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Abstract-The purpose of this paper is to present an analysis of the melting process in a rectangular 
enclosure, driven by the coupling of heat conduction in the solid phase and natural convection in the melt 
of the phase-change material (PCM). The numerical solution of the problem which is presented here is 
validated by comparison with precise experimental results. Heat conduction in the solid phase is shown to 
signi~cantly modify the kinetics of the melting process compared with previous studies on phase change 

with isothermal solid phase. 

INTRODUCTION 

IN RECENT years, the industrial applications of solid- 
liquid phase change have attracted considerable atten- 
tion in the process of melting (or solidification) in 
enclosures. In most configurations, natural con- 
vection takes place in the liquid phase [l-3] and there 
is clear experimental evidence that, except at the very 
beginning of the process, or for very low Prandtl num- 
ber materials, the melting process is controlled by 
convective heat transfer in the liquid phase. An 
increasing number of experimental and numerical 
studies have been performed on the coupled problem 
of phase change with natural convection in the melt 
layer 14-81. In these studies, the solid phase is main- 
tained at the fusion temperature and the influence of 
heat conduction in the solid domain is not considered. 
In many applications, either to control a solidification 
process (as in crystal growth, for instance) or to 
extract heat from the cold wall of the system (as in 
latent heat storage [9]), the solid phase is maintained 
at a temperature lower than the fusion temperature, 
and transient heat conduction in the solid phase may 
have considerable influence on the kinetics of the melt- 
ing process. A numerical solution of this coupled 
problem has been proposed for the solidification of 
liquid metals [IO]. The authors use the stream- 
function-vorticity fo~ulation to solve the flow fields 
in the liquid phase for a limited range of Rayleigh 
numbers ; their method leads to prohibitive computer 
time for Ra (based on the width of the enclosure) 
larger than 105. Another limitation of this work is that 
the tilt of the interface in the vertical direction is 
assumed to be negligible, though the results show an 

extremely strong curvature of the interface in the top 
part of the enclosure. 

The purpose of the present study is to give a deeper 
insight into the coupling of the various physical 
phenomena governing the melting process with non- 
negligible conduction in the solid phase of the phase- 
change material (PCM) and in the presence of natural 
convection in the liquid phase. The numerical simul- 
ation of the process that is presented here provides 
the time evolution of the temperature fields in both 
phases, of the flow field in the melt and of the shape 
and position of the interface. The present method is 
able to handle situations met in latent heat storage 
systems, where the Rayleigh number (based on the 
height of the enclosure) may be as large as log, while 
the numerical methods already available are limited 
to a range of moderate Ra. The numerical results 
are compared to the measurements obtained on a 
carefully designed experimental set. For this com- 
parison to be a thorough validation of our numerical 
method and to enable other authors to compare their 
numerical results to our experimental results, detailed 
information is provided here on the experimental 
boundary conditions and on the experimental results 
in general. 

In Fig. 1 is shown a vertical cross-section (in they- 
z plane) of the rectangular enclosure containing the 
PCM (melting temperature TI;) : the dimension in the 
x-direction, normal to the plane of the picture, is 
assumed to be large compared to the height H and 
the width L of the enclosure, and the process may be 
considered as two-dimensional in the y-z plane. 

Initially, the enclosure is filled with the solid 
material at uniform temperature 7;, < TF. At time 
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NOMENCLATURE 

aspect ratio of the enclosure, H/L 
dimensional position of the interface 
(from the hot wall) 
dimensionless position of the 
interface, P/H 
F/L 
length of the cell in the third 
dirn~~s~~n 
intensity of gravity 
Grashof number based on R 
s/3 AT,H 3jv2 

height of the en&sure 
unit vector in the harizontal (vertical) 
direction 
thermaf conductivity 
ratio kJk,. 
width of the enclosure 
latent heat 
normaf EC% the interface 
local Nusselt number per unit of 

vertical surface, equation (13) 
average Nusselt number 

jr, Nu,&I dz 
dimensionless pressure, p*H2/PI~v2 
Prandtl number of the liquid material, 

V+.%. 
Rayieigh number, based on W, GP- I+ 
velocity of the interface in the n 
direction 

Sk?” 

t* 

t 
TOO=3) 

Y (4 

Y 

YS 

Ste/p* 
dimensional time 
dim~~~si~n~ess rime, 2*vlH2 
temperature of the cold (hot) vertical 
plate 
fusion temperature of the material 
vebcity, v* * ujv 
equation ( 16) 
horizontal (vertical) dimensional 
coordinate 
horizontal (vertical) dimensiontess 
coordinate, y*jN fz*,lHf 
transfo~ati~n in the liquid domain, 
equation (6) 
transf~~rnat~~n in the solid domain, 
equation (IO). 

Greek symbols 
&x thermal diffus~y~~y 
Gt* ratio as&_ 

B expansion coefftcieat of the melt 

J=L ~ern~~~ure difference in the liqGd, 
T,--T, 

4 temperature difference in the solid, 
r,- ?“o 

Y kinematic viscosity 

P density 

P* ratio PsjPt. 

t* = Cl, the temperature of one vertical wail is raised 
to a value T, > TF, while the opposite wail is main- 
tained at the initial temperature Y?,. The top and bot- 
tom walls of the enclosure are supposed to be 
adiabatic, An air gap is left at the top part of the 
enclosure to allow for the volumetric expansion of the 
FCM upon melting. 

and in the fast section, the comparison ofex~~me~tal 
and numerical results is presented. 

The numerical method used in this work has been 
described and successfully compared to the experi- 
ments in previous publications [ 11, 121 in the absence 
of conduction in the solid phase (melting driven only 
by aatxiral ~~nve~t~~n in the melt). In this section, the 
method is extended to the coupIing with conduction 
in the solid phase and the main characteristics of the 
method are exptained below. 

For t* > 0, melting begins to take place near the 
hot plate and initially heat conduction is the only heat 
transfer mode. As the melt layer thickness increases 
with time, natural convection appears in tke liquid 
cavity and the non-un~fo~ heat transfer distribution 
along the interface causes the melting front to move 
faster in the top part of the enclosure, as observed in 
previous studies [2, 5-7, 121. As the interface moves 
towards the cold plate, the temperature gradient in the 
solid phase increases and the meiting rate decreases. 
Finally the melting front reaches a steady position 1. 
when the heat transfer from the liquid phase is com- 
pensated by the heat transfer to the solid phase. 

Hypotheses and equations 
The following ass~rn~t~ons have been made : 

The liquid material is an in~ompressible~ New- 
tonian fluid and the Boussinesq approximation is 
made- 

This process is studied in the following sections. 2. The process is two-dimensio~1. 
First, the numericat method used to solve the equa- 3. The thermophysical properties of the solid and 
tions of the problem is described. Then details are liquid phases are constant over the temperaWe 
given on the ex~rimentaj set used to validate thecodet range of interest, 

NUMERICAL SOLUTION 
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FIG. 1. Problem definition. 

4. The flow in the liquid cavity is laminar. 
5. The density change of the material upon melting 

is neglected. 

Cold 
wall 

r, 

The equations of natural convection in the liquid 
phase are then written assuming the quasi-stationarity 
of the melting process : 

6. The convective flow is not strongly influenced by 
the movement of the interface. It is shown in ref. 
[ 131 that the order of magnitude of the fluid velocity 
in the boundary layers is u,Ra’12/H and in ref. 
[12] that the melting front velocity in the absence 
of conduction in the solid phase is of the order of 
uLSte*Ra’i4/H. The ratio of these velocities is of 
the order of Ra’14/Ste*, which is roughly lo3 for 
the range of parameters considered in our study. 

7. At every time step, natural convection is in a steady 
state, since the characteristic time for convection 
to reach steady state, tr = HL/u,Ra’i4 [14, 1.51 is 
small compared to the time scale of the melting 
process. Indeed a lower limit of this time scale is 
obtained in the absence of conduction in the solid 
phase [12]: t$ = HL/0.33a,Ste*Ra”4. For the range 
of Ste* considered in this study (Ste* < 0.2), t: is 
one order of magnitude larger than t$ Let us notice 
that for the range of parameters considered in this 
study tz is of the same order of magnitude as the 
time required for the onset of convection in the 
melt layer when starting from the solid at fusion 
temperature : tt = 4.5H2/c(,Ste* Rail2 [12]. The 
melting process is thus considered as a succession 
of quasi-static steps, a steady-state solution of the 

natural convection equations being calculated in a 
fixed liquid cavity at each step. 

In the solid phase, the transient term in the con- 
duction equation is conserved, since the characteristic 
time of heat diffusion is of the same order of mag- 
nitude as the time scale of the melting process. 

The complete set of equations to be solved is then : 

-in the liquid cavity 

v.v=o (1) 

(V.V)V = V’V-VP+GrB,k (2) 

(V. V)O, = TV%, (3) 

-in the solid domain 

aes u* -_= 
at g2es. 

At the interface, the energy balance equation is : 

Pr as 
(k*S,VB, - VB,) . n = p* - - 

Ste at (5) 

where as/& is the local velocity of the melting front 
along n, the normal vector to the interface. Dirichlet 
thermal boundary conditions are taken on the vertical 
walls and at the interface, and the horizontal walls are 
adiabatic. In the liquid cavity, the dynamic boundary 
condition at the top wall is taken as full slip (free 
surface condition), while a zero velocity condition is 
assumed at the other walls. 

Equations (l)-(S) have been set in dimensionless 
form using the height H of the enclosure as the ref- 
erence length and the kinematic viscosity for time and 
velocity. The temperature difference considered in the 
liquid is T, - T,, and in the solid TF - T,,. The dimen- 
sionless parameters appearing in the equations are 
defined in the nomenclature. 

Transformation of coordinates 
Liquid phase. According to the hypotheses pre- 

sented above, the solution of the natural convection 
equations at a given time is obtained assuming that 
the position of the interface (the ‘cold wall’ of the 
liquid cavity) is known. As the liquid domain is non- 
rectangular, a transformation of coordinates is used 
to map the irregular physical cavity onto a rectangular 
computational space : 

z=z 

y = Y/C(Z) 1 
(6) 

where C(Z) = c*(z*)/L is the dimensionless position 
of the melting front at height z. The transformed 
equations are simplified by neglecting the cross terms 
due to the non-orthogonality of the coordinate trans- 
formation. Preliminary numerical tests have been per- 
formed for natural convection in trapezoidal and 
curvilinear enclosures [19] and the estimation of the 
neglected terms shows that the relative error on heat 
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fluxes at the interface is negligible if the tilt of the 
interface on the vertical axis and its curvature are in 
the range : 

ac* a2c* 
- -C 0.3 and p < 0.3. az* (7) 

The transformation of equations (l)-(3) using (6) 
gives : 

where 

and 

6.v=o 

(V . $)V = 6% - ?‘p+ G&k 

(V. Qe, = j+ 
(8) 

(9) 

Solidphase. A similar coordinate transformation is 
used in the solid domain, which takes account of 
the moving interface : a transient solution of the heat 
conduction equation in the solid is desired and the 
interface position is then a function of both z* and t*. 
The movement of the interface leads to a deforming 
grid in the physical domain and introduces a con- 
vection-like term in the horizontal direction 

y, = ~.~y*. L 

H L--c*(z*,l*) ’ (10) 

On the other hand, the complete transformation of 
coordinates is kept in the solid phase. Indeed in the 
liquid cavity, for the rather high aspect ratios that are 
considered, the tilt of the interface can be mainly dealt 
with by a very precise approximation in the boundary- 
layer region, and a looser one for the bulk zone where 
the influence of the irregular shape is much less 
important. This is satisfactorily obtained with the sim- 
plified transformation already mentioned [ 191. On the 
other hand, in the solid phase, the ‘deformation’ of 
the isotherms due to the irregular boundary is stronger 
and can be seen in the whole domain and the sim- 
plification of the transformed equation could affect 
the accuracy which is desired in the calculation of 
heat transfer at the interface [20]. For this reason, 
the coordinate transformation is not simplified in the 
solid phase. The transformed heat conduction equa- 
tion is thus : 

a4 Y, a(1 -C) aus IL* wz 

at I-C at ar, - py” @s, (11) 

with : 

a Y, a(l-C) a ~-~-_~~-.-iiy, k. (12) _, 

Interface equation. The interface position is cal- 
culated on z = constant horizontal lines. The interface 
equation is thus written in terms of the horizontal 
velocity of the melting front, &/at and the dimen- 
sionless heat fluxes per unit of vertical surface are 
introduced : 

The phase-change equation is then : 

k*S,Nus(z)-Nz+(z) = p*&*$. 
.’ 

(14) 

The aforementioned assumptions suggest the fol- 
lowing method of solution : 

-solve separately the natural convection equations 
in the fixed non-rectangular liquid cavity ; 

-use the steady-state temperature field in the melt 
to calculate the local heat transfer at the interface 
(liquid side) ; 

--solve simultaneously the interface motion and the 
transient heat conduction equation in the solid 
phase on a predetermined time step. 

The initialization of the calculation uses a pure con- 
duction one-dimensional model and is terminated 
when the thickness of the melt layer reaches the critical 
value for the onset of natural convection in the liquid 
phase. Then, a first resolution of the convection equa- 
tions is done in this initial rectangular cavity. 

The numerical method uses the control volume 
fo~ulation: rectangular grids are defined on the 
computational spaces representing the liquid and 
solid domains and the transformed equations are inte- 
grated over each control volume. The set of linear 
equations is solved using an alternate direction algo- 
rithm. 

The finite-difference method used to solve the 
natural convection equations is based on the hybrid 
scheme proposed by Patankar and Spalding [16, 171. 
The computational grid is generally irregularly spaced 
to allow a good resolution of the boundary layers 
near the walls without increasing the number of 
nodes, since the Rayleigh number for this problem 
may be larger than 1 09. 

When a converged steady-state solution of the natu- 
ral convection equations is obtained for a given liquid 
cavity, the local heat transfer along the interface is 
calculated. This distribution is considered to be con- 
stant over the time step chosen for the calculation of 
the interface movement and heat conduction in the 
solid phase. The situation is then similar to the prob- 
lem studied in ref. [I 81. The procedure implies that the 
local melting front velocity is supposed to be known 
when solving the conduction equation (11). Since the 
temperature field in the solid phase is required to solve 
the energy balance equation (14) which defines the 
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movement of the interface, an iterative procedure is 
used to solve the set of coupled equations (11) and 
(14). It should be mentioned that the ‘fusion step’ 
(the time step during which natural convection heat 
transfer at the interface is considered to be constant) 
is divided into a number of ‘conduction steps’ which 
can be taken as small as desired to ensure a good 
precision of the calculation of the temperature field 
in the solid phase. The iterative procedure for the 
determination of the melting front shape and position 
is repeated at each ‘conduction step’. 

At the end of a ‘fusion step’ a new position of the 
melting front is obtained as well as the time-de~ndent 
temperature field in the solid phase : the natural con- 
vection problem in the newly defined liquid cavity 
may be solved again. The process is repeated until the 
stationary position of the interface is reached. One 
step of the computation needs about 500s on a 
UNIVAC 1 I 10 for a 21 x 23 grid in the liquid cavity 
and a 14 x 20 grid in the solid domain. A complete 
simulation requires 15-25 fusion steps, the value of 
the time step being gradually increased during the 
melting process. The time step used for the calculation 
in the solid phase is of the order of 0.02 (2 min). 

EXFERIME~TAL SET 

The experimental device is designed to study the 
melting process with imposed temperature conditions 
on the two larger facing vertical sides of the rect- 
angular enclosure and adiabatic horizontal and ver- 
tical terminal walls. The temperature fields in the solid 
and liquid phases and the interface shape and position 
are measured. The apparatus is conceived to provide 
high precision results in order to allow quantitative 
comparison with the numerical results obtained with 
the simulation code described above. Special care has 
thus been taken of the stability and homogeneity of 
the imposed boundary conditions and of the accuracy 
of the temperature measurements. 

The expe~mental cell containing the PCM is a rec- 
tangular parallelepiped of height H = 0.197 m and 
width L = 0.0688m (Fig. 2). The third dimension 
D = 0.600 m is large compared to H and L; the edge 
effects are thus negligible and the heat transfer is 
expected to be two-dimensional. 

The two large vertical walls consist of metal heat 
exchangers through which water is circulated. The 
water flow path in each exchanger has been machined 
in a brass plate (hot wall) and in an aluminium plate 
(cold wall) in order to get as uniform as possible a 
temperature distribution on those two exchangers. 
The heat exchanger has been calculated for the tem- 
perature drop to be less than 0.2”C. To get rid of short 
term temperature fluctuations due to the regulation of 
the thermostats driving the cold and hot exchangers, a 
0.5-m” well-insulated thermal bath is included in each 
loop (Fig. 3). In the hot wall circulation loop high 
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FIG. 2. Vertical cross-section of the experimental cell in the 
y-z plane. 

rates of energy extraction are expected. To avoid 
effects of thermal stratification and spatial inhomo- 
geneity in the hot thermal reservoir the water of the 
bath is not directly circulated in the hot wall, however, 
heat is extracted from the bath through a large mass 
heat exchanger constituting an independent inner 
loop in the heating system. 

The four end walls are made of 0.04-cm-thick altu- 
glass plates and the whole cell is carefully insulated 
with 0.08-m-thick Styrofoam. The insulation of the 
vertical end walls is removable in order to aflow the 
photographic observation of the melting front in the 
normal direction to the plane of interest. 

Temperature measurements 
Sixty K-type thermocouples are used to register the 

evolution with time of the temperatures in the system : 

--4X12-mm-diameter thermocouples are located in 
the PCM. These thermocouples are tightened 
between springs along the x-direction (normal to 
the plane of interest) so that the junctions are 
located in the same vertical mid-plane, constituting 
a 5 x 5 array of regularly spaced measurement 
points (Fig. 4). The five horizontal levels are named 
A-E, from the bottom of the cell. 

-At Ievefs A, C and E, 0.12-mm-diameter ther- 
mocouples are located in the hot wall and in the 
boundary layer (1 and 2 mm from the plate). 
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FIG. 3. Circulation loops of the experimental device. 
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FIG. 4. Thermocouple locations in the experimental cell, 

JJ: = 8.2x 10W3m zX = 124x 10m2m 

yf=23.3xW3m zt= 4.71x10-“m 
v$ = 38.3 x IO-‘ rn z(+ = 8.20 x fO-*m 
y:=f3.3xlO-“m z~=11.72x10-*m 

yf=66,3x10-“m ~~=lS.26xlO-~m 

- Qn the sides of the end walls, in the insulation and 
in the circulation loops, 0.20-mm-diameter 
t~e~ocoupIes are used to check the stability of the 
temperatures and to estimate the heat losses of the 
cell. 

The cold junctions of the the~ocouples are eon- 
netted to a l-gV resolution voltmeter through a 64” 
channel multiplexer and the data registered is moni- 
tored by a minicomputer. The mu~tipIexer has been 

Tabie 1. Therrno~~~sic~ properties of n-octadecane 
-.--- 

Temperature 
Thermophysicai range Value 

property 

Fusion temperature 28.05 
Latent heat (J kg- ‘) 241000 
Thermal co~ucti~~ity 

(Wm-r “C-’ ) liquid 0.157 
solid 0,390 

Specific heat (J kg- ’ “C- ‘) liquid 2200 
solid 1900 

Density (kg m- I) iiquid Tr 776.8 
liquid 30°C 775.5 
liquid 40°C 768.4 

solid 814 
Kinematic viscosity 

(m’ s-r) 30°C 5.005 x 1o-6 
35°C 4.468 x lo-6 
40°C 4.013 x 10-e 

placed into a thermostatted box to reduce temperature 
inhomogene~ties on the connectors. Each channel 
(the thermocouple and the corresponding relay) has 
been individually calibrated in the temperature range 
of interest (1040°C). A precision of O.l”C on the 
temperature measurements could thus be reached. 

Phase-change material 
The PCM to be used in such experiments must be 

pure and its the~opb~sical properties must be known 
with good precision. It must present good repro- 
du&ibil~ty in the repeated fusion-solidi~~tion cycles 
and low chemical reactivity. Among the possible can- 
didate materials, 99.9% pure n-octadecane has been 
retained as a PCM. The thermophysical properties are 
reported in Table I. 

Experimental procedure 
The preparatory phase of each experimental run is 

of great importance, since the quality of the results 
depends strongly on the homogeneity of the solid 
material and on the definition of the initial conditions. 
The experimental cell cannot be entirely filled in one 
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time with the total mass of liquid octadecane, because 
of the relatively large difference in density between the 

liquid and solid phases that would create large air 
cavities in the material during the solidification 
process. Thus, the cavity is filled by successive liquid 
layers, of the order of 1 cm, which are solidified before 
the next layer is created. 

During this filling process and the following 48 h 

necessary to get a uniform initial temperature 
condition, the water of the cold loop is circulated 
through both the vertical walls of the enclosure : the 
initial condition is reached when all the thermocouples 
in the material indicate the same temperature within 
a O.l”C margin. In the meantime, the temperature of 
the hot reservoir is set at the preselected value chosen 
for T, in the experiment. 

At time t* = 0, the cold water is extracted from 
the hot wall and hot water from the heating loop is 
circulated through the wall. The most difficult aspect 
of the experiment is to get the hot heat exchanger 

temperature to perform a reasonably well-defined step 
function when the experiment is started. Indeed, due 

to the low initial temperature necessary for the con- 
duction in the solid to be important enough, a large 
AT = T, - To is imposed and a very strong heat flux 
is extracted from the heat exchanger in the first 
minutes of the experiment. Meanwhile the effect of 
the heat provided to the experimental set through the 
hot exchanger affects the small air gap above the PCM 
and also the lateral walls of the cell. As a consequence, 
during the first half hour of the experiment, the sta- 
bility and uniformity of the boundary conditions are 
not perfect as shown on Fig. 9, but nevertheless, the 
nominal temperature of the plate is reached within 
5 min to better than 5%. After that period, for a 

temperature step of the order of 10°C above TF, the 
stability of the hot plate temperature is of the order 
of 0.1 “C and the homogeneity is better than 0.2”C. 

RESULTS AND DISCUSSION 

In this section we will present and discuss the results 
obtained in a reference experiment, and the com- 
parison with the numerical simulation. Initially, the 
experimental cell contains solid octadecane and the 
heat exchangers are maintained at a temperature 
To = 9.75”C. At time t* = 0, a temperature step of 
about 26°C is applied on the hot wall. During the first 
hour of the experiment, a transient evolution of the 
wall temperature is observed, due to the high rate of 
energy extraction from the hot plate at the beginning 
of the process ; during the period, a 0.2”C decrease of 
the hot wall temperature may be noticed, before a 
steady value of 35.65”C is reached. In the meanwhile, 
the temperature of the cold wall stabilizes at 9.85”C. 
Under these conditions, the dimensional parameters 
of the experiment are : 

-temperature difference in the liquid phase: 
AT, = 7.6O”C 

Table 2. Dimensionless parameters of 
the reference experiment 

Parameter 

Ra 
Pr 
A 
Ste 
k* 

SL 
a* 
P* 

Numerical value 

0.846 x lo9 
52.14 
2.51 
0.0691 
2.48 
2.40 
2.67 
1.08 

-temperature difference in the solid phase: 
AT, = 18.2O”C 

-initial height of the material : H = 0.177 m. 

The numerical code described above has been used to 
simulate the experiment. The dimensionless para- 
meters corresponding to the conditions of the experi- 
ment are reported in Table 2. 

Heat transfer kinetics 
The position of the melting front at different times, 

obtained by photographic recording (solid lines) and 
numerical simulation (dashed lines) is represented on 
Fig. 5. In a first period, the main trends of the melting 
process are qualitatively similar to what could be 
observed in previous experiments where the solid 
phase is kept isothermal at Tf (e.g. [2, 121) : 

conduction dominated melting at early times (the 
melting front is parallel to the hot plate) ; 

-then, convection driven melting and the interface 
moves faster in the top part of the enclosure. 

In a second period, the influence of heat extraction 
from the cold wall significantly modifies the evolution 
of the interface shape and position. Temperature 
gradients in the solid phase are increasing with time 
as the thickness of the solid material decreases. Thus, 
the melting process slows down and the top part of the 
interface does not exhibit the usual strong curvature, 
which is typical of the absence of conduction heat 
transfer in the solid phase. Then, after about 24 h, the 
interface reaches a stationary position. 

It can be seen in Fig. 5 that the agreement of the 
numerical simulation with the experimental results is 
very good all along the process. However, the com- 
putation does not simulate the change in curvature 
of the interface at the very top part of the enclosure, 
a local discrepancy which does not depend on the grid 
used in the convection calculation. This difference is 
not due to the fact that the top thermal boundary 
condition, which is assumed to be adiabatic in the 
simulation, is disturbed in the experiment by the over- 
flow of the liquid on the solid top surface. Indeed this 
phenomenon, due to the volumetric expansion of the 
material upon melting, has been simulated assuming 
that the temperature of the top surface of the solid 
phase is equal to the fusion temperature during a given 
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24h25 
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- Experiment 

FE. 5. Time evolution of the melting front pro&s : experi- 
ment (solid lines) and simulation {dashed lines). 

time. The temperature evolution in the top part of the 
solid is slightly affected by this disturbance, but the 
curvature of the interface is not sensitive to this change 
in the boundary condition. Thus a safe hypothesis is 
that this local discrepancy is due to the simplified 
coordinate transformation used in the natural con- 
vection calculation, since the local angle of the front 
with the vertical axis is higher than the maximum 
angle for which our approximation is valid 1191. Let 
us underline that the overall simulation of the melting 
process is not affected by this local discrepancy. 

The time evolution of the distance between the hot 
plate and the interfzdce may be observed with more 
accuracy at the different levels corresponding to the 
thermacouple locations (Fig. 6). Indeed the interface 
reaches the position of a given thermocouple when 
this thermocouple indicates the fusion temperature. 
The experimental points on Fig. 6 are obtained both 
from photographic recordings and from temperature 
measurements in the material. These curves are to be 
compared with the results obtained in a previous study 
[ 121 where the solid phase was kept isothermal at the 
fusion temperature. The experimental and numerical 
results have shown that as soon as a separated botm- 

dary-layer regime has been attained in the liquid 
phase, the local horizontal velocity of the melting 
front is a constant, meaning that the local Nusselt 
number defined by unit vertical surface [equation (13)] 
is constant for a given z. We have shown [12] that the 
only limitation for this result to be valid is that the tilt 
and curvature of the interface be in a given range [see 
equation (7)]. In the present experiment, this result 
is perfectly vaiid. Thus the time-d~reas~ng hori- 
zontal vdocity of the melting front in Fig. 6 shows 
the increasing influence of the heat transfer to 
the solid phase, which modifies the kinetics of the 
phenomenon. 

Without getting into the detailed time evolution of 
local Nusselt numbers, we give in Fig. 7 the time 
variation of the dimensionless heat fluxes on both 
sides of the interface and at the cold wall, that is, 
of the average Nusselt numbers Nut,, h& and @& 
obtained by numerical simulation. The behavior of 
the Nusselt number at the interface on the liquid side, _-.. 
A& is now well known f?, 8, 121 and it should be 
mentioned that the constant value reached by St_ 
when the boundary~iayer regime is established verifies 
the correlation [t 2] : 

._ .- 
A%,” = 0.33 Ra”4. (IS) 

In the solid part, the&curve, to begin with, exhibits 
a sharp decrease during a dimensional time interval 
of the order of L”/asnz, meaning that the dominant 
phenomenon is the transient conductive regime 
induced in the solid phase by the temperature step. In 
fact, due to the rather low Stefan number, the melting 
front velocity is law [see equation (14)]. Thus it is 
not dominant in the heat transfer process as long as 
transient conduction is present. This can be seen more 
precisely by considering equation (11) and by intro- 
ducing the ratio us between the coefficients of &.,/aYs 
and V2Bs in this equation : 

1 L2 t?( L - c*) c’s = _. ‘--‘*.-._.. . 
OIS L-c at* 

(16) 

With the help of the experimental values of 
$L--c*)/at*, the order of magnitude of this ratio is 
found to be us = 0.5. Thus, if V*ffs is important, the 
diffusion term will be dominant, but, when approach- 
ing the steady regime, this result indicates that the 
‘convective’ term in (1 I) will rapidly become domi- 
nant. This is what appears on Fig. 7 : after the initiai 
drop, Nus comes to a minimum and increases pro- 
gressively as the thickness of the solid domain 
decreases, while z&, the Nusselt number at the cold 
wall, rises slowly to the same value as Nus, indicating 
that the diffusion term gets smaller and smaller. For 
t* > 5 h, the relative difference between Gs and x0 
is already less than 10%. 

This sequence of an initial phase strongly domi- 
nated by transient conduction in the solid domain, 
folIowed by a phase where heat transfer is induced 
by the melting front movement is confirmed by the 
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0 Simulation 

l Temperature measurements 

0 Photographic observations 

/-‘ 

Time lhl 

FIG. 6. Time evolution of the interface position at the thermocouples levels (B-E). 0 simulation; 
l experiment (thermocouple measurements) ; 0 experiment (photographic observation). 

70- 

0 5 IO I5 20 

Time (h) 

FIG. 7. Average Nusselt number evolution at the interface 
(GL, zs), and at the cold wall of the cell (A$,) : numerical 

results. 

detailed analysis of the temperature field in the solid 
presented in the next section. 

Temperature evolution in the material 
The time evolution of the temperature of the ther- 

mocouples located at level D is given for a 12-h period 
(Fig. 8). In the solid phase, we notice that the first 2 h 
are characterized by a strong transient increase due 
to the temperature step on the hot wall. Then the 
evolution is slower; nevertheless, the temperature at 
a given point still increases as long as the thickness of 
the solid domain at this level is getting smaller. 

It is interesting to notice by comparing the tem- 
peratures on the same vertical line (Fig. 9) that the 
heat transfer becomes significantly two-dimensional 
only after l-l 3 h, that is, after the strong initial tran- 
sient has vanished. The temperature evolution in the 

solid is then driven by the two-dimensional movement 
of the interface. 

When a thermocouple is reached by the melting 

front and enters the liquid phase, its behaviour is 
exactly the same as in the classical isothermal solid 
experiments ; its temperature increases again sharply 
while it crosses the thermal boundary layer along the 
interface, and after a maximum in the inversion zone, 
the temperature reaches a constant value cor- 
responding to the stratification zone. The neigh- 
bouring thermocouples of the same level reach the same 
stable value after a similar evolution. 

TemperatureJields 
The good agreement between the experimental and 

numerical results concerning the heat transfer balance 
at the interface (melting profiles, Fig. 5) is confirmed 
by the comparison of the temperature fields in the 
liquid and the solid phases. 

Liquid phase. Figure 10 presents the temperature 
distribution in the liquid phase at three levels (B, C 
and D) at time t* = 22.5 h. On the figure, the abscissa 
of the point at the fusion temperature (0, = 0) is not 
the same for the different levels, since it depends on 
the local thickness of the liquid cavity. Because of the 
high Rayleigh number, the boundary layers are very 
thin and all the experimental points are located in 
the stratification zone. In this region, the numerical 
simulation is in very good agreement with the 
measurements, although a rather coarse grid is used 
in the central part of the cavity. 

Solid phase. In the solid phase, the temperature 
distribution is given at three different times for level 
C (Fig. 1 la) and level E (Fig. 11 b). The calculation 
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Time (min) 

FrG. 9, femperature evolution of the thermocouples located cm lines 1 and 2 (hxiznntal levels C, D and E). 

again gives an exceiknt s~mu~a~on of the ex~~r~me~ta~ 
~asurements, even in thk phase of the process, which 
is &aracterized by a strongly transient evolution of 
the temperature Wd in the solid phase. The local 
discrepancy found at the upper level (E) at f* = 44 
min is due to a sudden change in the upper thermal 
boundary condition in the experiment. Indeed the 
volumetric expansion of the material upon melting 
causes the liquid to flow from time ta time over 
the surface of the solid phase, and the top boundary 
condition is not adiabatic. The influence of this per- 
t~rba~~n is limited to the upper part of the solid 
domain, and it can be seen that the temperature dis- 
tribution at mid-height (Ievel C> is not affected by this 
ph~~orne~~n. 

It is worth noticing that the numericaal and experi- 
mental temperature distributions in the solid phase 
are almost linear at time t* = 2 h. This cmdirms tkat 
the transient response of the soEd phase due to the 
temperature step almost reaches a quasi-steady regime 
in 2 h, and that afterwards the temperature dis- 
tribution remains linear, the increase of the heat flux 
being mainly due to the movement of the interface. 

The simulated time evolution of the temperature 
fields in both phases is illustrated on the isotherms 
plotted on Fig. 12. The left part of the figure (Fig. 
12a) gives the isotherms at the beginning of the mslt- 
ing process (t* = 35 min). It appears clearly 0x1 the 
figure that the conduction regime is still dominant in 
the liquid cavity. In the solid domain, the shorter 
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presented in this study show that the hypotheses used 
0 Experimental results in the numerical simulation are valid for the range of 

-Numerical simulation parameters considered in this work (Ra = 109, 
Pr = 50, Ste < 0.2). These orders of magnitude are 

t’-22h 30min typical of applications of phase change to latent heat 
storage in closed rectangular cells. Under these con- 
ditions, several hypotheses have been verified : 

/B D 

Y 

FIG. 10. Temperature profiles in the liquid phase at levels 
B, C, D. - Simulation ; 0 measurements. Because of the 
irregular shape of the interface, the abscissa of the 19~ = 0 
point (the fusion temperature) is smaller at the lower 

levels. 

distance between the isotherms near the interface indi- 
cates the transient regime in this phase. The isotherms 
plotted on Fig. 12b correspond to a later time 
(t* = 10 h): it may be seen that the boundary layer 
regime is fully developed in most parts of the liquid 
cavity. In the solid phase, the isotherms are equally 
spaced, showing that the quasi-steady regime has been 
reached. 0 

CONCLUSION 

The very good agreement of the numerical results 
with careful and precise experimental measurements 

o- 

(a) Level C 

The natural convection flow in the liquid phase is 
laminar. 
The thermophysical properties of both the liquid 
and the solid phases may be considered to be con- 
stant, and the interface may be taken as a smooth 
surface. 
As far as convection in the melt is concerned, the 
quasi-stationarity of the melting process allowed 
by hypotheses 6 and 7 is a good approximation. 
This can be extended to all the cases where the 
duration of transient natural convection is neg- 
ligible (hypothesis 7) as well as the effect of the 
interface velocity on the dynamic boundary layer 
(hypothesis 6). As shown earlier, this latter 
approximation is correct if the inequality : 

Ra’14/Ste* >> 1 

is satisfied. A sufficient condition for hypothesis 7 
to be fulfilled is that 

0.33Ste* cc 1. 

The boundary-layer regime in the liquid cavity is 
dominant over the major part of the melting 
process. This is due to the fact that the ratio of 
the characteristic time for the separation of the 
boundary layers to the time scale of the melting 
process is very low in the case under consideration. 
Indeed the maximum value of this ratio (obtained 

o- 

(b) Level E 

- Simulation 

0 Experiment 

FIG. 11. Temperature profiles in the solid phase at different times : (a) level C ; (b) level E. __ Simulation ; 
0 measurements. ys is measured from the cold plate, thus the abscissa of the l& = 0 point (the fusion 

temperature) is decreasing with time since the thickness of the solid domain is getting smaller. 



in the absence of conduction in the solid phase 
fl21) is given by : 

a quantity which is much smaller than 1. Bausts 
af this situaticm, the w~~~-~~~w~ correlations [r-2, 
.tS] giving the local heat f&x at the wails of a 
~~tangu~ar cavity for internal natural convectiod 
ilr t&e &Uninar regime can be used in OLS prob&Xn, 
KS long as the tift of the mdting front on the vertical 
axis is small. 

Ia the solid phase, the kinetics of the system are 
mainiy determined by the value of the parameter vs 
[equation (lS)J, the ratio of the interface velocity to 
t.hc” diffusion v&city. In the case under study, the 
value of vs, very c&e to I, allows the d~~~~~~n of 
two successive steps : the first one dominated by con- 
duction in the solid ; and the second one by the move- 
mlsnt of the in#erface. 

One of the majn extensions to this study wiII be 
to cover a wider range of dimensionless ~a~rnete~~ 
corresponding to other applications of phase change, 
and to determine tile domain of validity of the pre- 
ceding results. 
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PROBLEME DE FRONTIERE MOBILE : CONDUCTION DANS LA PHASE SOLIDE D’UN 
MATERIAU A CHANGEMENT DE PHASE LORS DU PROCESSUS DE FUSION COMMANDE 

PAR LA CONVECTION NATURELLE DANS LE LIQUIDE 

R&urn&-Le but de cette ttude est de prtsenter une analyse du changement d’ttat solids-liquide en 
gtometrie rectangulaire od la fusion r&suite du couplage entre la conduction dans le mattriau solide et la 
convection naturelle dans la phase liquide. La mCthode de r&solution num&ique du probleme est validte 
par comparaison avec des rtsultats exptrimentaux p&is. On montre en particulier l’influence de la 
conduction dans le solide sur la tint-tique de fusion, par rapport $ des Ctudes anttrieures oti la phase solide 

est maintenue isotherme. 

W;IRMELEITUNG IN DER FESTEN PHASE EINES LATENTSPEICHERMATERIALS 
BEIM SCHMELZEN INFOLGE NATtiRLICHER KONVEKTION IN DER FLOSSIGKEIT 

Zusammenfassung-Dieser Beitrag stellt eine Untersuchung des durch die tiberlagerung von Wlrmeleitung 
im Festkiirper und natiirliche Konvektion in der Schmelze erzeugten Schmelzprozesses in einem rech- 
teckigen Hohlraum vor. Die hier vorgestellte numerische Liisung des Problems wird durch einen Vergleich 
mit exakten experimentellen Ergebnissen bestltigt. Verglichen mit Studien iiber Phasenwechsel an einem 
isothermen Festkiirper zeigt sich hier, daB die Wgrmeleitung im Festkijrper die Kinetik des Schmelz- 

prozesses nachhaltig beeinflul3t. 

3AAAYA C l-IOABMXHOti I-PAHMuEn: TEfIJ-IOIlPOBOAHOCTb TBEPAOR @ASbI nPI4 
ILJIABJIEHMM MATEPMAJIA, ECTECTBEHHAX KOHBEKUMX B XMflKOCTM 

AHHoTaqHa-npencTaBneH aHanR3 npouecca nnaBneHltn a npwoyronbHblx nonocTz4x c yreToh4 Tennon- 

pOBOL,HOCTH B TBepnOii $a3e H eCTCCTBeHHOfi KOHBeKUIIB B paCn,,aBe r,pk, ,j,aJOBOM U3MeHeHWH B MaTe- 

paane. IlpencTaBneHHoe wcneHHoe pemeHHe 3anaw 060CHOBbIBaeTCfl C noMowbm cpaBHeHsn c 

TO’,Hb,MH 3KC”elXWeHTaJIbHblMA pe3yJIbTaTaMH. nOKa3aH0, YTO y’IeT TenJIOnpOBO~HOCTH B TBepnOfi 

$ase cymecTBeHH0 ynysmaeT 0nAcaiiWe KHHeTm04 npouecca nnaeneiiwn B cpaaHeHmi c npenbrnymewi 

HCCJIeZIOBaHWRMH B npeLInOJ,OXeHN, 830TepMW’IHOCTB TBepaOti @a3bI. 


