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Abstract-This paper presents a numerical study dealing with the natural convection-dominated melting 
process of a pure metal (tin) from a hot vertical wall, having a uniform surface temperature with a time- 
dependent sinusoidally varying perturbation, of a square enclosure. The enthalpy method is adopted 
to model the latent heat absorption/release at the moving solid-liquid interface and the Boussinesq ap- 
proximation is adhered to to simulate the natural convection flow in the melt region. Parametric simulations 
via a finite difference method have been directed towards the response of the melting process in the enclosure 
to the imposed oscillatory wall temperature. The ranges of the relevant parameters covered in the present 
study are Ra = IO’-5 x IO’, Sre = 0.007 and 0.07, SC = 0.2-0.5.p = 0.5-8, and A = O-0.69. Results clearly 
demonstrate that a steady periodic melting regime arises following a period of transient oscillatory melting. 
The heat transrer rates at the vertical hot and cold walls as well as the melting rate exhibit a regular 
temporal oscillation at a frequency equal to that of the imposed wall temperature perturbation but with 
phase difference. The effects of relevant parameters on the oscillatory melting behavior are investigated. 

INTRODUCTION inside the enclosure could be subjected to a temporally 

THIS PAPER presents a numerical study of the melting 
periodic thermal boundary condition, and as a result 

process in a square enclosure due to temporally per- 
a periodic melting/solidification phenomenon arises. 

iodic heating on a vertical wall, as depicted in Fig. 1. 
Several studies in the existing literature are found to 

The physical configuration considered is of fun- 
deal with the periodic solid-liquid phase change heat 

damental interest in connection with the problem con- 
transfer in a latent heat storage device of various 

cerning a thermal management device utilizing a 
geometry. Bransier [9] analyzed the conduction-domi- 

solid-liquid phase change material (PCM thermal 
nated thermal behavior of a PCM in contact with a 

management device). The periodic variation of the hot 
fluid undergoing a sinusoidal variation of temperature 

wall temperature with time simulates the boundary 
with time. Bransier and co-workers [IO] further pre- 

condition encountered in the surroundings of many 
sented an experimental study as well as a one-dimen- 

thermal systems, such as cyclic solar flux and time- 
sional modeling of periodic latent heat storage in an 

dependent surface temperature in electronic devices 
enclosed PCM slab. The effects of natural convection 

due to periodically switching the current on and off 
in the melt were also taken into account in the model. 

in the electronic components. 
A finite difference analysis has been performed for the 

The heat transfer problem of melting from a vertical 
periodic thermal performance of a latent heat storage 

hot wall in a rectangular enclosure has received con- 
cylinder [I I]. Kalhori and Ramadhyani [I21 studied 

siderable research attention due to its fundamental 
experimentally the heat transfer and temperature dis- 

importance in current technological applications. 
Comprehensive reviews of the literature concerning 
this problem are available [l-3]. It has been dem- 
onstrated that natural convection in the melt region 
can play a major role in the melting heat transfer pro- 
cess. Representative works on the natural-convection- 
dominated melting process in vertical rectangu- 

9 

lar enclosures are chronically listed in refs. [4-81. The I T,, (t) 

thermal boundary condition of the hot vertical 
wall considered in these previous studies is limited to 
that of static isothermal temperature or fixed heat 
flux. In many practical operations, however, the PCM 
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NOMENCLATURE 

amplitude of oscillatory surface V” total volume of PCM 
temperature V* volumetric fraction of liquid PCM, 
dimensionless amplitude of oscillatory VtnlVo 
surface enthalpy, c,,.,a/(Jl -i.:) W width of enclosure 
oscillatory amplitude of Qc s+. j” Cartesian coordinates 
oscillatory amplitude of Qh s, y  dimensionless coordinates, s+/H, y+/H. 
oscillatory amplitude of V* 
aspect ratio, W/H Greek symbols 

specific heat thermal diffusivity 

frequency ; thermal volumetric expansion coefficient 

dimensionless frequency, f + H ‘/a, if enthalpy 

local liquid fraction i, dimensionless enthalpy. 

dimensionless local liquid fraction, (i+-2,‘)/(1; -&I+) 

AIL 
1’ kinematic viscosity 

Fourier number, r*,f/H’ 5 dummy variable 

gravitational acceleration P density 

height of enclosure stream function 

thermal conductivity z+ dimensionless stream function, $+/cc, 

latent heat Wf vorticity 

dimensionless time period, l/f W dimensionless vorticity, W+ Hz/u,. 

Prandtl number, ~,/cr, 
average heat flux at vertical 

Subscripts 
C cold surface 

wall h hot surface 
dimensionless heat transfer rate 
Rayleigh number, 

i>j grid index 
I 

slr(IC -GW31(~p.,~,~,) 
liquid phase 

S 
subcooling factor, (A: --i$)/(1: -2:) 

solid phase. 

Stefan number, (/:,-1$)/L Superscripts 
time * ratio of quantity for solid to that for 
temperature liquid phase 
volume of liquid PCM 

- 
average value. 

tributions in a vertical annular latent heat storage unit 
undergoing a periodic steady state operation at which 
the energy recovered during solidification is equal to 
that stored during the melting process. Moreover, 
Jariwala et al. [I31 evaluated experimentally the per- 
iodic steady state thermal performance of a vertical 
cylindrical latent heat storage unit containing a sub- 
merged helical coil. Also, a simple model involving 
the concept of a controlling process was proposed. To 
date, it appears that there has been no study treating 
detailed heat and fluid flows of natural-convection- 
dominated melting in a vertical enclosure subjected to 
a temporally periodic thermal boundary condition as 
considered in the present study. 

In the absence of a solid-liquid phase change, the 
response of a natural convection flow field and heat 
transfer characteristics to a time-wise periodic wall 
temperature has recently been studied analytically and 
numerically [l4]. A follow-up work of ref. [14] was 
further conducted via numerical experiments to deter- 
mine the demarcation between the linear and non- 
linear responses of temperature and flow fields of 
natural convection in an air-filled square enclosure to 

wall temperature oscillation of small amplitude [l5]. 
It was found that the critical amplitude corresponding 
to the demarcation is a strong inverse function of 
the Rayleigh number. More recently, the effects of 
amplitude and frequency of oscillatory wall tem- 
perature on a water-filled square enclosure were inves- 
tigated numerically for a fixed Rayleigh number [I 61. 

The study to be described here appears to be the first 
effort to explore the response of a natural-convection- 
dominated melting process in an enclosure to a time- 
dependent periodic variation of temperature at the 
vertical hot wall. More specifically, the effects of the 
oscillatory variation of wall temperature on the flow 
field and heat transfer associated with the melting 
process in a square enclosure are investigated by 
means of numerical simulations of the problem. 

MATHEMATICAL FORMULATION 

As depicted schematically in Fig. I, two-dimen- 
sional melting of a solid PCM in a vertical rectangular 
enclosure is modeled mathematically. The solid PCM 
is assumed to be initially subcooled at a uniform tem- 
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perature T,. At time I = 0, the left-hand vertical wall 
is isothermally heated with a sinusoidal perturbation 
about a mean hot wall temperature ri,, with amplitude 
a and frequency ./‘. The time-dependent hot wall 
temperature remains above the fusion temperature of 
the PCM at all times. The right-hand vertical wall is 
kept isothermal at T,, and the horizontal walls of 
the enclosure are assumed adiabatic. To facilitate the 
formulation, the following further assumptions are 
adopted : 

(I) The thermophysical properties of the PCM are 
independent of temperature. 

(2) The fluid flow in the melt region is laminar and 
two-dimensional. 

(3) The Boussinesq approximation is valid. 
(4) The viscous dissipation and volume change due 

lo the solid-liquid phase change are negligible. 

With the foregoing, the normalized governing par- 
tial differential equations for the problem under con- 
sideration are formulated in terms of stream function, 
vorticity, and enthalpy similar to those used in ref. 
[17] : 

(3) 

Here the energy equation, equation (3), is applied to 
the entire PCM including the solid-liquid interface, 
while the vorticity and the stream function equations, 
equations (I) and (2), are solved only for the melt 
region of the PCM. Moreover, the dimensionless ther- 
mal diffusivity ratio c(* in equation (3) is determined 
based on the liquid fraction in the control volume 
about a grid point as 

a* = F,+(I-F,)%. (4) 

The initial and boundary conditions for the prob- 
lem can be written as : 

at Fo = 0, 

Il/=w=i,=o 

for Fo > 0, 

JJ=Oorl,O<x<,4R; 

(5) 

s = 0,o < y f 1 ; 

II/=O,l= l+Asin(2nFo/p) 

x= AR,O<y< 1; 

l+b=o,n=o 

(6b) 

(6~) 

at the solid-liquid interface ; 

t+b = 0, i = SC. (64 

Furthermore, the heat transfer rate through the 
hot and cold walls of the enclosure is, respectively, 
presented by means of dimensionless heat transfer 
rates defined as 

METHOD OF SOLUTION 

The set of governing differential equations, equa- 
tions (l)-(3), subjected to the initial/boundary con- 
ditions, equations (5) and (6). was solved numerically 
by means of a finite difference method. The differential 
equations were discretized by using second-order cen- 
tral differencing for the spatial derivatives except the 
convective terms, for which the second upwind scheme 
[ 181 was adopted. The time derivatives were approxi- 
mated by a forward difference. The resulting finite 
difference equations at each time step were solved 
iteratively by using a line relaxation scheme. The solu- 
tion procedure used in the present study is essentially 
the same as that described in refs. [ 17, 191 and need not 
be repeated here. The convergence criteria adopted 
for each field variable (5 = $, w, A) in the iteration 
procedure at each time step is 

where the superscript n denotes the iteration level. 
A 41 x 41 uniform mesh system was adopted for the 

simulation as a result of a series of test calculations 
for the grid dependency. For instance, the results of 
the heat transfer rate as well as the melted fraction of 
PCM for Ra = 5 x 105, Pr = 0.0157 (tin), Ste = 0.007, 
A = 0.69, p = 8 using a mesh of 41 x41 differ from 
those using the 5 I x 5 1 mesh within I %. Furthermore, 
the time step selected for the simulation depends on 
the period of the oscillatory wall temperature; one 
period of the wall temperature oscillation is sub- 
divided into at least 400 time steps. 

In order to validate the computer code developed 
in the present study, a preliminary calculation was 
conducted for the limiting case of natural-convection- 
dominated melting of pure tin from a time-inde- 
pendent isothermal vertical wall in a shallow rec- 
tangular enclosure (H/W = 0.75) like that inves- 
tigated in refs. [20, 211. Comparison of the present 
calculation for the melting front profiles at different 
times with their data is shown in Fig. 2. It is evident 
from the figure that our simulation yields results 
somewhat closer to the experimental data of ref. [20] 
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Rff = I.205 x 10s 
Ste = 0.00040 
SC = 0.0476 
AR = 0.75 

- Present prediction 

FIG. 2. Comparison of the predicted melting fronts of pure 
tin in a shallow rectangular enclosure with the existing data. 

than the prediction of ref. [21]. This may be in part 
due to the fact that the numerical prediction of ref. 
[2l] did not take into account the subcooling of PCM 
that existed in the experiment [ZO]. 

RESULTS AND DISCUSSION 

From the foregoing formulation, the melting pro- 
cess considered in the present study is governed by the 
following parameters: the Rayleigh number Ra, the 
Prandtl number Pr, the Stefan number Ste, the sub- 
cooling factor SC, the dimensionless time period p (or 
the frequency f), the dimensionless amplitude A, and 
the aspect ratio AR. Numerical simulations have been 
performed for pure tin as the ?CM with the relevant 
parameters in the following ranges : Pr = 0.0157, 
Ra = 103-5x 105, Sre = 0.007 and 0.07, SC = 0.2- 
0.50. p = 0.5-8.0 (f’= 0.0625-2) A = O-0.69, and 
AR = I. The thermophysical properties of pure tin 
are available in refs. [20, 211. All calculations were 
conducted on a personal computer PC-AT486 that 
requires more than 29 h for a typical simulation. Due 
to the long computational time required for the simul- 
ation, calculations for extensive combinations of these 
parameters have not been possible. A total of 20 
numerical simulations have been performed. Pres- 
entation of the simulation results will be mainly 
focused on the influences of the parameters Ste, A, p, 
Ra, and SC on the heat transfer characteristics and 
the melting rate in the enclosure under time-dependent 
wall temperature perturbation. 

Unlike the better known melting behavior in a ver- 
tical enclosure with static thermal boundary 
conditions, it is expected that the melting process will 
proceed somewhat differently with an oscillatory per- 
turbation of temperature with time on the vertical hot 
wall. In general there are two distinct regimes that 
emerge as the melting process proceeds in the presence 
of an oscillatory wall temperature. Following an 
initial transient oscillatory regime, a steady periodic 
melting regime arises, as exemplified in Fig. 3 for 
Ra= 105, Ste =0.007, SC =0.3, and p = 8 (f= 

Fe/P 

FIG. 3. Temporal variations of the heat transfer rates at the 
vertical walls (a) and the melting rate (b). 

0.125) with different amplitudes. The time-wise 
variations of the heat transfer rates through the ver- 
tical walls and the melted volume fraction are pre- 
sented in Fig. 3. An overview of the figure clearly 
reveals that the heat transfer rates as well as the melt- 
ing rate reach a steady periodic variation with time 
following different periods of the initial transient oscil- 
latory regime, respectively. Specifically, the heat trans- 
fer rate through the hot wall, Q,,, starts to exhibit 
transient oscillatory variation after action of the first 
halfcycle of the oscillatory wall temperature, as shown 
in Fig. 3(a). Starting from the fourth cycle of the 
wall temperature oscillation, the regime of the steady 
periodic variation of Qh appears. Furthermore, it can 
be noticed from the figure that the oscillation of Qh is 
in phase with the oscillatory wall temperature at the 
same frequency. 

On the other hand, the initial transient regime of 
the heat transfer rate through the cold wall, Qc, as also 
displayed in Fig. 3(a), features transient oscillatory 
variation with gradually higher local maxima in 
accordance with the oscillatory action of the hot waif 
temperature. The gradual increase of the local 
maximum of Qc during the initial transient regime also 
reflects the dependence of the degree of penetration of 
the wall temperature oscillation upon the melting 
front position, namely the melted fraction V*. 
With the oscillatorily increasing melted fraction as 
depicted in Fig. 3(b), the heat transfer rate at the 
static isothermal cold wall gradually becomes stimu- 
lated. After the seventeenth cycle on the hot wall tem- 
perature oscillation, the value of Qe reaches a steady 
periodic regime, having the same frequency as that of 
the imposed hot wall temperature perturbation but 
with phase difference. Moreover, the amplitude of Qc 
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oscillation appears to be much smaller than that for streamline and enthalpy distributions at nine instants 
Qh, reflecting the damping effects due to the solid- spanned over the fifth cycle of the hot wall tem- 
liquid phase change process on the penetration of the perature oscillation as denoted in Fig. 4(a) is displayed 
hot wall temperature perturbation. in Fig. 5. The dashed lines in the contour plots indicate 

As for the melting rate, a steady periodic regime 
occurs after the sixteenth cycle on the imposed wall 
temperature oscillation, as shown in Fig. 3(b). The 
oscillatory variation of the melted fraction implies 
cyclic occurrence of re-solidification at the solid- 
liquid interface in response to the oscillatory heat 
inflow and outflow through the vertical walls. Another 
interesting fact that can be observed from the figure 
is that the periodic variation of QC is somewhat in 
phase with that of the melting rate. Furthermore, the 
oscillation amplitude of the heat transfer rate Q,, as 
well as the local maximum values of QC and V* tend 
to increase with the increase of the imposed oscillation 
amplitude at the hot wall, while the local minimum 
values of Q, and V* appear to be rather insensitive to 
the variation of the imposed oscillation amplitude. 

v m,n =-3764.v,,, =oo A,,. =lCOC.A~=Cl 

As the Stefan number is increased, the occurrence of 
the steady periodic melting behavior becomes greatly 
promoted, as illustrated in Fig. 4 for Ste = 0.07. The 
heat transfer rates through the vertical walls, Q,, and 
QC, display the steady periodic variation soon after 
the first oscillation cycle of the hot wall temperature, 
indicating greatly enhanced penetration of the wall 
temperature perturbation on the melting behavior in 
the enclosure. The sequence of contour maps for 

V,,, =-52424.V,, ‘00 

m) 2 a 
I6 

x 
12 

06 

04 

0 

5 

I 2 3 4 5 

2 3 4 5 

Fo /P 

FIG. 4. Temporal variations of the imposed enthalpy oscil- 
lation at the hot wall (a), the heat transfer rates (b) and the 

melting rate (c). 

V,,. = -60915.V,, =OO Am., =169O,AA=Ol 

v nl,” =-60291.Vmo, =OO 

V,,. =-33273.V,,, =01166 Amox =0590,AA=005,A,=05121 

FIG. 5. Periodic streamline (left) and iso-enthalpy contour 
(right) plots at different instants denoted in Fig. 4(a). 
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5th cycle 
VI,,, =-37e4.vmo, =o A ,,=~oco.A~=o~ 

the locations of the melting front. During the first 
quarter of the cycle, the unicellular flow field in the 
melt region continues to intensify with the hot wall 
temperature rising to its maximum; the enthalpy 
gradient at the hot wall, and thus the heat transfer 
rate Qh, reach their maximum accordingly. With the 
subsequent fall of the hot wall temperature through 
the second and third quarters of the cycle, the clock- 
wise circulation in the melt is seen to be progressively 
impeded, and a counter-rotating secondary eddy is 
detected growing at the upper left corner region, as 
shown in Figs. 5(f) and (g). Meanwhile, as seen from 
these plots, the thermal boundary layer on the hot wall 
becomes loose with the declining hot wall temperature 
and a warm pocket ofmelt at temperature higher than 
the hot wall is detected to float in the top region of 
the melt zone. In particular, at the end of the third 
quarter of the cycle, an essentially isothermal melt 
slightly warmer than the hot wall is observed and a 
minute back heat flow arises at the hot wall, as wit- 
nessed by the slight negative value of Qr, in Fig. 4(b) 
at the corresponding time. Resemblance to the above- 
described back heat flow phenomenon was also found 
for the pure natural convection of water in a square 
enclosure without a solid-liquid phase change [16]. 
Moreover, under the extraction of the sensible heat 
from the solid PCM through the cold wall, a re-sol- 
idification phenomenon occurs and hence the move- 
ment of the solid-liquid interface is reversed starting 
from the second quarter, as witnessed in Figs. 5(d)- 
(i). This re-solidification process is seen to continue 
through the fourth quarter of the cycle and, at the 

same time, the flow structure as well as the enthalpy 
distribution in the melt region during this time interval 
evolve back to those observed at the beginning of the 
cycle. 

Figure 6 is intended to demonstrate the effect of the 
time period of the wall temperature oscillation on the 
periodic melting behavior for Sre = 0.07, SC = 0.3, 
Ro = IO’, and A = 0.4. It is evident from the curves 
for the heat transfer rates shown in Fig. 6(a) that the 
shorter time period, namely higher oscillation fre- 
quency, tends to advance and strengthen the steady 
periodic heat transfer behavior at both vertical walls 
but leads to weaker thermal penetration, as indicated 
by the smaller oscillation amplitudes of the heat trans- 
fer rate through the cold wall as well as of the melting 
rate variation illustrated in Fig. 6(b). 

The influence of the Rayleigh number is conveyed 
in Fig. 7 for Ste = 0.07, SC = 0.3, p = 8, and A = 0.4. 
The amplitudes of the heat transfer rates at both ver- 
tical walls exhibit strong dependence on the Rayleigh 
number; the increase of the Rayleigh number greatly 
amplifies the oscillation amplitudes of Qh and Qu. Yet, 
the amplitude of the oscillatory melting rate, Fig. 7(b), 
displays little dependence on the Rayleigh number. 
Furthermore, Fig. 7 reveals that the increase of Ra 
results in a significant increase of the mean values of 
the heat transfer rates and the melting rate in the 
steady periodic melting regime. This further reflects 
the dominant role played by natural convection dur- 
ing the melting process in the presence of temporal 
wall temperature perturbation. 

Next, the variation of the subcooling factor SC is 
considered as presented in Fig. 8. The heat transfer 
rate at the hot wall is, as expected, markedly enhanced 
with a slightly larger oscillation amplitude for the 
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FO 

FIG. 6. Influence of the time period on the heat transfer rates 
and the melting rate. 
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FIG. 7. Effect of the Rayleigh number on the heat transfer 
rates and the melting rate. 

lower subcooling factor, as depicted in Fig. 8(a). As 
for the heat transfer rate at the cold wall, a somewhat 
different evolution occurs. During the initial first cycle 
of the heating action, the higher subcooling factor 
leads to a lower melting rate, as shown in Fig. 8(b), 
because the higher subcooled solid PCM drains more 
energy rapidly from the solid-liquid interface by con- 
duction. Consequently, the conduction heat transfer 
rate through the cold wall is markedly higher with the 

2 3 4 5 

Fe/P 

FIG. 8. Dependence of temporal variation of the heat transfer 
rates and the melting rate on the subcooling factor. 

higher subcooling factor. As the melt region enlarges 
with time, the thermal gradient in the solid PCM 
increases accordingly. The higher melting rate due 
to the lower subcooling factor then yields a higher 
increasing rate of the temperature gradient in the 
solid, and hence of the heat transfer rate Q,. than the 
case of the higher SC. The value of Qc for the lower 
SC gradually catches up and eventually surpasses that 
for the higher Scsuch that the lower subcooling factor 
induces stronger oscillatory heat transfer through the 
cold wall. Moreover, the occurrence of the above- 
described reversal of the influence of the subcooling 
factor on Qu is found to be greatly delayed until the 
fifth cycle of the heating action with the smaller Stefan 
number, Ste = 0.007 (not shown here). Further 
inspection of Fig. 8(b) reveals that the oscillation 
amplitude of the melting rate intensifies noticeably 
with the increasing subcooling factor. 

To further quantify the heat transfer results and 
the melting rate during the steady periodic melting 
regime, the periodic mean values as well as the oscil- 
lation amplitudes of the heat transfer rates at both 
vertical walls and the melting rate are plotted versus 
the relevant parameters in Fig. 9. It should be noted 
that the periodic mean values at both vertical walls 
under the steady periodic operation are expected to 
be balanced, and the results from our simulations 
show that the heat balance is always within I%, so 
that only the curves for the hot wall are drawn in the 
figure. An overview of Figs. 9(a) and (b) indicates 
that the periodic mean values of both the heat transfer 
rate and the melting rate show little dependence on 
either the time period or the amplitude of the imposed 
wall temperature perturbation. That is, the periodic 
mean heat transfer rate as well as the mean melting 
rate in the enclosure subjected to an oscillatory wall 
temperature perturbation is approximately equal to 
that with a static wall temperature at the mean value 
of the perturbation. This finding is also similar to that 
obtained in ref. [ 161 for pure natural convection in the 
enclosure. On the other hand, as expected, the periodic 
mean values of the heat transfer rate and the melting 
rate are strongly affected by the subcooling factor 
as well as the Rayleigh number. The increase of the 
subcooling factor gives rise to a drastic decrease of 
the heat transfer rate and the melting rate, as shown in 
Fig. 9(c). Figure 9(d) shows that the higher Rayleigh 
number leads to an enhanced mean heat transfer rate 
and a higher melting rate. 

Moreover, the oscillation amplitudes for the heat 
transfer rates and the melting rate displayed in Fig. 
9 are scaled by the amplitude of the imposed wall 
temperature perturbation. From Fig. 9(a), the longer 
time period of the imposed wall temperature per- 
turbation results in larger amplitudes of both the heat 
transfer rates at the cold wall and the melting rate, 
while the opposite occurs for the amplitude of the heat 
transfer at the hot wall, which decreases significantly 
with the time period increasing up to 4 and thereafter 
remains rather unchanged, indicative of a quasi-linear 
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FIG. 9. Effects of the relevant parameters on the periodic 
mean values and the oscillation amplitudes of the heat trans- 
fer rates and the melting rate during the steady periodic 

melting regime. 

period response behavior. Also, the variation of the 
imposed amplitude of the wall temperature oscillation 
is found to yield a quasi-linear effect on the amplitudes 
of the heat transfer rates, Q,, and QC, as well as the 
melting rate. as revealed by the nearly horizontal 
straight lines of the scaled amplitudes shown in Fig. 
9(b). Next, in Fig. 9(c), in conformity with that 
depicted in Fig. 8(a), the amplitudes of Qh and QC 
reduce linearly with the increase of the subcooling 
factor, while the amplitude of V* shows a linear 
increase with increasing subcooling factor. Moreover, 
the increasing Rayleigh number amplifies drastically 
the oscillation amplitudes of both Q,, and QC as illus- 
trated in Fig. 9(d). Yet, the melting rate appears to 
exhibit a somewhat moderate dependence on the Ray- 
leigh number. 

Finally, by means of least-square regression, the 
following correlations have been developed for the 
results of the periodic mean values as well as the 
oscillation amplitudes of the heat transfer rates at the 
vertical wal!s and the melting rate during the steady 
periodic melting regime for SIP = 0.07, SC = 0.2-0.5, 
and A = 0.69: 

P* = 0.641(1 -1.27S~)Ra~-~~‘p-“~‘~(l -O.OSSA) 

(94 

for Ra = IO’-5 x IO’ and p = 0.5-8, with average 
deviation = 0.81% 

& = 0.563(1 -0.919Sc)Ra0~‘sgp0~004(1 +O.OSSA) 

(9b) 

for Ra = 104-5 x lo5 and p = 0.5-8, with average 
deviation = 2. I % 

and 

A,, = O.O07A(l+ 19.4%) (1 +R;;o;:J,) (&) 

for Ru = 103-5 x IO5 and p = 0.5-8, with average 
deviation = 2.9% 

Ay.h = 0.871A(l -0.240Sc)Ru0~‘g6p-0~097 (lob) 

for Ru = 104-5 x IO’ and p = 0.5-8, with average 
deviation = 2.3% 

A 9.c = O.O19A(l- 1.35S~)Ru~.~~~ 

(]Oc) 

for Ru = 104-5x 10’ and p = 1-8, with average 
deviation = 3.7%. 

CONCLUDING REMARKS 

Natural-convection-dominated melting of pure tin 
in a vertical square enclosure with a temporally oscil- 
latory hot wall temperature is studied numerically. A 
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steady periodic melting regime arises following an 
initial transient oscillatory melting stage. During the 
steady periodic melting regime, the heat transfer rates 
as well as the melting rate exhibit steady oscillation 
with frequency equal to that of the imposed wall tem- 
perature perturbation but with phase difference. For 
the ranges of parameters considered in the present 
simulation, the results clearly demonstrate that the 
occurrence of the steady periodic melting regime is 
greatly advanced with increasing Stefan number. The 
steady oscillatory heat transfer characteristics at both 
vertical walls are found to be similar to those reported 
for the pure natural convection in an enclosure with- 
out the solid-liquid phase change. The steady oscil- 
lation of the heat transfer rate at the hot wall is in 
phase with the hot wall temperature perturbation, 
while the heat transfer through the cold wall oscillates 
in phase with the melting rate. The periodic mean 
values of the heat transfer rates as well as the melting 
rate are strongly affected by the Rayleigh number and 
the subcooling factor, but are rat.her insensitive to 
the oscillation amplitude or the time period of the 
imposed wall temperature perturbation. Moreover, 
the oscillation components of the heat transfer rates 
as well as the melting rate respond differently to the 
variation of amplitude and period of the imposed wall 
temperature perturbation, the Rayleigh number, the 
subcooling factor, and the Stefan number. In particu- 
lar, the oscillation amplitudes of the heat transfer rate 
and the melting rate exhibit a quasi-linear response 
to the variation of the imposed amplitude and the 
subcooling factor. 

The numerical simulations undertaken in the pres- 
ent study are certainly far from complete; further 
work for more extensive investigation for wider 
ranges of the relevant parameters of the problem is 
needed as well as the experimental verification of the 
numerical predictions. 
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