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Abstract-The present study extends the range of the Rayleigh numbers to systematically investigate the 
flow transition during the melting process in an isothermally heated horizontal cylinder, emphasizing the 
complicated multi-cell flow pattern and the thermal instability. The enthalpy-porosity formulation is 
employed with appropriate source terms to account for the phase-change. At the low Rayleigh number, 
the flow is in a stable state because a single-cell base flow is developed at the initial melting stage. At the 
high Rayleig,h number, the Benard-type convection is found to develop within a narrow liquid gap between 
the unmelted solid surface and the cylinder bottom wall. At the intermediate Rayleigh number, the on-set 
of the Benard convection depends on the strength of the base flow under development and a delicate 
interaction between the two flows determines the flow pattern afterwards. The effective Rayleigh number 
and the corresponding wave number are in excellent agreement with those from the linear stability theory. 

0 1997 Elsevier Science Ltd. 

I, INTRODUCTION 

The melting process of a phase-change material fixed 
in an isothermally ‘heated horizontal cylinder is a well- 
known problem which has been investigated numeri- 
cally and experimentally for many years. This problem 
has been a subject of continuous interest because con- 
troversial results have been reported. Saitoh and 
Hirose [l] reported experimental results which show 
convexed solid-liquid interface at the bottom of the 
unmelted solid as melting progresses. While Rieger et 
al., [2], Ho and Viskanta [3], and Yoo and Ro [4] 
showed concaved interface numerically and exper- 
imentally. In view of the fact that the interface shape 
is directly related to flow and heat transfer during the 
melting process, a close examination of the source of 
these contradictory results is of importance in order 
to clearly understand the melting characteristics. In 
this context, Ro and Kim’s recent work [5] which 
ascertained the existence of multi-solution made 
meaningful progrlzss. They successfully showed, by 
the numerical analysis, that both interface shapes are 
possible, however, they could not explain the origin 
of such contradictory results. 

A review of the previous studies reveals two com- 
mon aspects : (1) the Rayleigh numbers considered 
are in the limited range ; and (2) they depended only 
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on the boundary tracking moving coordinate system 
or similar type of the coordinate transformation 
method. The former aspect is due to the fact that most 
of the previous studies focused on the melting process 
associated with the latent heat storage, and the latter 
is that it is easy to handle the transient nioving phase- 
interface using such coordinate systems. However, 
considering that the dominant heat transfer mode is 
convection during the melting process, it is necessary 
to extend the Rayleigh number range in order to sys- 
tematically investigate the transient phenomena 
accompanied by melting. Such a demand is sub- 
stantiated because the study of the natural convection 
in a concentric annulus [6] claimed that flow dis- 
turbances are generated by the hydrodynamic insta- 
bility for small Prandtl number fluid, while by the 
thermal instability for large Prandtl number fluid. 
Since the previous studies have been conducted for 
the relatively small Rayleigh numbers even though 
their fluid Prandtl number is large (Pr - 50), flow 
disturbances cannot be observed at the initial melting 
stage where thermal buoyancy is much weaker than 
viscous force. In other words, since two-cell or three- 
cell flow structure does not appear until the liquid gap 
between the solid bottom and the cylinder wall is 
widened enough as melting progresses, the origin of 
the contradictory phase-interface shapes cannot be 
explained in connection with flow pattern in the liquid 
phase near the bottom wall of the cylinder. Thus, one 
of the objectives of the present study is to analyze the 
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NOMENCLATURE 

critical wave number 
specific heat at constant pressure 
critical liquid gap 
liquid fraction 
solid fraction 
gravitational acceleration 
sensible enthalpy, h = C,(T- T,,,) 
latent heat of fusion 
geometric factor, h, = (xi +y$)“*, 
h, =(x; +Y;)“~ 
Jacobian 
thermal conductivity 
pressure 
Prandtl number, v/cc, 
cylinder radius 
Rayleigh number, 
g/VT,-- T,)R%%) 
effective Rayleigh number, Ra(d/R$ 
source term 
subcooling number, C,(T, - T,)/h,, 
Stefan number, C,(T, - T,,,)/h,, 
time 
initial temperature 
melting temperature 
wall temperature 
Cartesian velocity components 
covariant velocity components 
contravariant velocity components 

x, y Cartesian coordinates. 

Greek symbols 
GI thermal diffusivity 
CQ, CI, geoemetric factors, CQ = h<h,f/J, 

CI, = h,h;/J 
Br, /c?, geometric factors, /Ic = lh,/J, 

B, = WJ 
I- exchange coefficient 
I geometric factor, 1 = xtxV+yty, 
p viscosity 

;, q 
kinematic viscosity 
transformed coordinates 

P density 

; 

dimensionless time, r = t+Ste 
general dependent variable. 

Superscript 
+ dimensionless variable 
* solid-to-liquid property ratio. 

Subscript 
L liquid 
nb neighboring grid points 
P grid point 
s solid 
W cylinder wall. 

high Rayleigh number flow because no report for the 
high Rayleigh number has been found even though the 
thermal instability at the initial melting stage depends 
strongly on the Rayleigh number. In addition, in view 
of the solution method, the boundary tracking moving 
coordinate system may be involved with uncertainty 
according to grid generation when the phase-interface 
shape is highly irregular due to multi-cell flow pattern 
near the bottom wall. 

This study aims to reassess the melting process in a 
horizontal cylinder emphasizing the fact that melting 
characteristics such as the phase-interface shape under 
natural-convection-dominant condition is essentially 
determined by the initial flow pattern and transient 
progress. Particularly focused are the multi-cell flow 
structure and the thermal instability at the initial melt- 
ing stage for the high Rayleigh number flow which 
has not been attempted before. The enthalpy method 
is employed where the phase-interface is implicitly 
determined in the calculation domain. 

2. ANALYSIS 
a horizontal cylinder. 

As depicted in Fig. 1, the problem considered is the wall temperature is T, above the melting temperature 
melting process of a phase-change material at an T,. The n-octadecane is chosen as the test phase- 
initial temperature of To in a horizontal cylinder whose change material, which is commonly used in the pre- 

Fig. 1. Schematic diagram of the inward melting process in 
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Table 1. Thermophysical properties ofn-octadecane (C,,H,,) 

Properties Value 

Melting temperature 
Density 
Thermal expansion coefficient 
Viscosity 
Latent heat 
Specific heat of solid 
Specific heat of liquid 
Thermal conductivity of solid 
Thermal conductivity of liquid 

28.18”C 
814 kg me3 
9.1 x 1O-4 K-r 
3.878 x lo-’ kg m-’ s-’ 
2.4136 x 10’ J kg-’ 
1.9x 1O’J kgg’ K-’ 
2.2xlO’Jkg-‘Km’ 
0.390 W m-’ K-’ 
0.157 W mm’ Km’ 

vious studies. The thermophysical properties are listed 
in Table 1. The convective flow is assumed incom- 
pressible, laminar and the Boussinesq type as usually 
assumed in the previous studies. The property vari- 
ation between phases is neglected. 

2.1. Governing equations 
Though the governing equations in the polar coor- 

dinate system can simply be used with the enthalpy 
method for the present geometric configuration, the 
equations in the non-orthogonal coordinate system is 
used for the general purpose. The balance equations in 
the general form can be written in the two-dimensional 
rectangular coordinate system as follows : 

$4J)+ ; (pub--r$)+ g (PV4+) 
= WY). (1) 

The specific exlpressions for 4, F and S cor- 
responding to mass, momentum and energy equations 
are listed in Table Z! in dimensionless forms. The vari- 
ables are non-dimensionalized as follows : 

x+ =z y++ t+=cc,t 
R,’ w R: 

uR v&v 2 

u+ =w, 
EL 

v+ =F, p+ =2, 
L 

h 
h’ = C,(T, - T,) . (2) 

Here, the characteristics of the enthalpy method can 

Table 2. Variables in the dimensionless governing equations 

V+ 

h+ 

prp* 

k* 

_ ap+ +&.pr.h+ _APVi (1 -fX 
aY+ fl 

c,--c, a 
-ilt+@*fsh+)+ &+*fs, CL 

be easily recognized, which is applicable to both solid 
and liquid phases. That is, by introducing an arbi- 
trarily large number, A, to the momentum equation, 
it turns out to be the Navier-Stokes equation if the 
liquid fraction (mass fraction and volume fraction are 
the same because it is assumed that ps = pL), fL, is 
unity, and the velocity components are forced to be 
zero if the liquid fraction is zero. In the energy equa- 
tion, the latent heat is reflected in the source term as 
a function offL. Note that the dependent variable in 
the energy equation is the sensible enthalpy. Here- 
after, superscript + will be omitted for convenience. 

Equation (l), in the dimensionless form, can be 
written in a non-orthogonal coordinate system (see 
Fig. 1 for notation) through the transformation given 
by 

x = x(5, r&Y = Y(5, ?). 

The transformed equation can be written as 

(3) 

where 

u = cQU[ -&Us, v = cl& -&UC (5) 

UC = (x,u+.vev)lhr, U, =x,,(u+y,v)lh,. (6) 

The computation has been conducted on the right- 
half of the cylinder because of the symmetry. Con- 
sidering a half-circle with an infinitesimally small 
radius at the center of the cylinder, the lower and 
upper symmetry lines with respect to the center of the 
half-circle corresponds to q = 0 and 1, respectively, 
and the circumference of the half-circle and the cyl- 
inder wall correspond to 5 = 0 and 1, respectively. 
Thus, the boundary conditions described in the trans- 
formed coordinates are : 

au ah 
-=O, V=O, an=0 atq=Oandl (7) 
an 

U=V=O, h=l att=l (8) 

u= v=o, 
ah 
~'0 atc=O. (9) 

2.2. Numerical method 
The governing equation (4) is discretized using the 

finite volume method and the SIMPLER algorithm is 
used for the pressure correction [7]. The variation 
of the liquid fraction, fL, in each control volume is 
evaluated by the modified Lacroix and Voller’s 
method [8] according to the difference in the specific 
heat between the solid and the liquid phases. The 
resulting finite difference equations can be written as 
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Fig. 2. Grid systems for the low Rayleigh number flow (left) 
and for high Rayleigh number flow (right) 

fs = 0 iffi+ ’ < 0 (11) 

fs = 1 iff:’ ’ > 1 (12) 

where the superscript k denotes each time step, and 
A V, unb and hnb are control volume, coefficients of the 
discretized equation and enthalpy of the neighboring 
control volume, respectively. 

The grid dependence of the numerical solution to 
the unsteady problem such as phase-change heat 
transfer has been emphasized repeatedly [5,9]. In this 
study, the grid dependence has been tested for 36 x 42, 
36 x 52, 36 x 62 and 36 x 72 when the Rayleigh num- 
ber is relatively small and no distinguishable differ- 
ences in the results are found when the grid system is 
36 x 52 or larger. However, the 36 x 72 system is used 
for more confidence. When the Rayleigh number is 
large, where the flow at the initial melting stage is 
major interest, 41 x 81 is used in order to resolve the 
complex flow structure and finer grids are allocated 
near the cylinder bottom wall. Figure 2 shows the grid 
system for each case. The grid system on the left-hand 
side is for the small Rayleigh number case and that 
on the right-hand side is for the large Rayleigh number 
case. 

3. RESULTS AND DISCUSSION 

3.1. VeriJication of the solution method 
To verify the pertinence and resolvability of the 

present enthalpy method and the coordinate trans- 
formation for predicting complicated thermal and 
flow phenomena accompanied by the melting process, 
the results are compared with previous ones by exper- 
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Fig. 3. Variation of the phase interface with time. 

iments and other numerical methods conducted on 
the melting processes in two-dimensional rectangular 
enclosures and horizontal circular cylinders. 

Figure 3 compares the present prediction of the 
phase-interface movement in the case of the Gallium 
melting in a rectangular enclosure using 42 x 32 grid 
system with Gau and Viskanta’s [lo] experimental 
results and Viswanath and Jaluria’s [9] numerical 
results. The values of the parameters based on the 
height as a characteristic length are : Ra = 6.06 x 105, 
Ste = 0.039, Pr = 0.02 and SC = 0.007. The present 
phase-interface moves a little faster than Viswanath 
and Jaluria’s, but the overall location and shape of 
the phase-interface agree fairly well qualitatively and 
quantitatively with experimental results. The wiggle- 
shaped phase-interface is a characteristic of the 
enthalpy method [9], because the interface position is 
determined from the liquid fraction. 

The temperature distribution (left-hand side) and 
flow pattern (right-hand side) during the melting of 
the n-octadecane in a horizontal circular for 
Ra = 3.6 x lo’, Ste = 0.045, Pr = 50 and SC = 0.004 
are plotted in Fig. 4. These are full transient solutions 
which are obtained without imposing any artificial 
flow and heat transfer conditions as tried in the pre- 
vious numerical studies [ 11, 121 to get multi-solutions. 
The sequential process that a single-cell appears at 
the initial melting stage, which is then developed into 
three-cell structure as the liquid gap is widening and 
this is merged into a single-cell at the final stage agrees 
well with the results obtained by the boundary track- 
ing coordinate transformation method [5]. 

In Fig. 5, the variation of the melting rate with time, 
which is defined as the ratio of melted mass to total 
mass, is compared with the pure conduction solution 
(Ra = 0), Ho and Viskanta’s experimental results and 
Ro and Kim’s numerical solution. The present result 
is consistent qualitatively with the well-known fact 
that the conduction is dominant at the early stage 
and the natural convection becomes dominant as the 
melting progresses and agrees well quantitatively with 
the experimental and other numerical results for the 
whole melting process. 
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(a) r = 0.018 (b) t = 0.045 (c) r = 0.068 (d) r = 0.086 
Fig. 4. The isotherms (left) and velocity contour (right) at Ra = 3.6 x 105, Ste = 0.045 and SC = 0.004. 

0.01 ’ . . ’ ’ . . ’ ’ . . ’ 
0.00 0.02 0.04 0.06 0.08 0.10 

Dimensionless time, 7 
Fig. 5. Variation of the molten volume fraction with time at 

Ra = 3.6 x 113~. Ste = 0.045 and SC = 0.004. 

The heat transfer characteristics in the melting pro- 
cess are usually represented in terms of the Nusselt 
number variation with time. For example, the effect 
of natural convec,tion on the total heat transfer is 
frequently illustrated by comparing the Nusselt num- 
ber with that corresponding to pure conduction. How- 
ever, such a comparison cannot give detailed flow 
information because the Nusselt number variation 
cannot account for the generation and extinction of 
the multi-cell structure. In this regard, it is very useful 
to trace the maximum or minimum of the stream 
function for identifying the transient flow structure 
and strength. For example, Fig. 6 shows the trend of 
the stream function variation corresponding to Fig. 4. 
From the minimum of the stream function, the time 
when the multi-cell appears and merges into a single- 
cell can easily be found at r x 0.019 and 0.086, respec- 
tively. The maximum of the stream function visualizes 
that the multi-cell merges rapidly into a single-cell 
with a rapid increase in the flow strength. The oscil- 
latory behavior of the stream function variation is 
due to the unstealdy interaction between flow cells as 
reported by Rieger et al. [2]. 

3.2. The Rayleigh’ number effect on thejow pattern 
For a systematic investigation of the Rayleigh num- 

ber effect on the flow pattern accompanied by the 
melting, computations are conducted for a relatively 
wide range of thl: Rayleigh numbers. The Rayleigh 
numbers of 1.0 x 104, 3.6 x lo’, 1.0 x 106, 5.0 x 106, 

0.00 0.02 0.04 0.06 0.08 0.10 

Dimensionless time, r 

0.00 0.02 0.04 0.06 0.08 0.10 

Dimensionless time, r 
Fig. 6. Variation of maximum and minimum values of the 

stream function with time. 

1.0 x 10’ and 3.0 x 10’ are considered. No previous 
report has been found for Ra 2 5.0 x 106. 

At the low Rayleigh number (Ra = 1.0 x 104) the 
phase-interface at the early stage is nearly concentric 
with the cylinder as shown in Fig. 7(a), and only a 
single-cell exists as a base flow of natural convection. 
As the melting progresses, the isotherms are changed 
and the melting at the upper part of the solid is accel- 
erated, as shown in Fig. 7(b), due to natural con- 
vection effect, however, no drastic change is observed. 
As the Rayleigh number increases to 3.6 x lo’, the 
flow changes into a totally different pattern as in Fig. 
4 which shows flow transition from the base flow 
(single-cell) to the three-cell flow at the intermediate 
stage and finally to the single-cell flow. Such a flow 
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(a) T = 0.027 (b) r = 0.158 
Fig. 7. The isotherms (left) and velocity contour (right) at Ra = 1 .O x 104, Ste = 0.045 and SC = 0.004. 

(a) 7 = 0.009 (b) r = 0.0135 (c) r = 0.0315 
Fig. 8. The isotherms (left) and velocity contour (right) at Ra = 1.0 x 106, Ste = 0.045 and SC = 0.004. 

transition at the relatively low Rayleigh number has 
already been predicted by the previous studies [S, 111. 

When the Rayleigh number becomes relatively high 
(Ra = 1 .O x 106), the flow undergoes another change 
as shown in Fig. 8. At the early stage, transition from 
the two-cell to the four-cell structure is observed and 
then the four-cell merges into the two-cell as time 
elapses. At a first look, this flow behavior seems simi- 
lar to Ro and Kim’s secondary bifurcating solution 
[5] which is obtained at Ra = 1.2 x 106. However, the 
present solution is not an artificial one such as the 
secondary bifurcating solution, but a full transient 
solution. In addition, while their secondary bifur- 
cating solution shows a transition directly from the 
base flow to the four-cell flow, the present solution 
reveals a gradual transition of two-cell, four-cell and 
two-cell in due sequence. This difference suggests that 
the appearance of the four-cell structure at the high 
Rayleigh number should be explained by an analysis 
associated with natural convection, not by the arti- 
ficial method. This fact can be confirmed by the com- 
putations at the higher Rayleigh numbers. 

Figures 9-11 illustrate the flow behavior at the 
higher Rayleigh numbers of 5.0 x 106, 1.0 x 10’ and 
3.0 x lo’, respectively, which have not been conducted 
before. To clearly see the details of the flow and heat 
transfer characteristics, presented are locally mag- 
nified plots at the upper and lower parts of the cylin- 
der. The multi-cell structure in the liquid region near 
the bottom of the cylinder appears earlier and the cell 
number increases as the Rayleigh number increases. 
At a given Rayleigh number, the flow is branched off 

upto a certain number of cells as time passes by, and 
then only the flow strength increases afterwards. 

Based on the above observation, firstly, it is con- 
firmed that the contradictory results of the two- or 
three-cell structure at the same condition as indicated 
earlier in the introduction are both possible. The Ray- 
leigh numbers considered in previous studies fall in 
the intermediate range where both of the base flow 
(single-cell) and the multi-cell structure appear and 
they correspond to the neutrally stable conditions 
where the thermal buoyancy and viscous forces are in 
balance. Thus, the possibility of a transition from one 
flow pattern to another by a numerical disturbance 
always exists. The numerical disturbance may be orig- 
inated from the differences in the numerical method, 
initial condition, relaxation factor and algorithm. Sec- 
ondly, the present results also ensure the existence of 
the multi-cell structure (more than four cells) even for 
the high Prandtl number fluids. Many studies have 
focused on the multi-solution of the natural con- 
vection between concentric cylinders, however, these 
studies are limited to the small Prandtl numbers where 
the hydrodynamic instability is dominant. Actually, 
Cheddadi et al. [12] visualized the two-cell structure 
by imposing an initial condition given by a specific 
functional type, and Kim and Ro [ 131 found the three- 
cell structure by a rather improved method, however, 
no other studies could predict the existence of the 
four-cell structure by any means. From this point of 
view, the present approach, which can predict the 
multi-cell structure by the general and reproducible 
method, can be applied to the natural convection 
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(a) r = 0.00315 (b) T = 0.045 
Fig. 9. The isotherms (left) and velocity contour (right) at Ra = 5.0 x 106, Ste = 0.045 and SC = 0.004. 

(a,) r = 0.0018 co) r = 0.00338 
Fig. 10. The isotherms (left) and velocity contour (right) at Ra = 1 .O x lo’, Ste = 0.045 and SC = 0.004. 

(al) T = 0.000!2 (b) T = 0.00135 
Fig. II. The isotherms (left) and velocity contour (right) at Ra = 3.0 x IO’, Ste = 0.045 and SC = 0.004. 

problem between the concentric cylinders. Finally, a 
regularity in the :relation between cell size and liquid 
gap is found in response to the Rayleigh number vari- 
ation. This fact suggests that the origin of the multi- 
cell structure can be analyzed by the stability theory 
for the thermally unstable liquid layer in a fixed 
region. 

3.3. Thermal instability at the high Rayleigh number 
At the high Ra.yleigh number the multi-cell flow at 

the initial meltiqg stage creates nearly regular wave- 
shaped phase-interface by its alternate rotating 
motion in the clockwise and counter-clockwise direc- 

tions. This phenomenon is very similar to the Benard 
convection due to the thermal instability because the 
phase-interface and the cylinder bottom wall can be 
approximated as two flat plates as far as the liquid 
gap between these two surfaces is narrow enough. 
Thus, the linear stability theory can be applicable. 
According to the linear stability theory for the flow 
which has unstable temperature gradient between two 
flat plates [14], the effective Rayleigh number where 
the natural convection starts to occur is a function of 
the wave number. It is known that the critical Rayleigh 
number, which is the minimum of the effective Ray- 
leigh number, is 1707.762 at the wave number of 3.117. 



Table 3. Effective Rayleigh number and wave number at the 
on-set of convection 

Cases (Ra) 

1.0 x IO6 
5.0 X lo6 
1.0 x IO7 
3.0 x 10’ 

Ra,B a 

2380.9 2.5538 
2035.7 2.8544 
1820.5 2.4975 
1803.8 3.8680 

Here, the characteristic length of the effective Rayleigh 
number is the liquid layer length and the wave number 
can be calculated from the wavelength defined as the 
distance between the cells which have the same flow 
direction. 

The liquid gap and wavelength at the point of the 
emergence of the multi-cell are obtained for four 
different Rayleigh numbers of Ra 2 1 .O x 106. Because 
the phase-interface is wavy, the average values are 
taken for the liquid gap over the region where the 
multi-cell exists, and the wavelengths are measured 
from the temperature distribution because it shows 
more regular pattern than the flow cell. The results 
for the liquid gap, the effective Rayleigh number con- 
verted from the Rayleigh number and the wave num- 
ber evaluated from wavelength are summarized in 
Table 3. They are also plotted in Fig. 12 with the 
neutral stability curve of the Benard convection. Even 
though the uncertainties may be present associated 
with the cylinder curvature, on-set of the multi-cell 
and irregularity of the phase-interface shape, the pre- 
sent results are in excellent agreement with the linear 
stability theory. This fact implies that the generation 
mechanism of the multi-cell structure is essentially 
the same as that of the Benard convection. It is also 
obvious that the cylinder curvature and the irregu- 
larity of the phase-interface shape do not practically 
affect the flow induced by the thermal instability 
though they may cause non-uniformity in the cell 
shape and size. The effective Rayleigh number 
approaches the neutral stability curve as the Rayleigh 
number increases because the liquid gap is getting 
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narrower so that the natural convection occurs at the 
more similar condition to that between the flat plates. 

From the above observation, the emergence of the 
multi-cell structure in the melting process in the hori- 
zontal circular cylinder can be reanalysed from the 
linear stability theory point of view. For example, in 
the case of Ra = 1.0 x 104, the liquid gap is about 
0.555R, to reach the critical Rayleigh number, 
however, the linear temperature distribution which is 
necessary to bring about the Benard convection is not 
formed because the base Aow is fully developed before 
reaching the critical condition. On the other hand, in 
the case of Ra = 5.0 x lo6 where the critical liquid gap 
is about O.O7R,, the condition for the on-set of the 
multi-cell structure is fully satisfied because the base 
flow is so weak that the linear temperature profile is 
sustained (see the temperature distribution against the 
base flow in Fig. 9). These two Rayleigh numbers fall 
in each Rayleigh number range which shows clear 
distinction in the flow structure. However, in the case 
of Ra = 3.6 x 10’ and 1.0 x 106, which have been con- 
sidered in the previous studies, the critical liquid gaps 
are O.l68R, and O.l20R,, and the Benard convection 
has already been affected at the beginning by the base 
flow under development. Therefore, the previous con- 
tradictory results seem to be brought about due to 
the different numerical methods which might include 
several types of uncertainties. Thus, it is no wonder 
that Ro and Kim’s [5] artificial change of the initial 
conditions showed the possibility of both con- 
tradictory results at such a neutrally stable state. Their 
full transient solution of the bifurcation solutions can- 
not be guaranteed to be reproducible if another 
numerical method is used. The present result for 
Ra = 1.0 x 106, as discussed earlier, supports this 
remark. 

j - Neutral stability [ 141 
e: 8000 0 i - Ra=l.O x106 

d 0 Ra = 5.0 x 106 

; 6000 - 

In view of the results so far achieved, the qualitative 
variation of the flow pattern by the thermal instability 
can be summarized as follows: at the low Rayleigh 
number, the base flow is fully developed and prevails 
in the whole flow region before the condition for the 
on-set of the Benard convection is reached; at the 
intermediate Rayleigh number, the on-set of the 
Benard convection is closely related to the strength of 
the base flow and a delicate interaction between the 
two flows determines the flow pattern afterwards ; and 
at the high Rayleigh number, the Benard convection 
is not practically affected by the base flow and 
develops with a certain level of regularity. 

A? 
2 4000 - 

ti 
$ ‘J $ 2000 - 
w 

ot~.~~I~~~~I~~.~I~~~~~..~~~~~~~I~~~~I~~.*I 
0 1 2 3 4 5 6 7 8 

Wave number, a 
Fig. 12. Comparison of the present effective Rayleigh number . 

with that of the linear stability theory. mar&d below. 

4. CONCLUSIONS 

The multi-cell structure and the thermal instability 
at the early stage of the melting process in the hori- 
zontal cylinder have numerically been analyzed for a 
relatively wide range of the Rayleigh numbers includ- 
ing the intermediate Rayleigh numbers at which the 
previous studies have shown the contradictory results. 
Several important observations are noted and sum- 
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(1) The enthalpy method is an efficient solution 4. 
method, particularly when the grid generation is not 
easy by the boundary tracking method due to the 5, 
irregular phase-inmrface shape. 

(2) At the low Rayleigh number, the flow in the 
liquid gap is in the: stable state because the base flow 
has already been fully developed before the on-set of 

6, 

the Benard convection. 
(3) At the intermediate Raleigh number, the ther- 

mal buoyancy and the viscous forces are balanced in 
a neutrally stable state. Thus, the flow is prone to 
transit to different patterns by infinitesimal exper- 
imental or numerical disturbances. 

(4) At the high Rayleigh number, the Benard con- 
vection shows an orderly behavior without being 9. 
affected by the base flow. The effective Rayleigh num- 
ber which is corresponding to the wavelength defined 
as the distance between the adjacent cells which have 10. 
the same flow direction at each Rayleigh number col- 
lapses on the neutral stability curve obtained by the 11. 
linear stability theory. 

REFERENCES 12. 
Saitoh, T. and Hirose, K., High Rayleigh number solu- 
tions to problems of latent heat thermal energy storage 
in a horizontal cylinder capsule. ASME Journal of Heat 
Transfer, 1982, .104, 545-553. 13. 
Rieger, H., Projahn, U., Bareiss, M. and Beer, H., Heat 
transfer during melting inside a horizontal tube. ASME 
Journal of Heat Transfer, 1983,105,226234. 
Ho, C. J. and Vskanta, R., Heat transfer during inward 
melting in a horizontal tube. International Journal of 14. 
Heat and Mass Transfer, 1984,21,705-716. 

Yoo, H. S. and Ro, S. T., Numerical analysis of the 
phase change processes by coordinate transformations. 
Transactions of KSME, 1986, 10, 585-592. 
Ro, S. T. and Kim, C.-J., Bifurcation phenomenon dur- 
ing the fixed-solid-mode melting inside a horizontal cyl- 
inder. International Journal of Heat and Mass Transfer, 
1994,37,1101-1109. 
Fant, D. B., Prusa, J. and Rothmayer, A. P., Unsteady 
multicellular natural convection in a narrow horizontal 
cylindrical annulus. ASME Journal of Heat Transfer, 
1990,112,379-387. 
Patankar, S. V., Numerical Heat Transfer and Fluid Flow. 
Hemisphere, New York, 1980. 
Lacroix, M. and Voller, V. R., Finite difference solutions 
of solidification phase change problems : transformed vs 
fixed grids. Numerical Heat Transfer, Part B, 1990, 17, 
2541. 
Viswanath, R. and Jaluria, Y ., A comparison of different 
solution methodologies for melting and solidification 
problems in enclosures. Numerical Heat Transfer, Part 
B, 1993,24,777105. 
Gau, C. and Viskanta, R., Melting and solidification of 
a pure metal on a vertical wall. ASME Journal of Heat 
Transfer, 1986,108, 174181. 
Park, C. E. and Chang, K.-S., Bifurcating solutions of 
inward melting in a horizontal tube. Transport Phenom- 
ena in Heat and Mass Transfer, ed. J. A. Reizes. Elsevier, 
Amsterdam, 1992, pp. 704714. 
Cheddadi, A., Caltagirone, J. P., Mojtabi, A. and Vafai, 
K., Free two-dimensional convective bifurcation in a 
horizontal annulus. ASME Journal of Heat Transfer, 
1992,114,99-106. 
Kim, C.-J. and Ro, S. T., Numerical investigation on 
bifurcative natural convection in an air-filled horizontal 
annulus. Proceedings of the Tenth International Heat 
Transfer Conference, Vol. 7. Taylor & Francis, 1994, pp. 
85-90. 
Chandrasekhar, S., Hydrodynamic and Hydro-Magnetic 
Stability. Oxford University Press, 1961. 


