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ABSTRACT 

A computer code (ZAP) has been developed to simulate the 

thermodynamic, magnetohydrodynamic, and fluid flow conditions in 

the liquid and solid-liquid regions of a solidifying ingot during 

vacuum consumable arc remelting. The code is cou~led and constrained 

with expe~imentally ri~termined measurements of boundary conditions 

and melt parameters such as melt rate, melt current~ and m~lt time. 

The work reported in this paper is part of an ongoing effort 

and presents one prelimj.nary step in ~he coupled experimental-

numerical process. A 538 kg U-6w/oNb ingot was remelted to ootain 

L~glans of constant melting current of 2 through 6 kA in 1 kA 

increments. The melt was simulated numerically using inputs for the 

code that. were obtained from this experiment. Results of this 

numerical simulation are compared to experimental results obtained 

from ingot radiography and chemj_cal analysis. There is good 

------------·-·---
:': T h is H or k ~.,as s up p or t e d b y t h e U . S . De par t men t o £ En e r g y ( D 0 E) 

under Contract No. DE-AC04-76-DP007R9. 
''~'A U. S. Department of Energy Facility. 
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qualitative agreement between computed and measured pool volumes and 

between computed fluid flow and macrosegregation tendency within the 

experimental range of melting currents. 

In addition to discussion of experimental-numerical agreement, 

a detailed mathematical treatment of the thermal environment, energy 

budget considerations, electromagnetic conditions, thP.rmophysic~l 

properties, ~quation~ nf motion, and·~~cricol sol~tlon procedures. 

are included in the Appendix. 
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INTRODUCTION 

Vacuum consumable arc remelting is a process used to ·control the 

solidification of segregation sensitive alloys. This is accomplished 

by manipulation of the system thermodynamics in a manner such 

that the advancing solidification region has an abundant supply 

of liquid metal while simultaneously minimizing local solidification 

time. Energy is added to the system by means of a vacuum arc 

and the internal distribution· of this energy within the system 

iufluences melt rate, fluid flow within the molten pool, and the 

volume of the molten pool. 

A pchematic illustration of this melting process is shown in 

Figure 1. In general a direct current electrical potential is 

imposed across the electrode and ingot (the electrode is negative 

and the ingot is at ground) and a vacuum arc is established in 

an evacuated chamber. Metal is slowly melted from the electrode 

tip and deposited in a molten pool atop the ingot. Since the 

electrode is smaller in·diameter than the ineot the electrode 

must be driven down to maintain a constant electrode gap. As a 

result> this process functions in a moving coordinate system. 

Since arc temperatures are high, direct measurements within the 

arc and molten pool are extremely difficult to obtain. 

Because of these experimental constraints a mathematical 

modeling program has been underway at Sandia National Laboratories 

to simulate the thermodynamic, magnetohydrodynamic and fluid 

flow conditions ahead of and witbin the solid-liquid region of 

the s·olidifying ingot. 'fhis research effort involves ·both melting 
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experiments (1,2) and computer modeling (3) with the goal of 

determining the influence of melt parameters on the h-0 :1.llogenei·ty 

of the resulting ingot. The intent of this strategy is to constrain 

the computer code (ZAP) with .experimentally determined boundary 

conditions and to use this code to d~sign more productive experimerits. 

Experimental verification of the simulation is accomplished by a 

number of indirect means includini radincrRphy> high ~p~Gd 

!Jl!U Lugra phy, and chemical analysis. 

Tlti::! wur·k contained in this progress report· is part of that 

on-going effort and presents the first step in the coupled 

experimental-numerical process (see also (4)), 

Specifically this report discusses the results of 

an experiment conducted at Union Carbide's Y-12 facility in which 

a standard U-6w/oNb production ingot was remelted such that four 

constant current regions were obtained. Experimentally d~termined 

values of melt rate as a function of melting cutrent n.r.~ use.d 

as inputs for the code.· The results of the code calculations 

are compared to ingot post mortem radiographic and chemical 

evaluations. 

This technique seems to be yielding qualitatively 

acceptable results; however, the present first step of the 

program represe~ts an incomplete initial look at the internal 

conditions in the vacuum consumable arc remelt ingot. For 

easily-understood reasons, the numerical simulation is not 

yet quantitatively accurate •. Further experimental measurements. 
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and refinements of the model will be required before a sharply 

focused picture of the internal conditions can be obtained. 

Reporting begins with a section on experimental procedures 

and this section contains a description of the melting experiments 

and the techniques used for evaluation of these experiments. 

Next the experimental results are presented in two sub-sections: 

one related to melt parameters and the other to ingot evaluation. 

Following is a section on code simulation. The numerical model 

is developed with reference to extensive appendices and the 

model is then used to produce simulation results. Discussion of 

hoth the experimental and numerical results.is presented in the 

next section. Lastly, the conclusions, plans for future work, 

and acknowledgements are presented. 

Experimental Procedures 

A. Melting 

A s Land a r d Y- 12, 0 • 1 56 m d i a • ' 1 • 6 6 m 1 on g U- 6 w I o N b cas t 

electrode was remelted at Y-12 into a 0.2llm dia., 0.889m 

long, 538 kg ingot. Crucible water flow was maintained at 

Crucible water in/out temperatures, electrode 

position (ram travel), and nominal current and voltage were 

monitored every 120s. Electrode gap was determined at the 

end of each constant current interval by driving the electrode 

to a dead short and recording the amount of travel. 

The arc was struck at 5kA and melting continued at this 

level for 198s. Melting current was then raised to 6kA and 

0.267m of ingot was deposited to ~scablish steady slaL~ Lhermal 

conditions. The melting time at 6 kA was about 2000s, 
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(about four conductive diffusion times for the ingot) to permit 

attainment of certain quasisteady conditions. Melti~g continued 

at 6kA for the ne4t O.Ollm of ingot under quasisteady conditions 

a~d then the current was decreased in.'lkA increments to obtain 

constant current regions .of 0.138m, 0.146m, 0.164m and 0.064m 

at SkA, 4kA, 3kA, and 2kA, respectively~ Based on conductive 

diffusion times the 3kA case was quasisteady, the 4kA and SkA 

c.as~s wet·e iilaL:giHal, aut! 2kA waH definitely tir').Steacty. Each 

lkA current reduction was acomplish~d in approximately 4s. A 

summary of the melt parameters appears in Table I. (Appendix I, P~ 26) 

B. Evaluation 

Figure 2 illustrates the radiographic and chemical sampling 

proc etl ure s. A longitudinal plate 0.0015m thick was 

cut from the full length of the ingot along,the centerl·ine and 

two horizontal slices of the same thi~kness were cut from each 

constant current region. Five chem~stry drillings represent­

ing surface (A), mid-radius (B), and centet:' (C), w·ereobtained 

from one half of the horizontal slices representing each region 

of constant current. Samples (0.025m 2 ) were also cut from each 

c o n s t an t c u r r en t r e ~ i o n o f t: h P. 1 n n e i t 1,1 rl i. n .::~ 1 · s; 1 i !; ~ ( c e e F 1 g u r c 2 ) ; 

examined metallographically and with an el~ctron micro-

probe analyzer. 

Each slice was radiographed with a 300kV, lOMa W 

source using a pure U $tep w~~ee apd a U-6w/oNb .step wedge aa 

standards for correction of thickness and concentration effects. 

(Step wedges are wedges with flat steps each having a. thickness 

2.54xl0- 6 m different than an adjacent step~ The total range of 

thickness of the steps brack~ts the thickness range of the 
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radiographic slices.) Source to specimen distance was 1.82m 

and exposure time was 600s. The thickness of ~ach ~lice was 

measured at the intersection of O.Ol3m grid lines. Radiographic 

negatives for each slice and step wedge were digitized with a 

microdensitometer and thenthase density data along with thickness 

measurements were analyzed using computerized image enhancement 

techniques. The use of the step wedges and absorption coefficient 

correction techniques made it possible to obtain Nb concentration 

directly from the· enhanced radiographs. The mathematical 

development of this technique is shown in Appendix II. Images 

obtained by use of these enhancement techniques were used io 

obtain estimates for molten pool volume, solute band spacing at 

six locations across the ingot diameter, and general fluid flow 

trends. 

Solute band spacings were measured at each current level 

along the six lines (±1,±2,±3) shown on the enhance~ 
/ 

radiograph of Figure 3; Since the vertical growth rate of the 

ingot. was known it was possible to compute the time required to 

deposit a solute band at each location and current level. 

Experimental Results 

A. Melt Parameters 

Based upon the nominal values of melting current, 

voltage, and the amount of metal deposited for a giv~n curr~nt 

interval, it was possible to compute the melt rate, ingot 

growth rate, and energy used per kg melted. Figure 4 is a 

plot illustrating the influence of m~ltin~.current on the 

melt rate. It is clear from this figure that higher currents 

5 



yield nearly proportionally higber melt .rates although the 

influence 'of current becomes slightly less significant at higher 

current levels. Figure 5 presents ingot linear growth rate u1 ,· 

as a function of melt current. Since u 1 = ·~/pA 1 where~ is 

the mass growth rate and p is the metal mass density and A 1 

the cross-sectional area of the ingot, Figure 5 resembles Figure4. 

A plot of energy consumption per kg melted vs meltine ~urrent 

in Figure~ shows that, in general~ melting efficiency is not 

influenced by current over th~ PXperimentnl range of 2kA ~o 

6kA. 

The crucible heat fiux was computed from the crucible water 

flow rate and in/out temperature measurements. The dependence 

of crucible power and total power input on melting current is 

illuitr~ted in Figure 7. The heat transfer to the crucible 

increases as the current increases, and becRIJRP enargy io rclea5eJ 

more slowly than it is added, the power·loss to the crucible 
~ 

exceeds the power input at currents less than SkA. This is due 

to the finite heat conductivity of the ingot anrl high bent 

capacity of the metal. 

A tabular summary of the above results along with appropriate 

melt parameters is shown in Table I of Appendix I. 

B. Ingot Analysis 

A montage of the image enhanced radiographs for.the longi-

tudinal sections is illustrated in Figure 3. A similar color 

enhanced montage calibrated for Nb composition is illustated 

in Figure 8. Observed pool volume was estimated by measuring 

the volume of revolution generated by a solute band. Likewise 
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the volume bounded. by the T 1 is~the.rm and'the upper surface of the 

pool in the computer simulations was computed, and both are 

pldtted as a function of melting current in Figure ~. 

As illustrated in Figure 3, six vertical grid lines are 

drawn on the enhanced radiograph with l~ne pairs of the same 

number representing equal distances from the ingot centerline. 

The amount of time required to deposit a band is determined by 

measuring the distance between intersections of the bands with 

the grid lines and then dividing this value by the ingot growth 

rate u1 at that location. In this way, average band period 

T is obtained for each constant current region, and this value 

along with the standard deviation a and sample size N 

are presented in Table II of the Appendix I for ·the entire matrix 

of measurements. A significance test, 

z rn,n 

X m - X 
n - --------------~~~ 

+ :: r/2 (:: 
is used to evaluate significant differences between average 

band periods for all m where -3 < m < +3 rind n where 

-3~ n ' +3. When Z > 1.96 the hypothesis that two averages 

are significantly different is accepted with 95% confidence. 

The Z values for rhis malrlx H(~ presented in m,n Toblc II of 

Appendix I. A v e r a g e b and p e r 1 o ds a r e p 1 o t t e r:l a s a run c t i o n o f m e 1 t i n g 

current (independent of location) in Figure 10 and the bounding 

lines in th{s plot represent the maxi~~m deviation at each 

curre11L level 'when the overage value i.s rillowed a ± 1 a 

scatter. 
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' 
Wet chemistries obtained from d~illings of the horizontal 

slices shown in Figure 2 are plotted as a function bf melting 

current in Figure 11. The data in Figure 11 illustrate •L 

that Nb coricentration at the surface and mid radius locations 

are very simila~ for the higher currents (4,5, and 6kA). At 

3kA there· is significan~ .Nb enrichment at the edge location. 

The ingut center line concentration is very strongly influenced . . \ 

by ~~~~ltiug current over the P,ntire current ~:ang~. 

MP.trtl.l.ographic 3pecillli::!US obtained £~om th~ luugltudiual 

ingot slice (see Figpre 2) were polished and air etched. The 

resulting photomacrographs along with Nb concentration v~ 

dictance pluls for a single electron microprobe analyser scan 

on each specimen are illustrated in Figures 12 through 1~ 

The dark areas in the photomacrographs are depletAd in Nb 

with peak to valley concentr~tion spr~ads of approximately 

:~ w/oNb, ~~~/oNb, ancl '*·~5'\0r/oNb for 6kA, 5kA, and 4kA current 
.,. 

levels, respectively. Although the solute bands appear 

continuous in the radiograph (see Figur~ 3) it is clear from 

Figures 12 through 15 that at ·higher magnification, the bands 

ar.e disrnntinuouo. 

Code Sim11l.Ation 

A. Numerical Hodel 

As described in detail in the various sections of App~ndix 

III, a nuraerir . .::ll model of the ingot top including the molten pool 

was constructed. A time-accurate integration of the governing 

equations of a cylinder cut from the top of the ingot.was performed, 
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The boundary conditions applied. to the cut ("outflow" or bottom 

surface of the computational grid) of the ingot are chosen to be 

as compliant as possible numerically, and their physical effects 

are discussed in Appendix III. 

The other boundary conditions consist of specifying 

axioymmetric motions and a shear-free pool surface, along with 

the thermal boundary conditions displayed in Figure A.7, Page 95. 

Briefly~ one can say that the conditions on stream function, 

vorticity, and top surface (x = o) temperature are all accurate 

(or that the solution is insensitive to them) so that these are 

unlikely to be modified much in future studies. The same is not 

true of the crucible wall-ingot surface boundary conditions on 

temperature. This boundary condition attempts to parameterize 

the thermal resistance of q variable pressure contact. The 

Lorentz body force, (which has not yet been modified to model the 

actual motion of the vacuum arcs) is also uncertain. Likewise 

the speci~ication of the liquid metal thermophysical properties 

will require more arrur.ate meacurcments. As a result 

of these uncertainties, the simulation of a particular case can 

be carried out at present only by varying each of the uncertain 

parameters over its plausible range. The solutions presented 

below, then, repr~sent the first point in such a parameter 

study, not, by any means, final results. 

Besides the lat~er uncertain parameters and the former well­

controlled ones, each simulation case requires as input from 

experiment a value for u1 , the linear ingot growth rate; for Rand 
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Re, the ingot and electrode radji, respectively; and ·for the 

total melting current, Im. In the s{mulation of the Y-12 melt, 

the total time at each current level was also specified to match 

the actual melt, so that the solutions given below in fact 

represent five discrete times during a single simulation run, 

not five unrelated solutions. As a result, this compu_tational 

coupling closely approximates the actual experimental conditions 

from the standpoint of melt history effects. 

T h c c om put a t,; l u u ioL 1 g r 1 r1 n R 1?. d in t h c c n 1 c. 11l .! 1.: i u u le: d i s p 1 aye d 

' on each plot of the results, in order to emphasize the 

limited resolution. Dependent variable values, given at these 

grid points, represent the average value of the variable over 

the 0.521 em x 0.521 em rectangles centered on the grid points 

(actually, centered on the cross-sections of rings in the 

' 
axisymmetric geometry). Surface and axis grid points correspond 

tv half anrl CJ.llR"t:"ter calls. 

The thermal field is presented as a set of isotherm plots 

( See Figures 1 6 , 17 , 1 9_, .2 4, 2 6,, and ? 8 ) • On each plot, 

* four isotherms: T
5

(1440K), T
0

(.1523K), T:r(l551K), au<l T1 (1606K) 

are specially flagged to characterize the mushy zone. As d e s c. r. i b e d 

* in Appendix III, thel:;e are, respectively, Ts, the effective 

solidus te~perature determined by a linear fit to the enthalpy-

temperature curve resulting from the Scheil relation~hips (5); T
0 

is halfway between solid~s and liquidus temperatures and serves 

as the datum for dimensionless temperature; TI, is the immobilization 

temperature at which liquid and solid are prescribed to move 
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together as a rigid body; and T~, the liquidus temper~ture 

from the equilibrium phase diagram for the U-Nb. system. The 

value of TI is determined by arbitrarily prescribing 

immobilization at 0.38 mass fraction solid (0.55 volume fraction 

solid), and then interpolating the Scheil fs(T) relationship to 

determine the corresponding temperature. 

To depict the motions of the melt pool, the streamfunction 

~(x,r) is plotted in each case. Given an instantaneous velocity 

field, a set of streamlines may be obtained from it by constructing 

contours tangent to the velocity vectors. The streamfunction, 

which is constant on these contours, has the useful mathematical 

properties noted in Appendix III, and also th~ following: 

(i) No particle ever crosses a streamline 

(ii) The total volume of fluid passing through a surface· 
per unit time is simply the change in the streamfunction between 
the surface boundaries. Equivalently, if uniformly spaced 
streamlines are plotted, equal yolume flow rates occur between 
them, so that flow velocity magnitude is inversely proportional 
to streamline separation 

(iii) In a steady (time-independent) flow, a streamline is 
a particle path. In the axisymmetric motions of 
the melt pool, one should speak of "streamsurfaces" rather 
than "streamlines" since a closed·-loop streamline on the plots 
actually is the cross section of a toroid about the ingot axis. 
Further, those cells which extend to the axis resemble a bowl 
in three dimensions, as indicated in the inset to Figure 20. 

Generally the streamfunction plots contain both 

counterclockwise rotating cells due to domination of the Lorentz 

forces ("magnetic cells", green) and clockwise rotating cells 

due to domination of the buoyancy forces ("thermal cells", red). 

While a sufficiently weak current could lead to a solution with 

only thermal cells, the converse situation~-entirely counterclock~ise 
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i 
magnetic cell circulation-is not physically plaus!ble~ This is 

because such a flow, by countering heat transfer, must enhance 

thermal gradients at its boundary. The enhanced gradients in 

turn produce greater bubyancy forces and must ultim~tely produce 

a thermal cell. Since viscosity capnot stabilize a horizontal 

temperature gradient, on any length. scale, it follows that even 

very large curr~nts cannot prodJ.JCQ a pure mllglH:ti~_; ~_;ell; t'heretore., 

some thermal cell, however thin, ~u~t always accompany it. 

ELL~_;h ::;Lrea'mfurtctiun plot consists of two parts; first, a 

set of uniformly spaced streamlines with a spacing ~~ (which 

varies from 2.0 to 9.0 as noted i~ the figure captions), and 

second, a pair of blue streamlines which indicate the p~th 

followed by particles entering the pool top at radii of 2cm 

and 9 em. In addition, vectors are. plotted to indicate the 

d i r e c t i o n and mag n i t ud e o f the J, a r g e R t s 11 r t a c s and in to r i o r 

velocities·. In general, thE;. majinit.nrlel1 0'1.: th~eo incl.'t:U.!~ ab 

~~ increases, because, as stated earlier, the total volume 

flowrate between streamlines is ~~itself. 

B. Simulation Results. 

, Based on the experimental values of UI'.Re,R, and Im listed in 

Table I 1 plus the ther.mophysi.c.al properti.c:=~ li .. sted iu Appendix 

III, a code simulation of the Y-12 melt was run. During this 

simulation tables of the dependent variable values at the gridpoints 

were printed at various output times alqng with printer plots of 

streamfunction and isotherms. At the end of each constant-current 

period Versatec electrostatic plotter output was prepared. This 

produced npt only higher-resolution plotting but also allowed a 
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detailed analysis of the T(x,r) and ~(x,r) surfaces. These 

higher ·quality plots. are presented below, but ~art of the discussion 

comes from the auxiliary output. 

Since the Y-12 ingot was melted from a quasisteady state 

at 6kA current, the first phase of the simulation attempted to 

produce such a state numerically. This attempt failed because 

the magnetic cells proved so do~inant that the pool depth 

exceeded the 14.1 em length of the computational grid. (See 

Figure 16). This difficulty probably arises because not all the 

' 
6kA melt current actually penetrates the pool, and Lorentz forces 

in the actual pool are correspondingly weaker than in the 

present model. Since the magnetic cells' opposition to heat 

transfer is the cause of the unrealistically deep computed pool, 

improvement of the current path model should remove this problem. 

Since the improved current model is not complete, a nominal 

current of Im = 5.54 kA, with a melt rate interpolated from the 

SkA and 6kA measured rates, was used as a rough equivalent to 

the actual 6kA starting current level. This produced a less 

distorted solution but which was still noticeably deformed 

near the outflow boundary. As can be'seen by the presence 

of the hot plume of liquid descending along the axis in the 

isotherm plot, (Figure 17) this solution consists of a dominant 

magnetic cell over most of the pool with only a rela·tively 

18) thin thermal cell on the edge of the mushy zone (see Figure 

countering this dominance. Fur t he r , t he au x :i.l i a r y out p u t in d i c a t e s 

that this solution is quasist~ady, showing uuly w~ak"fluctuations 
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of the streamfunction. To the Jour-digit accuracy of the output 

tables, the enthalpy solution is steady. 

When the current is reduced to 5 kA for the ·appropriate 

time, the resulting isotherms (Figure 19) and streamlines 

(Figure 20) still show that the outflow boundary condition is 

distdrting the interior solution, but less significantly. 

A prime question raised above was whcth~r or not the ~77 o duration 

u£ the 5 kA current was.sufficient to achieve a quasisteady 

condilion. By plotting the evolution of the enthalpy at points 

most distant from any boundary (Figure 21) one can see clearly 

that, although some change in the temperature of the solid was 

still occurring at the end of this time, the liquidus atid 

solidus had achieved steady positions.· Thus the pool shape 

can be regarded as steady over about half the 5kA melt 

period. 

At this current level, it is instructivR to exRminP thr 

overall energy budget, computed as described in Appendix III, 

and displayed in Figure 22. From the measured melt rate, 

m = 0.188 kg/s (Table I), it follows that the melting of the 

electrode requires 59 kW. Because very little cooling is 

possible during transfer of metal to the pool, this energy is 

supplied directly to the ingot. The code simulation indicat~s 

that material inflow carries with it another 9 kW, w~ich must 

come from the arc energy, resulting in a total inflow power of 68 

kH to the pool. The code also indicates 7 kW are received by 

conduction at' the pool surface; again, this must come from the 
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arc. Since the c6de conserves ~nergy, thi~ received energy 

total is lost by outflow conduction and material tr~nsfer. plus 

conductive/radiative loss at the crucible wall. These 

considerations leave 60 kW of the 135 kW electrical energy input 

unaccounted for;. presumably, this is lost directly to the crucible 

wall by the arc. Since no direct measurement has yet been made to 

support this partition of the energy, the power loss has a question 

mark attached to indicate uncertainty. 

For the 4 kA run, it is apparent from the time sequence 

printer plots of streamfunction that the pool flow has not 

become steady. This is quite apparent in Figure 23, where the 

sensitive enthalpies are plotted as functions of time. The 

scale is compressed by a factor of two from that of Figure 21, so 

the fluctuations in the near-liquidus enthalpy here are about 

ten times as large as at 5 kA. However, the histories of the 

solid enthalpies indicate that the solidified ingot is at a 

steady state, so the fluctuations in the pool must be regarded 

as an actual feature of the solution. This must imply that the 

different pool ~irculation patterns· which appear must be "thermally 

equivalent'' in the sense that their heat transfer to the solid 

is the same. Thus, although the isotherms of the solid in Figure 24 

represent the solution at all subsequent times, neither the ~ool 

isotherru pattern nor the streamfun~tion (Figu~e 25) is steady. 

The same kind of behavior is displayed even more clearly 

in the 3kA case, which had the longest duration of all current 

levels. On the streamfunction printer plots, a thermal cell is 

typically created at the high thermal gradient poin.t under the 



edge of the electrode. This thermal ~·ell then migrates toward' the 

axis and is assimilated by the magnetic cells. · A similar. pattern 

of birth, migration, and annihilation'occurs for magnetic cells 

being created at radii just beyond the strong thermal gradient. 

Nevertheless, the isotherms in the solid (Figure 25) are quite 

steady, and the pool is sufficiently shallow at this current 

that the outflow boundary condition produces no discernable 

distortion. Streamlines for 3kA.are shown in Figure 27. 

After the current is reduced to 2 kA, the pool settles down 

and is essentially a thermal circulation~ although weak cells 

which ~ay have either sign occur around the axis. This is 

equivalent to saying that the cancellation between buoyancy 

and Lorentz forces is almost complete qear the ingot axis, so 

that flow is almost zero. The overall dominance by the thermal 

cell also has the effect of makine the pool.· extremely shallow; 

see figures 28 and 29. 

The effect of varying the currents (and hence melt rates) 

can be seen indirectly in Figures JQ and 31, which display the 

elements of the energy budget and the axis temperature profiles, 

respectively, as functions of melt current. Computed pool 

volume as a function of melt current has already hRen preReoted 

in Figure 9, along with the experimentally determined values. 

Discussion 

It is clear from the almost constant energy consumption 

per kg melted as a function of melting current (Figure&) that 

energy efficiency will not dictate selection of a melting current. 

However, the chemical analysis results and solute band spacing 
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results lead to the conclusion that higher currents favor better 

ingot homogeneity. It is speculated. that the cente~ line segregation 

pattern illustated in the enhanced radiograph at the higher 

current levels (Figure 3) is a channel segregate caused by channel 

flow instabilities (6). This type of segregate results 

when hot fluid flows into a cooler partially solidified region 

and creates an unstable situation wherein a channel will melt 

back (grow) at the expense of the surrounding solidified 

material. The large thermal flows in Figures 18 and 2G. 

(5.5 and 5kA) could result in the necessary flows to supply 

hot material to this region and thus disrupt the solute band­

ing. 

It should be pointed out that all of the streamfunction 

plots are very crude first estimates to the actual flows. 

The current streamlines (see Figure A.B) u~ed in the model 

are first approximations and will change ~s the model is 

refined. The new model will incorporate more current flow to 

the ingot-~rucible meniscus area of the pool and will pro-

bably result in less magnetic influence. Thus, the flows will 

be weaker and the buoyancy and Lorentz forces will be more 

nearly balanced. The sensitivity of this balance is demonstrated 

in the difference between the 6kA and 5.5kA isotherm plots (~ee 

Figures 16 and 1]). A 0.5kA increase in current chartges 

the flow to complete magnetic dominance resulting in a very large 

pool. The radiogr~phic evidence clearly shows that this does not 

happen, sugge~ting that a significant fraction of· the DC electrode 

current does not pass through the pool, but is grounded by 
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electrode-to-crucible wall arcs. 

speed photography results (1,4). 

Such arcs are seen in high 

In addition, the current path for this model is assumed 

to be steady state. Under actual conditions the current 

flow is made up of rapidly-moving arcs, interrupted by drop 

shorts (4). During the lifetime of a short all of the 

current is directed to a localized area and, depending on the 

drop short frequency, these interruptions could have a significant 

effect on the fluid flow. Thus, with a revised current model, 

tht! solutions could differ considerably from the model used in 

these calculations. 

For all cases calculated here surface and cell fluid 

velocities decrease as the current is decreased. However, 

these velocities must increase again at evAn lnwer currcnto 

as the Lorentz force ceases to oppose the buoyancy force. 

Another general observation is that a significant amount of 

material injected on the pool surface follows a tortuous path 

that passes through the pool-crucible menisr·ns "!rea. Th i o i m p 1 i e s 

that boundary condittons selected for this region have a large 

ln:Eluenc.e on tl1e entire ingot. 

Good agreement between calculated and measured pool volume, 

except at 6kA (see Figure 9.), is an indication that the 

isotherm plots are reasonable estimates of actual conditions. 

The estimated volumes are generally larger than the measured 

values and this difference could res~lt from an inadequate current 

streamline mod~l (magnetic flows are too strong) or improper 

selection of the liquid immobilization isotherm.· Immobilization 
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of the system to fast flows at a volume fraction solid of 

0.55 is based on a considered guess. Thefe is much'controversy 

among solidification investigators concerning the definition as 

well as the value of the immobilization temperature and a more 

accurate estimate await~ definitive experiments. 

When considering the observed macrosegregation, it is 

interesting to note that the ingot tops for currents 

of 5kA and less are almost all partially solidified; Thus, a 

significant amount of fast fluid flow (at temperatures between 

T1 and TI) occurs in partially solidified regions. This implies 

a iarge interaction between the pool flows and low fraction solid 

re~ions. It also implies that channel segregation should be 

common. 

The isotherm plots show that large regions of 

low permeability (large fraction solid) exist. It is for-

tunate that the solidification shrinkage for this alloy system is 

low (2.5%), so that only small amounts of liquid are required· to 

feed shrinkage in this low permeability region. Thus, shrinkage 

driven flows are weak resulting in corresponding weak induced 

macrosegregation in these large mushy regions. 

Mehrabiau (7) hns calculated the propensity for macro-

segr.egaLluu lu a lllLiuirectionally solidified U-Gw/oNb ingot.· 
... 
The results are shown in Figure 32• It cun be scun thut us 

fluid flow velocities perpendicular to the isotherms (V J 

increase (at a constant growth rate, UI) macrosegregation 

becomes more severe. In addition. flows from colrl. to hot 
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regions result in a depletion of Nb and flow$ fro·n hot to 

cold regions result in increased Nb contents. ·Thus·, ·very. 

weak flows (U 1 < 0.2) from cold to hot could yield 5w/oNb in 

a unidirectionally solidified ingot. Although it is impossible 

to apply the results from the unidirectionally solidified case 

to the VAR process because the VAR ingot allows motion along 

isotherms as well as across them~ .the above qualitative statements 

still describe the local instantaneous development of macro-

segregation and are thus useful guides. For example, the flow 

in the 5 kA and 5. 5 kA cases (see Figure$ 2.0.and 18~) carries all 

particles around the tip of the thermal cell as they cross the 

liquidus isotherm. Their subsequent motion as they solidify is 

from the wall (cold) toward the axis (hot). Their cross-isotherm 

velocity u1 is small, and, except for flows near the axis, 

positive. Thus, one expects Nb-rich alloy near the wall and 

progressively more Nb-poor material as .the axis is approached. 

Were the currents increased even beyond the strength examined 

here, the flow through the mushy zone would predominately follow 

the magnetic cell, from axis toward wall. One would then expect 

Nb-rich centerlines and U-rich (possibly channel segregated) 

surfaces on the resulting ingot. 

The amount of time required to deposit a solute band at 

each cross section line decreases slightly in the cuirent 

range from 4kA to 6kA (see Figure 10). In addition, the 

bands appear to be axisymmetric within this current range 

as indicated by the low scatter associated. with the data points. 
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At 3kA the bands are not axisym.metric as.indicated by the wide 

scatter bands and there is a much larger spread between ~and 

p~riods at locations close to the ingot surface (locations ± 3) 

and locations close to the axis (locations ± 1). In general 

the time required to deposit a solute band increases as the 

ingot centerline is approached at a particular current level 

and the data in Figure 10 seems to indicate that bands start 

to become unstable at currents less than 4kA. That the 

t i me r e qui r e.d to de p o s i t a so 1 u t e band inc rea s e s a s t he in g o t 

center line is approached also implies that the number of 

bands.decreases as the axis is approached. This is confirmed on 

the radiograph (see Figure 3) where it is clear that two bands 

can merge into one band as the axis is approached. 

Flemings (8) has studied solute banding in unidirectional 

solidified Al-Cu ingots and he concluded that solute bands can 

·be caused by acceleration or deceleration of the liquidus 

isotherm. His model differs from the earlier theoretical model 

of Tiller et al. (9) in that the kinetics-induced concentration 

wave is absent but interdendritic shrinkage-fed flows are considered. 

We conjecture that the source of such accelerations is the change 

in diffusivity with solute concentration, in the latter stages 

of solidification (i.e., at small fraction liquid, in the zone 

'.vhere shrinkage must produce a "planar" flow perpendicular to 

isotherms). This picture is supported by the observed micro-

structure of the bands in Figures 12 through ~5. 
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CONCLUSIONS 

i i 1.• t J..' s From the first part of this continuing invest gat on, 

1 d a number of conclusions of practical importance. possib e to raw 

1. The U-6w/oNb experimental ingot remelt~d at Y-12 was 

under thermal control as demonstrated by parameter 

c. o n t i n 11 i. t y n v e :r t h Q r .:1 n S c o f m ~ 1 t i n g «.:. u .r t e u L !:! , 

2. Energy consumption per kg melted is constant over the 

range of melting currents from 3 kA to 6kA. 

3. Negative centerline macrosegregation occurs and is sensitive 

to melting current and ·decreases as current is increased 

from 3 kA to 6 kA. 

4. The time required to deposit a solute band is not 

sensitive tu melting current in the range from 4 to 6 kA 

as determined by significant difference tests. 

S. Solute bands are not continuous but are interrupted by 

what appears to be dendritic structure. 

6. The Nb concentration range across a solute band decreases 

from 4.3 w/o to 3.0 w/o as the melting current is increased 

from 4 to 6 kA, respectively. 

7. Flutd flow with:i.n the molten.pool is not tHllltdtivc to 

location of material inflow on the top surface of the 

ingot. 

8. Heat transfer analysis (Appendix III) and limited experimental· 

observations for steels are in agreement for a - 200 K 

upper bound on superheat for metal transferred from the 

electrode. 
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9. At higher currents (> 5 kA) _fluid circulation is 

dominated by a magnetic cell and at low cur~ents 

(~ 2 kA) fluid circulation is dominated by a thermal 

cell. 

10. At intermediate current levels the flow is time dependent 

as a result of the unstable standoff between the Lorentz and 

buoyancy forces. 

11. In general the volume of partially solidified material is 

greater than the volume of liquid ahead of the advancing 

dendrites. 

12. There is qualitative agreement between observed pool volumes 

and computed pool volumes .• 

13. Radiography coupled with image enhancement shows great 

potential as a diagnostic tool to provide global 

information about segregation and fluid flow. 

FUTURE WORK 

A number of questions need to be answered before a sharply 

focused picture can be drawn of the vacuum consumable arc 

remelt process by the combined computational and experimental 

program. 

1. Determine the important U-alloy thermophysical properties 

by a computational parameter stutiy ar1d arr~tnge to ubLalu · 

experimental values for these propertleH. 

2. Experimentally determine the heat flow boundary conditions 

at the crucible wall. 

' . 
3. DeL~rmine the arc radiation flux to the crucible wall with 

the retr~ctable hearth furnace. 
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4. Determine fluid velocities on the pool surface by 

using high speed photography with the retracta~le 

hearth furnace. 

5. Develop a computational model for current distributions 

within the ingot that is consistent with the high 

speed movie observations of the arc. 

6. Conduct tracer experiments with U and Nb isotopes to 

evaluate the immobilization isotherm. 

7. Computationally couple the present fluid flow model 

with the differential equations for macrosegregation 

as developed by Flemings and Mehrabian. 
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APPENDIX I - DATA TABLES 

Table I. Melt Parameters - U-6w/oNb Ingot 

Variable 6kA 5kA 4kA 3kA 2kA Units 

time start 10:09:51 10:15:15 10:22:42 10:32:18 10:50:00 hrs,min,s 

time stop 10:15:15 10:22:42 10:32:18 10:50:00 10:59:00 hrs,min,s 

t.t 324 44 7 5 76 1062 540 s 

ram start 89.4 97.02 106.7 116.8 128.3 em 

ram tinBh 97.0::! 106.7 116.R 128.3 130.8 l.:lll 

ingot start 26.7 3 7. 7 5l.5 66.1 82.5 rm 

ingot stop 3 7. 7 51.5 66.1 82.5 88~9 em 

t. ingot 11.0 13.8 11~ 0 6 16.4 6. /1- em 

t. volume 3839 4832 5089 5710 2243.2 cm 3 

b. mass 66.57 83.79 88.25 99.01 38.89 kg 

melt rate 0.206 0.188 0.153 o. 0932 o. 072 kg/s 

voltage 28 27 21~. 5 ?.T.'i 22 volts 

energy used 5. ~;lhl0 7 f.,. 03::..1.0-7 5.64JC10 7 7.49:x.l0 7 2.38xl07 joules 

enl:!rgy/kg 8.24r.lo5 7.20xl0.) 6. 4lx:J.o 5 7. 'if)"~C10 5 6.12nlo!> joull:!::.;/k.g 

t.TH 0 6.0 5. 0 3.9 2.8 2.2 oc 
2 

jelectrode 1.4 26. 2 20. 9 15.7 10.5 A/cm2 

Ingot Growth 
Rate o. ov~o 0.0310 0.0253 o. 015lf o. 0120 an/ ::;cc 

Power 1, 6flxl0 5 1 .1'iYln 5 9.8)[10 4 7.0.J,d0 11 4, 4:<1U 11 \{at t ,; 

Q crucible 1.49:x:l0 .':i 1. 25xl05 1.. 02x105 7.44YH/1 5. 5tmlOL1 
Wll t t6 

Not~c; 

Electrode Dia. 0.156 m 

Ingot Di.:lo 0.208 m 

Electrode in. 538 kg 

Cooling water flow rate 5,96 X 10-3 m3/s 
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' Table II. Solute Band Period Me as ur em en t s as a Function of Location 
and Melting Current 

Melting Cu rr.en t 

Variable 6kA 5kA 4kA 3kA Units 

Line - 3 T 13.8 15.6 19. 5 3 4. 3 s 

Line - 3 a 3.24 3.55 3.95 8.44 s 

Line - 3 N 20 18 17 17 

Line - 2 T 14. 5 18.4 19. 8 51.6 s 

Line - 2 a 4.12 3.55 3.16 11.69 s 

Line - 2 N 21 18 15 12 

Line - 1 T 20.3 21.1 3 3. 6 70.8 s 

Line - 1 a 6.47 5.16 6. 32 l.6.88 s 

Line - 1 N 17 14 11 8 

Line + 1 T 22.5 18.5 32.1 83.1 s 

Line + 1 a 6. /+ 7 5.81 4. 7 4 11.04 s 

Line + 1 N 13 17 10 7 

Line + 2 T 13. 2 15. 0 22.5 70.9 s 

Line + 2 0 2.35 2. 2 6 6. 7 2 24.03 s 

Line + 2 N 24 24 18 8 

Line + 3 T 13. 2 13. 8 17. 8 4 9. 2 s 

Line + 3 0 2. 6 5 '+. 84 4.35 14.3 s 

T ' , .. ~ ne + 3 N 20 28 2J 12 

Ur 0.034 0.031 0.0253 o. 015(1 cm/e 

Where T ·- band period, a = standard dev:i.a tion of band period, 
an.J N thE: number of band period measurements 

Lines ±3 near ingot surface, Line ±2 near ingot mid-radius, 
Litle s ll tlc a r. ingot Ulti G. 
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Table III. Significant Difference Table for B~nd ?eriod Measurements 
As a Function of Location and Melting Current 

Melting Current 

Variable 6kA SkA 

2 -3,3 1.37 1. 45 

'7 ..... -2,2 1.4.5 1. 52 

z -1 , 1 1.69 1./U 
.I 

2 -3.~2 1.37 1.45 

z -2,-1 1. 42 1. 51 

z 3, 2 I.-Jo 1. 42 

z 2 1 1.23 , 1. 2.6 

Not~s: A significant difference exists at 95% 
Z subscripts refer to sampling location in the 
Location 3 is near the ingot surface, Location 
mid-radius, Location 1 is near the ingot axis. 

28 

4kA 3kA 

1. 58 2.07 

1. 48 2. 30 

2.01 

1. 58 2.11 

1.47 2.46 

1. 55 2.25 

1. 7 9 3.11 

confidence if/Z/) 1.96· 
ingot. 
2 is near the ingot 
(See Figure 3) 



APPENDIX II 

Mathematical Treatment for Evaluation of Absorption'Coefficients 

to·Obtain Nb Concentration Directly from Radiographs 

Using the x-ray intensity equation 

where: I radiation intensity transmitted through specimen 

1 0 source radiation intensity 

~ absorption coefficient of material being 

evaluated 

t thickness of specimen through which radiation 

has passed 

it is possible, using step wedges, to evaluate the absorption 

coeff~cient for bo}h pure uranium and the U-6w/oNb alloy. For 

two different steps (identified by subscripts 1 and 2, 

respectively) on the uranium step wedge. 

-<~utl) 
Il I

0
e 

and 
-<~ut2) 

r2 I
0

e 

must hold. Dividing (II.l) by (11.2) gives 

solving for 1-lu gives 

-~.~ u 

exp {-1-1 (t -t >}. 
u 1 2 

(ILl) 

(II.2) 

(II.J) 
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Likewise for the U-6w/oNb alloy: 

(II.5) 

and 
(II. 6) 

so that (II. 7) 

Assuming that the absorption coefC1cient ~hRnePs tinQ~rly 

with changing Nb concentration, it iB ~ossible to obtain Nb 

concentration as a function of intensity at constant specimen 

thickness. Thus, define: 

(II. 8) 

where MNb is the absorption coefficient per 1% Nb. Then, at 

an arbitrary weight percent of Nb, denntPrl by C, the tronomitted 

intensity Ic is given by 

(II. 9) 

if the specimen thickness was tc. For the same thickness of 

pu~:e U 

(II.LO) 

so that dividine hy (II.9) and solving for C gi~e~ 

c 

30 
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If tc is not the same as the thickness of a step of the step wedge, 

the concentration can still be calculated. Consider a po.int 

(i,y) on the specimen, with measured thickness txy and measured 

intensity Ixy; then: 

lxy (II.l2) 

must hold. As before, pure uranium of thickness tu will have 

(II.l3) 

so that dividing (II.ll) by (II.l2) allows one to solve for 

-1 n ( I X y I I u)+ lJ U ( t U - t x y ) 

NNbtxy 

(11.14) 
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Appendix III 

Thermal Environment. The typical situation during VAR melting 

is shown in Figure A.l. Clearl.y, simulation of the entire 

furnace would be a very large task, and would result in a model 

of so many uncertain parameters that conclusions drawn from the 

simulation would always be suspect. AcGordingly, attP.ntinn 

here is focused on the must active region, consisting of the 

hot end of the electrode, the electrode gap, and the top 

portion of the ingot. Despite the large number of interaction~ 

among these components (Figure A.2), an even more restric.ted 

view can be taken because of the simplicity of the thP.rmal 

budget of the electrode. 

Start hy considering the electrode as a one-dimensional , 

cylinder (~igure A.3); i.e., suppose the temperature depends 

only on distance, x, from the hot end. After a lon~ time 

has elapsed from startup, a quasi$t8ady temperature T(x) will 

be set up in the electrode; this satisfies: 

where Ue is the electrode feed rate (cm/s), K is the th~rmal 

diffusivity of the solid (cm 2/s). The input temperature Tr 

is assumed to be room temperature (300K) if the electrode is 

long enough, and the maximum temperat~re on the hot end, Tm, 

can be estimated by the following simple argument. First, T
1
n 

must exceed the liquidus tefuperature of the electrod~, T1 

(16Q5.5K for·U-6w/oNb}, since the metal transfer in VAR is 
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observed to be due to droplet transmission from electrode to 

pool (1,2,4). When the VAR process is shut down in'mid-

melt, the film of liquid solidifies on the electrode face with 

a refined grain structure, so the depth of the liquid layer 

can be measured by observing the depth, 51 , of the recrystallized 

zone. This is typically a couple of millimeters; thus, the 

superheat, Tm-T 1 , cannot exceed that needed to conduct the 

energy flux requi~ed to maintain quasisteady melting of the 

electrode, Pe, namely: 

P = m(L + C (T - T )) 
e · p m r 

where L =_latent heat (j/g) ,- Cp is specific heat (j/g-K), k 1 

is liquid conductivity (W/cm-K), Re is electrode radius (em) 

and m is the mass melt rate (g/s). From this, the superheat 

is given by: 

T - 'I' = m L 

which gives 88K < Tm-TL < 280K for the parameters of the Y-12 

melt. In short, the superheat is rather narrowly bounded within 

a range of a couple of hundred degrees, from the single 

observation of recrystallized layer thickness. This conclusion 

is supported, and, in fact, the range narrowed to the lower 

end, by observations of steel melts in the retractable hearth 

VAR furnace at Sandia, in which high speed photography(4) was 

used to observe both a cherry red color of electrode surface, 

uud lu observe dendrilic-fur·m "islat'u.ls" in th.e liquid- film; 

both sug~est just barely molten conditions. Further support 
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comes from the argument that the liquid fllm is. Rayleigh-Taylor 

unstable, with its heavy liquid suspended above the vacuum by 

surface tension alone. Thus, droplets will detach as soon as 

liquid is available, again suggesting low superheats because 

the liquid cannot remain on the electrode long enough to gain 

much temperature. In the model, then, electrode surface 

superheat, Tm-T 1 , is asstnnl?d with conoidcrahle c:uufldence to 

lie lu Llte 100K-20UK ranee. The calculations reported above 

used a superheat of 122K for all current levels. 

Finally, with the superheat specified, the whole quasi-

steady temperature sol~tion T(x) is given by; 

T (x) -u x/f~ (T - T )e e ' 
m r . 

which has a length scale (e-folding distance), 8, of Kille 

~ 3 to 8 ern for the Y-12 melt rRtes. Ignoring the radial 

temperalure dependence, this solution can be used to compute 

an upper bound to the radiative losses through a length L
8 

of 

the electrode surface, denoted by QeL in Figure A.2: 

Q eL JL 4 
- 2 nco·* c 'l' R ch: 

c 
0 

where c: ls Lhe hemispheric total emittance of U-6Nb, 

estimated (10) at 0.3 for a clean surface and at 

0~75 for an oxidized one; o* is the constant in the StPfan­

Boltzmann radiation law, 5.67 x lo- 12 w/cru2-K4. When T is 

given by the above quasisteady solution, the result is: 

'I' 4 tJ L K . ')5 t1 3 1 2 l 1 111 c c + + 0.7 to Q - (-- I2-) r + r + 2r """r :::: 
cL u . ~~ .) 4 

c 
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for the Y-12 parameters with r = Tr/Tm 0.176. Com.pa red to 

the typical scale of Pe, which is 20-70kW for sup~rheats. 

b~low 200K, this radiated power is negligible. Thus, the 

·electrode acts like a one-dimensional cylinder, and the above 

arguments justify use of T(x) as an excellent approximation 

to its quasisteady temperature. 

With the electrode temperature known, the top of the 

ingot, including the melt pool, can be considered separately. 

In this closer view (Figure A.2), there are many interactions 

between the elements; however, step-by-step analysis allows 

estimation of these. 

Start by considering the remaining radiative fluxes, 

QR and QR 1 . When the electrode gap is very short, as 

is assumed here, the net radiative exchange, QR, can only 

become significant when the pool and electrode are at quite 

different temperatures. This can be verified by computing the 

solid angle Q subtended by a circular disc of radius Re. When 

viewed from a point r off its axis and h out of its plane, this 

i s : 

rTf 
h/Re 

J 0 (1 - q 1 /2(~) for r < R 
e 

h [ 1 -·-· __ _l_ ________ ] 
R ---:L2 - r . · 1/2 

e q I- {q+2R.el'dn¢sln(cjl+O)} . 
0 

p(O)c18 
p(8)~kl , 

where p(8) = 2(1-rcosG/Re), 

2(1-rcosO/Re)-l+(r 2+h 2 )/Re. 

8* = cos- 1 (Re/r) and cos 2 ~ = 

The angles are given by 

(cos 8- r I R e ) 2'/ ( p ( 0 ) - k 1 ) • The 

r ?: R 
e 
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indicated quadrature was carried out nu~erically, and- the 

results given as "viewfactor" 1 i.e., the fraction o'f the hemis-

ph~rical solid angle subtended by the disc, v* = U/2n, 

producing the curves shown in Figure A.4. From the figure, 

it is apparent that short electrode gap, h, results 

in very tight radiative coupling between the electrode surface 

and the pool surface directly below it, while the annulus between 

Re and the wall of the crucible is only very weakly coupled. 

Sin~e the ratio h/Re varied between 0 •. 24 and 0.36 in the Y-12 

experiment, it can be concluded that the pool surface bees 

essentially only electrode in its "sky" for r <. Re, and sees 

mostly cool crucible wall for r? Re; as a result, the 

temperature will be a function of the same form as the view-

factor, nearly discontinuous under the edge of thp electrode, 

at r = Re. Supposing, then, that 

r < R ·e 

r > R e 

gives the surface temperature distribution, one must have 

Q 
RL 

2 4 = rrR £0* (T 
e P 

2 4 4 4 rrR EO*T (T /T .- 1) = 
P. m p rn 

which indicates that Tp/Trn = 2 1 / 4 before even 2kW net radiative 

flux can pass between pool and electrode, i.e., the pool 

temperature would need to be .more than 350K higher than the 

electrode. Similarly the annulus flux is bounded above by 

2 * 4 2 2 < rrR £0 T (R /R - l) e p e 

l) 



which indicates fractional kW radiation, since R/Re = 4/3, and 

Ta/Tp :::: 0.8 because the temperature of the annJ.Ilus· cannot 

exceed the melt temperature of the crucible wall (Tcu = 1360K) 

.by much, and Tp cannot differ from Tm (1606K) by much. Thus, 

it is concluded that the surface temperature of the melt pool 

is the discontinuous function T
5
(r), with Tp = Tm and Ta = TL, 

and that the radiative fluxes are all n~gligible in the global 

energy budget. Javing determined a pool surface temperature 

distribution, one can begin to consider separating the ingot 

from the rest of the furnace for analysis. To do this requires 

parameterization of the ingot-crucible wall heat exchange, and~ 

if very-large computation~! meshes are to be avoided, requires 

an esU.mate of conditions on some internal surface of the ingot 

as well. Both can be done because of the fact that the 

solidifying ingot must shrink on cooling, so that it breaks 

contact with the crucible wall at some not-very-large 

distance below the pool surface, as was indicated in Figure A.l; 

This means that the ingot transfers heat to the wall by radiation 

over most of its lateral surface, and, because radiation is so 

weak below about lOOOK, most of a long ingot behaves like an 

insulated cylinder, i.e., a one-dimensional cylinder. In the 

case of the ingot, this cylinder is being built up by addition 

of hot material to its end; at quasis~eady growth conditions, 

this steady addition must eventually doninate over the ability 

of the ingot to ~iffuse the heat (addition occurs proportional 

to time, t; diffusion is prupuL't.i.unal Lo -tl/7.) and the ingot 
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must have a uniform axial temperature distribution, 

T(x) = const = T1 , say. This can be confirmed _for~ally by 

se~king a solution to the quasisteady problem: 

The only solution to this is given by: 

T (x) = K (at> 
U1 ax x=O 

U X/K 
I e· + T

1 

and this requires (aT/ax)x=o=O if T(x) is to be bounded; 

i.e., only T = canst can be a bounded solution to the quasisteady 

growing-cylinder problem. One thus expects an axial temperature 

distribution of the general form sketched in Figure A.S when 

melting conditions are held constant enough to produce 

quacictendy melting. 

Since most·the the length of the ingot will be at nearly 

constant temperattire, the portion of interest--the top section 

containing the pool--can indeed be isolated for analysis, 

and either an insulated boundary condition ~iven on the cut 

section (BT/ax = 0 aL x ~ t 1 , Sjy) or an even less 

demanding "outflow" boundary condition could he ehosen 

The latter was chosen here 

in order to allow use of the smallest possible computational 

mesh by constraining the temperature field as little as 

feasible on the outflow boundary. 
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These arguments leave only·one boundary conditio~ to 

be specified, namely, the thermal conditions i~ the small zone 

near the top of the ingot in which there is at least partial 

contact between ingot and crucible wall. This interaction zone 

can only be parameterizd crudely for the time being; firm, 

detailed models of the interaction will have to await the gathering 

of further experimental data. The initial model incorporates 

only the gross features of the ~ontact, which consist of 

(i) at initial solidification, i.e., at temperatures 
above some value TRO' the ingot makes full contact 
with the crucible wall, and thermal resistance between 
the ingot surface and the cooling water (denoted by R

0
) 

must equal the thermal resistance of the half inch 
(1.27 em) of copper plus the resistance of the boiling­
transfer boundary layer in the water. 

(ii) at temperatures sufficiently below solidification, 
thermal contraction of the ingot will have broken 
contact with the crucible wall entirely, so that the 
conductive thermal resistance between ingot and 
wall is.infinite. 

(iii) Finally, between these two extremes, partial conta~t 
will result in some intermediate thermal 
resistance level. 

All this is present in the following model (see Figure A.6): 

f 
R 

R.r = R 

l 
00 

0 

0 

TRO-TR 
-----
T-T 

R 

T > TRO 

T < T 
R 

and heat flux between ingot and wall is then 

q (T - T )/R w T 
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where TRO = 1405K, TR = 1205Kl ana th~ co~l~~g wateT is at 

Tw = 300K; R
0 

= l.OW/cm 2-K. TRO was c·hosen as the temperature 

at which the last liquid solidified in a nonequilibrium 

~olidification process (=Tu), and TR was chosen 200K lower 

because of the extremely low, anisotropic coefficient of 

thermal expansion of U (11). 

A comment on the actual WQrk,.i,ng of thi."' lr~ttP.r b•)•.lndary 

condition is in order. Although the form of the b~undary 

condition provides for conduction up to full contact intensity, 

the fluxes actually ~een in computation never approach this 

level. In effect, the above expre~sions apply a boundary 

temperature close to TR at all points where the boundary 

condition is operating, because any f~ux which the ingot can 

conduct may be carried quite readily by the wall at high 

resistance, so the wall temperature need only depart slightJy 

Thus, most of the numerical solutions display a 

nearly constant wall temperature at gridpoints below the surface, 

where the above condition holds. 

The thermal boundary conditions actually a~plied tq the 

ingot top are summarized in Figure A.7. 

Energy Budget C::..<?.~--~--~-9--~-:r:.a t ions. 

Recalling Figure A.2, in which the various significant 

energy fluxes were displayed, consider now the results of having 

solved the thermal problem for the ingot top, Such a solution 

will yield a value for the ingot wall loss power QW, for the . 
outflow advec~ion Qf , and outflow conduction Q , as well as 

0 c 

inflow powers Pingot and Qfs• Since the radiative fluxes have 
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already been shown negligible, and Pelec~rode explicitly 

calculated, there remains only one unknown quantit~,· Pioss" 

Until direct measurements are made of Ploss' this means that the 

·Simulation cannot yet be constrained by global energy conservation. 

Like the wall boundary condition problem of detefmining RT, 

this problem will remain until appropriate measurements are 

made on the crucible inside wall as well as on the water jacket 

side. These measurements are planned for the near future. 

For the time being, then, the energy budgets displayed 

must be regarded as provisional since the data required for 

a consistency check is lacking~ For easy reference, the scheme 

of calculation of these provisional energy budgets is displayed 

in Table IV. 

Electromagnetic Conditions. 

The analysis of the current and Lorentz forces which were 

used in the calculations reported herein is that described in 

Ref. ( 2) • That is, use is made of a_quasisteady current 

distribution corresponding to current input on the ingot surface 

given by j(x=o,r) = ImJ1 (a 1 r), where Im is the total melting 

current (A), j is current density (A/cm 2 ), J 1 is ·the Bessel 

f u n c t ion o f o r d e r one ( see , e • g • , Re f • ( 12 ) ) and r · i s · t he d i s tan c e 

from the axis of the ingot. The value a1 is chosen to make 

J
0

(S 1 R) = 0; i.e., potential is maximum cin the axis, ·and 

falls to zero at the wall. With grounded (zero potential) 

lateral surfaces and bottom on a cylinder with one radius le~gth, 

the resulting· current streamlines are tho_~_e_ g·iven as Figure 3 

in Bertram (2), reproduced here as Figure A. 8. 
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Since the above current di~tribution was derived; Zauner (4) 

has obtained new data on the actual distribution of input.current 

derisity by high-speed photography ot the arc region, using 

itainless steel and superalloy melts in the unique Sandia 

retractable-hearth VAR facility. This data reveals 

that very fast-moving, very concentrated plasma columns carry 

the current in A typirRl v~~uum arc, oo that oae rudy ~x~~ec 

that the actual current distribution can be obtained only by 

a caretul consideration of the time-dependent Maxwell equations. 

Results from this study are only now becoming available, and 

will be described elsewhere (Marder and Bertram, to appear). 

Thermophysical Properties 

Reliable measurements of the thermophysical properties 

of liquid uranium or liquid niobium are exceedingly difficult 

to carry out, and this has res0lted in quite large variationA 

in the publishe~ properties. Fo~ the ti-Nh binAry ~yitam, 

the situation is correspondingly worse. Therefore, considerable 

effort has been invested in constructing a constitutive model 

of the alloy in such a way that it at least possesses consistency. 

The first necessity in solidification studies, is, of course, 

a well-defined equilibrium phASP diagram. Since th~rc is 

considerable difference between the phane diagrams given in 

Hansen (13), and Elliott, First Supplement (14), and since the 

melting temperature of pure Nb in both differs from that given 

by e.g., Wilson (15) or Barin, Knacke, arid Kubashchewski (16), 

it was concluded that even a theoretically· constructed phase 
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diagram would be more reliable so long as it was consi~tent 

with recent data (R. Jackson, private communication). Accordingly 

th~ £allowing argument was used. 

All available data agrees that the U-Nb system posseses 

unlimited solid solubility in the gamma phase which forms on 

initial solidification. The miscibility gap of the solid solution 

below l000°C is ignored here. This suggests that the system 

forms a near-regular mixture and thus raises the hope that the 

phase diagram can be derived relatively easily from free energy 

considerations. 1n particular, the procedures described in 

Ref. (17) with slight modifications, are applied. 

Consider, theri, two components A and B which have melting 

points TA, TB; latent heats LA,LB; and specific heats C~s' 

C~s in the solid phase and C~L~ C~L in the liquid phase. 

At a temperature T, let a liquid mixture with mole fraction w* of B 

(atomic %/100), and a solid mixture with mole fraction w of 

B be in equilibrium. For convenience, "defirie a Gibbs free 

energy G1 (w*) for the liquid using pure liquid A at TA as the 

reference value, and a free energy.for the solid Gs(w) using 

pure solid B at TB as the reference value.. Then, if the entropy 

change on fusion, ~Sf, is independent of temperature for 

both componcntc, the free energies can be wrtttRn: 
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Liquid. 

GL (l - w*)Gt + w*G~ ~ TASm for a r~gular mixture 

cA = cA (T - rA - T ln T/TA) - (1 - T/TA)LA 
::r Ps 

So1id B CH ( T TB T ln T/ TB) Gs -
Ps 

Gs = (1 - w)GA + wGB ~ TAS for a l-egular mixtut'e s s m 

with 6Sm = -R[w lnw + (1-w)ln(l-wD being the entropy of mixing 

and R being the universal gas constant, 1.98647 cal/gm-mole-K. 

Equilibrium between phases (isotherm~l) then requires 

aGL/aw* = aG
5

/aw (equal che~ical potentials in the two 

ph.<~ses). Graphically,. this is the familiar "Tane~nt Rule" of 

phase equilibrium (see, e.g., n,rken and Gurry, P• 286 and 

pp. 333-335), depicted in Figure A.9. 

Analytically, this rule takes the form: 

a Gr.), 
- dw* · 

IA7hi~..:h may be manipulated into: 

w 
ln 1 - w 

so that introducing 

.G G 

( 
A .. A) 

- exp __ L ni-;-~-§. ; 

.w=w 



yields the simple relation 

= 1 - w 
1 

F' F 
A B 

The Tangent Rule also requires 

w* 
1 - w* 

{w - w*) = G {w) - G .(w*) s L 

which, after much manipulation, reduces to 

1 w 
1, - w* = F 

A 

Combined with the earlier expression, this implies 

as we 11. Solving finaliy for the unknown concentrations w 

and w* gives: 

A~ter some adjustment of the values found· in the literatur~ for 

U and Nb, (Stephens, (18); Gathers, et.al. (19), Barin, et.al. (16)) 

the values in Table V were chosen in order to give .the broken 

line phase diagram shown in Figure A.lO. 

It should be mentioned explicitly that, while the uranium 

latent heat is quite close to that measured by Stephens (18) 

the value assumed here for niobium is 33%' lo\ver than the usual 
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published figure (Barin et. al. (16); Wilson, (15) 1965, p. 540); 

however, use of the nominal LNb leads to a solidus almost 

coincident with the liquid~s of Figure A.lO and a liquidus generally 

about 150K above that shown here. It is concluded that the 

lower figure for LNb should be used because the higher value 

produces a predicted phase diagram inconsistRnt with all 

current published phase dia&rams. 

The criterion of acceptability for the phase diagram was 

that it at least not contradict what little data was available 

to the authors on the liquidus and solidus t~mPeratures of the 

U-Nb alloys. This data is indicated, in Figure A.ll below, where 

the detail of the U-rich end of the phase diagram is shown. 

Once the phase diagram is established, an enthalpy function 

can be written down for the alloy if zero heat of mixing is again 

assumed. This leads to t·he expression: 

he (T) = ( 1 - CL) [ h~ (T) + fL L U (T)J + c GNb (T) 
L s + f LNb 

L (T)] 

+ (C - C ) (l -
s L 

f ) (hNb 
L s 

- hu) 
s 

where the "e" superscript indicates "equilibrium", c1 is the 

weight fraction Nb in the liquid phase, £ 1 is th~ mass fraction 

liquid, from the equilibrium phase diagram, and the "s" subscript 

denotes the same quantities for the solid. This expression 

produces the solid-line graph of h vs. T in Figure A.l2 · 

Because the above expression applies at best to 

equilibrium states of the ·alloy, it cannot be expected to 

accurately give the actual h(T) function ~n the solidifying 
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ingot, in which nonequilibrium ~ooling occurs. Never.theless, 

it is essential to the feasibility of macrosegregation analyses 

t h·a t s om e s in g 1 e-va 1 u e d h ( T ) be spec if i e d • That is , if the 

heat transfer analysis is to be dec6upled from the microscale 

details of the solidification, h(T) must be specified directly. 

The alternative, specification of h(T, c 1 (T), Cs) where Cs 

is the average composition of the solid and therefore is a 

function of the history of the solidification process at 

that point, would require simultaneous solution for flow, 

thermal, and composition fields. This would be a considerably 

more demanding computational task than solving the decoupled 

thermal and composition (macrosegregation) problems, and the 

dccoupled thermal problem is already approaching the capacity 

of the CDC7600 at Sandia. Furthermore, such detailed equations 

with coupled thermal and solute diffusion would almost certainly 

be 1:>ingular since even simpler models display the Hullins-Sekerka 

instability (20,21). 

On the other hand, it is clear that the solution obtained 

from the decoupled problems cannot be fully consistent precisely 

because it "misplaces" the latent heat release by ignoring the 

history contained in cs~ A rough idea of the magnitude of this 

misplaced heat can be obtained by considering the one case of 

nonequilibrium solidification for which convenient analytical 

solutions are available: the microstructure (coring) described 

by Scheil equation (5). By assuming that the solidify{ng liquid 

is in equilib~ium; i.e., that c1 (T) is the vaJ.ue from the 
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equilibrium phase diagram, whil! the sol~te in th3 solid does 

not diffuse, Scheil obtained: 

as the weight fraction liquid at the temperature r 

corresponding to C:v 

phase diagram (canst ke), and C
0 

is th~ overall c0mposition. 

The average compositiori of the solid is then: 

c dg =kJ· 1c dg s s e L L 
0 

The solidification path, Cs vs T, is plotted on Figure A.ll 

to indicate the degree of departure from equilibrium. 

Once the fraction liquid and solid composltlon are 

determined, the enthalpy can be computed as before, with f 1 

Th ~ res ul t ( Figure A. 12) 

clearly shows a significant differ,ence from the equilibrium 

h(T). 

• 
Aoa uutcd in the iudlu body of this report, the actual 

conditions (degree of segregation) can be .quite different 

in the VAR ingot because interdendritic flow can hrjng liquid of 

nearly any composition between 0 and C
0 

into contact with th~ 

already formed solid. The corresponding local enthalpy can 

d·epart even further from the equilibrium value than does the 

"Scheil enthalpy". Thus, even though full consistency· is not 

achieved, use· of something approaching the Schiel enthalpy should 

be a better approximation than the existing practice of using 
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t he e quill b r i Ul 1 en t h a 1 p y • Th "e S c he i 1 e qua t ions , ex tend e d t p 

include shrinkage effects by Flemings ?nd Nereo (22),were also 

applied, but 2.5% solidification shrinkage produced no significant 

fluid flow effect. Accordingly, a straight line is fit 

by eye to the Schei.l curve, as shown in Figure A.l2, and the 

following equation results: 

fCI? (T-TDJ 

h (T) = C (T-TU) + 

t C I? (T-TU) 

L 
'l' - ·r * (T-T *) s T <T<T s · L L 

p t L 

where C = 0.1742 j/g-K and L -­p 

s 

57.4 j/g. 

T>T = 1605_. SK _,_ L 

The remaining thermophysical properties are modeled 

essentially as described by Bertram (2). In particular, 

dimensionless temperature is given by: 

e 

and thermal conductivity by: 

k <' " 

k = -f [ rk + 1 .?._ ( r 
TT k 

where k
8 

= 0.3 w/cm-K, rk 0. 8S, 

and Ck = tan(0.99 ~). Thermal diffusivity is again obtained 

from k(T) and h(T) as 
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a practice of growing popularity (23). The kinematic 

viscosity function v(T) has been modified f~om that adopted 

for steel because the fundamental algorithm has been changed 

for the U-6Nb calculations (See Equations of Motion below): 

1 " 8· 

v = e (1 - 8) R,nrv o,.; e,.;l 

rv"u 0 ( 0 

and rv = 500 were adopted, based only on the observation 

that the molten metal appears "watery" at low superheats. 

Equations of Motion. The same arguments that were used for 

stainless steel alloys (2) apply here .. to U-Nb 

alloys, and allow the same reduction of the Navicr-Stokes 

equations and Maxwell equntinns to tha syctcm of thrGe 

coupled partial differenti~l equations for vorticity, ~; 

streamfunction, ~; and enthalpy h. Made dimensionless 
.... 

using RL/K0 as time unit, H as length unit, t::.T
0
* as 

temperature unit, and L/2 as energy unit, these equations 

are: 

a ( uz;;) 
+ ax 

a (vi;;) 
+ ar 

' 
with S 

ah a ( uh) 
at+ ax 

+ a ( r vh) = a ( a h \ 1 a 
r8r ~ K ()x:}+ r ()r 

/Kr ah) 
\ ri:r 

.2 
+L 

0 



+ .r _1_. ·(~) = - .rl; ar rar 

Here, the dimensionless-magnetic flux was scaled by 

·B
0 

= ~Im/2nR; Prandtl number 

of the Alfven number is. A~ = 

is Pr = v0 /K0 ; the square 

2 2 
(K

0
/R) ~ 0 p0/B0 ; and 

(u,v) are the axial (x) and radial (r) velocity components 

respectively, related to stream function by: u = ~ v =-~ 
rar' rax 

and to vorticity by z; av = ax 
Besides reducing th~ number 

of dependent variables, introducing the steam function 

also provides exact conservation of mass since 

'iJ·u =au+ ()(rv) ·= a2 w . + 1:..1_[- awl~o a-x rar raxar r ar dxJ-

The original solution strategy, a time. accurate explicit . . . 

integration of these equations, is carried out, with the 

solution subject to the thermal boundary conditions summarized 
'I 

in Figure A.7 ... In addi't:i,~on 1. t·he yo:rd.ci'ty·_D.o·nn.aa:-:ry 

conditions 

~(x,o,t) = 0 (axisymmetry) ~(o,r,t) = 0 (shear-free 
surface) 

are prescribed. For the streamfunction 

1jJ (_x, o, t) 0 1jJ ( o, r , t) = 1jJ r 2 

(uniform inftow) 

are given, and then solid surfaces are required to have ~ = 

av tan/an and 1Ji 
:l 

= 1Jil r • A solid surface is a gridpoint 

at which T = •rl' the "immobiliztion temperature" discussed earl.i.el:. 

'J:'wo of these conditions are departures fro1n previous 

practice and therefore require some comment. First, the 

specification of_ uniform inflow at the poo·l surface is made 

only for convenience in following "tracer particles" such as 
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the b 1 u e streamlines in Figur,:es 18, 20., 25, 27,. and 29; 

this is an available option because the typical uelocities in 

the pool are 10 2-10 3 times larger than UI' the linear growth 

-rate. Thus, the pool dynamics are independent of the details of 

the inflow velocity distribution so long as it is of order u1 

in scale, and the surface streamfunction can be chosen at will. 

The second new condition is the requirement that the 

flow become rigid-body motion at the immobilization temperature. 

Despite the additi~nal programming complexity compared to the 

"viscous solid" model used earlier, this condition is 

preferable because of the order-of-magnitude improvement in 

computer run times it offers. 

Just as the mushy zone was treated in a "thermally averaged" 

sense by adoption of the Sr.hPiJ enthalpy function, this vrcwtice 

of applying an increasing viscosity to the liquid provides an 

".:1vcru.gc" rnotioi"J u[ solid and liquid there. Only after full 

solidification has occurred can one specify that the motion is 

truly rigid-body, but th~ interdendritic flow must bl2cullle a 

negligible cuntributor to the heat transfer at some higher 

te111peea t ure, at which the fraction 1 iquid is so small and the 

permeability of the dendeites so low that low velocity and small 

mass combine to reduce heat transfer to insignificance. This is 

the temperature which is estimate<~ by TI here. 

Viewed from the other side, the liquid rnotioni are more 

and more effectively retarded by the forming solid until the 

point is reached such tl1at the drag is great enough that 

relative motion between solid and liquid is not sufficient 
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to carry significant heat. Thus, during the initial· . .. 

solidification the liquid is treated as more and more viscous 

until immobilization occurs. 

At present, the immobilization temperature is chosen on 

the basis of mass fraction solid, using fs = 0.38. From the 

above arguments, it is clear that this still represents 

fairly open dendrites, even though the corresponding T1 , 

1551 K, is quite deep into the mushy zone compared to the 

usual immobilization temperature = liquidus temperature. 

Numerical Solution Procedures. With the problem formulated 

as described above, solution for the thermal and fluid 

dynamic environments iri the ingot proceeds numerically in a 

quite straightforward, even primitive, manner. Specifically, 

the enthalpy equation is solved on the entiFe computational 

grid as a parabolic equation; the resulting temperature 

field_is scanned and rigid body motion prescribed in the 

immobilized portion of the ingot. Finally,_ the vorticity 

equation is solved in the remaining portion, an~ the elliptic 

problem for the streamfunction is inverted in the same 

portion, in the standard explicit approach (see, e.g., Roache, 

2 4) • 

Recognizing that high spatial resolution cannot be 

acb.i.eved (because the explicit time step liH1it for stability 

is inversely propotional to M2 + N2 if there are M mesh 

points in the axial direct ion and N mesh points in the 

radial; furtb'er, the number of mesh points is proportional 

to NM, so that the computational effort to reach a .fixed time 
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is proportional to MN(M2 + N2 ), "that is, q~artic in the 

resolution), the finite difference form of the equations 6f 

motion is chosen to be as c.rude-rnesh tolerant as possible. 

Specifically, conservative forms of the equations of motion 

are chosen, and "kinematidally consiste~t" velocities 

(Parmentier and Torranr.P., ?.';)) .:'\re obtained from .::t :Jimplified 

version of the original rules. Finally, in order·.to correctly 

treat the high-speed "core flow" of the magnetic or buoyancy 

dominated circulation cells in the melt pool, which have 

essentially hyperbotic-type equations nf motion, upwinJ 

differencing is used on the advection terms of enthalpy and 

vorticity equations. 

A natur.::tl thing to attempt for improved computational .. 
run times would be an implicit time integration in order to 

avoid the stability time stt~p restriction. This was examined 

for these problernc-:i, u::; ing the Lees three-·time-level scheme 

described in Lees (26) with the Harwell Sparse Matrix 

Package MA28, a very efficient set of nested dissection 

routines. The loss of ac~uracy of the scheme proved to bt;! 

too severe; convergence to the final solution values took up. 

to 200 iterations due to the slow damping of the characteristic 

"wiggles" of the typical implicit-. rnethod (27). 

A second approach to efficiency would be use of a s2m1-

uirect method (or any other non-timelike iteration to the ste.Jdy 

state). Indeed, experimentation has shown this approach to be 

extremely fast when it succeeds, but it has.a tendency to 
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converge to the wrong nonlinear"solution for these problems. 

The final exclusion of these methods comes for physical 

reasons, however: the explicit integrations indicate that 

the buoyancy and Lorentz· force can so completely cancel each 

other that the resulting weak flow is intermittent even under 

quasisteady boundary condit·ions. Thus, in the end, the 

explicit integration proves to be the most desirable. 

Oth~r integration schemes having been eliminated, the 

explicit calculations must be optimized. One way of minimizing 

lost production time is to.obtain new solutions by using some 

previous solution on the same grid as the initial condition; 

i.e., by simple continuation. An extension of this notion 

is also used for startup on a new grid, ·by specifying zero 

body force until somewhere between 0.1 .and 0.3 dimensionless 

times (unit of time is R2;K0, ab~ut 1550 sec for -the 10.42 

em radius U-6. 3w/oNb ingot), so that the pool shape is a 
. ' 

reasonable approximation due fo heat ~ondu~t~on alone~ Also, 

to avoid completely irrelevant solutions which melt through 

the bottom of the computational mesh, the metal on the outflow 

boundary is always immobilized. This latter practice is quite 
d 

apparent in the solutions for currents over 4kA in the above 

report--all such solutions have isotherms in the solid of 

nonphysical shape (that is, with relative maxima in 'I'(r) 

occurring off-axis) due t6 the immobilization of the outflow 

and the requirements that a2h/ax 2 == 0 on outflow. 
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Table :rv 

Energy Budget Computations 

POWER COMPUTATION SOURCE 

PI PI = VJO Measured v, J 
0 

p 
electrode zim (Trn) Measured m, = 

Theoretical h (TJ 
. \ 

Qw 

Q fo 

Qc Output from Code 

0£s 

P. 1ngot 
I 

p = lOSS 
P -P -P I electrode ingot 
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TABLE V 

J, u 2400 ca.l/crm-mole LNb 4000 cal/gm-mole 

cu 0.1608 j/gm-K CNb 0. 37 36 j/gm-K 
ps ps 

cu 0.1977 j/gm-K CNb = 0. 3871 j/gm-K 
pL pl 

Tu 1405 K TNb 2740 K 
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Sibley School of 

Aeronautical Engineering 
Cornell University 
Ithaca, N.Y. 14853 

Los Alamos Scientific 
Laboratories 

Box 1663 
Los Alamos, N.M. 87554 

Attn: J. Straw, WX-5 
J. Wechsler, WX-DO 
D. Sandstrom, CMB-6 

Massachusetts Institute of Technology 
Dept. of Materials Science and 

Engineering 
77 Massachusetts Ave. 
Cambridge, MA 02139 

Attn: M. Flemmings 
J. Szekeley 

1551 

1556 

2600 
2620 
2640 
2646 
2646 
2646 
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R. Feliciano 
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