Modeling of Macrosegregation Due to Thermosolutal
Convection and Contraction-Driven Flow in Direct Chill
Continuous Casting of an Al-Cu Round Ingot

A.V. REDDY and C. BECKERMANN

Macrosegregation in direct chill (DC) continuous casting of an Al-4.5 wt pct Cu round ingot is
numerically simulated. The model incorporates descriptions of heat transfer, solute redistribution,
and melt convection on the system scale with microscopic relations for grain growth, solutal under-
cooling, and microsegregation. Simulations are conducted to study the effects of mushy zone per-
meability, thermosolutal convection, and solidification contraction on the macrosegregation pattern
in a DC casting. The results indicate that centerline segregation can be either positive or negative,
depending upon the grain density in and permeability of the mush. In addition, it is shown that the
flow induced by solidification contraction not only causes inverse segregation at the ingot surface,
but also has a significant influence on the macrosegregation across the central portion of the ingot.
A comparison with temperature and macrosegregation patterns measured in a previous experiment
shows reasonable agreement. Several areas for future model improvements are identified.

I. INTRODUCTION

MACROSEGREGATION continues to be one of the
concerns in direct chill (DC) continuous casting of alumi-
num ingots. The variation in composition over the ingot
cross section results in the need to adjust alloy composition
in order to meet mechanical property specifications in fin-
ished products. The extent of macrosegregation is greatly
affected by the casting conditions, such as casting speed,
superheat, cooling rate, mold size, alloy composition, and
grain-refining practices. Thus, it is of interest to develop a
mathematical model to simulate macrosegregation in DC
casting, enabling the selection of conditions that minimize
macrosegregation while maintaining a high productivity.

Various mechanisms for macrosegregation in aluminum
DC casting have been discussed by Chu and Jacoby! and
Yu and Granger./?! In general, macrosegregation is caused
by the relative movement of liquid and solid in the mushy
zone, because the alloy constituents have different solubil-
ities in the two phases. One cause of interdendritic liquid
flow through the rigid solid structure in the mushy zone is
the contraction of the liquid and the density difference be-
tween the solid and liquid phases during solidification. The
commonly observed inverse segregation pattern near the
outer ingot surface is known to be the result of such con-
traction driven backflow of solute-rich liquid. Positive seg-
regation at the ingot surface can also be caused by
exudation of interdendritic liquid through channels in the
partially solidified shell into the contraction gap between
the shell and the mold. This flow is driven by the metal-
lostatic head.>! Less clear are the transport phenomena
leading to either positive or negative segregation in the cen-

A.V. REDDY, Postdoctoral Associate, Department of Mechanical
Engineering, The University of lowa, is with the Los Alamos National
Laboratory, Los Alamos, NM. C. BECKERMANN, Professor, is with the
Department of Mechanical Engineering, The University of Iowa, lowa
City, IA 52242-1527.

Manuscript submitted May 21, 1996.

METALLURGICAL AND MATERIALS TRANSACTIONS B

ter region of the ingot. Flemings and co-workers!”#1 ex-
amined the effects of various interdendritic melt flows in
the mushy zone due to thermal and solutal buoyancy forces
on centerline segregation. Such melt flow is strongly af-
fected by the permeability and, hence, the microstructure
of the mushy zone. Finn et all'9 concluded from their ex-
periments that, for a grain-refined ingot, the mushy zone is
more permeable and allows for the advection of the solute-
rich liquid toward the centerline producing positive segre-
gation there. On the other hand, the less permeable mushy
zone in the case without grain refiner prohibited such ad-
vection and produced negative centerline segregation. Con-
trary to the observations of Finn ef al., negative centerline
segregation has also been experimentally observed in grain-
refined ingots.l'>!!) These experiments indicate that liquid
flow in the mushy zone can have a significant effect on
centerline segregation. It has also been argued that the
transport of broken/detached dendrites from the mold re-
gion to the ingot center by convection currents in the liquid
pool tends to increase negative segregation at the ingot cen-
ter.[2]

Numerous numerical models have appeared in the liter-
ature for simulating the coupled heat and fluid flow during
aluminum DC casting.l'>2°! Many of these studies have
shown good agreements between measured and predicted
temperature distributions. They have helped to understand
the effects of (sometimes turbulent) natural and forced con-
vection on the sump shape, the flows in the feeding and
distributor system, the transients during startup, and the ef-
fects of various casting parameters on microstructure and
ingot quality. Of particular interest to the present study are
the ways in which the flows in the mushy zone have been
modeled. Usually, the solid is assumed to be rigid and at-
tached and the drag experienced by the interdendritic liquid
is modeled using a permeability that gradually decreases
with increasing solid fraction.l'>!3291 Other studies simply
increase the viscosity!'4!3] or force the liquid velocity in the
mush to the casting speed above a certain solid fraction.['?]
Although a stationary solid (relative to the casting speed)
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was ultimately assumed, Flood et al!'3 introduced a so-
called consolidation factor that varies linearly with solid
fraction to take into account the movement of free, unat-
tached solid. A two-phase model?" was used in Reference
19 to calculate individual solid and liquid velocities during
aluminum DC casting of a round ingot.

Comparably few researchers have attempted to model
macrosegregation in DC continuous casting of aluminum
alloys. The prediction of macrosegregation requires not
only consideration of heat transfer and fluid flow, but also
the solution of a solute transport equation. Fully coupled
macrosegregation models have experienced considerable
progress in the past 10 years, and comprehensive, recent
reviews are available.???3 Flood et al.l'3! pioneered the ap-
plication of such a coupled model to DC casting of an Al-
4.5 wt pct Cu ingot. The solid fraction was calculated using
the lever rule and, consequently, the eutectic reaction was
not modeled. While thermal and solutal buoyancy forces
were taken into account, contraction-driven flow and exu-
dation were not included in the model. The results indicated
the presence of positive centerline segregation as a result
of enriched, denser interdendritic liquid flowing toward the
ingot center. The importance of solutal buoyancy forces
was emphasized. No comparisons with experiments were
reported. In a later study, Flood et al.?* used scaling anal-
ysis to predict flow velocities and sump shapes in DC cast-
ing. These results are then used to make a number of
qualitative predictions about the effects of certain casting
parameters on macrosegregation. For example, centerline
segregation is found to be more strongly influenced by in-
got size than by casting speed, because a greater sump size
promotes the fragmentation and growth of free crystals. Us-
ing the two-phase model, Reddy and Beckermann!!”! were
able to demonstrate the effect of solid movement on cen-
terline segregation, but only preliminary results were pre-
sented.

Modeling of the macrosegregation near the outer surface
in DC casting has received separate research attention by
analyzing the region next to the chill surface only and lim-
iting the model to unidirectional transport perpendicular to
the surface. The model by Haug et al.l> is the recent and
most advanced example of such work and is relevant to DC
casting, because it includes the combined effect of contrac-
tion driven flow and exudation. It was found that, in DC
casting, both types of flow have a significant influence on
macrosegregation close to the surface.

The objective of the present study is to develop a model
to investigate the effect of thermosolutal buoyancy and con-
traction-driven mushy zone flows on macrosegregation in
DC continuous casting of an Al-4.5 wt pct Cu round ingot.
Important assumptions made in the model are that the trans-
port of solid in the form of free grains and exudation are
not taken into consideration. The first assumption can be
justified in view of the fact that modeling of the fragmen-
tation and transport of free solid is only at a preliminary
stage, as evidenced by the calculations presented in Ref-
erence 19. Instead, it is shown in the following what ma-
crosegregation patterns develop in the presence of a rigid
and attached solid in the mush. The neglect of exudation
will result in inaccuracies in the predicted macrosegregation
pattern near the outer surface. The study uses a simplified
version of the two-phase model of Ni and Beckermann(?!
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and employs a microscopic grain growth model that ac-
counts for back-diffusion in the solid (microsegregation),
solutal undercooling in the liquid, and the effect of different
grain densities. The geometry and boundary conditions are
patterned after the binary alloy experiments of Finn et
al. "% because their experiments featured not only meas-
urements of temperature but also of macrosegregation and
grain structure. Comparisons with their experimental results
are made and additional parametric studies are performed.
Together, the results give an indication of the importance
of accurately modeling the effect of grain structure on the
flows in the mushy zone and, hence, macrosegregation.

II. MODEL DESCRIPTION

The model used in the present simulations is a simplified
version of the two-phase model developed by Ni and Beck-
ermann,?2°1 where the velocity of the solid phase is as-
sumed to be equal to the casting speed everywhere. Tables
I and II summarize the governing equations and supple-
mentary relations, respectively. Only a few explanations are
provided here, and the reader is referred to the original
references for the details of the model and the assumptions
made in the derivation.

The model assumes a globulitic microstructure. This can
be considered a reasonable approximation for the relatively
small spheroidal grains found in the grain-refined ingot in
the experiments of Finn et al'9 As is shown later, the
model may also be approximately valid for non-grain-re-
fined dendritic microstructures if the globular grains are
viewed as secondary dendrite arms, although their shapes
are somewhat different. An extension of the two-phase
model to the equiaxed dendritic case has recently been pre-
sented by Wang and Beckermann.% In writing the energy
equation, thermal equilibrium between the phases in an av-
eraging volume has been assumed, ie., T, = T, = T, = T,
where 7, is the interfacial temperature. This is appropriate
due to the high value of the Lewis number (=a/D) for
metal alloys. Note that species conservation equations are
solved for both the liquid and solid phases. The interfacial
species balance in Table I constitutes the microscopic grain
growth model in the present set of equations. It states that
the solute rejected upon solidification is either back-dif-
fused in the solid or advected into the undercooled liquid.
The two transport terms on the right-hand side of the in-
terfacial species balance contain the interfacial area con-
centration and so-called diffusion lengths, expressions for
which are provided in Table II. It has been shown else-
wherel!! that the present back-diffusion model gives accu-
rate predictions of solid microsegregation and the final
eutectic fraction. Keeping track of the eutectic fraction is
important for the prediction of contraction-driven flow, as
shown subsequently. The Kozeny—Carman relation for the
permeability of packed beds of spheres and the drag coef-
ficient for a single sphere (Stokes law) can be recovered
from the interfacial drag correlation given in Table II upon
making the appropriate simplifications for these limiting
cases.

The number density of grains 7 is needed in the expres-
sion for the interfacial area concentration and, via the grain
radius, in the calculation of the interfacial drag and species
diffusion lengths (Table II). The grain density is taken to
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Table 1.

Macroscopic Conservation Equations and Interfacial Balances (kK = s, /, and g, + g, = 1)2

d
Mass: Py (&p) + V- (gpv) =T,

Interfacial mass balance: I', + I', = 0

J _
Liquid momentum: P (&p,v) + V-(gpvv) = —Vp, + v, I, + Mi+ gp,g + V-{u(V(Ev)+[V(Ev)]—V,VE—VeV,}}

Solid velocity: v, = V_k
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Interfacial liquid drag: M{= — 2
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d k, €,
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Table II. Interfacial and Property Relations®

Interfacial area concentration: S, = (36 mn)'? £?? 5(¢)

1/3 1
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1—¢,

where forg > ¢,
2%
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5

Liquid density relation:*"

1/p, = [0.397 — 4.5322 X 10~ C, + 4.0924 X 105 (T — 273.15)
+ 1.1078 X 1076 C, (T — 273.15) + 2.7475 X 105 C?] X 10°3

Equilibrium phase diagram relations:

- C(@T,-T -
Primary solidification: C, = %; C, = kC,

¢, =C; C,=¢,

Eutectic solidification: =T,

e’

be uniform and equal to average values, as determined from
the experiments of Finn et al.l'% A variable grain density
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was found to have a relatively small effect on the predicted
macrosegregation.’?
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Table III. Thermophysical Properties and System

Datal10.13.29.33]

Numerical
Properties (Unit) Value
Properties
Density of primary solid phase, p,, (kg/m?) 2580.0
Density of eutectic solid phase, p,, (kg/m?) 3409.0
Dynamic viscosity of the liquid phase pu,

(N s/m?) 0.0012
Maximum solid packing fraction, €, 0.637
Thermal conductivity of the liquid phase, %,

(W/m K) 57.3
Thermal conductivity of the solid phase, &,

(W/m K) 120.7
Specific heat of the liquid phase, ¢, (J/kg K) 1179.0
Specific heat of the solid phase, c,, (J/kg K) 1032.0
Latent heat of phase change, Ak (J/kg) 392 X 103
Mass diffusivity of the liquid phase, D, (m?/s) 5.0 X 10
Mass diffusivity of the solid phase, D, (m?/s) 8.0 X 10"
Segregation coefficient, 0.173
Eutectic temperature, 7, (K) 821.2
Eutectic species concentration, C, (wt pct Cu) 32.7
Melting temperature of ‘‘solvent,”’ 7,, (K) 933.5
System data
Ingot diameter (m) 53.34 X 1072
Diameter of inlet (m) 0.127
Casting speed (m/s) 6.33 X 10~
Pour temperature 7, (K) 980
Composition of pour, C, (Wt pct Cu) 4.5
Inlet temperature of cooling water (K) 298
Cooling water flow rate per unit ingot

circumference (m?/h) 0.116

Table II also provides the relation adopted for the liquid
density as a function of temperature and concentration.?
Using this density relation in the buoyancy term in the mo-
mentum equation (Table I) implies that both thermal and
solutal natural convection are taken into account. In the
continuity equations, a fully variable liquid density, to-
gether with the primary and eutectic solid densities listed
in Table III, allows for the calculation of contraction-driven
flow before and during solidification. The contraction be-
havior of the present Al-4.5 wt pct Cu alloy during
solidification is illustrated in Figure 1(a). For simplicity, the
Scheil equation is used to relate the liquid tempera-
ture/concentration to the solid fraction. It can be seen that,
before the eutectic reaction, there is a range of solid frac-
tions where the volume increases during solidification. Due
to this expansion, the total contraction during primary so-
lidification is only slightly positive. Therefore, much of the
contraction-driven flow is caused by the drastic density
change during the eutectic reaction.

Partial remelting can possibly occur during continuous
casting because of contraction of the ingot away from the
mold, causing a rapid decrease in the heat transfer coeffi-
cient and reheating of the ingot shell. In the present study,
it is assumed that, during remelting, the interfacial solid
concentration is equal to the equilibrium value determined
from the phase diagram. This approximation cannot be ex-
pected to be realistic but was confirmed™! to have a neg-
ligible effect on the predictions presented here.
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Fig. 1—Model illustration: (a) contraction behavior of the Al-4.5 wt pct
Cu alloy during solidification; and (») Schematic illustration of the domain
and boundary conditions.

III. SYSTEM AND BOUNDARY CONDITIONS

A schematic of the DC continuous caster, very similar to
the one employed by Finn er al.l'"% and simulated in the
present study, is shown in Figure 1(b) together with the
relevant dimensions. The caster employed in the simula-
tions differs from the one used by Finn et al. in that it has
an extra ring of insulation (l-cm thick) above the mold.
This insulation was added to ensure that a solid shell does
not form all the way up to the top surface of the ingot,
causing metal feeding problems and divergence of the nu-
merical solution. The ingot is round with a diameter of
53.34 cm, and axial symmetry is assumed. The melt enters
the mold with a composition of Al-4.5 wt pct Cu and a
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Table IV. List of Simulations

Grain Density

Case n (m3) Additional Feature
Case 1 1.8 X 10" —

Case 2 5.0 X 10 —

Case 3 5.0 X 102 constant and equal densities,

except buoyancy

temperature of 980 K (62 K superheat). A floating diffuser
(steel), as indicated in Figure 1(b), is employed to redirect
the incoming superheated melt toward the mold.

The heat transfer between the mold and the ingot is mod-
eled by using a variable heat transfer coefficient. The top
half of the mold is characterized by a heat transfer coeffi-
cient of 3000 W/m? K, whereas the one in the lower half
drops to 150 W/m? K due to the contraction gap forming
between the mold and the ingot shell. These values repre-
sent approximations of previous mold heat transfer meas-
urements.*3] More sophisticated treatments of the mold
boundary conditions are possible?*** and should be em-
ployed in future studies. Below the mold, water flows di-
rectly over the ingot surface and provides cooling by
nucleate boiling and forced convection. This cooling is
modeled using the heat transfer coefficient correlation de-
veloped by Weckman and Niessen.’) The water enters the
mold at a temperature of 298 K and a flow rate of 0.116
m’/h/m of ingot circumference. An energy balance is used
to calculate the axial variation of the bulk temperature of
the cooling water. Inside the mold, a no-slip condition is
used for the liquid velocity.

The solid ingot is withdrawn at the bottom at a casting
speed of 3.81 cm/min. Thus, the melt velocity at the inlet
(assumed uniform) can be calculated by global mass con-
servation. The length of the system is chosen such that in
steady-state, axial conduction through the ingot at the lower
boundary can be neglected. For simplicity, the top bound-
ary next to the inlet is assumed to be adiabatic.

All system data and thermophysical properties used in
the simulations are summarized in Table III. As a first ap-
proximation, all properties for each phase (except the liquid
density) are assumed constant and independent of temper-
ature and concentration.

IV. NUMERICAL PROCEDURES

The present model was implemented in the PHOENICS
code (CHAM, N.A., Atlanta, GA) using a fixed-grid, sin-
gle-domain, fully implicit solution procedure. Several mod-
ifications of the method described in Ni and Beckermann*!
were necessary due to (1) the use of a cylindrical coordinate
system, (2) the use of a mixture energy equation instead of
separate energy balances for each phase (this results in a
considerable reduction in the computing time), (3) the set-
ting of the solid velocity equal to the casting speed, (4) the
accounting for contraction-driven flow due to the density
changes, and (5) the presence of inflow and outflow bound-
ary conditions. These and other procedures are detailed in
the thesis by Reddy.?

The computational grid employed in the present study
consisted of 60 X 80 control volumes in the radial and axial
directions, respectively. The grid was heavily biased near
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the mold in an effort to better resolve the large solid frac-
tion, velocity, temperature, and species concentration gra-
dients in this region. A relatively coarse grid was used in
the lower portion of the domain where a fully solid region
is expected to be present and heat diffusion is the only
mode of transport.

Only the steady-state solution is of interest in this study
and was approached using time steps of 0.5 seconds. The
simulations took about 1500 seconds on the average to
reach steady state. One second of simulation took about 1
minute of time on an IBM*-3090 computer.

*IBM is a trademark of International Business Machines Corp.,
Armonk, NY.

V. RESULTS, DISCUSSION, AND COMPARISON
WITH EXPERIMENT

The results of three simulations are presented here, as
summarized in Table IV. Case 1 is compared to the grain-
refined experiment of Finn et al.l' and uses a grain density
of 1.8 X 10" m~3. This average grain density was measured
directly from the micrographs presented as Figure 6 in Finn
et al. The intercept method was employed to calculate the
grain density using an empirical relation.’”) Grain density
is inversely related to grain size, which, in turn, affects
primarily the permeability of and flow through the mush.
The second simulation assumes a higher grain density of 5
X 102 m~3. This value represents an average obtained from
the cell sizes plotted in Figure 7 (for the same experiment)
in Finn et al. The reason for the discrepancy between the
values from Figures 6 and 7 in Finn et al. is not known,
but it is likely that the values reported in Figure 7 are in-
correct (see subsequent discussion). If the grain density in
case 2 is converted into a spacing, this spacing is actually
very close to the average secondary dendrite arm spacing
in the non-grain-refined experiment of Finn et al. The
higher grain density in case 2 translates into a less perme-
able mushy zone and, thus, a different macrosegregation
pattern can be expected. To study the effect of contraction-
driven flow on macrosegregation, case 3 neglects contrac-
tion-driven flow, i.e., the solid densities are set equal to the
nominal liquid density. Liquid density changes are consid-
ered only in the buoyancy term in the momentum equation.

A. Case 1

Figure 2 shows a plot of the predicted isotherms for case
1 (n = 1.8 X 10" m~3). This figure shows the entire com-
putational domain (in scale). It can be seen that the iso-
therms at the lower boundary are relatively vertical,
justifying the choice of the domain length. Also, there exist
strong temperature gradients next to the mold and next to
the water-cooled surface. The liquidus (918 K) and eutectic
(821 K) isotherms approximately demarcate the mushy
zone, with single-phase liquid above the liquidus and fully
solid below the eutectic. The temperature gradients are rel-
atively small in the fully liquid region because of convec-
tive mixing.

The liquid velocity field and solid fraction contours in
the upper part of the domain are shown in Figure 3 (in
scale). In the pure solid region, for plotting purposes, the
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Fig. 2—Predicted isotherms in case 1.

liquid velocity is set equal to the solid velocity, which, in
turn, is equal to the casting speed. The liquid melt enters
the mold through the inlet opening at the top and then is
redirected by the diffuser and flows along the upper liquid
surface toward the mold. Due to primarily thermal buoy-
ancy forces, the melt then flows down along the interface
between the mush and the pure liquid region toward the
centerline. The mushy zone almost reaches the top surface
of the mold and a fully solid shell is present over the lower
part of the mold.

Figure 4 shows a plot of the relative velocity field, (v, —
v,), with the solid fraction contours superimposed. Note that
the velocity scale is about two orders of magnitude smaller
than in Figure 3, allowing for a better visualization of the
flow in the mush. The velocities are smaller in the mush
because of the interfacial drag. Nonetheless, this flow is
responsible for the macrosegregation. Liquid density in-
creases as solidification proceeds and solutal buoyancy aug-
ments thermal buoyancy. The buoyancy forces result in a
relatively strong flow along the mushy zone toward the in-
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Fig. 3—Predicted liquid velocity field and solid fraction contours in case
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Fig. 4—Predicted relative velocity field, (v, —
contours in case 1.

v,), and solid fraction

got axis in the region of lower solid fraction (g, < 0.6). In
the regions of higher solid fraction, the mush is less per-
meable, and the relative velocities are somewhat smaller.
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Fig. 5—Comparison of predicted liquidus and eutectic isotherms in case
1 (lines) with temperature measurements of Finn ef al.l' (symbols).
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Fig. 6—Comparison of predicted radial macrosegregation profile in case
1 (line) with data from the grain-refined experiment of Finn et al.l'”
(symbols).

Here, the flow is primarily due to solidification contraction
upon eutectic formation. This flow is toward the eutectic
front, i.e., the solid fraction contour corresponding to unity.

Figure 5 shows a comparison of temperatures measured
in the grain-refined experiment of Finn er al!'” with the
prediction of case 1. Only the 821.2 K and 918.0 K iso-
therms are plotted. The former is equal to the eutectic tem-
perature, whereas the latter corresponds to the liquidus
temperature evaluated at the nominal composition C,. The

METALLURGICAL AND MATERIALS TRANSACTIONS B

Inlet

Insulation

Mold

Ingot axis —_— =8x10%m/s

Fig. 7—Predicted relative velocity field, (v, — v,), and solid fraction

contours in case 2.

locations of the measured temperatures were extracted from
Figure 4 in Finn ef al. Considering the difficulty of exactly
locating the thermocouples in the experiments, the agree-
ment between the measurements and predictions is reason-
able. Near the mold the predicted temperatures lic above
the measured ones. The difference can be primarily attrib-
uted to uncertainties in the modeling of the mold heat trans-
fer (the insulated region did not exist in the experiments
and the contraction gap probably formed lower in the mold
than assumed). Closer to the ingot axis, the predicted iso-
therms lie below the experimental data points. This dis-
agreement is most likely due to the assumption of a constant
thermal conductivity of the solid metal (in reality, the con-
ductivity varies by almost a factor of 2 between room and
melting temperatures) and uncertainties in the correlation
used for the ingot surface heat transfer coefficient.*> No
temperature measurements are available near the ingot axis
due to the presence of the diffuser below the inlet. Although
better agreement between the measured and predicted tem-
peratures could readily be obtained by iterating on the ther-
mal boundary conditions and using variable thermophysical
properties, the predicted sump shape was deemed to be suf-
ficiently realistic to allow for the present investigation of
macrosegregation.

The predicted radial variation of macrosegregation is
plotted in Figure 6 and compared to experimental data from
the grain-refined experiment.'” The measured and pre-
dicted segregation is positive at both the surface and the
centerline of the ingot. The advection of solute-rich liquid
through the mush both toward the ingot shell (by contrac-
tion flow) and the centerline (by thermosolutal convection)
results in a solute-poor region at about 3 cm from the ingot
outer surface. A comparison of the predictions with the
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measurements shows that, at the outer surface, the experi-
mental value of the segregation is significantly higher than
the prediction. In the experiment, it was found that the so-
lidified shell had contracted away from the mold wall, mak-
ing the ingot diameter smaller than the nominal diameter
used in the simulations. This shift in the location of the
outer surface makes a direct comparison of the measured
and predicted macrosegregation patterns near the outer sur-
face difficult. Exudation, porosity formation,*”? measure-
ment difficulties, and inaccuracies in the modeling of the
mold heat transfer (discussed earlier) may all be contribu-
tors to the disagreement for the outermost datum. Away
from the surface, the segregation pattern appears to be rea-
sonably well predicted. Both the simulation and the meas-
urements show similar degrees of positive centerline
segregation (about +2 pct, if smoothed), indicating that the
thermosolutal convection through the mush toward the cen-
terline was well predicted. This is, of course, only possible
if a reasonably accurate value of the grain density is used
in the expression for the drag coefficient (Table II). Ap-
parently, the direct measurement from the micrograph of
Figure 6 in Finn ef al.l'9 produced such a value. Note that
both the measured and predicted macrosegregation data
show a large amount of scatter, which would be difficult to
match exactly. The reason for the scatter is presently not
known. In fact, replicate measurements by Finn et al. show
deviations that are similar in magnitude as those in Figure
6 (except at the outer surface).

Finally, the predicted eutectic volume fraction in case 1
(not plotted) is, on the average, equal to 6.3 pct. Variations
over the ingot cross section result from changing cooling
rates and macrosegregation, but all fractions are within
about 5 pct of the average value. For comparison, the eu-
tectic fraction calculated from the Scheil equation is about
9.1 pct for an Al-4.5 wt pct Cu alloy. The lower mean value
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predicted in case 1 is primarily due to the inclusion of back-
diffusion in the model and agrees well with the measured
and predicted eutectic fractions (for a similar cooling rate
and composition) plotted in Figure 6 of Reference 24. The
eutectic fraction was not measured by Finn ez al.,l'Y making
a more direct comparison impossible.

B. Case 2

The grain density in case 2 (n = 5 X 102 m~3) is more
than an order of magnitude higher than in case 1. Conse-
quently, the mushy zone is less permeable, and thermoso-
lutal convection in the mush can be expected to be weaker.
In the present simulations, porosity formation is neglected.
In reality, porosity could result if the mushy zone is suffi-
ciently impermeable so as to cut off metal feeding to the
regions undergoing contraction.B”!

The temperature and liquid velocity fields are quite sim-
ilar to those in case 1 and, hence, are not reproduced from
Reference 32. Much different is the predicted relative ve-
locity field presented in Figure 7. The same velocity scale
as in Figure 4 (case 1) is used. For better visualization and
direct comparison, Figure 8 shows an enlargement of the
relative velocity field and solid fraction contours in cases 1
and 2 in the region adjacent to the mold. Although some
of the velocity vectors and kinks in the solid fraction con-
tours appear unrealistic, which is simply caused by the large
interpolations required for this magnification, the plots
clearly illustrate the differences in the flow patterns be-
tween the two cases. The effect of a less permeable mushy
zone in case 2 is seen in the smaller relative velocities,
especially at low solid fractions. Because of the lower per-
meability, thermosolutal buoyancy forces are not effective
enough to produce a significant flow toward the ingot axis.
In case 2, the flow in the mushy zone is predominantly
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Fig. 9—Predicted radial macrosegregation profile in case 2.

driven by solidification contraction upon eutectic formation,
causing the liquid to flow almost exclusively toward the
eutectic front. Only near the eutectic front are the velocities
similar in both cases. Also note, from Figure 8, that the
flow next to the mold is far from being unidirectional (i.e.,
only toward the outer surface) because of the inclination
and curvature of the solid fraction contours.

The predicted radial variation of macrosegregation in the
fully solid region is plotted in Figure 9. The inverse seg-
regation near the ingot surface is similar in extent to that
in case 1. However, there is no minimum in the profile
away from the surface, the concentration decreases contin-
uously toward the centerline, and the centerline segregation
is negative. As mentioned previously, the flow in the mushy
zone in case 2 is dominated by contraction and, hence, the
liquid flows toward the & = 1.0 contour. This flow has a
radial velocity component toward the outer ingot surface,
and, consequently, solute-rich liquid is advected away from
the ingot axis resulting in the negatively segregated central
region. A comparison of the macrosegregation patterns pre-
dicted in cases 1 and 2 (Figures 6 and 9, respectively) pro-
vides a direct measure of the importance of thermosolutal
convection in the mush, because such convection is virtu-
ally absent in case 2 (while the contraction flow is about
the same).

Clearly, the permeability of the mush in case 2 is too
low, and hence the grain density too high, to predict the
positive centerline segregation measured in the grain-re-
fined experiment of Finn et al.'Y However, another exper-
iment by Finn ef al., featuring a non-grain-refined and
dense columnar dendritic microstructure does confirm that
a less permeable mush results in negative centerline seg-
regation. In fact, the centerline segregation of about —2 pct
measured in this experiment!'” compares very well with the
predicted centerline value in case 2 (Figure 9), indicating
that, in both the non-grain-refined experiment and the sim-
ulation of case 2, thermosolutal convection in the mush is
negligibly small. Furthermore, this comparison establishes
considerable confidence in the present prediction of the ex-
tent of the contraction-driven flow and its effect on macro-
segregation. As already noted, the spacing of the grains in
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case 2, as can be calculated from the grain density, is about
equal to the secondary dendrite-arm spacing measured in
the non-grain-refined experiment of Finn et al., which in-
dicates that the interfacial drag (or permeability) expression
in the model can be used for both grain-refined globulitic
and non-grain-refined dendritic microstructures if the char-
acteristic length in the expression is chosen properly.

The average value of the predicted eutectic volume frac-
tion is equal to about 5.3 pct in case 2. This fraction is, as
expected, lower than in case 1 (6.3 pct), because the mi-
crostructure in case 2 is much finer, resulting in a higher
back-diffusion rate.’!l As for permeability, the grain density
(or spacing) used in the back-diffusion expression should
be translated into a secondary dendrite-arm spacing for the
highly dendritic structure in the non-grain-refined experi-
ment simulated in case 2.

C. Case 3

This simulation was carried out to study the effects of
neglecting contraction-driven flow on the macrosegregation
pattern. Thermosolutal convection is included and the same
grain density is used as in case 2.

Not surprisingly, the thermal field and the liquid veloc-
ities in the sump are very similar to cases 1 and 2.52) The
macrosegregation profile, Figure 10, shows that, as ex-
pected, positive surface (i.e., inverse) segregation is absent
in case 3 because of the neglect of contraction-driven flow.
In fact, macrosegregation vanished almost completely, with
the remaining nonuniformities in concentration being
caused by the very weak thermosolutal convection through
the relatively impermeable mush (because the same high
grain density as in case 2 was utilized). Thus, a comparison
of cases 2 and 3 (Figures 9 and 10, respectively) gives a
direct measure of the importance of accounting for con-
traction-driven flow in predicting macrosegregation in the
present system. Most importantly, the contraction flow not
only causes inverse segregation near the ingot surface, but
also has a considerable effect on the macrosegregation pat-
tern in the central portion of the ingot.

VI. CONCLUSIONS

A modified version of the two-phase model of Ni and
Beckermann was used to simulate the DC continuous cast-
ing of an Al-Cu round ingot. The model assumes a rigid
and attached solid and features thermosolutal buoyancy and
contraction-driven melt convection, heat transfer, and solute
redistribution on the system scale, and grain growth, mi-
crosegregation, and solutal undercooling of the liquid on a
microscopic scale. Results of three different simulations are
presented. Comparisons with the results of experiments by
Finn et al.'" are also attempted. Better agreement with the
measured temperatures could be obtained by making some
adjustments in the thermal boundary conditions and using
more accurate thermophysical properties. Nonetheless, the
results show that the model is able to predict important
macrosegregational features.

The effect of grain density on the flow in the mush and
centerline macrosegregation is studied in two simulations.
Centerline segregation is a result of two opposing flows in
the mushy zone: (1) contraction-driven flow transports sol-
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Fig. 10—Predicted radial macrosegregation profile in case 3.

ute-rich liquid away from the ingot center toward the outer
surface and, hence, tends to negatively segregate the central
region of the ingot; and (2) thermosolutal buoyancy-in-
duced flow, on the other hand, transports solute-rich liquid
toward the ingot center, thus tending to cause positive cen-
terline segregation. The sign (positive or negative) and ex-
tent of the centerline segregation, therefore, are determined
by which of these two flows dominate in the mushy zone,
which in turn depends directly on the permeability of the
mush as dictated by the grain density. Although the pre-
ceding finding may not be new, the present model calcu-
lates these flows from the basic conservation equations and
is able to predict the resulting macrosegregation pattern us-
ing actual, measured grain densities (for grain-refined in-
gots) or secondary dendrite-arm  spacings (for
non-grain-refined ingots). The next step in modeling would,
thus, be the inclusion of reliable relations for the prediction
of the microstructure as a function of the solidification con-
ditions and grain-refinement practice.

A comparison of two simulations with and without con-
traction-driven flow demonstrates how this flow not only
causes inverse segregation near the outer surface, but also
influences centerline segregation. Further research is re-
quired to more accurately predict the exact magnitude of
the macrosegregation at the ingot surface, something that
will require the inclusion of exudation in the model.

One potential shortcoming of the present simulations is
that the transport of free grains is neglected. The duplex
grain structure found at the centerline in the grain-refined
experiment of Finn et al.l'! can be considered evidence of
such transport.”> However, the present predictions, neglect-
ing grain transport, appear to provide approximately correct
levels of centerline segregation when compared to both the
grain-refined and non-grain-refined experiments of Finn et
al. Clearly, more simulations and experiments are needed
to clarify this issue.

NOMENCLATURE
a coefficient in Table II C concentration of Cu
¢, specific heat (J/kg K) (wt pct)

P
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C,. generalized drag [ diffusion length (m)
coefficient M¢ interfacial drag (N/m?)

d, grain diameter (m) n  grain density (1/m?)

D diffusion coefficient p  pressure (N/m?)
(m?/s) r  radial coordinate (m)

E  coefficient in Table II R, grain radius (m)

g gravitational Re multiphase Reynolds
acceleration (m/s?) number

h  enthalpy (J/kg) or Sc  Schmidt number
convective heat- S, interfacial area
transfer coefficient concentration (1/m)
(W/m? K) t time (s)

k  thermal conductivity T temperature (K)
(W/m K) v velocity vector (m/s)

k  unit vector in axial V. casting speed (m/s)
direction z  axial coordinate (m)

Greek Symbols

6 impingement function Kk partition coefficient
Ah latent heat of fusion n dynamic viscosity
(J/kg) (kg/s m)
& volume fraction v kinematic viscosity
I" interfacial mass-transfer (m?/s)
rate due to phase p density (kg/m?)

change (kg/m? s)

Subscripts

e eutectic m  pure solvent

i interfacial o initial or inlet

k  phase p packing or primary

[ liquid s solid

Superscripts

— interfacial average t  transpose
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