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Abstract—Meelting and solidification of pure materials, during which liquid convection is driven by buoyancy,
or a combination of buoyancy and surface tension forces is considered. A numerical model, which is
verified by comparing its predictions with experimental results, is used to show that thermocapillary effects
can be of primary influence upon local melting rates in both relatively high and low Pr materials, and it
can have a significant impact upon overall solidification. In low Pr materials, overall solidification rates
are affected by thermocapillary convection more than overall melting rates. Thermocapillary convection
is shown to have a significant influence upon phase change, regardless of the value of the dynamic Bond
number considered in this study.

INTRODUCTION

CONSIDERABLE interest has developed regarding ther-
mocapillary convection and its impact upon solid—
liquid phase change during materials processing oper-
ations [1]. Despite the attention paid to surface ten-
sion phenomena, much remains to be learned of its
interaction with buoyancy-induced convection during
melting or solidification. For example, only quali-
tative experimental data exist which show the impact
of surface tension driven convection on solid-liquid
phase change. Analytical challenges are due, in part,
to the presence of liquid domain boundaries (the
solid—liquid interface as well as the liquid free surface)
whose locations are not known beforehand. If surface
tension forces become large relative to their viscous
counterparts, oscillatory convection is established,
further complicating experimentation and analysis [2,
3). Surface chemistry associated with the presence of
trace impurities within, or surfactants upon the melt
can establish soluto- as well as thermocapillary forces
which, in turn, alter liquid phase convection [4].

In this study, melting and solidification of low and
moderately high Pr, nominally pure materials with
convection driven by surface tension and buoyancy
forces are considered. Hence this effort builds upon
existing literature which deals with melting of low Pr
materials [5, 6]. Because of the number of dimen-
sionless parameters involved, selected results are pre-
sented for silicon, Pr = 0.031 [4], and sodium nitrate,
Pr = 9.25 [7], the latter material having been used to
mimic solidification of opto-electronic materials [8].

The model predicts phase change within the domain
of Fig. 1. To preserve generality, a rectangular cavity
with insulated top and bottom is considered. The ver-
tical cavity walls are maintained at hot and cold tem-
peratures inducing phase change at S(y). The liquid

free surface is subject to net horizontal surface tension
forces comprised of soluto- and/or thermocapillary
components which, along with thermal buoyancy
forces, induce convection. In practice, solutal surface
tension forces arise in nominally pure materials due
to, for example, surface oxidation resulting from the
material’s exposure to trace amounts of air during
processing. Solutocapillary forces oppose thermo-
capillary forces in most liquids.

Melting of solids at their fusion temperature is con-
sidered, while solidification proceeds numerically
until a steady state is reached. Although the liquid’s
sensible energy and convective motion eventually sub-
side in applications such as casting, it is maintained
here by T;, in order to capture the phenomena relevant
in, for example, melt growth and float zone growth or
refinement of semiconductor crystals [4].

NUMERICAL MODEL

The melt free surface is assumed to be flat; an
assumption which is strictly valid only when the con-
tact angles at the cavity wall and solid are 90°, and at
low Ca. The Boussinesq approximation is employed
and the liquid’s surface tension varies linearly with
temperature. Viscous dissipation is ignored, as are the
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A aspect ratio, H/L
Bo dynamic Bond number, Ra/May

c concentration

Ca  capillary number, do/0T: AT /¢

D surface concentration diffusion
coefficient

e, unit vector in # direction

Fo  Fourier number, t-o,/L?

g gravitational acceleration

h convection heat transfer coefficient,
—(koT/om)/(T,—T7)

he latent heat of fusion

H enclosure height

k thermal conductivity

k* thermal conductivity ratio, k./k,

L enclosure length

Le Lewis number, /D

Ma_ solutal Marangoni number,
(00/0c)Coug LI

Ma; thermal Marangoni number,
(00/0T)YATL |y

Nu  local Nusselt number at the solid-liquid
interface, hL/k,

Nu  average Nusselt number at the hot wall,
{d_oNu-dnaté=0

n normal unit vector
P pressure
P dimensionless pressure, PL/p,* o}

Pr liquid Prandtl number, v/a

NOMENCLATURE

AT  temperature difference, T,,— T or
T, — T

u dimensionless velocity, UL/a,

U velocity

Vv volume fraction

v,  normal interface velocity

X horizontal coordinate

y vertical coordinate.

Greek symbols

o thermal diffusivity

o* thermal diffusivity ratio, a/o,

B thermal expansion coefficient

n dimensionless vertical coordinate, y/L,
vertical control surface location

0 dimensionless temperature, (T— T)/AT

] dynamic viscosity

v kinematic viscosity

¢ dimensionless horizontal coordinate,
x/L, horizontal control surface
location

g density

o* density ratio, p,/p,

g surface tension

¥ dimensionless streamfunction.

Subscripts and superscripts

Ra  liquid Rayleigh number, gBAT,L3/v,- o, c concentration
s dimensionless solid-liquid interface C cold
location, S/L f fusion

S interface location h hot

St solid subcooling, AT,/AT, i solid-liquid interface, counter in the x

Ste  liquid Stefan number, ¢, AT\ /h; direction

t time J counter in the y direction

T temperature 1 liquid

s solid.

slight velocities normal to the interface induced by 9, 5
domain shrinkage and expansion. Radiation and con- aFo +u-ve, = V7o @)
vection interactions at the free surface are ignored and .
the liquid and solid are treated as radiatively opaque. solid:
The opacity assumption is suspect due to the ther- 0,
mally semitransparent nature of silicon and molten Fo a*V?0,. @

salts.
Upon incorporation of the assumptions, the
governing equations are

liquid :
V-u=0 (

—

)

F
% +(-V)u = —Vp+PrViu+Ra-Pr-Oe, (2)

The initial conditions are
melting :
at Fo=0, s=001, 6,=0, 6,=1 (523)
solidification :
at Fo=0, 5s=099, §,=—-1, ;=1 (5b)

while the boundary conditions are
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u=0,0,=1 at{=0, 0gn<4d (6a)
u=0,0,=0o0r -1 até=1, 0<y<4 (6b)
u=0,00/0n=0 atnp=0, 0<ESL  (6¢)
u=0,00,/0n=0 atn=A, s<&E<1| (6d)
06,/on=0 atn=4A4, 0<é<s. (6e)

The hydrodynamic boundary condition at 5 = 4,
0< ¢ <s reflects the (potentially) simultaneous
influences of surface thermal and concentration
gradients [9]

0u/on],— 4 = May 30,/0E|,- 4+ Ma,3CI8El,-s  (T)

in which the surfactant or oxidant concentration
gradients are established along n = A by combined
one-dimensional advection and diffusion. As shown
by the analysis and experimental results included and
referenced in ref. [9], coupling between opposing solu-
to- and thermocapiliary surface tension forces estab-
lishes nearly stagnant conditions at the liquid free
surface, regardless of the value of Le. In lieu of includ-
ing surface chemical transport directly as in ref. [9],
effective no-slip conditions,u = 0atn = 4,0 < ¢ <,
are imposed and designated as the Ma, = oo case.
This approach implies that limiting case behavior
(Ma, = 0 or o) is to be predicted, and is taken solely
to reduce the computational expense of the simu-
lations. The coupling conditions at the solid-liquid
interface are those associated with pure matter, since
the surfactants or oxides are restricted to the free
surface

u=20
05 = 9] = O
k*S:(V6,-n)— (V6,"n) = p*/Ste-V,.  (8)

Results are presented in terms of the dimensionless
streamfunction

¢

Y(&n=0)=y( =0,'7=0)—L u,d  (9)

n

w¢m=¢@n=m+Jugn

0

(10)

where Y (¢ = 0,7 = 0) = 0, as well as the volume frac-
tions of liquid

Vi= llAjAsdn ¢0))

0
and solid, ¥, = 1 — V. Heat transfer results (Nu and
Nu) are also reported. Note that the problem is
governed by 11 dimensionless parameters (9 with the
approximate treatment of solutocapillary effects).

Numerical procedure

The governing equations are solved numerically
with a procedure nearly identical to that described
in detail elsewhere [10]. In short, a nonorthogonal,

curvilinear control volume-based methodology is
used. All terms arising from the nonorthogonality are
retained in the discretized equations, since curvature
of the solid-liquid interface can be severe. Due to the
costly nature of the simulations, the fully transient
solution of ref. [10] is impractical, so the solid-liquid
interface is advanced in a quasi-steady fashion. Upon
convergence of the convection—diffusion equations
(local mass residuals of less that 1 x 10~® and energy
balance achieved to within 0.1%), the solid-liquid
interface is advanced.

An adaptive, nonuniform, nonorthogonal mesh is
assigned to each phase with dense packing used at
n = A, { = s to resolve the severe local gradients [1].
Specifically

'_1 ul
§,=]——s(f,r1)'<lT> for i=1,2,...,N+1
(12)
=1y )
n=1- a for j=12,....,M+1 (13)

where M = N = 38, m = n = 1.5 (melting), m = 1.75,
n=1.5 (solidification). A grid network symmetric
about ¢ = s is specified for s < £ £ 1—s while retain-
ing the same n; distribution as in the liquid phase.

The predictions are time step independent and are
nearly grid independent. Grid independence was
studied by performing preliminary simulations for a
square liquid domain (Ra = 7.5x 10*, Ma; = 4.4 x
10%, Pr = 9.25) with 38 x 38 and 58 x 58 control vol-
ume meshes used. Local heat transfer rates differed
by approximately 5% for the two simulations. The
coarser mesh was used to obtain reasonably accu-
rate solutions within reasonable computer time ex-
penditures. Temporal resolution was determined
for every case by halving the time step until differences
between predictions could not be discerned. Here,
6x107° < AFo < 4x 1075, Solidification progressed
numerically until steady state. Here, 99% of the local
‘steady state’ solid-liquid interface position is
achieved within the first 75% of the simulation CPU
time.

The simulations were performed on a battery of
10 IBM RS/6000 workstations. As is well known,
accurate simulation of thermocapillary convection is
expensive relative to buoyancy-driven flow. The
Ma_ = 0 simulations required one to two orders of
magnitude more CPU time using the same mesh and
convergence criteria, under otherwise identical physi-
cal conditions as the buoyancy-driven flows con-
sidered here. Specifically, the thermocapillary simu-
lations required a total CPU time of over 5000 h,
making inclusion of fully transient, surfactant diffu-
sion, three-dimensional and free surface deforma-
tion effects implausible.

RESULTS
Model validation

Quantitative experimental results for solid-liquid
phase change have been obtained in an experimental
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configuration consistent with the geometry of Fig. 1
[11.12]. Included in ref. [13] are detailed descriptions
of the cxperimental techniques, procedures and esti-
mated uncertaintics, as well as a listing of the ther-
mophysical propertics of the test liquid (siliconc
oil) and solid (ice). Note that H =20 mm in the
experiments.

Figure 2 includes results for a conjugate experiment
at steady state (4 = 0.5, Ra = 32000, May = 1500,
Ma. =0, Ste =0.047. S;=0.35 and Pr=1755).
Shown are the observed streamline distribution (Fig.
2(a)) and the mcasured liquid surface temperature
distribution (Fig. 2(b)). Note that the actual liquid
phase free surface and solid-liquid interface reflect the
streamline image of the liquid phase. whose ultimate
size and shape is determined by a balance of liquid
and solid phase heat transfer at the solid-liquid inter-
face. The predicted liquid phase domain is shown in
Fig. 2(c). along with the observed domain whosc
solid-liquid interface is indicated by the dashed line
and whose center of rotation is shown by the cross.
Excellent agreement is noted between the exper-
imental results and numerical predictions.

Relatively high surface velocities advect warm fluid

""tll b OO

M R T R D

into the upper right portion of the liquid domain (Fig.
2(d)) leading to high local heat transfer to the solid--
liquid interfuce. The predicted liquid surface tem-
perature and horizontal velocity distributions are also
shown in Fig. 2(b}. Since silicone oil is not susceptible
to solutocapillary forces, predictions using the no-
slip surface condition arc in poor agreement with the
cxperimental results [12].

Figure 3 shows the observed and predicted liquid
phase domains and streamline distributions for a
melting experiment (4 = 0.5, Re = 32000, Ma, =
1500. Ma,=0. Sre=0.047. S, =0 and Pr=
1755).  Predicted  liquid  temperature  distri-
butions are also shown. Thermal buoyancy and
surface tension forces combine to induce liquid con-
vection, with thermocapillary forces inducing large
surface velocities and propagation of warm liquid
from left to right, enhancing melting in the upper
portions of the domain. Note that the experimental
center of rotation is shown by a cross superposed
upon the predicted streamline distribution. Pre-
dictions using the effective no-slip condition at the free
surface are in poor agreement with the experimental
results [12].
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Fi1G. 2. Comparison of measured and predicted results including: (a) the observed liquid phase domain

and streamlines, (b) measured and predicted surface temperature and predicted velocity distributions, (c)

the predicted liquid phase domain size and streamlines (¢ = —9.66), and (d) the predicted liquid phase
temperature distribution.
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a)

b) | C)

FiG. 3. Observed (top row) and predicted (middle and bottom rows) liquid phase convection during
melting of ice with silicone oil. The predictions are for: (a) Fo = 2.4, = —4.96, (b) Fo =484 = —6.91.
and (¢) Fo = 8.0,y = —8.57.

Based upon the agreement of the predictions with
experimental data, the model is considered to be vali-
dated. Melting and solidification of low and relatively
high Pr materials are considered next, and the dimen-
sionless parameters are shown in Table 1. The Ra.
Mas,, Ste and Sy values are associated with melting
or solidification of pure silicon with H = 5 or 20 mm
and T,—T; = 10"C. Note that Ra and Ma values
are different for the melting and solidification cases
because of the different aspect ratios used (Ra and
Ma based on H are identical). Thermophysical prop-
erties are listed in Table 2.

Melting
Figure 4 shows the liquid phase for silicon (Figs.
4(a)-(c)) and sodium nitrate (Figs. 4(d)-(f)) for

Mu, = 0. Ra = 6.75x 10° and Ma; = 1.32x 10*. The
liquid domains shown are of identical volume frac-
tions. specifically ¥, = 0.107 in Figs. 4(a) and (d),
V,=0.173 in Figs. 4(b) and (e). while ¥, =0.327 in
Figs. 4(c) and (f). Figure 5 includes predicted Nu
corresponding to the results of Fig. 4, as well as for
associated Ma, ~ <« simulations.

For either material. melting is most rapid at n = 4.
Also. the major center of rotation, ¥, propagates
downward with time, reflecting the increasing strength
of buoyancy relative to thermocapillary forces as the
liquid phase expands. Detailed descriptions of the low
Pr behavior are available in refls. [5, 6] and only per-
tinent features are noted here. Specifically, the silicon
is characterized by multi-cellular convection with an
upper cell driven primarily by thermocapillary forces
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Table 1. Dimensionless parameters associated with the parametric simulations

Case Pr Ra May Ma, A Ste St Bo
Melting ,
1 0.031 6.75 x 10° 1.32x10* 0,0 1/3 5.14x107° 0 51.1
2 0.031 1.05 x 10° 327x10° 0,0 1/3 5.14x1073 0 3.21
3 9.25 6.75 % 10° 1.32x10* 0,0 1/3 495x107? 0 511
4 9.25 1.O5x10* 3.27x10° 0,00 1/3 495x%1072 0 3.21
Solidification
5 0.031 200x10° 8.80x10° 0,00 12 S5.14x1073 25,40 2277
6 0.031 311x10° 2.18x10* 0,00 12 514x107? 2.5,4.0 1.43
7 9.25 200x10° 880x10° 0,00 1/2 495x10°? 25,40 227
8 9.25 3.11x10° 2.18x10° 0,00 12 495x1072 2.5,4.0 1.43
Table 2. Thermophysical properties of sodium nitrate and silicon
Property NaNO,, NaNO, silicon, silicon,

p (kgm™) 1904 [7) 2261 [14] 2520 [4) 2302 [18]

v (m?s~Y) 1.46 x 10~ [7] — 3.97x 10" [4] —

c(Ukg 'K 1880 [7] 1823[15]  930[4] 1000 [18]

k(Wm 'K 0.565 [7] 0.588 [16]  30.0 [4] 22.0 [18]

o (m?s™") 1.58x 107 — 1.28x 10-3 —

8o/6T(Nm~'K-)  —7.0x10-°[14] — —2.79x 1074 [17] —

he (kT kg™") — 1823 [16) — 1808 [18]

B (K C 6.6x107[14] — 2.0 x 10° [4] —

Pr 9.25 — 0.031 —

and a bottom rotation (Fig. 4(a)) induced by buoy-
ancy. A middle cell () is driven by shear interaction
with its neighbors. At early times the buoyancy-
induced flow is of sufficient strength to advect warm
temperatures to the solid-liquid interface at n/4 ~
2/3, resulting in enhanced melting locally (Fig. 4(a)).
With time, the top and bottom celis merge (Fig. 4(b)),
with a smaller cell (i,) located beneath the lip of the
solid-liquid interface which is pushed downward
with time (Fig. 4(c)). The buoyancy-affected local
melting is not evident at later times, with S(y) increas-
ing monotonically with y.

The Nu distributions of Fig. 5(a) are characterized
by local maxima and minima traceable to the multi-
cellular convection and relatively complex liquid
phase domain of Figs. 4(a)—(c). At Fo =0.95, for
example, buoyancy is of sufficient strength to induce
high local heat transfer rates in the range
0.3 € n/4 <£0.7. Minimum Nu exist at /4 ~ 0.8 and
are associated with the cool fluid trapped within ¢,
of Fig. 4(a). Maximum Nu exist at §/4 ~ 0.85 and are
associated with the impingement of downflow within
the thermocapillary cell upon the solid protruding
into the liquid domain. The largest Nu occur near #/
A = 1. As time progresses, the complexities of the Nu
distribution are reduced since the vigorous buoyancy-
induced convection cell merges with the thermo-
capillary-driven cell, resulting in the relatively
straightforward Nu distribution of Fo = 5.64. Even
at the latest time shown, however, minimum Nu exist
near n/A = 0.20 due to the recirculation, ¥,, of Fig.
4(c). The Nu distributions associated with Mg, = co

are as expected, and Nu locally exceeds that of
Ma_. = 0 in the lower portions of the liquid domain.

Sodium nitrate (Figs. 4(d)—(f)) is characterized by
unicellular convection throughout the melting process
(except for the initial stages, Fo < 0.1). As expected,
the higher Pr liquid’s heat transfer is affected by con-
vection more than the silicon, with its free surface
length exceeding that of the silicon (for equal V))
throughout time. Here, thermocapillary effects are
considered to be more vigorous than for silicon in the
sense that the center of rotation is confined to large
n/A and the liquid free surface is large. Since Pr is
high, surface temperature gradients near the solid-
liquid interface are large relative to the silicon, increas-
ing the thermocapillary component of equation (7)
directly.

Large Nu (Fig. 5(b)) exist at the free surface and,
as in the silicon, above the protruding solid in the
location of the thermocapillary-induced downflow.
Minimum MNu, attributed to ¢, in the silicon, are
nonexistent for the sodium nitrate. As in the silicon,
heat transfer rates associated with the Ma.=
simulation can be decreased in the bottom portions
of the liquid layer due to the role of thermocapillary
convection in restricting the most vigorous convective
activity to regions near the free liquid surface and, in
turn, inducting a relatively strong return flow from
the cold solid toward the hot wall at intermediate n/A4.

Similar trends regarding the liquid phase dynamics
and local convective heat transfer rates are noted for
the low Ra;, Ma; simulations [11]. The no-slip pre-
dictions of the liquid phase hydrodynamics are well
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FiG. 4. Predicted liquid phase convection during melting of silicon at: (a) Fo = 0.95, (b) Fo = 2.23,
(c) Fo = 5.64 and sodium nitrate, (d) Fo = 0.11, (e) Fo = 0.23, and (f) Fo = 0.50. Streamfunction values

are: (a) ¢, = —2.01, Y, =0.10, ¥, = —1.54, (b) ¢, =

—3.53, ¢, = 0.08, (c) ¥, = —4.89, ¥, = 0.08,

(d) ¢, =—629,(e) ¥, = —8.74, (f) ¢, = —12.90.

understood and bear only modest resemblance to
those shown here (as implied by the Ma. =~ «, Nu
distributions shown in Fig. 5). As expected, smaller
Nu are predicted for the silicon relative to the higher
Pr sodium nitrate [11].

Instantaneous solid-liquid interface locations for
both materials (including Ma, ~ o) are shown in Fig.
6. Thermocapillary effects are significant, even for
relatively large physical systems (large Bo) involving
low Pr liquids (Fig. 6(a)). Melting at low Ra (Figs.
6(b) and (d)) becomes convection dominated when
thermocapillary forces are not offset by soluto-
capillary effects. The inclusion of thermocapillary

forces yields decreased melting rates at locations far
from the free surface, as a consequence of the inter-
play between buoyancy and thermocapillary forces
throughout the liquid region.

Overall melting rates may be inferred from the Nu
history shown in Fig. 7. The overall silicon melt rate
(Figs. 6(a), 7(a) and 6(b), 7(b)) is relatively insensitive
to thermocapillary effects, even though liquid phase
convection augments localized melting significantly at
high Bo (Figs. 6(a), 7(a)). This insensitivity is due
to the offsetting enhancement and reduction in local
melting induced by muiti-cellular convection evident
in Figs. 6(a) and (b). In contrast, the sodium nitrate
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FI1G. 5. Predicted Nu for the times shown in Fig. 4. Results

are for: (a) silicon and (b) sodium nitrate. Effective no-slip

and thermocapillary predictions are shown by the dashed
and solid lines, respectively.

melting rate is augmented significantly by ther-
mocapillary forces (Figs. 6(c), 7(c) and 6(d), 7(d)).
Early transition to convectively dominated melting is
promoted by thermocapillarity, as evidenced by the
departure from the conduction solution for all of the
cases relative to the Ma, = oo results. For the low Bo,
moderate Pr case (Figs. 6(d) and 7(d)) melting may be
mistakenly deemed conduction dominated, if thermo-
capillary effects are neglected. Note that thermo-
capillary effects can lead to an increase in Nu with
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F1G. 6. Selected solid-liquid interface locations during melt-

ing. No-slip and thermocapillary results are shown by the

dashed and solid lines, respectively. The predictions for
Simulations 1-4 are shown in (a)—(d) respectively.

time (Fig. 7(c)) in contrast to the relatively constant
Nu histories of buoyancy-induced melting [19].

Solidification
Surface tension phenomena are also present during
solidification, but, since the solid phase conduction is

a
25 b

204
Nu 154

400 0.1

02 03 04 0.5 0.6

L A A A | 1

30
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20-
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V.

FiG. 7. Predicted Nu histories during melting. Results are for : (a) silicon, Bo = 51.1, (b) silicon, Bo = 3.21,

(c) sodium nitrate, Bo = 51.1, (d) sodium nitrate, Bo = 3.21. The distributions are for the conduction

solution (short dashed line), the no-slip simulation (large dashed line) and the thermocapillary simulation
(solid line).
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important in the solid-liquid interface energy balance
(equation (8)), the impact of surface tension may be
less than during melting. The degree of solid phase
subcooling (St) may impact on the thermocapillary’s
relative influence upon solidification.

Figure 8 shows liquid (convective) heat transfer
characteristics for the low and high Pr materials at
low Bo and high S;. The liquid domains shown are
of identical volume fractions, specifically ¥, = 0.675
in Figs. 8(a) and (d), ¥, = 0.362 in Figs. 8(b) and (e),

2

b) )

ol

FiG. 8. Predicted liquid convection during solidification of silicon at: (a) Fo = 3.84, (b) Fo = 24.3, (c)

Fo = o0 and sodium nitrate, (d) Fo = 0.39, (e) Fo = 2.14 and (f) Fo = 3.90. For all cases, Bo = 1.43 and

St = 4.0. Streamfunction values are: (a) , = —2.87,¢, = 0.036, ; = 0.035, (b} ¥, = —2.02, ¢, = 0.087,
©) Y, =—179¢,=0.087 ¢, = —0.02, (d) y, = —5.75. (e} ¢, = —4.26, ({) ¢, = —3.68.
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Fi1G. 9. Predicted Nu for the times shown in Fig. 4. Results

are for: (a) silicon and (b) sodium nitrate. Effective no-slip

and thermocapillary predictions are shown by the dashed
and solid lines, respectively.
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while ¥, =0.277 in Figs. 8(c) and (f). In a manner
similar to low Bo melting cases [5, 11], the silicon is
characterized by multi-cellular convection at smaller
liquid fractions, while a vigorous thermocapillary-
driven cell is present for large liquid fractions. The
multi-cellular structure in Fig. 8(c) consists of a top
thermocapillary driven circulation, a bottom buoy-
ancy driven circulation and an intermediate counter-
rotating cell. In contrast to the silicon, the sodium
nitrate is characterized by unicellular convection
throughout solidification.

Significant variations in Nu exist along the solid-
liquid interface, and specific results are shown in Fig.
9. As in melting, heat transfer enhancement occurs
near the liquid surface for Ma, = 0. In contrast to the
results of Fig. 4, the complexity of the liquid domain’s
shape is modest, and local solid protrusions into the
liquid domain are slight. As such, heat transfer modi-
fication due to impingement of the thermocapillary
flow upon the protruding solid phase is not important.
Multi-cellular convection still exists within the low Pr
silicon, however, and variations in Nu are attributed
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FiG. 10. Predicted solid-liquid interface locations during solidification. Effective no-slip and thermo-
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8 (g) and (h). The high Sy results are in the left panel.
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to its presence. In the high Pr silicon nitrate (Fig. 9(b))
local Nu variations are modest in the lower portions
of the liquid, suggesting little influence of either multi-
cellular convection or geometrical complexity upon
convection. In either material, the low Nu for
n/A < 0.5 is due to thermocapillary’s role in con-
firming the most vigorous convection in the upper
part of the liquid domain. At low Bo, the Ma. ~ 0,
Nu distributions are conduction dominated,

Predicted solid-liquid interface locations during
solidification are shown in Fig. 10. In each case, the
interface propagates from right to left, and the far left
results are associated with the steady state. As in Fig.
6, a comparison is made with predictions using no-
slip hydrodynamic boundary conditions. As required
and expected, more material solidifies as S; is
increased, and the higher Nu near n = A4 leads to
decreased solidification at that location. Solidification
at low Bo, Ma, =~ oo is conduction dominated.
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In contrast to the Ma, = 0 results of Fig. 6, in which
enhanced local melting rates near the free surface are
offset by local decreases elsewhere (leading to an
insensitivity of overall melting rates to thermo-
capillary convection in low Pr materials, Fig. 7), sol-
idification rates are decreased everywhere along the
solid-liquid interface. This behavioral difference is
attributed to (i) the relative sizes of the liquid regions
associated with melting and solidification and (ii)
solid phase conduction during solidification. Specifi-
cally, the relatively large liquid volume fractions of
Fig. 10 allow thermocapillary effects to propagate
further downward into the liquid phase. As a result,
the sharp Nu variations associated with melting are
smoothed, as was evident in Fig. 9. Furthermore, solid
phase conduction desensitizes the system response to
variations in Nu with, for example, the high convective
heating near n/4 = 1 offset by high diffusive cooling
at the same location. Because of these differences dur-

a)

b)

€)

.8 0.0

02 0.4

e e
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F1G. 11. Predicted Nu histories during solidification. Predictions in the left panel correspond to Bo = 22.7

while those in the right are for Bo = 1.43. Low and high solid subcooling predictions are in the top and

bottom halves of the figure, respectively. Predictions for silicon are included in (a), (b), (¢) and (f'). Sodium

nitrate predictions are shown in (c), (d), (g) and (h). The distributions are for the conduction solution

(short dashed line), the no-slip simulation (large dashed line) and the thermocapillary simulation (solid
line).
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ing the melting and solidification cases considered
here, thermocapillary effects are deemed significant in
each solidification simulation, regardless of Pr, Bo or
Sr.

Predicted Nu histories during solidification are
included in Fig. 11. Again, Nu is reported for the
conduction solution as well as for Ma, = 0, 20 cases.
In contrast to the results of Fig. 7 (especially, Figs.
7(a) and (b)), thermocapillary effects consistently and
significantly increase overall liquid phase convective
heat transfer rates and, in turn, decrease overall
solidification rates relative to the Ma, =~ oo case.

SUMMARY AND CONCLUSIONS

Solidification and melting of low and moderate Pr
materials, with the limiting cases of no-slip or thermo-
capillary boundary conditions applied to the liquid
phase, has been considered. Thermocapillary forces
are significant in modifying liquid phase convection
and heat transfer at low Bo, since heat transfer rates
with effective no-slip conditions applied are con-
duction dominated. High Bo convection is affected by
thermocapillarity at the local level.

Local phase change rates are affected significantly,
regardless of Bo or Pr. In low Pr materials, enhance-
ments and reductions in Nu are partially offset, leading
to overall melting rates which are relatively insensitive
to thermocapillary phenomena. Overall sodium
nitrate melting rates are increased by thermocapillary
convection. Local solidification rates are reduced
everywhere by thermocapillary effects regardless of
Pr, since (i) the relatively large liquid domains allow
propagation of thermocapillary-affected convection
to lower regions of the liquid domain and (ii) solid
phase conduction desensitizes the response to highly
variable Nu.

It is noted that the experiments and simulations
were performed under highly controlled, idealized
conditions and extension of the results obtained here
to practical systems requires caution. In reality, the
major challenge is to determine the degree to which
solutocapillary effects are present within the system.
This is not a trivial task, with nearly all liquid free
surfaces being chemically active at the molecular scale.
Regardless of the uncertainty associated with surface
effects, however, the actual phase change behavior is
likely to be bracketed by the limiting cases represented
by the effective no-slip and pure thermocapillary treat-
ment of the liquid surface boundary condition.
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