Modeling of Globulitic Alloy
Solidification with Convection

3

J. Nt and C. BECKERMANN?
Depariment of Mechanical Engineering
The Universily of lowa
lowa City, [A 52242, USA

Abstract: A numerical study of solidification of a metat atioy with a globulitic morphology is re-
ported. The modei is based on a previously developed two-phase approack that incorporates
descriptions of the heat fransfer, solute redistribution, melt convection, and solid transport on the
system scale with microscopic models of nucleation, thermal and solutal undercoolings, grain
growth and impingement. Results obtained for solidification of an Al-4%Cu alloy in a rectangular
cavity cooled from a side reveal extensive macrosegregation and nonuniformities in the grain size
distribution due to the motion of the solid and liquid phases. The presence of considerable uncer-
tainties in the modeling of nucleation and interfacial transport phenomena is emphasized.

INTRODUCTION

THE compositional and structural characteristics of a solidified metal alloy are determined, to a
large extent, by the mass, momenturn, heat and species transport phenontena that occur during
the solidification process. An important consideration in the modeling of solidification is the
coupling of the transport phenomena occurring on the system (or macroscopic) scale with the
formation and growth of the crystals on a microscopic scale. Microstruciures present during
solidification of metal alloys can be divided into two groups, namely (1) columnar structures that
consist of long, aligned dendrite arms that are attached to the moid wall, such that the heat is
removed through the solid in a direction oppesite to the growth direction, and (2) equiaxed or
globulitic structures consisting of crystals that grow radially into an undercooled melt. Whereas
thermal and solutal convection of the meit and the resulting macrosegregation during columnar
solidification have received considerable research attention in recent years (Incropera and
Viskanta, 1990), the study of transport phenomena during globulitic solidification has been
neglected. Important additional issues that need to be addressed in the modeling of globulitic
solidification are the origin and nucleation of the solid grains, their unconstrained growth and
impingement, and their movement in the {convecting) melt, For example, the transport and
sedimentation of small crystals is fundamental to the development and extent of the globulitic
zone and the boftom cone of negative segregation observed in castings (Flemings, 1974).
Considerable progress in the modeling of equiaxed or globulitic metal alloy solidification
has been made through the use of a so-called micro-macroscopic approach that couples macro-
scopic heat flow calculations with microscopic models of nucleation, grain growth, and im-
pingement (Thevoz et al., 1989; Rappaz, 1989; Stefanescu et al., 1990}, However, these studies
have neglected melt convection and solid transport. The present paper describes a first attempt
at modeling globulitic alloy solidification in the presence of gravity-induced liquid and solid
convection. The model is based on the recently developed two-phase approach for alloy
sotidification (Ni and Beckermana, 1990, 1991). In this approach, the coupling between micro-
scopic and macroscopic phenomena is achieved through (1) volume averaging of the microscopic
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218 1. Nland C. BECKERMANN
MOMENCLATURE
a exponent in Table 4 ¢ time(s)
A area {m?*) T  temperature (K)
c specific heat (J/kg*-K) v velocity (m/s)
C concentration of a chemical ¥ volume (m®)
species, i.e., mass fraction '
Cu generalized drag coefficient Greek Symbols
Ci. generalized inertial coefficient r interfacial mass transfer rate
Ch. generalized Kozeny coefficient due to phase change (kg/m?*-s)
4, mean particle diameter (m) & correction factor (see Table 4)
H coefficient of diffusion tensor &  volume fraction of phase k
(in*/s) x  segregation coefficient
E exponent in Table 4 # dynamic viscosity (Ns/m?)
g gravitational acceleration vector @  density (kg/m?)
(m/s*} X« phase function
h average convective heat transfer ¥, a quantity of phase k
coefficient { W/m?*-K)
h, specific enthalpy of phase k (J/kg)  Subscripts
A average convective mass transfer d  drag
coefficient (mm/s) e eutectic
i species flux (kg/m®-s) S final
K., K, coefficients in Equation (3) k phase k
k thermal conductivity tensor i interfacial
(Wim-K) in  initial
L fatent heat of fusion (I/kg) l Hquid phase
! diffusion length {m) m  melting
M interfacial momentum transfer rate nu  nucleation
per unit volume (N/m?) s solid phase or single
n grain density (1/m?) sp  solid packing
n generation rate of crystals (I/m-s) o averaglig volume
4 pressure (N/m?)
Pr Prandtl number Superscripts
q heat flux (W/m?*) d  dissipative
R grain radius (m) j solute transfer rate
Re multiphase Reynolds namber g  heat transfer rate
hYa Schmidt number ~—  interfacial average
S. interfacial area concentration (1/m) ® effective or macroscopic

transport equations and (2) the use of separate conservation equations for the liquid and solid
phases together with interfacial balances. This study extends previous calculations by Prakash
{19902, 1990b), who utilized & highly simplified version of a two-phase model. In a similar man-
ner as in the micro-macroscopic models (Rappaz, 1989), the present model includes nucleation,
thermal and solutal undercoolings at the growth front, and grain impingement. However, this ex-
ploratory study s limited to a simple binary alloy (Al-4 % Cu) solidifying with a giobulitic mor-
phology in which the free grains are assumed to be spherical. The results iflustrate the effects
of melt convection and grain movement on macrosegregation and the final grain size distribu-
tion.

MODEL EGUATIONS

The system considered is iliustrated in Figure I and consists of a rectangular cavity contain-
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Figure [. [lustration of the physical sysiem.

ing an Al-4%Cu alloy. The walls are impermeable and adiabatic, except for the left vertical wall
at which a constant heat flux, ¢, is applied. The alloy is initially in the liquid state and quiescent
at a uniform temperature and concentration, T, and C., respectively. The volume averaged
mass, momentum, energy and species conservation equations for each phase (k = [,¢), together
with the corresponding interfacial balances, are taken directly from Ni and Beckermann (1990,
1991) and are shown in Table 1. All dispersive fluxes are neglected. In these equations, the intrin-
sic volume average and the interfacial average of a quantity, ¥, are defined, respectively, as

1 -
<‘I’k>k = "'I'/_ g Xk‘Pde, ‘I’k; = "‘_5 ‘{’de (I)
k ¥ A

All symbols are defined in the Nomenclature, The boundary conditions for the momentum equa-
tions are zero-velocity conditions for the liquid velocity and the normal component of the solid
velocity, and slip conditions for the tangential solid velocity component (Ding and Gidaspow,
1990). The macroscopic or effective thermal conductivities, mass diffusivities, and liquid vis-
cosity are assumed equal to their microscopic counterparts. The expression for the effective
solid viscosity shown in Table 1 is an approximation that is based on available models for
Newtonian flow of solid/tiquid mixtures (Ni, 1991). The term e,, is the maximum solid packing
fraction above which the grains merge and cannot move. Other details can be found in Ni and
Beckermann (1991). Note that the phase change rate, I, , is calculated from the interfacial energy
and species balances as a function of the thermal, T, — <T.>%, and solutal, T, — <C, 0%,
undercoolings. Expressions relating the various interfacial quantities and the enthalpy and den-
sity to temperature and concentration are provided in Table 2. The phase diagram is assumed to
be linear and the enthalpy is assumed to be a function of temperature only, with a constant
specific heat. Thus, the latent heat of fusion is given by: &, — k,, = (¢, — ¢,}T, + L. The
densities are assumed constant, except for the liquid density in the buoyancy term in the liquid
momentum equation (see Table 2). Because g, = o,(7,.C)) and g, # - in the buovancy terms,
the model accounts for thermosolutal natural convection in the melt as well as floating/sedimen-
tation of solid crystals. More accurate property relations could be incorporated into the model.
All thermophysical properties and other system parameters are summarized in Table 3.

The remaining quantities that need to be modeled can be found in the interfacial balances
and are, therefore, part of the microscopic modeling effort. The expressions used are summa-
rized in Table 4. Before impingement (¢, < ¢,), the interfacial area concentrafion,
S, = A//V,, is given by the exact expression for spheres because of the assumed spherical
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TABLE 1. Macroscepic Conservation Equations and Interfacial Balances
tk =5, 1, ande + ¢ = 1).

a

3
Mass: é—["“(ekgk) + Vo (a0l =T,
Interfacial mass balance: T', + I', = 0
a .
Momentum: o (6c0e¥2 %) 4 Vo (60ulvi 2 v 2%) = —V<p 2% + .00 4+ MY + 608

+ Vo (wF V(v %) + [V(elv 2Rl — v, > Ve, — Ve, v, 0

ppot = {p>*

3 e
Interfacial momentum balance: M? = ~M{ = Z? 0:Cae| <¥21 — <2 [(Ky 0! — .27

3 ' N Soke _
Energy: = (@n<hd*) + ¥ (aennd <) = V- (- aV<TO0) + bl + T (T = <TO%)

vy

L Sk _
Iterfacial energy batance: (b, — BT, = —[f,’(Tn S LT 4+ ST T

i

] —
Species: é;(ekgk<ck>"‘} + V(e 0V K028 = V- (DF - 0.6, VSO + CL 1

SquDk —
T {(Cu — LC2*)
I
, - . SleDi — S»Q,Ds -
Interfacial species balance: (C,; — C,I'; = 7 (G~ <CO7) + —57 (€, = <C29)
) {I — GS/EW]WZ.SE_W - &
Effective transport properties: uf = p;  pf = . e KF =k DF =D,
TABLE 2. Property Relations.
Enthalpy relations:
B = eTe + L he =Ty <h>' =T + L

<> =elL> To=T. =T,
Liguid density relation (Ganesan and Poirier, 1987) for buoyancy term:
Vg, = [0.397 — 0.4522<C5" + 4.0924 x 10°8({T>" — 273.15)
+ 11078 x 107 <COUKT> — 273.18) + 0.27475<C > x 107
Eguilibsium phase diagram relations:

i i C{T. ~ T
Primary solidification: €, = T o Ce = xC,,

Eutectic solidification: T, = T, C,. = C.. C, = C,

ST s

.
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TABLE 3. Thermophysical Properties and System Data.*

) Properties (unit) o Numerical Value
v Cavity dimensions H & L {m x m) 0.1 » 0.05
Initial and boundary data '
Initial temperature of the liguid phase, T, (K) 936.0
Initial concentration of the liquid phase, C. (weight fraction) 0.04
Constant heat flux at the left wall, ¢ {fW/m?*) —10°¢
Property data

Density of the liquid phase, o, (kg/m?) (except in buoyancy term) 2450.0
Density of the solid phase, g, (kg/m*) 2450.6
Dynamic viscosity of the liquid phase, w (N-s/m?) 6.0012
Maximum solid packing fraction, e, 0.637
Thermal conductivity of the liquid phase, &k, (W/m-K} 77.0
Thermal conductivity of the solid phase, &, (W/m-K) i53.0
Specific heat of the liquid phase, ¢ (Fkg-K) 1179.0
Specific heat of the solid phase, ¢, (J/kg-K) 766.0
Eatent heat of fusion, L (J/kg) (for ¢, = ¢} 397 x 107
Mass diffusivity of the Hquid phase, D, (m?/s) 5.0 x 10
Mass diffusivity of the solid phase, D, {m%/s) 8.0 x 10®
K, (1/md-s) g4
K; (s/m*K?) 0

i Segregation coefficient, » 0.173

! Eutectic temperature, T, (K) 821.2

Eutectic concentration, C, {weight fraction) 0.327

7 Melting temperature of “solvent,” T, (K) 933.5

;m“ Initial grain diameter, d,; (m) i

¥

*Thermophysical properties are taken from Battie and Pehlke (1990} and Hatch {1984).

‘ growth morphology. For ¢, > ¢, the factor &(¢,) accounts for the reduction in the interfacial
area due to merging of the solid/liquid interfaces within the averaging volume (Ni et al., 1990},
Similarly, the assumed spherical geometry allows for a simple calculation of the local grain
rading from the knowledge of the solid fraction and the number of grains per unit volume. The
grain density, n, is calculated from the following conservation equation (Ni and Beckermann,
1990, 1991):

an

= V(e = (2

The term # is the nucleation rate. The nucleation rate is calculated from the instantaneous
nucleation model of Stefanescu et al. (1990), i.e.,
] dri?
n=K + K (‘E;“)

(3)
For simplicity, K, is taken to be zero (see Table 3}, nucleation is assumed to occur at the liquidus
temperature, and the initial grain diameter, d,,, is taken as 107 m. If grains are advected into re-
gions of higher temperature and remelt to a diameter below 4.;, the local value of the grain den-
sity is reset to zero. The validity of the above nucleation model in the presence of solid and liquid
convection has not been established. Other nucleation models could be utilized instead.

The drag coefficient, C,,, is calculated from a generalized expression derived by Agarwal
and O'Neill (1988) that is valid for all solid fractions (see Table 4). In the limit of ¢, — 0, C..
reduces to the drag coefficient for a single sphere (e.g., Stokes’ law for Re — 0). Fore, > 0.5,
the grains form a packed bed and the expression for C,, together with the interfacial momentum
balance (see Table 1) reduces to Ergun’s equation, and the Kozeny-Carman expression for the
permeability of packed beds can be recovered (Ni, 1991).

e T
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TABLE 4. Geometric and Interfacial Relations.

interfacial area concentration (Ni et al., 1990): §, = (367n)' 3¢, %8(c, )

PRALILI A €, \17p s
where 8(e.} = [ ¢, = ¢,; 6fe) = ( (WW) € > ey

. 1~ e,

36, 03 3 Xf3
Mean radius of the solid grains: R, = d,/2 = |— Finai grain radius: R, =
4an dwn

Drag coeflicient (Agarwal and O'Neifl, 1988; Ni, 1991):

24 % 20,01 — &) e vt — v d,

ge T T (e Re =
Re e

C,, = 25/6, C, =113 e = .5

i ¢ P44 — &) C 240105 - [) 05

= N PR ; -3 .
Ce 20— el -~ 1LBY — e’ 7" Refl — 0.9(e, — 0.2573(1 — 323 ¢
0.124

S o= (. 0369 (), JOSREC !~ e
E = 0.261Re 0.105Re T Gogor

Diffusion lengths (Rowe and Claxton, 1965; Ni, 1991):

o I 1 x _ 2Re"™ 4 465

U Lo o 10 T 3Re0 1 465)
W + 3_hPr {or Sc'*YRe

I (or ) = =

slorly) = 5

The meanings of the interfacial heat and species diffusion lengths, I} and 4 | are illustrated
in Figure 2. In the presence of convection, the liquid diffusion lengths can be identified with
convective heat and mass transfer coefficients through h = k,/I7 and h,. = D,/l1, respectively.
The correlation by Rowe and Claxton (1965) is utilized for the liguid diffusion lengths because
it includes proper dependencies on the solid fraction and reduces to the single sphere Hmit for
e, — 0. In the absence of convection (ie., Re = 0), the correlation reduces to {7 or
i = (1 — e")R,, which roughly approximates the solution of the (steady) spherical diffusion
equation in the liquid space around each grain (i.c., R, — R,). The expression for the solid dif-
fusion length (see Table 4) is based on parabolic temperature and species profiles in the spherical
grain. The validity of the expressions for the diffusion lengths for the present system are not
known, and they should only be viewed as first approximations. During the eutectic reaction, the
interfacial species balance (see Table 1) is meaningiess and the liquid and solid species diffusion
lengths are set to an arbitrarily farge number. During remelting, the solid interfacial species con-
centration is set equal to the volume-averaged species concentration of the solid phase.

solid Trquid solbid liquid

A L <Cert
«<Ty>s L <Tyd R

Ry Rf R Rf

Figure 2. lllustration of heat ond species diffusion lengths
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i e
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NUMERICAL PROCEDURES

The model equations were solved using the PHOENICS computer code, which is one of the
tew commercially available codes with a built-in two-phase capability. All constitutive, property,
and interfacial relations can be programmed in user-accessible subroutines. The conservation
equation for the grain density [Equation (2)] was discretized separately using the upwind scheme

in a manner consistent with the discretization scheme employed in PHOENICS for the other”

conservation equations. Other details can be found in the PHOENICS User Manual (Ludwig ct
al., 1989).

Special procedures were developed for the calculation of the four dependent variables: T,
or I}, 7., Cy, and C,;. They appear in the interfacial energy and species balances and the
phase diagram relations in a compiicated and implicit fashion. In addition, different procedures
are required for primary (T, > T,) and eutectic (T; = T.) solidification, as well as for remelt-
ing. For example, for primary solidification, the interfacial energy and species balances are
combined to derive two quadratic equations for 7} and I', (Ni, 1991). On the other hand, during
eutectic solidification, the interfacial species balance is meaningless (because G = C,; = C.)
and the phase change rate, I'., is calculated from the sum of the solid and liquid energy conser-
vation equations (with T; = T.). The same is done during remelting, except that during “pri-
mary remelting” {(with 7; > T.) the interfacial liquid concentiration, C,;, is obtained froni the in-
terfacial species balance (with C,; = {C(.>°}, and the interfacial temperature, 7,, is obtained
from the liquidus line of the phase diagram (see Tables 1 and 2). These and other procedures
proved to be critical for achieving fast and stable convergence during each time step. For con-
ciseness, they will be detailed in a separate publication.

The calculations were performed on an IBM 3090 computer. A grid system of 25 x 25
nodal points was utilized for the calculations presented in this paper. The grid was slightly
skewed towards the domain boundaries. Although this grid system may not be sufficient to pro-
duce grid independent results, it represents a reasonable compromise between accuracy and
computational time. The time step was reduced until time step independent resuits were ob-
tained. The numerical code was carefully checked and validated for several limiting cases, such
as solidification without liquid convection and solid transport, and sedimentation of spheres
without solidification (Ni, 1991; Feller, 1991; Feller and Beckermann, 1993).

RESULTS AND DISCUSSION

In order 1o illustrate several model features, a preliminary simulation was performed where
liquid convection and solid transport were deactivated and the domain was reduced 1o a single
control volume. Figure 3 shows the calculated cooling curve (i.e., temperature versus time),
Due to the high value of the thermal diffusivity relative to the mass diffusivity, the solid and lig-
uid phases are nearly in thermal equilibrium so that only one (mixture) temperature is shown.

940 T

recalescence

930

90

910

{mdxture) emperature, T (K)

[¢] 5 10 15 20 25 30
e, 1 (s)

Figure 3. Cooling curve showing the recalescence phenomenon predicted by the two-phase modsl.
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Solidification is controiled by solutal undercooling, i.e., by the microscopic species concentra-
tion gradients on each side of the solid/liquid interface. The cooling curve shows the
recalescence phenomenon and can only be predicted if nucleation and undercooling are con-
sidered’ (Thevoz et al., 1989), The temperature increase during the recalescence period is due
to the fact that the latent heat release rate is larger than the external cooling rate. After nuclea-
tion, the solute rejected from the solid builds up in the liquid in front of the solid/liquid inter-
faces within the control volume, causing a large dégree of solutal undercooling and, hence, a
large solidification rate. Later, diffusion results in a more uniform liquid concentration on the
microscopic scale and reduced solutal undercooling. A more thorough investigation of globulitic
solidification in such a zero-dimensional geometry using the present two-phase model can be
found elsewhere (Feller, 1991; Feller and Beckermann, 1993).

Results of the two-dimensional simulation including liquid convection and solid transport
are illustrated in Figures 4 to 7, corresponding to 10s, 30 s, 60 s, and 90 5. Solidification is com-
plete at 117 s, and the final patterns are displayed in Figure 8. All conditions are as specified in
Table 4. Figure 4(a) shows the liquid velocity vectors, <v,>’, superimposed on the solid frac-
tion, ¢,, isopleths at 10 s. The maximum solid fraction occurs along the lower third of the cooled
wall, where the globulitic crystals have packed and the velocities are small. On the other hand,
the solid fraction along the upper third of the cooled wall is small, indicating that the crystals
are advected downwards. In fact, a considerable amount of solid is present near the lower
(adiabatic) wall of the enclosure. Generally, the liquid flow consists of a counterclockwise
rotating convection cell because of the cooling from the left wall and the fact that the rejected
solute causes the liquid to be rich in copper. In other words, the thermal and solutat buoyancy
forces at the left wall are augmenting each other. The temperature and liquid concentration pat-

pure liquid - \ 9277 —

e 92—
o h 915 i
901
887
87
66.6

i

————

= {.132¢-1 mis

(a) b}

Figure 4. Resultsait = 10s: (a} selid-liquid mixiure velocity and solid volume fraction (equal increments,
max = 0.988, min = 0.0); {b) isotherms (equol increments, max = 927 7 K, min = 866.6 K); (¢} liquid spe-
cies concentration (equal increments, mox = 0.195, min = 0,029); {d} relotive velocity between the liquid
and solid phases.
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Figure 4 (continued). Results ot t = 10 s [o) solid-liquid mixture velocity and solid volume fraction

(equal increments, max = 0.988, min = 0.0); (b} isotherms {equal incremenfs, mux = 927.7 K. min =
866.6 K); [c] liquid species concantration (equal increments, max = 0.195, min = 0.029}; (d) relative velac-
ity between the liquid and solid phases,

terns causing these buoyancy forces are shown in Figures 4(b) and 4(¢), respectively. The liquid
advects crystals to the right portion of the enclosure where the melt is still of the original compo-
sition and near the liquidus temperature. A pure liquid region (¢, = 0) only exists in the upper
right portion of the enclosure. In order to illustrate the movement of the solid crystals relative
to the liquid, the relative velocity vectors, Cv, 2! — <v.,>*, are displayed in Figure 4(d). Note
that the scale of the relative velocity vectors is almost two orders of magnitude smaller than the
liquid velocity vectors of Figure 4(a). The relative velocities are mostly upward, implying that
the downward (negative y-direction) component of the solid velocity is larger than that of the lig-
uid. This can be explained by the fact that the solid has a larger density than the liquid, i.e., the
crystals are sedimenting. The magnitude of the relative velocities decreases with decreasing
solid fraction because the interfacial drag increases with decreasing crystal size. For a solid frac-
tion greater than about 0.6, the crystals have packed and do not move so that the relative velocity
vectors represent the liquid velocity only. This can be observed along the lower portion of the
cooled wall, where the liquid percolates downward through the stationary bed of globulitic crys-
tals. These velocities cannot be seen in Figure 4(a) due to the larger velocity scale used in this
figure. In the lower left corner. the solid fraction is so large that all velocities vanish.

Results at 30 s are provided in Figures 5(2) t0 5(f). As can be seen in Figure 5(a}, solidifica-
tion has progressed considerably. A pure solid region exists near the lower portion of the cooled
wall, indicating that the temperature at these locations has fallen below the eutectic temperature
[see also Figure 5(b)}. Virtally the entire enclosure is occupied by either stationary (e, >
0.637) or moving (¢, < 0637) globulitic crystals. An accumulation of sedimented crystals can
be observed at the lower walt. The sedimentation process is also illustrated by the relative veloc-
ity vectors in Figure 5(d). However, a large amount of solid is advected with the lguid to the

By STt
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Figurs 5. Results aft = 30 s: (a) solid-liquid mixture velocity and solid volume fraction {equal increments,
max = 1.0, min = 0.0); (b} isotherms {equal increments, max = 921.2 K, min = 804.0 K} {c) iquid species
concentration {equal increments, max = 0.327, min = 0.038); (d) relotive velocity between the liquid and
solid phoses; fe) solid phase change rate per unit velume {equal increments, max = 2367 3 kgim?3.s,
min = 300.8 kg/m®s}; (f) mixture species concentration [equal increments, max = 0.056, min = 0.01).
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fe} (f)

03
0.056

035
0.0

Figure 5 (continved). Results ai t = 30 s: (o] solid-liquid mixture velocity and solid volume fraciion
(equal increments, max = 1.0, min = 0.0); (b} isotherms {equal increments, max = 921.2 K, min =
804.0 K; {c) liquid species concentration {equal increments, max = 0.327, min = 0.036); [d} relative veloc-
ity between the liquid ond solid phases; {e) solid phase change rate per unit volume (equal increments,
max = 2367.3 kg/m*-s, min = 300.8 kg/m~s); (f} mixture species concentration (equal increments, max =
0.056, min = 0.01).

right and upper portions of the enclosure into regions of higher temperature. The fate of these
crystals can be inferred from Figure S(e), where the local phase change rate. I', | is plotted. The
entire right half of the enclosure is characterized by a negative I',, which implies that remelting
is taking place. Most of the solidification occurs along the edge of the stationary bed of globulitic
crystals, indicating that the solutal undercooling is the largest in this region. The mixture con-
centration field, shown in Figure 5(f), illustrates the evolution of macrosegregation due to the
relative motion between the liquid and solid phases. Deviations from the initial composition
(C., = 004) are limited to regions of higher solid fraction. Elsewhere, the relative velocities
are t0o small to cause appreciable macrosegregation. A mixture concentration below the initial
melt composition can be observed in the lower right portion of the enclosure and adjacent to the
cooled wall. This may be explained by the sedimentation of solute poor crystals. [t has been con-
firmed that the average mixture concentration for the entire enclosure remains at the initial
value,

The liquid velocities and solid fractions at 60 s and 90 s are shown in Figures 6 and 7, re-
spectively. Due to space limitations, other results are omitted. The overall transport phenomena
are similar to those at 30 s, with the fully solidified region growing at the expense of the convect-
ing two-phase region. Even at 60 s, the uppermost portion of the cooled wall is relatively free
of the solid, which can be attributed to the downward flow of melt and crystals along the cooled
wall. As expected, the upper right corner is the last region to solidify. Note that the magnitude
of the velocity continually decreases.

Final macrosegregation and grain radius, R,, patterns are displayed in Figures 8(a) and
8(b), respectively. Negative macrosegregation exists all along the cooled wall and in the lower
right and upper left portions of the enclosure, except in the upper left corner, where the concen-
tration is near the eutectic value. The large positive macrosegregation in the upper left corner
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Fe‘gursoé.) Solid-liquid mixture velocity and solid volume fraction att = 60 s (equal increments, max = 1.0,
min = 0.0).

Figure 7. Solid-liquid mixture velocity and solid volume fraciion att = 90 s fequal increments, max = 1.0,
min = 0.013].
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Figure 8. Final results for the fully solidified enclosure ft = 117 s): (o] macrosegregation patiern {equal in-
crements, max = 0.325, min = 8.77 x 107); b} groin radius distribution {equal increments, max-
=41 x 10%m, min = 9 x 1075 m).

is caused by the continual flow of the solute poor crystals out of this region (see also Figure 6)
such that a statiopary solid structure oniy forms when the temperature is already close to the
eutectic value. Relatively little positive macrosegregation can be observed in the upper right por-
tion of the enclosure. Another interesting outcome of the simulation is the final grain size distri-
bution, as shown in Figure 8(b). Recall that the grain density, n, is obtained from the solution
of Eguation (2). Then, with the knowledge of the local solid fraction, the equivalent sphere
radius, R,, can be calculated, until solidification is complete (see Table 4). An examination of
Equation (2) reveals that in the absence of solid motion ({v,>* = (), the grain density would
be uniformly equal to 10" 1/m®, which corresponds to a final grain radius of 1.34 x 0™ m.
This is because the nucleation rate given by Equation {3) was taken as a constant (e, Ky, = 0,
see Table 3). Consequently, all nonuniformities in the final grain size distribution can be directly
attributed to solid motion. Although a constant nucleation rate is not realistic, it aids in clarify-
ing the effects of solid motion in this exploratory simulation. It can be seen that a grain radius
of approximately 100 um only exists in the lower left and right corners. The grain radii in the
middle portion of the enclosure are about 1wice as targe, and even larger grains can be found in
the upper left portion. The larger grain radii can be expiained by the transport and remelting of
grains. Initially, a large number of grains settled in the lower corners and continued to grow.
However, grains advected to superheated regions of the enclosure remelted (see Figures 4 and
5), causing a reduction in the overall grain density, particularly in the upper portions at the
castings.

CONCLUSIONS

A volume-averaged two-phase model was used to predict transport phenomena during glob-

AN
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ulitic solidification of a binary metal alloy. The model incorporates nucleation, thermal and
solutal undercooling, and interfacial drag, together with heat transfer, solute redistribution, melt
convection, and solid transport on the systern scale. The results reveal the effect of thermosotutal
convection, sedimentation, and remelting on the evolution of macrosegregation and the final
grain size distribution.

Although an exploratory numerical simulation has been successfully performed, considera-
ble additional research is required before the model can be applied to real metal castings. In this
respect, the following items deserve special attention: (I) nucleation and the origin of globulitic
grains in the presence of convection; (2) the interfacial drag, and heat and mass transfer coeffi-
cients (i.e., diffusion lengths), and (3) the macroscopic transport coefficients, particularly the
effective solid and liquid viscosities. Specially designed experiments are needed to determine
these coefficients for a solidifying system. In addition, more numerical simulations, for example
without solid transport, should be performed to investigate the system dynarnics in more detail.
Work is also under way to extend the model to equiaxed dendritic growth (Wang and Becker-
mann, i993).
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