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Abstract--P, numerical study of the solidification process for a eutectic forming aluminumxopper alloy 
in a V-shaped sump has been conducted. This geometry was chosen to simulate the limiting cases of sump 
angle (8” and 16”) for the physical domain of molten metal in the direct chill (DC) continuous casting 
process. The effects of melt convection and solid movement are also discussed as contributing factors to 
the segregation patterns. The results of the study showed the angle of the enclosure greatly affected negative 
segregation bands in the mushy region. Furthermore, the original negatively-segregated mushy zone 
gradually developed into a positively-segregated region throughout the solid area. 0 1997 Elsevier 

Science Ltd. 

1. INTRODUCTION 

The continuous casting of metal alloys has developed 
into a dominant manufacturing process currently 
accounting for the production of at least 90% of all 
aluminum based ingots. The reasons for the increased 
application of continuous casting are the increased 
yield in product with a significant decrease in energy 
expended to produce the cast. The final alloy structure 
is greatly affected by the melt and cooling conditions, 
which, if not correctly controlled, can lead to species 
non-homogeneity within the ingot and non-uniform 
physical properties. Therefore, during the last three 
decades a great deal of research has been dedicated to 
understanding and improving the casting process. 

Most of comme:rcially produced metal alloys consist 
of at least two chemical components. Special con- 
sideration must be paid to these binary and ternary 
alloy systems inasmuch as the solidification occurs 
over a range of temperatures until the eutectic tem- 
perature has been reached. During the release of latent 
heat, these systems develop a characteristic two-phase 
region that is calbed the mushy zone. In eutectic-for- 
ming metal alloys, the mushy zone can be char- 
acterized as a varying-porosity dendritic structure. 
Due to the complexity of the solid-liquid interaction 
in this region, mathematical modeling has been slow 
to develop to unified theory describing both the micro 
and macro scale plnysical phenomena [ 1,2]. The mode- 
ling of dynamic processing such as continuous casting 
is further compli’cated by the constant injection of 
super-heated, sohite-rich material and the moving of 
the external boundaries of the caster walls. 

t Author to whom correspondence should be addressed. 

In this process, melted material is poured into a 
water-cooled mold where solidification occurs due to 
heat rejection. After a starter billet of the alloy is 
formed, the dynamic process begins. The cooling jets 
impinging on the mold walls lowers the local tem- 
perature of the molten metal below its liquidus tem- 
perature, causing nucleation of equiaxed crystals in 
the molten metal. A columnar dendritic solid, 
attached to the cold wall, develops rapidly after 
nucleation. The solid front continues to grow per- 
pendicular to the heat rejection and forms into a V- 
shape due to the downward progression of the mold 
walls. The angle of the V-shaped geometry is depen- 
dent on several factors, most notably the actuation 
speed of the caster and the heat flux generated by the 
cooling system. The angle has been experimentally 
verified to range from 8” to 16”. Recently, Burton et 
al. [3] experimentally investigated the phenomena that 
occurs in a 16” V-shaped sump. However, the con- 
clusions were limited as to the effects the angle has on 
the solidification process and, more importantly, on 
the segregation of chemical species. Literature surveys 
have indicated that no investigations on the effect of 
the angle on the thermodynamic properties during 
solidification are available. 

In this study, the solidification of a binary metal 
alloy is considered for a static, V-shaped sump that is 
symmetrically cooled below the eutectic temperature. 
Special consideration is given to the solution method 
due to the discontinuous geometry of the sump. The 
effects of solutal and thermal buoyancy forces, solid 
movement, and the variation of angle will be studied, 
being of primary interest is the resulting effects of 
these parameters on the macrosegregation, thermal 
profile, and flow patterns that develop during the sol- 
idification process in the V-shaped enclosure. 
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NOMENCLATURE 

A interfacial area [m’] Greek symbols 
C specific heat [J kg-‘-K-’ A incremental time step [s] 
c concentration of solute E solid fraction 
D mass diffusion coefficient [m’ s-‘1 6 phase variable 
d mean particle length [m] I- diffusion coefficient [kg m-‘-s-‘] 
H height of sump [m] Ic segregation coefficient [wt% wt%] 
H diffusional exchange coefficient P dynamic viscosity [kg m-‘-s-‘] 
h enthalpy [J] P density [kg m-‘1 
Z interfacial term 
k thermal conductivity [w m-‘-K-‘] 

kP equilibrium partition ratio Subscripts 
L latent heat [J kg-‘] e eutectic 
m volumetric solidification rate 4 phase variable 
P pressure or isotropic stress tensor i interface 

[N m-*1 1 liquid 
r volume fraction 0 initial 
S source term S solid 
T temperature [K] W wall. 
t time [s] 
T, fusion temperature [K] 
u, v velocities of x- and y-directions [m s-‘1 Superscripts 
W width of sump [m] 4 phase variable 
x, y Cartesian coordinates. i interface. 

2. MATHEMATICAL FORMULATION In the present study, the liquid is treated as the first 

Solidification is considered within a vertical, two- 
dimensional, constant angle V-shaped mold, as shown 
in Fig. 1. All walls of the enclosure are impermeable. 
The boundary conditions for the enclosure are that 
non-cooling walls are adiabatic and the no-slip con- 
ditions were applied to all walls of the mold. Initially, 
the entire sump is insulated and contains a super- 
heated binary mixture of temperature To and con- 
centration c$‘. At time t = 0, both vertical walls of 
the V-shaped geometry are brought to and maintained 
at temperature T,,,, which is below the eutectic tem- 
perature, T,. 

The physical behavior of the solidification process 
is modeled through the use of a two-phase system of 
equations. This two-phase model is considerably more 
advanced as compared to the continuum model in 
handling physical phenomena that occur during alloy 
solidification for two reasons. Firstly, two sets of con- 
servation equations are derived, one based on the 
liquid phase and one based on the solid phase. 
Secondly, local phase equilibrium is not imposed on 
the system of equations, which therefore allows for 
solutal and thermal undercooling to be modeled. 
However, implementation of two-phase modeling has 
been limited because the numerical techniques are not 
as widely accepted and a degree of uncertainty is 
associated with the modeling of the interfacial exch- 
ange terms. The equations presented below are based 
on the assumptions outline in ref. [4], where appli- 
cable. 

phase, whereas the solid is treated as the second phase, 
the region where both 0 < rl < 1 and 0 < rs < 1 cor- 
respond to the mushy (or two-phase) zone. All physi- 
cal quantities, temperature, concentration, velocity, 
and so on are defined for both phases. Given that any 
value of a thermophysical property may vary between 
phases, velocity difference (slip) and thermal differ- 
ence (undercooling) can be modeled to occur between 
phases. It is important to cast these equations in a 
general form that is consistent with the present 
numerical procedures. Therefore, a set of general gov- 
erning equations of the form : 

is required to describe the transport phenomena dur- 
ing alloy solidification. The variable 4 could represent 
velocity, enthalpy, or concentration, while I, s”, and 
p represent the diffusion coefficient, the source term, 
and the interfacial exchange, respectively. A complete 
set of the governing conservation equations is given 
in Table 1. 

The modeling of the constitutive relations that are 
needed to close the set of two-phase conservation 
equations is still in the developing stages. The necess- 
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16 degree enclosure 8 degree enclosure 
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Fig. 1. Physical system, computational grid, and nomencla- 
ture relevant to solidification in a V-shaped enclosure. 

Table 1. Summary of conservation equations for alloy 
solidification 

Mass conservation : 

Momentum conservation : 

,r,u,u,) = r,Vp+V.(~,r,Vu,)+Sp+~ 

- r,Vp + V @,r,Vu,) + S: + c 

Energy conservation : 

Species conservation : 

ary relations of the model describing alloy sol- 
idification have recently been reviewed in the literature 
[5, 61. Interfacial exchange relations are necessary to 
model the interactions between the solid and liquid 
phases through linking the micro and macro scale 
physical phenomena. The terms Zf and I$’ are the 
generalized interfacial exchange coefficients of the 
variable 4. The terms 4: and & are the specific values 
of the quantity 4 at the interface for each phase. The 
terms Hf and Ht are the diffusional exchange 
coefficients for the solid phase and the interface and 
the liquid phase and the interface, respectively. The 
exchange of 4 can be expressed as : 

It = [-tiaq%+Ht(q%-&)]A’ (3) 

z$ = [tiaqg+Hf(~S-q!J,)]Ai (4) 

where riz, is the volumetric mass transfer between 
phases ; 41 and & are the local values of the phase 
variable ; and A, is the interface area per unit volume. 
The interfacial balance, in the absence of an interfacial 
source term, is given by : 

zt = -zt (5) 

which states that the amount of 4, entering one phase 
must be equal to the amount leaving the other phase. 
The interfacial area, Ai, depends on the morphology 
of the microstructure of the alloy. For the present 
study, Ai is determined from the dimensions of the 
dendritic crystals arm spacing (DAS). 

Finally, the interfacial diffusion exchange 
coefficients need to be defined. The form of H4 can be 
modified to accommodate the nature of the diffusion 
of the system under analysis. Furthermore, the trans- 
fer coefficient is greatly affected by the microscale 
morphology of each phase. In dendritic solidification, 
a solid-liquid microstructure exists within each den- 
drite where H4 should be considered an effective 
diffusional exchange coefficient that can account for 
effective solid-liquid contact areas and tortuosity [7]. 

When 4 represents velocity, Hf and Hf represent 
the frictional drag coefficient between each phase and 
the respective interface. The modeling of these terms 
requires experimental calibration to link the drag 
coefficients to microstructural parameters. Currently, 
the manner in which different length scales can be 
combined into a single drag model is not well under- 
stood. However, Ni [8] proposed a generalized drag 
model such that : 

3E 
Hf = -“p,C,,(ut-u:I(ut-~:) 

4 d, 

Hi+ + ~,V(PI) 

(6) 

(7) 

where E, is the solid fraction ; d, is the mean particle 
length, which is found from Ai ; and C,, is the gen- 
eralized drag coefficient defined as : 

c 
ds 

= 24x2zq2(1-q) 
Re + C,q3 (8) 
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where zq2 and C,q3 are the modified Kozeny factor 
and inertial contribution coefficients, respectively. 

When 4 represents enthalpy, H$ and Hf are related 
to the heat transfer coefficient of each phase and the 
interface. Likewise, when 4 represents the concen- 
tration, Hf and Ht are related to the mass transfer 
coefficient of the interface exchange. The modeling of 
these terms is analogous when using dimensionless 
parameters such as the Nusselt (Nu) and Sherwood 
(S/z) numbers. A generalized expression was 
developed by Rowe and Claxton [9] to estimate the 
heat or mass convective transfer coefficient for the 
interfacial exchange. The equations posited for the 
liquid phase take the form of: 

2 2 
Nu(Sh) = l-.3(1 _sl) + gRcspr3(Scf) (9) 

where Re is the multiphase Reynolds number given 
by: 

For the solid phase, the heat or mass transfer equa- 
tions are controlled by diffusion length models. A 
complete derivation and justification of these models 
can be found in ref. [IO]. It should be noted, moreover, 
that a considerable amount of experimental veri- 
fication is necessary to validate the representation of 
all the interfacial exchange models presented through- 
out this study. 

The thermophysical relations for the two-phase 
model are consistent with Voller and Prakash [l I] 
with the exception of the addition of the solid-phase 
relations and the interfacial values of the enthalpy. 
The expression of the interfacial enthalpy is given by : 

hf = CpiT’+L (11) 

hi = c,,r. (12) 

The model accounts for the possibility of locally 
different liquid and solid temperatures. However, at 
the interface the enthalpy must share the same value 
as temperature. The derivation of the expressions 
regarding enthalpy and temperature are for constant 
specific heats. This approximation for metal alloys 
greatly simplifies the mathematical derivation of such 
terms and, hence, the computational power required 
to solve the conservation equations. 

The enthalpy-temperature relations in the two- 
phase model are consistent with Voller and Prakash 
[l l] with the addition of an expression for the inter- 
facial value of the solid and liquid concentration. The 
equations for these values are given as : 

dTnl- 0 
” = (T,,, - T,) (13) 

c; = k,c; (14) 

where k, is the equilibrium partition ratio which can 

be replaced with the segregation coefficient, K, when 
local thermal equilibrium is not imposed on the 
system. It should also be noted that the phase diagram 
for the mixture was linearized so that a partition con- 
stant could be found. The thermophysical variables 
of aluminum-copper (Al-Cu) used during all simu- 
lations are given in Diao and Tsai [ 121. 

3. NUMERICAL PROCEDURE 

The conservation equations were derived to be valid 
in the fully solid, mushy, and bulk liquid regions, 
which allow the computational space to be described 
on a fixed grid. No interface tracking of the mushy 
region is needed which further allows the variables to 
be solved using single-domain numerical procedures 
[ 131. A numerical finite-difference scheme was chosen 
to solve the coupled elliptic partial differential equa- 
tions governing the flow situation. This method has 
been tested and verified both in single and binary 
solidification systems [ 14171. The numerical algo- 
rithm chosen employs a control volume based finite 
difference method (CVFDM) to solve the physical 
variables on a staggered grid arrangement. The com- 
mercial CFD code PHOENICS was usedin the cur- 
rent study, which features the inter-phase slip analyzer 
(IPSA) algorithm. The algorithm was used for the 
pressure-velocity coupling and the calculations of the 
phase volume fraction during the simulations [18]. 

Calculations were performed for a symmetric half 
plane of a V-shaped geometry for two different angles, 
8 and 16”. The polar coordinate system was applied 
to generate the mesh. Due to the complexity of the 
point discontinuity at the bottom of the enclosure, a 
non-uniform grid that was biased at the base of the 
sump was used. The grid evaluation of the 16” sump 
started with a uniform grid of 10 x 20. This grid was 
far too coarse to provide an accurate description of 
the flow field, particularly near the discontinuity at 
the bottom of the sump. A more refined grid of 20 x 50 
corrected the problems associated with the coarse 
grid. This grid accommodated the stream wise vari- 
ations in the dependent variables and was numerically 
stable at greater time steps. A final grid of 30 x 60 was 
tested and showed greater refinement; however, the 
computation time needed to reach convergence was 
greatly increased. This increase in CPU time led to 
all simulations being run with a non-uniform 20 x 50 
polar grid for the 16” half plane cases. 

The calculations performed in the 8” sump suffered 
considerably more geometric effects and, hence, 
needed more grid refinement in the vertical direction. 
An initial grid of 5 x 40 was chosen. This grid con- 
verged quickly but lacked the necessary resolution to 
describe the intrigues of the flow field. An increase in 
the number of vertical grid lines was necessary to 
provide the resolution not apparent in the 5 x 40 grid. 
When considering accuracy and computational time, 
the best choice of the grid size for the 8” sump was 
7 x 50. 
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Fig. 2. Comparison of numerical simulations with ref. [15]. 

A uniform time step of At = 0.01 s was used for 
both sets of simdlations. The highly nonlinear coup- 
ling of the dependent variables prevented a larger time 
step to be used. For a single time step to converge, it 
took approximatlely 300 s of CPU time on a dual 
RISC 6000 processor workstation. False time step 
under-relaxation was used for the velocity, enthalpy, 
and concentration. A line-by-line solver was used to 
obtain converged solutions of the field variables. Each 
time step was converged when the normalized 
residuals fell belo’w 10m6, which occurred within 200 
line sweeps of the solver. 

Effort was made to justify the numerical results 
obtained during the current study. Comparisons of 
macrosegregation profiles were obtained between the 
current study and. in work done by Prakash [15] for a 
binary mixture in a square cavity. The results at 250 s 
are shown in Fig. 2. The prediction is in agreement. 
However, slight differences are noticeable, primarily 
due to the definition of the heat-mass convective 
transfer coefficient for interfacial exchange and the 
different generalized drag coefficient used in the cur- 
rent study. The cohesion between the solution 
methods gives ae,surance that the current method is 
numerically accurate in modeling the solidification 
process in metal alloys. 

4. RESULTS AND DISCUSSION 

Convection conditions are shown in Figs (3)-(8), 
which illustrate the velocity vectors, isotherms and 
concentration profiles of the enclosure (TW = 800K ; 
TO = 930K ; c:,“o = 10%) during the simulations. A 
liquidus line (r, = 0.8), which is the boundary between 
the mushy zone and the bulk liquid region, is rep- 
resented on each figure representing vectors to dis- 
tinguish between solid and liquid transport. The vec- 
tors indicate that a counter rotating cell, driven by 
solutal and thermal buoyancy forces, is present after 
the onset of solidification. The isotherms are plotted 

in ten equal increments ranging from the minimum 
and maximum mixture temperature values, and mix- 
ture concentrations are plotted in ten equal increments 
between the minimum and maximum values (expre- 
ssed in terms of percentage of Cu). In general, the 
minimum temperature and concentration are found 
along the outer wall boundary. 

4.1. 8” Enclosure 
The transport associated with an 8” triangular 

geometry is considered in this work as a limiting size of 
the liquid pool that forms during continuous casting. 
Convective heat and mass transfer were hindered due 
to the large aspect ratio of the enclosure which can 
significantly limit species redistribution in the melt 
[ 191. The time elapsed before the onset of solidification 
was approximately 45 s. At 60 s, a mushy region 
occupied well over one-third of the enclosure. The 
solid movement in the mushy zone displaced the more 
dense interdendritic mixture downward, which 
accounted for the increase in the region near the bot- 
tom of the enclosure. The increase of Cu-enriched 
fluid lowered the liquidus temperature ; consequently, 
the solid growth was slowed. A band of negative seg- 
regation developed in the mushy zone due to thermal 
and solutal forces present in the liquid and two-phase 
regions. The variation of the mixture concentration 
averaged 5.4%, with a minimum of 7.1 and a 
maximum of 12.5%. At 60 s, the isotherms shown in 
Fig. 3(c) at 60 s showed the distinction of the two 
regions, two-phase and liquid. The top three isotherms 
comprised a region where the heat transfer was domi- 
nated by the convection in the liquid pool, while the 
isolines indicate that the latent heat was removed 
through conduction in the mushy region. This pattern 
is further depicted by the vectors shown in Fig. 3(b). 
The liquid velocity drove only superficially into the 
mushy region, which was slightly less than half the 
centerline dimension. Therefore, in the two-phase 
region, conduction is a significant mode of heat trans- 
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0.08 1 
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Fig. 3. Liquid fraction, velocity vectors, mixture temperature and concentration for 8” simulation at 60 s. 
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835.16 
826.42 
817.68 
808.93 

I 
GiX 
0.147 

0.140 
0.133 
0.125 
0.118 

0.111 
0.103 
0.096 
0.089 
0.08 1 

Fig. 4. Liquid fraction, velocity vectors, mixture temperature and concentration for 8” simulation at 90 s. 

fer in the 8” enclosure even during the initial periods 
of solidification. 

The convective conditions of the enclosure at a time 
step of 90 s are shown in Fig. 4. Convection in the 
liquid pool slowed owing to the large decrease in the 
dimensions of the remaining fully liquid region from 
60 to 90 s. The velocity vectors continued to exhibit a 
well-defined clockwise rotation due to thermal advec- 
tion, which was aided by the solutal density variation 
caused by the increasing vertical mushy zone. It can 
be observed that the effect of the solutal buoyancy 

force has grown with respect to the previous time step 
due to the increase of mixture concentration. At 90 s, 
the largest values of copper (cmiX = 15.6%) were found 
along the vertical centerline, in the bottom of the 
liquid pool, and throughout the mushy region. The 
negative segregation band found after time step 60 s 
has grown in magnitude and overall geometric size. 
Two large sections of minimal concentration 
(C,ix = 7.4%) existed along the upper sections of cold 
walls, which, as a result of raising the solidification 
temperature, were nearly fully solidified (I, = 0.06) at 
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I 
Gnix 

0.191 
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0.168 
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0.145 
0.134 
0.122 
0.111 

0.099 
0.087 

Fig. 5. Liquid fraction, velocity vectors, mixture temperature and concentration for 8” simulation at 120 s. 

a higher temperature than in the lower regions of the 
sump. Within the 30 s between the 60- and 90-s time 
steps, a significant amount of the enclosure developed 
a solid front. This front reduced the convective flow, 
as previously mentioned [see Figs. 3(b) and 4(b)]; 
however, due to conduction in the metal, the 
maximum mixture temperature decreased from 919 to 
896K. 

A final step of 120 s was simulated to demonstrate 
the increasing severity of the macrosegregation due to 
limited convection in the enclosure. As can be seen in 
Fig. 5, the maximum amount of copper reached 
21.0%, whereas the minimum decreased to 7.0%. As 
the negative segregation band in the mushy zone con- 
tinued to progress, upward, it was replaced in the sol- 
idified region by a positive segregation band. The iso- 
therms present in the remaining liquid indicate that 
the heat transfer by convection was largely replaced by 
conduction throughout the liquid, mushy, and solid 
regions of the alloy. This enhanced heat removal 
allowed for an increase in the horizontal thickness of 
the two-phase region, as depicted in Fig. 5(a). 
Through 120 s, most of the enclosure was occupied 
by a solid fraction greater than 0.3, with a large section 
of nearly solidified metal forming along the cold walls. 
This time interval was not large enough to provide 
greater insight into the final macrosegregation pat- 
terns that develop in the alloy ; nonetheless, the inter- 
val was sufficient to provide an understanding of the 
transport phenornena associated with the 8” enclos- 
ure. 

4.2. 16” Enclosure 
As can be observed in Fig. 6, once cooling initiated 

on the outer wall boundary, a thermal cell developed 

in the bulk fluid, driven by the downward how of 
cooler, dense fluid at the cold boundary. After 90 s of 
cooling a mushy zone formed, as seen in Fig. 6, with 
the liquids’ interface growing upwards on the cold wall 
and outward into the melt pool. The nonuniformity of 
the mushy zone was further increased owing to the 
effects of solid movement throughout the mushy zone. 
The developing solid continued to expel Cu-rich fluid, 
which enriched the interdendritic liquid. In turn, the 
enriched fluid induced solutal buoyancy forces to act 
downward on the interdendritic zone. These solutal 
buoyancy forces aided the thermally driven convective 
cell because the density of copper was significantly 
higher than that of aluminum. The mixture con- 
centration varied from 6.5 to 14.2% throughout the 
mushy zone, as shown in Fig. 6(d), which illustrates 
the movement of the Cu-rich fluid toward the bottom 
center of the enclosure. The isotherms varied from 
8 14 to 929K, though the maximum values of mixture 
temperature were confined to the uppermost section 
of the enclosure. 

As the solid front progressed, into the melt, the 
geometric properties of the caster walls began to affect 
the convective transport, as depicted in Figs. 7(a)-(d). 
At 120 s, the mushy zone adjacent to the cold wall 
was approaching a fully solidified state (r, = 0.03). 
The solutal and thermal buoyancy-driven flow as well 
as the shape of the mold contributed to the thickening 
of the mushy zone in the middle of the enclosure. The 
mushy-liquid interface was still approximating the 
geometric angle of the cast walls. The bottom of the 
liquidus line is narrowing due to the increased devel- 
opment of the solid front. The mushy zone was con- 
siderable wider along the vertical centerline than in 
the horizontal direction as a result of the accumulation 
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Fig. 6. Liquid fraction, velocity vectors, mixture temperature and concentration for 16” simulation at 90 s. 
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Fig. 7. Liquid fraction, velocity vectors, mixture temperature and concentration for 16” simulation at 
120 s. 

of &-rich interdendritic fluid, which decreased the maximum near the centerline liquidus interface. With 
solidification range of the mixture. Localized remelt- the increase of the solid front, the strength of the 
ing occurred within these areas as the solid continued thermal convective cell was suppressed. This decrease 
to reject a high-solute mixture in the mushy zone. in convection signifies a possible decrease in significant 
The mixture concentration of copper varied from a species redistribution throughout the enclosure. At 
minimum of 6.0% near the upper cold wall to a 120 s, the isotherms indicated that most of the initial 
maximum of 19.0% in the centerline mushy zone. This preheat of the liquid had been removed through con- 
constituted an increase of approximately 5.0% from vection in the liquid pool. The large value of solid 
90 s to 120 s. The concentration in the melt (r, = 1) thermal conductivity (k, = 153 Wm K - ‘) in the Al- 
increased from the initial value of 10% to 18% as a Cu alloy allowed for an additional heat rejection 



Solidification of a binary mixture 

Tti 
888.69 
879.84 
871.00 
862.15 
853.30 
844.45 
835.60 
826.75 
817.91 
809.06 

Fig. 8. Liquid fraction, velocity vectors, mixture temperature and concentration for 16” simulation at 
150 s. 

through the solid iis the thermally driven convection 
slowed. The maximum value of the mixture tem- 
perature dropped 17K in the 30-s interval from 929 to 
912K, and the solid nearest the cooling wall reached 
within 2K of the wall temperature. 

As convection in the liquid pool decreased, the 
advancement of the solid front slowed. At 150 s, the 
angle of the remaining melt widened to approximately 
20” (see Fig. 8), which illustrates that the continued 
downward movement of both solid and Cu-rich fluid 
was depleting the growth of the upper sections adjac- 
ent to the cold walls. A significant amount of the alloy 
was fully solidified (r, w 0). However, due to the large 
increase of mixture concentration near the center of 
the enclosure, a mushy region still existed, penetrating 
deeply along the vertical centerline. The concentration 
in the fully solid region varied between 6.0 and lO.O%, 
while in the mushy zone a variation of up to a 17.0% 
was predicted to occur with percentages of Cu reach- 
ing as high as 29.0. As can be seen in Fig. 8, between 90 
and 120 s, the maximum mixture temperature dropped 
from 912 to 893K. This can be attributed to the 
decrease in melt convection. This decline in convection 
allowed increased heat transfer through the solid, 
which was enhanced due to thermal conductivity. 

The vectors near the fully solidified region, where, 
by definition, the solid and liquid velocities are zero, 
were slightly deflected toward the centerline, causing 
non-uniformity to develop, as shown in Fig. S(b). This 
non-uniformity was strongly related to the movement 
of interdendritic fluid through the mushy region. 

4.3. Effects of the angle 
The simulations of the solidification process in two 

limiting cases have shown that different methods of 
transport may dominate in the sump, depending on 

the enclosure’s geometric parameters. In general, as 
the aspect ratio of the triangular enclosure increases 
(i.e. the angle decreases), significant changes occur in 
the thermal and solutal patterns. During the sol- 
idification process in the 8” enclosure, the decrease in 
convection through the liquid pool leads to an increase 
in heat transfer via conduction, which is not found to 
be as pronounced in the 16” geometry. Furthermore, 
as the magnitude of thermal and solutal convective 
cells decreases, the formation of negative-banded 
macrosegregation increases through the mushy zone. 
Figures 5(d) and 8(d) show the maximum values of 
mixture concentration for each simulation. While the 
maximum value is lower in the 8” case, the relative 
segregation is larger due, we reason, to the fact that 
the physical dimensions of the enclosure are approxi- 
mately half the size of the larger domain. The increase 
of non-homogeneity can be related directly to a 
change in the dominating method of thermal and solu- 
tal transport. As conduction becomes the primary 
method of heat removal, species redistribution in the 
liquid and mushy zone is suppressed, which accounts 
for the severity of the segregated bands. 

5. CONCLUSIONS 

A two-phase model for momentum, energy, and 
species transport during alloy solidification has been 
used to simulate the phase-change process of an Al- 
Cu alloy in varying geometric enclosures. The effects 
of the angle of the triangular mold have been included 
in the simulations. The results indicate that different 
modes of thermosolutal transport become dominant 
depending on the angle, which, in turn, affects species 
redistribution in the forming alloy. 

Thermal advection causes stratification to occur in 



3946 W. K. JONES, JR et al. 

the molten liquid before the onset of solidification. 
Consequently, a non-uniform mushy region develops 
along the cold walls. The subsequent expulsion of a 
denser Cu-enriched mixture from the advancing solid 
causes negative banding to occur within the growing 
mushy zone. Convection in the liquid and through 
the mushy zone attempts to redistribute the species; 
however, it is shown that by varying the angle of the 
enclosure, this movement can be limited. 

The limiting cases for liquid pool geometries are 
simulated, and although the thermosolutal convective 
patterns during the beginning of the cases are consist- 
ent, a transition to conduction driven heat transfer is 
noted to occur in the 8” enclosure. The different modes 
of transport affect the macrosegregation of the alloy. 
The modeling of solid movement in the mushy zone 
is also attributed to the increasing severity of the seg- 
regation. The macrosegregation pattern that forms in 
each case is characterized by increasing con- 
centrations of Cu with increasing height. Further- 
more, the largest amounts of species were found about 
the centerline of the enclosure for both cases. 

In conclusion, as the angle of enclosure decreases, 
the magnitude of thermosolutal convection and the 
amount of solute redistribution also decreases. There- 
fore, to a certain extent, a wider angle in the liquid 
pool will allow greater potential for solute movement 
and lessen macrosegregation. The angle of the liquid 
pool can be controlled by modifying the cooling con- 
ditions or by varying the casting speed in the direct 
chill continuous casting process, resulting in a more 
homogenous final product. There is a limit, however, 
as very large ingots are known to have increased mac- 
rosegregation in the final cast. This study was intended 
to investigate geometric effects of the liquid melt pool 
on solute redistribution and segregation and was not 
intended to determine the limiting size for the binary 
mixture. The scope of this work was limited by com- 
putational efficiency where future work might include 
the determination of optimum aspect ratios. 
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