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The melting process of n-octadecane in a rectangular cavity with three discrete protruding heat sources on its 
bottom surface was studied experimentally. It was observed that the experimental process, for the geometric 
arrangement in this paper, is neither a fixed melting nor a contact melting, but one in which fixed melting and 
contact melting take place alternatively. The effects of Stefan number, initial subcooling and aspect ratio on the 
melting process are reported. The larger the Stefan number, the more frequently the contact melting may occur, 
so does the aspect ratio. The initial subcooling plays a role only in early stage. As the melting process proceeds, 
its effect on the melting process becomes less. 
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Introduction 

Solid-liquid phase change heat transfer involving 
melting and solidification has received considerable 
attention for many years because of its wide-ranging 
applications tll. Generally speaking, there are two kinds 
of melting phenomena: fixed melting ~2"31 and contact 
melting t4'51. In the case of fixed melting, the solid phase 
change material is forced to remain stationary and the 
melted liquid takes up the space between the solid-liquid 
interface and the heat source surface. In the case of 
contact melting, the solid phase change material, or heat 
source, is free to move, or forced to move. Therefore, 
only a thin, liqnid-fiUed gap exists between the solid- 
liquid interface and the heat source surface, and the 
melted liquid is forced to flow out of this gap. Thus, the 
heat transfer in contact melting can be enhanced greatly. 

Because the solid-liquid phase change problems are 
nonlinear, their theoretical solutions are very difficult. So, 
some approximate analytical solutions have been 
presented t6a]. Nevertheless, much of the emphasis has 
been put on experimental investigations tgnl and 
numerical simulations t12'131. Most of the work done in the 
past, however, has dealt with the melting of phase 
change material (PCM) from a whole heated wall with a 
constant temperature. Comparatively few studies have 
been reported on the melting process from discrete heat 
sources at a constant rate. The interest for this problem 

was evoked mainly by the cooling of electronic 
components. Increasing miniaturization and reduced 
spacing of chips on printed circuit boards require larger 
power dissipation, which cannot be met by conventional 
passive cooling techniques (such as natural air 
convection) alone. Under this circumstance, the use of 
PCMs is believed to be a promising alternative. One of 
the fundamental questions arise in this application is how 
to distribute the heat sources for a fixed amount of PCM 
so that the melting process is achieved in a given period 
of time while maintaining the heat sources at a moderate 
temperature. 

The present paper described a preliminary 
experimental study on the melting process in a 
rectangular cavity heated below with discrete protruding 
sources. The surface temperatures of the heat sources 
were measured by thermoeouples and the solid-liquid 
interface motion was recorded photographically. 

Experimental Setup 

The experimental system was shown in Fig. 1. The 
beam from the He-Ne laser tube 1 traveled through a 
pinhole 2 and condenser 3, was then reflected by two 
mirrors 4 and 5, and eventually formed a parallel beam. 
This beam was passed through the test section 6 by 
properly aligning the mirrors 4 and 5. The screen 10 was 
a piece of frosted glass. The purpose of using frosted 
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Nomenclature T temperature, "C 
AR aspect ratio, Ho/W V voltage; volume of liquid phase 
b width of heat source, m Vo total volume of PCM 
C t, specific heat, kJ/(kg.'C ) V/Vo melt fraction 
g acceleration due to gravity, m/s 2 W width of the PCM 
Ho initial height of the PCM, m Greeks 
k thermal conductivity, W/(m. °C) a thermal diffusivity, m2/s 
L latent heat of fusion of the PCM, kJ/kg .8 thermal coefficient of expansion, I/°C 
P power, W a dynamic viscosity, kg/(m.s) 
Pr Prandtl number, v/a v kinematic viscosity, m2/s 
q heat flux, W/m 2 p density, kg/m 3 
R electrical resistance, f~ Subscripts 
Ra Rayleigh number, g .8(q.3b/kt) Ho3/(v.a) i initial state 
Sc initial subcooling, Cpt( Tm-Ti)/L 1 liquid phase 
Ste Stefan number, Cpt(q-3b/kt)/I., m melting point 
t time, s s solid phase 

glass was to scatter the light so that it would not be 
directly incident on the camera lens and a better quality 
photograph could be obtained. The shape of the solid- 
. . . .  (~ 

liqtud interface was recorded by a Nlkon camera 7. A 
highly sensitive thermostat 8, which can control the 
water temperature to within ___ 1/15°C, was used to 
supply water at a constant temperature. By circulating 
water from the thermostat in the multi-pass channel 
installed in the two vertical walls of  the rectangular 
cavity, the temperature of the two sidewalls was 
maintained at a constant temperature slightly above the 
melting temperature of PCM, as proved to be necessary 
for achieving contact melting by a pretest. The wall 
temperature was measured by carefully calibrated 
thermocouples and recorded by using a data acquisition 
system 9. The output of  the thermocouples was displayed 
on the screen of the digital voltmeter 11. A DC power 
supply unit 12 was used to power the discrete heater 
located at the bottom surface of the test section 6. 77-q 

©' 1! 
Fig.1 Experimental system 

The mel t ing  expe r imen t s  were  p e r f o r m e d  in a 
rectangular cavity (Fig.2), whose inside dimensions were 
100mm-height,  120 mm-width and 60ram-depth. The 
vertical heat exchanger 3 was made of copper. The top 
cover 1, auxiliary frame 2, vertical cover 4, horizontal 
inner wall 6, base 7, and flanges 10 and 11 were all made 

of Plexiglas. There were three discrete protruding heaters 
5 on the horizontal inner wall 6. Three sheet heaters, 
which were made by wrapping constantan wire of 0.2mm 
diameter on a piece of bakelite of 0.5ram thick, were 
imbedded into these slots (60 m m ×  20 mm cross section 
with a depth of 4 ram) on the Plexiglas and then covered 
with mica and copper blocks of 1 lmm thick in order. So, 
each heat source 5 is 1 l-ram high, 20-ram wide and 60- 
mm long. The pitch of the discrete sheet heaters was 20 
mm, heat-resistant adhesive was used to fix them in 
place, and the upper surface of the copper blocks was 
painstakingly hand-finished to ensure that they were in 
the same level. To minimize the heat loss from the back 
of the heaters, three auxiliary heaters 8 were mounted 
just opposite the main heaters and were maintained at the 
same temperature as the main heaters. 

. . . . . .  

12 

i0 

Fig.2 Schematic diagram of rectangular cavity 

Two sets of  two layers of  glass 9 of  5 mm thickness 
were installed on the front and rear sides of the test cell 
to form windows. This window allowed for visual and 
photographic observation of melting zone. The air gap 
between the two layers of  glass reduced heat loss of the 
test cell to the ambient. A special electric heater 12 was 
formed by coating a layer of transparent electrically 
conducting material on the glass. This heater was only 
used at the beginning of the experiment in order to 
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separate the PCM from the glass, which was necessary 
for achieving contact melting. During a typical 
experiment, the whole test cell was well insulated except 
when a photograph is to be taken, at which time the front 
and rear insulation was momentarily removed. 

Research grade n-octadecane with purity~>99% was 
used as the phase change material for the current 
investigation. This PCM is desirable because its melting 
temperature is near the ambient temperature. As a result, 
the heat losses to environment is little. In addition, its 

liquid phase is transparent and this allows for the 
photographic observations. The thermophysical 
properties of this PCM were given below: 

melting temperature: Tin=28 °C 
latent heat of phase change: L=244 kJ/kg 
solid phase density: p s=814 kg/m 3 
solid phase specific heat: ct,s=2.15 kJ/(kg. °C) 
solid phase thermal conductivity: k~=0.358 W/(m.°C) 
liquid phase density: p t=793-0.52.T kg/m 3 
liquid phase specific heat: Cpl=2.18 kJl(kg. °C) 
liquid phase thermal conductivity: k~-0.152 W/(m.°C) 
liquid phase dynamic viscosity: b/=3.9×10 "3 kg/(m-s) 
thermal coefficient of expansion: fl=8.5×10 "4 (I/*C) 
Prandtl number: Pr=55.9 

Because the influence parameters on the contact 
melting heat transfer include the Stefan number, 
Rayleigh number, subcooling parameters and the aspect 
ratio of PCM, the test run arrangement was shown in 
Table 1. 

Table 1 Test run arrangement 

Run Ste Ra ( × 10 -s) Sc AR 
1 1.05 6.04 0.02 0.54 
2 2.10 10.48 0.02 0.52 
3 3.15 15.72 0.02 0.52 
4 1.05 6.04 0.03 0.54 
5 2.10 12.08 0.03 0.54 
6 3.15 16.50 0.03 0.53 
7 1.05 5.77 0.04 0.53 
8 2.10 11.00 0.04 0.53 
9 3.15 16.50 0.04 0.53 
10 1.05 2.75 0.02 0.42 
11 3.15 8.25 0.02 0.42 
12 1.05 2.75 0.03 0.42 
13 3.15 8.25 0.03 0.42 
14 1.05 2.43 0.04 0.40 
15 3.15 6.85 0.04 0.40 

Because liquid paraffin has a high dissolving 
capacity for air, the preparation for each test began with 
the degasification of the phase change material. For this 
purpose, the PCM underwent a solidification and melting 

cycle under vacuum and was then carefully siphoned into 
the test cell while its temperature was well above the 
melting point. To prevent the formation of internal voids, 
only a 10 mm depth of the PCM was siphoned into the 
cavity; it was then solidified by circulating cold water 
through the two vertical wall of the test cell. Another 10 
mm of the melted PCM was siphoned to the cavity and 
solidified, and the process was repeated until the total 
height of PCM in the test cell reached the prescribed one. 

U n c e r t a i n t y  A n a l y s i s  

Heat power was determined by means of measuring 
the voltage and resistance. Voltage V was measured by a 
PZ12a-type digital voltmeter with an uncertainty of 1.2%. 
Resistance R was measured by an electric bridge with a 
maximum uncertainty of 0.35%. Therefore, the 
uncertainty in measuring power is 

6P 2 o T + t R  0.75% 
P V R 

The maximum uncertainty of temperature 
measurement (including the uncertainty of data 
acquisition system) is x~0.2*C, and the lowest temperature 
measured in the present study was 23°C, so the overall 
uncertainty of temperature measurement is 0.8%. 

The resolution of the image processing system is 256 
× 256, and the smallest aspect ratio AR in the present 
paper was 0.392, so the maximum uncertainty of 
measuring the total area is 

~ 0 _ 1  1 
- -  ~ - -  = 1.39% 

V 0 256 256. AR 
Since the minimum solid phase fraction measured 

was 32%, the maximum deviation in determining the 
area of the solid phase is 

b'V,= 1 -~ 1 =3.5% 
V, 256 256. AR- (V, /V o) 

Thus, the uncertainty in determining the melt fraction is 

6(V/V°)-2  b'V' + 6V° =4.89% 
V / Vo v, Vo 

Uncertainty in measuring time is negligible. 

Results and Discussion 

S o l i d - l i q u i d  i n t e r f a c e  s h a p e s  

Typical progression of the solid-liquid interface with 
time, traced directly from the photographs, was shown in 
Fig.3. At early stage, the three-melt zones seemed to be 
smooth and regular, which indicated that the conduction 
was the dominant mode of heat transfer. As melting 
continued, natural convection began in the liquid phase, 
as was indicated by the appearance of a non-uniform 
melt region shown in Fig.3(b). Because the melted liquid 
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took up the space between the solid-liquid interface and 
the heat source surface, the foregoing process was a 
fixed melting process. Later on, the remainder PCM 
between heat sources become less and less. As a result, 
the block solid PCM dropped and contact melting began. 
The similar process, in which fixed melting and contact 
melting take place alternatively, was observed in the 
subsequent process. 

(a)  40m i n (b)  60111 i n 

(c )  80m i n (d)  100m i n 

(e) 120mi n (f)  140mi n 

Fig.3 Solid-liquid interface (Run 9) 

Surface temperatures of discrete heat sources 
Surface  tempera ture  var ia t ion of  discrete  heat 

sources as a function of time were shown in Fig.4~6.  At 
early stage of  the melting process, the upper surface 
temperatures of the three discrete heat sources were 
n e a r l y  the  same .  A f t e r  th is  s t age ,  the  s u r f a c e  
t em pe ra tu r e s  i nc rea sed  g radua l ly  with t ime and 
eventually achieve its peak value. Thereafter, natural 
convection began to play a role in the melting of PCM, 
so there might be a little drop in surface temperature. 

As time progressed, the natural convection predominated. 
As a result, the surface temperatures of the three heat 
sources reached a steady value. After a certain period of 
time, the surface temperatures of the heat sources 
decreased rapidly with increasing time. This corresponds 
to the stage of contact melting. 

The effect of Stefan number on the surface 
temperature of heat sources is presented in Fig.4. As can 
be seen, the larger the Stefan number, the more rapid the 
melting process and the more frequently the contact 
melting occurs. The maximum surface temperature of the 
heater in the case of large Stefan number was higher than 
in the case of small Stefan number. 

Fig.5 shows the effect of initial subcooling on the 
surface temperature of heat sources. Evidently, the initial 
subcooling can play a significant role only in early stage 
of the melting process. Its influence on the melting of 
PCM disappeared after the fixed melting entered the 
quasi-steady state. 
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Fig.5 Effect of initial subcooling on the 
surface temperature of heat source 

The effect of the aspect ratio of PCM on the surface 
temperature of heat sources is illustrated in Fig.6. The 
smaller the aspect ratio, the earlier the contact melting 
may take place and therefore, the more frequently the 
contact melting takes place. 
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Fig.4 Effect of Stefan number on the surface 
temperature of heat surface 
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Fig.6 Effect of aspect ratio of PCM on the 
surface temperature so heat source 



258 Journal of Thermal Science, Vol. 10, No.3, 2001 

Melt Fraction 
The melt fraction is defined as the ratio of the 

volume occupied by the liquid phase to  the total volume 
of the PCM and is determined by the aforementioned 
image processing system. The variations of melt fraction 
with time, as well as the effect of the Stefan number on 
melt fraction, are illustrated in Fig.7. Linear relationships 
were observed for various operating conditions. This can 
be attributed to the constant flux of heat transfer. In 
addition, the larger the Stefan number, the more rapidly 
the melt fraction increases with time. 
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Fig.7 Effect of Ste number on melt fraction 

The effect of initial subcooling on melt fraction is 
shown in Fig.8. For two different initial subcooling 
parameters, the two lines connecting the data points are 
closely parallel to each other. Accordingly, the existence 
of initial subcooling do not change the rate of the melt 
fraction rise with time, but postpone the melting process, 
more exactly, the first fixed melting process, to some 
later time. 
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Fig.8 Effect of initial subcooling on melt fraction 

The influence of aspect ratio of PCM on melt 
fraction was also studied (shown in Hg.9). The Stefan 
number and initial subeooling parameters in these two 
cases are the same, but the aspect ratio remains different. 
Evidently, the rate of the melt fraction rise with time for 
the ease of low AR value is much slower than that for the 

case of high AR value. 
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Fig.9 Effect of aspect ratio of PCM on melt fraction 

C o n c l u s i o n s  

This paper described an intermittent contact melting 
occurred in a rectangular enclosure heated below with 
local heat sources. The melting process is affected by 
various parameters. The larger the Stefan number and the 
aspect ratio of PCM, the more rapidly the melting 
proceeds and the more frequently the contact melting 
occurs. The effect of the initial subcooling on melting 
process does exist only in the very early stage and will 
disappear after the melting process enters the contact 
melting stage. 

The present work extended the earlier investigation 
on the melting process in a rectangular cavity. The 
detailed data given in the present paper can be used as a 
benchmark for evaluating new numerical simulation 
techniques in this field. 
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