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ABSTRACT

Implementation of Phase Change Materials (PCMSs) into
building components allows their thermal performance to be
enhanced, reducing indoor temperature fluctuations and
improving the occupant comfort. A practical problem to solve
is the possibility of leakage when the PCM is under the liquid
state. In this study, a new component using PCMs is described.
This component is derived from an existing slab having
cylindrical cavities which is used in floors/ceilings. The cavities
are filled with a polymer-paraffin composite and leaks are
avoided, due to, both the use of the composite and the insertion
inside cavities. This study is based on numerical simulations
whose results are compared to experimental ones with the same
boundary conditions in order to validate the model. The PCM
was introduced inside the cavities with an annular repartition
and different percentages. A new indicator was introduced
(PCM activity) that allows an evaluation of the amount of PCM
to be used in such a component. With this indicator the optimal
percentage of PCM has been determined.

INTRODUCTION

To reduce the energy dependence of buildings, it has
become necessary to explore and develop new materials or
constructive systems that meet the requirements needed to
promote both energy conservation and sustainability in
construction. One way to reduce energy consumption is to
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exploit heat storage, especially in climates where daily
temperature variations require both heating and cooling over
the same 24 hours period. Because of their high storage
capacity in the narrow temperature range, phase change
materials (PCM) in active and passive cooling/heating of
buildings are the most efficient ways to store thermal energy.
Different research projects have been developed since the last
decade including (i) direct incorporation or impregnation of the
construction material, (ii) incorporation of PCM capsules in
building components, (iii) manufacturing new panels with
PCMs to replace classic wallboards and, (iv) incorporation in a
heat exchanger plate to improve performance of a HVAC
system. Most of projects can be found in recent reviews ([1] —

(7D

Nevertheless, the different techniques presented in published
studies have limited success because it is difficult to
incorporate these phase change materials into existing building
materials. The main cause is the conditioning of the phase-
change element, which must be completely sealed to prevent
leakage of the product during the melting process.

One kind of PCM, called shape-stabilized PCM, does not
require any encapsulation, because of the presence of a
polymeric matrix. This compound can keep its shape stabilized
even when the PCM state changes from solid to liquid.



Compared with conventional PCM, shape-stabilized PCM
reduces the liquid PCM leakage danger, the additional thermal
resistance and container cost. This material can be shaped into
spheres, cylinders and plates or added into panel structure to be
directly used as floor or wallboard. In recent years, some
researchers have studied the preparation method and the
thermal properties of several shape-stabilized PCMs [8-11].
This option permits easily their incorporation into light building
components, which have cavities (cinder block, hollow brick,
for example), without additional precaution of encapsulation.
Though their integration has been investigated in numerous
studies, these components were mainly devoted to walls. to our
knowledge the integration in floors or ceilings has rarely been
studied ([12-17]). Some authors also have studied performances
of ceilings cooled with PCM slurries ([18]).

This study concerns a new construction element: a hollow
concrete floor panel filled with tailor-made shape-stabilized
PCM. Its thermal response with prescribed periodic boundary
conditions was investigated experimentally and numerically as
described in our previous paper [19]. The analysis of data
demonstrates the suitability of this new component to guarantee
significant thermal comfort and thermal inertia of a building.
For a hollow floor panel completely filled with PCM, the
temperature fluctuations applied to the surface of one side are
significantly reduced at the surface of the other side and
thereby improving the thermal comfort. Nevertheless, the
numerical model shows that only a small part of the PCM is
used during the imposed thermal cycle. The next step of this
research is to quantify the amount of PCM to be introduced into
the floor panel. Then, this study aims at determining the
optimal amount for a prescribed distribution of PCM and for a
given thermal cycle. An annular configuration of PCM inside
the cavity has been adopted because it offers the best surface /
volume ratio for the heat transfer point of view.

nomenclature

a,a [ indicator of activity of PCM
Cy [J/kgK] specific heat capacity

e [m] slab thickness

k [W/mK]  thermal conductivity

h [W/m?K]  convective heat transfer coefficient
L [m] length

Nu [ Nusselt number

Ra [-] Rayleigh number

t [s] time

X [m] horizontal coordinate

y [m] vertical coordinate

Greek symbol

s [KY] thermal coefficient of volume expansion
u [Pa.s] dynamic viscosity

3 [K] temperature amplitude

& [-] emissivity

P [-] density

o [m] Stefan-Boltzman constant
@ [h] time lag

X [m%s] thermal diffusivity
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Subscripts

max cycle

m maximum

onset mean

endset beginning of apparent specific heat increase

end of apparent specific heat decrease

MAIN PHYSICAL PROPERTIES OF THE NEW PCM
FLOOR COMPONENTS

Photography of the floor panel, which is commonly used for
lightweight building, is presented in Fig.1. The alveolar floor is
a concrete slab with dimension (28cm x 28 cm x 7.1 cm) and
eight cylindrical holes with diameter of 2.5 cm and a length of
28 cm. The studied sample is a floor panel at 1:5 scale (Fig. 1).
To develop a floor panel with high thermal capacity, a shape-
stabilized PCM s introduced inside each cavity. The slab
without PCM will be considered as the reference slab.

Figure 1 View of the floor panel at 1:5 scale

The PCM is a shape-stabilized paraffin material, where the
polymeric matrix fixes the paraffin into compact form, even
after its melting. More details about this material can be found
in [19]. The phase change state appears around 27°C (Fig. 2)
and the latent heat of melting is about 110 kJ/Kkg.

Figure 2 View of PCM in solid state (on the left) and in liquid
state (on the right).

Thermophysical properties of the concrete and PCMs were
measured and are given in Table 1. The thermal conductivity of
the PCM s less than the concrete, and therefore, the PCM acts
as a good thermal resistor at a steady state condition. However,
the thermal mass of concrete is higher than liquid or solid



PCM, and therefore the concrete is a better heat absorber at
transient conditions.

Density p Specific heat Thermal
kg/m® capacity C, | conductivity k
J/(kg K) W/(m.K)
PCM
T<275°C 850 2800 0.28
T>27,5°C 780 2500 0.18
Concrete
T=25°C 2127 918 1.00

Table 1. Thermo-physical properties of the PCM and concrete

THERMAL PERFORMANCE OF THE PCM FLOOR
PANEL

The sensation of comfort is related, among others, to
ambient temperature level, mean radiative temperature and
temperature fluctuations inside a building space [21, 22]. The
surface temperature of walls and ceilings/floors contributes to
thermal comfort through the three preceding conditions then, it
is instructive to study the thermal performance of a PCM floor
panel under fluctuating boundary conditions in accordance with
a realistic situation. As discussed by Nicol [22] “If a change
occurs such as to produce discomfort, people react in ways
which tend to restore this comfort”. A way to avoid such
changes and such a reaction is to increase thermal inertia which
damps any change which can occur. In a periodic variation, if
the peak to peak variation is less than 1 K, there will be no
influence on the comfort [21].

In this objective, a periodic variation of temperature
(between 22 and 35°C) has been imposed on the lower face of a
sample of a floor panel filled with PCM and the temperature on
the upper face has been measured and compared to the one
observed for a reference slab without PCM. This following
section presents the numerical model developed to simulate the
thermal behaviour of the floor.

In order to simplify the analysis, the following assumptions
were made: (1) heat transfer through the floor is two-
dimensional and purely diffusive; (2) thermal physical
properties of the building components are considered constant
except the specific heat of PCM during melting or thawing
process; (3) the thermal expansions of PCM and concrete are
not considered.

HEAT TRANSFER MODEL OF THE PCM FLOOR
PANEL

The numerical simulation analysis was carried out with the
commercial code Comsol Multiphysics® software [23] to
simulate the thermal behaviour of the floor. This software was
used to create and to mesh the geometrical model of the floor
and to solve the heat equation. Only conduction heat transfer
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mode was considered inside the floor, even during the melting
or solidification processes. Indeed, the polymer prevents natural
convection inside the PCM. The governing equation considered
was the classical energy balance equation, in absence of heat
source expressed as:

aT . =
pCy ot div(—k VT) =0 (1)
where k, C,, p are respectively the thermal conductivity, the
specific heat and the density of the different materials in the
structure. The material parameter values that are assigned to
both the concrete and the PCM can be found in table 1. The
specific heat C, obtained by calorimetry for heating at
0.125°C/mn is taken into account for the simulation. For
simplicity, the thermal expansion of PCM and concrete was not
considered. For modelling the phase-change problem, the
effective heat capacity method is used here by considering the
experimental PCM’s specific heat.

The model is a mesh that consists of about 4000 triangular
elements. A mesh convergence study has been carried out to
ensure the accuracy of the finite element results. The geometry
as well as the boundary conditions for the heat equation are
depicted in Fig. 3.
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Figure 3 Representative domains used for the two-
dimensional numerical model

The upper surface of the floor is subjected to radiative and
free convection boundary conditions.

—k (z—;)yze =h(T — T,)+ eo (T*—T2)

)

where h is the free convective heat transfer coefficient and ¢
the emissivity of the concrete. T and T, are the temperature on
the upper surface of the floor and far from the floor
respectively. For eq. (2), the used value of emissivity is 0.9 (in
accordance with the emissivity of the black paint put on the
surface of the slab); the order of magnitude of the heat transfer
coefficient h  has been estimated considering a natural



convection heat transfer, by using the adimensional correlations
valid for a horizontal plane [24].

Nu = 0.54 Ra}/* for 10* < Ra < 107
Nu = 0.15Ra,”* for 107 < Ra < 10° ©)
where the Rayleigh number is given by:
_9BP 43
Ra = " L*(T— Ty) (4)

In this formula, g is the gravitational acceleration and, g is the
volume expansion coefficient, p the density, u the dynamic
viscosity and y the thermal diffusivity of air. For a mean air
velocity of 0.6 m/s above the floor measured with a hot-wire
anemometer, and considering the length L of the floor as a
characteristic length, the heat transfer coefficient h varies
slightly and has been chosen equal to 3.5 Wm? K™.

At the lower surface, a Dirichlet boundary condition is
imposed corresponding to an external cyclic linear variation of
the temperature between 20 °C and 35 °C. The duration of a
heating—cooling cycle was fixed to 58 min in order to take into
account the dimension of the sample (scale 1:5). In scale 1:1,
the floor panel would be submitted to heating—cooling period of
24 h,

An insulated boundary condition is imposed on the other
lateral boundaries. The floor is initially considered at a constant
temperature of 20°C.

SIMULATION RESULTS

The numerical results are presented in Fig. 4 for a floor panel
completely filled with PCM and a floor panel without PCM.
Solid lines represent the computational results. One can observe
that the upper surface temperature in contact with ambient air
of the room reaches periodic steady state very rapidly for the
reference floor panel and after a certain time (about 4 cycles)
for the PCM’s floor panel. This result is an indicator of the
level of inertia of these two panels. When the temperature
reaches this periodic steady state, it means that the amount of
the energy transferred to the model during the charging phase is
equal to the amount of energy taken from the model during its
discharging. The upper mean temperature seems to be the same
for the two floor panels.

The presence of the PCM appears principally on the
amplitude éand the time lag ¢ of thermal wave measured at the
upper surface. An analysis of data shows that:

« the temperature amplitude ¢ of the upper surface temperature
is reduced down to around 2°C when the floor panel is filled
with the PCM,
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- the initial slope of the upper surface temperature is lower for
the floor panel with PCM,

« the time lag ¢ is higher for the floor panel with PCM,

« at the end of 7" cycle during the discharging period,
temperature equilibrium is reached more slowly with the floor
filled with PCM because of its high thermal inertia.
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Figure 4 Temperature at the surface of the floor panel

Such results show that thermal comfort will be improved
due to a decrease of the fluctuation of the surface temperatures
of the floor panel and the increase of the time lag by the
incorporation of PCM.

MODEL VALIDATION

In order to validate the model, an experimental device has
been developed to apply identical temperature variation to the
floor panels with and without shape-stabilized PCM. One side
of the floor panel is located in close contact with a heat
exchanger, fed by a thermo-regulated water flow. The bath is
programmed to produce a prescribed heating—cooling cycle of
58 min between 20°C and 33°C. The opposite side is adjacent
to a room in which ambient temperature is kept quasi-constant
at T,,=18.5 °C. On each side of the floor are placed temperature
and heat flux sensors. Thermocouples (type K) were calibrated
with a specific device. More details are presented in [19, 20].

The experimental and the simulated results were compared
in Fig. 4. Circles represent the experimental data. A good
agreement is found between simulation and measurements for
the floor without PCM. For the floor filled with PCM, one can
observe that the level of the temperature oscillation obtained by
the model is higher than that obtained experimentally.
Amplitude of the oscillations obtained by simulations is lower
than amplitude of experimental oscillations. Two reasons can
explain the slight discrepancy between simulation and
experimental data. Firstly, the possibility that the thermal
insulation of the sides of the slab is not perfect. Secondly, the
possibility that the model only considers single value of the
specific heat C, (T variation during the melting phase. Indeed,



the calorimetric study has shown that the melting temperature
and freezing temperature of the shape-stabilized PCM are
different (see [19]). This hysteresis phenomenon is not
considered in the simulation model and can explain the
disagreement.

The model gives the opportunity to access to the quantity of
PCM in the melting process during the thermal cycle. To this
end, we defined an indicator a which evaluates the activity of
the PCM. As the PCM presents a large melting temperature
range, the material can be considered in a melting state between
the temperature T, (=25.8°C) and the temperature
Tenaser (528°C). So, the percentage of “active” paraffin inside
the cavity is evaluated by the PCM volume which temperature
is between T,,q50: aNd Ty Fig 5 illustrates this variation
during the seven successive thermal cycles. First, one can
observe that the PCM’s ability to store heat is far from its
maximum; a does not exceed 66%. Secondly, starting the third
cycle, the indicator a does not return to zero. This signifies that
accumulated latent heat during the increase of temperature is
not entirely released at the end of the thermal cycle. The PCM
is thus only partly used. This will be discussed in section 4.
Therefore the thickness of PCM to be implemented in the floor
panel should be optimized; a parametric study of the amount of
PCM to be implemented is proposed in section 4 for a ring
configuration.
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Figure 5 Percentage of “active” PCM during the thermal cycle

OPTIMIZATION OF THE PCM AMOUNT
FLOOR PANEL

IN THE

The amount of the PCM in the hollow floor panel is
investigated here in ring configuration for the same boundary
conditions as in section 3.2. Parametric analysis is carried out
aimed at understanding what amount of PCM assures optimum
performance of comfort. Six annular configurations defined by
their volume fraction of PCM have been studied (see Fig. 6).
The mean temperature T;,,, the temperature amplitude ¢ and the
time lag ¢ of the floor panel with various layers of PCM are
analyzed in comparison with the reference floor panel. Such
parameters can be considered as good indicators of thermal
comfort obtained at the surface of the floor panel.
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Figure 6 Schematic representation of the six annular
configurations of PCM studied

Fig. 7, Fig. 8 and Fig. 9 show respectively the mean
temperature T,,,, the time lag ¢ and the surface temperature
fluctuation amplitude ¢ as function of the percentage of PCM.
On one hand, one observes that T, decreases with the amount
of PCM until an optimum near 50%-60% of PCM and then, a
slight increase appears. A difference of about 1°C is observed
between the floor panel with 50% PCM and the reference floor
panel. By contrast, the time lag is clearly increased (more than
40%) when the panel is included with PCM for any amount of
PCM. On another hand, the thickness of the PCM ring impacts
notably the temperature amplitude & as illustrated in Fig.8. The
amplitude & decreases gradually with the amount of PCM to
about 50%-75% of PCM and then seems to reach a plateau.
Beyond this critical concentration range, the addition of PCM
has no more effect on the decrease of surface temperature
fluctuation &.
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Figure 7 Mean Temperature T, for the different
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Figure 8 Time lag ¢ for the different configurations studied
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Figure 9 Temperature amplitude & for the different
configurations studied

Results show that lowest surface temperature T, as well as
lowest fluctuation & can be obtained for PCM concentration
ranging from 50% to 100 %. This fluctuation is less than 1 K as
recommended in the ThermCo report [21]. Let’s now consider
the instantaneous activity of PCM defined by the indicator a to
determine more precisely the optimal concentration. The
amount of PCM which is active (as defined in 3.3) during seven
successive thermal cycles is presented in Fig. 10 and 11. For
rings with PCM percentage equal to, or more than 70%, the
indicator a does not return to zero which confirms that one part
of the latent heat is unusable during the cycle. For other
configurations, indicator a shows a full storage-release of latent
heat.
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Figure 10 Instantaneous activity a of PCM during the seven
thermal cycles for 10%, 30%, 50% PCM concentrations.
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Figure 11 Instantaneous activity a of PCM during the seven
thermal cycles for 50%,70%, 90% PCM concentrations.

Mean activity of PCM during the thermal cycle can be
defined by the following expression:

- _ 1

tottc
tc“to

adt (%)

where ty and t. are the temperatures at the beginning and at the
end of a cycle respectively.

The calculation of this mean activity during a period is
carried out in accounting for the “available” PCM, i.e. the PCM
which can both melt and solidify. Considering figure 5 for a
PCM concentration of 100 %, it is seen that one part of the
PCM does not recover the solid state from the 4™ to the 7™
cycle. The PCM remains in the liquid state as shown in the grey
part of the figure. This PCM is not available to store latent
energy. Then, the mean activity is calculated in considering
only the part of the curve of the instantaneous a which is above
the grey zone. To calculate a as a function of PCM
concentration we have chosen the 6" period because, it is close
to the equilibrium plateau and it is not affected by the end of
the oscillation process.

The variation of this parameter a as a function of the
percentage of PCM inside the alveolar floor panel is presented
in Fig.12. One can observe that an annular ring with 50% of
PCM is the configuration for which the latent heat is optimally
stored. Beyond 50% the PCM is not completely restored in its
solid state



50
a
%
8)0

_©°
30 =2 —_
o o~ — 0

20 0

10

0

0 25 50 gpem 75 100

Figure 12 Parameter a as a function of the percentage of PCM

The performed analyses confirm that for a certain set of
climatic conditions and building envelope materials, there is a
quantity of PCM that assures optimum comfort performance.
Such performance is related to maintaining temperatures within
the temperature melting range of PCM for a given period of
time.

The model can be considered as a tool to provide
information on the amount of PCM to be implemented as well
as on the distribution of PCM in the floor. It will also be of
particularly great importance to derive the optimum choice in
term of PCM properties in order to maximize the stored energy
for a given set of boundary conditions.

CONCLUSION

The use of intermittent energy sources as solar heating,
night cooling ...etc for conditioning the interior space of a
building encourages us to optimize the choice of construction
materials. In this study, we have presented a way to artificially
increase the thermal inertia of a building to regulate its internal
temperature. This has been achieved by incorporating a PCM
inside elements of constructions, in this case a slab serving as a
floor and/or ceiling. This fusible material is, in fact, a home-
made mixture polymer - paraffin which avoids any exudation of
the paraffin [19]. The studied slab is an industrial hollow panel
currently used in building construction, having cylindrical
cavities. These cavities have been filled up with PCM. Inside
the cavity an annular repartition has been adopted to obtain the
best surface/volume ratio.

We have carried out a numerical simulation with the
Comsol Multiphysics® software. Our model has been validated
with experimental data. The performance of this panel for an
annular repartition has been calculated as a function of the
PCM percentage inside the cavity. For this purpose, a
periodical temperature variation has been applied on one side.
The temperature has been determined on the other side and it
was shown that, for a filling concentration of 50% or more, its
amplitude was divided by three compared to the applied
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oscillation. To evaluate the optimal amount of PCM we have
introduced, a new indicator, the PCM activity, which represents
the percentage of PCM available for latent heat storage. For our
geometry and given boundary conditions we have found a 50 %
value, in accordance with the amplitude attenuation.
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