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Modele simplifié de changement de phase en présence de convection et
rayonnement : Application a un mur translucide associant superisolation
et stockage d'énergie thermiques

Résumé

Au Liban comme en France, la consommation énergétique des batiments représente plus de 40% de
I’énergie finale totale. Une proportion significative de la consommation d'énergie dans les batiments
est utilisée pour le refroidissement et le chauffage. Une alternative pour atteindre l'objectif de
réduction de la consommation d'énergie dans le batiment est d'améliorer la performance énergétique
de son enveloppe en intégrant des matériaux a changement de phase (MCP). De plus, une partie
importante de la conception du batiment consiste a utiliser au mieux les ressources externes et en
particulier I'exploitation du rayonnement solaire. La fusion des MCP s’accompagne de différents
phénomenes, a savoir, la convection naturelle et 1’absorption ou transmission du rayonnement. Dans
les batiments, ou une évaluation thermique annuelle est nécessaire, la plupart des études sur les
facades translucides intégrant du MCP ont négligé I'effet de la convection naturelle pendant la fusion
et ont supposé des transferts unidimensionnels par conduction et rayonnement. Parce que cette
hypothése n’est pas toujours adéquate, le développement d’un modéle numérique simplifié prenant
en compte la convection naturelle et le rayonnement lors du changement de phase, adapté a une
évaluation thermique annuelle, est nécessaire. Ainsi, dans cette thése, un modéle numérique simplifié
bidimensionnel a été développé, en premier temps, dans le but de modéliser la convection naturelle
pendant le processus de fusion d’un matériau a changement de phase. Une validation du modele est
faite a I’aide d’un modele CFD précédemment développé, et des résultats numériques et
expérimentaux trouvés dans la littérature pour le cas : fusion d’Octadécane dans une cavité carrée.
Ensuite, un modele numérique simplifié en 2D pour la fusion du MCP en présence de la convection
naturelle et du rayonnement courte longueur d’onde (CLO) a été développé. Le modéle a été validé a
I’aide d’une méthode de Boltzmann sur réseau couplé avec la méthode des ordonnées discretes
(LBM-DOM) trouvée dans la littérature pour le cas : fusion d’acide gras dans une cavité rectangulaire.
En outre, dans le contexte d’efficacité énergétique et d’exploitation optimale des ressources
environnementales, le projet INERTRANS a proposé le développement d'une facade solaire
translucide innovante. Cette fagade fournit un éclairage naturel et est composé d’une couche d’aérogel
de silice assurant une isolation thermique et acoustique importante, et d’un matériau a changement
de phase (MCP). Ce dernier est contenu dans des briques de verre et assure 1’absorption, le stockage
et la restitution de la chaleur. Ce mur a été caractérisé expérimentalement en ambiance contrdlée et

in-situ sur un batiment a dimensions réelles et localisé au sein du centre PERSEE a Sophia Antipolis.
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Son impact sur le batiment en termes de contribution aux apports énergétiques et lumineux a été mis
en évidence. Il a été remarqué que la performance thermique du mur est trés élevée en hiver, tandis
qu’un probléme de surchauffe a été rencontré en été lorsque le MCP reste a I’état liquide et n’arrive
plus a dissiper la chaleur stockée. Pour optimiser la performance du mur MCP-aérogels en été, un
modele numérique simplifié décrivant les mécanismes de transfert de chaleur a travers le mur a été
développé sous MATLAB basé sur les deux modeles validés précédents. Ce modéle est trouvé simple
a mettre en ceuvre et assez rapide pour étre couplé a TRNSYS afin d’évaluer la performance
thermique de I'ensemble du batiment. Le modele couplé MATLAB-TRNSYS a été validé
expérimentalement en été€ et en hiver a I’aide de la cellule expérimentale du centre PERSEE. Le
comportement thermique du mur est testé sous différentes conditions climatiques, et des solutions
passives sont proposees pour assurer le confort thermique en été. Les résultats ont montré que méme
si le MCP ne cycle pas en éte, le confort thermique peut étre assuré a l'aide des dispositifs d'ombrage.
Enfin, le modéle validé a permis d'étudier le comportement thermique annuel d’un batiment intégrant
un mur MCP- aérogel dans son enveloppe, et ceci dans six climats différents. De plus, une étude
économique a été réalisée. Ces études ont confirmé l'intérét du mur vis-a-vis de I'amélioration des
performances énergétiques du batiment. La faisabilité économique de I'application du mur MCP-
aérogel dépend principalement des conditions climatiques, des colits de 1’énergie, ainsi que de la

situation économique du pays et du colt d'investissement.

Mots clés : mur MCP-aérogel, matériau a changement de phase, modélisation, validation

expérimentale, convection naturelle, rayonnement, étude économique.



Development of a simplified model for phase change in presence of
natural convection and radiation: Application to a novel heat storage
translucent superinsulated wall

Abstract

In Lebanon as in France, the building sector is the largest consumer of energy and accounts for about
40% of the total energy consumption. A significant proportion of the energy consumption in buildings
is used for cooling and heating applications. One way to reduce energy consumption and improve
thermal comfort in the building is by integrating phase change materials (PCM) in its envelope. In
addition, an important part of the building design is to make the best use of external resources and
particularly the optimal exploitation of solar radiation. During phase change process, different
phenomena occur, namely, natural convection in the liquid phase and radiation absorption or
transmission. In building applications, where yearly thermal evaluation is needed, most studies on
translucent facades with integrated PCM have neglected the natural convection effect during melting
and have assumed one-dimensional transfers by conduction and radiation. Because this assumption
is not always adequate, the development of a validated simplified numerical model coupling natural
convection and radiation during phase change, suitable for annual thermal assessment, is needed.
Thus, in this thesis, a two-dimensional simplified numerical model for PCM melting in presence of
natural convection is first developed and coded on MATLAB. The model is validated using a CFD
model, in addition to experimental and numerical benchmark solutions for a test case: melting of
Octadecane in a square cavity. Then, a 2D simplified numerical model for PCM melting in presence
of both natural convection and radiation is developed. The model is validated against LBM-DOM
method found in the literature for a test case: melting of Fatty acids in rectangular cavity. Moreover,
in the context of energy efficiency and exploiting environmental resources, the INERTRANS project
has proposed the development of an innovative translucent solar facade. This wall is composed of
glazing, silica aerogel used as a transparent insulation material (TIM) and glass bricks filled with a
fatty acids mixture. The wall provides, concurrently, storage and restitution of heat, super thermal-
acoustic insulation and daylighting to the interior environment. The thermal performance of the TIM-
PCM wall was tested in a full-sized test cell located in Sophia Antipolis, Southern France, within the
center for Processes, Renewable Energies and Energy Systems (PERSEE) of Mines ParisTech
graduate school. In winter season, particularly in sunny cold days, the PCM absorbs solar radiation,
melts, and then releases the stored heat to the building at night by solidifying. However, during the
summer, an overheating problem is encountered mainly due to solar gains, the PCM remaining in its
liquid state and is unable to release the stored heat at night. To enhance the energy performance of
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the wall in summertime, a numerical model describing the heat transfer mechanisms occurring in the
PCM layer in combination with the other transparent wall layers is developed on MATLAB based on
the two previous validated models. The developed model was found simple to implement and fast
enough to be linked to TRNSYS software to assess the thermal performance of the whole building.
The MATLAB-TRNSYS model is validated experimentally using PERSEE test cell and a good
agreement is shown when comparing the simulated values with the measured data for seven
consecutive days in summer and winter. The thermal behavior of the wall is tested under different
climatic conditions, and passive solutions are proposed to ensure thermal comfort in summer. The
results showed that even if the PCM does not cycle in summertime, thermal comfort can be ensured
using shading devices. Also, the use of a glazing with special optical characteristics (Prisma solar
glass) instead of the ordinary glass in the TIM-PCM wall composition is shown to be an effective
technology solving the encountered overheating problem in summer, while preserving the TIM-PCM
advantages during winter. Finally, the validated model is used to study the annual thermal behavior
of a building integrating TIM-PCM wall in its envelope under six different climates. In addition, an
economic study is conducted. These studies confirmed the interest of the wall vis-a-vis the
improvement of energy performance of the building. The economic feasibility of applying the TIM-
PCM wall depends mainly on climatic conditions, energy costs, as well as the economic situation of

the country and the cost of investment.

Keywords: TIM-PCM wall, phase change materials, numerical model, experimental validation,

natural convection, radiation, economic analysis.
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Nomenclature

ACH Air change per hour

averfl Average fraction of liquid in the PCM layer

B(T) Numerical step function, Eq.2-22

C Numerical constant kg/ (md.s)
C1, C2, C3 dimensionless coefficient (Eq. 3-37)

CFD Computational fluid dynamics

COP Coefficient of performance

Cp Specific heat capacity (J/kg'K)
CSTB Scientific and technical center for building research

d optical thickness

D(T) Numerical Gaussian function, Eq.2-28

DOM Discrete Ordinate Method

EC Energy cost $

ei Experimental value

EN European norm

ESC Energy savings cost %)

fi Liquid fraction

Fo Fourier number =

G Gravitational acceleration (m/s?)

Gr Grashof number

H Height of enclosure (m)

H Height of the vertical surface (Eq. 3-21) (m)

Nin Indoor convective coefficient (W/ m?K)
out Outdoor convective coefficient (W/ m?K)
HVAC Heating, ventilation and air conditioning

IC Initial cost (%)

k Thermal conductivity (W/m-K)
L Length of enclosure (m)

LBM Lattice Boltzmann Method

LCC Life cycle cost %)



LH

PCM
PERSEE

PP
Pr
PRMSE
PWF

q
Qsol
Qsol-ref

Qsol—total

Qsol—trans
R

r
R2
Ran
Rac
Ra;
RIM

Latent heat of fusion (J/kg)
Total number of nodes

Total number of nodes in each layer (chapter 2)

Lifetime (chapter 4) (years)
Navier Stokes equations

Nusselt number function of H, Table 2-1

Nusselt number function of L, Table 2-1

Nusselt number function of z, Table 2-5

Nodes number in horizontal direction

Nodes number in vertical direction

Overhang projection (m)
Pressure (Pa)

Phase change materials

center for processes, renewable energies and energy
systems
Payback period (years)

Prandtl number
Percentage root mean square error
Present worth factor

Numerical constant (chapter 2)

Total incident solar radiation (W/m?)
Reflected solar radiation (W/m?)
Total incident solar radiation (W/m?)
Transmitted solar radiation (W/m?)
Thermal resistance (M2K/W)

Discount rate

R-squared

Rayleigh number function of H, Eq.2-15
Rayleigh number function of L, Table 2-1
Rayleigh number function of z, Eq.2-17

Radiosity irradiosity method
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RMSE
RTE

Si
Ste
STIME

To
Tair
Te
Th

TIM
Tm

X,y

Root mean square error

Radiative transfer equation

Position of the melting front, Eq.2-14

Physical thickness, Eq.2-33

Simulated value

Stefan number
Simulation time
Time
Temperature
Initial temperature

Outdoor air temperature

Cold temperature
Hot temperature

Transparent insulation material

Melting temperature
Velocity vector

Wind velocity

Coordinates

Height of convective zone

Greek letters

Q)LW,in
(Z)LW,out

Qcond

osol

Radiative heat exchange with the indoor environment

Radiative heat exchange with the outdoor environment

Conductive heat flux

Radiative source term

Dynamic viscosity

Thermal diffusivity (Table 3-1)
Solar absorptivity coefficient

Solar absorption coefficient, Eq.2-34
Thermal expansion coefficient
Average position of melting front in
Table 2-2

(m)
(m)

(s)

(K)
(K)
°C)
(K)
(K)

(K), (°C)
(m/s)
(m/s)
(m)

(m)

(W/m?)
(W/m?)
(W/m?)
(W/m?)
(Pa.s)
(m?/s)

(1/K)
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q ~

a ™ ©® © S 3 S = m

a

TPCM

Overall fractional change in transmittance, Eq.2-30
Time increment

Temperature difference between walls Th- T¢
Surface emissivity

Adjustment constant of order 1 (chapter 2)
Kinematic viscosity

Boiler efficiency

Dimensionless time

Solar reflectivity coefficient

Density (Table 3-1)

Solar reflectivity coefficient

Extinction coefficient

Solar transmissivity coefficient

Solar transmittance coefficient, Eq.2-32

Subscripts and superscripts

0

ng
Pc

sol

surf

Previous time step
Average

Cooling
Conventional
Electricity
Enhanced
Enhanced at node p
Heating

Indoor

Liquid

Natural gas

Phase change
Solid

Solar

Surface

(s)
(K)

(m?/s)
(%)
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W, E,P,S, N West, east, center, south and north node

W, €S, n West, east, south and north interface
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General Introduction

General Introduction

There is global concern related to energy consumption in the built environment as one of the major
contributors to greenhouse gas emissions responsible for causing climate change and its associated
impacts. A significant proportion of the energy consumption in buildings is used for cooling and
heating application. In Lebanon, as in France, the energy consumption of buildings represents more
than 40% of total final energy and almost 25% of greenhouse gas emissions [1].

An alternative to achieve the goal of reducing energy consumption in the building is to improve the
energy performance of its envelope. This envelope acts as a filter, it reduces heat exchange between
the outside and the indoor environment, and protects the occupants from wind, rain, and other
conditions, contributing to thermal and visual comfort. To achieve these purposes, combining
insulation with latent heat storage materials is shown as an effective way. In addition, an important
part of the building design is to make the best use of external resources and particularly the
exploitation of solar radiation that is considered as an important resource in some areas.

Numerous studies have shown that the integration of phase change materials (PCM) in the building
envelope can significantly improve the energy performance of the building and save up to 80% of
heating energy in winter, as the material captures the heat of the sun, melts, then restitutes the heat to
the building by re-solidifying. However, one of the encountered problems is the high risk of summer
overheating when the material can no longer destock the stored heat and remains in its the liquid state.
However, the possibility, feasibility, thermal performance and economic analysis of using PCM call
a series of theoretical and experiential investigations. The experimental approaches offer a better
indication of the actual PCM behavior and performance in comparison to theoretical analysis.
However, the experiments are unachievable in some cases, such as the large scale or unsteady around
environment, are time and cost consuming. In addition, there are still some unavoidable testing errors.
However, the theoretical methods can avoid these weaknesses and predicate the PCM performance
suitably. The major advantage of the theoretical/numerical approaches is that various conditions can
be carried out by changing the variables in a numerical model, the main drawback being the accuracy
of the model used. Therefore, more and more investigators prefer to study the phase change problems
by mathematical solutions and numerical simulations.

Usually, when modeling phase change, numerical studies have some assumptions in their
mathematical modeling [2] e.g. neglecting convective heat transfer within PCM [3] or neglecting
radiative heat transfer [4], whereas the impact of those assumptions on simulation results are poorly

discussed in the literature. However, recent researches have demonstrated that natural convection
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plays an important role in latent heat thermal energy systems, especially during the melting process
and conduction-only models may incur an unacceptable loss of accuracy.

Basically, the modeling of natural convection in liquid PCM could be classified in two major
categories. The first category includes the simplified methods including the enhanced conductivity
approach using dimensionless numbers. These approaches normally oversimplify the process. On the
other hand, detailed computational fluid dynamics (CFD) methods, which require long computational
time, are greatly complicated and complex, and might be limited to the investigated case. In addition,
CFD simulations are rarely appropriate for the initial design stages especially for long period thermal
assessment. However, between these two extremes, a model offering a good compromise between
simplicity and accuracy is needed, which will be the first purpose of the current thesis.

On the other hand, most studies on translucent facades with integrated PCM have assumed one-
dimensional transfers by conduction and radiation neglecting convection [5]-[7] and numerical
models were specifically developed to take the interaction of PCM with solar radiation into account
[8]-[11]. However, very few studies were found in the literature for the melting of PCM in presence
of both natural convection and radiation. This will be our second research question.

The ANR INERTRANS project [12] proposed the development of an innovative wall that addresses
the issue of energy efficiency and optimal use of environmental resources. This wall provides,
concurrently, storage and restitution of heat, super thermal-acoustic insulation and daylighting to the
interior environment. It allows exploiting the solar radiation during cold periods to heat the interior
of the building. To do this, it combines new generation materials, such as silica aerogel for thermal
insulation and phase change materials (PCM) for absorption and storage of heat. The quasi-constant
restitution of the heat by convection and long wave radiation contributes to the increase of the
sensation of thermal comfort of the inhabitant. An acronym for this wall is proposed: TIM-PCM wall
which stands for “Translucent Insulating Material — Phase Change Material wall”.

The establishment of such facade in the building is conditioned by the knowledge of its behavior, its
performance and its energy impact. However, this knowledge on many case studies is accessible only
through numerical modeling. It is, therefore, necessary to ensure the availability and reliability of a
numerical model representing the physics of such wall. Particularly, during the melting and
solidification of the PCM, the latter can be subjected to different modes of heat transfer depending
on the presence or not of sunshine and thus significantly change the kinetics of the phase change. The
development of this numerical model will be our third aim.

The wall has been characterized experimentally in a full-scale test cell located in Sophia Antipolis,
Southern France, within the center for Processes, Renewable Energies and Energy Systems
(PERSEE) of Mines ParisTech graduate school [13]. In their experimental study, Berthou et al [13]
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found that, in the winter season, particularly in sunny cold days, the thermal performance of the wall
is very effective. While dur