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M. A. McClellandt 
Lawrence Livermore National Laboratory 
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Abstract  
A numerical and experimental analysis is made of fluid flow and heat transfer in a 

continuous casting system with an electron-beam energy source. For a cylindrical ingot 
confined in a water-cooled crucible, a two-dimensional, steady-state model is developed 
which includes the effects of free convection in the pool and conduction in the two- 
phase and solid regions. A modified Galerkin finite element method is used to solve for 
the flow and temperature fields simultaneously with the upper and lower boundaries of 
the pool. The calculation grid deforms along vertical spines as these phase boundaries 
move. Heat flows are measured in a steady-state experiment involving a short ingot and 
no pouring. Heat transfer coefficients representing contact resistance are determined, 
and measured heat flows are compared with model values. Flow and temperature fields 
along with solidification-zone boundaries are calculated for the experimental case and 
a case in which the ingot cooling is improved. 

keywords: continuous casting, electron beam, finite element method, free surfaces. 

1 Introduction 

Continuous casting has an important role in the  processing of metal alloys. For alloys with 
tight composition specifications, electron-beam processing is often employed. An Electron- 
Beam Cold Hearth Remelting (EBCHR) process to recycle scrap U-6 w%Nb is shown in 
Figure 1. In this system, solid U-Nb is fed to a water-cooled hearth where i t  is melted 
and mixed. Liquid flows over a weir into a cooled crucible where i t  solidifies. As the ingot 
lengthens the  “puller” is withdrawn to keep the pool surface at a constant elevation. The  
e-beam system provides the energy to melt t h e  solid feed and maintain liquid pools in the 
hearth and crucible. 

For t h i s  system it  is a challenge to meet specifications for composition uniformity (5.2- 
6.5 w%Nb) due to  the  presence of macrosegregation, the transport of species by fluid 
flow in  t he  interdendritic regions of the “mushy” or two-phase zone [l]. Although flow 
can be driven by several forces, those associated with buoyancy often provide a strong 
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Figure 1: Electron-beam cold hearth remelting system for U-Nb. 

contribution. T h e  U-Nb alloy has a strong tendency t o  segregate since the two-phase 
region of the phase diagram is large and the densities of U and Nb vary considerably ( [a ] ,  
[3])- Macrosegregation can be reduced by keeping the mushy-zone thin and curvature of 
the mushy-zone boundaries small. Progress toward these goals can be made by optimizing 
electron-beam and cooling configurations. 

Candidate configurations can be investigated with models for fluid flow and energy 
transport. However, detailed modeling is a challenge for several reasons. The flow in the 
pool is driven strongly by temperature and composition-induced gradients in the density 
(buoyancy effect) and surface. tension (Marangoni effect). These flows are of high intensity, 
ranging from time-dependent laminar t o  turbulent flow. This high flow intensity combined 
with small mass diffusivity results in large convective components for the transport of 
species. T h e  solidification phenomena in the mushy zone are complex and occur on a 
length scale small compared to that of the ingot. Finally) the boundary locations for the  
pool and mushy zone are coupled t o  the field and interfacial phenomena. 

Bertram and Zanner ( [ 2 ] )  [3]) modeled the time-dependent, two-dimensional fluid flow 
and heat transport in a Vacuum-Arc-Remelt (VAR) process for U-6 w%Nb. Flow in the in- 
got pool was driven by buoyancy and electrc-magnetic forces, and temperature-dependent 
material properties were employed in the mushy-zone. Results were obtained on fixed, 
course grids using a finite difference method with upwind differencing and explicit time 
integration. Although the details of t h e  flow field were n o t  fully resolved, favorable com- 
parisons were achieved for measured and calculated pool volumes. 

Choudhary et d. [4] modeled t h e  steady-state, three-dimensional energy transport 
in a continuous casting process for steel. They employed a temperature-dependent ther- 
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mal conductivity tha t  was increased in t h e  pool in a n  effort to account for convection. 
A cmtrol-volume, finite difference method was employed) and predictions for the shell 
thickness were compared with experimental measurements from the literature. Moder- 
ate to poor agreement was obtained suggesting the need for the direct inclusion of fluid 
flow in the model. A two-dimensional) steady-state model for fluid flow and energy trans- 
port was developed, in which the governing equations were solved with a control-volume 
finite-difference method on a fixed grid [5]. T h e  resulting comparison between model and 
experimental shell thicknesses was much improved with the inclusion of fluid flow. 

Investigators have also employed numerical methods in which the calculation grid de- 
forms t o  track the phase boundaries for the pool. These methods allow mesh points to be 
concentrated in the pool where they are needed to resolve the intense flows. In addition) 
this approach can readily accommodate abrupt changes in transport and material proper- 
ties at interfaces. In studies of the Czochralski crystal grow system, Brown and coworkers 
([6], [7])  employed the finite element method with spines to track solid-liquid and liquid- 
gas interfaces joined at a tri-junction. In investigations of floating-zone crystal growth Lan 
and Kou [SI used a control-volume finite-difference method to track these same interfaces. 
For e-beam vaporization) Westerberg et ab. ([9]) [lo], [ll]) used a finite element method 
with rotating spines to calculate flow and temperature fields along with solid-liquid and 
liquid-vapor interfaces joined at a tri-junction. 

In this investigation we develop a steady-state model for fluid flow and heat transport 
in the crucible ingot. A Galerkin finite element method is employed in which the mesh 
deforms to track the  boundaries of the pool. Heat flows are measured in an experiment 
involving the application of a n  electron-beam to a short crucible ingot. Heat transfer 
coefficients are determined) and model heat flows are compared to measured values. The  
reduction in the size of the solidification zone is shown for improved cooling at the  lower 
surface of the  ingot. 

2 Model Equations 

We consider the steady-state, axisymmetric flow and heat transport in t he  cylindrical ingot 
shown in Figures 1 and 2. The  ingot is heated with the energy from an electron-beam. 
Heat is transferred to the surroundings by the  formation of “skip” or secondary electrons) 
thermal radiation, and contact between the ingot and crucible wall and puller. 

In this investigation) no material is added to the  ingot by pouring. T h e  flow of liquid 
is included in the  pool, but is taken to be negligible in the mushy zone. T h e  pool extends 
t o  the crucible wall where it has a finite depth. Note tha t  since the ingot is formed by 
the distribution of metal over the cross section of the ingot, the region of flowing metal 
must extend to the outside radius of the ingot. However, as discussed in section 5,  there 
is uncertainty as to the nature of the  flow and contact in the region near the water-cooled 
crucible wall. 
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Figure 2: Domain for steady-state two-dimensional model of fluid flow and energy trans- 
port in a cylindrical ingot. 

2.1 Field Equations 

T h e  flow in the pool is described by the steady-state continuity and momentum equations 
for a Newtonian liquid: 

v .g=o (1) 

(2) PZ- VE = - V p  + pV2g + P(T - TO)] 
The  transport of energy is governed by 

In the solidification zone and solid region, thermal convection is negligible and the IFft- 
hand-side of this expression vanishes. 

T h e  liquid density varies linearly about a reference value po according to the  Boussinesq 
approximation. AI1 other bulk properties are taken to  be uniform within a given zone. The 
thermal conductivities for the solid and mushy zones are assumed to have the same value. 

The  Reynolds and Peclet numbers provide measures of the flow intensity and thermal 
convection, respectively: 

The characteristic length in the above expression is the depth of the liquid pool at the 
symmetry line, dpool. The maximum fluid speed, umazr is the characteristic velocity. 
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2.2 Boundary Conditions 

In this investigation the mass or average level of materia1 in the ingot is not specified. 
Instead we set the pool level at the crucible wall 

h = h ,  at r = R  (4) 

Variations in the level of an ingot pool are generally small, and the  average level of the  
pool is close to the specified endpoint value. 

Since no material is transported across any of the pool boundaries, the interfacial flow 
obeys the kinematic equation: 

- n - g = 0  (5) 
With the  assumption of no flow in the solidification zone, the no-slip condition is applied at 
the pool-solidification zone interface. The velocity also vanishes at the pool-wall interface 
as does the shear stress at the axis of symmetry. A force balance at the liquid-gas interface 
includes the normal contribution from surface tension and the deformation of the  interface: 

d t  n- (pi+d = -0-- ds 

Here the  surface tension, g, is taken to be constant. Marangoni effects, induced by varia- 
tions in the interfacial temperature are not included in this study. Since Eqn. (6) includes 
surface tension, two endpoint conditions are required. At  the axis of symmetry the interface 
is horizontal _ -  

dh -- - 0  at r = O  
dr (7) 

A contact angle 8, is specified at the  junction where the liquid, gas, and crucible wall meet. 
For a well-stirred pool, the temperature and composition at the pool-mushy zone in- 

terface are  nearly uniform. The  temperature at this interface Tirn, the  immobilization 
temperature, has a value between the liquidus temperature, Tziq and the solidification tem- 
perature, Tsol (see Figure 2). We use Ti, < zip since some solidification is required before 
the  formation of a pool boundary with mechanical integrity. For nonequilibrium solidifi- 
cation of U-Nb, Tsol is taken to be the melting-point temperature for pure uranium. In 
this model, the  locally well-mixed liquid is in equilibrium with the surface material of the 
dendrites [1]- Diffusion in the dendrites is negligible which precludes the liquid and solid 
phases from reaching equilibrium. 

An energy balance at the liquid-gas interface includes contributions from the electron 
beam and losses due to thermal radiation and the formation of skip electrons. 

The  net energy f l u s  from t h e  electron beam is taken to be uniform. Here Q b  is the totaI 
incident e-beam power and y is the fraction of this energy absorbed by t h e  pool. 

T h e  heat fluxes at t h e  crucible wall and puller include contributions from contact 
resistance and thermal radiation: 
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The  contact resistance is described with a heat transfer coefficient t ha t  is taken to have uni- 
form values of hpuller and hliq at the ingot-puller and pool-crucible interfaces, respectively. 
From the immobilization line to the solidification line, the contact between the ingot and 
the crucible wall decreases as the ingot solidifies and shrinks. The  heat transfer coefficient 
is taken to decrease linearly with temperature from hl;, t o  zero in this region: 

at r = R with Tsol 5 T Ti, (T - Tsol)  

(Tim - Tsol) 
h = hliq 

The  values for hptLller and hliq are calculated from heat flow measurements as described in 
sections 4 and 5. Energy losses due to thermal radiation are included at the crucible-ingot 
interface where the metal has partially or completely solidified (T 5 Ti,). 

3 Finite Element Method 
T h e  finite element method of this study incorporates meshes structured with spines t o  
track the upper and lower boundaries of the pool ([12], [ll]). Specified nodes remain on 
these boundaries while interior nodes move along vertical spines. Constraints are applied 
to the  interior nodes to maintain their relative spacing. For each vertical spine passing 
through the ingot there are two coordinates p1 and p2 which are the respective vertical 
distances from a horizontal plane above the ingot to the  upper and lower boundaries of the  
pool. 

T h e  field equations are discretized using the Galerkin finite element method ([13], [14]). 
The  velocities, temperatures, and coordinate mapping are represented by two-dimensional 
biquadratic basis functions, and the pressure is described by bilinear basis functions. T h e  
interfacial stress and heat flux conditions are incorporated as natural boundary conditions. 

In the  assembly of boundary conditions, the kinematic condition (Eqn. 5 )  and the 
isotherm condition T = Ti, are applied as “distinguished” conditions for the determination 
of the upper and lower boundaries of the pool. The  no-slip conditions for the velocity and 
appropriate surface tangent condition are specified at each end of the liquid-gas interface. 
The  pressure is adjusted at the crucible wall contact line to meet the height specification 
(Eqn. 4) at this location. All other conditions involve the conventional application of 
essential and natural boundary conditions. 

T h e  Newton-Raphson method is employed t o  solve the resulting nonlinear algebraic 
equations for the velocity, pressure, temperature, and pool boundary locations. In the 
formulation of the Jacobian matrix, the field equations and surface equations are dif- 
ferentiated with respect to field and interfacial variables. The  resulting expressions are 
arranged as an “arrow” matrix, consisting of a “shaft” of banded field equations and an 
“arrow head” incorporating interface contributions. An efficient solution procedure for this 
partially banded matrix problem is described by Westerberg et al. (151. The assembly and 
elimination of the field equations is performed using the frontal method (161. 

4 Experimental Arrangement 
An EBCHR system was used to obtain heat flow measurements for the side and  bottom 
of a short ingot. During steady-state intervals in which there was n o  pouring, the heat 
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Figure 3: Crucible and puller cooling water circuits for measurement of heat removal from 
a short  ingot. 

losses from the  top of the ingot were available from an energy balance. T h e  heat flow 
measurements are  used for mode1 verification and the determination of model heat transfer 
coefficients as described in section 5. 

T h e  melt furnace has a 250 [kW] electron gun operating at 35 [kV] which sweeps a spot 
over t h e  hearth and crucible (see Figure 1). In the experiment of interest, 32.4 [kW] of 
e-beam energy was applied to the  top surface of the crucible ingot. The  e-beam profile on 
this ingot consisted of a center spot with radius 1.30 [cm] and an outer ring with inside 
and outside radii of 5.18 and 5.94 [cm], respectively. The  sweep cycle time for t he  hearth 
and crucible patterns was 0.54 [s] in which 0.01 [SI and 0.09 [SI were spent on the  inner 
spot  and outer ring, respectively. 

T h e  U-6 w%Nb ingot (0=14 [cm], L=12 [cm]) was cast in the  earlier portion of t he  
experiment by adding metal t o  an ingot (L=6 [cm]) placed in the crucible before the  run 
(see Figure 3). This “starter stub” was employed t o  protect the puller from from the high 
thermal impact of the  initial pour. T h e  U and Nb were fed in separate streams to the 
hearth, resulting in flow over the weir into the crucible. After the last pour, the system 
was allowed to equilibrate 20 minutes before the  steady-state heat flow measurements were 
made. T h e  distance from the top of the ingot to the crucible lip was 1 [cm]. 

T h e  copper crucible (D=14 [cm], L=20 [cm]) is cooled with water from a single circuit. 
This crucible removed all of the  energy from the side of the ingot, since the length of t h e  
crucible was longer than that of the ingot. A second water circuit in the puller removes 
energy from the bottom of the ingot. In assessing the quality of contact between the 
ingot and the water-cooled surfaces, i t  is important to note tha t  the crucible has a smooth 

7 



cylindrical surface whereas the puller includes a more complex “dovetail” geometry. This 
connection allows the ingot to be moved upward or downward in the presence of friction 
at the ingot-crucible interface. In addition, it facilitates t h e  removal of the ingot. 

Heat flows are calculated from measurements of the water flow rates and differences 
between the inlet and outlet water temperatures. The water flow rates are measured with 
rotary flow meters, while the temperatures were measured with Type K thermocouples and 
electronics providing 0.1 PC] resolution. Nominal temperature differences for the crucible 
and puller circuits were 1 [“C]. For the entire melt furnace at steady-state conditions, t he  
total measured energy loss was 97% of the input e-beam power. 

A significant fraction of the skip energy is absorbed by the 1 [cm] high portion of 
the crucible wall cooling circuit t ha t  has a view of the ingot top (see Figure 3). Since 
this cooling circuit also includes energy flow contributions from the side of the ingot, i t  is 
desirable t o  separate these components for comparison with model predictions. 

T h e  skip energy contribution is estimated with the use of a simple model. For a material 
with high atomic number, the skip electrons are emitted in a diffuse pattern about the 
surface normal which is taken t o  be vertical [17]. Howell E181 provides exchange factors 
representing the fraction of diffuse energy emitted from one surface which is incident on 
another. Closed-form analytic expressions exist for the exchange factors between: (1) the 
center spot and crucible wall and (2) the outer ring and crucible wall. For a 1 [cm] exposure 
and the  e-beam power and pattern given above, t he  skip energy contribution to the crucible 
cooling circuit is 1.43 [kW]. This model was verified by performing experiments in which 
the crucible exposure was varied and the total heat flow to the crucible was measured. 

5 Comparison of Results 

5.1 Material properties and operating conditions 

Numerical solutions were obtained for the e-beam heated ingot shown in Figure 3 (see 
section 4). The material properties for U-6 w%Nb are listed in Table 1. The  solid-liquid 
mixture is considered to be immobilized at a temperature of Ti, = 1277 [“C] which cor- 
responds t o  a mass fraction of solid of 38% 1321, [3]). The final solidification temperature, 
Tsol, is the melting-point temperature for uranium (1132 [“C]) which is consistent with the 
description of nonequilibrium solidification given in section 2. Although the expression for 
the emissivity, E(T) ,  applies for the liquid phase, it was also used for radiative heat transfer 
from the solid ingot t o  the crucible wall. All of the other physical properties are evaluated 
at T;, except the solid thermal conductivity which is evalulated at Tsol. These properties 
are taken t o  be uniform in a given phase with the mushy zone and solid regions treated a s  
a single phase. The contact angle is selected to be 90°, and temperature gradients in the 
surface tension are neglected. 

T h e  model viscosity is a factor of five Iarger than the single-phase liquid value at Tirn. 
The actual viscosity may be higher than the latter value, since solids are present in the pool. 
This is a consequence of the liquidus temperature being 55 [“C] above t h e  immobilization 
temperature. Even if the viscosity is not actually large by a factor of five, the results should 
still provide relevant insight. In a study of an e-beam vaporization system with comparable 
flow intensity, variations in the viscosity ratio p* from 5 to 1.25 resulted in a relatively small 



Table 1: Material properties for U-6 w%Nb. 

P 
P 
k 
k S  

16 ,O 10 kg/m3 

59.6 W/m-K 
55 W/m-K 
0.0119 kg/m-s 
5 
1.77 x m2/s 
1.65 N/m 
90" 

1-17 x 10-4 oc-1  
a0 + alT  + ad'' 
0.09136 
7.252 x lo-' K-l 
-6.150 x lo-' I<-' 
0.6 
1332 "C 
1277 "C 
1132 "C 

changes in the  temperature fields [lo]. The  improvements in heat transport associated with 
increased velocities were nearly canceled by the formation of additional flow cells. 

Operating conditions and parameters are listed in Table 2 for the heated ingot shown 
in Figure 3. Although the experimental e-beam energy flux varied in space and time 
(see section 4 ) ,  the temporally and spatially-averaged value is employed in the model for 
this initial study. Although this approximation influences the details of the velocity and 
temperature profiles, i t  is not expected to significantly alter the phase boundary locations 
and heat flows. 

Table 2: Parameters for ingot, electron-beam, and crucible. 

&b = 32.4 kW hlig = 100 - 1000 (100) W/m2-K 
Dingot z 0.14 m hpuller = 1600 - 3000 (2500) W/m2-K 
Lingof = 0.12 m T, = 25°C 

5.2 

The  heat transfer coefficients hl;, and hpvller were adjusted in the finite element model 
until a good representation was achieved for the heat flow measurements (see Figure 4 and 
Table 3). In Figure 4a, the model heat flows for the puller show a strong dependence on 
hpuller with hliq set at the final value of 2500 [W/m2-K]. In contrast, the total heat flow 
to the crucible is insensitive to  changes in hl;, with h,,l~e,=lOO [W/m2-K] (see Figure 4b). 
Although the  total energy flow to t h e  crucible changes little with hli,, the spatial distri- 
bution displays strong variations. The fraction of energy flowing from the liquid to the  
crucible wall decreases strongly with increases in hli,, while the heat flow from the mush 
and solid to the crucible shows the opposite trend. Unfortunately, the available heat flow 
measurements d o  not provide a distribution for comparison. 

For the finite element model, we select values of hp,l~e,=lOO [W/m2-K] and hlig=2500 
[W/m2-K]. The former value provides a good representation of t h e  heat flow da ta  (see 
Figure 4a  and Table 3) .  For the range of values considered, hi;g does n o t  influence the 
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Figure 4 Comparison of steady-state experimental and model heat flows for energy re- 
moval from a short ingot. (a) Puller heat flows for blip = 2.5 [kW/m2-K], (b) Crucible 
heat flows for hpulier = 0.1 [kW/m2-K]. 

fit of the  heat flow measurements. It was increased from 1600 to 3000 [W/m2-K] until 
the  pool was quite shallow at the crucible wall and the mesh had reached i ts  limits of 
deformation. The final value of 2500 [W/m2-K] was selected to be less than the upper limit 
t o  allow variations in other parameters. The  material properties and operating conditions 
of Tables 1 and 2 which include the selected heat transfer coefficients (denoted by “()”) 
are considered to apply to a “base case”. 

T h e  heat transfer coefficients hpuller and hliq are both lower than would be expected 
based on the  compilation of heat transfer coefficients by Ransing et al. [19]. For frozen 
metal in good contact with a metal mold, heat transfer coefficients are O(1000 [W/m2-K]). 
The value of hpuller = 100 [W/m2-K] suggests poor contact between the ingot and puller, 
which may be  due to the complex dove-tail connection {see section 4). The  connector can 
operate in tension as well as compression. In addition, the contact can be influenced by 
oxide on the ingot. Since a starter s tub  from a n  earlier run was employed, i t  is certain tha t  
some uranium oxide was present (see section 4). 

For liquid in good contact with metal, values for h are O(10,OOO [W/m2-K]). If hi;, was 
increased to values of this  scale, the exterior metal of t h e  ingot would be much cooler, and 
the pool would n o  longer extend to the wall. Then only mush or solid metal would be in 
contact with the crucible wall and h would be much lower. I t  is possible tha t  the pool 
is separated from the wall by a thin layer of two-phase U-Nb, and the value of h might 
be intermediate to  the solid and liquid values and comparable to the value of this study. 
It is also noted t h a t  t h e  presence of uranium or copper oxide at this interface could also 
increase t h e  contact resistance. 
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Table 3: Heat flows as a percentage of incident e-beam power (32.4 kW) 

experiment* model1 
base case hi, = hpul ler  = 

1600 W/m2-I< 1000 W/m2-K 

crucible 
liquid - 9.6 21.3 2.3 
solid + mush - 41.1 29.1 33.9 
total 49.4 50.6 50.4 36.3 

ingot top 
secondary electrons - 40.0 40.0 40.0 
thermal radiation - 5.0 5.4 4.9 
total 46.3 45.0 45.4 44.9 

puller 4.3 4.5 4.6 19.5 

total  100.0 100.2 100.3 100.6 

* The total energy removed by the furnace was 97% of the incident e-beam power for the 
hearth and crucible. The crucible heat flow does not include the skip contribution from the 
top of the ingot (see section 4). 
All parameters have base-case values (see Tables 1 and 2) except as indicated. 

5.3 Results for base case 

The  energy distribution for the base case shows tha t  almost half of the  incident e-beam 
power is lost to the formation of skip electrons (40%) and thermal radiation (5.0%) (see 
Table 3). A small fraction (4.5%) flows to the puller and the balance flows to the  crucible. 
Note tha t  the  model heat flow da ta  exceeds the input e-beam power by 0-276 for the base 
case due to small numerical error. Since the energy losses from the top of the ingot could not 
be measured independently, a steady-state energy balance was applied t o  give an assumed 
total of 100% for the measurements. As mentioned in section 4, the energy losses for the 
entire meIt furnace were 97% of the incident e-beam power. 

For the base case, the mesh, streamlines, and temperature contours are shown in Fig- 
ure 5. The  deformed mesh (15,384 unknowns) is refined near the pool boundaries where 
the gradients in the flow and temperature fields are largest (see Figure 5a). The  mesh in 
the pool region is very dense near the crucible wall. Although the  top surface of the pool 
is free to deform, it is essentially flat as a consequence of the 90" contact angle and the 
strong effects of gravity. The pool depths are 2.23 and 0.22 [cm] at the axis of symmetry 
and crucible wall, respectively (see Figure 5b). For the right half of t h e  cross section, the 
pool circulates in a clockwise direction with a maximum surface velocity of 1.84 [cm/s] (see 
Figure 5c). The  flow h a s  moderate intensity (Re=llO), bu t  signs of multiple-cell formation 
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Figure 5:  Model results for base case (material properties and operating parameters listed 
in Tables 1 and 2). (a) Deformed mesh, (b) Temperature contours, (c) Stream function 
contours. 

are not evident. 
T h e  maximum pool temperature of 1490 [“C] at the center line is only 158 [“C] larger 

than the liquidus temperature, indicating tha t  there is significant two-phase flow in the 
pool. The  mushy-zone is large on the scale of the ingot with a depth of 3.77 [cm] at the 
center line. T h e  minimum temperature is 974 YC] and is located at the lower outside edge 
of the ingot. These results, the heat transfer coefficients given above, and the heat flows of 
Table 3 all indicate poor contact between the ingot and surrounding water-cooled surfaces, 
except where the pool meets the wall. 

5.4 Variations in the heat transfer coefficients 

I t  is of interest to further investigate variations in hliq, since they had little affect on 
the total heat flow to the crucible (see Figure 4b). For hliq = 1600 [W/m2-K], the stream 
function, phase boundaries, and temperature contours are shown in Figure 6. In comparing 
these results with those of the base case (hiiq = 2500 [W/m2-KJ), i t  is seen tha t  the 
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(a) 

1000 

Figure 6: Model results for hl;, = 1600 [W/m2-K] (all other material properties and 
operating parameters are listed in Tables 1 and 2). (a) Stream function contours, (b) 
Temperature contours. 

pool depth at the symmetry axis is approximately the same for the two cases. Also, the 
temperature fields and heat flows for the top  and bottom of the  ingot are similar (see 
Figures 5 and 6 and Table 3). However, the wall pool depth for hli, = 1600 [W/m2-K] is 
0.74 [cm] which is a factor of three larger than the  base-case value. With increased contact 
resistance, the  system responds by increasing the surface area of the pool-crucible interface. 
The  heat flow across this larger interface increases from 3.1 to 6.9 [kW]. I t  is noted tha t  
in practice a pool of this depth would n o t  be operated since i t  would probably corrode the 
copper crucible. Nonetheless, this parameter variation illustrates how the ingot responds 
to changes in wall contact resistance. 

Since the  heat transfer between the ingot and puller is poor, there is a potential for 
significant improvement in cooling and an associated reduction in the mushy-zone size and 
macrosegregation. In order t o  evaluate this potential, we performed calculations for hpzLlier 
= 1000 [W/m2-K] which is a value that  could be expected for good solid-mold contact [19]. 
The  stream function, phase boundaries, temperature contours, and heat flows are shown in 
Figure 7 and Table 3. The pool and mushy zones are much shallower, and the  associated 
center-line depths are 26.5 and -57.8% smaller than the base-case values. This shallower 
mushy zone would be expected to  reduce macrosegregation. The heat flow at the  puller 
is larger by a factor of four t h a n  the base-case value (see Table 3 ) .  Despite this increased 
heat loss, the pool still extends to the crucible wall. However, t h e  pool is much shallower 
at this location, and the associated heat flow decreases by a factor of four relative to the 
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Figure 7: Model results for hpzLller = 1000 [W/m2-K] (all other material properties and 
operating parameters are listed in Tables 1 and 2). (a) Stream function contours, (b) 
Temperature contours. 

base-case value. 

6 Conclusions 

A steady-state model is developed for the liquid flow and heat transport in a cylindrical 
U-Nb ingot heated by an electron beam. Solutions are obtained with a modified Galerkin 
finite element method in which flow and temperature fields are calculated simultaneously 
with the upper and lower pool boundaries. 

For an experiment involving a short ingot, heat flows were determined for the  top, side, 
and bottom of the ingot. Heat transfer coefficients for the crucible-ingot and puller-ingot 
contact resistance were adjusted in the finite element model t o  provide a good represen- 
tation of the measured energy flows. This representation is primarily dependent on the 
puller-ingot contact resistance which is relatively large. The calculated temperature fields 
show that  a reduction in this contact resistance significantly reduces the size of the mushy 
zone and could potentially decrease macrosegregation. This improved cooling would be 
most beneficial during t h e  early stages of casting runs when the ingot is short. 
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Nomenclature 
- liquidus temperature /7 heat capacity 

diameter 
melt pool depth at r = 0 
gravitational acceleration 
vector 
heat transfer coeff. or in- 
terface height 
liquid heat transfer coeff. 
puller heat transfer coeff. 
interface height at wall 
thermal conductivity 
length 
unit normal vector 
pressure 
Peclet number 
heat flux vector 
electron-beam power 
radial coordinates 
crucible radius 
Reynolds number 
arc-length coordinate 
unit tangent vector 
temperature 
immobilization 
tern perat ure 

'1 iiq 

& 

0, 
P 
P 
P11 P2 
U 

OSB 

subscripts 
0 reference state 
s solid phase 
W crucible wall 
00 surroundings 

solidification temperature 
fluid velocity vector 
maximum fluid velocity 
thermal diffusivity 
vol. expansion coefficient 
skip coefficient 
unit tensor 
unit vector in coordinate 
direction 
emissivity 
contact angle 
viscosity 
density 
spine variables 
surface tension 
Stefan-Boltzman constant 
stress tensor 
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