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This paper presents the results of an experimental and numerical study on the solidification of different
phase change materials (PCM) encapsulated in spherical and cylindrical shells of different materials and
diameters subject to constant surface temperature. The main objective is to determine the time for com-
plete solidification of the PCM and how it is affected by the variations of the surface temperature, mate-
rial and diameter of spherical shells. As a result of the study, it is expected to define a pair of container
and PCM to operate adequately and efficiently together with refrigeration units. The experiments were
realized using glass and plastic spherical shells of diameters 0.035, 0.076, 0.106 and 0.131 m, soft drink
cans and small plastic water bottles with surface temperatures of �5, �10, �12, �15, �18, �20 and
�25 �C. The phase change materials used are water and mixtures of water with 3.75%, 7.5%, 15%, 25%,
30%, 40% and 50% Glycol content. The results are presented and discussed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The effective utilization of time varying energy resources de-
pends essentially upon adequate and efficient energy storage
methods capable of matching the energy supplies to energy de-
mands. Three basic concepts are generally used for thermal energy
storage, sensible heat storage, latent heat storage and hybrid en-
ergy storage. Sensible heat storage is well dominated technically
with many operational installations all over the world. This type
of storage has some intrinsic difficulties such as low energy density
and temperature variation during the discharge and discharge pro-
cesses. The literature is extremely rich with latent heat storage
studies and reports on modeling, systems thermal analysis and
applications. These systems are highly attractive because of their
inherent high storage capacity and their nearly isothermal perfor-
mance during the charging and discharging processes, but they
suffer from poor heat transfer rate during the charging and dis-
charging modes. The hybrid system combines sensible and latent
heat strategies, attenuates the difficulties and incorporates some
advantages of both concepts.

A lot of research work is reported on latent heat storage thermal
modeling, experimental studies and performance analysis as in
chapter 8 in Dincer and Rosen [1] and Ismail [17,18]. Some inter-
esting numerical investigations were realized by Formin and Sai-
toh [2] who investigated the close contact melting within a
ll rights reserved.
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ail).
spherical capsule. Their complete mathematical model was solved
by the method of boundary fixing. An approximate approach was
developed by Bareiss and Beer [3]. The predictions were validated
against numerical results and agreements within 10–15% were re-
ported. Caldwell and Chan [4] applied a numerical scheme based
on the enthalpy method to the problem of solidification in spheri-
cal geometry and compared their results with the heat balance
integral method. They concluded that the two methods agree well
enough except when the Stefan number is very small. Ismail and
Henriquez [5] realized a numerical study on the solidification of
PCM inside a spherical capsule. Their mathematical model is based
upon pure conduction and the boundary conditions of constant
wall temperature and convection boundary condition on the exter-
nal surface of the spherical shell were considered. Their numerical
predictions were validated against available results and satisfac-
tory agreement was reported. Khodadadi and Zhang [6] realized
a numerical study to investigate the effects of buoyancy driven
convection on constrained melting of PCM within spherical cap-
sules. Their computational code is based upon iterative, finite vol-
ume numerical scheme in terms of primitive dependent variable.
They found that buoyancy driven convection accelerates the melt-
ing process and that the Prandtl number in the range investigated
from, 0.05 to 50, plays an important role during the melting pro-
cess. Eames and Adref [7] realized experimental study on spherical
capsules and obtained an empirical correlation to predict the solid
fraction within the spherical shell. In their paper Barba and Spiga
[8] analyzed the behavior of encapsulated PCM in three different
geometries, plane, cylindrical and spherical for possible application
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Nomenclature

A area (m2)
Bi Biot number (=hri/j)
Cp specific heat (J kg�1 K�1)
h convective heat transfer (W m�2 K�1)
L latent heat (J kg�1)
Msol solidified mass (kg)
Mtotal total mass (kg)
Q heat flux (W)
rf position front (m)
ri internal shell radius (m)
re external shell radius (m)
Rs solid resistance (m2 K/W)
Rh convective resistance (m2 K/W)
Resf spherical resistance (m2 K/W)
s(t) interface position (m)
Ste Stefan number, C(Tf � T1)/L
t time (s)
Tf temperature front (K)
T1 external surface temperature (K)

Tm temperature phase change (K)
Tsol solid temperature (K)
Tliq liquid temperature (K)
Ti internal temperature (K)
Te external temperature (K)

Greek symbols
a thermal diffusivity, j/(qC) (m2 s�1)
j thermal conductivity (W m�1 K�1)
q density (kg m�3)
s dimensionless time

Subscripts
liq liquid
m phase change
sol solid
sph spherical

Fig. 1. Layout of the problem.
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in domestic storage tanks. Their results show the influence of
geometry and Jacob number on the time for complete solidifica-
tion, and they concluded that the shortest time for complete solid-
ification is obtained for small spherical shells with high Jacob
number and high thermal conductivity. Ismail et al. [9] reported
the results of a numerical investigation on the heat transfer during
the solidification of water inside a spherical capsule. Their model
and the associated boundary and initial conditions were formu-
lated and solved by the finite difference approach and a moving
grid scheme. The numerical predictions were validated against
the experimental results. They investigated the effects of capsule
size, the PCM and its initial, temperature and the external surface
temperature of the capsule, on the solidified mass fraction, and the
time for complete solidification. Bilir and Ilken [10] studied the in-
ward solidification of PCM in spheres and cylinders. Kouskson et al.
[11] investigated an industrial storage system with PCM encapsu-
lated in spherical shells, examined the super-cooling phenomenon
which delays crystallization of the PCM, developed a model and
compared the numerical predictions with experiments. Wei et al.
[12] conducted experimental and theoretical study on rapid heat
release. In their numerical studies they analyzed four different
encapsulating geometries (sphere, cylinder, plate and tube) and
compared their results with experiments and found agreement
within 10%. Hammou and Lacroix [13] proposed a hybrid thermal
energy storage system to manage simultaneously the storage of so-
lar heat and electric energy during off peak periods. Yuksel et al.
[14] proposed a theoretical approach to represent the latent heat
storage system during charging and discharging and their numer-
ical predictions seem to agree well with available experimental
data. Ettouney et al. [15] realized an experimental study on spher-
ical shells filled with PCM and some metallic beads to determine
the effect of the metallic beads on the enhancement of heat trans-
fer within the spherical shell. Their results showed a reduction of
about 15% in the time for melting and solidification and similar in-
crease in the heat stored in the spherical shells. Assis et al. [16] pre-
sented a parametric study both numerically and experimentally on
the melting of PCM in spherical shells. They realized their numer-
ical simulation using Fluent 6.0 and compiled their experimental
data to obtain a correlation for the prediction of the melt fraction
in terms the Stefan, Grashoff and Fourier numbers.

This paper presents the results of a numerical and experimental
study to evaluate the suitability of different options for encapsulat-
ing PCM for cold storage modular unit intended for domestic appli-
cations. Spherical glass and plastic capsules, metal and plastic cans
were also investigated because of their abundance, low cost and
their ambient impact. The experimental tests included various
PCM to operate over a wide range of working temperatures with
the objective of determining the time for complete solidification
necessary to design of the proposed cold storage domestic unit
and other applications.

2. Formulation of the problem

The solidification problem in the interior of a spherical shell is
shown in Fig. 1, where the PCM is confined in the spherical shell of
external radius re and internal radius ri subject to an external surface
temperature T1 lower than the phase change temperature Tf.

The heat transfer between the surrounding working fluid and
the external surface is by convection where the heat transfer coef-
ficient is constant and equal to h.

Consider that there is no internal energy generation, constant
thermophysical properties, the heat transfer in the PCM is con-
trolled by pure conduction and pure PCM. Based upon these



Fig. 3. The general case with the two phases present.
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assumptions the heat conduction equation in spherical coordinates
can be written as

@T
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¼ a

2
r
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@r
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@r2

" #
0 < r < ri ð1Þ

As can be seen from Fig. 3, during the solidification process the
solid and liquid phases coexist and are separated by an interface.
Considering that the heat conduction equation controls the heat
transfer process in both phases, one can write for the liquid domain
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and for the solid domain
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The boundary conditions in this case are
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The boundary condition:

At r ¼ ri; Q ¼ �kA
@T
@r

����
r¼r1

where Q is obtained from a heat balance using the thermal resis-
tance model shown in Fig. 2.
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To start the calculations it is necessary to determine the first
thin solidified layer during the first instants of solidification.
Assuming that the heat exchanged between the external fluid
and the capsule is the heat used to solidify the first thin layer,
one can write the heat balance in the form
Fig. 2. Energy balance to determi
Qf ¼ �qL
d8
dt
¼ �4pqLr2

f
drf

dt
ð10Þ

where Qf is the heat delivered by the capsule, d8 is the volume of
the solidified element and rf is the position of the interface. The heat
delivered by the capsule can be alternatively calculated by the ther-
mal resistance circuit as indicated in Fig. 4 in the form

Qf ¼
Tf � T1

Rsol þ Rsph þ Rh
ð11Þ

where

Rsol ¼
ri � rf

4pksolrirf
ð12Þ

Rsph ¼
re � ri

4pksphrire
ð13Þ

Rh ¼
1

4pr2
e h

ð14Þ

Equating the two expressions for Qf one can write

�4pqLr2
f

drf

dt
¼ Tf � T1

ri�rf

4pksolrirf

þ re � ri

4pksphrire
þ 1

4pr2
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ð15Þ

which after integration and performing some mathematical manip-
ulations can be written as
ne the initial thin solid layer.



Fig. 4. Representation of the thermal resistance to calculate the first initial
solidified layer.
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This heat balance is valid only for the first instants, one can con-
sider that as the time t ? 0, rf ? ri. Applying this condition to Eq.
(9), one can determine the value of the constant C as
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Substitute the expression of C in Eq. (15) one can obtain
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Introducing a new variable s(t), where s(t) is the instantaneous
interface position
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Substituting Eq. (19) into Eq. (18) one can obtain
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Introducing the following dimensionless parameters:
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into Eq. (20) one can write
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At the beginning of the solidification process s(t)� 1 and Eq. (21)
becomes
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where s is the dimensionless time.
The above model (Eqs. (2)–(9)) is represented by the finite dif-

ference approximation and the resulting equation and the associ-
ated boundary conditions were treated by using a moving grid
method.

Numerical tests were realized to ensure that the results are
independent of the grid size. The optimized parameters are found
to be

The number of elements in the liquid phase M = 50.
The number of elements in the solid phase N = 50.
The time step = 1 s.

The above values were used in all the calculations. The solidified
mass at any instant is calculated from

Msol;t ¼
4
3
pðr3

i � r3
f Þ

� �
qsol ð24Þ

Total solidified mass of the PCM,

Mtotal ¼
4
3
pr3

i qsol ð25Þ

The solidified mass fraction is

FMt ¼
Msol;t

Mtotal
ð26Þ

The numerical predictions from the present model are compared
with experimental to establish the validity of the model and the
numerical results. Reasonably good agreements were found as can
be verified in Section 4.

3. Experimental setup

The experimental rig is composed of a thermally insulated
square tank. The working fluid (ethanol) in the tank (2) is cooled
by a Freon circuit fed by a refrigeration unit (not shown in
Fig. 5). The temperature of the working fluid in the tank is con-
trolled by an OMEGA temperature controller within ±1 �C. The cap-
sule is filled with PCM and then a carefully calibrated
thermocouple ±0.5 �C is placed at the center of the capsule as
shown in Fig. 5.

The tests are realized as follows. The spherical shell is filled
with the PCM, and the calibrated thermocouple is inserted at its
center. The thermocouple is connected to the data acquisition sys-
tem and to a PC. The secondary working fluid (ethanol) is then cir-
culated into the coil until the ethanol in the tank reaches the
required temperature. The spherical shell is then submersed into
the tank and the test is initiated. The temperature at the center
of the shell and the corresponding time are registered. When the
temperature at the center reaches the pre-established value, the
experiment is stopped and the equipment is turned off in order
to prepare the experimental set up for the next test.



Fig. 5. Experimental rig. 1, data acquisition system; 2, thermocouple for bath temperature; 3, thermocouple for shell center; 4, refrigeration control; 5, cooling coil; 6,
temperature control.
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In the present study, the temperature of the working fluid was
varied as follows: �5, �10, �12, �15, �18, �20, �25 �C and the
diameters of spherical shells selected for the tests are 0.035,
0.076, 0.106 and 0.131 m. The PCM used is water and water Glycol
mixtures of the following Glycol content 3.75%, 7.5%, 15%, 25%,
30%, 40%, and 50%. The tests were realized using spherical shells
of different materials, soft drink metallic and plastic cans and
bottles.

4. Results and discussion

4.1. Cooling curves of the spherical capsules

Fig. 6 shows the variation of the temperature at the center of
the spherical capsule as a function of time for a typical spherical
shell and comparison with the numerical predictions. One can ob-
serve that, except for the supercooling phenomenon, the experi-
ments and the numerical predictions seem to be in good
agreements. The curves show some super cooling just before the
PCM starts to solidify, followed by a long solidification period until
the solidification front reaches the shell center and then starts a
period of sensible heat cooling. This behavior was observed during
all the tests realized and hence confirm similar comments and
observations due to other authors [11].

Fig. 7 shows similar behavior for the metallic soft drink cans
with no super cooling and a big reduction in the time for complete
solidification. Fig. 8 shows the results for the plastic water bottle
indicating some supercooling.

4.2. Effect of varying the glycol content in the PCM

The phase change materials used in the tests are pure water and
mixture of water and glycol of various glycol contents. The phase
change temperatures of the glycol–water mixtures used in the
tests were determined experimentally and the results are shown
in Fig. 9. As can be seen the variation of the phase change temper-
ature of the PCM mixture is nearly linear with the glycol content
for the range considered. This linear relation is useful for rapid esti-
mates of the phase change temperature of other intermediate
mixtures.

Fig. 10 shows the effect of varying the PCM on the time for com-
plete solidification. The glycol content in the mixtures tested is
7.5%, 15%, 30% and 50%. It is found that when the surface temper-
ature is reduced the time for complete solidification is reduced.

Fig. 11 shows the variation of the time for complete solidifica-
tion as a function of the glycol content in the PCM for working tem-
perature of –5 �C for the case of the metallic soft drink can
indicating the increase of the time for complete solidification as
the Glycol content in the PCM is increased.
4.3. Effect of varying the diameter of the spherical shell

Fig. 12 shows the effect of varying the diameter of the spherical
shell on the time for complete solidification. As can be seen, the
time for complete solidification increases dramatically with the in-
crease of the diameter of the shell. In the case of small spherical
capsules up to 0.076 m, the variation of the solidification time with
the increase of diameter and also with the variation of the temper-
ature of the working fluid is relatively small. The dominant heat
transfer mode in these cases is conduction. With the increase of
the shell diameter convection currents grow stronger and the heat
transfer is dominated by convection.

4.4. Effect of the working fluid temperature

Fig. 13 shows the experimental results for four spherical shells
of different diameters subjected to different working fluid temper-
atures. As can be seen the time for complete solidification is mar-
ginally affected by working fluid temperature or the diameter of
the capsule when the shell diameter is small (below 0.076 m).
On the other hand, the effect on the time for complete solidifica-
tion is dramatic in case of larger shells, 0.106 and 0.131 m diame-
ters. This effect is relatively strong for cases of low working fluid
temperatures.

4.5. Effect of the material of the encapsulating shell

To investigate the effect of the shell material ordinary glass
spherical and plastic capsules were tested under the same working
conditions, that is, the same PCM and the same working tempera-
ture. Fig. 14 shows the effect of varying the encapsulation material
and the PCM on the time for complete solidification. As can be seen
the time for the complete solidification in the case of glass shell is
less than that for plastic shell, every thing else the same. This is
basically because of the thermal conductivity of the material. Tests
realized with metallic containers confirm these results.

In order to validate the numerical model additional experimental
measurements were realized. Each experiment was repeated three
times and the average values were plotted in Fig. 15. This figure
shows a comparison between the interface position determined
numerically and that obtained by experimental measurements for
the case of plastic spherical shell. A relatively good agreement is
found between the predicted interface position and the measure-
ments confirming the validity of the numerical model.

As can be seen lowering the low working temperature leads to
reducing the time for complete solidification.

Fig. 16 shows a comparison between the numerical predictions
of the solidified mass fraction and the experimental measurements
as affected by the diameter of the spherical shell. It is found that



Fig. 6. Variation of temperature with time at the center of the spherical shell: (a),
(b) and (c), diameter 0.106.

Fig. 7. Timewise variation of the PCM temperature at the center of soft drink can of
2% glycol content.

Fig. 8. Timewise variation of the PCM temperature at the center of water bottle.

Fig. 9. Effect of varying the glycol content on the phase temperature of the PCM.
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the increase of the shell diameter leads to increase of the time for
complete solidification. One can also notice relatively good agree-
ment between the numerical predictions and the experiments con-
firming the validity of the model.

5. Conclusions

Comparisons of the numerical predictions with the experimen-
tal measurements shows a relatively good agreement confirming
the validity of the model.
The solidification experiments indicated some super cooling
just before the PCM starts to solidify in agreement with results



Fig. 10. Effect of variation of the glycol content and working fluid temperature on
the time for complete solidification.

Fig. 11. Effect of the glycol content in the PCM on the time for complete
solidification.

Fig. 12. Effect of varying the diameter of the spherical capsule on the time for
complete solidification.

Fig. 13. Effect of varying the bath temperature on the time for complete
solidification.

Fig. 14. Effect of the encapsulation material on the time for complete solidification:
(a) effect of variation with the glycol content and (b) variation with the thermal
conductivity.
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and conclusions due to other authors. The increase of the glycol
content in the mixture led to reducing the phase change tempera-
ture, reaching –15 �C when the Glycol content is 50%. It is also



Fig. 15. Variation of the interface position with the working temperature exper-
imentally and numerically.

Fig. 16. Variation of the solidified mass fraction with the capsule size both
experimentally and numerically.
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found that the increase of Glycol content in the PCM led to increase
the time for complete solidification for all working temperatures.
The effect of increasing the diameter of the spherical shell is found
to increase the time for complete solidification. Up to 0.076 m
diameter, the increase is relatively small and in this case the dom-
inant mode of heat transfer is conduction. As the diameter in-
creases, convection in the liquid region moves the melt away
from the solidifying front and hence increases the time for com-
plete solidification.

As can be expected the working fluid temperature affects the
solidification rate and hence the time for complete solidification.
The reduction of the working temperature leads to reducing the
time for complete solidification.

Tests realized with different shell materials indicated that
encapsulating materials of high thermal conductivity reduce the
time for complete solidification.
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