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Experimental Study of Enhanced Melting Process Under
Ultrasonic Influence

K. J. Choi* and J. S. Hongt
University of Illinois at Chicago, Chicago, Illinois 60680

The effects of ultrasonic vibrations on the melting process of phase change material (PCM) in a rectangular
vessel were experimentally investigated. A constant heat flux from a vertical heating plate was provided to the
PCM. Ultrasonic vibrations were applied through a bottom plate of the enclosure. Three different heat fluxes
and various ultrasonic frequencies in the range of 15 to 55 KHz were tested. The heat transfer coefficients on
the heating plate, the solid-liquid interface shape, and the temperature distributions in the PCM during a
complete melting process were measured at various experimental conditions. The results show that the overall
melting phenomena was significantly affected by the ultrasonic vibrations and the change in frequency of the

ultrasonic waves.

Nomenclature

. = specific heat
f = frequency of ultrasonic vibrations

Fo = Fourier number, ot/ H?

Fo, = Fourier number at the end of melting process
g = gravitational acceleration
h = heat transfer coefficient
Ah; = latent heat of fusion
H = initial PCM height
k = thermal conductivity of PCM

L = initial PCM length

Nu = Nusselt number on the heater surface, hH/k
Pr = Prandtl number of PCM, v/a
q = heat power
q" = heat flux
Ra = Rayleigh number, gBAT H*/va
Ra* = modified Rayleigh number, gBq" H*/vak
s = location of melting front
Ste = Stefan number, c,AT/Ah;
Ste* = modified Stefan number, c,q" H/k Ah;
t = time
T = temperature
w = initial PCM width
x,y,z = cartesian coordinates; see Fig. 1
X,Y,Z = dimensionless coordinates, x/L, y/H, z/W
a = thermal diffusivity
B = thermal expansion coefficient
r = dimensionless location of melting front, s/H
n = melting efficiency
0 = dimensionless temperature of PCM,
KT — T)/q"H
v = kinematic viscosity of PCM
p = density of PCM
Subscripts
f = at fusion condition
w = at heater surface

Introduction

M ELTING phenomena of phase change material (PCM)
is of great importance in diverse engineering applica-

Received Jan. 4, 1990; revision received June 4, 1990; accepted
for publication June 5, 1990. Copyright © 1990 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*Assistant Professor, Mechanical Engineering Department. Mem-
ber AIAA.

tGraduate Student, Mechanical Engineering Department.

tions, such as metallurgy, thawing of frozen soil, purification
of materials, and latent heat of fusion energy systems. Due
to such a wide range of applications, the phase change heat
transfer of melting has received considerable attention,!-* and
a comprehensive review of the studies is reported in the lit-
erature.’

In the melting process of PCM, natural convective flow in
the molten liquid usually plays an important role for the en-
hancement in melting. Many studies have dealt with the nat-
ural convective flows during the melting process.-* However,
at certain extreme conditions, such as in space, the natural
convection does not play a significant role in the melting
process, due to the weak gravitational field. In such a case,
the melting process will be greatly retarded. For application
of the phase-change heat transfer to the future space power
systems,® such aggravated heat transfer problems should be
solved. The present study is aimed at exploring a potential
technique for the use of ultrasonic vibrations as a remedy for
the expected phase-change heat transfer problems.

In the past, most use of ultrasonic vibrations was related
to certain chemical processes!® and the medical industry. Only
limited cases of study were concerned with heat transfer prob-
lems.!!~1* Lemlich!! studied the effect of vibrations on natural
convective heat transfer from a heated wire to air. Larson
and London'? studied the ultrasonic effect on both natural
and forced convection heat transfer. They reported that a
significant increase in heat transfer was observed for the nat-
ural convective heat transfer, whereas it was negligible for
the forced convection case at high Reynolds numbers. Raben!?
also reported that the enhancement by acoustic vibrations in
the forced convection heat transfer was observed at only low
Reynolds numbers. Wong and Chon'# and Park and Bergles'®
investigated the effects of ultrasonic vibrations on the boiling
heat transfer, including burnout heat flux. Their studies re-
vealed no significant effect of ultrasonic vibrations on the
boiling heat transfer.

No studies of ultrasonic effect on the melting phenomena,
except Fairbanks’ work,'® were conducted. In his study, the
influence of ultrasound on melting of frozen coal slurry was
investigated, and a significant influence of the ultrasound was
reported. However, his research method is considered as pre-
liminary, and the results were not generalized well. For better
understanding of the ultrasonic influence on the overall meit-
ing phenomena, systematic experiments are required. In this
paper, the authors report the ultrasonic effects on the melting
process of a petroleum-derived hydrocarbon (99% pure n-
octadecane). The heat transfer rate from the vertical heater
surface to the PCM, the solid-liquid interface shape, and the
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PCM temperature variations with time in three dimensions
were measured at various ultrasonic frequencies in the range
of 15-55 KHz. A comparison of melting phenomena was also
made between the ultrasonic application and the nonappli-
cation cases.

Analysis of Experimental Results

The analytical approach of the melting phenomena in a
finite enclosure is complicated because a nonsteady state mul-
tidimensional process, as well as an irregular moving bound-
ary problem, are involved. Furthermore, when ultrasonic vi-
brations are applied to the melting process, the problem
becomes much more complicated. Therefore, in order to find
valuable experimental parameters, a simpler two-dimensional
model without ultrasonic application, which Ho and Viskanta”
have developed, was employed in this study. The geometrical
configuration used in the analysis is shown in Fig. 1. Both the
top and bottom surfaces of the enclosure are assumed to be
insulated. Based on the two-dimensional model, along with
some assumptions, the nonsteady governing equations of vor-
ticity and energy are expressed in terms of dimensionless var-
iables, such as X, Y, Fo, Pr, and Ra. The initial condition
and the boundary conditions on both the solid-liquid interface
and the heater surface are also expressed in terms of the above
dimensionless variables, as well as the Stefan Number Ste.
However, in this study a constant heat flux from the heating
surface was assumed during a complete melting process, so a
modified Stefan Number Ste*, a modified Rayleigh number
Ra*, and a dimensionless temperature 6 were used. Further-
more, since a single value of Pr was tested, the effect of the
Prandtl number was not investigated in this study. The ex-
perimental results, such as the heat transfer coefficient at the
heater surface, the solid-liquid interface motion, and the di-
mensionless temperature in the PCM were presented in terms
of X, Y, Fo, Ra*, and Ste* as follows, respectively:

Nu = f,(Fo, Ste*, Ra*) )]
I' = f,(X, Y, Fo, Ste*, Ra*) )

and
6 = f{X, Y, Fo, Ste*, Ra*) 3)

where f, f,, and f; are certain functions. All these results are
independently obtained at different ultrasonic frequencies and
compared with those for the natural melting case.

Experimental Apparatus and Procedure

The overall schematic of the experimental apparatus is shown
in Fig. 2. The experimental apparatus consists of three major
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Fig. 2 Schematic of test setup.

parts, namely, an ultrasonic tank, a power supply unit, and
an ultrasound control unit. The geometrical configuration of
the rectangular vessel is described in detail in the literature,*
therefore, only a brief summary will be given. The inner di-
mensions of the tank were 16.5 cm high, 23.7 cm long, and
15.2 cm wide. One vertical wall of the ultrasonic tank is a
heating plate generating a constant heat flux. The heating
plate was made of two separated copper plates. A 1.5 mm
diameter nickel-chromium wire was imbedded in the serpen-
tine grooves between the two copper plates so that electric
power could be evenly distributed over the heating plate. The
outside surface of the heating plate was well insulated with
thick fiberglass insulation material, while the inner surface
made contact with the PCM. The bottom surface of the vessel
was vibrated at ultrasonic frequency. For this purpose, three
piezo-electric transducers of 3.5 cm diameter were placed on
the outside surface of the bottom plate. The total energy input
to the three transducers was about 60 W. In order to control
the frequency of the vibrations in the range of 15-55 KHz,
a frequency control circuit was built at the Electrical Engi-
neering laboratory at the University of Illinois at Chicago.

In order to observe the solid-liquid interface, nine alumi-
num probes, on which fine scales were marked, were used at
nine different preselected positions along the side and cen-
terline, as shown in Fig. 2. For the temperature measurement
during the melting process, a total of twenty-nine chromel-
alumel (k-type) thermocouples of 0.5 mm diameter were in-
stalled at preselected locations in both the heating plate and
the PCM. All but two thermocouples were placed in the PCM
to measure the transient three-dimensional temperatures. Nine
different locations on the horizontal plane (x-z plane) and
three of each on the vertical plane (x-y plane) were selected.
The two other thermocouples were embedded in the copper
heating plate through small holes drilied from the back of the
plate. The thermocouples were positioned in an array along
the vertical center line at 6.1 cm and 12.1 cm from the bottom
of the enclosure, respectively. The tip of the thermocouples
was set 1.5 mm from the inner surface of the heating plate.
Two different experiments were conducted independently:
temperature measurement and solid-liquid interface shape
measurement. The thermocouples and the aluminum probes
were supported by an aluminum plate holder that regulates
the probe height, secures the probes in place, and correctly
locates the thermocouples. In order to investigate the agita-
tion effect of ultrasonic vibrations on the enhancement in the
melting process, a small mechanical stirrer of 3.0 cm diameter
was used. The stirrer, held with a firm stand, was electrically
operated. Due to the nature of these experiments, the actual
experiment was carried out in a partially uninsulated con-
tainer, i.e., the upper portion of the PCM in the container
was in contact with the room air of 23°C.
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Table 1 Thermophysical properties of n-octadecane

Properties Measurements
Thermal conductivity (k) 0.24 W/m C
Density (p) 850 Kg/m?
Latent heat (k) 241.3 KJ/Kg
Specific heat (C,) 2.89 KJ/Kg C
Fusion temperature (7}) 532C
Kinematic viscosity (v) at 50 C 4.0 X 10~° m?s
Thermal expansion coefficient () 1.0 x 1073 C!?

Table 2 Summary of experimental conditions

g,

g, W W/m? H, m f, KHz

118 5.1 x 10° 0.152 0

Without ultrasound 190 8.2 x 10° 0.152 0

252 10.9 x 10° 0.152 0

118 5.1 x 10® 0.152 50

With ultrasound 190 8.2 x 1¢° 0.152 50
252 10.9 x 10? 0.152 15-55

A petroleum-derived hydrocarbon (99% pure n-octade-
cane) was selected as the PCM, since it is a reasonably well-
established, stable, and desirable material for melting exper-
iments. The average thermophysical properties of the PCM
are summarized in Table 1. Liquid paraffin was first filled in
the ultrasonic tank. After complete solidification, slight ir-
regularities and cavities on the top surface of the PCM were
eliminated by refilling liquid PCM. The added volume of
liquid was measured, and then, later, the same amount of
PCM was taken out from the tank before resolidification for
the next experiment. The dimensions of solid PCM used in
this study were 15.2 cm high, 23.7 cm long, and 15.2 cm wide.
The uniform initial temperature of the PCM was obtained
after allowing it one day to reach equilibrium. After the de-
sired conditions were established, a preselected heat flux was
applied to the PCM. Also, a constant ultrasonic frequency,
one of five (15, 25, 35, 50, and 55 KHz), was applied. The
different experimental conditions used in this study are sum-
marized in Table 2. For the mechanical stirring tests, the
stirrer was operated in the melted PCM. For this purpose,
the PCM was first heated at certain heat power and then the
stirrer was applied to agitate the molten PCM. Two different
experiments were conducted, i.e., the stirring was applied at
30 and 90 min, respectively, after the heater was turned on.
Under the agitating condition, the heat transfer rate from the
heating plate and the melting time was measured.

Results and Discussion

Heat Transfer from Heater Surface

The average heater temperature was calculated by arith-
metically averaging the two local heater temperatures, which
were usually within 2 K difference. Figure 3 is a typical av-
erage heater temperature variation with an actual time during
a complete melting process at a heat flux of 8.21 x 1(°
W/m? (total heat power of 160 W) and an ultrasonic frequency
of 50 KHz. The results of five individual tests conducted under
the same experimental conditions show good repeatability.
From these results, it is obvious that at an early stage of the
melting process, the conduction mode is dominant in PCM.
However, as time passes, natural convection becomes dom-
inant, resulting in a decrease of the heater temperature. The
fluctuation in the heater temperature due to the ultrasonic
vibrations is also observed during the time period when nat-
ural convection is dominant.

The heater surface temperature and the fusion temperature
of PCM (T; = 53.3°C) were used to calculate the heat transfer
coefficient, or Nusselt number, on the heater surface. The
variations of the dimensionless heat transfer parameter
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Fig. 4 Dimensionless heat transfer variations on heater surface with
dimensionless time under ultrasonic influence (f = 50 KHz).

Nu/Ra"* with dimensionless time Fo - Ste* at three different
heat fluxes are plotted in Fig. 4. As reported in the literature,’
the parameter Nu/Ra"* shows large deviations at early times
because the melted layer is relatively thin, and, therefore,
heat transfer is dominated by conduction. Unlike the natural
melting case,* the heat transfer behavior on the heater surface
cannot be generalized by using these dimensionless parame-
ters. This is due to the effects of ultrasonic vibrations on the
melting phenomena.

A comparison of the heat transfer on the heater surface
with ultrasonic vibrations at 50 KHz and without ultrasonic
vibrations is given in Fig. 5. Both experiments were conducted
under the same experimental conditions. As shown in the
figure, the onset of dominant natural convection for both cases
takes place at the same time, i.e., Fo - Ste* = 0.6, but the
total melting times are apparently different. The heat transfer
coefficients for the natural melting case are higher than those
for melting with ultrasonic vibrations in the early stage of



JULY-SEPT. 1991

O WITHOUT ULTRASOUND
® WITH ULTRASOUND

0.8 |-

‘NU/Ra* %

0.0 ! 1 i
0.0 2.0 4.0 6.0

FoSte*

Fig. 5 Comparison of heat transfer coefficients with and without

ultrasonic application, Ra* = 0.77 x 10°.
0.6 f{ KHz )
o 15
a 25
I a 35
H 8 v 55
@ 04| g
< masBBiBayg,,
g 0050 °
0.2 |-
0.0 L L PR . S— L S
0.0 1.0 2.0 3.0 4.0 5.0 8.0
FoSte*

Fig. 6 Dimensionless heat transfer variations on heater surface at
various ultrasonic frequencies, Ra* = 1.02 x 10°,

melting, whereas the trend is reversed later (Fo - Ste* > 0.6).
The reason is that in the early stage of melting the ultrasound
causes the solid PCM to be detached a little bit from the test
cell, resulting in a gap between the solid PCM and the sur-
rounding enclosure walls, and the molten liquid close to the
heater flows to fill the gap. However, once the gap gets filled
with liquid PCM, the convective heat transfer begins to in-
crease, due to the ultrasonic vibrations. An interesting feature
of these results is that although the magnitude of augmen-
tation in the convection heat transfer is appreciable, the total
melting time is significantly affected by the ultrasonic vibra-
tions. This suggests that additional factors exist to enhance
the melting process besides the increased convective heat
transfer due to the ultrasonic vibrations.

In order to investigate the effect of ultrasonic frequency on
the convective heat transfer from the heating plate, several
different frequencies (15, 25, 35, and 55 KHz) were applied
to the PCM at a constant heat flux of 10.92 x 10> W/m?2. The
results are presented in Fig. 6. The frequency of ultrasonic
vibrations does not have a significant effect on the convective
heat transfer. However, the overall melting process was sig-
nificantly affected by the frequency of vibrations; that is, as
the frequency increases the total melting time decreases. From
this observation, it is concluded that although a complete
melting process is significantly affected by the ultrasonic waves
and the frequency, the enhancement is not only due to the
increasement of heat transfer from the heater surface.

Melting Characteristics and Solid-Liquid Interface Shape

As previously described, the overall melting phenomena
was significantly affected by the applied ultrasonic vibrations.
In Table 3, the total melting time was measured and tabulated
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for different heat powers. As shown, the ultrasonic vibrations
at the frequency of 50 KHz enhanced the overall melting
process as much as 2.0-2.7 times greater than the natural
melting case. However, since the ultrasonic vibrators con-
sumed electric power of about 60 W, a simple energy balance
was considered in order to see actual enhancement by the
ultrasound. For this purpose, an ideal melting time of the
5476 cm? solid paraffin was calculated, where the ideal con-
dition refers to complete insulation of the melting system.
The ideal melting time at different power levels are also pre-
sented in Table 3. For instance, the ideal time of natural
melting at the heat flux of 8.21 x 10°* W/m? (or 190 W) was
calculated at 134 min. Comparing this to the actual melting
time of 320 min, the melting eff1c1ency is just 42%. In other
words, only 80 W out of 190 W was directly consumed to melt
the solid PCM. When uitrasound of 50 KHz was applied, the
actual melting time was significantly reduced to 140 min, as
shown in Table 3. If the electric power of the transducers (60
W) along with the heater power was completely transmitted
to the PCM, the ideal melting time for this case would be 101
min. The melting efficiency with ultrasound becomes 72%,
resulting in the 1.7-folds actual enhancement comparing to
the natural melting process. However, this enhancement was
not solely resulted from the direct input of the transducers’
electric power, because the portion of this power’to the ap-
plied total power was only 24%. Consequently, the ultrasonic
waves assisted the input power from the heater to be used
more efficiently in the melting phenomena. .

The melting phenomena was also significantly affected by
the applied uitrasonic frequency, as mentioned in the previous
section. The total dimensionless melting time Fo - -Ste* is
plotted with the ultrasonic frequencies for the heat flux of
10.92 x 10°* W/m? in Fig. 7. It is noted that, as the frequency
increases, the melting process is enhanced until the ultrasonic
frequency reaches its optimum value. A correlating equation
of dimensionless melting time with frequency for the test con-
ditions used in this study is

. 125
Fo, - Ste* = ) 4

Such enhancement in the melting process has resulted from
several effects of ultrasonic waves. Larson and London'? re-
ported several ultrasonic effects, namely, agitation, acoustic
streaming, and cavitation, that increased the heat transfer
coefficient for the natural convection and the forced convec-
tion at low Reynolds numbers. However, no information of
these effects upon the melting phenomena is currently avail-
able. In order to investigate the agitation effect on the melting
process, another experiment was conducted using a small me-
chanical stirrer, as described in the previous section of the
experimental apparatus. The results of two different cases are
presented in Fig. 8. Mechanical stirring was applied at 30 min
and 90 min, respectively, after the heat power was applied to
the PCM. As shown, both cases of mechanical stirring have
a convection heat transfer coefficient on the heater surface
approximately 1.5 times greater than the ultrasonic applica-
tion case. However, the melting process with the ultrasonic
vibrations is much faster (Fo, - Ste* = 2.9) compared to the
mechanical stirring case (Fo, - Ste* = 3.8). From this result,
it is concluded that even though the ultrasomc agitation effect
might contribute to the enhancement in the melting process
to some degree, it is not a sole factor of the enhanced melting
process. Also, the cavitation effect by the ultrasound waves
results in the augmentation of the melting process. More fre-
quent generation of gas bubbles from the solid-liquid interface
was observed during a complete melting process with ultra-
sonic application. Larson and London!? stated that, in the
case of natural convection heat transfer in liquids, the ultra-
sonic vibrations could induce the rapid formation and collapse
of bubbles, called cavitation, resulting in increased heat trans-
fer. A similar phenomenon can take place in the melting
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Table 3 Comparison of melting performance with and without ultrasound
B Without ultrasound With ultrasound
Ideal melting Actual melting Ideal melting Actualimelting
Power, W time, min time, min n time, min time, min n
118 216 ' 520 0.41 143 190 0.75
190 134 320 0.42 102 140 0.73
252 101 230 0.44 82 115 0.71
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necessary to produce cavitation—around the crevices on the
solid-liquid interface. (Several investigators'”-'® have studied
the cavitation threshold pressure for tap water at different
frequencies of ultrasonic vibrations.) In addition, the shat-
tering of the solid PCM by the ultrasonic vibrations along the
solid-liquid interface appears to be another pronounced effect
for the enhanced melting process. During the microscopic
shaking of the solid PCM, the bonding force of the solid PCM
may become unstable, or microscopic braking-up of the solid,
especially in the interface, can occur. In this paper, however,
the detailed investigation of these ultrasonic effects upon the
melting process has not been attempted. Obviously, the com-
bined effects of ultrasonic waves attribute to the enhancement
in the melting process.

From the measurement of the melting depth of PCM, the
solid-liquid interface shape was experimentally determined,
The interface shapes for Ra* = 0.77 x 1{® are presented in
Fig. 9 in sequence of dimensionless time Fo - Ste*, where the
interface shape was viewed in the x-y plane. A comparison

X

Fig.9 Solid-liquid interface shapes in sequence of dimensionless time,
f = 50 KHz: a) Fo Ste* = 1.5, b) Fo Ste* = 2.0, and c) Fo Ste* =
2.5.

of melting shape under ultrasonic influence for the natural
melting case is also presented. The melting shapes are ap-
parently different between the two cases. With the ultrasonic
waves, the PCM was melted from the sides both close to and
far from the heater surface, for natural melting, the PCM was
melted gradually from one side close to the heater. Through
a test, it was observed that melting took place not only from
the front and rear portions of the PCM but also from the side
portions, that is, through all surrounding surfaces of the PCM.
This is due to the detachment of solid PCM from the enclosure
walls by the ultrasonic vibrations, and, in turn, filling of liquid
PCM through the gap.
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Fo Ste* = 2.0, and c) Fo Ste* = 2.5.

The ultrasonic frequency effect on the melting shape is
presented in Fig. 10, where four different frequencies were
tested at the constant flux. In the early stage of melting, i.e.,
Fo - Ste* < 1.0, the solid-liquid interface shape was not af.
fected much by the frequency, but later it was significantly
influenced. At a higher frequency of ultrasonic waves, the
rear portion of PCM had melted more than the middle por-
tion, resulting in augmentation of the melting process. When
the melting shape for the low frequency ultrasonic case (f =
15 KHz) is compared with the natural melting case shown in
Fig. 9, it is noted that no evident difference exists in the
melting process. Since the electric power to drive the ultra-
sonic vibrators was almost constant for all different frequen-
cies, it is concluded that the application of a higher frequency,
in the range tested in this study, produces a more efficient
melting process.

Temperature Distributions in the PCM

Typical dimensionless temperature distributions in the PCM
during a complete melting process at Ra* = 0.77 x 10? are
presented in Fig. 11, where the temperatures were measured
in three dimensions. Unlike the natural melting case,* the
quantitative trend of the temperature distribution is different
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Fig. 11 Diménsionless temperature variations with dimensionless time
at various locations: a) Y = 0.75and Z = 0.5, b) X = 0.19and Y =
0.75,and ¢) X = 0.19 and Z = 0.5

for each modified Rayleigh numbei. As mentioned in the
section on heat transfer, the characteristics of the convection
heat transfer from the heater could not be generalized in terms
of the dimensionless parameters, due to the iiltrasonic vibra-
tions. Similarly, the PCM temperdture distribution could not
be generalized with respect to the modified Rayleigh num-
bers. From Fig. 11, however, some interesting features of the
ultrasonic effect on the PCM temperature field can be ob-
served. Firstly, the liquid temperatures in the top portion of
the tank; i.e., Y = 0.75, have large fluctuations with time
during the melting process; whereas no fluctuations are ob-
served in the lower portion (Y = 0.5 or 0. 25). Secondly, the
temperature distribution in the z-direction is uniform, so the
thermal behavior during the melting process can be consid-
ered as a two-dimensional problem. Thirdly, the temperatures
at various locations in the molten liquid are uniform when
the PCM is completely melted, i.e., at Fo - Ste* > 2.3. How-
ever, for the natural melting case at the same experimental
condition, a thermal stratification with about 6°C difference
existed in various locations of the liquid PCM. Whenever
natural convection fields in the llquld PCM are induced, due
to the associated density gradients in a strong gravitational
field, the presence of such a thermal stratification is normal.
With the ultrasonic vibrations, the uniformity of liquid tem-
perature in all directions x, y, and z is observed.

Conclusions

The enhancement in the melting process with ultrasonic
vibrations in the frequency range of 15-55 KHz was exper-
imentally investigated. The interesting ultrasonic effects upon
the melting phenomena are as follows:

1) When the heat energy is coupled with the ultrasonic
vibrations of 50 KHz, the overall melting process in the tested
geometry is enhanced as much as 1.6—1.8 times greater than
without the ultrasound.

2) The frequency of ultrasonic vibrations has a significant
effect on enharicement of the melting process. As the fre-
quency decreases, the level of enhancement decreases. At the
frequency of 15 KHz, the ultrasonic effects were the mini-
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mum, whereas, at the frequency of 55 KHz, the effects were
the maximum in the tested range.

3) The ultrasonic effects, such as agitation and acoustic
streaming, enhanced the convection heat transfer at the heater
surface, however, the enhancement in melting is not solely
resulted from the increased convection heat transfer from the
heater.

4) With the ultrasonic vibrations, no thermal stratification
exists in the completely melted liquid PCM, whereas the ther-
mal stratification exists in the molten liquid PCM without the
ultrasound.

5) The uitrasonic vibrations can be properly used to enhance
the melting process even at extreme conditions, for instance,
if no natural convection takes place.
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