ basic mA3Sur3;nent'> na::le on the furnace Hhen it 

operat·3S in a normal production mode (as depicted in Fig. l) consldt of melt 

current I , voltage across the bus bars V , furnace jp.t~·:::ssure p , and furnaae 
. m ra :n 
gas composition. Melt current is measured 1-ritn a shtmt in series with the 

negative bus bar .and simultaneously by a Hall-effect transducer; both I and V 
. m m 

are r<:)corda.J at a 5~1z r.·r.,solu!:.lo:1 on nagnetic tape and are subseq_uently analyzed 

on a minicomputer. Furnace gas composition is. obtained from a mass spectrometer· 

which obt.ains its samplf.:J s through a differentially pump-3d q'-lartz tube with a 

0.015-in (0.00038m) orifice placed approximately J. in (0.076m) above the finished ingot's 

top surface in the annulus between tne electrode 3n:i crucible. 

For obtaining heat transfer data, the •..rat~r jacket water flo\J is 

inoni tored using an orifice plate flm.nneter. Thermocouples placed at the 

inflow and outflo . .r ports of the jacket provide data on temperature rise of the 

cooling ·,rater, and thus, on the global heat removal rate through the crucible. 

In addition, thermocouples can be placed in v.:~rious IY.ls1..·:::.L·Y1S on the outside .of 

the copper crucible wall without affecting the melting process. These yield 

details on the distribution of the crucible-cooling water heat transfer. 

~fuile all the above-described measurements are conveniently made 

dlitring pronuction melting conditions, none allows direct observati<?f or 

measurement of the active zone of the VAR furnace; namely, the inperelectrode 

gap in which the arc )perates and across which metal must be transferred from 

the 'electrode to tr;e melt pool atop the ingot. To obtainsuch data, experimental 

melting is·_performed in a modified arrangement of the standard furnace (Fig.4) . 
• 

Tho modiHr.:1tion consists of inserting an additional· section of vacuum chamber, 

with independent cooling, sight ports, and instrumenL port:J, behTP.P.n the crucible 

flange and_the furnace "body; inside tho crur.jble itself a moveable stool 
. . 

("retractable hea~th") is moUnted on a hydraulically-driven screw mechanism 

which can withdraw it at the rate new ingot forms. This retractable hearth 

I 
I 
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( b) 
-F1gll1'~. Melting Chambe r and Observation 

Port 

Fie. 4. The Sandia r etr actable hellr.t h appara tus . 

arrangement allows long-ter m observat i on of t he interel e ctrode gap since e l ectrode 

f eed and i ngot wit hdrnwl can be matched so thAt the gap rema in s i n t he f ield of 

vi ew . The s i ght port s of t he chamber ar e ar:ra nged fot-"~ both dire ct viewi ng across 

the gap, and f or oblique viewing of a lar ge fr action of t he pool surfa ce (the 

ele ctrode bl ocks a full view of the surface ). Both hi gh- speed color movies 

("'10, 000 frames/ se c) and colo~ st ill photographs have been made in this Hay. 

Besides t hese measurement s made at Sandi a National Laboratories , an 

important additional source of da t a has been the Union Carbide Nuclear Divisions ' s 

Y-12 plant . This support consi st ed of melt ing an 8-in (0 . 208m ) uranium- 6w/o ni obi u;n 

i ngot, se ctioni ng the r esult ing mat erial, and doing r adiogrenhv on the se ctions 
~~e ~eason~J 

(Fig. 2 i s a positive t aken f r om these r adiographs ). ~noted in the I ntroductbn , 

t he U-Nb syste is ideal for segregat ion stujies , so the ma j ority Jf the analysi s 

done to date has involved t his i ngot . 

For i the r adiographi c inforHation to be r educed t o1Quant. i ta tiva da t a , ca :ro~a tlon 

it i s necessAry t o co:nbine spe cimen· t hi ckness informat ion ,~ of t he 

phot ographic e ulsion s (provided by step wedges of pure U and of U-6w/ oNb 

which war e r adi ographed a long with the specimens ) , and the r aw radiogr aph s 

to calculat e poin twise den sities . 

based image processing te chni ques . 

appar atus and t e chnique is _found in 

This i s current l y be ing done by computer 

Nora de t ailed -descriptions of experime nt a l 

t he r e f er ences (4, 5, 6 ) . 

I 
I 
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Fortuitously, the strong banding of this a]oy provides an additional 

datum; n:sm•3ly, if it is true that the b:md·s nre created during the latter stages 

of solidification, then they serve as reliable markers of the outline of the melt 

pool at the. time of their formation. 'l'o be precise, wh().t the bands represent 

is contours of some fraction solid (not, of course, g = l, the solidus). In 
s 

this rep::>rt, "measured pool volu:ne" will refer to the volume enclosed by the 

solid of revolution generated hy a bnnd and t,he plane through the intersections 

·of the band with the edge of the ingot. 

III. ·tvf.athematical model. In order that the num•3rica1 model have as simple a form 

as passihle while retaining the relevant physics for.the determination of the 

·macroscopic heat and fluid transfer, the follo\-d.ng forms of the govern,-i.ng 

equations are applied: 

1( vt) = Pr[ d 2(-vD + E_ (~~-)+ sJ 
or (;x2 "6r r~r 

v= 

\sea~ 
·where (x,r) are .. the axial and radial cylindrical coordinates Y ~ . by ingot. 

radius R having origin on the melt pool axis at the surface; t is time, scaled 

b:v R
2
/ J( , J( being the reference value of the thermal diffusi v:i.ty; I; is 

• 0 0 ? 

vorticity, = 'dv/ox - ou/ar in terms .?f the. velocity components (u,v); A ... is 

(2) 

( 3) 

(4) 

(l) 

2 ° 2 2 the squar·e of an Alfvcn nu;nber. based on thermal diffusion speed, ·A = ()<: /R) / ( B /f.J.P ) ; 
o o ot ;m 

B is the magnetic induction azimuthal c·o:nponent scaled by B = Lll /21TR; G is 
. o r· m 

temperatur~ difference 

scaled by ~T = ~(T1-o ·-

from the mid-mushy zone temperature T = t(T
1
+ T ), 

' 0 s 
T )'with T1 being respectively liquidus and nonequilibrimn s ,s 

solidus temperatures; Pr is Prandtl number, "v. /k with V. being 11 reference 
0 0 ' 0 



kinematic viscosity of the liquid metal; Gr is Grashof m.unber = g<t~T0R3/v~ 
with g being acceleratiot~ due to gravity and ~ being the volumetric coefficient 

of thermal expansion of ~liquid; h is the enthalpy, scaled by tL with 1· 

being the lstent heat of fusion; j is ~urrent density, scaled by I ,hrR2; and 
m 

L: is a Joule heating parameter, L = P L<J k R
2
/2I

2 
with D~:,.~]..~b::e:_:i::n~g~m~a~s~s~--:---~-.... 1 m o m ry 

density and (Y the electrical conductivity of the liquid. The function ~(x,r-,t) 

is the streamfunction, introduced to obtain exact conservation of volmne. 

When the flow is steady, contours )f constant 'f (11 streamlines11 ) are also particle 

is determined as the result. of near-total cancellation of these two opposing 

driving forces (buoyancy and Lorentz forces). 

Accompanying equations (1)-(4) are the following equations of 

state. 

(5} 

. with the lVh J / /vr I value being calculated from the points in the neighbor­

hood rather than specified as a function of G, and with k being the 

·dimensionless thermal. conductivity, with ~ = 2C AT /L , and C being 
L po o po 

a reference specific heat (the same value used in defining ~ ); 
0 

being given as a closed-form ftL"1ction (curve fit); and finally, 

h = h(G) 

is opacified as 1m 11 ave:rage11 nonequilibrium cooling history by assigning the 

regular-mixture enthalpy of the co:nponents ( liqu:i.d and solid) which would be 

present according to· the Scheil microsegregation equatiun (7 ).. Rather than 

calculating the Scheil prediction of fraction liquid and the solid composition 

every time an enth::~lp.7 value is de sired, the curve h (G) is computed once and 

a piecewise linear curve fit is made to it. This linear function is then used 

to assign h(G) (G). 

being 

temperatur 
in the 
liquid 

( 11 Boussines 
approx­
imation11) . 

(6) 

(7) 



Equations (l)-(7) are solved nunierically in a rectang'ular region 

representing a cross section of the ingot top (Fig. 5). The actual nwnerical 

operations consist of solving the 

two parabolic equations (1), (2) by 

an explic"it, conserv3tive, upHind­

differenced scheme, and then per­

forming a s~lli~etric successive over­

relaxation on the elliptic equation 

(3); for efficiency, these steps 

are carried out in analytically 

strained cylindrical coordinates( 6 ). 

Explicit field equations 

for the electromagnetic variables B 

and j are not included because these 

have been treated by a fully decoupled 

magnetostatic approximation. Ynis is 

possible because of the small size of 

the ingots and the low fluid velocities 

Fig. 5. Coo!·•lbates !lnd fin.i te difference· gri•1 

' i"or numcri·::al :>.::Jl•.Itions. 

which together imply s:nall magnetic Reynolds number Rm ::::. U 
0

F..JL o; and thus, small 
(9) . . 

induced fields. In particular, the dimensionless azimuthal magnetic induction 

vector co~ponent is taken to be: 

B(x,r) (8) 

where a is the aspect ratio of the computational zone (Fig. ~), J 1 (•) is the 

Bessel function of order one, and j3
0 

is the. first zero of the zero-order Bes::;el 

function. Once B(x,r) is given, Ampere's equation determines j(x,r). Note that 

a parameter o~cB-:=; 1, the fraction of melt current passing through the pool, 

has been inserted because the detailed current budget in a VAR furnace has not 

been measured to the authors 1 kno•,.,ledge. 

IV. Boundary conditions. (a) Initial experiments. The facilities described in 

Section II have yielded a mixture of quaUtative and quantitative information 
.. (58) 

concerning the VAR process. From the .retractable hearth experiments ' , 

which were all done wi.. th stainiess steel or supcr.alloy ingots, direct observation 

has determined that the mode of metal tnansfer is qhiefly bulk liquid transport; 
~ that·i.ndividt~al vc.tcvvm behsva as they do in vacuum S\..ritches, etc. (i.e., 



individual cathode spots are created near the centerline of the electrode face, 

do a high-speed random walkwith a mean radial speed of about 10
2 m/s, and are 

extiriguishec}':1t the edge of the electrode, or, in some cases, on the lateral . 

surface of the electrode); that the bridging of the electrode gap by a liquid 

droplet causes irmnediate (on time scales shorter than l0-4s) extinguishing of 

all cathode spots, so that all melt current must pass through the resulting 

"molten wire" between the electrodes; and that both pool surface and electrode 

surface· are at low uniform superheats, probably < 200K(b). An inunediate consequence 

of these observations is a strategy for controlling electrode gap based on analysis 

of the electrical \.Javeforms V (t) (B).· 
Ill 

.Along with.these observations, crucible and water jacket thermocouple 

measurements have been made during melts of stainless steel (See Fig. 6). This 
quantitative data indicates.that the significant heat removal from the ingot 
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Fig. 6. l".eosured tempe1·atures on crucible 11all during 3041 stainless steel 1:1el ting. 
Ingot gro11th rate 0.22 in/min (9.3 x 10-:> m/s) •.. · 
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occurs in a very.narrow band of contact on the crucible wall and that the 

electrical energy ·input rate is nearly matched by the rate of thermal energy 

. removal by the cooling water·· (after the startup transient, under constant 

current I melt conditions). 
Ill 

(b) Initial numer~cal.boundary conditions. Taken together, these observuLlons 

and measurements suggest the follm.ring boundary conditions. First, the low 
' ? 



observed superheats suggest 

T*(x=O,r,t) = T1 + 6Ts H(Re - r) (9) 

"'here 
r ~ R e is the Heaviside unit step funci..i. on 
r>R e 

.and LtT$ is the superheat of the pool surface directly under the electrode (the· 

valse used in the calculations given below was LlT$ = l22K). The surface also 

requires a streamfunction boundary condition ( U1'1iform inflow was used since pool 

velocities so greatly exceed inflow velocity) and a vorticity boundary condition 

·(which "'as taken to be zero vorticity assuming that no net shear stress is applied 

to the pool surface). These conditions are 

(10) 

and 
. f:(x=O,r,t) = 0 (ll) 

= u~/(2~0/R) is a Peclet number based on average inflow speed u~ = m/~J1R2 • 
On the lateral surface of the ingot (crucible wall), the flow 

conditions ore the usual: 

~(x,r=l,t) = f1 
(12) 

~ is derived from ou/Jr)r=l unless solidification has (13) 
occurred at. r <..l. 

The thermal boundary conditions at the "'all are .not so easily determined. The 

data measured on the outside of the crucible has a good deal of the detail smeared 

out by diffusion, and this detail cannot be resto!'ed by analytical means since 

this resto!'ation ,,wuld be a classical ill-posed boundary vAlue problem. The 

situation is further complicated by the fact. thut the crucible wall temperatures 

in~icate that heat transfer is probably a combination of film cooling and nucleate 

boiling. Thns, exterior crucible wall data alone are not sufficient to provide 

a reliable accurate boundary condition. Furthermore, the detailed analysis 

discussed by Hray earlier in this meeti~1g. (lO) indicates that the behavior of 

the ingot-crucible contact is at least as co:11plicated as the crucible-cooling 

· wt~ter contact. A crude p.srmneterization of the expected temperature dependent 

a:hility of t~~ ingot to reject heat to the cooling water has been used, with 

parameter values estimated rather than measured. Speclflc~:~lly, the contact zpne 

I 



is assumed to have a thermal resistance uhich varies uith local temperature 

(see Fig. 7): 

-k* dT* = e cr*T*4 + 
or* \J 

T* 
w 

Hhere the !'• . ./' subscript denotes "uall" values, and H2o ~refers to the .cooling 

~ater. The thermal resistance 

is defined in Fig.?; this fonu 

of ~ is chosen so that the 

minimum resistance R operates 
0 

when temperature is above TRJ; 

ueakening contact stress 

causes increasing ~ for inter­

mediate temperatures; and, 

finally, conduction ceases 

i"(r) = I Tm 1 0 < r < R0 

) T L , P.~ < r < R 

IIIIIIIIIJ.II_'~IIIIIillll 
I 

..2...!. -0 I d r . 

OUTflOW BOU="'DARY 

Ro 1 l.} TRO 

Ro(Ti>i-=.!J!l T <T<.T 
T- TR' , R RO 

104 R0 , TR >T 

· below TR when thermal contract­

ion has caused the ingot to 

shrink out of contact with the ""i ( Soo toxt f<r notation) • 
;~~. II· · T!\errnal Bou:'lcary Conci tion S ~.:mr.1ary 

wall entirely. Parameter values 

assigned have been: R = l.OH/cm2-K (about four times the thermal resistance· of_ 
0 . 

the copper crucible alone); TRO = Ts' the nonectuilibriu.:n solidus temperature; 
-3/1 . TR = T - 10 (X where OC is the volu.metr. ic coefficient of· thermal expansion . s s s 

of the solid. This TR means that the solid has undergone a 0.1% volumetric 

contraction at the break of uall contact; for U.:...6u/oNb alloy TR uas 200K belou Ts. 

On the axis of the ingot, SyYUIDetry provides boundary condiuons 

una.mbiguously: 

'{ (x,r=O, t) = 0 

b(x,r=O,t) = 0 

oo 
Cir (x,r=O,t) = 0. 

(14) 

(15) 

(16) 

At the bottom of the computational mesh, typical 11 outflm·I" boundary 

conditions are given on strearnfw1ction and enthalpy: (f/) 

~·~ . 

2 (x=a,r,t) = 0 
~X 

.·.a·· .. 
. . 2(x=a,r,t) = 0 

. dx · · · .. 

. (17) 

(18) 

and vorticity is zero tecause the code forbids melting on the.outlflow boundary. 

•· ... 
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At interior solid surfaces (taken hare to ba points for whichrQ first drops below 

0.333; i.e., \-!hare the Scheil equation fir~t indicates that fraction solid 

exceeds 0.55), the streamfunction is specified to be rigid body motion 

f = tf1r
2 

(ll) and vortici.ty is computed from . . 

where n is the normal to the solid surface (inuuobilization isotherm) pointing 

into the melt, and vt is the velocity tangential to the surface at the ajacent 

liquid mesh point. 

(19) 

(20) 

V. Limited experimental and computational results. To briefly recapitulate the 

above, then, direct observation of the electode gap region has produced several 

qualitatiive and quantitative improvements in the understanding of the v~q 

process. The most important of these have perhaps been the observations of the 

transfer of metal from the consumabl9 electrode to the pool by the bridging of. 

the gap with liquid metal droplets, and the synclrtronization of these events with 

the characteristic millisecond lifetime waveforms of the furnace electrical 

signa1(4 , 5,S). These observations have clearly established that the bulk of 

metal transfer is by liquid flow, and that, when a droplet shorts across the 

gap, all arcs are extinguished. 

These observations have also suggested the boundary conditions 

detailed above in equations (9)-(20) for the ingot top. With these conditions 

as input, along with the melting rates tn obtained simply by dividing the total 

ingot t-Jeight by melt time, it is possible to produce mnnerical models corresponding 

to the experimental melts. The utility of these models consists mainly in 

providing a base for a parameter sensitivity study as well as some qualitative 

insight into the phenomena which may occur in t.he .:;;y$tern \.Jhan it is drivan by 
med.rH.njfC....t 

realistic inp'.lts. Qa.antitatively, the only"comparison which can nm.J be made 

with the observations is computed vs. measured pool volumes (see Fig. 8). The 

computed volwne is that enclosed by the immobilization isotherm, and thus 

represents a lm.,rer bound on the volume which is enclosed by a band formed at 

a temperature between itm:10bilization. (G1 = 0 . .333) and nonequilibrium solidus 

(G = -1.0). 
s 
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\-Jhile the numerical model produces reasonr~ volumes at each current 

level of the experiment 

for I <: 5kA, it· cannot m-
produce a bounded pool 

volu.:ne at· I = 6kA m 
because the Lorentz 

force is so dominant 

that heat transfer to 

the crucible by convect­

ion is greatly· enough 

impeded that the melt 

pool depth exceeds the 

length of the compu.ta­

i;ional mesh (ab01.it l. 33 

radii). Clearly, either 

CB f l.O, or the current 

path through the ingot 

is not accurately given 

by eq. (8). Present 

evidence indicates that 
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1.0 2.0 . ).0 (.0 ~.0 6.0 

MELTING CURRENT (kA) 

SCH[IL IOUATION 

ICL • .B Ks 

IMM081LIZA110N ol 

g = 0. 55 
s 

Fig. 8. ComP'.ll')d vs. L~usured p::>ol volur~cs· cs functi0!1S of r.~~lt cm·r,~nt. 
All current pessine throut;h p::>ol (c8 = 1.0 in eq. (B))· . 

both assumptions need to be examined carefully. 

A simple nu:nerical experiment can serve to obtain an estimate Jf CB 

which would be appropriate to the current model in (8). ··Suppose first that a 

continuous caster is to be run at the same rate as the VAR ingot at 6kA (205g/s; 

3. 25 x l0-4 m/ s); there would be no Lorentz force in the absence of "current 

passin.s through the pool. The resulting motion in the melt pool would, of course, 

b0 up-ward alon.s the axis and downward along tho cold 01.1t.Ar edge of the pool. 'fhis 

is the usual thermal convection c:J.rculation due to b.1oyancy forces acting along 

(see Fig. 9). 

Next, consider the case in which a small current, say lkA, is passed 

thro'.lgh the pool. In this case the Lorentz force,. though weak, opposes the 

buoyancy force and slows the convective motion. Hm.rever, despite the slight 

drop in maximum velocity, convection sLill totally dominates the heat transfer 

and pool .shape (isotherm shape_ in· general) is not affected. In fact, it requires 

a current strong enough to essentially cancel the buoyancy force before a 

noticeable .change is produced i.n the isotherms • 

. " .· 
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This thre hold is crossed at I Aj 1 .75 kA ,· m- until about ). 25 kA, 

the buoyancy and Lorentz force s virtually cancel one another , an the net 

:,1, :11 I !1., 1, 
o.o IJ . 2 tl. 1 o.u o.n 1.0 

0 ·' --- _ ._.;_, __ : - - -=----·--·--'- ·!-... _.......,_~ 
o.l ~-- ~ - ~ ~ ~ -~-~: ~ -~--~ ~~~~~-;~2?~ :f 
·! 0 0 ,_) .-. () lJ n () 0 0 () ri :; ~0 0 ~· 0 ·r 

~. . 0 0 0 (i (J 0 0 0 C) 0 0 3--'6 0 0 0 0 ~ 0 ' ( 

.\ 0 0 0 0 0 0 0 ~-if 0 0 0 0 0 0 q :;; 'f 

.1. o o o u u o__:;r'" o 0 o o o 0 0 CJ 0 <l 0 • l c:, o o__:.:-:.r-0 o o o o o o o o o o o q o '( 
!-' .. _:;.~ n o ,, o o a a o o o o o o o 0 o .

1 
- ,I o o o o o o o o o o o o o o o o o d o .~ 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 ·l 
.1. o o o u o o o o o o o o o o o o o d o T 

pJ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 q 0 '( 
"'I , ~ J o o o o o a o o o o o o o o o o o o o 1 

V> 0 :f : ~ ~ ~ ~ ~ ~ : : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ f 
~} : : : : : : : : : : : : : : : : : ~ : ' 

/ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 d 0 ... . 

J 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 d 0 J 
~1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 d 0 
0 f o O· o o o 9 o o o o o 9 0 o o 0 0 ~ o 

.. 0 0 0 u 0 9 0 0 0 0 0 0 0 0 0 0 0 q 0 

1 o o. o o o o o o o o o o o o o o o co · 

~u·'. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ( 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 d 0 

' ~~~~~ 

( tt) 

Fig . 9. Ca lculations for U-&..Jo~:b .:.lloy, 
electrode, 8-in (0.208::J) incot . 

(e) Strooolino:~ with Af = 2.0 

205?}s r:.•:!lt r nto , 6-in (0 . 156:::) 
Zero p~o l currc~t co"c . 

(b) Isothe::-r.:3 wi th AT= SJK. 

1notion i s weaker by near ly an order of magnitude than the mo tion in t he unopposed 

ther ma l convection case .(note tha t the spacing of streamfunction contours, whi ch 

is a rough measure of velocity magnitude according to eq.(4), has dropped from 

2.0 in Fig . 9 to 0.4 in Fig . 10 ). Throughout th is current r ange , the weaker 

fl ows r esult in deeper pools. At 2.5 kA pool current, the motions consist of 

separate zones of magne tic and t hermal circulations (Fig . 10); furthermore , ther e 

is evidence of long transient time s for disturbances to these flO\.r s , so their 

stability appear s to be just about marginal . 
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·. 
-"'~3 .10 . C!! l cula t ed flcr..; un:: e r .-:a rne .,i._ - - co~u .ions as Fie. 

pool current i s 2 .5 ~A . (a) StN~.tmlir.as 'With 
( b ) Isother:: s vith AT :: BUK . 

' 

(b) 

9, except t ha t 
11'f' :: 0 . 4 

When t he current l eve l becomes high enough , t he Lorentz force s 

.·. 

will do~inate the pool dynamics, and circulat i ons will be ma inly cou~ter to the 

ther mal convection circulation dir ection . This must r e sult in enhan ced gr ad i ent s 

of t emper a ture a t the edge of t he dominant cell , so that a ther ma l cell \ . .ri l l 

alway s a ppear at the pool edge . ¥-aximtun velocitie s must again increase , but 

\.rit h a r everse sen::;e from t he buoyancy- nominat ed ca se . This has t he effe ct of 

r educfu ng convective hea t t ran sf er , and t hu s increase s the dept h of the pool 

drama tica lly. In f act , 3.5 kA i s sufficiently high current to cause even an 

extended (1. 75 r adi i) comp'..ttational zone to become mushy to its bottom (Fig . 11) . 
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S:..'f.Fi:SE: 5'..'::\:'"flCE 
0.1) 0. 2 C.1 O. G 0.0 1.0 0 . 0 0.2 0.1 O.G 0 . 0 

a_•.,- -· 0.• 

Fig. 11; d fl d :n~ condit~on" ns Fi<r. 9, cxc~"t t.1-jat Calcu1oto o·-1 un er so "' · - · " '~ ,.. 
( ) St "'·:1~tion \Jith 11\.11 = 3.0 pool <:u.:·:::-tmt 1 s 3. 5 kA . a rca='"' - 1 

( b ) Isothe rms 'w'lth A'£ = 80i\. 

NO'.o~, these calculations each give a pool volume prediction which may 

be plotted vs . pool current (Fig . 12) . The cur ve appears to be rnonotonically 

increasing in pool curr ent, as one would expect since increased current means 

increa singly strong .inhibition of heat tran f er from the pool . Th e observed 

pool vol~~e at 6 kA cuts this curve at the right hand end , indi cati ng that a 

current of I = 3. 3 kA \-1ould reproduf~e t.hP. oh ~P.rved volume . Th1..1. s , for current 
p 

distribution given by equation (8), CB = 0.55 would seem to be appropriate at 

the I = 6 kA ~elt current level . 
m 

From this and si~ilar parameter studies using the mathematical 

model , tho se pnrnmAt.Ar s which significantly affect the behavior of the ingot 

1.0 



can isolated much or e e conomically than by experimentation . The above 

example·indicates the need for accurate inputsffor the boundary conditions 

at the ingot t(l niscus-crucible wall .contact , for accurate determination of 

currant paths, and for accurate 

determination of the thermal 'loading 

of the pool surface by plasma 

and r adia tion as well as by the 

conventional liquid transfer . 

At t he same time , any chgnges 

made in estimated va lues of the 

parameters must be consistent with 

the observations .a lready made and 

with such global constaaints as 

over all energy bud~3t balance . 

Specific experi-

• eDts sugge sled· by this fir st­

generat ion model consi st of: 

(i) Heasurcmont of surface 
t emperatures in the r ewact­
able hearth . 

(ii) Heasurements of surface 
velocitie s in the r etractable 
hearth. 

(iii) Measurements of crucible 
wall hea t flux,;s in the 
producti on configurati on . 

( i v) He a su.r·en en t s of anode 
current partitions bet\..reen 
cr ucible wall and pool sur­
f a ce , to improve eq. (8) and 
to fi x CB. 

This e:>.:-peri mentation must be 

accompanied by the corresponding 

arc physic s analysis , fluid 

dynamics analysis , electromag­

netic analysis , etc., to assure . 

consi stency) s~c... Ft·v· 1~ . 
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. ~v. Su."llrrtary. At the outset, the goal of this program was stated to be 

application of the Flemings-Hehrabian macrosegregation theory to the 

modelling of macrosegregat.ion in VAR ingots. Because the interaction 

between the experiments and the model has not yet yielded a well-focussed 

picture of the motions in the ingot or of the boundary con:li tions which 

produce them, the attempt has not yet been made to incorporate the equations 

of the macrosegregation theory into the model. \·Jhen that step can be 

carried out with some confidence, process optimization can be undertaken 

(Fig. 13). At present, it is clear that the itmnense complexity of the 

physics of the process requires continuation of the intimate step-by-step 

interdependence of the modelling and experimental results to keep the 

former realistic and the latter comprehensible. 
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