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Effect of thermosolutal convection on directional solidification
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Abstract.  The impact of thermosolual convection during directional solidi-
fication is explored via results of numerical [nvestipatons. Results from fully
transient aumencal simulations of directional solidification 0 o differentially
heated cavity under terrestrigl conditions und Bridgman eryatal growth in space
are diseussed. The pivotal rale of borf thermal and solutal convection n the
solidification process 15 illustrared by examining these two cases. In particalar,
raclial and lpngitudinal macrosegregation resulting from this thermosolutal
convection 15 thscussed,

Kevwords.,  Thermosolual convection: directional solidilication;
MACIOSCEregation.

L. Introduction

Tncreasing demand for high-guality matenials for use in the acrospuce, optical. blomedical
and electronic fields has led to an increased level of interest in the processes used to
synthesize these advinced materials, When an alloy melt is solidified by heat réemoval
primarily in oone direction, o homogeneous casting is produced with columnat gramng
aligned in the primary growth direction and few cansyverse grain boundaries. The material
produced by this process of direcrional solidificarion has enhanced properties such as
tmproved thermal fatigoe strength, increased mapture stoom and more uniform electmcal and
thermal properties. Howeyer, these castings may be charactenized by large-scale inhomo-
geneities in the form of radial and longitudinal macrosegregation (Smith er af 1955,
Flemings & Nereo 1267) The geometry of the mell region, and transport parameters such
as the rate of solidification, solute rejection ot the advancing selidfliquid interface and
convechve flow in the melt determine the solute distibution, and hence the mucroseirs-
gation, in e solidified materal. Koowledge of the momentam, heat and species transport
processes during soludification is essentinl for reducing macrosegresation (Adomato &
Brown 1987).

Natural convertion arises as o resull of gravity acting upon density differences in the
mell. While the effect of natural convection due to thermal buoyancy forces hay been
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studied extensively for pure materials, there his been less work on the more complex case
of alloy solidification where buoyaney forces ovear due 1o borh thermitl and solutal
gradiems. Inthe Liner case, this thermosofina! conveotion often results in gomplex con-
veetion: putterns which evalve with time, It 15 these complex comvechive motioms which
influence the hompgeneity of the allov casting, and therefore, they need o be resolved
elfecnively

Numencal simulanon of solidiBeation processes is a potenvally valuable ool for the
destgn and control of erystal growth systems: Not only s compuler modelling @ more
comvanient wid cost-efdctive (echnigue than experimentition. but quantilies which diréeely
affect the process and are diffivalt or impossible to measure i experiments con b
determined from sumulations, Velocities and solute distributions Tn the opagoe, high-
temnpetatire wnd highly reactive metallic mels e examples of sch erifical quantities.
Many pumerical models have been developed for the simulation of solulification in
bransparent salt systems (o review of the more popular models {s siven by Oldenbere &
Spera 19913, The numernical simulation of metals is much more challenging singe metaliic
melts are charicterized by low Prandt] numbers and ligh levels of convection (Hyun o7 al
1945y, Only recently hove soitable techniques become available for the simulation of
solidification invelving metallic systems that include all the key details of the process while
keeping computational costs low (Zhang er of 1996; Simpson & Garimella [994),

The aim of this paper 8 10 detal the mfluence of thermosolutdl convection on the
solidificavion process. The resulis from  nomerical stmufations  for two diveictional
solidification processes dare prisented and  discussed. The first seried of simulations
examing the direvtional solidilicaion of pure Sn and o Sn—B1 allov'syvstem under remestcial
leanh grwity) conditions (Stmpson & Garbmella T99R) 10 will be seen thot laree Tevels of
thetmil conveetion distart the imerfiice and result in sienificant macrosegreszmion levels,
The seeond series of simulutdons examine the Tully ransient erystdd growth of @ Bi-Sn
alloy under microgravity (space) conditions by the Bridgman process (Simpson et aql 2001)
It owill e seen tha despite the sienificantly reduced Tevel of wmvity, thermosolu
ponvedhion results in measurable levels of mdial segregation,

2. Analysis

The problem under consideration s directional soldification of a binary alloy either in a
closed mould under terrestrial conditions or by the Bridgman process in space, as shown
schematically i figures Taoand b respectively, The melt region s considered 1o be a viscous
Mewtonnm  Tod subject o thermosolutal convection. “Thermophysical propértics are
considered o be constant Bue distnet Tor the solid and liguid phoses: Density viariations are
ussumed (o be subject to the Boussinesq approximation. The governing equitions for the
velocity field wre the vorticity and vector potentiol equations which are (Raoiche 1976];

(BN + ¥ X (S %) = -V (T~ Tl — VXI(€C - Glg +v%°5 (1)
ih= —¢ (2]

In these equations, the defnition of vorticity and the relutionship between velocity and
vector potential bre

C=—% x i, =5 xu (3]
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Figure 1. Camputational domitn and boundary eonditions for (a) directional solidification i a
differentinlly heated cavity under terrestrial cunditions, and () space-borme Bridemim crystal
prowith priscoss, )

For a non-shp wall, the boundary conditions to be imposed on vormicity (Hirnsaki &
Hellums 1968} are that the velocity be zero, as also the tapgennal derivatives of iis
components, while the vector potential at g plane; impermesble surface be normal 1o the
surface and its gradient, zero. As an initinl condition, the flnd must be quiescent (zero
poiential and vorteity evervwhere),

The goverung squation for the conservation ol energy Tor phise-change problems muy
be expressed s

AT, CUAT IO + pes ¥ - (i) = T - (AVT)+ 8(T, C). (4]

It will be seen below that effective heat capacity A and source term B are specified in order
to inelode phase-change. Ananitial emperature equal to the hot wall emperatore s applied
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throughout the Mow feld. The thermal boundary conditions for the solidification systems
betng mvestigated dare shown in figures la and b,

The conditions plong the v = — A and v = H -+ & walls required for the Brdgman pricesy
are functions of time. A schematic of the wmperiture impused at these boundaries, which
approximates the furmace, is shown in figare 1b. There is a translating zone (considered an
Tadiabatic” zone i the wmperture profile is unknown) between the hot and colid regions of
the furnace, in which the temperature inearly increases from the cold fumace temperature
Lo the hot furnace temperature. The melting emperature of the material ogours somewhere
withiti this zone, which trunslates with time at p constant x-velocity, known as the
transtation velociry, w,. This s what facilinnes the dircetional growth of the crystal,
Defining the x location where the tanslating zone meets the cold furnace temperature zone
to be at x4(r). the boundary conditon for temperature may be expressed as

Tie, Tor x gyl
my=—hH+h: T=<{ Te+ AT s —xaft)) s for (1) < 2 < [ole) + L4, I

T, for o4(t) = x.

LA

In principle, the solution of the energy equution (4) coupled with the solution of the
vorticiiv—vector potential equations (1) and (2) would yvield the wempernture and velocity
dhistribution throoghout the simulation domain. However, the problem of modelling the
physics of the propagation of the solidification front and determining its location remaing
to be addressed. We choose 1o da this by employing the phase-transformation mode| of
Zung & Faghrl (1994). For the present study, concentration dependence on temperature s
neglecred; terms A and B may be wiilten as

AT = plepfo+ cugfe + al T /O,
BT) = —a(T)(0f./01), (6]
ﬂ'_rT]Tp[[r._',.r_ - f',.,,g;lT-l—.:ftHj_

The equatinn for conservation of selute throughout the: computational domain is

(8C, /) + V- () = DV CL +8(T, 0. (7)

This equation is analogous 1o the energy equation. We jmpose an imtial solute
concentration (hroughout the solution domain. For hoth systems the boundary conditions
are identical: the mould boundanes are impermieable w solute:

Agun, m principle. solution of (7) along with chergy eguation (4) amd voricity=vecior
potential equations (17 und {2) all subject 1o the relevant boundary and imtial conditions are
erough o determine the solute, tempérture and veloeity values throughour the solution
domain. However, the more genernl problem involving phase change demuands that the
thermodyramics of <olute redistribulion be addressed. Following the work of Swimunathan
& Voller (1997 and Vollér e ol (1989), source term S may be written as the differential,

tﬁ:”-"f-p[rﬁr (8)

The computational domain s prmercly discretized using repularly spaced  Findle-
difference mesh points, Supermmposed on this grd are fmite volumes which are used for the
sitution for the energy and species concentration equations. The fimite-volume cenires are

STy =
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staggered with respeot to the finite-difference mesh point locations. Vorticity, velogity wnd
vector polential are calculated ot the finite-difference mesh points, Temperature and solute
concentranion are evaluated at the control volume centres. Further detuils of the numerical
solution schemes for solving the wermestrial directional solidification problem (figure 1a)
and the space orystul growth case (figure 1hy may be found in Simpson & Gatimella (1DO8)
and Simpsan et al (2001) respectively, and are not provided here.

3. Results and discussion
21 Dirctional seltdification of pure tin

In order to compare the exisung solution scheme with numerical and experimental data
from the literatore (Wolff & Viskanta 1988; Raw & Lee 1991; Zhang éf al 1996),
simutations for the solidification of pure fin in a differentially heated cavity with i aspect
ratio (H /L) of 0.75 were performed. The importint physical parimeters for this case are
L=889 uvm, Ry (=GCGr=Pri=14x 10, Pr=0017. T,=233C, T-=229'C, AH=
59 107 kg K, and ¢, = 255 JkgK. Thermophysical properties for the liguid phase e
considered to be -..cm*ﬂ..ml und equal w those in the solid phase. A 61 = 46 mesh was used.
Isatherms and velocity vectors at 2= 1896 b for the solidification process are shown in
figure 2. At this fime the solidification front has propagated well inta the melt, with pver
half the cavity consisting of solid tin, The velocity vectors show that two convective cells
have formed wt thas time. The primary recicculating 2zone 15 at the top of the melt. A single
convection cell cannot be sustained i the presence of the sloping interface and weakening
matural convection (due o the locally decreased melt size). Thus the lower oell forms.
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Figare 2. Velooty vectors and solthenus for pure 8l t—= 1.896 h
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Figore 3. Comparson of esperimentadly detemmined and numencully predicted front locations:

circuluting in the same direction as the primary eell and entraining cold recirculatnng fuid
from the promary cell A sumiler convective pattern is mdicated in the resulls of Dantzig
(1989) for a simulation of the melting of pure gallium when the melt region i85 ol o similar
shipe,

The predidted solidification front locations from the present study are compired to
experimental data (Wolft & Viskanta 1988) and numerical predictons in the et
(Raw & Lee 1991, Zhang er al 1996) i figure 3. The current predictions are in acceptahle
agreemenl with the experimental resufts. Al times 1= G077 and 0,165 h, the solidilicanon
fromt lius propaeated quite apmdly, controlled primueily by the setion of eonduction gt the
chilled wall. Some convective effects are in play since the fromt 15 not vertucal. The
predicted front location from the numerncal analysis at these early tmes 15 further ndvanced
compured to the expenmental results. Ar nme = 077 h the mid-point of the front is 15%
further advanced compared 1o the expernmental vilue; and @ tme = 0165 b this value 15
6. This discrepancy in front locaton may be expldained by the observations of Wolft &
Viskanta (1988) on the thermal inertia of the experimental apparitus. The apparatis wis
fo capable of prsducing an imstantimeous temperature deop o Toal the cold wall it time
f=10 i Gt 0033 b elapsed befone the cold plate wmpernture reached 7o At later times,
the predicted front locution tends 1o lag beliind the expearimentally determined Tocation,
Alsoy, the numerical results fail 1o predictl the increased thickness of the front ul the bottom
of the cavity. Both these discrepancies may be attributed to the inperfect insulating
materizl sl the hotom o the experimental appuratus (WolF & Viskantn 1988). The othe
numerieal resulls extabit similar disgrepancies when compared to the experiments.
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The CPU requirement for this simulation was approximately 3.5 h on o DEC 3000/700
(225 MHz Specfp95 571) for & mesh of 61 =46, This compares with the two-dormain
approwch of Zhang 1 ol (1996) which required 45 h on o Sun Sparc 10 workstation for a
transforming mesh 0 42 %42 ponts, and with that of Raw & Lee (19913 which reguired
0.73 b on a CDC Cyber 840 gupercomputer for g single-domain solution with a fixed mesh
of 41 % 31 points,

A2 Simadution of tereesteid! Sn-Bi alloy solidification

Simulations for the soliditication of a Sn—B1t binary alloy system were perfonmed. |n onder
to etfeet o mactable buoyancy ratio that cauges laminar rather than wrholent convection, the
dimensions of the solution domain and the temperature: ditference were altered from
the case of pure On gbove wr L=3 em, 1. =2179'C, 73=237.9"C. The initin] solute
concentration was .5% Bi: in addition, Te=4.0x 107, k=036 Ry (bouvancy ratio)
(= Cr, /Ury=5.05, Thermophysicnl properties used were ds these Tor pure tin, and cavity
aspiect rative was muintained ot 075 An additional simulation wis performed Tor pure tin
using the mew temperatre difference and cavity dimeosions t provide o basis for
comparison of the alloy results, The CPU time required for 10,000 time steps (real time
=621 hourshwis L2 hisurs,

ALt =0.062 h, the results (not shown here) were similur in charseter to those lor pure tin,
Huowever, the stiength of convection wis smaller than that st the corresponding time for
pure tin, Since hismuth has 4 higher density than tin, once the solute has been distributed
throughoul the flow feld by thermal conveetion. it acls to oppose that convecuon and
hence retard the action of the thermal convective cell,

Figure 4o shows the jsotherms and veloeily vectors ata fater time, 1= 06207 h. The
results are sgain simular m character to those found Tor pure tin. The eonvection in the
primiwy rectrculntion is wenker than for pure in. Interestingly, the secondarv fecirculation
extubils higher convection levels.

Figure 4his o plot of lines of constant solute coneentration in the melt The yverare
concentration in the bulk of the melt has risin 1o approsimately 0.729% from the initial
value of 1L5% ds the Dont has propiguted 1o the melt, rejecting solute-rich Auid @ 1he
fnterfuce which s then convected throughout the melt. The linis of constent solule concen-
truticm clearly indicate the influence of the convection patiems on the distrbution of the solute.

2 Sputce ervsrad growih of a B0 Gt % Snoalloy

For stmulating the Bridgman crystal growth of a Bi-0, ) a5 Sn (008185 vol % Sn) alloy,
the thermophysical properties used were those of pure bismuth from Yae er el (18495). The
cold and hot {irmace temperstures were T, =507C and 1, = 700"C respectively, Liguid
propertivs were used as the reference properties for the nondimensionalization schemes. The
properties for solid and Tiguid blsnath were evilunted ar tie mgan solld and the e
hguid emperatures of 160.7°C and 485.7"C respectively, The reference density was
considered 1o Be equil for botli phoses. The property vilues were: k, ﬁﬁ?‘l WK,
k= 1406 WImK, o= 10,070kpAn", ¢, = 1326 J/keK ¢ =135 '*J.’hgi(.;lf-f = 523 kMkg.
d=1.2800% 107 Namm, and T, = J."‘l 3¢, The tlm:mul expinsivity ol the hqu.LE Wik
tnkon'te be 3= ].2:‘ < 10K The properties used for the fused silies ampoole wall
were k=210 WimK, g, = 2020 ks, o, = 10668 IkeK. The dimensions used
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Figure 4. (a) Velociy vectors and isotherms, and (b isolines; for bismuth coneentration in the melt
lor So—0.5% Bratr=0621 h. In (g) the sotherms are ot infervals of A8=0.1. Dushed bne s fron
leativn,

diefine the domain were H=06 mm anel L=75 man. The ampoule wall thickness, &, was
2 mm. The length of the insulated translating zone wis Ly =25 mm, with a translation
velocity of w, = 3,38 /s, The gravity level was 10 ug, with gravity dcting in the negative
y direction, In addition, the value for diffusivity of liquid Snoin hquid Bi was
=350 = 10" m¥s, and the partition coefficient was k, = 0.029. The value of solutal
expansion enefficient was taken to be 4, = — 0.305 (vol.%) . The diffusivity value was
caleulated a1 the mean mell rempersture. The liguid composition was taken to be at a
uniform valoe of U1 vol% as the mminal condhtion. These values resull in mmportant
nondimensional goantities Gr=113.6, Pr=001144, Kg= 30072 107 (G, = 0.3490)
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and Le= 3074, The oumerical model vsad for the results presented here luis alao beon
tsedd to mvestigate the mfluence of gravity levels on space crvstal growth (Simpson &
Garimella 1999, the impact of the presence of a capilliary tube on the process (Simpson
et al 19994) and as the uumpljuilinnul component of 4 combined experimental and
numerical investigation into the Bridgman growth of transparent metal analogs (Simpson
e al [999b,0) _

Velocity vectors and isotherms atter 3A00Es are shown for this alloy in figure Sa. Note
that velocity vectars are shown at every other mesh point for this and subsegoent vector
plats. A single, counter-clockwise, thermolly driven convective cell dominates the velocity
plot The maximum w-velocity is 3467 pmis at (2475, — L8 mm): The magnitude of the
maximum vvelocity is — 1768 pmis ar (17.75, 0 mm) acting in the negative v direction,
The thermal field 18 not distorted by the aetion of convection. Figure Sk shows resulls at
6,000 = The magnitude of the moximumn sw-velocity has decreased to — 1720 jmds acting
downwprd wr (28125, 00 mumb, This is o oresult of solute wejection a the intecface: the
ligher solute accumulites near the iperface apd opposés the incrense in density. chused
by lower remperdtures 10 this region, thus retarding the velocities in the thermally
foeluced comvective cell, At a loter e (9,000 s, figare Sc), the maximum evelocity is

1649 pmfs (at 38,275, 0 mm) confirming the trend of solute rejection apposing the
convertive motion due to the applied temperiture gradient.

Traces of solute concentration scrows the height of solidified alley o the domain are
shown in figore Ga. Three different a-locations (16,18, 26,30, 3641 mm) are shown; these
lncanons comrespond 1o the location of the interfuce at y =0 at nmes of 3,000, 6,000 snd
9000 s respectively. To aid in visualizing the influence of convection. results for a
simulation involving diffusion only (no convection) are supertmposed on this plot. Note
that these pure diffusion results indicate thar sigmificant radial segregation arises due 1o
interface corvatore (see Adomnoto & Brown 1987, Liang & Lan 1996) such that the valoes
For solide concentrafion gt the cenreline are Birger than thuse o the edges, The level of
curvature-induced radial segresation remains almost constant, with values of £ =29 4
(hased on the mean concentration) atx = 16,18 mm and 29.4% at x = 26.30 and 36,41 mm.
The inclusion of conveetion into the caleulations causes the following effects, Solute levels
are increased Tor low valoes of v und decreased for higher values of v Furthermore, the
v-location @t which the maximum value for solute concentrution is found is shifted from
the centreline to y= — 1.234 mun for all the tces shown. This is a consequence of the
convective flow sweeping solute “down™ the interface in the direction of decreasing v and
away from the mterface in the direction of inereasing x (refer to figure 5). The maximum
values for solue conecentranon are Cg 0/ Cq = 02933, 04971, 06486 Tor the races al
= 16,18, 26,30 and 3641 mm respectively. The radial segreganon values increase slightly
ffom E=30L1% ot v= 1618 mm to 56 3% at v =3641 mm.

Truces of solute copeentrations in the solid and melt o times of 3,000, 6,000 and 2,000 «
gre. shown im figure 6b, These traces” mun longitudinally along the ampoule for three
different heights of v= — 288, 0 and 2.88 mm. Note that the inerface location on the
centreline (v = 0) races laes Siglily behingd the value Toe the other taces Since the intar-
fiuce 15 curved. Solute build-up pear the mterfice, and the exponential profile characteristic
af hinary-alloy selote rejection (Smith e el 1955) are clearly evident, The concentration a
the centreling increases from C7C; = 9.622 at 3,000 5 1o 15,90 and 20,79 wt 6,000 and 9,000
s respectively. The impact of convedtion on the salute profiles can also be seen in this plot,
Warm, solute-poor Huld impinges on the top section of the interface. Tlus fhud, cooled by
the interface, falls toward the bortom wall and then returos o the bulk (refer o figure 59
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Figure 5. Vilocity vevtors and Bothenns lor the Bradgoe growth of Bi-0 0 % Sk (e 3000
by 6HH and (e B0 s Thick solid line indicares locition of solidTiouid nterfaoe

It 15 this convective tronsport that causes a thioner solute boundary layer und lower
interface concenration vulue in (he y =288 mm trace and. eonversely, o thicker solute
bounidary laver and higher mterface concentration valoe for the v= — 285 mm trace. The
neerface concentration values along the cemreling cemam Targer tan those Tound 2l
the periphery for all the nmes shown. Thic effect 15 due 1o mierfuce curvature
(see Opwre Ga), The taces o the solid indicate the level of dxial segrelsation as the
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Figure 6. Solute concentrationg for Bi-001 % Soo (@) Troces geross phe soldified material
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solute concentration 1 the sobid increases with time, and alse mdicate the radial
segregation evident in figure 6.

For the low-concentration alloy, the solute concentration profiles are governed by solute
rejection at the (curved) mterface and by thermal convection only. The detion of solutal
convection is limited at these low concentrations. The velocity field indicates that thermal
convectinn decreases slightly with time.

A4 Space ervstal growth of o Bi—F0 ot Soalloy

A more solute-rich alloy was simulated next. The Ligod composttion was taken 1o be at o
uniform value of 1.0 ar% Sn (L8185 vol % Sn) as the idital condition (vielding Gr, =
3.490), The culeulstions for this cuse were the most intensive: the total CPU requirement
wits 21.3 h. The simulution was executed on o DEC Alphaserver 21004 (300 MHa.
SPECH9S 14.0),

Velocity vectors and isutherms after 30005 for this alloy are shown in figure 7u. The
veloeity vectors imdicate o primuary convective cell rotaking in il counter-clockwise manner
in the translating zone, along with a weak secondary, clockwise convective cell driven hy
solute gradients adjacent 1o the imerfnee. The two-cell convective mation is in controst
that observed in figure 33, The maximum v-velocity o the secondary convective cell
near the wterface ot (16,5, 0 mm) 15 05744 pmifs. The nuture of the maximum velocines
diffiers fromn these shown e feEore 3a: the maxoomm eevelociny Tor s case s 444 pmiy
at (255, — LE mm), which is lower than the value of 3467 pmis found for the more
dilure alloy. The maximum sv-velocily magniode 5 — L6 pmds acting downward at
1925 0 mm), which 18 larpér in magnitude than for the Bi—0.1 at.% So ¢ase [ - 1768 gm/
). This maximom is localed Durther lrom the interfuoe (v = 1925 mim versos © = 17.75 mm
for pare and Bi-0.1 L% Sn). Higher levels of solute réjection dug 1o the higher nitial
comeantration of the melt couse the formution of the secondary cell which is responsible for
these effeuts, '

A a later tie (6.005), the front is at x = 2630 mm, a4 shown in ﬁgut_-t Th, The
secondary convective cell has imereased mosize and strength o solute - the diving toree Tor
this cell = comtinues (o beild up at the interface. The masimwn e=velocity in the Secondiry
convective cell near the interface 15 located above the centreline. Later in the growth
progess (90005, figure 7o, the front bas advanced 1o v = 3641 mm; and the secondury
convective cell has become guite strong,

Traces of solute concentration across the height of solidified alloy. along with pure
diffusion resulis, e shown in Mgare Hao This plot provides & stark contrast to the resalts:
shiwen For the more dilute alloy o Niguee Ga; the Formation and growth of thie secondary
cell chuses segrégation o ocour m the opposile sense (Such that concenlration vilues nepr
the top of the domain are higher than at the bottom), For the trace at v = 16,18 mm, the
concentration values are Glose oo the vilues predicted from the pure diffusion analysis,
the maximum value is C/C,=02812 al v = 005880 mm with a segregaiion value of
£=289%, This serendipitous result is a tomsequence of segregation ansing from the
influenee of the secontdary ¢ell baulancing segregation caused by the thermally driven cell
when solidificntion has proceeded 1o this location, At lower values of x (< 3000 s},
seeresation 15 such thar the maximum: valoe oceurs at v < 0 (simidar o the Bi-fh 1 at%
Snoalloy resull, see Agure fa) while at higher values of v (0= 3000 57 this masimoem s
shifted 10 a1 more positive v ovalue, The traces at r=2630 and 3641 mm show tha
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secondary, tlockwise cell driven by solutal gradienes develops with time,
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increasing solutal convection leads to increasing rudial segregition. The maximum values
are C/C,=03062 and 07502 with radinl scgrepition levéls of £=534.7 and 82.2%
respectively. This behavionr is different from that shown in figure 6a, where the convective
field remains aimost steady with respect 1o the intertace resulting i only a slight increase
N fEgregation.

Figure 8b s a plot of longitudinal solute traces at domain hetghis of v= —2.88, 0 and
288 mm for the Bi—1.0 at.% Sn cuse ot times of 3,000, 6,000 and 9.000s. As for the case
shown in figure 6b there is significant solute build-up, with values of liguid solute
concentration. C/C, ot the mierface alopng the centreline of 9.7, 1559 and 19.20
respiectively. Note, however, that thik corresponds (o much higher concentrations due o the
higher tntinl concentrution €y, Near the interface. the vilues for solute in the Liguld are
higher for vi=2.88 mm than that for v= — 288 mum, Further from the solute interface, but
still within the selute boundory layer, concentration increases whh decreasing v, This fs due
o the mieraction of the two convective cells. Nearer the interface, the secondary cell
virculates solute-nich material within the boundary layer, acting to sccumulate solute-nch
material near the interface. Further from the interface (refer 1o figure 7), the primary
comvective cell influences the solute distrbution. sweeping solute from the bottom of the
domain into the bulk and thickening the solute boundary layer in this region: In peneral, the
solute boundury layers are more compact that for the dilute alloy case ar each cor-
responding rime. Note that conventration values of this magnitude would be sufficicnt o
lower the melting temperature of the alloy by o significant amount (see Simpson et al
1998}, This effect may alter the concentration and velocity ficlds and is being addressed in
ongoing work (Garimella & Simpson 20000,

For' the higher alloy concentrations, solutal convection plays @ much luger role, us con
b seun in the concentration profiles discussed pbove. As growth proceeds, the level of
solutel convection grows, with o cormesponding increase i radial segregution. The
maximum concentration increnses much more rapidly than the minimum value

4. Conclusions

A fully trunsient. fixed-grid method for the efficient solution of convection-conduction
phase chonge problems his been used o highlight the pivoral role of thermesilutal
CONVECHION I Macruse gregation.

Resuls for the directional solidification of pure tin as well as a diliute Sn—Bi alloy (at a
high Rayleigh number and low Prandil number) under terrestrial conditiony were
presented, The resulis were found 1o agree well with experimental dats (Wollf & Viskanta
1988 ) and with numencal solutions (Raw & Lee 1991, Zhang et el 1996); these results also
inchicuted that the strong levels of convection present dristically alter the distribution of
solute in the mell region and therefore in the solidified material.

Stmwlations of horizontad Bridgman crystal growth in microgravity conditions were then
iiscussed. For the dilute alloy simulaton (Bi=0.1 at% Sn), a single dominant counter-
clockwise rotating convectve cell was present for the entire duration. With incrensing time,
solule was rejected at the interface and the level of solute near the imerfuce increased. Due
to the presence ol convecton, radinl solute segregution occurred with preferentially higher

values at the bottom of the solid. The level of segregation increased stightly with time. The
muesimum vilues of concentration were small and <o the hssumption of constunt alloy
melting temperature wis realistic,
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For the richer alloy (Bi-1.0 at% Sn), the convective field was much more complex,
Higher levels of solute rejection at the interface caused higher levels of solutal convection,
Initially, & single, thermally driven, counter-clockwise rotating cell was present. As time
proceeded and solute aceumulated at the interface, o secondary, solute-driven clockwise
rotating cell developed. The effect of this conyective pallem was (0 cause significiant levels
of segregation in the solute at the inlerface (and hence in the solid). This segregation was
such that the values toward the top of the domain were maximum. The higher values of
concentration near the interface resulted in a sigmficant change in the melting temperature
for the ulloy. Investigating the effects of concentration-dependent melting temparature 1
being addressed in ongoing work.

List of symbuls

Gy specific heal at constant pressure,

o species concentration:

£ species. diffusion coefficient:

I volume fraction,

E acceleration due w gravity, .

Gr Grashof number, gy (T-Telbg hs

Gt, solutal Grashof number, g, Coly ™

h ampoule thickness (outside radios — inside mdius):

H domiin height (figure la) or ampoule diameter (figure Thi

& thermal conductivity;

Ky segregation coefficient,

L length of simulation domain;

Ly transluting zone length;

. reference length (£ Tor errestrial solidification problem. H for erystal
grawth problem);

e Lewis number, a/l)

Fr Prandl number, vl

Eun Rayvleigh number ( =Cir<Pr);

Ry houyancy ratio | = Gr,/Gn)

i Lime;

r temperaune;

TR velocities in vz directions;

8 expansion coeflicient,

AT temperature difference, Typ— T

AH enthalpy of freezing:

4 vartiedty;

fi nondimensional temperature, (7T T5—1T.%

i dynamic viscosity,

" kinematic yisgosity;

3 radial segregation. (Cpay— Crim W ivenise

f diznsity;

1 strenrm function.

Subseripts

i initial condition:

3¢ cold furnnee temperalure condition;
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H hot furnace temperature condition;
L Tiguiel:

m it sohidifcation frong

8 sl

W ampoule wall

S”pfﬂﬂ,’rﬂ]’}r&'

A

umt vector;
= vaetionr.
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