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Numerical Prediction of Multicellular Melt Flow
During Natural Convection-Dominated Melting

Sin Kim,¤ Samim Anghaie,† and Gary Chen‡

University of Florida, Gainesville, Florida 32611-8300

Numerical solutions to the convection-dominatedmelting in a rectangular cavity are presented, with particular
attention to the multicellular� ows in the melt. The process of phase change is modeled by the source-based method,
where the absorption and evolution of the latent heat is treated as a source term of the enthalpy equation on the
basis of a single-domain (or � xed-grid) concept. The porous medium model is introduced for the simulation of
melt convection with the � xed-grid approach. At the earlier stage of the melting, the melt region is quite similar to
cavities with high aspect ratio, where the multicellular natural convection appears. The formation and evolution
of the multiple � ow cells and the heat transfer during phase change are numerically investigated. Also, numerical
aspects for the prediction of the detailed � ow structure in the melt are discussed.

Nomenclature
A = aspect ratio, H=W
b = model constant for velocity suppression
C = model constant for velocity suppression,kg/m3 ¢ s
c = speci� c heat capacity, J/kg ¢ K
Fo = Fourier number, ®l t=H 2

f = liquid mass fraction in a given computational cell
Gr = Grashof number based on the height of cavity,

g¯1T H 3=º2
l

Grw = Grashof number based on the width of cavity,
g¯1T W 3=º2

l
g = gravitational constant, m/s2

H = height of cavity, m
h = speci� c enthalpy, J/kg
hs = saturation enthalpy of solid state, J/kg
k = thermal conductivity,W/m ¢ K
L = latent heat, J/kg
Nu = Nusselt number, q 00 H=1T kl

Pr = Prandtl number, ºl =®l

p = pressure, N/m2

Ra = Rayleigh number, g¯1T H 3=®l ºl , Pr ¢ Gr
Ste = Stefan number, cl 1T=L
Su ; Sv = momentum source for velocity suppression
T = temperature, ±C
TC = cold wall temperature, ±C
TH = hot wall temperature, ±C
Ti = initial temperature, ±C
Tm = melting temperature, ±C
t = time, s
u; v = directional velocity for x and y coordinates,

respectively,m/s
W = width of cavity, m
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x; y = Cartesian coordinates, m
® = thermal diffusivity, k=½c, m2/s
¯ = volumetric compressibility referred

to the reference temperature, 1/K
° = blending factor for the deferred correction
1T = temperature difference between

TH and Tm , TH ¡ Tm , K
± = melt thickness, m
µ = dimensionless temperature, .T ¡ Tm/=1T
º = kinematic viscosity, m2/s
½ = density, kg/m3

Subscripts

crit = critical value
l = liquid phase

Superscripts

H = higher-order approximation
L = lower-order approximation
C = dimensionlessvariable

Introduction

T HE effect of natural convection in the melt on a phase change
has been of particular interest to many researchersin engineer-

ing � eldssuch as thermal energysystemsusinglatent heat,materials
processing,and single crystal growth. The phase change is strongly
related to the temperature distribution in the liquid phase, as well as
in the solid phase. Even small temperature differences in the melt
can give rise to the naturalconvectiondue to buoyancyforces.There
is a close relationshipbetween the convective� ow and heat transfer
in the melt and the microstructure of the solid formed.1

Most numerical simulations adopted for phase-changeproblems
use either the single-domain method or the multidomain method.
In the single-domain method (or � xed-grid method), a single set
of conservation equations and boundary conditions is used for the
whole domain comprising the solid and liquid phases, with an en-
ergy source term accountingfor the latent heat evolution(or absorp-
tion). The zero-velocity condition, which is required as the liquid
region becomes solid, can be accomplished by the enhanced vis-
cosity method2 or by the porous medium method.3 As discussed by
Viswanath and Jaluria,4 the porous medium assumption seems to
be physically more appropriate and is frequently adopted in phase-
change problems.2;5¡9 The single-domain method, combined with
the porous medium method, is usually referred as the enthalpy–
porosity method.
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The multidomain method (the transformed-gridmethod) consid-
ers thegoverningequationsbasedon theclassicalStefan formulation
(see Refs. 10 and 11). The moving boundary is immobilized using
suitable coordinate transformation,which maps the physical plane
onto the transformed plane. The equations are set up and solved
for each phase, and, at the same time, the interface conditions are
satis� ed explicitly.

Little research has been conducted on the minor structure of the
melt convection. Dantzig12 � rst discussed the detailed structure in
the convection-dominated melt. He conducted numerical simula-
tions of the solid–liquid phase change with melt convection and
observed that multiple cells were formed in the melt at the earlier
stage of the melting process, which is very similar to the multicel-
lular structure in a tall cavity.13

The main objectiveof this paper is to provide a detailedand com-
prehensive numerical analysis of the � ow structure in the molten
phase and the heat transfer during natural convection-dominated
melting in a rectangular cavity. The single-domain approach is
employed to describe the momentum and energy � elds over both
solid-phaseand liquid-phaseregions,with a single set of governing
equations and boundary conditions. The Navier–Stokes equation
is modi� ed to suppress the motion in the solid phase by adding a
source term, which is identi� ed as a porous-medium method. The
spatial and temporal discretizations are based on the � nite volume
scheme and the fully implicit (backward) Euler scheme, respec-
tively. The � ow� eld is expressed in terms of primitive variables,
which are obtained by adopting the SIMPLE algorithm.14 In re-
gard to the interpolation of the advection term, which is known
to be essential in the calculation of the � ow structure in a tall
cavity, we use the deferred correction method15 based on the up-
wind and central difference schemes as a lower- and a higher-
order interpolation, respectively.The in� uence of the interpolation
scheme on the numerical predictability of the detailed � ow struc-
ture in the melt region, as well as the macroscopic phase-change
process, such as the position of the solid–liquid interface, is also
discussed.

Mathematical Formulation
To illustrate two-dimensional melting driven by the natural con-

vection and conduction in a rectangular cavity, consider the physi-
cal system shown in Fig. 1. The phase-changematerial is contained
in a cavity whose vertical sides remain at constant temperatures,
whereas the connecting horizontal walls are adiabatic. Initially, the
phase-change material in the cavity is kept at uniform temperature
below or at the fusion temperature Ti · Tm . The melting is initiated
by raising the temperatureof the left wall impulsively to a predeter-
mined temperature TH above the fusion temperature TH > Tm . The
temperature at the right wall TC remains at the initial value TC D Ti .
It is, therefore, expected that the buoyancy force may give rise to
the natural convection in the melt zone emerging and growing as
the melting occurs.

The momentum � eld is subjected to no-slip boundary conditions
at the walls, and the � ow is laminar and incompressible.It is further
assumed that the solid–liquidinterfacemotiondue to volumechange

Fig. 1 Schematic of melting problem.

at melting is negligible, the Boussinesq approximation is valid, and
the phasic thermophysicalproperties of the material are constant.

In solving phase-change problems with the single-domain
method, the absorptionand evolutionof the latent heat during phase
change leads to the modi� cation of the energy equation because the
interface is not tracked, and, thus, the interface conditions are not
imposedexplicitly.The single-domainmethodrelieson theenthalpy
formulation, which employs the enthalpy as a dependent variable
in the energy equation rather than the temperature, and that intro-
duces the liquid mass fraction f , de� ned as the ratio of the liquid
mass to the total mass in a given computational cell. The enthalpy
formulation is, therefore, used to eliminate the heat � ux condition
at the solid–liquid interface. The interface conditions are automat-
ically satis� ed across the phase-change front, and the front can be
tracked from postprocessing the obtained nodal liquid fraction. If
the saturation enthalpy of solid state and the melting temperature
are set to the reference enthalpy and temperature, respectively, the
speci� c enthalpy can be expressed as

h D f L C cT (1)

The heat capacity c may vary with the phase. The liquid mass frac-
tion can be obtained from the enthalpy:

f D

8
<

:

0 if h < 0

h=L if 0 · h · L

1 if L < h (2)

In the single-domain method adopted in this work, during the
solution process of the momentum � eld the velocity in the compu-
tational cells located in the solid-phaseregion should be completely
suppressed, whereas the velocities in the liquid phase remain un-
affected. Thus, as a physical model to suppress the velocity in a
suitable manner, this study employs the porous-medium method3

that treats the phase-changecells as a “pseudoporousmedium” and
introduces a Darcy-like term in the momentum equation. A fre-
quently used form of the source terms, which is formulated from
the Karmen–Kozneyequations(see Ref. 4), is adoptedfor this study:

Su D ¡C [.1 ¡ f /2=. f 3 C b/]u

Sv D ¡C [.1 ¡ f /2=. f 3 C b/]v (3)

As a cell solidi� es, these source terms will dominate the discretized
momentum equationsand returnvelocityvaluesclose to zero.When
a cell is fully located in the liquid region, these source terms do not
affect the momentum � eld. The constantC has a large value to sup-
press the velocity as a cell becomes solid, and b is a small number
used to prevent the division by zero when a cell is fully located in
the solid region, namely, f D 0. The choice of the constants is arbi-
trary. However, the constants should ensure suf� cient suppression
of the velocity in the solid region, but should not in� uence the nu-
merical results signi� cantly. In this work, the recommended values
of C D 1 £ 109 kg/m3s and b D 0:005 are used.4 Both constants are
con� rmed through a preliminary sensitivity study on the constants
in the ranges 1 £ 108 · C · 1 £ 1010 and 0:0005· b · 0:05. Note
that C is a dimensioned number.

In natural convectionproblems in rectangular cavities, the width
of the cavity is suitable as the length scale. In melting problems,
however, the width of the melt region is continuously changing
because the melting progresses and the thickness of the melt ±.y/
may not be a constant, but may be a function of y, even at a � xed
instance, if there is natural convection in the melt. The height of the
cavitycanbe analternativelengthscalere� ecting themelt geometry.
The temperature scale is set to 1T because the melt convection is
driven by the temperature difference between the hot wall and the
phase-change front. For natural convection in a rectangular cavity,
the order of magnitude of the � ow velocity in the boundary layer
is shown to be vBL » ®l Ra0:5=H (Ref. 16), which is adopted as the
velocity scale. The timescale is determined by dividing the length
scale by the velocity scale, yielding H 2 Ra¡0:5=®l .
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By the use of the scaling parameters, the governingequations are
transformed to nondimensional forms and the nondimensionalized
governing equations are given as

@uC

@xC
C @vC

@yC
D 0 (4)
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@tC C uC @uC

@ xC C vC @uC

@yC D ¡
@pC
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Numerical Methods
To solve the conservationequations governing the phase-change

process in a rectangular cavity, the spatial domain is discretized in
the context of the � nite volume, and the time integration is done by
the backward Euler scheme. The SIMPLE algorithm is employed to
� nd the velocity and pressure � elds. The detailednumerical scheme
used to solve the momentum and energy equations is based on
PCOL.F, programmed by Ferziger and Peric.14

The interpolationscheme for the convectionterm is critical in the
predictionof the secondary cells in a tall cavity. The false diffusion
due to numerical upwinding schemes may result in the delay of the
onset of the secondary cells and even the failure in the prediction
of the multicellular pattern.8 Hence, for the calculation of the � ne
� ow structure, instead of the upwind difference scheme (� rst-order
scheme), the use of higher-order interpolationis recommended.As
an interpolationscheme for the convectivemotion, this study adopts
the deferred correction method.15 The lower-order � ux approxima-
tion is implicitly imposed, whereas the higher-orderapproximation
is explicitlyobtained from the preceding iteration.The � ux through
the east face is given as

Fe D F L
e C °

¡
F H

e C F L
e

¢old
(8)

Normally, the explicit part is so small that it may not affect the
convergence signi� cantly. In this study, as the lower-order and the
higher-orderscheme, the upwind difference scheme (UDS) and the
centraldifferencescheme (CDS) are chosen, respectively.All calcu-
lations are conductedwith CDS throughoutthe paperunless another
method is speci� cally mentioned.

The PCOL.F was not intended to simulate phase-change prob-
lems, and so signi� cant modi� cations were made to implement the
source-basedmethod accounting for the phase-changeprocess and
the porous-mediummethod suppressingvelocity in the solid region.
It is so straightforward to incorporate the porous-medium method
that the explanationof the procedure is omitted. On the other hand,
the source-basedmethod in this study is used along with the front-
layer predictor–corrector and the pseudo Newton–Raphson algo-
rithm for better computational ef� ciency. The full description on
the enhanced source-basedmethod can be found in Refs. 7 and 17.

Numerical Results and Discussion
Convection-Dominated Melting for Pure Metal

We consider the melt convectionduring the melting of a gallium
in a rectangularcavitybecause the multicellularpattern is magni� ed
in low Prandtl number � ows even for relativelysmall aspect ratios.13

Over the past few years, considerableattentionhas been paid to gal-
lium phase-change problems.1;3¡5;7;8 The gallium is usually used

Table 1 Thermophysical properties and the experimental
conditions in the calculation for gallium melting

Parameter Experimental condition

Aspect ratio A 0.7143
Prandtl number Pr 0.0216
Rayleigh number Ra 6:057£ 105

Stefan number Ste 0.03912
Width W 0.0889 m
Height H 0.0635 m
Density ½ 6095 kg/m3

Speci� c heat capacity c 381.5 J/kg±C
Latent heat L 8:017£ 104 J/kg
Thermal diffusivity ® 1:376£ 10¡5 m2/s
Kinematic viscosity ºl 2:970£ 10¡7 m2/s
Thermal expansion coef� cient ¯ 1:2 £ 10¡4=±C
Melting temperature Tm 29.78±C
Initial temperature Ti 28.3±C
Hot wall temperature TH 38.0±C
Cold wall temperature TC 28.3±C

Fig. 2 Comparison of the phase-change front location for the melting
of gallium.

for electronicand industrialmaterials such as semiconductors,laser
diodes,and solarcells.To assessthe accuracyof themodelpresented
in this work, the predicted phase-change fronts are compared with
the experimental results presentedby Gau and Viskanta.18 The ther-
mophysical properties and the experimental conditions used in the
calculation are listed in Table 1 (see Ref. 3).

The comparison of the calculation, the Gau and Viskanta18 data,
and the transformed-grid simulation by Vaswanath and Jaluria4 is
shown in Fig. 2. A uniformly spaced 50 £ 36 grid is used in the
calculation. The predicted solid–liquid interfaces at 6 and 10 min
show some discrepancy compared with the experiment, some of
which may be attributed to the imperfect experimental condition.
Although the hot wall temperature is assumed to reach a desired
temperature during the experiment, in practice, raising the temper-
ature impulsively as desired is very dif� cult. The actual amount of
energy transferredto the gallium through the hot wall should be less
than that imposed in the idealizedcalculation,and so the retardation
of the front evolution in experiments may be likely. The inaccurate
modeling of the thermophysical properties such as the anisotropic
natureof the thermalconductivity,as well as thenumericalmodeling
error, can be other reasons for the discrepancy.Notwithstanding,the
present results show reasonably good agreements. Note that, com-
pared to the transformed-grid results, the present calculation gives
a better predictionof the front position at 19 min when the effect of
delayed heat-up at the hot wall is negligible.

Note that the � ow structures obtained by some studies2;3 show
only a single cell in the melt region. However, Viswanath and
Jaluria4 conducted the same problem with the transformed and
the � xed-grid methods. Using the transformed grid, they observed
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a)

b)

c)

Fig. 3 Streamlines for gallium melting at a) 6, b) 10, and c) 19 min;
left obtained by the CDS and right � gures by the UDS.

a) b) c) d) e) f ) g)

h) i) j) k)

l) m)

Fig. 4 Streamlines in the gallium melt, - - - - denote the reverse � ows: x coordinate is shown for 0 <– x/H <– 0:2 for a) 18 s, b) 30 s, c) 60 s, and
d) 2 min; 0 <– x/H <– 0:4 for e) 3, f ) 4, and g) 5 min; 0 <– x/H <– 0:6 for h) 6, i) 7, and j) 8 min; 0 <– x/H <– 0:9 for k) 9 min; and 0 <– x/H <– 1:3 for l) 15
and m) 19 min.

secondary recirculation cells at the corner of the melt region, even
when themelt thicknessis comparableto theheightof thecavity.The
secondary recirculation eddies are completely missed by the � xed
grid with the enthalpymethod, evenwith a � ner resolution(60 £ 50)
than the transformed grid calculation(50 £ 30). As shown in Fig. 3,
however, the present numerical scheme based on using a � xed-grid
formulation can predict the secondary cell when CDS is adopted.
The observation of a single cell in the calculations is attributed to
the fact that the upwindingscheme, which is commonly adopted for
many engineeringcalculations,tends to smear out the detailed � ow-
� elds. In fact, the usual UDS has been criticized for being overly
diffusive and suppressing smaller eddies because of arti� cially in-
creased viscosity. The difference between the models (CDS and
UDS) is not signi� cant in the prediction of the phase-changefront.
The UDS gives good results for the macroscopicparameters like the
phase-change front location and the melt volume.

Multicellular Flow Structure in the Melt
Consider the earlier stage of the melting of a pure substance in

a rectangular cavity heated from a sidewall. At the beginning of
the melting, the heat transfer is governed by the conduction.As the
melting proceeds, the temperature difference between the hot wall
and the liquid–solid interface will provide the melt with enough
force to � ow, and eventually the naturalconvectionwill be initiated.
At the earlier stage of the melting, the phase-change front marches
nearly parallel to the wall. As long as the melt region remains thin,
the melt convection may be regarded as a natural convection in
a tall cavity where multiple cells can be formed.13 The liquid is
con� ned between the hot wall and the solid–liquid interface. If the
constant temperature is imposed on the hot wall, the � ow structure
may be quite similar to the typicalnaturalconvectionin a cavitywith
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Fig. 5 Nusselt number at the heated wall.

constantsidewall temperaturesbecausethe temperatureat thephase-
change interface is always kept at the fusion temperature (Fig. 4).

As obtained by Lee and Korpela,13 and also in the present study,
the multicell structure comes out at Grashof number on the order of
8000 (Grw ¼ 8000) in a rectangularcavitywith A D 15. In a melting
problemwhere the thicknessof the melt is not de� nite, but varies as
the melting progresses, the critical thickness of the melt ±crit where
the multicellular � ow cells appear can be estimated as follows:

Grw D 8000 D .Ra=Pr/.±crit=H /3

The data for gallium melting just discussed give H=±crit ¼ 15. The
detailed � ow structure in the melt will be investigated under the
same conditions listed in Table 1.

The evolution of streamlines is depicted in Fig. 5. At 18 s,
the melt thickness reaches the critical thickness estimated from
Grcrit D 8000, but the multicellular pattern cannot be identi� ed. Af-
ter the melting progresses further, at about 30 s, multiple � ow cells
in the melt become obvious. The melt region at 30 s corresponds to
the cavity with the aspect ratio of 11.5. The delay of the onset of the
multicellular pattern can be explained by considering that the melt
has been con� ned within a thin region until it grows to the critical
thickness. The insuf� cient melt thickness can affect the process of
the formationof multiple cells and it is expected that it should result
in the delay of the onset of a multicellular pattern. The formation
andevolutionof the multicellularstructureis expectedto be strongly
dependent on the melt shape formed at the earlier stage of melting.
The number of cells varies with time, beginning with � ve cells at
30 s and increasing to six, then decreasing to � ve, four, and � nally
to one major cell accompanied by several minor cells.

Recently, multicellular structure during melting became an is-
sue of interest, and many researchers have been engaged in the
study of this subject. Hence, an extensive comparison exercise in
which 10 researchgroupsparticipatedwas made by Bertrandet al.19

Studies by Danzig,12 Stella and Giangi,9 Wintruff et al.,10 and Cer-
imele et al.11 are other examples of the current interest in this
subject. Although the problem considered by Bertrand et al.19 and
Wintruff et al.10 (Ra D 250,000; Pr D 0:02; and Ste D 0.1) is some-
what different from that considered by the others, including the
present study (Ra ¼ 600,000; Pr ¼ 0.02; and Ste ¼ 0.04), the over-
all trend is expected to be very similar. However, when the results
are compared, there are some inconsistencies found in the evolu-
tion pattern of multiple � ow cells. Whereas Danzig,12 Stella and
Giangi,9 Cerimele et al.,11 and the present work predicted six � ow
cells at around 30–40 s after the onset of melting, Le Quéré, who

is one of the participants in the comparison exercise in Ref. 19, as
well as Wintruff et al.,10 observed four cells that were not identi-
� ed by Danzig.12 Nevertheless, a consistent result found by all of
the aforementioned researchers, except Danzig, is that the four-cell
pattern,which emerges at around 50–60 s in the results of Stella and
Giangi9 and the present work, continues until about 90–100 s and
successively evolves into triple-, double-, and single-cell patterns.
As for the evolution of the number of � ow cells, Cerimele et al.11

and the present study predict a � ve-cell pattern at around 30 s and
a six-cell pattern at around 40 s, whereas Danzig12 and Stella and
Giangi9 obtained six cells at around 30 s.

Given the predicted Nusselt numbers at the hot wall, there is an
obvious discrepancy between the present results and the results by
Le Quéré (see Ref. 19) and Wintruffet al.10 BecauseDanzig,12 Stella
and Giangi,9 and Cerimele et al.11 did not provide Nusselt numbers,
their results are not mentioned here. Le Quéré (see Ref. 19) and
Wintruff et al.10 overpredict Nusselt numbers by about 20% com-
pared to the correlationand other results of many other participants
in the comparison exercise (see Bertrand et al.19/, except the earlier
period of melting, whereas the present results agree quite well with
the correlation, as well as with the results by the coarse mesh, as
can be seen in Fig. 5. The correlationused for the comparison reads

Nu.¿/ D 0:29Ra0:27Pr0:18

C
¡
1
¯p

2¿
¢
f1 ¡ [1 C .Ra Pr/¡0:72¿ ¡1:5]¡0:5g (9)

where ¿ D Ste ¢ Fo. In Fig. 5, the resultsby the coarsemesh (50 £ 36)
used for Figs. 2 and 3 are also compared with the results by the � ne
mesh (120£ 100). As shown in Fig. 5, both predictions agree well
with the correlation.The steplike behavior in the predicted Nusselt
numbers with the coarse mesh is a well-known � aw of the enthalpy
formulation.20 The � ne-mesh calculationpredicts an oscillatorybe-
havior in the average Nusselt number at the hot wall, which is very
similar to the results of Le Quéré (see Ref. 19) and Wintruff et al.10

Note that there is a range where the � ne-mesh prediction disagrees
with the correlation and the coarse-mesh prediction. The region of
the disagreement corresponds to the period from the initiation of
multicellular pattern (30 s, or ¿ D 0:004) and to the initiation of
the single-major-cell regime (300 s, or ¿ D 0:04). It appears that
the discrepancy is still unresolved,although it may be related to the
difference in the way in which the numerical models describe the
phase change and the convection.

Similar calculationshavebeenperformedwith differentRayleigh
numbers to investigate the effect of the Rayleigh number on the
� ow structure in the melt. The Rayleigh number will generate dif-
ferent melt conditions when the multicellular � ow structure comes
out. With reference to the aforementioned conditions of Gau and
Viskanta’s experiment,18 the Rayleigh number is decreased to 1

10
(see Fig. 6) and increased to 10 times (see Fig. 7). The aspect ratio
is adjustedto give the desiredRayleighnumber.Parameters used for
the calculation are listed in Table 2, with the grid systems listed in
Table3. The criticalthicknessof themelt aroundwhich the multicel-
lular pattern initiates is stronglydependenton the Rayleigh number.
When the numerical results for cases 1, 2, and 3 listed in Table 2
are compared, the calculated critical thickness for each problem is
obtainedas »0.087, »0.15, and »0.039, in terms of ±crit=H , respec-
tively. As the Rayleigh number decreases or increases 10-fold, the

Table 2 Parameters for the calculations to investigate the effect of the
Rayleigh number on the multicellular � ow structure

Property Case 1a Case 2 Case 3

Rayleigh number Ra 6:057£ 105 6:057£ 104 6:057£ 106

Aspect ratio A 0.7143 0.3315 1.539
Width W , m 0.0889 0.0889 0.0889
Height, H , m 0.0635 0.02947 0.1368
Estimated critical 0.0658D 1/15.2 0.142D 1/7.06 0.0306D 1/32.7

thickness based on
Grcrit D 8000 ±crit=H

Time interval, s 0.01 0.01 0.01

aCase 1 corresponds to Gau and Viskanta’s experiment in Ref. 18. All physical prop-
erties not listed here can be found in Table 1.
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a) b) c) d)

e) f ) g)

Fig. 6 Evolution of multicellular pattern in the melt for case 2 de� ned
in Table 2 (Ra = 6.057 ££104 and A = 0.3315), - - - - denote the reverse
� ows: x coordinate is shown for 0 <– x/H <– 0:3 for a) 20, b) 25, c) 40,
and d) 45 s and 0 <– x/H <– 0:5 for e) 75, f) 100, and g) 150 s.

a) b) c) d) e)

f ) g) h) i) j)

Fig. 7 Evolution of multicellular pattern in the melt for case 3 de� ned
in Table 2 (Ra = 6.057 ££106 and A = 1.539), - - - - denote the reverse
� ows: x coordinate is shown for 0 <– x/H <– 0:1 for a) 25, b) 35, c) 45,
and d) 75 s and 0 <– x/H <– 0:2 for e) 175, f) 200, g) 225, h) 250, i) 275,
and j) 300 s (width in a–d is intentionally enlarged twice for display).

Table 3 Grid system

Case 1 Case 2 Case 3

120 £ 100 80 £ 50 80 £ 100
0 · x=H · 0:075 0 · x=H · 0:15 0 · x=H · 0:00375

30 (uniform) 30 (uniform) 30 (uniform)
0:075< x=H · 0:04 0:15 < x=H · 0:8 0:0375< x=H · 0:2

40 (nonuniform) 40 (nonuniform) 40 (nonuniform)
0:4 < x=H · 1:4 0:8 < x=H · 3:02 0:2 < x=H · 0:578

50 (nonuniform) 10 (nonuniform) 10 (nonuniform)

critical thickness is approximately doubled or halved, respectively.
For all cases, the critical thickness is reached at about 25 s after the
onset of melting.

Conclusions
The convection-dominatedmelting in a rectangular cavity is in-

vestigatednumerically.In particular,the multicellular� ow structure
in the melt region of a tall cavity that allows for multiple � ow cells
is simulated and analyzed.

The melting, including the formation and evolution of multicel-
lular � ow pattern in the melt, is successfully simulated with the
enthalpy–porosity method for the phase-change process and with
the central difference interpolationscheme for the convection term.
The UDS is not adequate to predict the detailed � ow structure in
the melt due to its overdiffusivecharacteristics.However, even with
rather coarse-mesh points, the UDS scheme often gives reasonable
results for macroscopic behaviors like the location of the phase in-
terface and the volume fraction of the melt region. To observe the
multicellularstructurein the melt, high-resolutioncalculationusing
� ne-mesh points is needed.

The formation and evolutionof the multiple � ow cells in the melt
region is approximatelysimilar to that of a single-phase� ow in a tall
cavity with the same aspect ratio. However, the continuous change
of the melt region due to the melting affects the detailed process.
The critical thickness of the melt initiating the multicellular pattern
is somewhat larger than that of pure natural convection in a cavity
because the melt has remained in a narrower region until the thick-
ness reaches the criticalvalue.The heat transferpredictedby the � ne
mesh agreesquitewell with both thecorrelationand the coarse-mesh
prediction,exceptduring theevolutionof themulticellularstructure.

To investigate the effect of Rayleigh number and the aspect ratio
of the melt region, three differentmelting problems were simulated.
The computational results show that the number of cells in the melt
and the progress of the evolution of the multicellular pattern are
strongly dependent on the Rayleigh number and the aspect ratio
of the melt region. As the Rayleigh number increases 10-fold, the
critical thickness is approximatelyhalved,whereas the critical time
remains same, at about 25 s after the onset of melting.
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