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Abstract-This paper reports basic solid-liquid interface and heat transfer data obtained during solid&liquid 
phase change (melting and solidification) of n-octadecane in a two-dimensional rectangular cavity with 
conducting vertical walls. The shadowgraph technique was used to measure local heat transfer coefficients at 
the heat source surface. The solid-liquid interface motion during phase change was recorded photo- 
graphically. Duringmelting,adevelopment ofvortex motion at the bottommelt zone was observed to bequite 
similar to that in a rectangular cavity with isothermal walls. In both melting and solidification experiments 
the conducting walls acted as isothermal walls at the late times during the processes. Natural convection 
was found to control the melt shape, the melting rate and heat transfer during melting. The effect of the initial 
subcooling of the solid was also investigated and the results clearly showed that heat conduction was the 
dominant mode of energy transport during the inward solidification. For solid-liquid phase-change heat 

transfer short extended surfaces are more effective than longer ones. 
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INTRODUCTION 

SOLID-liquid phase-change heat transfer such as 

solidification and melting is not only of practical 

interest to a wide range of technologies but also in 
geophysics. The work described in this paper has been 
motivated by latent heat-of-fusion energy storage, but 
it may also have other applications. For example, in 
some latent heat-of-fusion energy storage concepts the 
phase-change material is encapsulated in containers or 
is placed on the shell side of a shell-and-tube heat 
exchanger Cl]. The working fluid during charging and 
recovery cycles is circulated through flow passages in 
the unit. In the classical treatment of the phase-change 
problems convection in the liquid is neglected [2], and 
heat transfer is solely due to heat conduction. More 
recent experimental evidence has clearly established 
that both during solidification and melting, natural 
convection in the liquid can have an important or 
dominant influence on the motion and the shape of the 
phase-change boundary and on the rate of heat transfer 

c31. 
Latent heat thermal energy storage devices exhibit 

certain self-defeating traits. The materials usually have 
low thermal conductivities and during the solidifi- 
cation or discharge process, the material solidifies onto 
the heat transfer surfaces, increases the thermal 
resistance, and acts as a self-insulator. One of the many 
possible ways of enhancing heat transfer in latent 
energy storage devices is the use of extended surfaces 
(fins) [l]. It was first suggested by Humphries [4] in 
connection with spacecraft thermal control. The 
thermal performance of finned storage units [S] and 
finned heat pipe storage modules has been investigated 
[6,7]. The enhancement ofsolidification by finning has 
been studied experimentally for external arrangements 
[S, 91. The effects of fins on heat conduction during 
solidification in two-dimensional (2-D) rectangular 
[l&12] and doubly connected [13, 141 geometries 
have also been examined analytically. Heinze and 
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Humphrey [l l] presented a simplified numerical 
model for melting in a rectangular enclosure in which 
both the top and the bottom walls acted as fins. The 
model is based on a quasi-linear, transient thin-fin 
equation to predict the melting rate and the shape of the 
solid-liquid interface. A correlation for natural con- 
vection heat transfer coefficients was needed as an input 
to the model to account for the fluid motion in the melt. 
More recently, Smith and Koch [12] have obtained 
a numerical solution for a transient heat conduction 
problem with solidification occurring in a rectangular 
enclosure with conducting vertical sidewalls which 
act as one-dimensional (1-D) fins. 

made using a shadowgraph system, and a Mach- 
Zehnder interferometer was used for flow visualization. 

The present experimental study was undertaken to 
obtain solid-liquid phase-change (melting or solidifica- 
tion) heat transfer data in a 2-D rectangular enclos- 
ure formed by an isothermal bottom and two con- 
ducting vertical sidewalls. The bottom of the enclosure 
was subjected to an isothermal wall temperature 
boundary condition, while the top free surface was 
insulated. An air-gap between the material and the 
top of the enclosure was also maintained to accom- 
modate for the volume change accompanying phase 
change in the material. Three different aspect ratio 
enclosures were used in the experiments. The re- 
sults of the solid-liquid interface motion, inter- 
ferometric visualization of the temperature distri- 
bution in the melt, and the local heat transfer at the 
heated bottom surface as well as along the conducting 
sidewalls during melting are presented. The experi- 
mental results for solidification are also discussed. 

The principal components of the test cell consisted of 
two aluminum vertical walls with a thickness of4.8 mm, 
and a copper bottom plate with two Plexiglas windows. 
A schematic diagram showing the test cell is shown in 
Fig. 1. The inside dimensions were 40 mm deep, 48 mm 

wide, and different heights which depend on the aspect 
ratio of the enclosure desired. Three different heights of 
the aluminum wall, 25,55, and 70 mm, were used in this 
study. This corresponds to aspect ratios of0.42,1.0, and 
4.0, respectively. For an aspect ratio of 4, a smaller inner 
dimension of the test cell was used to reduce the length 
of time required for completing the phase-change 
experiments. In this case, the test cell was 15 mm wide, 

70 mm high, and 40 mm deep. 
The bottom surface of the cavity could be heated or 

cooled by circulating a working fluid from a constant 
temperature bath through multiple channels milled 
inside the copper bottom plate. To insure good thermal 
contact between the conducting walls made of 
aluminum (6061T6) and the bottom plate, a thermal 
compound was applied to the ends of the aluminum 

plates. The Plexiglass windows were used to allow for 
flow visualization, photographic, and shadowgraphic 
observations. For interferometric measurements, opti- 

cal quality glass windows were used. 

EXPERIMENTS 

The heated surface temperature of the enclosure 
including the bottom plate and the two conducting 
sidewalls was measured by T-type thermocouples 
which were embedded along the inner surface of the 
cavity. Numerous thermocouples were also located 
inside the test cell for measuring the temperatures ofthe 
solid and the liquid of the phase-change material. 

Test apparatus 
The test apparatus consisted of a test cell, two 

constant temperature baths and data acquisition 
equipment. The local heat transfer measurements were 

Test procedure and data reduction 
Research grade (99% pure) n-octadecane was used as 

the material in the experiments. This paraffin was desir- 
able because its fusion temperature is near the ambient 

Section A-A 

FIG. 1. Schematic diagram of the test cell : (1) Plexiglas window; (2) test region; (3) channels for temperature 
controlled fluid flow; (4) aluminum conducting walls. 
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laboratory temperature which aids in reducing heat 

losses (or gains) to the ambient environment. It 
is transparent (in the liquid phase) to the visible radi- 
ation, and this allows for the photographic observa- 
tions and optical measurements. In addition, the 
thermophysical properties of n-octadecane are 
reasonably well established. 

The preparation for a test run always began with the 
degasification of the phase-change material. The 
material was contained in a flask having a small side- 
opening and was heated well above its fusion 

temperature. Then, by connecting the side-opening of 
the flask to a vacuum pump the liquid was evacuated for 
about 34 h. During this time the material was allowed 
to solidify by cooling to the ambient environment and 

was remelted afterwards. The degasified liquid 
was carefully syphoned into the test cell. The ambient 
air temperature was always controlled such that only a 
small temperature difference existed between the 
ambient and the fusion temperature of the material. 

For the melting experiments, once the test cell was 
filled with the liquid, the shadowgraph system was 
aligned. A plastic foil marker with a grid network of the 
exact contour of the test cell was attached to the screen 
to identify the orientation of the heat source. Then, the 
liquid paraffin in the test cell was solidified by cir- 
culating cold (below the fusion temperature) working 
fluid through the channels milled inside the heat 
source. In the solidification process the upper sur- 
face of the unfrozen material appeared to be concave as 
a result of the volumetric contraction associated with 
solidification. In order to obtain a flat upper surface of 
the solid, additional liquid was syphoned into the test 
cell. After the solidification was completed the 
temperature of the circulating fluid was adjusted to a 
preselected value and maintained thereafter so as to 
establish an initial temperature condition in the solid 
for the melting experiments that followed. A uniform 
initial temperature of the solid in the test cell was 
insured by circulating a coolant for a period of about 
8 h. After all of these initial preparations, the melting 
experiment was started by switching on the second 
constant temperature bath circulating a hot (above the 
fusion temperature) working fluid through the base 
plate. 

During the solidification experiments, the initial 
liquid temperature of the PCM was established by a 
similar procedure to that in the melting experiments. 
After the initial liquid temperature had been estab- 
lished, the solidification experiment was started by 

switching on the second constant temperature bath 
circulating a cold fluid (below the fusion temperature) 
through the base plate. 

In both melting and solidification experiments, the 
temperatures were recorded at the preselected time 
intervals. The solid-liquid interface profiles as well as 
the images of shadowgraph and the interference fringe 
patterns during the melting were photographed with a 
35 mm Nikon FE camera on Kodak Tri-X film (ASA 
400). 

The local heat transfer coefficient at the walls of the 

cavity were measured using a shadowgraph system. 
The experimental setup employed was identical to that 

described elsewhere [S], thereby obviating the need for 
detailed exposition. Experimentally, the shadowgraph 
technique for heat transfer measurements involves 

identification of the heat source surface as a reference 
position as well as the recording of the deflection of the 
light beam on the screen after its passage through the 
test cell. To make the deflection ofthe light beam, which 

passes through the thin region adjacent to the heat 
source surface, more visible against the dark back- 
ground, a plate with a narrow aperture was placed 
between the collimating lens and the test cell. This 
aperture blocked off the light entering the test cell 
except that which passed through the immediate 
vicinity of the heat source surface. 

In both melting and solidification experiments the 

solid-liquid interface position was photographed at 
predetermined time intervals. The solid-liquid inter- 
face contours were then traced from the photographs. 
The area of the unmelted solid or unfrozen liquid was 
evaluated with a planimeter. The accuracy ofthis device 

was estimated to be about +5% for an area of 1 in.* 

(or 6.45 cm*). 

RESULTS AND DISCUSSION 

Melting experiments 
Melting patterns. A comprehensive history of the 

melting process can be obtained by recording photo- 
graphically the contours of the solid-liquid interface at 
different times during an experiment. A typical history 
of the solid-liquid interface motion is presented in 
Fig. 2 where the solid-liquid interface contours are 
shown at different instants of time for various aspect 

ratio enclosures. 
At early times, conduction is the only mechanism of 

heat transfer, as evidenced by the uniform melt 
thickness along the bottom. A uniform melt layer is seen 

to recede from the bottom along the vertical sidewalls, 
except for the region close to the free surface. In this 
region, melting is significantly faster as a consequence 
ofthe density difference between the solid and the liquid 
which forces the liquid to seek extra space by expanding 
and thus overflowing the top ofthe unmelted solid core. 
The presence of this density-induced melt motion 
contributes significantly to the early departure of the 
melting behavior from that of pure conduction. 

As time passes, the thermal instability induced in the 

melt zone directly below the solid core takes place as 
evidenced by the appearance of the wavy shape of the 
solid-liquid interface. This irregular shape of the 
melting front arises from the presence of the unsteady 
vortex circulation (Benard convection) in the melt 
region which produced a hemisphere-capped interface. 
For small Rayleigh numbers (i.e. melt layer thicknesses) 
the interface was very regular, but as the Rayleigh 
number increased the convection cells merged and the 



1058 C.-J. Ho and R. VISKANTA 

t 
(mid 

(b) (c) 

FIG. 2. Sol&liquid interface contours during melting of n-octadecane in a rectangular cavity with conducting 
walls: (a) Ste, = 0.132, S, = 0.004, AR = 0.42; (b) Ste, = 0.132, S, = 0.026, AR = 1.0; and (c) Ste, = 0.068, 

S, = 0.096, AR = 4.0. 

interface became irregular. The history of the vortex 
motion in this region was found to be similar to that 
described elsewhere [ 151. As for the region along the 
vertical walls, the melt layer thickness increases from 
the bottom edge toward the top. Melting occurs faster 
at the top, thendecreases downward to the bottom and 
is similar in trend to that observed during melting in an 
isothermal vertical wall cavity [15]. The density- 
induced motion and the subsequent establishment of 
buoyancy-driven convection are responsible for the 
reversal in the trend of the melt thickness. The melting 
patterns thereafter are quite similar to those of cavities 
with isothermal walls. It should be noted that the 
temperature difference across the walls continued to 
decrease as the melting progressed [ 161. Particularly, 

“Ibll+ 7 1 

FIG. 3. Correlation for experimental results of the melted 
volume. 

for the case of a small aspect ratio (AR = 0.42), the 
conducting walls were acting like isothermal walls due 
to the small temperature difference along them. 

Figure 3 shows the timewise variation of the molten 
fraction for three different Stefan numbers. The data 
correlate well by adopting the dimensionless time z, 
= Ste, Fo, as the independent variable. An empirical 
correlation ofbest least squares fit has been obtained as 

V/V, = 16.8~p.~‘~. (1) 

The effect of the initial subcooling of the solid on the 
melting process was studied by performing several 
experiments with different initial temperatures of the 
solid below its fusion temperature. This is indicated by 

the magnitude of the subcooling parameter S,. Figure 4 
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FIG. 4. Effect of initial subcooling on the melting rate in a 
rectangular cavity with conducting walls, AR = 1.0. 
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FIG. 5. Effect of aspect ratio of the rectangular cavity on the melting rate. 

shows the timewise variation of the molten volume 
fraction for various subcooling parameters. In order to 

eliminate the effect of the aspect ratio as a parameter, 
these experiments were conducted in a cavity having an 
aspect ratio of unity. It is evident from the figure that the 
initial subcooling could substantially slow down the 
melting process, particularly at the early times. This 
behavior is attributed to the fact that with an initially 
subcooled solid, only a fraction of the energy trans- 
ported to the solid-liquid interface is used to melt the 
solid ; the remaining fraction of the energy is used to 
raise the temperature of the solid core to its fusion 
temperature. As a result, the progression of the melt 
region is retarded. The results also show that the onset 
and development ofthe buoyancy-driven convection in 
the melt is delayed because of the relatively thin melt 
layer in the presence of subcooling. The degree of retar- 
dation, however, did not exhibit a linear relationship 
with the magnitude of the initial subcooling as evi- 
denced by the data shown in Fig. 4 for S, = 0.083 and 
0.154, respectively. 

Figure 5 presents the timewise variation of the 
molten fraction for three different aspect ratio enclos- 
ures. The effect of the aspect ratio in the range examined 
indicates that the melting rate decreases sharply as 
the aspect ratio of the cavity increases. This can be 
attributed to the fact that in the presence of well-devel- 
oped natural convection, heat transfer to the melt 
primarily takes place near the bottom of the vertical 
walls, and so adding more height to the cavity does little 
to increase the total heat transfer from the heated 
surface to the melt; however, the total volume of the 
material to be melted is increased significantly and as a 
result the melting rate decreases with the increase in the 
aspect ratio of the cavity. Attempts to correlate the 
results and to obtain a general empirical equation for 
the melt volume fraction were unsuccessful. 

Heat transfer. To gain better insight into the 
unsteady temperature distribution and to infer the 
convective flow patterns in the liquid during melting, a 

Mach-Zehnder interferometer having 25 cm diameter 
optics of typical rectangular design was employed. The 
interferometer is a desirable instrument for determin- 
ing a 2-D temperature distribution in steady or 
unsteady transport processes because it can yield 
instantaneous information on the 2-D temperature 
field without disturbing or distorting the flow and 
temperature fields. However, due to the high sensitivity 
of the index of refraction of n-octadecane to temper- 
ature, it was very difficult to use the interferometer 
for quantitative heat transfer measurements. In 
the presence of only a few degrees temperature 

difference imposed between the heated surface and 
the solid-liquid interface, the fringe density was too 

high for accurate location and interpretation of the 
interferograms, particularly in the vicinity of both 
the heated surface and the solid-liquid interface. These 
are the regions of main interest in the study. Thus, the 
interferograms obtained could only be used for quali- 
tative interpretation of the temperature field and of the 
convective recirculation patterns in the melt. 

Figure 6 shows two photographs of the interference 
fringe patterns at different times during the course of the 
melting experiments. The dashed lines in these 
photographs indicate the contour of the heated surface 
of the cavity. A single fringe shift represents a tem- 
perature difference of approximately 0.0527”C. It can 
be seen from the photographs that the fringes along the 
heated surface of the enclosure and the solid-liquid 
interface appear to be hazy and indistinctive as a result 
of large fringe density in these regions [Fig. 6(a)]. The 
timewise variation of the fringe patterns in the region 
along the conducting walls of the enclosure exhibits a 
similar trend as that of melting from an isothermal wall 
cavity [16]. The convection circulation patterns in this 
region can be inferred from the fringe patterns. The 
liquid rises along the vertical wall until it reaches the 
free surface where it takes a 90” turn. The melt then 
descends along the solid-liquid interface. As time 
passes, natural convection circulation intensifies. This 
is evidenced by the presence of the more pronounced 
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FIG. h(u). 

deflection of the interference fringe lines [Fig. 6(b)]. 
Another feature worthy of note is the decrease of fringe 
density with time as a result ofthe continuous change in 
the shape and size of the meit region [compare Figs. 6(a) 

and (b)] 
As for the interference fringes along the heated 

bottom surface of the cavity shown in the photographs, 
the variation of the fringe patterns with time and 
position indicates rather complex trends because of the 
presence ofthe time-dependent vortexcircu~ation~n the 
region as discussed previously. The timewise variation 
of ‘cellular’ flow patterns occurring above the bottom 
can be confirmed by examination of the timewise 
variation of the fringe patterns in the region. As the 
melting continues and the thickness of the melt zone 
increases, the cellular Row in the bottom melt layer 
begins to interact with the recirculating Bow along the 
vertical walls. Furthermore, the intensification of 
recirculation along the sidewalls tends to suppress the 
cellular flow patterns as the melting progresses 
[compare Figs. 6(a) and (d)]. 

Local heat transfer results along the conducting 
wails determined experimentally by the shadowgraph 

method are presented in terms of the parameter 
Nn,,/Rrr~~~“ vs the vertical position y/H. The vertical 
position y was chosen as the characteristic length for 
both the local Nusselt number Nu, and the local 
Rayleigh number RLI,,. It is recognized that thedistance 
_r may not be an appropriate length scale for the 
problem, because the size and shape of the melt region 
changes with time. Figures 7 and 8 show some typical 
results of the local heat transfer coeflicient variation 
with time along the conducting walls. Additional 
results are given elsewhere [16]. Due to the overlap of 
the shadowgraph images in the corner of the cavity and 
the free surface, the local heat transfer results in these 
regions could not be determined. In general, it can be 
seen that the peak value of the parameter ~u~/Ra~14 
decreases as the melting progresses. This indicates 
transition from the heat conduction mode to the onset 
of the natural convection dominated melting as the 
heating continues. Initially, while heat conduction is 
the dominant heat transfer mechanism, the presence of 
the melt motion induced by the volume increase 
associated with the phase change of the material causes 
a drasticdrop in the local heat transfer in the vicinity of 
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W 

FIG. 6. Photographs of interference fringe images in the liquid n-octadecane during melting in a rectangular 
cavity with conducting walls, 7, = 30.4”C, AR = 1.0: (a) t = 240 min; and(b) f = 428 min. 
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FIG. 7. Variation of the local heat transfer coefficients along the FIG. 8. Variation of the local heat transfer coefficients along the 
conducting wall during melting: (a) Ste, = 0.082, S, = 0.030, conducting wall during melting: (a) Ste, = 0.068, S, = 0.109, 

AR = 1.0; and(b) Ste, = 0.082, S, = 0.154, AR = 1.0. AR = 0.42; and (b)Ste, = O.O68,S, = 0.096, AR = 4.0. 
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FIG. 9. Variation of the local heat transfer coefficients along the 
isothermal base surface of the cavity, Ste, = 0.132, S, = 0.026, 

AR = 1.0. 

the free surface. As time passes and the temperature 
difference along the conducting walls continues to 
decrease, natural convection develops in the melt. The 
flow is upward along the walls and downward adjacent 
to the solid-liquid interface. As the melt is carried 
upward it gains heat and the temperature gradients 
decrease. The local heat transfer coefficients continue to 
decrease until nearly quasi-steady values are reached 
with time. Comparison of the data shown in Fig. 7 
reveals that the presence ofsubcooling has a significant 
impact on the heat transfer coefficient. This is attributed 
primarily to heat conduction from the solid-liquid 
interface toward the solid core. Conduction raises the 
solid temperature and causes a slowdown of the 
progression of the interface and delays the onset and 
development of buoyancy-driven recirculation in the 
melt. Results of Fig. 8 show that the heat transfer 
parameter Nu,/Ra:j4 increases with an increase in the 
aspect ratio of the cavity. 

Figure 9 shows some typical results for the timewise 

variation of the local heat transfer coefficients along the 
heated isothermal bottom surface of the cavity. The 
width of the base wall of the cavity W was chosen as the 
characteristic length for both the Nusselt number Nu 
and the Rayleigh number Ra. A similar history of the 
time-dependent vortex circulation patterns as this was 
observed in the melt zone above the base of an 
isothermal wall cavity 1151. As the melting progresses 
and natural convection develops, the local Nusselt 
number exhibits nearly periodic variation with location 
along the bottom [Figs. 9(a) and (b)]. This is a clear 
indication of the development of multiple vortex 
circulation patterns in the melt region. With continued 

melting, the periodic trend in the Nusselt number 
distribution tends to abate as evidenced by the decrease 
in the number of the peaks and the magnitude of the 
oscillations [Fig. 9(b)]. This is due to the decrease in the 
number of the vortex cells as the melt zone becomes 
larger with time. As shown in Fig. 9(c) at late time 
(5, = 0.0167), the local Nusselt number along the 
bottom surface is almost constant, which indicates 

that convection is controlled by the major recircula- 
tion motion in the liquid at this stage of melting. The 
aspect ratio of the cavity, the Stefan number and 

the subcooling parameter all influence heat transfer 
and its timewise variation at the bottom. 

Due to the overlap ofthe shadowgraphs in the corner 
regions of the cavity, the local temperature gradients 
and thus the heat transfer coefficients in these regions 
could not be determined from the shadowgraph 
observations. As a result, the determination of the 
average heat transfer coefficients from the ordinary 
spatial averaging method appears to be inappropriate. 
Therefore, as an alternative the energy balance method 
[S] based on the molten volume fraction, data was 
employed to determine the average heat transfer 
coefficients from the heated surface of the cavity. The 
instantaneous surface-averaged Nusselt number can be 
expressed as 

- 

The characteristic length I,,, based on the instan- 
taneous melt layer thickness, equivalent to a corres- 
ponding unidirectional melting problem, is defined as 

l,, = VIA, = [H/(ZAR + l)]( V/V,). (3) 

The temperature of the bottom is used to define both 
the instantaneous Nusselt and the Rayleigh numbers. 
The data for various Stefan numbers, aspect ratios, and 
initial subcooling parameters are plotted in Fig. 10. An 
empirical correlation based on the least squares fit has 

FIG. 10. Average Nusselt number dependence on the average 
Rayleigh number. 
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(a) 

FIG. 11. Solid-liquid interface contours during solidification of n-octadecane in a rectangular cavity with 
conducting walls: (a) Ste, = 0.108, S, = 0.067, AR = 0.42; (b) Ste, = 0.109, S, = 0.005, AR = 1.0; and 

(c) Ste, = 0.109, S, = 0.067, AR = 4.0. 

been obtained and is of the form 

fi = 0.189Ra0.319. (4) 

This equation is also plotted as a solid line in the figure. 
The correlation is for the Rayleigh number range 
lo3 < & < 4.1 x 105. 

Solidijication experiments 
Freezing patterns. Shortly after the cooling was 

initiated, a thin frost layer of solid was formed on the 
bottom surface of the cavity. A few seconds later, the 
solidification along the vertical conducting walls was 
observed to occur at the bottom edge of the sidewalls 
propagating upward along the walls. The thickness of 
the frozen layer increased rather rapidly at early times. 
Figure 11 depicts the timewise progression of the solid- 
liquid interface for various Stefan numbers, aspect 
ratios, and initial superheating parameters. Due to the 
volume decrease associated with the phase change from 
the liquid to the solid, the liquid level drops as the 
solidification proceeds. Consequently, a sloped con- 
cave shape of the frozen solid was formed at the free 
surface as shown in the figures. 

Inspection of Fig. 11 reveals that for an aspect ratio of 
0.42, the thickness of the frozen layer along the vertical 
conducting walls is practically uniform. This can be 
attributed to the small temperature drop along the 
walls, which resulted not only from the high thermal 
conductivity of the aluminum but also from the small 
height of the walls. The height is believed to be the 
dominant controlling factor. Based on the above 
observation, it should be expected that the higher the 
aspect ratio the greater is the slope of the frozen layer 
along the conducting walls. This statement can be 

verified by examining Figs. 11(b) and (c) for aspect 
ratios of 1.0 and 4.0, respectively. 

Frozen volume fraction. The effect of the Stefan 
number during solidification can be analyzed by 
presenting the data as a function of the dimensionless 
time TJ = Ste, Fo,) as is done in Fig. 12. All of the 
experimental data collapse quite nicely onto a single 
curve. A correlation based on the best least squares fit 

has also been obtained in the form 

V/V, = 1.02 erf (5.95~3, (5) 

and is plotted as the solid line in the figure. As for the 
independent influence of the initial superheating of the 
liquid on the solidification process, the results showed 
that the initial superheating of the liquid dissipated 
rapidly and the influence of the superheating could only 
be observed at early times of the solidification process. 
The results presented in Fig. 12 further illustrate this 
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FIG. 12. Correlation for the experimental results of the frozen 
volume. 
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FIG. 13. Effect of aspect ratio of the cavity on the freezing rate in a rectangular cavity with conducting vertical 
walls. 

point. The Stefan numbers as well as the aspect ratio of 
the cavity for these experiments were maintained nearly 
the same. 

A numerical solution of freezing in a rectangular 
enclosure with vertical conducting walls has been 
reported [ 121. However, since the dimensionless 
parameters covered in the present study are quite 
different from those of their numerical study, the 
experimental data obtained in this work cannot be 
compared directly with the predictions. Qualitatively, 
the experimental findings of the enhancement of 
solidification rate for a small aspect ratio cavity, as 
shown in Fig. 13, was also predicted in the analysis. The 
results of the figure clearly show that long fins 
(conducting walls) are not effective in increasing heat 
transfer during solidification. 

CONCLUSIONS 

The experimental results have clearly established 
that the melting rate, the melt front profiles, and the 
heat transfer are significantly affected by the fluid 
motion in the melt induced by the buoyancy force 
(natural convection) and by volumetric expansion 
accompanying the phase change from the solid to the 
liquid. The latter are particularly significant at the early 
times while the heat transfer is still dominated by 
conduction. The initial subcooling of the solid 
significantly impedes the melting process, because a 
portion of the energy transported to the solid-liquid 
interface is absorbed as sensible heat by the solid and as 
a result the melting process slows down. This slowdown 
of melting also causes a delay in the onset and 
development of the buoyancy-driven recirculation in 
the melt. 

The formation of the boundary layers adjacent to the 
solid-liquid interface and along the heated surfaces has 
been inferred from the interference fringe patterns in the 
liquid during the melting in a rectangular cavity with 
conducting vertical walls. A vortex cellular motion 
similar to that which occurred in a rectangular cavity 

with isothermal walls was observed to occur at the melt 
region above the isothermal base surface. 

During solidification the initial superheating of the 
liquid in rectangular cavities dissipated rather quickly 
so that the significance of this effect on the solidification 
could be seen only early in the process. As the aspect 
ratio of the rectangular cavity increased, the solidi- 
fication rate decreased. Short extended surfaces are 
more effective than longer ones. 
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TRANSFERT THERMIQUE DE CHANGEMENT DE PHASE SOLIDE-LIQUIDE INTERNE 
A UNE CAVITE RECTANGULAIRE AVEC DES PAROIS VERTICALES CONDUCTRICES 

Resume-On traite des transferts thermiques a I’interface solids-liquide pendant le changement de phase 
(fusion ou solidification) du n-octadecane dans une cavite rectangulaire bidimensionnelle avec des parois 
verticales conductrices. La technique des ombres est utilisee pour mesurer les coefficients locaux de transfer? 
thermique a la surface de la source de chaleur. Le mouvement de Tinterface solid+liquide pendant le 
changement de phase est photographie. Pendant la fusion, on observe le developpement d'un tourbillon au bas 
de la zone de fusion qui ressemble a celui dans une cavite rectangulaire avec parois isothermes. Dans les 
experiences de fusion et de solidification les parois conductrices agissent comme des surfaces isothermes 
pendant les derniers instants des mbcanismes. La convection naturelle controle la forme de la zone fondue, la 
vitesse de fusion et le transfert thermique pendant la fusion. L’effect du non-refroidissement initial du solide est 
aussi etudie et les resultats montrent clairement que la conduction thermique est le mode dominant de 
transport d’energie pendant la solidification. Pour le transfert thermique de changement de phase solide- 

liquide, des surfaces excroissantes courtes sont plus efficaces que les longues. 

NACH INNEN GERICHTETER WARMETRANSPORT BEIM FEST/FLUSSIG- 
PHASENWECHSEL IN EINEM RECHTECKIGEN HOHLRAUM MIT LEITENDEN 

VERTIKALEN WANDEN 

Zusammenfassung-Der Bericht behandelt grundlegende Gegebenheiten der Fest/Fliissig-Grenzflache und 
des Warmetransports, die wlhrend des Fest/Fhissig-Phasenwechsels (Schmelzen und Erstarrung) von 
n-Oktadekan in einem zweidimensionalen rechteckigen Hohlraum mit leitenden senkrechten Wanden ermit- 
telt wurden. Mit Hilfe des Schattenschlierenverfahrens wurden die iirtlichen Wlrmeiibergangskoeffizienten 
an der Oberflche der Heizflache gemessen. Die Wanderung der Fest/Fliissig-Grenzflache wahrend des 
Phasenwechsels wurde fotografisch aufgezeichnet. Wahrend des Schmelzens wurde an der unteren 
Schmelzzone eine Wirbelbildung beobachtet, welche derjenigen in einem rechteckigen Hohlraum mit 
isothermen Wanden ganz Ihnlich ist. Bei sowohl Schmelz- als such Erstarrungsversuchen verhielten sich die 
leitenden W&de am Ende der VorgPnge wie isotherme Wlnde. Es zeigte sich, da13 die freie Konvektion die 
Form der Schmelzfront, die Schmelzgeschwindigkeit und den Warmeiibergang bestimmt. Der EinfluR 
anfanglicher Unterkiihlung der festen Phase wurde ebenfalls untersucht, und die Ergebnisse zeigten klar, daB 
die Wlrmeleitung den Hauptmechanismus des Energietransports wlhrend der nach innen fortschreitenden 
Erstarrung darstellt. Beim Fest/Fliissig-Phasenwechsel sind hinsichtlich des Warmetransport kiirzere Rippen 

effektiver als ILngere. 

TEIIJIOIIEPEHOC IIPM HAIIPABJIEHHOM BHYTPb @A30BOM IlEPEXOflE 
(IIJIABJIEHWM M 3ATBEPAEBAHRB) B IIPJIMOYI-OJIbHOH IIOJIOCI’M C 

TElIJIOIIPOBO~IlIHMH BEPTHKAJIbHbIMH CTEHKAMM 

.klHOTalUln-ffpeACTaBJIeHb1 OCHOBHbIe pe3yJtbTaTbI BCCAeAOBaHRa rpannubl pa3AeAa TaepAOe TeJO- 

)IowwocTb u Tennonepenoca npn $a3oaoM nepexone (nnasnenwa A 3aTsepAesannu) n-0KTaAeKana 

BAByMepHOtinpIMOyrOJtbHOi%nO.JtOCTn C TenAOnpOBOAam~MH BepTBKaAbHbIMH CTeHKaMA. M3MepeHns 

K03+$WtWeHTOB AOKaAbHOrO TenAOncpeHOG, Ha nOBepXHOCTH HarpeBa npOBOAnAuCb MeTOAOM 

TeHeeol ~oTorpa@i. FIepeMememie rpaminbl pa3Aena MegAy TBepAbIM TenOM H TAAKOCTbm npki 

(Pa3onoM nepcxone peracTpapoeanocb ~oTorpa@i9ecKu. fIoKa3aH0, qT0 npe nnaanemm snxpcebie 
ABHXGZHAK a miaoiei? 30ue nnaanemis pa3suearorcr coBeptnermo ananorwmo cnyqaro c u30TepMwrec 

K~MW CrerfKaMri. B 3KcnepsMeHTax KaK no nnasnemno, TaK A 3aTaBepAesaumo TennonpoaoAsunie 

CTeHKA BeAn ce6r B KOHe'tHbIe nenOAb1 BpeMeHn pa3BuTNII npOUeCCOB KaK u30TcpMHWCKue. 

fIoKa3aH0, 'fT0 ecTecTBemias KouaeKnwr onpenenner +opMy pacnnaea, cKopocTb nnaBnemis n 

Tennonepenoc npe nnaBneeua. Mccnenoeanocb TaKxre anmmkfe naqanbuoro HeAorpesa TBepAoro 

TeAa. Pe3yAbTaTbI nOKa3aAA. YTO npn HanpaBAeHHOM BHyTpb 3aTBepAeBaHAH 3HeprEIs nepeHOCHTCs 

r."aBHbIM o6pasoM Ten,IOnpOBOAHOCTbm. &Its HHTeHCA~RKaUAA TenAOnepeHOCa npu (PaSOBOM 

nepexone KOpOTKAe pa3anTbIe nosepxHocTH 6onee 3@+cKTUBHbl,',eM AJmuHble. 


