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a b s t r a c t

The application of phase change materials (PCMs) for solar thermal-energy storage capacities has received
considerable attention in recent years due to their large storage capacity and isothermal nature of the stor-
age process. This study deals with the comparison of numerical and experimental results for a PCM condi-
tioned in a parallelepipedic polyefin envelope to be used in passive solar walls. The experimental results
were obtained by use of a genuine set-up involving heat flux sensors and thermocouples mounted on
two vertical aluminium exchanger plates squeezing the samples. Numerical predictions were obtained
with a custom one-dimensional Fortran code and a two-dimensional use of Fluent. Both methods showed
a very good agreement with experimental observations for the melting process (65%). However during
solidification, both numerical codes failed to predict the phase change process accurately, the maximal
relative error was as high as 57% (with an average of 8%).

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

An extensive amount of research of problems involving phase
change solid–liquid (fusion or solidification) has been done in var-
ious scientific and technological domains as well as for industrial
applications [1], such as, metallurgy and petrochemical industries,
glass and plastic companies, food industries, thermal control of
spacecrafts, heat exchanger [2], water purification [3] and so on.
These systems are used in order to store thermal energy for a per-
iod while the supply is sufficient or cheaper, to be discharged when
the supply becomes insufficient or expensive [4,5]. The high ther-
mal storage capacity of a phase change material (PCM) can reduce
energy consumption in buildings [6,7]. PCM can be used to absorb
heat gains during daytime and release heat at night.

They could also be used for cooling and ventilation application
to reduce energy consumption in buildings during summer period
[8,9]. Thermal-energy storage can be accomplished either by using
sensible heat storage or latent heat storage. Sensible heat storage
has been used for centuries by builders to store/release passive
thermal energy. In general, a much larger volume of material is

required to store the same amount of energy in comparison to la-
tent heat storage [4,10,11]. The principle of the use of phase change
materials (PCMs) is simple. As the temperature increases, the
material changes phase from solid to liquid. Because the reaction
is endothermic, the PCM absorbs heat. Similarly, when the temper-
ature decreases, the material changes phase from liquid to solid,
and the PCM releases heat [2].

Zalba et al. [12] carried out of the history review of thermal-
energy storage with solid–liquid phase change materials in mate-
rials selection, heat transfer and applications. A great number of
organic, inorganic, polymeric and eutectic compounds have been
used as phase change materials, such as polyethylene glycol
(PEG) and their composites (PEG/SiO2 [13] and so on). In order to
improve the thermal conductivity of these PCMs, Wang et al.
[14,15] added b-Aluminium nitride and expanded graphite into
the organic PCMs. Salt hydrates are popular phase change materi-
als (PCMs) for thermal-energy storage because of their high value
of latent heat. Many of these substances are prone to supercooling,
which for normal applications is problematic as it prevents the
release of the stored latent heat.

In the present paper, a detailed study on the thermal storage
capacity of a phase change material for energy conservation in
buildings, and in particular in solar walls, is analyzed and
discussed.
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As the overall objective is to insert PCMs in a passive solar com-
ponent such as the «composite Trombe wall», parametric studies of
relevant properties and dimensions are required. For example, the
target climate for the use of PCM 27 in Trombe solar walls is a tem-
perate climate with usual ambient temperatures. The temperature
of the material cannot exceed 60 �C, because the PCM may lose its
storage capacity and it could be damaged (phenomenon of
segregation).

Concerning the implementation, it is very interesting to envis-
age important heat storage within PCMs in a relative small volume.
In the case of solar energy channeled, it is important because the
heat flux can be intense during a short period. Experimental and
numerical works confirm the difficulty to control the solidification
process often accompanied of the unpredictable supercooling phe-
nomenon dependant of the heat transfer dynamics. It also has an
influence on the heat recovery evolving on larger periods, the heat
fluxes are smaller. In the context of our application, the restitution
of the heat stored can be done in natural convection or eventually
in forced convection by means of a fan. This involves obtaining the
best heat transfer conditions to store energy in a reasonable time
interval. It has to be examined in a future work.

An experimental set-up consisting of fluxmetric measurement
has been constructed to provide the thermal performance of the
PCM. In addition, a DSC analysis was carried out. Moreover, a
mathematical model has been developed. A Fortran code 1D and
the commercial CFD software Fluent were applied for the compu-
tation of the thermal behaviour of the PCM. A comparison with
the experimental results was made and several simulation runs
were conducted to provide the heat storage during the melting
process.

2. Material characterization

The studied material (hydrated salts, mineral, containing potas-
sium and calcium chlorides) has a melting point provided by the
manufacturer equal to +27 �C [16]. Its thermophysical properties
are summarized in Table 1.

Generally, these materials are characterized by calorimetric
experiments like Differential Scanning Calorimetry (DSC) and dif-
ferential thermal analysis (DTA) [17–20], which are applied to very
small quantities of products. In this study, the melting temperature
and fusion heat of the PCM were measured by a DSC instrument
(Perkin–Elmer Pyris calorimeter). All DSC measurements were re-

peated for each sample at a different heating rate to ensure the
reproducibility. Finally, a 5 �C/min heating rate was employed
and considered sufficient for the experiments in the case of fusion.

Samples were conditioned in aluminium pans [21]. The DSC
thermal analyses were performed in the temperature range of
�30 �C/+50 �C. The melting temperature of the PCM corresponds
to the onset temperature (31.74 �C) obtained by the conventional
procedure as the intersecting point between the tangent line at
the point of the maximum slope of the DSC peak and the non linear
base line taking into account the change of heat capacity between
the solid and the liquid phases (Fig. 1) [22]. The result is relatively
inconsistent with the value provided by the product manufacturer
(+26.9 �C). The latent heat of fusion was calculated as the area un-
der the peak by numerical integration (Lf = 186.6 kJ/kg) [23].These
values are taken as representative of the thermal behaviour of the
material as the exact quantitative composition of the salts mixture
and the corresponding phase diagram are unknown.

In case of cooling, problems were even more complex. With our
material (PCM 27), solidification process analysis has been impos-
sible because of the importance of the supercooling phenomenon
in the PCM. Experiments undertaken with different sample
weights and different temperature cycles led to crystallization
temperatures between �2 �C and 10 �C with no reproducibility.
The supercooling phenomenon is particularly important in DSC
measurements as they use small samples in a well thermally iso-
lated cell. The phenomenon of supercooling may be an obstacle
in industrial processes if its effect becomes significant.

To overcome this problem and to clarify the effects on the heat
transfer performance, a second experimental device was devel-
oped, based on the measurement of temperatures and heat fluxes
exchanged between the two lateral sides of the PCM samples, pro-
viding the total heat stored during the phase change process.

Nomenclature

cp specific heat (J/kg �C)
e width of the brick
f liquid fraction
h sensible volumetric enthalpy (J/m3)
k thermal conductivity (W/mK)
t time (s)
T temperature (�C)
x space coordinate (m)
a thermal diffusivity (m2/s)
q density (kg/m3)
l dynamic viscosity (Pa s)
/ heat flux (W/m2)
Lx horizontal domain length (m)
Ly vertical domain length (m)
Lf latent heat of fusion (J/kg)

R aspect ratio

Subscripts
0 initial temperature
E east node
F final temperature
P center node
W west node
k relative to phase k

Superscripts
k iteration level
l liquid phase
o old value
s solid phase

Non-dimensional numbers
Pr Prandtl number
Ra Rayleigh number
Ste Stefan number

Table 1
Thermophysical properties of PCM 27.

Variable PCM 27

Solid Liquid

k (W/m K) 0.577 0.813
cp (J/kg K) 1751.5 2225
a (m2/s) 1.93 � 10�7 2.39 � 10�7

q (kg/m3) 1710 1530
Lf (kJ/kg) 172.42
l (Pa s) 0.094
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3. Physical and mathematical models

The problem to be considered was that of a rectangular brick that
initially held a solid PCM at temperature (T0), lower than the melting
temperature (TF). This temperature was maintained until thermal
equilibrium. The whole material was entirely solid. At time t > 0,
the temperature of the outer left surface of the brick was increased
to a constant temperature (TW), such that TW > TF (fusion process).
Heat was conducted through the wall of the PCM brick, causing
the PCM to start to melt next to the inner surface. The details of
the experimental set-up and the mathematical model that were
used to predict this melting process are outlined next.

3.1. Experimental set-up

Detailed discussion of the experimental set-up is provided else-
where [24]. A schematic drawing of the PCM brick and its set-up

are given in Fig. 2. The PCM was held in bricks of dimensions
(210 � 140 � 25 mm3). It was conditioned in a rectangular enve-
lope and laid out vertically. The sample was placed between two
heat exchanger plates of aluminium (500 � 500 � 19 mm3). The
lateral side faces were insulated by a 10 cm thick polyurethane
foam which created a ring isolating the sample and minimized
the heat transfer to the external ambient conditions.

The experimental set-up allowed to measure temperature fluc-
tuations and heat flux exchanged during fusion and solidification
processes. A temperature could be set on both sides of the PCM
brick by means of a thermo regulated bath. These baths (Polystat
CC3) allowed a fine regulation of the injected water temperature
with a precision of 0.1 �C, and were connected to a cooling tank
with a capacity of 25 l. The temperature range of this reservoir
was between �30 �C and +200 �C. In this work, the temperature
was varied between +15 �C and +50 �C.

Thermocouples T-type of sensitivity (K = 40 lV/�C) were placed
outside the PCM brick. Between the exchanging plates and the

Fig. 1. Differential scanning calorimetry application (5 �C/min).

Fig. 2. Experimental device.
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sample, heat flux sensors and thermocouples ( T) (diameter
0.1 mm) were inserted in the envelope of the brick. The whole sys-
tem was maintained vertical using a pneumatic jack. The fluxme-
ters used here were special ones called ‘‘with tangential
gradients’’ [25]. Their thickness was about 0.2 mm, their dimen-
sions were those of the brick (210 � 140 mm), and their sensitivity
was about 110 lV/(W/m2). These sensors were developed by our
laboratory several years ago and were the subject of regular devel-
opments making possible to obtain a highly reliable measuring
instrument. These fluxmeters were calibrated in house, using plane
electrical resistances with sizes rigorously equal to those of the
sensors. The calibration device described by [26] permitted to cal-
ibrate these sensors with a precision about ±3% of the full scale.
The temperature measurements were differentials compared to a
reference sensor placed in the heart of a thermal sink very stable
in temperature. The various sensors were connected to a multi-
channel multimeter ‘‘Keithley 2700’’ adapted to low level signals
measurement. Experimental data were recorded with regular and
adjustable time steps.

3.2. Governing equations

A combined experimental/computational study was under-
taken. Simulations were carried out first using a 1D finite differ-
ence code (FDM), and second, using a commercial software
Fluent (2D simulations). This section presents the description of
these codes. In association with the requirement for the PCM, the
pertinent assumptions are:

1. The problem is one-dimensional (FDM code) and two-dimen-
sional (Fluent).

2. Radiative heat transfer is neglected.
3. Thermophysical properties are constant. Although different in

the liquid and the solid phases, densities, heat capacities, and
thermal conductivities are assumed to remain constant with
time and to be independent of temperature. Properties for
PCM 27 were determined experimentally.

4. The PCM material is pure, homogeneous, and isotropic. This is
certainly not the case for a hydrated salt as shown in Fig. 3
for the crystallization of PCM 27. Two types of crystallization
are shown in Fig. 3. One can distinguish heterogeneous nuclei,
which are not only linked to the fluid nature, but to the thermal
effects, appearing on the lateral walls of the PCM brick, from the
homogeneous nuclei, appearing in a chaotic manner in the cen-
ter of the brick, and directly linked to the fluid nature. This pic-
ture represents a polycrystallized material.

To experimentally determine solid and liquid thermal apparent
conductivities of the PCM inside the brick, a temperature differ-
ence was imposed between the two lateral sides of the PCM brick
until observing a zero heat flux (equilibrium state).

kS;l ¼
e �
P

/S;l

2 � DTS;l
ð1Þ

where e is the dimension of the material,
P

uS,l is the sum of the
measured heat fluxes. Several tests were carried out on the material
to check the reproducibility of the measurement. The results were
found to be satisfactory and provided median values of apparent
thermal conductivities: 0.600 W/m �C for the liquid and of
0.450 W/m �C for the solid. The estimated error on conductivity
measurements is about 8%.

3.2.1. FDM code
The enthalpy formulation of the governing equation was used,

since it represents the whole energy per unit mass in the studied
domain. The heat transfer linked to the phase change was isolated
via a source term present in the energy equation or an apparent
specific heat [27]. The total amount of energy stored can be ob-
tained from:

Q ¼
Z Tf

Ti
D/dt ð2Þ

where Du represent the cumulative heat rate entering the sample
through the thermo regulated plates. This cumulative quantity
can also be expressed by:

Q ¼ cPSDTS þ Lf þ cPlDTl ð3Þ

where cpS and cPl are the average solid state and the liquid state spe-
cific heats of the material, DTs and DTl are the temperature varia-
tions for the material in solid phase and in liquid phase, and Lf is
the latent heat of fusion.

The prediction of stored heat according to Eq. (3) was validated
by comparing the quantity of stored energy measured experimen-
tally using the fluxmeters (by numerical integration of heat fluxes
from 15 �C to 50 �C). The difference between measured
(283.366 kJ) and calculated (280.807 kJ) values was less than 1%
for the test brick (1.240 kg).

Thus, the governing partial differential equation for the phase
change process can be written as:

@h
@t
¼ a

@2h
@x2 � qLf

@f
@t

ð4Þ

where

h ¼
Z T

TF

qcpdT

and

a ¼ k
qcP

ð5Þ

The liquid fraction (f) is given by:

f ¼
0 if T < TF ðsolidÞ

0� 1 if T ¼ TF ðmushyÞ
1 if T > TF ðliquidÞ

8><
>: ð6Þ

3.2.1.1. Numerical solution 1D. Eq. (4) can be solved using a fully
implicit finite difference solution method. The discretization of this
equation leads to the scheme:

hP ¼ h0
P þ aRðhE þ hW � 2hPÞ þ qLf ðf 0

P � f k
P Þ ð7Þ

Fig. 3. Solidification process, visualization of heterogeneous crystallization.
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aPhP þ aEhE þ aW hW ¼ Q

where

aP ¼ 1þ 2aR

aE ¼ aW ¼ �aR

Q ¼ h0
P þ qLf ðf 0

P � f k
P Þ

R ¼ Dt

ðDxÞ2

ð8Þ

Here, h0
P and f 0

P represent the enthalpy and the liquid fractions
from the previous time step. Source term Q keeps track of the heat
evolution and superscript k means the kth iteration of f at node P.

Eq. (7) has been solved using a tri-diagonal matrix algorithm
(TDMA) and the liquid fraction update method [28]. When the
phase change was occurring (0 < f < 1), the (k + 1)th estimate of
the melt fraction needed to be updated such that hP = 0 in Eq. (7)

f kþ1
P ¼ �aEhE � aW hW þ h0

P

qL
þ f 0

P ð9Þ

Eq. (9) was applied at each node along with under/over
correction:

f ¼ 0 if f kþ1
P 6 0

1 if f kþ1
P P 1

(
ð10Þ

Convergence at a given time step was obtained when the differ-
ence between the total enthalpy fields was below than a given tol-
erance (10�4).

ABSðHk � Hkþ1Þ
qkck

6 10�4 ð11Þ

The boundary conditions were:

At
t ¼ 0 0 6 x 6 Lx T ¼ T0 < TF

t > 0 x ¼ 0 T ¼ TW > TF

t < 0 x ¼ Lx T ¼ T0 < TF

������� ð12Þ

3.2.1.2. Algorithm. Different steps were required to solve algebraic
equations [29–31]:

1. Solve Eq. (7) (TDMA algorithm);
2. update the liquid fraction at every nodes;
3. apply the correction (10);
4. check convergence criterion (11);
5. if the convergence criterion is not satisfied, go back at step 1.

Several simulations have been done in order to check the stabil-
ity of the obtained solution. It was influenced by three different
factors, namely the time step, the under-relaxation factor and the
grid size (number of nodes).

3.2.1.3. Validation. The validation of the FDM code was performed
in 1D and in 2D and the results were presented in another paper
[32].

Numerical results (FDM) in 1D were compared with the analyt-
ical DIRICHLET for three different materials, namely ice, gallium
and PCM 27 [32]. For example, the relative error is given in Table
2 for the fusion of ice. This study concerned with a semi-infinite
problem whereas the numerical solution was obtained for a finite
domain, sufficiently long to avoid sharp changes in temperature.
Thermophysical properties and parameters are given in Tables 3–
5 for these materials. For all the numerical tests, the length of
the domain was 1 m. Several time steps have been studied. Initially
at t = 0, the ice was at the uniform temperature T0 = 268.15 K. At

t > 0 and at x = 0, the temperature of the PCM was raised to Tw

= 293.15 K, and the ice melting started, whereas the temperature
at x = Lx was maintained at T0 = 268.15 K. The position of the inter-
face has been studied for three different time steps (1 s, 10 s and
100 s), and a time step equal to 10 s seemed to be reasonable. The
influence of the mesh size on this interface was evaluated (40, 80
and 800 nodes); a grid of 80 nodes with a finer mesh near to the cold
wall was found to be suitable. In order to obtain a numerical solu-
tion close to the analytical one, and taking into account a grid of
80 nodes and a time step of 10 s, it was reasonable to choose an un-
der-relaxation coefficient x of 0.9. The maximal relative error be-
tween numerical data and analytical values when calculating the
interface position versus time is presented in Table 2.

For example, the necessary time to melt a thickness of 1 m of ice
was found to be about 20 days (t = 17 � 105 s); a reasonable time,
neglecting natural convection. The numerical relative error was
found to be less than 0.05%.

Another test has been done for Gallium, its thermophysical
properties have been placed in Table 4. This material had an initial
uniform temperature T0 = 301.45 K, and its temperature at x = 0
was raised, at t > 0, to Tw = 311.15 K. As for the previous test, its
side (x = Lx) was maintained at T0. The numerical predictions of
the position of the interface and the temperature at the final stage
of the melting (t = 12 � 104 s) were in good agreement with the

Table 2
Maximal relative errors for the ice melting.

Time step Dt
(1–10–100 s)

Nodes
(40–80–800)

Under-relaxation
coefficient
(0.3–0.6–0.9)

Maximal relative error
(numerical/analytical) (%)

0.99 0.28 2.67

Table 3
Thermophysical properties of ice.

Physical properties Test conditions

Ice Water

k (W m�1 K�1) 1.92 0.606 L (m) 1 m
cp (J kg�1 K�1) 1960 4181 T0 (K) 268.15
q (kg m�3) 917 1000 TF (K) 273.15
a (m2 s�1) 1.07 � 10�6 1.45 � 10�7 Tw (K) 293.15
Ste 0.118 0251
Lf (kJ kg�1) 333.4

Table 4
Thermophysical properties of gallium.

Physical properties Test conditions

Solid Liquid

k (W m�1 K�1) 43.6 33 L (m) 1 m
cp (J kg�1 K�1) 381.5 360 T0 (K) 301.45
q (kg m�3) 5907 6093 TF (K) 302.93
a (m2 s�1) 1.9 � 10�5 1.5 � 10�5 Tw (K) 311.15
Ste 0.039 0.037
Lf (kJ kg�1) 80.16

Table 5
PCM test.

Test conditions

L(m) 1 m
T0 (K) 288.15
TF (K) 300.15
Tw (K) 323.15

2458 A. Joulin et al. / Applied Energy 88 (2011) 2454–2462
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analytical solution. The numerical relative errors were 1.06% and
0.046%, respectively.

Finally, the last test concerned the fusion and the solidification
of the PCM 27 (Figs. 4 and 5). All the parameters are shown in Table
5. As for ice and gallium, the position of the interface obtained
numerically are very close to the analytical one (Fig. 4). Fig. 5 of
comparison concerns the solidification of PCM 27. Initially, the
material was entirely liquid at temperature T0, higher than the
melting temperature TF. At time t > 0, the temperature of the outer
wall (x = 0) of the brick was brought down to a temperature Tw < TF.
Fig. 5 presents the position of the interface during the solidification
process. The relative errors are very small, about 1.9% for the fu-
sion, and about 1.2% for the solidification.

3.2.2. Fluent code
Continuity, momentum and energy equations were solved

numerically by means of the finite volume method. The SIMPLE
method within version 6.2 of the commercial code FLUENT� was
utilized for solving the governing equations [33].

Simulations have been performed taking into account experi-
mental conditions for different temperature ranges. Non-dimen-
sional parameters of PCM 27 are summarized in Table 6.

A grid of 40 � 20 cells was found to be adequate to resolve the
details of the flow and temperature fields with a finer grid distribu-
tion in the vertical direction. The time step for integrating the tem-
poral derivatives was set to 0.1 s, following comparison of selected
quantities obtained from simulations using 1, 0.5, 0.1, 0.05, and
0.01 s. The Power Law differencing scheme was used for solving
the momentum and energy equations, whereas the PRESTO
scheme was adopted for the pressure correction equation. The un-
der-relaxation factors for the velocity components, pressure cor-
rection, thermal energy, and liquid fraction were 0.3, 0.1, 1, and

0.9, respectively. The Fluent Melting and Solidification model was
used to solve the heat transfer with phase change. The driving force
for the fluid motion was due to density variation under the tem-
perature gradient, causing the natural convection phenomenon.
In the Fluent code the natural convection is taken into account
via the Boussinesq term. The Fluent code uses an enthalpy-porosity
formulation. The liquid fraction is computed at each iteration,
based on an enthalpy balance. This technique treats the mushy
zone (partially solidified region in which the liquid fraction lies be-
tween 0 and 1) as a porous medium. The average velocity was
about 1.7 � 10�3 m s�1 increasing the PCM melting.

In order to satisfy convergence criteria (10�6), the number of
iterations for every time step was between 200 and 400.

3.2.2.1. Boundary and initial conditions. At time t = 0, the PCM was
taken to be a motionless solid that was maintained at a constant
temperature T0 below the melting temperature TF of the PCM.
3.2.2.1.1. On the heated wall.

u(x = 0, y, t) = 0
v(x = 0, y, t) = 0
T(x = 0, y, t) = Tw

3.2.2.1.2. On the cold wall.
T(x = Lx, y, t) = T0

3.2.2.1.3. On the adiabatic walls.

uðx; y ¼ 0; tÞ ¼ 0 uðx; y ¼ Ly; tÞ ¼ 0
vðx; y ¼ 0; tÞ ¼ 0 vðx; y ¼ Ly; tÞ ¼ 0
@T
@y ðx; y ¼ 0; tÞ ¼ 0 @T

@y ðx; y ¼ Ly; tÞ ¼ 0

4. Results and discussion

4.1. Comparison between numerical predictions and experimental
data for heat storage

The heat storage period predicted by the FDM code as well as by
the Fluent� software was compared to experimental measure-
ments. Two main parameters have a particular interest for the heat
storage of a material: the time necessary for the storage (i.e. the
complete fusion of PCM); and also the maximum temperature of
the PCM at that instant.

Initially (t = 0), the material was isothermal and, at t > 0, was
heated by modifying the temperature set point of the thermo reg-
ulated baths. The material was thus evolving from temperature T0

to temperature TW. Between these two permanent states the mate-
rial stored energy. The fluxmeters made it possible to measure the
heat fluxes exchanged at the edges of the sample. Temperatures
were measured in the middle of the external and internal faces
of the brick envelope to take into account a possible thermal effect
produced by the material which contained the product. The exper-
iment consisted first imposing on the sample a superficial constant
temperature on the left lateral face, until a thermal steady state
was obtained corresponding to an isothermal material. The heat
fluxes were then zero at the initial time t = 0. It was also confirmed
that the thermal losses were negligible at the isolated side faces.

Fig. 4. Interface position of the melting of PCM 27.

Fig. 5. Interface position of the solidification of PCM 27.

Table 6
Non-dimensional parameters of PCM 27.

R 0.12 (Lx = 0.025 m � Ly = 0.21 m)
Ra 1.34 � 108

Pr 273.85
Ste 0.2968
cs/cl 0.79
ks/kl 0.71

A. Joulin et al. / Applied Energy 88 (2011) 2454–2462 2459
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The experiment really started at (tinitial), a sharp water temperature
variation was imposed in the bath. This induced a thermal evolu-
tion of the system (storage) during the calculation time (4 h).

Temperature variations and heat flux for different cases of heat
storage (latent and/or sensible) have been studied. All the data are
provided from experiments, FDM 1D and Fluent code 2D. The cy-
cles concerned the variations of the heat storage of the sample in
solid phase for a temperature range from 15 �C to 20 �C and also
within the liquid phase when temperature changes from 40 �C to
50 �C. Fig. 6 presents all the three different phases during the tem-
perature range (15–50 �C). In the case of sensible storage (liquid or
solid), the curves from experiments and simulations are very close
(relative error of 2.2%) to each other and consequently the results
are satisfactory. In the case of a phase change solid/liquid 15–
50 �C (Fig. 6), the three steps of heat transfer (solid, solid/liquid, li-
quid) are highlighted and the period of every phase obtained from
experimental data and simulation results is almost the same. How-
ever, a small difference occurs between experiments and numeri-
cal predictions in the region where both phases coexist. This
result could be justified by the behaviour of the PCM 27 which is
different after every solidification process, because of a random
crystalline re-organization (Fig. 3).

Fig. 6 also shows that the heat stored was much more important
than sensible heat transfer when a phase change occurs. This con-
firms the advantage of latent heat storage. A new thermal balance
was reached in a little more than 3 h.

One of the advantages of the simulations was to provide data
which might be difficult to obtain in an experimental device. For
example, the liquid fraction versus time was easily obtained by
means of the FDM code or the Fluent software. Fig. 7 shows the
evolution of the liquid fraction in time predicted by both codes.
The time necessary to melt the whole material calculated by sim-
ulations were almost the same as the one obtained from the exper-
imental curve: 1.48 h by Fluent, 1.6 h by FDM and 1.68 h in the
experimentation (Fig. 6). Consequently, FDM code seems to predict
better fusion time than Fluent code.

4.2. Comparison between numerical predictions and experimental
data for heat recovery

Solidification process is shown in Figs. 8–10 where temperature
variations and heat flux are presented for different cases. In the
cooling case, the temperature evolved from +20 �C to +15 �C
(Fig. 8),+50 �C to +40 �C (Fig. 9) and +50 �C to +15 �C (Fig. 10).

Satisfactory results were obtained in the experimental and
numerical comparison when there is no phase change (Figs. 8
and 9). However, a significant difference was observed in the phase
change range. Actually, numerical simulations (Fluent and FDM

codes) did not take into account the important effect of supercool-
ing phenomenon. Generally, the average time necessary for heat
recovery was very close from experimental to numerical data.
The Fluent curve presents an effect unsolved and linked to the en-
thalpy method [34]. Stair-casing effects seem to be inherent to en-
thalpy methods, the interface location is determined in a post-
processing step as a corresponding isotherm of the heat distribu-
tion. The use of a uniform Cartesian grid yields to a difficulty to
capture the curve boundary. This effect is due to the coarseness
of the grid resulted due to the trade-off between the mesh density
and the solution time.

When the temperature was close to 27 �C, about 45 min after
the beginning of the test, the heat flux evolution reversed. Fifteen
minutes later, the surface temperature has increased from 22 �C
to 26 �C, whereas the experimental heat flow has decreased. It
seems that de-stored energy was reabsorbed immediately by the
material (phenomenon of supercooling). From this critical mo-
ment, our sample continued to cool until +15 �C while the material
was solidifying slowly. After more than five hours, it reached a new
balance state.

At the beginning of solidification, a layer of solid PCM started to
be formed on the plane surface in contact with the exchanging
plate, a layer which ‘‘isolates’’ the liquid PCM. Solidification contin-
ued slowly because of low thermal conductivity of the solid PCM (k
estimated in experiments at 0.45 W/m K). The temperature of the
sample surface was equal to 15 �C only at the end of the test. This
could be with a defect of refrigeration power of the regulated bath,
which could not quickly absorb all the heat produced during the
material solidification.

The results highlight the difficulties to estimate the amount and
rate of heat recovery in the material due to the existence of super-
cooling. These difficulties pertain because of thermal conductivity
differences between solid and liquid phases.

Fig. 6. Temperature and heat flux variations (15–50 �C).

Fig. 7. Liquid fraction variation when temperature varies between 15 �C and 50 �C.

Fig. 8. Temperature and heat flux variations (20–15 �C).
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Finally, in Fig. 11, the total amount of experimental heat stored
(and discharged) during a complete cycle (15–50–15 �C) is pre-
sented. PCM 27 exhibits hysteresis because of the unpredictable
process of crystallization [35]. The experiments were repeated
and variability was observed because the onset of fusion never oc-
curs at the same temperature. During the fusion process, the heat
storage takes place at a constant temperature (about 27 �C),
whereas the followed path during the solidification process is dif-
ferent. The temperature of the material is decreasing down to 19 �C
while releasing sensible energy, corresponding at the beginning of
the release of latent heat, at this stage, the first solid layer appears.
Heat recovery occurs at a constant temperature about 24 �C.

5. Conclusions

The objective of this article was to study the energy storage and
the energy recovery, based on the comparison of reliable experi-
mental data and numerical modeling, by means of the use of a
phase change material. An experimental set-up was used to mea-
sure the temperatures and the heat fluxes in order to characterize
the phase change effects. The influence of supercooling phenome-
non has been clearly exhibited with the experimental data: the
melting process started at a temperature higher than for the solid-
ification process. No numerical simulations 1D and 2D gave satis-
faction because results are very far away from the experimental
ones: the codes did not represent the supercooling phenomenon.
The numerical modeling showed that the supercooling phenome-
non must be taken into account correctly in order to predict the
PCM thermal behaviour. Further investigations are needed to have
a better numerical description of this special phase change feature.
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