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Abstract

In the context of improving energy efficiency and thermal comfort in the building, the use of
phase change materials (PCMs) is one of the suggested solutions. The proposed integration
solutions concern the building envelope as well as the applications related to its operation.
The study of the incorporation of PCM in the walls of the building was the subject of
numerous works. However, the antisymmetric character of storing/recovering energy
management in the walls is less controlled and do not fit the optimal conditions. In this
study, a solution based on the direct integration of a stabilized PCM (gel) in an envelope
including ventilation channels, was proposed to overcome this problem of antisymmetry
storing/recovering and fitting with different fixed ambient conditions. The final aim is to
develop the optimization strategy of a wall combining the heavy inertia offered by the PCM,

intra-ventilation control and the contribution to air renewal energy demand.

In this context, an experimental study of a concrete block system is conducted to test the
thermal response of this configuration by the application of cyclic solicitations. The
comprehension of this integrated constructive solution essentially passes by the possession
of validated numerical tools. For this, two models have been developed. The first model
using the electrical-thermal analogy, based on an RC equivalence, is distinguished by its
relative simplicity and weak time computing demand. Each of these two factors, R and C
summarise the system properties and has a direct influence on the building transient
simulations over a year. The second one is based on direct numerical simulation DNS of the
energy and fluid flow equations using commercial code COMSOL Multiphysics. Such DNS is
time consuming and could not be used to simulate over a year but aims only to validate the
first RC circuit approach. A comparison of these two models with the idealised experimental
data was carried out and allowed the validation of the thermal behaviour of the solution

based on the integration of the PCM with core ventilation.

Nomenclature
Latin letters

fv Volume fraction
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C  Thermal capacitance (J/K)

C, Specific heat at constant pressure (J/kg K)
€ Element thickness (m)

h  Convective heat transfer coefficient (W/m? K)
k  Thermal conductivity (W/m K)

L Length (m)

m  Airflow rate (kg/s)

Heat flux (W/m?)

R Thermal resistance (K/W)

Ra Rayleigh number

S Surface (m?)

T  Temperature (K, °C)

t Time (s)

T..  Airinlet temperature (K, °C)

Tom onset temperature of the melting (K, °C)
b air outlet temperature (K, °C)

Ts1 phase change temperature (K, °C)

U  Velocity field (m/s)
Greek letters

AL Latent heat (J/kg)

&  Emissivity

M Dynamic viscosity (kg/m s)

P Density (kg/m3)

O Stefan-Boltzmann constant (W/m? K*)

@  Solar radiation heat flux (W/m?)
Subscripts

amb  Ambient
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conv Convection

Cc Concrete

elec Referring to electrical physical quantities
] Internal, indoor

[ Liquid

min  Minimum

o Outer, outdoor

pcn  Phase change material

rad Radiation

) Solid

t Tube

v Ventilation

w  Wall

Acronyms

EXP Referring to experimentation
FEM Finite element model

DSC Differential scanning calorimetry
PCM Phase change material

PVC Polyvinyl chloride

RC  Referring to resistance and capacitance network model

1. Introduction

Energy consumption in the building sector is gaining increasing interest as it is directly
related to energy economics and sustainable development. The design and the choice of
building materials, as well as the energy and thermal systems evolve very rapidly. In the
energy challenge, the building is among the largest consumers of energy. Efficiency and
optimization of energy systems remain among the main axes studied in order to reduce
energy consumption and increase system performance. The need to balance available
energy with occupant comfort involves the use of new innovative and effective technological
solutions. In the area of housing, the cost and optimization of space are the two main
reasons that require the decrease of the thickness of walls in new constructions; however,
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this reduction greatly affects the thermal inertia of the frame and makes it insufficient to
effectively damp the oscillations due to the outdoor temperature variation. Moreover, the
management of thermal comfort by control systems acting on ventilation poses the problem
of increasing the electrical consumption energy and the drawbacks related to the operation
of these devices (noise, maintenance, etc.).

The integration of phase change materials (PCMs) in the building envelope is an interesting
solution to optimize energy consumption. When integrated into building elements, their
energy storage capacity using latent heat is manifested. A thermal phase shift is performed
during the energy storage phase, then comes the restitution phase with a damping, which
reduces the needs according to the outdoor climatic conditions of the considered
construction. This topic has been the subject of numerous studies aimed at answering the
various difficulties that oppose the optimal use of this solution [1-4]. Among these
constraints, one can cite the choice of the appropriate method of incorporation of these
products but also the limits imposed by the use of such a material which changes phase.
Direct incorporation, impregnation of building materials, incorporation of capsules filled
with PCM are part of the used methodologies. Thus, in order to minimize the risk of leakage
during the melting of this type of product, mixtures are used which aim at reinforcing the
PCM matrix, for example, the use of polymers which make it possible to have mechanically
stable gels during the process liquid phase [5]. Similarly, the efficiency of the systems
developed requires an optimization study on the types of PCM to be used, the dimensions of
the system and the possible combinations in order to correctly manage the energy
charged/discharged in these products [6,7].

Two categories of integration can be distinguished, when incorporated into the building
envelope or in applications related to the thermal comfort regulation during the occupation
of the building. In the first type of integration, the following cases can be mentioned:
integration in floors [8—10], walls [11-13], masonry elements [14—-16] and roofs [17-19]. This
integration category of PCM also includes its use in windows and glazing [20-22] as well as in
shading systems [23-25]. Concerning the use of PCMs in comfort conditioning systems
within the building, the free cooling method based on heat exchangers was developed
according to several approaches [26—29]. These different studies have shown that the
contribution of PCMs increases the thermal inertia and on the other hand improves the air
quality in buildings.

The vertical elements of the building are the most studied, the wall panels that can be fixed
on the base walls are among the solutions proposed. In this context, many products have
been tested and marketed because this solution makes it possible to minimize the level of
the peak temperature during hot periods and to save energy. The damping of the peaks of
temperature obtained can go up to 4°C [30—-32]. Concrete and coatings PCM based are part
of the solutions applied to the walls. They are found under several compositions with
different percentages of PCM. The tests carried out in a real scale on cells, show the increase
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of the storage capacity as a function of the volume ratio of the PCMs, as well as the
difference in indoor surface temperature with respect to a reference cell [12,33,34].

The solutions applied to the walls also include integration into the masonry elements. In this
configuration Alawdhi et al. [7] conducted an optimization study of the amount of PCM to be
introduced into bricks containing cylindrical cavities. By means of a 2D finite element model,
they show that the best configuration reduces the inward heat flux on the wall by 17.55%.
Zhang et al. [14] numerically studied the filling of holes in traditional bricks. As results, the
study shows a 10% decrease in the amplitude of the surface temperature of the wall. Principi
et al. [15] presented an experimental and theoretical study of the impact of a brick wall with
PCM. As result, they showed that the presence of PCM affects the peak of heat and it
generates a phase shift of 6 hours with a decrease of 25% of temperature amplitude.

In all these works on construction materials, the interest is on the behaviour of the PCM
mainly in relation to the quantity used and the different combinations of filling in order to
obtain the best possible configuration [35]. However, these applications do not allow the
control and management of the stored/recovered energy in the PCM other than the change
in quantities or the type of PCM. The PCM imposes its behaviour on the output indicators,
which reflect the response of the system. A wall containing PCM is solicited from the outside
by an oscillating temperature between two, maximum and minimum values influenced by
the solar heat flux, while the interior is restricted by a comfort temperature generally set by
conditioning systems that operate for compensating or eliminate the heat flux crossing the
walls. In summer, the heat loads crossing the wall can be considered negligible if compared
to the internal heat gains. Such heat loads are shifted during the night hours. The increase in
apparent heat capacity and a fast discharge will act and enhance the indoor comfort as it is
equivalent to efficient free cooling.

Often, the chosen phase change temperature is generally close to the comfort set point, this
remains valid as long as the PCM part is close to the inner side. Depending on the season
and weather conditions, charging and discharging a PCM-based wall does not occur at the
same time. In this situation, a rebalancing is necessary in order to accelerate or slow down
the charging period or to shift the discharge.

As part of this study, a new strategy is proposed for using a wall with PCM, adding internal
ventilation through tubes located within the PCM contained in the wall. Fig. 1 shows the wall
which consists of concrete blocks filled with PCM and ventilated channels. This solution
allows both increasing the thermal inertia thanks to the inertial capacity of the PCM and to
control the charge/discharge while enhancing the exchanges by injecting the air from the
outside to the inside. It thus allows contributing to the conditioning of the renewal of the
local air and the temperature change. The diagram presented in Fig. 1 also shows the utility
of such a system in the management of energy needs. It allows, for example, the storage of
the energy released during the night from heating [36]. Ventilation control through the
system helps to meet some of the morning's energy needs when occupants wake up.
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Fig. 1. Principle and utility of the tubes in the developed solution.

The study of thermal solutions in the building usually goes through an experimental study
which serves as a basis for validation of the models and optimization on the numerical level.
The development of the numerical model is essential to show the usefulness of the solutions
and quantify the thermal behaviour of the systems. However, the resolution of the studied
physical system requires techniques based on equations describing the physical behaviour of
heat transfer. Generally, three main thermal building models are currently used in
modelling: multi-zone, zonal and CFD (Computational Fluid Dynamics) methods [37].

In the multi-zone or nodal approach, modelling by electrical analogy is a technique often
used. It simplifies the physical problem by linearizing the equations and thus reduces the
calculation time. The equivalent electric circuit, formed of resistances and capacitances (RC),
represents the fundamental physical relations which translate the studied thermal
phenomena. It is based on the combination of a thermal resistance R and a thermal capacity
C for each studied thermal element. The RC model is distinguished by its speed, which is an
important factor in simulations related to the building where the heat exchanges require
substantial time intervals where calculations generally become very heavy [38-43]. In
addition to the phenomena often modelled, namely conduction and convection, a modelling
of the phase change of paraffin with integrated ventilation system will be presented in this
study. The features of the Simscape library integrated in the Matlab/Simulink environment
are used. The method of resolution, thus adopted makes it possible to work on a circuit
constituted of variable resistances and capacitances.

This article is part of the studies on the direct integration of a phase change material into a
concrete block [44,45]. In this context, a structural element of "hollow concrete block" filled
with a polymer-paraffin composite and provided with ventilation tubes allowing the
circulation of air will be studied. The used mixture of PCM is mechanically stable and that
avoids the problem of leakage. This study will be presented in four main axes:

* The first one is developed in approaching the actual operating conditions of the
system and represents the experimental study which is used to compare the effect
of PCM filling and the influence of tube condition (open, closed and ventilated).

e The second part is dedicated to modelling of the system under COMSOL
Multiphysics.

e After validating the used model, the third part will be devoted to reducing the time
calculation request by using the electrical analogy modelling and the equivalent RC
model.

e Finally, a validation was performed by comparing the two models with the
experimental data.
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2. System description

Fig. 2(a) presents a diagram and an illustration of the developed system which is based on a
commercial hollow Concrete Block having the following length x height x width dimensions:
50 cm x 20 cm x 9.5 cm. The concrete block consists of 3 parallelepiped cavities. A PVC tubes
are used, with a diameter of 2 cm and a thickness of 1 mm. Two holes are carried out in the
base of each cavity to place the six tubes. The PCM is incorporated directly in the molten
state in the cavities (temperature higher than the temperature of the solid gel).

Fig. 2. Description of the developed system: (a) Schematic of the ventilated hollow concrete
block integrating PCM (b) Schematic diagram of the experimental setup.

The used PCM is a mixture of paraffin and a styrene-type polymer. The choice of paraffin
removed both hydrated salts, known by their corrosive tendency, as well as unsuitable fatty
acids because in our case the PCM is directly put in contact with the concrete having a basic
pH. The use of a percentage of polymers in solution makes it possible to obtain a gel with
acceptable stability in order to avoid problems of leakage in the liquid state. Currently,
paraffin manufacturers offer a wide range that varies with melting temperature as well as
latent heat. Normally, the choice will have to take into consideration the antisymmetry
between the external conditions and the temperature of comfort fixed indoor. The melting
temperature chosen is important to create a wall temperature stabilization bearing close to
that of comfort and also offer a sufficient storage that allows the incoming air to be
conditioned through the tubes. The realized mixture has the same characteristics as that
used in the work of Royon et al. [5]. Base paraffin is a commercial product having a melting
temperature of 27 °C and a latent heat of 179 kJ/kg. This choice is also based on
experimental laboratory manipulation conditions, which requires a difference between the
melting temperature and the ambient temperature to avoid the onset of melting. The
percentage of the used polymer is of 15%. The latent heat after mixing is equal to 110 kJ/kg.
Table 1 summarizes the characteristics of the mixture as well as the materials constituting
the used system.

Table 1. Thermo-physical properties of the materials constituting the system.

3. Experimental study

This part is devoted to the description of the used experimental device as well as the
procedure explaining the progress of the realized tests.

The obtained results of the experimental study are presented and a comparative study of
the different mounting configurations chosen is carried out to show the system behaviour.

3.1. Experimental device and procedure

Using a real scale system imposes constraints to fully adapt the experimental study and the
actual operation of the considered element as a representative part of a sunny wall. The
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experimental device consists of an electrical resistance which allows imposing a power heat
on the side surface of the concrete block. K-type thermocouples are arranged on both side
surfaces, they are placed at mid-height and on the same horizontal plane (Fig. 2(b)). Linked
to the acquisition system, they make it possible to follow the evolution of the temperature.
Small fans are used to inject air through the tubes. The speed and temperature of the air are
checked with a hot-wire anemometer. In order to avoid thermal losses at the edges of the
system, a layer of polyurethane foam surrounds the other surfaces is used. The second face
of the block is in contact with the ambient air of the laboratory room which varies slightly
around 21 °C.

A preliminary study of thermal stresses allowed choosing an adequate heating power so as
not to exceed a temperature of 50 °C on the heated surface. This maximum temperature is
chosen relative to the limit of the stability of the used gel. The solicitation chosen has three
cycles with a duration of 24 hours for each one. Each cycle consists of applying a constant
heat power for 5 to 6 hours, except for the concrete block without PCM which its inertia is
too low and this duration of cycle is reduced in this case. After stopping the thermal
solicitations, a normal cooling is applied for the rest of the cycle for all configurations, except
in the case with forced ventilation; the air injection is activated directly after halting. The
experimental device as presented in Fig. 3, allows simulation the operating principle of each
studied element. Also, this installation would serve as a basis for the development and
validation of a complete numerical tool.

Fig. 3. Photography of the experimental bench.

3.2. Experimental results

The adopted experimental methodology makes it possible to follow the evolution of the
temperatures by the application of three identical cycles of heat fluxes. The use of cyclic
stresses allows testing the thermal behaviour of the PCM over a more prolonged period. The
finding of each configuration is presented in Fig. 4. The curves show the temperature
evolutions recorded on the lateral surface in contact with the ambient air. The heat flux is
imposed in the same way for all configurations. However, the experimental protocol makes
that the operating intervals are different according to the configuration tested. The
threshold temperature of 50 °C is the basis for the control of the electrical resistance which
simulates the sunshine and not the duration of application of the thermal stresses, which is
the result of the inertia and the thermal behaviour of each configuration. Two systems are
studied here; empty concrete block without PCM and system with PCM and tubes. For the
second system, three cases can be distinguished according to the state of the tubes which
can be, closed, opened or ventilated.

Fig. 4. Evolution of the temperature on the lateral surface of the concrete block for different
configurations.
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The analysis of temperature evolution from the third cycle as represented in Fig. 5, shows
the effect of PCM filling. On the one hand, it contributes to the increase in the phase shift
from 0.5 hour in the case without PCM to 3.8 hours; on the other hand, the PCM allows the
reduction of recorded temperature peaks of about 3.4 °C. The study of the state of the tubes
on the response of the wall shows that the decrease in the recorded maximum temperature
is a function of the transfer mode imposed through the tubes.

In the case where tubes are closed, the response of the system is explained by the
predominance of conduction due to the diameter of the tubes that does not promote the
establishment of the convection heat transfer. When the tubes are open, in this case, they
favour a convective heat exchange thanks to the difference in density of the air between the
inside and the outside of the tubes; this small contribution explains the decrease in the
temperature evolution. Forced convection induces by the air injection further enhances
system response. The ventilation allows lowering the temperature level quickly on the inner
surface; a decrease of temperature from 3.4 to 4.7 °C compared to the case without PCM.
This gain in temperature is accompanied by a decrease in phase shift time from 3.8 to 2.9
hours which is a normal result because the application of ventilation improves the
discharging by a withdrawal of energy and thus induces a cooling of the system too. This
behaviour also explains the ability of the ventilated system to store more energy, which
therefore increases the necessary time to reach the threshold temperature on the heated
surface. The curves show (Fig. 5) that it takes 6.5 instead of 4.5 hours for the system without
ventilation, while only 2.4 hours are needed for the concrete block without PCM.

Fig. 5. Temperature analysis on the lateral surface of the concrete block for the different
configurations starting from the third cycle.

The temperature of the outgoing air measured by the hot-wire anemometer shows that the
maximum increase thereof reaches about 10 °C during the exchange of the discharged
energy through the tubes. This operating scenario makes it possible to heat the incoming air
from the outdoor by supplying the energy recovered on the PCMs during the renewal of air.
The response of the complete system with ventilated tubes shows that the discharging of
the energy is not sufficient to reach the same temperature at the end of the cycle in the case
without PCM. These results clearly demonstrate the role of PCMs in energy storage and the
efficiency of the recovery system by the ventilated tubes. However, an optimization study on
the quantity of PCM and the characteristics of the tubes will allow finding the best
configuration with the experimental used conditions.

4. Numerical simulation

As part of phase change problems solving, the use of COMSOL Multiphysics has
demonstrated good correlations with experimental results [46—48]. It allows the solving of
problems governed by partial differential equations by the finite element method. The
formulation using apparent specific heat approach is used to model the phase change [49].
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Three-dimensional modelling (3D) has been developed in this study. The partial differential
equation that governs heat transfer in the model is given by Eq. (1).

oT
(,OCP)(E +ullT) =0UT) (1)

where 0, Cp and k are the intrinsic characteristics of the concerned material, ¥ is the
velocity field. The main characteristics of the PCM are evaluated experimentally. The
different thermo-physical properties of the materials (Table 1) are introduced into the
modelling. The thermo-physical properties of the PCM are governed by Egs. (2)—(6).

kpcm:ﬁks +(1 _ﬁ)kl (2)
Prem= [ +(1=f)0 (3)
- £C), +A=f)PC)) | 0a,, AL ()
pp ppcm aT
1 ;. T<T,-AT/2
0=1T"10 Lo5. 7,-Bcrer, +AT (5)
AT 2 2
0 ; T>T,+AT/2
-1/2 ; T<T,-AT/2
L= (=r)p~fe. 7, -l crer, + AL (6)
2%p,., 2 2
1/2 . T, +AT/2

where fv is the volume fraction of the PCM solid phase, AT is the phase transition interval,

Tsi isthe phase change temperature and Q' is the mass fraction defined from 0,, O and
f.

The considered boundary conditions are as follows: on the heated side surface, a
homogeneous temperature corresponding to the average temperature recorded
experimentally was imposed. On the other side surface, a convective exchange with the

ambient environment was used. The convective transfer coefficient, h:on between the
lateral surface of the block and the ambient air, is calculated by Eq. (7).

_ Nu k,,
conv L

w

(7)
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where Nu is the Nusselt number, Kair is the air thermal conductivity and L is the
characteristic length of the surface of the concrete block. In our case, the flow is laminar and
Nuis calculated from the correlation on a vertical plane [50] as:

Nu=0359%Rd* (8)

The convection coefficient Peon calculated with the correlation is equal to 3.3 W/m?.K. In
addition to the convective effects, the lateral surface is subject to the phenomenon of
radiation where the radiation heat flux is written as:

Qua = AT ~Tii) (9)

where € is the emissivity of the concrete block which takes as value 0.9.

For modelling the case without ventilation, it is considered that the diameters of the tubes
do not allow the appearance of a significant convective mode. However, the injection of
ambient air, with the fans through the tubes, is activated with a measured speed of 1.3 m/s.
The calculation of the Reynolds number Re shows that the regime is laminar. The studied
model has short diameter pipes; which imposes to take into account the effects of the inlet

region, the correlation of Seider and Tate [51] is used to calculate the Nusselt number Nu

D 0.33 0.14
N, :1.86X£RexPr—i] LL] (10)
Ll‘ “Wt

inside the tube:

Dynamic viscosity M4 and the Prandtl number P are evaluated at the average temperature

of the air between the inlet and the outlet of the tube. Thus, M is the viscosity of the air

determined for the wall temperature of the tube T:. D, and L represent respectively
the inside diameter and the length of the pipe. As of the correlation, the forced convection
coefficient through the tube is set equal to 11.7 (W/m?.K). On the other surfaces of the
concrete block; a zero heat flow condition is used (adiabatic surface).

5. Modelling by electrical analogy

It becomes a classical approach in order to simplify a thermal system and predict the
temperature evolution over time under the control-command strategy. First, the principle of
thermo-electric analogy and the decomposition of the system into a unitary element will be
presented. After that, the modelling of the system will be detailed.
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5.1. Principle of thermal modelling by electrical analogy

Thermal modelling by electrical analogy is based on the analogy with Ohm's law in
electricity. The temperature and the heat flux play respectively in this problem the same role
as the potential and the current in electricity. It is, therefore, possible to adopt for the
thermal resistances the same representation as for the electrical resistances. As the
electrical and thermal systems are similar, going from one system to another is possible
while respecting the equivalences existing between the different components (Fig. 6).

Fig. 6. Equivalent electrical circuit (1R1C) in the unsteady case.

Assuming the unidirectional transfer of heat, the conductive heat flux Q, through a layer of

a thick wall @v, under the influence of a temperature difference A= wo—Twi is written as:

0="5

w

Zvo _Zvi) (11)

In electricity, the application of a potential difference AV to a similar element is governed
by Ohm's law, the electric current I is equivalent to the heat flux and it is expressed as:

as 1
I=—AV=—+AV (12)
Ew Relec
According to the two equations (11) and (12), the similarity with the electrical resistance
allows to define the thermal resistance of conduction R (K/W):

e
R=—- 13
S (13)

It quantifies the resistance that the system opposes to the passage of heat flux. Its
expression depends on the considered geometry, k is the thermal conductivity and S s
the surface of the layer.

In the same way, the stored energy in Joules by a mass 771, having a mass capacity Gn at the

temperature T(K) is written:

U= j Odt = menAT (14)
T
Q=man ” (15)
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Analogously, the equation of the intensity / which passes through a capacitance Cle. with
a tension V is written:

dv
I:(jelec_ 16
dt (16)
The thermal capacity C (J/K) represents the storage of the heat in the layer of the wall and
it is given by:
C=pc,e, S (17)

The notion of thermal resistance allows the modelling of other phenomena, for example, the
convective exchanges between a solid wall of temperature T3 and a fluid at a temperature

T . Indeed, through Newton's law expressed in Eq. (18), a convective resistance Ron is
defined by Eq. (19).

(7;12 _T) = RonQom ( 18)

Qon is the convection heat flux and ]’kon is the convective exchange coefficient between the
wall and the fluid.

The thermal/electrical equivalence makes it possible to derive the following properties:

= Animposed temperature is identical to a voltage generator.
= A heat flow is identical to an electric power generator.

* A body of mass " and heat capacity Gn; heated to the temperature T, is identical

to a capacitor having a capacity /" related to the mass and the imposed voltage
source.

5.2. Physical module decomposition

The passage from a purely thermal system to a model based on electrical phenomena
requires an understanding of the physics that governs the system. In our configuration, there
are 3 parts: concrete, phase change material and air tube. The study of the symmetry of the
concrete block, in a wall or as an isolated element, allows us to adopt the decomposition of
the system into 6 identical elements as represented in (Fig. 7).

Fig. 7. System decomposition into unitary elements.
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Similarly, as a precaution, a study was conducted for the validation of the chosen geometric
layout. Numerical simulations based on the finite element model were carried out in the
case without ventilation.

Fig. 8 represents comparative study between 2D and 3D (configurations (b) and (c))
simulations of the lateral surface temperatures of the complete system and the unit element
as well as the experimental data. (1) Configuration (a) illustrates a section of the unitary
element at horizontal level on the tube. (2) Configuration (b) represents 3D unit element. (3)
Configuration (c) shows the 3D complete system. It reveals that numerical results obtained
from the 3D configurations are close to the experimental test then that obtained from 2D
configuration. This is can be explained by the effect of the rib of the neglected concrete in
the geometry (a). In addition, finite element flow modelling with geometry (a) is complicated
to transform the outflow into an exchange coefficient. Therefore, configurations (b) and (c)
can be considered to perform numerical validation. The configuration (c) has been adopted.

Fig. 8. Evolution of the average temperature on the inner surface for different geometric
approaches in the case without ventilation.

According to the analysis carried out, the physical problem to be modelled is presented in
Fig. 9; the diagram represents the chosen revealing zone. Physically, the influence of the
tube is done in three dimensions. The RC circuit approach is based on the average
temperatures of each modelled block; the horizontal flow between the two faces represents
the main heat exchange in our system, the integration of ventilation adds a second exchange
on the vertical. The modelling of these two exchanges with the electrical analogy requires a
good understanding of the system from the two geometries (a) and (b) (Fig. 8). Thus, the
hypothesis of a unidirectional transfer allows distinguishing three parallel levels that
represent the succession of the elements constituting each part.

Fig. 9. The configuration of the revealing zone studied according to thermal exchanges.

5.3. System modelling

The RC circuit modelling, proposed in this work, is based on the use of the Matlab Simscape
tool. Its library proposes several models for the direct integration of electrical, thermal,
mechanical and hydraulic phenomena which allow to quickly creating physical system
models in the Simulink environment.

The electrical model enables the creation of the circuit from the physical connections to
obtain block diagrams. In the sense of electrical and thermal analogy, every part of our
physical model will be replaced by an electrical circuit of resistances and capacitances, as
well as for imposed boundary conditions.

Before arriving at the equivalent diagram representing the studied element, simple models
were used to translate the behaviour of a single block of PCM. Thereafter, the other
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elements were added progressively; the concrete parts as well as the air tube. The diagram
in Fig. 10 represents the equivalent thermal model with its boundary conditions.

Fig. 10. Equivalent system diagram with the boundary conditions.
In our model, each concrete element would be replaced by an electrical circuit consisting of

a resistance R and a capacitance C.. According to the dimensions of each block, the
formulas used in the calculation are:

R =25
k.S.

(20)

and G =0acp.e:S (21)

with kc, 2 and Cp. are respectively, the characteristics of the concrete, the thermal

conductivity, the density and the mass capacity, € and S represents the thickness and
surface area of each part of the concrete.

In the experimental module, the lateral surface is subjected to convective exchanges; the

convection coefficient h-on is calculated in the like in section 4. The convection resistance
with the ambient air is written as follows:

1
Rconv = 22
hconvS ( )

For taking into account the heat transfer by radiation from a surface to inside a building,
there are several methods that estimate, in a more or less approximate way, the radiative
exchanges between the surfaces. A linear equation expressing the heat flux between a wall
of temperature T and all the other walls is used [52]. The radiative heat flux on the lateral
face is given by:

Qui=hS(T-T;) (23)

The expression of Hraa depends on the average temperature of the walls 1. This
temperature is considered equal to the ambient temperature:

hrad = 4£ d—cvtm; (24)

The radiative resistance Raa on the lateral surface of our model is:

(25)



503
504
505
506
507
508

509

510

511
512

513

514

515

516

517
518

519
520

521
522

523
524
525

526

527

528
529
530

The elements containing the paraffin/polymer mixture constitute a system that stores the
heat in a sensible and latent form, which results in a storage capacity and a thermal
resistance that vary according to the solid and liquid state of the mixture. This is why in
order to encompass the entire phenomenon of phase change by electrical analogy; each
volume of PCM is replaced by an electrical block consisting of a resistance and a variable
capacity depending on the temperature.

The variable capacity Goen for a PCM block having a volume Voen is given by Eq. (26).

Cron = Pyon €y V e (26)

with ., o 1S the variation of specific capacity of the mixture adopted for thermo-electric

modelling.

The density of the phase change material is defined by Eq. (27).

Os ; T <Tom
ppcm = @ N Em < T < 715[ (27)
o ; T >Ty

where Tom is the temperature that marks the start of the fusion obtained from the DSC

experimental measurements and L5t is the solid-liquid phase transition temperature.
The specific capacity modelling is based on the experimentally obtained curve, the work of
Alisetti and Roy [53] shows that the equivalent function shape Cp (T) has only a low

influence on heat transfer. Taking into account the phase change in the transition interval
which is defined by:

* The melting temperature 15

e The melting interval Al determined from the melting curve obtained by DSC

(first initiation of the phase change Tom to the peak of transition)
* The calculated latent heat (integration of the total surface during the solid-
liquid transition)

* Specific heats in the solid and liquid state (Cp, and Cp;)
Fig. 11. Adopted modelling of the specific capacity of the PCM.

The adopted equivalent thermal capacity is, as simple as possible according to the
announced indications; it respects the conservation of the amount of involved energy. Fig.
11 shows the evolution of the involved thermal capacity; its equation is written as:
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cPs 5 T < Em
e = ep =B T ST (28)
sl — Lom
Cpy ; T>Ty

Likewise, as given in relation (29), the resistance of each block of the PCM is a variable
resistance depending on the liquid or solid conductivity according to the temperature:

Rpcm - (29)

where €pcm is the thickness of each part of the PCM and kpcm is the variable conductivity

according to the state of the PCM solution which is expressed by Eq. (30).

N ; T < TO"’I
ko =4(k,+K)/2 5 T, <T<T, (30)
k, ; T>T,

. Tube and airflow

Taking into account the tube in the modelling of the studied thermal system begins with its
thermal resistance. The assumption of a unidirectional heat transfer and the behaviour of
the module impose the consideration of two heat flows which exchange to the right and to
the left of the tube. Subsequently, splitting the thermal resistance in half is necessary to
differentiate the total resistance on each side.

The thermal resistance of the tube R is written as:

log(D"j
R=—D) (31)

27k: L

where Di and Db are the inner and outer diameters of the tube, L is the length of the

tube and ki is the thermal conductivity of the tube. The modelling of the flow is different
according to the state of the tubes: open or ventilated. The dimensions of the tube do not
allow the appearance of a significant convective mode in the open configuration case. The
air part through the tube is modelled with a thermal resistance of heat conduction
expressed by Eq. (32).

(32)
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where kair is the thermal conductivity of the air and Sii is the lateral surface of the air
volume.

In the case of forced flow with fans, the problem evolves in the three directions; taking into
account the passage of air using the exchange coefficients is not sufficient for modelling
electrical-thermal equivalence. The injection of air through the tube is characterized by two
elements, the speed and the temperature of the incoming air. In the sense of electrical
analogy modelling, a temperature or a voltage will model the interaction of the flow of air
entering with the flows exchanged horizontally across the system.

In order to identify this temperature, it is necessary to express the heat balance equation at
the midpoint of the tube which is the mean temperature over the height. Fig. 12(a) describes
the flows exchanged in the horizontal and vertical direction.

Fig. 12. Airflow modelling through the tube: (a) The schematic diagram of modelling
parameters, (b) Equivalent electrical diagram of the middle part containing the tube.

The heat balance equation (33) can be written and then resolved for the air temperature in

the middle of the system Ly

ﬁhi’Cpair( in _Eut) :&](7} _Eir) +R’T2(Emb_7;ir) (33)

where Rri and R represent the total thermal resistance respectively on the left between

1o and Eir, and on the right between Lir and Limi. Tin and Tour are respectively the
inlet and outlet air temperature across the tube.

The resolution of the air temperature, as a function of the travelled distance, in the case
where the convection coefficients through the tube are equal [54], gives the expression (34).

Tm'r — HlTwa + HZTamb + exp - (H1 + Hz)S ’Tm _ HlTwa + HZTamh (34)
H1+H2 maiGCair H1+H2
log(D,/D) 1)
e . 0 .
with H,=| el yp D80T (35)
c pem 4Trkl hv
H> = (Hl +(hrad +h€onv) ) (36)

where H, and H are two coefficients that translate the heat transfer by convection and

conduction on both sides of the tube. Thus, h/, Wead and Peon are respectively the
coefficient of convection through the tube during ventilation, the coefficient of radiation on
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the lateral surface and the convection coefficient with the ambient air. These coefficients are
calculated previously in the description of the models.

The expression of the temperature Liir depends on the ambient temperature Tami and the

temperature Tho that simulates the thermal solicitations on the lateral surface. When
integrated into the RC model, this temperature is equivalent to a variable voltage generator
according to the temperature of the PCM which reflects the variations of the resistances

expressed in the coefficients Hi and H>.

Fig. 12(b) shows the equivalent electrical diagram used in the middle part of the model (see
Fig. 10). The arrows on the components indicate that these elements are variable; it
concerns the parts of the PCM as well as the temperature used in the modelling of the
airflow. In the RC model thus developed, the objective was to evaluate the response of the
surface of the system; a 1R1C circuit was used to model each part. The spatial discretization
used is fine enough to accurately determine the temperature of the output surfaces. If the
objective is to follow the detailed evolution of the temperature in a specific material, a
discretization with more nodes will be applied to each element [55].

6. Validation results and discussion

Fig. 13 presents the comparison between the results obtained from the FEM/RC simulations
and those obtained by experimentation for the two cases without and with ventilation. The
FEM was developed primarily as a reference for examining the accuracy of the model with
RC network. For this purpose, the first comparison concerns the results of the FEM with the
experiment; Table 2 represents the values of the relative errors calculated with respect to
the experimental data. The average relative error does not exceed 1.4% and the maximum
relative error is about 4.6% in the case without ventilation. This small discrepancy between
these data is probably due to three factors: the degree of uniformity of the thermal power
given by the heating resistor, the influence of thermal insulation, which is not ideal for
eliminating all heat losses. For modelling the PCM, the used effective thermal capacity, only
involves the measurement performed during the fusion.

Indeed, during solidification, the curve is slightly different. Taking into account this
hysteresis between fusion and solidification during numerical validation has been the subject
of numerous studies. Baghban et al. [56] indicated that it is essential to use the melting and
freezing characteristics of PCM to achieve good agreement between experimental and
numerical results. Kosny [57] stated that the use of simplified algorithms that do not include
hysteresis can lead to significant inaccuracies for a large number of non-paraffinic organic
and inorganic PCMs. Goia et al. [58] demonstrated that for paraffin organic PCM, the
available building energy simulation software is fairly accurate even if the effect of hysteresis
is neglected.
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Thus, according to these different studies, the fact that hysteresis is not taken into account
does not affect significantly our results. Despite the noted slight difference, there is a good
agreement between the simulation and the experiment, which makes possible to validate
the finite element model used in the simulation.

Fig. 13. Temperature of the surface of the concrete block, comparison of the experimental
data with the two models RC and FEM: (a) without ventilation, (b) with ventilation.

For comparison of the RC model with the experimental data, Fig. 13 illustrates a similar
trend of variation between the simulated and measured values, in both cases with and
without ventilation. Relative errors calculated with respect to the experiment are acceptable
for direct validation. The difference between the two numerical models is mainly due to the
modelling of the phenomenon of phase change with the electrical analogy which is based on
the use of variable resistances and capacitances. Thus, the simplifying assumptions used in
the RC model do not allow capturing the simulated complexity in 3D with the CFD model.
These discrepancies have no significant effect on the accuracy of the obtained simulation
results. The temperature on the lateral surface of the system is very well predicted by the RC
network model and the maximum relative error is less than 4.0%. It can be concluded that
the developed RC model can be directly used to replace a fairly heavy CFD simulation in
computing time.

Table 2. Results of relative error between experimental and numerical data.

Following the analysis previously conducted on the experimental results, Fig. 13(b) clearly
illustrates that ventilation occurs in the heat transfer and that its influence even acts on the
heated side surface. The temperature evolution of this face gives more information on the
state of the PCM inside. For both cases, a surface can be distinguished, which evolves
between the horizontal line that shows the phase change temperature of the mixture T«
and the ambient temperature Tuw . The temperature variation on the internal face evolves
in this surface; it approaches of T's in the case without ventilation and tends towards Tum»
with ventilation.

In order to make a link against a real situation, this difference with respect to the ambient
temperature defines the heat flux passing through the wall and consequently the energy
requirement of air conditioning to reach the comfort temperature replaced here by the
ambient temperature. The gradient of the applied thermal heat flux acts progressively, the
concrete part rapidly reaches the steady state and all the energy transmitted is stored by
PCM. Gradually, the temperature of the internal face exceeds the ambient temperature and
a heat flux begins to leave this face towards the ambient environment. After stopping the
thermal solicitations, the temperature decreases and the PCM become a source that
releases energy. In Fig. 13(a), the stabilization bearing below T« marks the solidification
with a temperature close and parallel to T« . The air injection at Tuw by ventilation after
stopping of the thermal power gives rise to a vertical heat transfer which is added to that
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established horizontally. The presence of the insulation on the heated side explains that the
descent, noted on the heating curve is mainly due to the evacuation of energy through the
tubes (Fig. 13(b)), the influence is significant because the average temperature on the
internal face goes from 25 to 23.8 °C. Thus, decreasing the energy requirement is also
accompanied by a significant capacity to increase the temperature of the air entering
through the tubes.

7. Conclusions

In this work, a study of a thermal system developed to regulate the indoor temperature of a
building have been proposed. The combination of the inertia effect of PCM introduced in the
wall elements coupled to a ventilation system leads to a better use of the energy stored in a
building wall. This solution uses building materials as a basic element and aims to improve
the thermal response of PCM building walls and to demonstrate the feasibility of such an
energy solution.

An experimental device was made based on a hollow concrete block filled with mechanically
stable paraffin and equipped with ventilation tubes. The results have confirmed that the
insertion of paraffin with tubes allows the creation of a thermal phase shift and the
improvement of the inertial capabilities of the studied element. The ventilated tubes play
the role of the regulator to unload the system and thus heat the injected air. The operation
principle of this type of system is confirmed. However, the small scale of the experiment and
the influence of the air flow at the entry of the tubes constitute limitations for the
generalization of the experimental results in the real scale of a wall. In this framework, it is
important to specify that there are many optimization parameters that can be used to
operate the system at the wall scale as well as adaptation to climate conditions and desired
operation. These parameters are: tube dimensions compared to the amount of PCM, flow
velocity, the geometry of the tubes and their arrangement in the cavities, the phase change
temperature as well as the type of the PCM and the materials of the constructions used.

On the numerical section, an RC network model has been developed, it proposes a simplified
approach to models the thermal heat transfer by using the Simscape tool under Matlab, it
allows both to get closer to the performance of CFD models in taking into account the
evolution of the physical phenomena and it offers a great speed of the execution of the
simulations, a parameter required in the calculations related to the building. Similarly, the
model proposes a new approach to modelling the phase change by using grey boxes with
their resistances and varying capacitances. The finite element model is proposed as a
reference for comparing the accuracy of the RC model.

The analysis of the obtained results has confirmed the validity of the RC model for predicting
the temperature evolutions of the system surface. The model developed in this study will be
used to define the quantity of the PCM and the optimal dimensions of the elements of the
system according to scenarios closer to reality. This study has made possible to test the
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692  feasibility and the performance of this proposed solution, and the validation of numerical
693  tools allows the passage from elementary reasoning to a larger scale, this will be the basis
694  for achieving the final aim of obtaining an optimal wall based on PCM filled elements and
695  controlled by ventilation pipes.
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Density Thermal conductivity Specific heat
p (kg/md) A (W/(mK)) capacity
C, (3/(kg K))

PCM
T<275°C 850 0.28 2800
T>27.5°C 780 0.18 2500
concrete (at T=25 1000 0.9 1000
°C)
PVC 1400 0.16 1046

Table 1. Thermo-physical properties of the materials constituting the system.

Relative error
(average) (%)

Relative error
(maximum) (%)

without RC-model 1.32 2.61
ventilation | FEM 1.14 4.58
with RC-model 1.37 3.38
ventilation FEM 1.32 3.03

Table 2. Results of relative error between experimental and numerical data.
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