Proceeding

International Conference on

Materials & Energy
May 17 - 20, 2016,

La Rochelle, France

ICOME'I5
(MAT
ENERGY

.° UNIVERSITE [
% O/VSgunlverSIte @ DE LORRAINE

I © ~ c n ~ ~n PARIS-SACLAY







_|COME'IB - Mayl7-20, 2016. La Rochelle, France.

Contents
WELCOTNE o258 3
FOTCWOT oo 4
COMPETENCE CRAITS.......c.cccceeeereteese et et e e s e s e e e oo 6
SCETEC COMIMEE. ... esesesesesesesesnsmssssssssssesesesesesesesessssesesesesesesesesesesesesosssseseseseseses .
OrgaNiZING COMIMILEE ..........ooooeeoeeeis s 8
KEYNOLES EALKS ... s e 9
“Engineering interfaces and nanofluids for energy applications”, Pietro ASINAR] ... 9
“World production and energy consumptions: what kind of mid term evolutions?”, Michel COMBARNOLUES............. 9
“Trend and opportunities in wood based bio-industries”, Xavier DEGLISE.........ccoouumremmmmmmmsessmmssssssssmssssssssssssssssssces 10
*Transformation of the electricity system to a renewables based-one: necessary political and economical regulatory
TEIMEWOTK”, EVAHAUSER .....cccvvreeesessseseessesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 10
“Time-space-fractional models of anomalous diffusion: Physical basis, approximate solutions and analysis for
application in material Sience”, JOrAan HRISTOV ... .
“Transition to renewable energies: a reality check”, Marcel LACROIX.......cccoovuumreressssssssssssssssssssssssssssssssssssssssssssssses n
List Of SesSiONs /CONEIIDULIONS PEY SESSIOM .......ccvvevrerscrrsersrssesssesssssesssssesssssssssses st sss st sos st sos oot oo 14
Thermal Building a9l OPHIUSAHON ...ttt "
BUILING MALETIALS ...vvveveeeeeenennereeessssmsmsssnnsssessssssssssesssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssees 15
Sustainable CONSHUCHIVE MALEIIALS ........vvvvvvrrresssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 16
Heat a1 Mass Transfer OPEIUSAHON (1) oo 7
MBLETIALS / ENETEY PrOGUCES. .cvvesssssessssesssssessssssssssessssssssssssssssssisssssssssssssss s ssss s ssss s essss s sssssssssssesssssss 18
Sustainable Constructive MAterials (11)........wuusmssmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasses 19
Heat and Mass Transfer OptimiSation (1) .......ccceeeeecemmsssmeesssssssmmsssssssssssmsssssssssssssmsssssssssssssssssssssssssssssssssssssessssssssssess 20
HygroScopic & Bio-MALETIAlS | COMPOSILES..o.vrrermereeseresmsrsesssrssmsssessssssssssssssssssmsssssssssssssssssessessosssessesssessessosssessees 21
Thermal Building and Energy SEOTage........uummmmsssmmsssssmsssss s 22
ENEYGELC SYSEEMS......oorvtrisserisiisnnssssssssisssssssssssssssessssssssissssssssssssssssssssssssssssssssssssssssssRRRS s s 23
T T —— 24
INNEY ANA OQULET FLOWS .....ovunnnerennissssennsssssssassssssssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssssssssnnssssssssssssose 25
Safety [ Reliability and DUFADIlity ..........ccccecemuerrveessmssenseesmsssssessisssssssssssssssssssssssssssssssssssssssssssssessassssssesssssssssssssessssess 26




International Conference on MATERIALS & ENERGY




_[COME'IE - Mayl7-20, 2016. La Rochelle, France.

Welcome

After the success of the International Conference on Materials & Energy (ICOME"5) in the beautiful
North Mediteraneen city of Tétouan in Morocco, we are p[eased to run the edition 2016 in the beauﬁﬁd
Atlantic city of La Rochelle. ICOME"6 host the Spring School of Eco-Materials dedicated to PhD and Post docs.

Natural coupﬁng of materials and energy is a strong point of this event. This is an interconnected topics
with very fecond ﬁe[ds of app[ication in our modern societies.

The inter-Mediterranean link is also an important fact of this international conference and will allow a
better South/North mixture a[[owing to share innovation and sustainable deve[opment.

The conference chairs nopes that everyone will found in this meeting an important topical interest, a
great p[easure on exchanging with the both community of materials and energy.

1COME“6 CHAIR
A L- ——-"’JII
Prof. Raﬁk Belarbi ' +‘7 B jf»- -
YRV ey
1COME SERIE’S CHAIRS

Prof. R. Bennacer

Prof. M. El Ganaoui :‘7}? C .
T ~
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Foreword

Itis diﬁficuit to sketch any credible scenarios of the human ﬁiture without integrating materials and energy in
this matter. These two topics, which are evidentiy part of the DNA of human i/iistory, have aiways known strong
interaction, often under unimagined facets and at unexpected spatial and temporal scales. Nowadays, the result is
amazing. The innovation progress is obvious, anyone can observe the generation gap in communication aioiii’cy and

connectivity when observing a child nandiing technoiogy today, as compared with his fatner and his grandfather.

This covqoiing of materials and energy became visible to all the social ladder ieaning against a socio-economic
aspect, directiy related to the iife of comfor’c and des igning the contours of the city of tomorrow. This coupiing received
iargeiy the beneﬁt of ﬁmdamentai discipiines such as mathematical and phys ical sciences. Abstraction keeps feeding
this hidden face of continued enthusiasm of a pubiic of all ages toward innovation that materializes tnrough the
attraction to devices (gadgets).

iftne vocation of mathematics focuses on excellence ioy promoting measurements, accuracy and the writing of

nature in equations, phys ics has another particuiar focus on energy and materials.

Physics considers energy as the aioiiity of a system to interact with its environment and deveiop producing
movement, radiation or heat. 1t collects materials like the arrangement of material to obtain the desired properties

for specific applications at will.
Both looks are enovigh to show the cornpiexity of the proioiern of studying the coupiing materials/ energy when it

gatners heat and mass ‘transfer phenornena speciaiisis, electricians, civil engineers, automaticians, etc ...

The series of Conferences about Materials and Energy wants to provide an appointment, amplifying young
researchers' initiatives, ﬁrst ioy the recognition and realization of the importance of the knowiedge as a base for any
progress, and then by the training exercise, which has also its place in this event. A thematic school, animated by

international speakers, will take piace like in the previous edition in Morocco.

So many initiatives contribute to the pyrarnid of undersianding, for it to ﬁnd its meaning on the pa‘th of
knowledge that has enabled man to save his spirit and accelerate his route towards progress. In their quest for truth,
scientists have to deal with innovation, the social and economic cost of material/ energy/ systems, the diﬁ%rent points

of view, ethics, and so on.

In this sense, the reference to the universal scientist Averroes (who was born in 126 in Cordoba, Spain, and died
in198 in Marrakech, Morocco) ’ci/irough a speciai award, reinforces this vision of amanwho puts truth ioeyond ioeiiefs
and allegiances of his time, intelligence beyond the interest of use: "There are vulgar conceptions quite sufficient for

practical life; they should even be human food. They are not sufficient to intelligence" Averroes.
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The 2016 edition, held on the Atlantic coast in La Rochelle, succeeds that of 2015 organized in the Mediterranean
city of Tetouan. This edition is dedicated to two key aspects, Materials & Energy fov the control of environmental
impacts of transport activities and habitations. Indeed, eco-materials and sustainable buildings are an essential topic,

given the current and future chaﬂenges of the energy transition and sustainable deve[opmen’c.

This event is supported by public institutions and private organizations in order to treat problems thanks to the

use of research and innovation for techno [ogies, economy and society.

This conference will allow scientists and political leaders not only to link the themes related to energy and those
dedicated to materials, but also to gatner up-to-date know[edge on the latest scientiﬁc, tecnno[ogica[ and industrial
advances in the two fouowing key areas:

- Materials and especia[[y bui[d'mg materials: from the eco~design of materials with a low environmental impact
to the recovery of waste and by-products. This also includes the life cycle analysis and the estimates of environmental

costs.

- Energy in the ﬁe[d of construction: energy demands of ’ouildings, innovative packaging systems moods, energy

producﬂon in the housing sector, positive energy bui[dings, and renewable energies.

Among the speakers there are international experts in the ﬁe[ds of renewable energies, energy ’oui[ding and
sustainabi[ity of structures.

Thus, in addition to p[enary lectures and sessions, the conference will bring together scientists, industrialists and
industry professiona[s, contractors and ’oui[ding owners in exchange worksnops on the latest ﬁmdamenta[ know-
how applied in these areas. It should be noted that the "Mini Symposia" sessions scheduled in the afternoon of May
19 will be open to the pub[ic, while the thematic school of May 17 will be open to scientists.

1ICOME"6 will ga’tner more than 250 attendees ﬁ/om various international institutions (Euvopean, American,
Asian and African) and several industrial partners which are very sensitive to the issue of innovation to improve their

competitiveness and the qua[ity of their cities.

This event also aims to support Vegiona[ and national indvlstry tnrougn excnange moments in which local and

national companies will present their projects, their innovative products and their expertise.
Furthermore, and for information, the next edition of this conference, ICOME"7, is scheduled in China in 2017.

The chairs and members of the organizing committee of 1COME 16 wish all present a great stay in La Rochelle,
fruitful exchanges and may everyone find what they expect from this edition.

1COME"6 Chairs
onf. Raﬁk Belarbi Prof. R. Bennacer Prof. M. El Ganaoui
University of La Rochelle ENS Cachan University of Lorraine
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Conference Chairs

Prqfessor BELARBI Ra}ﬁk, Received his engineer degree in Bui[ding Physics ﬁfom School cf engineers of Poitiers
(ESIP) and Master of Thermal sciences from University of Poitiers, France in 1993. He obtained his PhD Thesis
in civil engineering in La Rochelle University, 1998. n 1999, he joined the LEPTAB research staff laboratory and
civil engineering department of La Rochelle University as Associate Professor. Actually, he is full Professor. Since
1994, he was involved in several National and International projects dealing with Heat and moisture transfer the

build'mg energy conservation. The main projects are: Pascoo[/_]oule and Altener/Sink (passive coo['mg systems
modelling and their impact on the building energy consumption), PDEC/Joule 11 (Utilisation of Passive Downdraught Evaporative Cooling
systems on non-domestics buildings), Joule/ Thermie B, Altener/Greencode (Reglementary Frame for Renewable Energy Use in Urban Site
Through Vegetation Planting and Strategic Surfacing), Altener/SolVent, and Altener/Cluster (Solar Passive Heating and Cooling), Seventh
Framework Program " Marie Curie (Old Masonry Repair). His main expertise is in microstructural, thermal, physical and hydric
characterization of porous build'mg material and heat and mass transfers with app[icaﬁon in Energy Eﬁficiency in Bui[d'mgs and Indoor
Environment and durability of constructions. He is author or co-author of more than 100 papers in international jowrnals or international
conferences. He supervised 15 PhD and 13 Post-Doctoral researchers. Since October 2007, he is the Head of the Civil Engineering
Department.

Pr. Dr. Ing. R. Bennacer, is an Engineer in Mechanical field (1989), and he got his PhD thesis at Pierre et Marie
Curie University (Paris 6) in1993. He worked as lecturer in the University Paris X1 (1993/94), become an associate
professor at Cergy Pontoise Uni. 1994 and full Professor in 2008. He moved as senior Professor to the prestigious
school Ecole Normale superieure (Cachan) since 2010. He is also adjunced professor at Tianjin /comm. (University,
P.R. of China). He assumed several responsibilities, director of the LEEVAM research team (2003-2007), Licence

degvees (2008-2010), Aggregation title (2010-20m), Master research degree (20m1-2013), Transfer and Environmental
Research Unit (CNRS LMT-Lab) (since July 2012) and dean of Civil/Environmental department (since Oct. 2012). His present research
activity is within the LMT laboratory where he manages Transfer and Environmental Research Unit. His Research field covers wide
spectrum and several domains. Tt covers the building material for energy applicaﬁons or on durabiﬁty aspect , renewable and energy
system. The expertise covers the direct numerical simulation inc[ud'mg CFD coup[ing on multi-scales. The previous approach is
consolidated by ana[yﬁca[ or reduction approach in order to 'Ldentgﬁl the instabilities and g[obal behavior bﬁlrcaﬁon and simi[arity
contro”ingparameters in multip hysics situation. He pub[ished several book chapters and more than 150 Referenceo{ intemationalj ournals.

M.EL Ganaoui, is a ﬁt” pvofessor at the University of Lorraine and researcher in the]acques Villermaux Federation
for mechanics, energy and processes (FR 28 63/LERMAB). He is heading the research in energy in the Henri
Poincaré Institute of Technology in Longwy. Pvevious[y, he was a teacher researcher in the University of Limoges
and the SPCTS UMR 6638 CNRS laboratory where he was responsible for the Physics Department (2004-2010) and
the international cooperation service (2006-2010) in the Facu[’ty of science and techno[ogy. His research aims to
understand heat and mass transfevs thvough mode[ing and numerical simulation with a specﬁc activity in the

ﬁeld of the solid —['Lquid~vapov phase change. App[icaﬁons concern materials and energy and beneﬁt to energy
systems inc[uding phenomena for sustainable bui[ding (Eco-materials). M. El Ganaoui teaches the mechanics of continuous media, heat
transfers, and numerical methods. He been advisor of more than 20 Phd Thesis with strong international interaction noticeab[y in the
Euro-Mediterranean context. He participated/managed the PAl Australia, Canada, Maghreb (Tassili, Utique, Volubilis), China
(Xugangq). El Ganaoui has participated in the Edition of more than 10 special issues and conference proceedings, co-authored over than
150 pub[ications in joumals (rank A) and participated in more than 100 international conferences inc[uding a teen that he has co-
organized. He is member of the many international sc[entiﬁc societies in mechanics and heat transfers.
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Keynotes talks

“Engineering interfaces and nanofluids for energy applications”,
Pietro ASINARI

Politecnico di Torino, ]taiy

ABSTRACT: This talk aims to discuss some multi-scale transport phenomena at solid-liquid interfaces, which are
relevant in characterizing and designing materials for energy applications. We can distinguish two broad categories:
interfaces where the solid phase prevails on the liquid one and those where the opposite holds. The first category
includes engineered inte}faees for optimizing the water up’cake (adsorption/ inﬁitration) isotherms into solid micro-/
nano-porous materials. In this talk, 1 will investigate water-zeolite adsorption isotherms for thermal storage
applications and water-zeolite infiltration isotherms for reverse osmosis applications. Concerning the second
category, 1 will discuss the nanofluids, namely colloidal suspensions of engineered nanoparticles. In this case,
the interfaciai properties are determined by the nanoparticie surface, engineered ioy ﬁ,inctionaiizations, eieciroiyies
and surfactants. The nanoparticle surface determines the properties of the solvent nanolayer effect, which is
responsiioie of the solvation forces and consequentiy of the colloidal stabiiity. In this talk, 1 will put some
special emphasis on nanofluids for solar thermal engineering.

BIOGRAPHY: Dr. Asinari received his B.S. and M.S. (cum laude) in Mechanical Engineering in 2001 from “Politecnico
di Torino”, ]taiy. Aﬁer working as industrial consultant, he received his Ph.D. in Energetics in 2005 at the
Department of Energetics. He is currently Associate Professor at the Energy Department of “Politecnico di Torino”.
His research activity deals with proposing mesoscopic descriptions of pnenornena, designing new numerical schemes
(mainly in the framework of Lattice Boltzmann Method), developing new numerical codes (including parallel codes
on iarge cluster faciii’cies) and ﬁnaiiy appiying the previous tools in order to investigate the microscopic ﬂuidics of
industrial devices.

“World production and energy consumptions: what kind of mid term
evolutions?”,
Michel COMBARNOUS

Laboratoire Transferts, Ecoulements, Fluides, Energétique, Talence

ABSTRACT: Starting ﬁforn the evolution of world popuia’cion in the next decades, needs in energy production are
presented, as well as all the new tools to save energy, included in what is called now « energy transition ». Aﬁer a
generai presentation of the overall panei of energyproduction devices, some renewable energies are detailed: wind
energy, photovoitaic, biomasses... In conclusion, the behavior of the overall system « Continents — Oceans —
Atrnospi'iere » (s presented in the same time as other generai probierns (water resources,...).

BIOGRAPHY: Michel Combarnous, Proﬁassor “Emeritus” at the University of Bordeaux, has been associate professor
at the University of Gabes (Tunisia) (2006-20m). A s]oeciaiist in ﬂuid mechanics and energetics, he was encharged of
the Department « Engineering Sciences » at CNRS (1980-1985). He is a founding member of « Académie des
Technologies », and Corresponding Member of the Academy of Sciences, since 1978 (www.academie-sciences.fr)

9
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“Trend and opportunities in wood based bio-industries”,
Xavier DEGLISE

University of Lorraine

ABSTRACT: Wood, as a major part of biomass, could be the best source able to give way, economica”y, to the
substitution of chemicals, ﬁ/l@[S, and ’oio—products in new bio-based p[ants that we call: bio—reﬁneries.

In these bio—veﬁnevies, we will produce all the chemicals that we need, ﬁ'om woody biomass. They will allow improving
numerous old processes which have been developed in the first half of the 20th century in wood chemistry (or

secure the wood procurement!

BIOGRAPHY: Xavier Deglise, Professor “Emeritus” UL (University of Lorraine) Nancy, France — Founder and former
Director of LERMaB (Joint research Unit on Wood Material UHP/INRA/ENGREF forestry school) — Founder and
Honorary Director of ENSTIB (Ecole Nationale Supérieure des Sciences et Techno[ogies du Bois) — Former assistant
Professor Laval University (Canada) — Correspondent of the French Academy of Agriculture (Wood and Forest section)
— Fellow and fowner President of the International Academy of Wood Science AWS — Member of the Forest Products
Society, USA — Concurrent Professor at Nanjing Forestry University, P.R. of China — Honorary Professor at University
of Agricu[twe ofW arsaw, Poland — Honorary Professor at Transylvania University, Brasov, Romania — Editorial Board
of the Saint Petersbwg Forest Technical University, Russia — Knigh’c of the national order of Merit — Commander in
the order of the Academic Palms — Roumanie — Comité éditorial de ['Université technique foresﬁére de Saint
Petevsbourg, Russie — Chevalier de l'ordre national du Mérite — Commandeur des Palmes Académiques.

"Transformation of the electricity system to a renewables based-one: necessary
political and economical regulatory framework”,

\ Eva HAUSER

i 1ZES - Institut firr ZukunftsEnergieSysteme, Germany

»

ABSTRACT: The whole energy system needs to undevgo important ‘transfownaﬁons due to cnauenges stemming from
climate change and actual and future resource scarcity. These transformation processes will take place on a technical
but also on a societal level. Tnerefore, a broad understanding of the “energy system” as such and of its transformaﬁon”
is needed. This lecture tries to show the technical, economical and societal chaﬂenges and to iden’ciﬁ/ the links between
them.

BIOGRAPHY: Eva Hauser, MA., born 1972, studied po[itica[ science, economic and social history and
anthropogeography at the Universities of Saarbriicken and Cardiff from 1991 to 1997. She wrote her Master thesis on
European Regional Policy. Afterwards, she worked as a project manager on studies about energy efficiency at Energy-
Cities in Besancon in France ; later on, she worked in the management of two non-proﬁt companies in the ﬁe[d of
research and waste management in France. Since 2007, she is working for the research institute 1ZES, Saarbriicken,
Germany. Her main research areas are the tramformaﬁon of the e[ectricity system to a renewables based-one, with a
spec'ta[ focus on the necessary poﬁﬁcal and economical Vegu[a’cory ﬁ'amewovk.
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“Time-space-fractional models of anomalous diffusion: Physical basis, approximate
solutions and analysis for application in material science”,

Jordan HRISTOV

Department of Chemical Eng., University of Chemical Tech. and Met. Bu[garia

ABSTRACT: The lecture presents the physica[ basis and the mathematical approach to model anomalous diﬁrusion
emerging in new materials and specia[ processes by space and time- fractiona[ diﬁﬂsion equations. The main
approaches for solution of the existing models from pure mathematical basis parallel to the approximate integral-
balance method invo [v'mg spaceﬁ'acﬁona[ derivatives of Riemann-Liouville and Caputo are presen’ced.

BIOGRAPHY: Professor Jordan Yankov Hristov was graduated from Electrical Engineering (Measurements), Technical
University- Sofia in 1979. He is working at the Dept. of Chemical Engineering, University of Chemical Technology and
Meta“urgy ﬁfom Soﬁa. Starting from a position of a technician, even though he was a graduated engineer, he was
promoted in the next 3 years to a research fe“ow. He has obtained his Ph. D degree in 1994 in Chemical Engineering.
Hewas promoted in1998 to the associate professor position and in] anuary 2014 as a professor of Chemical Engineering.
The main research area deve[oped more than 30 years was the ﬂuidization, especiauy, external ﬁe ld eﬂects (magneﬁc
or electric) for contro[[ing the bed hydrodynamics and consequent[y the pevformed heat and mass ‘transfer operations.
He supervised 6 PhD theses and more than 25 M.Sc. theses. He pub[ished more than 135 papers and he obtained more
than 700 citations. Since 2009, Professor Jordan Yankov Hristov is the Editor-in Chief of the International Review of
Chemical Engineering-Rapid Communications and since 2012 he become the Editor in Chief of the International
Jowrnal on Advanced Materials and Tecrmo[ogies.

“Transition to renewable energies: a reality check”,

Marcel LACROIX
Université de Sherbrooke, Canada

ABSTRACT: The transition to renewable energies (REs) appears to be the way towards a more sustainable world. But
REs are not necessari[y sustainable. History and ﬁAndamental pr'mc'tp[es reveal that the energy transition is far more
challenging than expected. The challenges are examined and the physical constraints are discussed. 1t is shown that if
REs meet our wants, they cannot meet our needs. 1t is to the world to adapt to REs. Not the other way around. Are we
ready for it?

BIOGRAPHY: Marcel Lacroix is a physicist and a professiona[ engineer who holds a doctorate in nuclear engineering.
His professiona[ career spans more than 35 years in the private and pulo[ic sectors in Canada and abroad. He has been
a chief technical manager at Atomic Energy of Canada and Professor at many universities among which the Université
Claude Bernard and the Ecole des Mines in France. He is currently a full Professor at the Université de Sherbrooke and
a private consultant for the power and process industry. He is the author of numerous technical publications among
which textbooks on thermodynamics and popu[ar books on energy and society.
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"Synthesis and characteristics of composite phase change humidity control
materials”,

Menghao QIN

Centre for Sustainable Building Research (CSBR)

School of Architecture and Urban Pianning, Nanjing University, China

ABSTRACT: A new kind of phase change humidity control material (PCHCM) was prepared by using PCM
microcapsules and different hygroscopic porous materials. The PCHCM composite can regulate the indoor
hygrothermai environment hy absorbing or reieasirig both heat and moisture. The PCM microcapsuies were
synthesized with methyi triethoxysiiane by the soi—gei method. The vesuvianite, sepioiite and zeolite were used as
hygroscopic materials. The scanning electron microscopy (SEM) was used to measure the morphoiogy profiies of the
microcapsules and PCHCM. The differential scanning calorimetry (DSC) and the thermal gravimetric analysis (TGA)
were used to determine the thermal properties and thermal staioiiity. Both the moisture trarisfer coejfhcieri’t and
moisture buffer value (MBV) of different PCHCMs were measured by the improved cup method. The DSC results
showed that the SiO2 shell can reduce the super~cooiir1g ciegree of PCM. The super~cooiing degrees of rnicrocapsuies
and PCHCM are lower than that of the pure PCM. The onset temperature of thermal aiegraaiation of the microcapsuies
and PCHCMs is higher than that of pure PCM. Both the moisture transfer coeﬁicierit and MBV of PCHCMs are higher
than that of the pure hygroscopic materials. The results indicated the PCHCMs have better thermal properties and
moisture huﬁfer aioiiity.

BIOGRAPHY: Prof. Menghao Qin is Director of the Center for Sustainable Building Research at School of Architecture
and Urban Pianning, Nanjing University (Top 3 in China). Prior to joining Nanjing University, he held a permanent
facuity position in the School of Pianriing, Architecture and Civil Engineering at Queen's University in the United
Kirigdom, where he was champion for sustainahiiity, and acted as the Program Director for the MSc in Sustainable
Design. Dr Qin received the PhD in Building Science from the University of La Rochelle in France, and was a guest
scientist at the US National Institute of Standards and Technology (NIST) in Washington DC, USA. Prof. Qin has over
18 years of research and practicai experience in Buiidirig Science. He has aieveiopeai advanced experimeriiai methods,
computer simulation models and environmental control technoiogies. He has authored/co-authored over go research
papers, and 5 books in relevant areas.

“The effect of microstructure on the two dimensional flow of a bingham fluid in
porous media”,

Andrew S. REES

Department of Mechanical Engineering, University of Bath, United K'mgaiorn

ABSTRACT: Bingham fluids exhibit a yield stress which means that they exhibit a nonzero rate of strain only when the
shearing stress is larger than the yield stress. The first analysis of the flow of a Bingham fluid which might be regarded
as being of relevance to porous media is that through a circular pipe, and it is what might be termed Hagen-Poiseuille-
Bingham flow. The resulting variation of the mean flow with the applied pressure gradient is known as the
Buckingham-Reiner relation. In recent years attention has focussed on flows through a random network of such
circular capiiiaries in order to model realistic porous media, and the main aim has been to acquire iriforrnatiori about
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the breakthough pressure gradient and the overall magnitude of the resulting one-dimensional flow as a function of

the app[ied pressure grad[ent.

The present work extends these one dimensional (1D) ana[yses ’oeginning with a presentation of some novel ana[yﬂca[
expressions for diﬂerent types of 1D media. The main focus, however, is on two dimensional (2D) networks of channels.
We consider how the detailed microstructure affects how not only the amplitude of the mean flow but also its direction
are dependent on the magnitude and direction of the app[ied pressure gradient.

First we consider various networks which tesselate the p[ane, name[y those with square, triangu[ar and hexagona[
patterns. In each case we find that the network yields anisotropic responses to the direction of the applied pressure
gradient, and this is especia[[y so near the threshold gradient where ﬂow may not arise in certain ranges of orientation
of the applied pressure gradient but will in others. Thus we have a yield-stress induced anisotropy because all three of
these networks are isotropic when ﬁﬂed with a Newtonian ﬂuid. These networks become isotropic as the pressure
gvadient increases.

Then we consider random networks in the sense that the nodes are perturbed randomly away from those corresponding
either to a square network or a ’criangu[ar network. In both cases we assume that the network remains periodic overall,
but that each periodic unit is itself randomly composed. We find that randomly perturbed square networks remain
anisotropic even when averaged over many cases, but that triangu[av networks appvoach isotropy much more Veadi[y
as the number of nodes within the periodic unit increases.

BIOGRAPHY: Dr. Andrew Rees is a mathematician who has been [ec’cwing in the Department of Mechanical
Engineering at the University of Bath, UK, for over 25 years. His BSc was fvom ]mpevia[ Couege, London in 1980 and
his PhD, which was entitled, "Convection in Porous Media", was awarded ’oy the University of Bristol in 1986. Aﬁer a
brief time at the University of Exeteras a ﬁxed—term lecturer in Mathematics, hejo'med the Univers ity of Bath. His main
area of research is the ana[ysis and simulation of thermoconvective instabilities and these ana[yﬁca[ and numerical
tools are app[ied pvimavi[y to ﬂows in porous media. His most recent research interest is on the mode”ing and
simulation of ﬂow and convection of Bingham ﬂuids n porous media. He is the author of over 150 jouma[ papers and
is on the editorial boards of Transport in Porous Media, the ]ntemationa[] ournal for Numerical Methods in Heat and
Fluid Flow, and Computaﬁona[ Thermal Sciences. A[though he has pursued an academic career, he still ﬁnds time to
engage in music making with two orchestras, two operatic societies, his local church choir and many other occasional

groups.
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ABSTRACT

The aim of this study is to develop representative building energy data sets and benchmark model fo the
Djibouti an residential sector. The study focus on The energy consumption for building residential in typically
hot humid climat in the city of Djibouti. This study report the results of a recent field survey on the average
consumption for residential building in Djiboutian. In this survey describing the energy use profiles for air
conditioners, refrigeration, lighting and appliances in respect two types of building construction in Djibouti
Aiming is to use the solar energy for electricity production in household. with a daily mean irradiation of
5.87kWh/m2day, the solar potential of Djibouti is one of the most significant in the world. And solar energy
resources across the country can be developed to bring higher quality energy services to populations across

the country.

INTRODUCTION

The Republic of Djibouti currently stands at a
crossroads, faced with a number of critical challenges
associated with the generation, distribution, and use
of energy. The country remains heavily dependent on
imported fossil fuels and power. This exposes it to
volatile and rising oil prices, placing uncertainties on
economic development, and pressing social
development challenges.

In its ambitious Vision 2035, the Government of
Djibouti recognizes the importance of developing
these resources to meet both its economic and social
development objectives. Indeed, the Government has
made clear that its objective is to meet 100% of
domestic demand through renewable energy by 2020.
Djibouti has abundant geothermal, wind and solar
energy resources and it can be developed to bring
higher quality energy services to populations.

The economic growth nourishes the demand for
building space, comfort and services, which raises
the demand for residential energy.

A design with the minimum energy consumption
must deal with the specific climatic conditions.
Djibouti climate is called “maritime desert”. A
maritime desert is a climatic region with warm humid
conditions in the winter season and hot humid

weather in summer. The difference with tropical
climate is the scarcity of rainfall. However the
presence of a warm sea near the city of Djibouti
results.

in high humidity. Red sea water temperature is
between 25° C and 32° C all of the year. Many
propositions have been made to make buildings with
less energy consumption in Djibouti [1].

To allow the development of economic activities
with less energy, efforts must focus on three areas:
energy conservation, in individual behavior; energy-
efficient equipment and renewable energy [2] .

Literature review

Energy modelling for residential building

In the area of residential energy modelling diferent
methods have been applied to estimate the energy use
in many countries. In the literature, the most common
three methods to estimate energy use in building are
(1) linear regression models(2) neural networks and
(3) survey[3]. For example, Aydinalp and al.
developed residential energy consumption models
for the Canadian residential sector. The study used a
neural network method to estimate the consumption
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of appliances, lighting and space-heating and cooling
components [4], others similar studies using neural
network include the work of Sozen and al. in Turkey,
Azadeh and al. in Iran , karatou et al. I, Greece,
Gonzalez in Spain and Abdel-Aal in Saudi Arabia [5
-9]. On the other side, example using linear
regression model is the work of bianco et al. tried to
forecast electricity consumption in Italy [10-11].
Similar studies using linear regression include the
work Ranjan in India, Abosedra in Lebanon,

further in this paper. The main focus of this paper is
real data and surveys of the building energy

However, considering electricity consumption, the
building sector represents by far the largest share,
about 90% of the country's consumption. As the
following graph shows (figure 1), the service sector

Mohamed in New Zeland, Pachauri in india and
Murata et al. in China [12-16].

However, the neural network method and linear
regression method require validation by comparison
with real data and fact patterns for existing
consumption and a priori statistical analysis. Despite
the importance of neural network and linear
regression techniques the two methods are not
investigated

consumption to build a comprehensive and detailed
residential energy model

alone accounts for approximately 50% of electricity
consumption, 35% for public administration and 13%
for the branch of commercial buildings.

Tertiare
41%
Résidentiel 50%
Industrie

\

T ke

13%  Commercial
Administration

35%  publique
Eclairage

Figure 1: Sectoral distribution of electricity consumption in Djibouti — 2013 [2]

3. METHODOLOGY
3.1 Selection of representative model

The methodology implemented in this paper includes
aspects which determine the energy consumption
characteristic of residential building in Djibouti. The
first step was to carry out a literature review on past
and recent survey. The second step was to identify
typical building construction and characteristics
through field survey. The survey plan included a
description of a comprehensive set of building
construction, equipment and dimension. Several
specific energy consumption issues were addressed
during the on site survey. For third and final step,
actions were taken to develop representative
benchmark models of residential building

According to the results of the 2nd General survey of
Population and Housing (RGPH) in 2009, conducted
by department of the statistical studies (DISED) the
total resident population is 818 159 in DJIBOUTI.

More than 70% of the population lives in urban areas,
with nearly 60% in the capital city - Djibouti.Mainly
three types of housing is observed in Djibouti city.
Ordinary houses in lightweight sheet metal and
plywood are the most representative with 60,844
units. Followed by apartments in a building and
single villas constructed of concrete block
Representatives in 1413 and 1477 respectively
housing (DISED RGPH 2009).

For our study we have tried to define a representive
model of energy consumption in residential building
with single household.
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3.2 Residential Building description

There are two types of building construction in
2Djibouti. The first one is construction with massive
walls of bricks, concrete or stones. Roofs of this type
of construction are generally

heavy roofs built with concrete. The second one is
construction with light weight wall composed of
aluminum sheet as external wall and wood sheet as
internal wall. Roofs of this second type of
construction are lightweight roofs (generally
aluminum sheet). To avoid extreme heat, ceiling is
generally provided under the lightweight roof. Nor
the massive walls nor the light weight walls are
generally insulated thermally in Djibouti. The
present study we focus in residential building
characterized by the massive wall which represent
more than 50 % of electricity consumption in
residential sector

3.3 Energy characteristics for residential
building sector

The collected information was combined and
analysed to reflect the energy performance of
representative realistic situation in air conditioned
residential buildings. The development of the
representative residential apartments was underlined
by building design characteristics and audited energy
use data collected during the survey. On the basis of
this set of data the building models together with
hourly usage profiles and operation patterns of air
conditioners and other equipment were established,
representing typical residential buildingin Djibouti.
Details of the representative building benchmark

models are described in the results section.

3.4 Wheater data and solar resources

3.4.1 Temperature and relative humidity

The climate of the Republic of Djibouti, controlled
by the movement of anticyclones of Arabia and Libya
as well as that of the intertropical convergence zone
(ITCZ), is arid tropical type characterized by low
annual rainfall and two seasons mainly differ by
temperature. The season called "fresh" start of the

Two types of energy audit were conducted for the
selected residential building during the October and
December 2015. First analyses of the utility bills, and
second a walk-through survey. The utility bill
analysis was made prior to the walktrough survey to
become familiar in advance with the consumption
patterns of residential building visited. This step
helped in obtaining more accurate information from
the building’s occupants. A request to the electricity
utility companies in citie of Djibouti was made to
provide the utility bills for the year 2013, 2014 and
2015. The bills were analysed and entered in
spreadsheets to identify the patterns of use, peak
demand and weather effects. Then the walktrough
visit major energy use equipment (air conditioners,
ceiling fans, lighting, refrigerator, television,
washing machine, etc)

Were identified and household members were asked
about the hours of operating during summer and
winter. Also the characteristic construction and
layout of every visited apartment was noted. Later the
utility bills for the year 2014 and 2015 were collected
from utility companies.

end of October until April, when the ITCZ is south of
the country, with temperatures between 20 ° C and 30
° C, while the season hot from June to September
when the ITCZ passes through the region,
characterized by temperatures between 30 ° C and 45
° C and a west wind dry, hot and loaded with sand,
the Khamsin. Transition periods separate the two
seasons, when the ITCZ is located at the latitude of
the country, during which the climate is characterized
by high temperatures (28 ° C-36 ° C), a high humidity
and a no wind. In general, across the country, rainfall
is extremely limited (150mm / year on average),
irregular and particularly localized in time, the
temperatures are very high, with annual averages
between 25 ° C and 30 ° C, and relative humidity is
quite high, with peaks in winter of about 90% and
summer minima at around 40%.

3.4.2 Solar energy resources

With a dailly mean irradiation of
5.87kWh/m?/day, the solar potential of Djibouti
is one of the most significant in the world. And
solar energy resources across the country can be

Mohamed Said et al;,
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developed to bring higher quality energy
services to populations across the country.

Djibouti has two peak periods of insolation (Mar-
April, and Sept-Oct) when the diurnal variation
between the minimum and maximum radiation
values is small. The lowest radiation values are

observed from June to August, which coincide with
the hot and humid season. However, even during
these periods of low insolation, the country receives
sufficient amounts of solar radiation of about 5-6
kwWh/m2/day, which are still good enough for solar
energy applications.
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Figure 2: Average annual of the ambient temperature and the relatif humidity in the capital Djibouti-city,
of University Djibouti.
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Figure 3: Annual map of average daily irradiation (kWh / m2 day) in the Republic of Djibouti for the

period 2008-2011 [17],

4. SURVEY RESULTS

4.1. Annual electricity use and Occupancy
rates

The sample groups in this survey was 25 households.
And two type of household was defined. First on is
household using an air conditioner and second is
household no using an air conditioner. The average
consumption  for typical building to be
35kWh/m?/year with air conditioner and whitout air
conditioner is 15.10 kwh/m?/year. The annual energy
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consumption per household is of 5050,54 kWh/year
where 45% of was for air conditioning electricity
using the household electricity use air conditioner.
For household without air-conditioner, the annual
energy consumption is 1730 kWh/year in the
residential sector in Djibouti. In this survey the
average people in household is 8.68 and the
average occupancy density is 14,08 m? on usable
floor areas per person. The occupies are within
the age range of 18-42. Most apartment
occupancy would be away from home between
08:00 until 14:00. All resident would stay at
home after 20:00. Most residents would stay at
home on Fridays because the weekend in
Djibouti.

4.5. Domestic appliance and Mechanical
cooling load intensities

In this sample, more than 90% of apartments
have at least three fans. The most common type
is the ceiling fan besides pedestral will and table
fans. The data collected in the survey shows that
the average home in Djibouti has an average of
4.2ceilling fan units. The most common fan type
is the three blades (48 inch) with a speed of 330
RPM and air flow rate of 3000 CFM. The
average annual operation time in Djibouti is
3285 Hours with a power of 60 Watts. The
survey results indicate that apartment usage
modes depend the thermal comfort level during
the warms periods only fans are used and during
the hot periods fan and air conditionners are used
simultaneously.More than 50% of building in the
sample had air conditionners (split or windows

units) serving mainly bedrooms and or living
rooms. At least one AC units was found in this
sample surveyed and power consumption per
units is less than 1500 Watt.

4.6 Representative benchmark models to
design solar energy

Representative model were constructed based on
described internal load intensities and patterns. The
daily operating, power demand and daily
consumption of air conditioning units, ceiling fans,
refrigerator, plug loads and lighting appliances in the
reference model were calibrated based on the
surveyed monthly utility bills. We found two
representative model energy consumption for
residential building. The first representative model
(Table 1) based on household electricity
consumption. The distribution of electricity
consumption by the different domestic appliances for
the representative model were realised in the figure 4.
The Other represent in the table 1, the equipment like
satellite decoder, mobile charge, mixer, and stereo).
Solar energy could be a serious alternative in
urban areas and especially for household sector.
The average daily global solar irradiation is
equal to 5.38 kWh/m?/day. The table 1, show the
value of the parameters we need to design solar
system for residential building of the two
representative model energy consumption in
residential building. We can see in the table 2,
the electric characteristic of solar equipment we
use for the two representative model were
design.

Table 1; representative model of domestic appliance with air-conditioner

Type Total Power | Daily operating | Daily Consumption

APPLIANCE Number (AC/DC) Power (W) (W) hours Wh/day
Lighting 6,5 220V/230V 40 240 5,8 1508
Fan 4,2 220V/230V 60 240 10 2520
Refrigerator 1 220V/230V 190 190 12 2280
Television 1 220V/230V 84 84 8 672
Air conditionning type split 1 220V/230V 1400 1400 4,75 6650
Electric iron 1 220V/230V 1000 1000 0,5 500
Others 1 220V/230V 100 100 2 200

Average consumption per day (Wh/day) 14330

Average consumption per year kWh/year 5230,45
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Figure 4: electricity use end by household with air-conditioner

PARAMETER VALUE

Irradiation KWh/m2/day 44

Battery efficency 80%

Lost PV efficiency (Dust & heater) 85%

Daily Storage 2

System Tension VDC 24

Decharge of Deep 60%

DESIGNATION Household use Air-conditionner Household Without Air -conditionner
Daily consumption (Watt hour) 14330 5078
Solar power (Watt : Wp) 4789,438503 1697,192513
Battery capacity (Amper Hour : AH) 2487,847222 881,5972222
Inverter (Watt) 3500 2000
Charge Controller (Amper : A) 110-140 A 80-110 A

Table 2: Solar energy system
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5 DISCUSSION

The great need to approach the opportunities for
energy efficiency in the Djiboutian residential sector
requires the development of verified and update
knowledge on energy performance of residential
building. Therefore, the main objective of this study
was to create representative models that match the
electricity consumption patterns of representative
residential building. Based on the surveyed
residential building, the characteristics and electricity
consumption patterns were analysed and the average
annual building electricity use intensity was defined.
During the model verification process several
important lesson were learned.

First of all, the model shows that the use of air
conditioners dominated the energy usage in
residential buildings in the Djibouti city. Therefore ,
the electricity consumption patterns of residential
building would be significantly affected during the
extended summer period (April-october), the
identifying the frequency and patterns of use of air-
conditioners in relation to indoor thermal comfort
should be a basic step in any future investigation.

Secondly, the study revealed that all surveyed
building had a very poor thermal performance and
indoor air quality. The building envelopes of most of
the buildings investigated are the airtight, with single
glazed opening, with non-insulated walls and without
shading treatment. On the other hand, more than 60
% of building have been equipped with at least one
air conditioner unit which results in peak electricity
loads that the existing electricity grid cannot provide.
Thus the potential in energy savings in the building
sector are necessarily and in the same time high.

The survey findings revealed the most building were
equipped with air conditioners, frigdes, fans and
television. However, almost all appliances have no
energy description labels. There must be an effort to
phase out poor quality and high energy consumption
product. There is a potential of energy saving in the
existing building stock if high efficiency equipment
and appliance are used.

The last remark is related to global climat change and
the heat island effect. The increasing trend of summer

discomfort is creating on top of the current energy
demand an incremental demand due to cooling. The
continuation of this trend will imply a greater demand
cooling in Djibouti city. This increased cooling
demand is unwanted given its impacts on energy
consumption and grid feeding stability and the
vicious heat insland effect.

A solution to those problems might be switching to
solar electric air conditioning systems to break this
circle in the future. The use renewable energy
technology for cooling residential building in
Djibouti are investigated.

This study proves that there is sufficient evidence that
energy efficiency can be improved in the building
sector. Despite a great part of precious resources
being wasted daily, there is an opportunity to reduce
the apartment consumption of energy resources
through improved end use utilisation efficiency.
Improving the end-use utilisation efficiency may be
achieved by improving the envelopes, operation
patterns and by installing more efficient appliances.

The present study is an essential first step toward
establishing models for the real application of a new
energy standard in Djibouti.

CONCLUSION

Based on the data collected from surveying almost 25
residential building with different type of
construction. The representative models have been
constructed for the representation of typical
residential building in Djibouti. The key findings
from those survey have been summarised in this
paper. The survey results include building physical
characteristics and occupancy energy profiles. Also
based on that set of data, average operating patterns
of appliances were identified. These energy
characteristics of residential buildings were intended
to be used to model representative benchmark and
reference condition of residential building in
Djibouti.

The survey results show that electricity use is
significantly dominated by the seasonal use of air
conditioners. The use of fans reduced the total annual
operation hours of air conditioners, in particular
during the early and late summer periods. The
average energy use per residential building is
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between 16 kWh/m2/year and 36 kWh/m2/year. In
addition, the frequency and pattern of use of
appliances has been identified. Finaly, the results
presented in this paper, can provide a good basis for
investigating the potential energy savings of applying
the new Djiboutian energy standard.
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ABSTRACT

Insulation materials run the gamut from bulky fiber materials such as fiberglass, rock and slag wool,
cellulose, and natural fibers to rigid foam boards to sleek foils. Bulky materials resist conductive and -- to a
lesser degree -- convective heat flow in a building cavity. Rigid foam boards trap air or another gas to resist
conductive heat flow. Highly reflective foils in radiant barriers and reflective insulation systems reflect
radiant heat away from living spaces, making them particularly useful in cooling climates. Other less
common materials such as cementitious and phenolic foams and vermiculite and perlite are also available.
The Initial energy costs include the amount of energy consumed to produce the material. The long term
energy cost is the economic, ecological, and social costs. Sometimes people take into consideration the
energy savings or durability of the materials and see the value of paying a higher initial cost in return for a
lower life time cost.so, This work presents a study of numerical simulation aiming at the role and the
influence of the insulation by the mud Reduced like a local material to the town of Bechar located at the
south west of Algeria (SAHARA OF Algeria), we are interested in a comparative study for pursued these
goals. In this context, an analogy was used for the functions which are discretized by the finite difference
method and integrated in the FLUENT software which is based on the finite volume method. The results are
presented in the form of distributions of the isotherms, the streamlines, local and average Nusselt number of
which the goal to study the influence on comfort.

Key words: Building material, Materials Energy, Heat transfer, Thermal convection, CFD, Laminar flow.

NOMENCLATURE INTRODUCTION
Latin symbols Actually, the fast economic growth and high
g * Gravitational acceleration [m/s?] standards of living imposed the world to consume
H : Height of the cavity [m] large amount of conventional energy resources (fossil
Ie_ : \'"'Vhi i}elngktg of the cavity [[rrT\]W]] fuels) that drive environmental pollutions and climate

- all thickness changes. In addition, the dependency towards
ﬁp :Hggt(e;:rl;‘:::speeraégéf(f:i()c?z}]atnt pressure [yvlnﬁ%ﬂ conventional energy resources will empties the
Nu :Average Nusselt number [] sources more rapidly. Therefore, the effectiveness
t Time [s] utilization of energy becomes a main issue recently.
P : Pressure [Pa] Various renewable energy systems were developed to
Tc  :Temperature of hot wall [K] enhance energy efficiency such as thermal energy
P: -'Ifrﬁ;gig?frrgture of cold wall H% storage (TES) system [L]. TES is the temporary
X, Y ‘Dimensionless coordinates [] energy storage medium for later used. It provides
U,V :Dimensionless velocity components [] realistic solution to increase the efficiency of the
Pr :Prandtl number [-] energy utilization and management. This technology
Ra  :Rayleigh number [] is an elegant energy technology which can be used in
Greek letters various industries especially building industry [2-5].

) ep ) There many important factors influencing electricity
g :@ggmiligr:fgfsgl;%nsion [m[/Ks_l] use in sahra of algeria . One is economics and
A : Thermal conductivity [W/mK] population growth and the other is hot weather. As
n :Dynamic viscosity [Kg mY/sT expected, electricity use increased as economic
p :Density [Kg/m?] activity and population, both increased. Hot weather
AT :Temperature difference [
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also increases electricity demand for air conditioning.
Thermal comfort is dependent and influenced by a
range of environmental factors viz. air temperature,
radiant temperature, humidity, air movement,
metabolic rate or human activity [6,7]. Where
buildings are large consumers of energy in all
countries, especially in regions with extreme climatic
conditions and a substantial share of the energy goes
towards heat and cool buildings [8].The new
European energy regulation now considers a high
standard of thermal protection in buildings with
reasonable energy consumption, satisfactory thermal
comfort conditions and low operational costs [9].
Numerous studies across the world have shown the
impacts of hot working environments on the working
population [10-14]. In the context of climate change,
and in the view of predictions made by
Intergovernmental Panel on Climate Change (IPCC)
[15-18], to meet occupants thermal comfort
requirements traditional systems use a lot of energy.
The insulation strategy provides a better thermal
climate. Building insulation materials are the
building materials which form the thermal envelope
of a building or otherwise reduce heat transfer, but
Many insulations are made from petrochemicals and
may be a concern for those seeking to reduce the use
of fossil fuels and oil. A significant portion and An
important part of these not isolated external walls
are massive solid  brick  wallsorthe  thermal
perceived in  buildings was aimed by
some research [19-22].Insulation may be categorized
by its composition (natural or synthetic materials),
form (batts, blankets, loose-fill, spray foam, and
panels), structural contribution (insulating concrete
forms, structured panels, and straw bales), functional
mode (conductive, radiative, convective), resistance
to heat transfer, environmental impacts, and more.
Sometimes a thermally reflective surface called a
radiant barrier is added to a material to reduce the
transfer of heat through radiation as well as
conduction.

The choice of which material or combination of
materials is used depends on a wide variety of
factors. Some insulation materials have health risks,
some so significant the materials are no longer
allowed to be used but remain in use in some older
buildings such as asbestos fibers and urea. Also, the
cost can be high compared to the traditional
insulation. The interior or external insulation does
not often becomes the only possible solution in
particular with the old buildings in the Sahara of
Algeria. Hygrothermal parameters of the existing

wall material should be reported and well known for
designing powerful and durable walls in the time
study. First, in this paper , CFD software is used as a
technique to modelling the behaviour of fluid and
the thermal convection between the externel wal of
the house and air with different Rayleigh numbers
[103< Ra<10%], This work presents a study of
numerical simulation aiming at the role and at the
influence of the insulation by the mud as a local
material at the city of Bechar situated in the south
west of Algeria, or we are interested in a
comparative study for aimed these goals. We have
added both concrete and adobe materials
respectively, in triangular shapes. In this context, an
analogy was used for the used functions which are
discretized by the finite difference method and
integrated in the Fluent software, which is based on
the finite volume method. The validation of this
procedure was confirmed by comparing some
obtained results. The results are presented in the
form of distributions of isotherms, Stream lines and
the local Nusselt number and average Nusselt
number with the aim to study the influence on
comfort in buildings.

GEOMETRIC CONFIGURATION

Adiabatic wall

21240U00 2yl |

FLUID

Tc

phw ayL

= '\ Adiahatic well

Figure 1
Schematic of the studied configuration

By giving two configurations, one to describe the
wall without insulation or the exterior wall is
constructed only with the concrete and the other
with an insulation mud in a triangular shape. Studied
the configuration is shown in Figure 1. The
Temperatures imposed are experimentally captured
in a day of summer in August in the town of
Bechar. To model this phenomenon, we used a
square cavity of length L and a height h. The left
and right vertical walls of the cavity have equal
temperature for the dimensionless case, respectively
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Tc=1, Tf=0equalto 0 forthe case, and the other
walls are kept adiabatic. The form factor is A =H/L=
1.

To simplify the problem, assume that:

* The fluid is Newtonian and incompressible.

* The heat dissipation by viscous friction is
neglected.

* The Boussinesq approximation is considered

OBJECTIVES
We can express our aim for this study in the following
points:
e Study the Modelling of the coupling of
convection - conduction.
e  Study of the effect of the distribution of the
heat inside buildings on the convection.
e  Comparative study between the construction
of buildings with and without insulation.
e  Study the effect of the Rayleigh number on
the convection in building.
° Test the reliability of the insulation with the
Mud as local material.

MATHEMATICAL MODEL

The fluid is assumed incompressible and obeys the
Boussinesq approximation. In  these cases,
continuity in two dimensions and the equations
governing the flow and energy is given by:

Continuity.
U v _, o)
X v
X-momentum.
A TR VRGN N TR
ot oX o  poX
Y-momentum.
AT RV A X S VI LU )
ot oX o  poX oX
Energy.
ﬂJruﬂJrvg: A VT + ! 1) (4)
ot oX oY PC, PC,

The derived equation of motion (2) over Y and the
equation of motion (3) by contributing to x, then,
after subtracting the two equations obtained, we
obtain the equations dimensionless variables in
writing Helmotz in terms of vorticity and stream
function formulation are as follows:

99,392 v 22 _prvigiRapr Il (5)
ot aX oY oX
2 2 2
T YT T DT T 0 U
ot oX oY oX oY* pCpaaT
o’w Oy
+ =-w (7)
oX? oY?

The stream function and vorticity are related to the
velocity components by the following expressions:

Uza—w,v= ¥ and @=L _MY (8)
oY oX

oX oY

The dimensionless parameters in the equations
above are defined as follows:

x=2  y=X u=Y
H H u;
9)
v=" p= PZ,T: LI zt
u, ou, T, -T, L°/a

For solid, we are interested only in the following
heat equation:

2 2
aq_LET 2T (10)
o a o’ oy’

THE THERMOPHYSICAL PROPERTIES
OF THE USED MATERIALS

a) for the concrete
1) Thermal Conductivity :1.75 (k)
2) Density : 2200 (kg/m?)
3) SpecificHeat :878 (J/kg K)
b) for the mud
1) Thermal Conductivity: 0.12 (k)
2) Density : 700 (kg/md)
3) Specific Heat  :1000 (J/kg K)

PROCEDURE OF SIMULATION

The numerical calculation was conducted using the
computer code "fluent” 6.2.13. The numerical
procedure used in this work is that of finite
volume.

It involves the integration of differential equations
of mathematical model on finite control volumes
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for the corresponding algebraic equations. The
SIMPLE algorithm [24-25] was chosen for the
coupling speed pressure in the Navier-Stokes
equations on a staggered grid. The convective terms
in all equations are evaluated using the schema
apwind first order.

The discretization of the time term is made in a
totally implicit scheme. The convergence of the
solution is considered reached when the maximum
relative change of all variables (u, v, w, p, 1)
between two successive time is not less than
10%.With an aim of following well any variation of
the fields thermal and hydrodynamic , we used a
uniform grid of 12126 nodes and 12317 Elements
in unsteady mode.

RESULTS AND DISCUSSION

The structure of the flow, the temperature field and
heat transfer through the hot wall are discussed in
this section. In this study, to target the most
important goal, we will show and studied the effect
of the insulation by the Mud on dynamic and
thermal behavior of the fluid in the cavity. Taking
the Prandtl number equal to 0.71 because the fluid
used is air

ISOTHERMS
B ([ [TTTTT 777

TEMP. 005 0.1 015 02 0.2 03 035 04 045 0.5 0.55 06 0.85 0.7 0.75 0.8 0.85 0.9 089

Figure 2
The Isotherms For uninsulated wall (For wall of the
concrete only), Ra=10%, Pr=0.71

B [ (T TTTTT [T

TEMP. 009 0.1 045 02 0.2 03 035 04 045 0.5 095 06 065 07 0.75 08 089 0.8 089

TTTTTT]

/////// /
s Y /
/ i ’/ ’ I

Figure 3
The Isotherms For Insulated Wall, (Mixture Wall of
the concrete and the mud Ra=10% Pr=0.71

Figure 4
The Isotherms For uninsulated wall (For wall of the
concrete only), Ra=10%, Pr=0.71

Figure 5
The Isotherms For Insulated Wall, (Mixture Wall of
the concrete and the mud), Ra=10°, Pr=0.71

The isotherms are shown in Figures [2-5]. The
heat distribution in the cavity is in accordance
with the fluid circulation revealed by isotherms
and iso currents. Indeed we find a heating fluid
from the interface, if it causes the change of the
heat distribution in the cavity (see figures) for
different numbers of Rayleigh For a fixed value of
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the number of Prandtl equal 0.71. Gradually, as the
Rayleigh number has increased, the isotherms
become increasingly wavy and heat transfer
increases, so the flow intensifies and natural
convection is expanding and predominates (natural
convection is predominant).

NUSSELT NUMBERS
Figure 6 shows the variations of average Nusselt
numbers versus the differents Rayleigh numbers

B

(5]
th

—— mixture Wall ofthe concrete a
——ie— wWall of the concrete Only

Ll

N u ( Avera ge Humber )
oo

in

Figure 6
Profiles of average Nusselt number, for different
values of Ra=10%10%10° and 108, for uninsulated
and insulated walls, Pr=0.71.

Also, we report the influence of the Rayleigh number
on average Nusselt number. We found a significant
influence. The increase in average Nusselt number is
accompanied with the increase of Rayleigh number,
For both configurations studied, firstly wall built
with concrete only and the second case, the wall built
of concrete 50% and 50% of the mud in a triangular
shape as is shown in Figure 1.consequently Improves
the heat transfer. Despite it is clear that it becomes
important for every increase of Rayleigh because of
the change in the exchange ratio between the wall
and the air, and because the inertia and the thermal
resistance of the mix (concrete + mud) are large
relative to the construction of walls by concrete only.
A difference of around 43.22 % on average between
insulated and uninsulated walls to Ra = 10° for
example.

CONCLUSION

The idea of this work is based on actual events; the
objective of our work was to study the behavior of
the air in house with two-dimensional numerical
study of natural convection or (where) laminar flow
is considered on is interested by conduction or
convection coupling. Solving equations governing
natural convection written Helmontz’s variables v
and o which are discretized by the finite difference
method. We validated this work for the
hydrodynamic and thermal studies in the cavities
where he showed good consistency. For our
simulation, we presented the streamlines, isotherms
and the influence of key parameters such as
positioning after the interface and the number of
Rayleigh, the convection. We have shown by this
simulation, the following:

1. Convection affects the structure of the isotherms.
2. The temperature of the fluid increases
dramatically with increase in Rayleigh number.

3. The Interior thermal isolation reduces the losses
of heat and minimizes the energy needs (request of
heating) and thus reduced in fact, at the same time:
the invoice, consumption and pollution.

4. The Mud is insulating effective which to
guarantee the comfort and the air quality
inside the building

5. The interior thermal insulation helps to preserve a
constant temperature in the integrality of your
housing in winter or summer.

6. The Inside thermal insulation has a promising
future provided that all actors, around the sector of
construction are justified and motivated and
conscious of the ecological and financial issues.

7. Insulation not only add insulation to the wall
either inside or outside, but you can even use local
materials in the Sahara of Algeria as insulation and
construction material simultaneously as Adobe that
are many and which can reduce the heat transfer to
43%.
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ABSTRACT

The study is done on an apartment of 85 m?, located in Tangier. A south facing facade receives a continuous
sunshine all day. The outer walls are hollow brick Double skin spaced from an air knife (10 cm), the inside
walls consist of simple dividers, while the ceiling and floor are concrete 30 cm thickness.

The aim of this study is to evaluate the hygro-thermal behavior of a multi-zone apartment located in northern
Morocco by using the TRNSYS16 software, and compares its results with those from a study with CODYBA
software and to estimate the heating load in January and the air conditioning load for the month of august.
Meteorological data and building materials properties are those used in the north of Morocco.

NOMENCLATURE

Text: external temperature in (°C)
Trs: inside resultant temperature (°C)
Hext: external relative humidity (%)
Hint:internal relative humidity (%)

INTRODUCTION

Morocco is poorly endowed with energy resources
and imports over 96% of the energy it consumes.
36% of the overall energy consumption goes to the
residential and tertiary sector, the housing sector
emits more than 30% of greenhouse gas (GHG)
emissions responsible of global climate on global
warming.

The increasing of the standard of living, and the
availability of heating and air conditioning equipment
at low prices, thus everyone has the possibility of
heating in winter and cooling in summer. While the
majority of existing electrical networks in some urban
areas are not designed for these power calls, which
weakens them.

In addition the demand for electricity could quadruple
by 2030.

The aim of this study is to compare the simulation
results of two TRNSYS16 and CODYBA software.
The study is to make a hydrothermal simulation of a
local multi-zone and estimate the heating load for the

month of January and the air conditioning load for
the month of August.

DESCRIPTION OF THE LOCAL
STUDIED: The study is done on a flat in the city
of Tangier in northern Morocco, with an area of
85m2. A south-facing facade receives a continuous
sunshine throughout the day; the plan of the
apartment is on (figurel)

North

Glazed

Kitchen

Port '\ i % I
- ouloir , 74 /

Living room

East

Bedroom

D

Figurel
Plan of the apartment studied

The exterior walls are brick Hollow double skin
spaced from an air knife (10 cm), the interior walls
are consist of simple dividers, while the ceiling and
the floor are concrete 30 cm of thickness. The
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structure construction in northern Morocco exterior
walls appears on (figure2).
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Figure2
Structure of an external wall

WEATHER DATA: Meteorological data were
measured on the Tangier weather site over the two
years 2003 and 2004.

BUILDING MATERIALS USED IN
NORTHERN MOROCCO: There is no reference
to access the average values of thermo-physical
characteristics of the materials used in Morocco.

In our case, we take the thermos-physical properties
of construction materials used in the north from the
library TRNSYS16 software that is very rich.

HYGROTHERMAL MODELING OF THE
APARTMENT: TRNSYS is a particularly suitable
for dynamic simulation software system, the thermal
behavior of multi-zone buildings and associated
systems. Because of its modular structure, it can
describe complex systems with many components
(types) included in its library. The TRNSYS
environment comprises two sub-programs:

e TRNSYS Simulation Studio, host structure
for both the development of new numerical
models and implementation of dynamic
simulations,

e The TRNBUILD interface, which defines the
building envelope structure.

Modeling assumptions
Conditions considered for the simulations are as shows
in Table 1, the air change rate is represented in table2.

Modeling in multi-zones:

In order to have a more detailed model of a house in
function of their use, the studied apartment is divided
into four climatic zones.

These areas are the following (figure 1)

Zone 1: The living room (Z1)

Zone 2: Bedroom 1 and 2 (Z2)

Zone 3: Kitchen and bathroom (Z3)

zoned: Hallway (Z4)

Tablel
Internal loads of the apartment
Entity Nb | power unoccupied
(w/unit) | scenario

from 8h to 12h
and from 14h
to18h

from 23h to 6h,
8h tol2h, and

occupants | 4 130

equipment | 4 60

from 14h to
18h.
lamps 4 40 from 00h to 18h
Table2
The air change rate of apartment
volume scenario of operating
flow rate
(m3/h)
living 90 From 8h to 14h and
room from 17h to 20h.
Bedroom | 100 From 8h to 12h and
land 2 from 14h to 18h.
kitchen 80 From 7h to 12h and
from 14h to 22h.

RESULTS AND DISCUSSION

All the results for different parameters characterizing
the atmosphere of the studied apartment (the interior
temperature and humidity) will be presented as
graphics and will be compared to those of the study
by CODYBA.

We determine the evolution of these indicators over
time, which will allow us to estimate the annual
consumption for heating and air conditioning of the
local.

Evolution of temperature: The figures 3 and 4
show the evolution of temperatures for the months
of January.

We got changes in temperature in the various local
areas.

We observed changes in these two parameters of a
zone to the other, it’s caused by radiation received
via glass surface of this areas.

However the development of Zone 3 is higher,
considering its operation.

There is a bit difference in the half of the months
that caused by the difference between method of
calculation for each software.

There is a similarity between temperatures in
different zones with TRNSYS16 and CODYBA.
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Figure3
Resulting temperature of the apartment for the month
of January (01/01 to 15/01) with TRNSYS 16
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Figure4
Resulting temperature of the apartment for the month
of January (01/01 to 15/01) with CODYBA

For the months of august as shown in figure 5 there is
a similitude between temperature results with
TRNSYS16 and CODYBA for all zones.

Evolution of humidity: We got changes in relative
humidity in various local areas; it present presents a
variation from one to another zone in multi-zone
modelisation.

The humidity is maximum in zone 1 and 2 because of
the ventilation. It is minimum in the zone 3 and 4
because they are regularly ventilated.

we find the same values for both software.

For the months of august we have same comments as
the months of January .

The advantage of this software is to perform
simulations of the evolution of different parameters
characterizing the internal atmosphere of the
building.

(a)Simulation with TRNSYS16
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(b)Simulation with CODYBA

Figure5
Resulting temperature of the apartment for the
month of august (01/08 to 15/08) for two
Software.
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Figure6
Resulting humidity of the apartment for the month of
January (01/01 to 15/01) for two software

CONCLUSIONS

TRNSYS 16 allowed us to model the building in
dynamic regime.

All simulations results helped us to estimate the
power of heating and cooling during winter and
summer periods.

To dimension an air conditioning system adequate; in
January we need around 160kwh of heating energy to
keep the temperature at 18°C (winter comfort), wish
is higher than what they estimate with CODYBA
software.

And 540kwh of cooling energy to keep the
temperature at 25°C (summer comfort) wish is higher
than what they estimate with CODYBA software.
This difference in results is due to the calculation
methods of the two software.

the calculation method of TRNSYS is to make the
heat balance on all sides, unlike the software that
CODYBA considered as the rays that come through
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Figure7

Resulting humidity of the apartment for the month
of august (01/08 to 15/08) for two software.

the window to the floor and is reflected to the other
walls.

This software help to gain valuable time, an
improving the reliability of the results in the study
and the design of the thermal insulation, heating and
air conditioning of a housing, and a study of the
thermal behavior of the building.

KEYWORDS
Energy simulation, comfort heat, air temperature
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ABSTRACT

The protected crop cultivation in the moderate climate requires heating almost every day during the season,
either for raising the temperature, or for reduction of air humidity. The required amount of heat might be
partially met by accumulation of excessive heat from the conversion of solar energy entering the plastic tunnel
or greenhouse.

Experiments were carried out in two identical greenhouses, each with 15 m? ground area. Rocks were filled in
a canal excavated and insulated in the soil of one of the greenhouses. Greenhouse air was pushed through the
rock-bed by a centrifugal fan with 1000 m*h air flow rate and controlled by two thermostats when the energy
storage or release was required.

The operation of this system is as follows:

- The day when the greenhouse is warm injected excess heat in rock-bed accumulator.

- The night when the temperature of the greenhouse is very low, the heat stored in the rock-bed accumulator is
discharged into the air inside the greenhouse, which will help heat the greenhouse at night.

The results of this study showed that the rock-bed system created an air temperature difference of about 1-2 °C
at night, between the two greenhouses, the control one having the lower temperature. Furthermore, the rock-

bed system kept the inside air temperature higher than that of outside air at night.

KEYWORDS

Agricultural Greenhouse, microclimate, heating, rock bed

NOMENCLATURE

Texp: Temperature inside the greenhouse with system
of heating (°C)

Ta: temperature outside the greenhouse (°C)

Twh: Temperature inside the greenhouse without
heating system en (°C)

U : Wind speed (m/s).

D, : wind direction (deg)

Rret : Net radiation (W/m2)

R : Outside global radiation (W/m?)

Tsoit : Temperature of soil surface (°C)

Trocks Temperature of inside rock bed (°C)

INTRODUCTION

A greenhouse is a structure covered with transparent
materials that utilize solar radiant energy and provide
optimum growing conditions for plants [1].

Heating applications in greenhouses have an
important effect on the yield as well as on the quality
and the cultivation time of the products. Optimization
of air temperature in greenhouses is of particular

importance in relation to plant growth and
development. In order to keep the greenhouse
temperature considerably higher than outside
temperature, heating is frequently needed during
cold seasons
There are two types of agricultural solar
greenhouses which utilize solar energy for heating
purposes
Firstly, the passive greenhouses, which are utilized
as collectors and designed for maximizing the solar
heat gains by using a special cover and structure
materials [2].
Secondly, the active greenhouses, which are
equipped with solar systems that utilize a separated
collecting system from the greenhouse with an
independent heat storage system, such as adding
thermal energy inside the greenhouse from an air
heating system in addition to direct thermal heating
[3]. [4], [5] and [6].

The Classification of various systems of heating
agricultural greenhouses as shown in fig 1:
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Greenhouse Heating system

Water storage

Rock bed storage

PCM storage

Movable insulation

Ground air collector

North wall

Mulching

Fig 1: Classification of various systems of

heating agricultural greenhouses [7].
The capacity to benefit from the excess of diurnal
energy depends mainly on the investment costs
related to a capture system installation and
distribution of this heat. Thus, this exploitation mode
is profitable if the savings in heating are higher than
the installation system cost.

Greenhouse heating by a solar system is more
profitable. While it is less powerful than a
conventional system, it does not pollute. It cannot
alone meet the total requirements for heating, and
therefore it is the fuel boiler which is used as a
auxiliary system and not a solar system [8].

MATERIAL AND METHODS
Site and structure of the greenhouse

The experiments were carried out in two agricultural
greenhouses installed in the experimental station of
Regional Center for Agricultural Research of Agadir,
located near the side (30°13 Latitude, 9°23
Longitude, 80m Altitude). The experimental
greenhouse has an area of 15m? (5m width by 3m
length) and a height of 2.5m at gutter level and 3m at
span level. The greenhouse was covered by a 200um
polyethylene thermal film and the orientation of its
spans was North-South, i.e., perpendicular to the
prevailing wind direction (figure 1).

Figure 2: The greenhouse

The climate is semi-aride dominated by alternating
hot and dry season and wet and temperate season
with large regional nuances. Figs. 3 and 4 represent
the meteorological data of the average monthly
global solar radiation and ambient temperatures in a
period of 2013-2014. These figures show that the
highest monthly average radiation are detected in
May & July (310 W / m?), and the highest monthly
average ambient temperature are detected in August
(24°C). The minimum monthly average radiation is
150W / m? while the minimum monthly temperature
is 12°C in January.
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Fig. 3. Monthly variation of the global solar
radiation for the 2013-2014 periods in Agadir.
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The culture:
The crop is tomato type Pristyla. The rows are
oriented North South, perponducular to the wind
direction. Irrigation is provided by a system of drop
by drop.
The culture has the following characteristics:

- panting date: 28 /10/ 2015

- Total number of plants : 9

- Distances between plants : 0.4m
Experimental measurements
In order to characterize the inside climate of the
greenhouse, we have measured the following

parameters (Figure 4):

- Net radiation Ryet under the plastic cover

- Air temperature Te and Relative humidity H,

- Temperature of greenhouse walls and roof, soil
surface & inside rock bed ,

- wind speed U and wind direction Dv

- Outside global radiation Re.

2 !
Fig: 107 Temperature
Probe

Fig :HMP50, Temperatur
e and Relative Humidity
Sensor

Fig : Campbell Scientific's
CR3000 Micrologger

Weather station

HEATING SYSTEM USING THE ROCK
BED ACCUMULATOR

Description of the system

As it is shown in fig.4, The storage system
consists of a cylindrical tube of PVC 200 mm in
diameter filled with gravel diameter between 4 and
8 cm placed on the floor of the greenhouse.

s e e e e S & R S L S

AT AT AT AT, AT ANl AT AN

Figure 5. Schematic of the prototype with rock
bed installed in the greenhouse.

During the day, excess solar heat is collected and it
is recovered at night in order to satisfy the heating
needs of the greenhouse. The day when the
greenhouse is warm injected excess heat in rock-bed
accumulator. The night when the temperature of the
greenhouse is very low, the heat stored in the rock-
bed accumulator is discharged into the air inside the
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greenhouse, which will help heat the greenhouse at
night.

In order to evaluate the benefit of using the solar
heating system for the experimental greenhouse,
another similar greenhouse without a heating system.
Which we name the reference greenhouse, is
installed next to the first one, and contains the same
cultivation.

Reason choosing the rocks as storage materials?

In addition to criteria defining the suitability of a
material to store sensible heat (thermo-physical
properties, cost effectiveness and environmental
aspect), other characteristics such as abundance,
chemical and mechanical properties, as well as
resistance to thermal shocks are decisive criteria for
choosing the best material allowing effective thermal
storage and long lifetime. Tiskatine et al. [8].
performed an petrographic and thermo-mechanical
analysis on thirteen different rocks of the region at
laboratory scale. The choice of these rocks is
justified by the fact that they include the three major
categories existing on earth. The best correlations
between physico-mechanical properties have been
found, and a great influence of these properties on
the lifetime of rocks has been observed. The analysis
of the obtained results showed that the Quartz and
calcite are the principal minerals controlling rock
physico-mechanical properties

Effect of the system on the internal
temperature of the greenhouse

Fig 6 represents the variation of the temperatures,
inside the experimental greenhouse, and inside the
reference greenhouses and the ambient temperature.
In order to show the effect of heating clearly, two
days were chosen. It is found that the temperature of
the outside air is always lower than the temperature
of the air inside the greenhouse.

At night the temperature of the experimental
greenhouse is higher than that of the greenhouse
light, the difference may reach 1-2 ° C, and reverse
the day. So this system we managed to partially heat
the air inside during the night and the day it cool
down.

—u—Witness greenhouse
e Experimental greenhouse r——

= 4 Ambiant temperature
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Fig 6: Ambient temperature(T,), and air
temperature inside greenhouse with (Tex) and
without water heating(Twn) as a function of day

times.

Figure (7) shows the evolution of the overall
external radiation and net radiation inside the
greenhouse. Global radiation in this period is
maximum during the day than 670W / m2 and
minimum night. The net radiation in the greenhouse
is highest during the day ( 670W / m2) and
minimum night (-15W/ m2).
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Fig 7 : Evolution of the overall external
radiation (Rg)and net radiation inside the
greenhouse (Rret).

Figure (8) shows the evolution of the temperature
pebble rocks, experimental greenhouse and soil of
the greenhouse.

- On the day the temperature of the air in the
experimental greenhouse is higher than that of the
rollers of rocks.
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- At night the temperature pebble rocks is higher
than that of the air inside the greenhouse, it is the
heat that has been stored by the rocks during the day.
This energy will be released into the air inside the
greenhouse to increase its temperature overnight. It is
found that the temperature difference between the
rollers of rocks and the air inside the greenhouse up
to 5 ° C at night, (discharge period of pebble
reservoir rocks), and day the difference can reach -10
° C (charging period pebble rocks)
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Fig 8: Evolution of the temperature pebble rocks
(Trocks), experimental greenhouse (Texp) and soil of
the greenhouse (T o).

CONCLUSIONS

For greenhouse horticulture, climate control is
crucial to obtain both a high quality product and a
high yield. High quality is required to meet the
demands of the needs of consumers and high yield is
required for economic production.

Moreover, developing efficient and economical heat
storage systems and related devices is as important as
developing new energy sources from the point of
view of energy conservation.

This regulation system of the microclimate of the
greenhouse that we tested can:

- decrease the temperature in the greenhouse
during the night of 1 to 1.5 © C compared to the
greenhouse witness
- Increase the temperature of the air of the
experimental greenhouse of 1 to 2 per respect to the
greenhouse witness and 2 to 3 with respect to the
outside.
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ABSTRACT

Although the Moroccan climate is generally mild and temperate, both heating in winter and cooling in
summer are required to reach comfort levels in different regions. The building energy consumption related
to the heating and cooling can be reduced by several solutions like the use of suitable shading. This paper
presents a study of the effect of overhangs and fins on the heating and cooling energy demand in the city of
Marrakech. A simulation study has been performed using the TRNSY'S Simulation Program to determine the
required energy for heating and cooling depending on orientation of the window and the overhangs and fins
dimensions. Furthermore, practical tables, to determine rates of cooling energy reduction by using overhangs,

were established.

KEYWORDS: Energy Efficiency, Building, Shading, Overhangs, Fins, TRNSYS.

INTRODUCTION

The Moroccan Energy Strategy is one of the most
ambitious strategies in the Middle East and North
Africa region [1]. Its intention is to establish 42% of
total installed capacity from solar, wind and
hydropower resources by 2020 and to promote the
energy efficiency in several sectors. The building
sector is targeted by this strategy, since it consumes
36% of total energy of the country [2]. This
consumption is expected to increase in the future

decades with demographic and economic
development. Recently, on November 2015,
Moroccan  authorities have launched the

implementation of the first national thermal
regulation. It’s a starting point for the integration of
energy efficiency in building sector.

Furthermore, the Moroccan climate is generally mild
and temperate, but to reach comfort levels in several
regions, both heating in winter and cooling in
summer are required. The building energy
consumption related to the heating and cooling can
be reduced by using insulation of building’s
envelope, efficient glazing, and suitable shading.
Several numerical and experimental studies have
been conducted to examine the effect of various
factors on building energy consumption [3-8]. Many
of them focused on the effect of windows and
exterior shading [7-14]. Singh and Garg [7] carried
out energy rating of different window glazings
available in the Indian market. Jaber and Ajib [8]
studied the effects of windows’ U-value, window
orientation and windows size on annual heating and
cooling energy demand considering the both energy
and investment costs. Chan and Chow [9] reports the
findings on the energy and environmental impact due
to the provision of a balcony. Aldawoud [10]

investigated the performance and the effectiveness of
electrochromic glazing to prevent unwanted solar
heat gains from entering a conditioned space. Then,
he compared these performances to those offered by
conventional fixed exterior shading devices in
identical conditions. Babaizadeh et al. [11] employed
Life Cycle Assessment (LCA) to compare the effects
of three different shading materials on building
energy consumption and their impacts to the
environment within five major climate zones defined
by American Society of Heating, Refrigerating and
Air-conditioning Engineers (ASHRAE). Hoffmann
et al. [12] investigated twelve different coplanar
shades with different geometry, material properties,
and cut-off angles for two California climates: the
moderate San Francisco Bay Area climate and a hot
and dry Southern California climate. Jinkyun Cho et
al. [13] present an integrated approach for exterior
shading design analysis about energy performance
and economic feasibility in a high-rise residential
building (Seoul, Korea) by both numerical
simulations and field mock-up test for possibility of
installing. Hammad and Abu-Hijleh [14] explored
the influence of external dynamic louvers on the
energy consumption of an office building located in
Abu Dhabi-UAE. But there is a lack of such studies
for Moroccan cases since the first Moroccan thermal
regulation was promulgated recently and the
building energy efficiency had just taken the interest
it deserves.

In the present work, we focus on the effect of exterior
shading by Overhangs and Fins on heating and
cooling energy demand of building in the city of
Marrakech.

METHODOLOGY
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Prototype building: In order to predict the solar
shading effect of exterior overhangs and fins, a
simulation study has been performed using the
TRNSYS Simulation Program, Version 16.1. A box
shaped building zone with one window, no internal
gains and no ventilation is being investigated with
respect to specific heating and cooling energy
demands. The box dimensions are 4m X 4m x 4m.
The construction is massive with 8cm polystyrene
insulation. The window is a single pane window with
dimensions of 1.5 m x 1.5 m. In the base case, no
external shading is applied.

Climate conditions: The study is done for
Marrakech city climate conditions. Climate data are
available through the Meteonorm software. A typical
meteorological year corresponding to Marrakech city
was established.

Projection factor definition: Variations are as
follows: The orientation of the window varies in 45°
steps: S, SW, W, NW, N, NE, E, SE. For each
orientation, the base case, four overhang and four fin
situations are investigated.

This sum up to 72 simulation runs. The overhang and
fin variations distinguish projection factors (PF) of
0.15, 0.25, 0.4 and 0.6.

The projection factor for overhangs is expressed as a

dimensionless ratio defined as follows:

PFoverhangs:A/B (1)
with A and B are the width of the overhang and the
height of the window respectively as illustrated in
Figure 1.

The projection factor for the fin is expressed as a
dimensionless ratio defined as follows:

PFFinszA/B (2)

with A and B are the height of the fin and the width
of the window respectively as illustrated in Figure 2.

/
\\ B

-

Figure 1
Definition of A and B for the projection factor in
the overhang situation

I\\\\

E -

Figure 2
Definition of A and B for the projection factor in
the fin situation.

The distances between the overhang and top edge of
the window as well as fin and nearest side edge of the
window are set to zero. The single fin is always
placed in such a way that the sun is obstructed, e.g.
in case of the Western wall, it is situated on the right
hand side of the window viewed from outside
whereas the East facing window has its fin on the left
hand side.

RESULTS

The following four diagrams sum up the results for
overhangs and fins. In each case, there is one
diagram for the specific heating energy demand, and
one for the specific cooling energy demand with set
points of 20°C and 26°C, respectively. Units are
kWh/(m2.year).

Heating demand as Function of PF
Overhang

The following diagram (figure 3) sum up the results
for heating demand as function of projection factor
for overhangs with set points of 20°C expressed in
kWh/(m2.year).
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==Base Case ==15% 25% 40% —60%|

Figure 3
Influence of an overhang with varying projection
factors (PF) on the heating energy demand in
kWh/(m2.year) as function of orientation.

It is noted that for the base case, the heating needs
are more important for the North direction (about
30kWh/mz2.year), they are reduced by a third for the
East and West direction, whereas for the South
orientation, they are only about 10kWh/m2.year.
These heating requirements tend to increase using
overhangs especially at the South orientation, SE and
SW.

Cooling Demand as Function of PF
Overhang

The figure 4 sum up the results for cooling demand
as function of projection factor for overhangs with
set points of 26°C expressed in kWh/(mz2.year).

For the base case, the maximum cooling
requirements are registered at the direction E, W, SE
and SW (56-60kwh/m2.year). The orientation that
records the less cooling demand is North (N)
followed by the South (S), given that the use of
overhangs has more impact at the last orientation.

|— Base Case ==15% 25% 40% ==560%

s
Figure 4
Influence of an overhang with varying projection
factors (PF) on the cooling energy demand in
kWh/(m2.year) as function of orientation.

Heating Demand as Function of PF Fin

The following diagram (figure 5) sum up the results
for heating demand as function of projection factor
for fins with set points of 20°C expressed in
kWh/(m2.year).

|—Base Case —15%  25% —40% — 60%]

Figure 5
Influence of a side fin with varying projection
factors (PF) on the heating energy demand in
kWh/(m?2a) as function of orientation.

The thermal behavior of the building according to the
orientation follows the same logic as in Figure 3
(case of influence of an overhang), except that the
impact of the fins is reduced comparing it to
overhangs effect particularly for the South
orientation.
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Cooling Demand as Function of PF Fin

The figure 6 sum up the results for cooling demand
as function of projection factor for fins with set
points of 26°C expressed in KWh/(m2.year).

Table2
Fin Shading Factors

Fin Projection Factor

|—Base Case —15%  25% —40% —60%| 15% 25% 20% 50%
N 5.8% 84% | 10.7% | 12.4%

NE 6.3% 94% | 131% | 16.7%

E 3.5% 53% 7 2% 9.0%

SE 2.9% 43% 5.9% 7 2%

S 5.0% 7.3% 96% | 115%

SW | 30% 45% 6.0% 7.4%

W 3.7% 5.5% 7 5% 9.3%

NW | 6.1% 92% | 12.7% | 16.1%

Figure 6
Influence of a side fin with varying projection
factors (PF) on the cooling energy demand in
kWh/(m2a) as function of orientation.

Comparing to the figure 4, the fins have less effect
than the overhangs on reducing cooling
requirements. The most significant reduction is
recorded for directions NE and NW.

After simulating the effect of exterior shading by
Overhangs and Fins on heating and cooling energy
demand, we focused on cooling, because the city of
Marrakech has more requirements on cooling than on
the heating. For this end, we defined the shading
factors.

The “shading factor” is the ratio of cooling energy
reduction and base case cooling energy demand. This
leads to the following tables.

Tablel
Overhang Shading Factors
Overhang Projection Factor

15% 25% 40% 60%
N 2.7% 6.7 % 9.0% | 11.1%
NE 7.1% 10.6% 14.5% 18.0%
E 8.8% 13.8% 19.7% 26.2%
SE 10.5% 16.1% 224% 27.9%
S 11.5% 16.4% 21.1% 24 9%
SW 10.3% 15.8% 22.0% 27.4%
W 8.7% 13.6% 19.3% 25.4%
NW 6.9% 10.3% 14.0% 17.4%

These tables may be used as rough estimate of
shading effects. However, it should be noted that
heating energy demands go up with these measures.
Therefore caution is necessary in heating dominated
areas.

CONCLUSION

In recent decades, the traditional architecture has
been abandoned for modern methods of construction
that are not necessarily adapted to the Moroccan
climate. It’s the case of the city of Marrakech which
was known by overhangs made with local materials
(tiles). This study focus on the effect of exterior
shading by Overhangs and Fins, on building heating
and cooling energy demand in this city. Furthermore,
practical tables to determine rates of cooling energy
reduction by using overhangs were established.
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ABSTRACT

Energy efficiency requirements in buildings focus upon building envelope including elements, such as, walls,
roofs, doors, windows. This concept plays a large role in energy efficiency standards. In addition, building
orientation also plays a critical role on the thermal comfort of occupants. A review of the literature showed that
there is an absence of a direct mathematical formulation for the optimal calculation of the building orientation,
owed essentially to the large number of parameter to be considered, and it directs us to the methods based on
the machine learning. We developed a system, which detects optimal calculation of the buildings orientation,
based on the choice of the customer (Wall Area, Roof Area, Overall Height, Glazing Area, Glazing Area
Distribution, Heating Load, and Cooling Load).

In order to find the most adapted algorithm to our problem, we conducted a comparative study between several
classification algorithms (Bayesian Network, Neural network, Random forest...); But none of these algorithms
gave a correct prediction of the orientation, which is why we opted for a hybrid system based on the reduction

of the parameters with PCA and a classification system based on Random Forest K-means clustering.

INTRODUCTION

Since the implementation of the first measures in
favor of energy savings after the oil crises, then with
the fight against climate change, the question of the
energy efficiency of buildings was always in the
heart of the politics energy-climate, at an
international level. Reports realized on the energy
and climatic future; integrate all recommendations
concerning the improvement of the energy efficiency
in housing.

Energy efficiency requirements in buildings focus
upon building envelope including elements, such as,
walls, roofs, doors, windows) design. This concept
plays a large role in energy efficiency standards. In
addition, building orientation also plays a critical role
on the thermal comfort of its occupants [1]. Good
orientation, combined with other energy efficiency
features, can reduce or even eliminate the need for
auxiliary heating and cooling, resulting in lower
energy bills, reduced greenhouse gas emissions and
improved comfort. It takes account of summer and
winter variations in the sun’s path as well as the
direction and type of winds, such as cooling breezes.

Building orientation refers simply to the way a
building is situated on a site and the positioning of
windows, rooflines, and other features [2]. It is often
considered to optimize the sun’s capacity for daylight
and heat gain in winter. Therefore, each orientation

should be treated differently to optimize the result.
For example, windows facing north and south
generally have good access to daylight, should be
encouraged whilst windows facing west generally
have excessive solar heat gain, and therefore should
be minimized. Selecting the most optimal building
orientation is one of the critical energy efficient
design decisions that could have impact on building
envelope energy performance, as it can be used to
minimize the direct sun radiation into the buildings
[3].

In recent years, there has been a movement to
promote greater energy efficiency for buildings.
Several works had been done on building energy
efficiency. Lam et al [4] reported a study that
investigated the impact of fagade’s surfaces
orientation on the intensity of the direct and indirect
solar radiation; findings from this study showed that
the north has the lowest solar intensity. On the other
hand M. Al-Tamimi et al [3] investigation describes
the effect of building orientation in regards of solar
radiation absorbance in exterior walls. The results
show that eastern windows have more noticeable
effects on increasing indoor air temperature than
western windows; this can be applied to both
ventilated and unventilated rooms. Moreover the
objective of the work of K. M. Odunfa et al [5] was
to investigate the effect of building orientation on
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energy demand in buildings. They analyzed energy
efficiency through different building orientations.
The study established North/South  building
orientation as the best option for the building energy
efficiency. This building orientation also ensures
maximum ventilation and natural light in all climatic
conditions which invariably provides comfortable
living conditions inside the building. La Roche and
Liggett [6] expressed in their work, as well as the
others, that a climate responsive building design is
important not only because of the comfort and
because of the energy saving implications for its
users, but also because it helps preserve valuable
resources on our planet.

A review of the literature showed that there is an
absence of a direct mathematical formula that’ll
allow us to optimally calculate the building’s
orientation, which is owed to the large number of
parameter to be considered, and that leads us to use
the methods based on machine learning.

On the basis of an experimental database, our goal is
to develop a system that predicts the optimum
orientation of buildings, based on the physical and
energetic characteristics of the building and the
clients choice of the minimum and maximum thermal
loads.

CLASSIFICATION ALGORITHMS

As already mentioned the absence of a mathematical
formalism, leads to no other choice but machine
learning methods. We conducted a Data Mining study
using the best-supervised learning classifiers
(Bayesian networks, C4.5 decision trees, the Random
Forest and neural networks).

Bayesian Network: The Bayesian network is a
classifier based on the modeling of uncertain
knowledge by learning from data. Bayesian networks
represent all relationships between attributes as
graphs [7-8]. In practice to each variable, we
associate a node. Moreover, for each dependency
relation between two variables we associate an
equation to calculate the joint probabilities.

Decision Tree: The C4.5 algorithm is a supervised
classification algorithm. A decision tree is a tree in
the computer science sense it's the graphical
representation of a classification procedure [9]. To
generate of a decision tree, three questions should be
answered:

1. Decide if a terminal node (leaf)

2. Select a test to be associated with a node
3. Assign a class to a leaf.

Begin

Initialize the empty tree;

Repeat

Decide whether the current node 1is
terminal

If the node is then terminal

Assign a class

If not

Select a test and create the subtree
EndIf

Skip to the next unexplored node 1if

one exists

Until a decision tree

End

C4.5 use the training set to prune the resulting tree.
The pruning criterion is based on a heuristic to
estimate the actual error on a given subtree.

Rnd Tree: Rnd tree or Random Forest uses
decision trees, but takes a different approach [10-
11]. Rather than growing a single deep tree that is
carefully managed by an analyst, Random Forest
relies on aggregating the output from many trees
generated randomly. That means that: we use
random variable selection and random record
selection to generate many decision trees. The
output of the algorithm is the average output of all
the trees.

Neural Network: Based on a duplication of neural
connection, Artificial Neural Network (ANN)
present a distinctive classifier with the ability to
learn and memorize data[12]. Considered as an
heuristic algorithm ANN is easy to implement, we
just need to fix a few parameters (number of layer,
number of neuron in each layer, learning edges,..). A
neuron is a tiny processor, capable of handling a
simple function; a combination of a big number of
neurons can be very powerful and can smoothly
handle nonlinear problems.

PROPOSED STUDY
EXPERIMENTAL RESULTS

AND

The Dataset: The dataset was created by Angeliki
Xifara and was processed by Athanasios Tsanas in
Oxford Centre for Industrial and Applied
Mathematics[ 13]. The assessing the heating load
and cooling load requirements of buildings based on
the building characteristic. In our work, we consider
the heating load and cooling load as client choice
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like (Surface Area, Wall Area or Roof Area) and we
try to predict optimal orientation based this choice.
The dataset contains eight attributes (or features,
denoted by X1,X2,X3,X4,X5,X7,X8,y1,y2) and one
responses (or outcome, denoted by X6). The aim is to
use the nine features to predict the orientation X6.
Specifically:

Inputs:

X1 Relative Compactness

X2 Surface Area

X3 Wall Area

X4 Roof Area

X5 Overall Height

X7 Glazing Area

X8 Glazing Area Distribution

y1 Heating Load

y2 Cooling Load

Output:

X6 Orientation

Comparative Study: In this section we are going
to evaluate the classification algorithms already
presented (Bayesian networks, C4.5 decision trees,
the Random Forest and neural networks) using the
dataset to find the best classifier for our problem.

In our first test, we considered all the attributes of the
Dataset as the classifiers input and of course the
building orientation as output.

We used 90% of the data for learning and validation
and 10% for testing. The following tables (1, 2, 3 and
4) show the results obtained for each algorithm.

Table 1
Classification rate for the Naive Bayes Classifier. With
Lambda for laplacian = 0andHomoscedasticity
assumption=1. Execution time 15ms

Sum 0O 336 57 375 768

Table. 2
Classification rate for the multilayer perceptron. With
10 Neurons in the hidden layer, Validation set
proportion 0.2, Learning rate 0.15, Stopping ruleMax
iteration 100 and Error rate threshold 0.01

Error rate 0.75

Values prediction Confusion matrix
Value Recall Precision ol o2 03 04 Sum
ol 1 075 | ol 192 0 0 0 192
02 0 1 02 192 0 0 0 192
03 0 1 o3 192 0 0 0 192
04 0 1 o4 192 0 0 0 192

Sum 768 0 O 0 768

Table 3

Classification rate for the C4.5 algorithm. With Min
size of leaves=5 and Confidence-level for
pessimistic=0.25, Number of nodes=21 and Number
of leaves=11. Execution time 62ms

Error rate 0.7318
Values prediction Confusion matrix
Value Recall Precision 01 02 03 04 Sum
01 09635 0.742 | O1 185 4 2 1 192
02 0.0573 0620 | 02 175 11 5 1 192
O3 0.0365 0588 | O3 179 6 7 0 192
04 0.0156 04 04 178 8 3 3 192
Sum 717 29 17 5 768
Table.4
Classification rate for the Random Forest algorithm.
Execution timelms.
Error rate 0.5443
Values prediction Confusion matrix
Value Recall Precision ol 02 03 04 Sum
ol 0.9271 0.653 ol 178 7 5 2 192
02 0.3542 0.4237 | o2 114 68 9 1 192
03 0.2969 0.3448 | 03 112 23 57 0 192
04 0.2448 0.06 04 109 20 16 47 192
Sum 513 118 87 50 768

Error rate 0.7461
Values prediction Confusion matrix
Value Recall Precisi 01 02 03 04 Sum
on
ol 0 1 o1 O 84 14 94 192
02 04427 0747102 0 8 14 93 192
03 0.0781 0736803 0 84 15 93 192
04 04948 0.7467j04 0 83 14 95 192

Can Clearly notice that no algorithm can predict for
shore the orientation. To choose the best
performance was done using Random Forest with an
error rate of 54.43%.

View the results obtained in this part, the second
step was to analyze the attributes and check their
impact on the output.

Data analysis
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We chose to work with the Principal Component
Analysis (PCA) to analyze the entered data to find
the entered, which composes the main axes found by
the PCA[14-15]

The following table shows the main axes and their
contribution decision.

Table 5.
PCA analyze of the dataset

Ais  Eigen Difference Proportion Histogram  Cumulativ
value (%) e (%)
5.2224  3.6887 58.03% 58.03 %
15336 0.3149 17.04% 75.07 %
1.2187 0.4136 13.54 % 88.61 %
0.8051 0.6426 8.95% 97.56 %
0.1625 0.1295 1.81% 99.36 %

Note that the first two axes represent 75.07% of the
data to be extracted from the Dataset. In addition, the
use of three components allows Treaty 88%. The
following table shows the composition of each main
component.

Table 6
Input contribution in each PCA axis
Attribute Axis 1 Axis 2 Axis 3  Axis 4
X4 0.981 0.028 0.101 0.064
X5 0.981 -0.003 -0.103 0.057
Y2 0.922 0.291 -0.012 0.059
Y1 0.919 0.337 0.032 0.071
X2 0.886 0.448 -0.101 0.003
X1 0.864 -0.468 0.106 0.005
X3 0.243 0.847 -0.413 -0.126
X7 0.106 0.378 0.713 0.570
X8 0.035 0.233 0.704 -0.670
Var.
Expl. 5.222 1.534 1.219 0.805

The table shows the correlations and accumulated
correlations for each attribute in relation to four main
components axis.

Relying to the downgrading of the histogram of
Eigen values, we will only consider the first three
axis; sure, we only take into account 88% of

available inertia. However, we do not want to get a
comprehensive view of the data but only build on
sufficient information to produce a typology that is
relevant and interpretable

By considering the first three axis, the attributes
(X4, X5,Y2,

Y1, X2, X1, and X3) have a correlation
accumulation that exceeds 93%.

Proposed algorithm: On the basis of these
results we decided to eliminate the X7 and X8
attributes and resume classification calculations.

* We will add the three main axes extracted
from the principal component analysis, as additional
entries.

* To increase the degree of separation we
applied a clustering algorithm on the orientation
column he divided the data into two classes (class 1
composed of ol and 02 orientation and a class
composed of two orientations and 03 04. And we
added the orientation class column as additional
input
The following table shows the results obtained by
the Random Forest algorithm applied to the
improved data set:

Table.7
Classification rate for the Random Forest
algorithm applied to the improved dataset.
Execution time= 15ms.

Error rate 0.2995
Values prediction Confusion matrix
Value Recall Precision 0ol 02 03 04 Sum
ol 0.854 03518 | o1 164 28 O 0 192
02 0536 02137 | 02 89 103 O 0 192
03 0.895 03509| 03 O 0 172 20 192
o4 0515 01681 | o4 O 0 93 99 192

Sum 253 131 265 119 768

First, we can notice we have lower Error rate of
0.299, second all confusion appear on elements of
the same class of orientation ol with 02 or 03 with
04.

So what we can do is to consider two class of
orientation class 1(01+02) and class two (03+04). In
the first step,we look for the class of orientation
(classl or class?)as the output, and then we apply
the classifier again to separate 0l from 02 or 03
from 04. Table 8 the separation rate between ol and
02.
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Table. 8
Classification rate for the Random Forest
algorithm applied to separate between o1 and 02.
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CONCLUSIONS

In this paper, we propose a machine learning
approach to predict building orientation based on
client choices. The proposed system seems to be very
effective. The only inconvenient is that we always
need new data for new geographic location.
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ABSTRACT

This work aim to optimize the design of an air-conditioned multi-zone house integrated PCMs considering real-
life conditions and under north Moroccan climate conditions. The objective of this optimization is to minimize
heating and cooling loads. The methodology of this optimization is based on coupling between Energyplus® as
a dynamic simulation tool and GenOpt® as an optimization tool. The results show that the obtained optimal
design allows minimizing the energy consumption regarding to reference house without PCM.

Keywords : PCM, House multi-zone, simulation based optimization, energy performance.

NOMENCLATURE

PCM  Phase change material

IEE index of energy efficiency

HVAC Heating ventilation air-conditioning
W watt

Q Energy consumption
Ref Reference
Opt Optimal

ACH  Air change per hour
P.A Period activity

INTRODUCTION

Building sector is one of the major energy
consumers in the world, according to the
international energy agency (IEA), Buildings
represent about 32% of total final energy
consumption [1]. In the last years, the most
countries in the world has realized the importance
of energy efficiency improvements in buildings by
reduction of energy costs as well as integration of
renewable energy systems in building .

In Morocco as in other countries, it has been to
introduce progressively the concept strong concepts
and techniques to a better energy efficiency in
building sector, therefore a better management of
energy consumption and reducing energy costs.
Among the new technologies that aim to better
optimize energy consumption in building, it is well
known that building envelopes incorporated PCM
could increase significantly thermal inertia, and
limits the temperature fluctuations in the building

indoor environment, thus
consumption for air conditioning.
Several research studies have clearly shown that the
PCM can improve energy performances of buildings
by reducing heating and cooling loads with an
energy consumption reduction rates between 5 to
30% [2] [3]. Through an experimental study,
Bouzlou and al [4] conclude that PCM is effective
for storage of heating gains, and improvement of
thermal comfort in cubicle room located in
Casablanca in Morocco. Furthermore, it is clear
that the integration of PCMs in building requires an
additional Investment. The cost-effectiveness of this
Investment depends obviously on the quantity of
energy saving through integration PCM in building
envelope. In fact , the integration of PCM in the
building depend on multiple factors, such as
melting temperature, the quantity of the used PCM ,
and others factors that concerning global design of
building (Orientation, glazing area , infiltration rate
,...etc) [5].

In this context, finding an optimal design of a
residential building incorporating PCM s still a
complex task because we have to take into account
many parameters that allow us to describe a more
accurately the thermal performance of building. The
combination of a dynamic simulation building tool
and an optimization tool can help to find optimal
design with more efficient and faster ways [5].

By the way we aims to optimize the design of PCM-
enhanced house envelope. the objective of this
optimization is to maximize the energy performance
of the house by minimizing energy consumption for
heating and cooling. A parametric study is also
presented to illustrate the impact of each variable

reducing  energy
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variation on the thermal performance of optimal
design obtained .

METHODOLOGY

A simulation-based optimization was carried out by
combining Energyplus® and GenOpt® tools to
find the optimal design solution for a PCM-
enhanced house. The optimization concerning a set
of a predefined variable which are:

e The orientation of the house «o.

e The PCM melting temperature «T,,».

e The PCM layer thickness «eycp».

e The glazing windows type «Wype».

e The rate of glazing area «Rg,».

e The air infiltration rate « R, .

e Solar absorbance coefficient of the outside
surface of the external wall «C,».

Simulation software Overview: The simulation
was carried out by using Energyplus® software. It
is a thermal dynamic simulation tool and building
energy analysis and it allow calculating the indoor
air temperature and energy requirements for heating
and cooling to maintain a building in specified
temperature conditions [6].

Optimization tool: GenOpt® (Generic Optimization)
[7] is an optimization program for the minimization
of an objective function (HVAC energy demands)
evaluated by an external simulation software such
as Energyplus®(see Figure 1). It allows determining
the optimal value of each optimization variable
introduced in the study. The figure 1 shows how
Energyplus®( is coupled with this optimization
programmer. After each iteration, Energyplus® is
regularly restarted by a batch file (*.bat) embedded
in GenOpt®.

DESCRIPTION OF CASE STUDY:

House prototype: the optimization was carried out
for a multi-zone familial house with a surface of
64m2. Six thermals zone (see figure 2) was
considered in the simulation, the bedrooml,
bedroom2, living room, kitchen, the entry, and the
bathroom. Table 1 illustrates the structure of the

external wall. The house includes 3 fenestrated
facades, and the orientation of house is defined by
the surface azimuth angle o (Figure 2).

The indoor air temperature is controlled by an Ideal
HVAC system with 100% convective air system and
100% efficiency. The air set-point temperature is
fixed between 21°C and 23°C activated during the
occupied period. The house is equipped with lamps
and a set of electric equipment’s. The internal loads
and heat gains due to people activity, equipment and
lighting devices are reported in table 2.

Figure 2: 2D Floor plan

Optimization variables: The variables of
optimization has been defined in order to identify
guality and quantity of the appropriate PCM to
integrate into house envelope structure. Four PCM
qualities with different melting temperatures(Ty,).
(20 °C, 22 °C, 24 °C, 26 °C) were used. The
thickness of the PCM (enp) layer is comprised
between 0.5 cm to 2 cm. Furthermore four other
variables related to design building parameters has
been introduced which are able to define the energy
performance of the house .

Table 3 below summarizes all of the optimization
variables considered in this study.
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Figure 1: Coupling principle between GenOpt and EnergyPlus

Material Thickness Heat capacity Thermal conductivity Density (kg/m3)
(layer) (cm) (i/kg °C) (W/m °C)

Cement 15 1000 1,15 1700

Hollow brick 20 804 0,2 2732

PCM Layer 05-2 1132-15200 0,18-0,22 1400
Plasterboard 1 650 0,4 1200

Table 1: External wall structure

Lights Electric People HVAC
equipment’s occupation activation
P.A Energy P.A Energy Person P.A Energy P.A
(Hour) (W/m2) (Hour) (w) number (Hour) (w/person) (Hour/day)
Bedroom 1 10 5 2 140 2 10 120 24
Bedroom 2 10 5 2 660 2 10 120 24
Kitchen 6 5 24 600 1 6 120 12
Living room 4 5 4 660 4 4 120 12
Entry 8 5 - - - - 12

Table 2: Internal heat gains and HVAC system activation schedule

Optimization variable Unit Value/ designation

a Orientation house (Azimuth surface angle) ) -90/-45/0/45/90

T PCM Melting temperature o) 20/22/24/26

€pem PCM layer thickness (cm) 0,5/1/1,5/2

Rglai The rate of glazing area (%) 10/15/20

Wiype The glazing windows type - Double galzing/ simple glazing
Ri, The air infiltration rate (ACH) 0,1/0,4/0,7/1

C, Solar absorptance coefficient of the outside - 0,2/0,4/0,6/0,8

surface of the external wall

Table 3: Optimization variable
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PCM characteristics: Based on the physical
proprieties of the Dupont ENERGAIN® PCM
product [8] , four hypothetical PCM where selected
PCM_20, PCM_22,PCM_24, PCM_26 with the
melting temperature,20°C,22°C,24°C,26°C
Respectively. Figure 3 present the enthalpy-
temperature curve for these hypothetical PCM
products.

—=—PCM_20
350000 e PCM 22
—a—pCM 24

300000 -

150000

Enthalpy (j

100000

50000

T T T 1
0 20 40 60 80
Temperature(°C)

Figure 3: Enthalpy-Temperature curve

RESULTS AND DISCUSSION

The optimization results are shown in the table
below.

Description variable Valeur/Désignation

a 0

T 20°C
€pcm 2cm

Rl 10 %
Wiype Double glazing
Rin 0,1

Ca 0,2

Table 4: Optimal design variable

According to these results, the optimum PCM
melting temperature is 20°C. It would be adequate
to minimize the heating and cooling demand for the
moderate Mediterranean climate that distinguishes
the northern region of Morocco (climate zone
selected for our study).

Figure 4 shows a comparison between energy
performance of optimum design obtained for a
PCM-enhanced house and the energy performance
of a reference house without PCM. The rate of
reduction of energy consumption which is evaluated
with the index of energy efficiency (IEE)
(equation 1) shows clearly that the energy saving
achieved through this optimum design allow to

decrease significantly heating energy demand during
the-the cold and swing seasons( From November to
may). While, is still not significant during the
heating season. In fact, it is found that from June to
October, the index of energy efficiency (IEE) has a
negative value  which means that the PCM-
enhanced house is characterized by cooling
demands higher regarding to the reference house
(without PCM) .

The global annual index of energy efficiency (IEE)
is 3.34% which is particularly due to reduces in
heating energy demand.

IEE(%) = (1 - %) x100 (1)

tot,opt

[ Reference house
[ 1PCM Enhanced house
+— [EE

w343

g 8 8 8 8 %

HVAC energy consumption (KWh)
Index of energy efficiency(%o)

JAN FEB MAR APR MAI JUI JUL AUGSEPT OCT NOV DEC

Figure 4: Monthly HVAC energy consumption for the
optimal design PCM-enhanced house and the reference house.

The figure (5a, 5b, 5c¢, 5d, 5e, 5f) shows a
parametric evaluation of the impact of the variation
of each variable on the thermal performance of the
optimal design obtained.

In figure (5a), it's clear that the annual heating and
cooling demands increase progressively with the
increase of PCM melting temperature. The same
observation is valuable for the variation of the
glazing area (5c), the infiltration rate (5e), and the
solar absorbance of the outside surface of the
external wall (5f). In fact, the low infiltration rate
allows to limits the heat exchange between the
indoor air and outdoor environment and therefore
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reduces heat loss in winter and the overheating in
summer. The solar absorbance of the outside surface

the type of glazing, the glazing area rate; the air
infiltration rates; solar absorption coefficient of the
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Figure 4: Impact of the variation of (a) PCM melting temperature (b) Thickness of the PCM layer (c) Rate of glazing area
(d) Surface azimuth angle (e) Air infiltration rate (f) Solar absorbance of the outside surface of the external wall : on the

annual HVAC energy consumption of the PCM-Enhanced house

of external the wall (cement) is related to colour
that covers this surface. A light colour with a low
solar absorbance is more appropriate to improve the
thermal performance of the house. Furthermore, the
increase the PC d skness layer allows decreasing
the annual heatiny and cooling demands (figure 5b).

CONCLUSIONS

In conclusion, the optimization methodology based
on the coupling of the Genopt optimization tool and
the building simulation tool EnergyPlus represents an
efficient way to optimize the design of a building
integrated PCM with a less time-consuming. In this
study, we have chosen to limit ourselves to some
variables that have a great influence on the energy
performance of a house incorporating a PCM (The
PCM temperature melting, The PCM thickness layer;

(e)

outer layer of the habitat). The results show the
improvement of the energy performance for a house
bv integration the PCM and bv adnnting an optimal

sign to define the adequate () and quantity of
the incorporated PCM as other parameters of design
(The type of glazing, the glazing area rate; the air
infiltration rates; solar absorption coefficient of the
outer layer of the house).
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ABSTRACT

Natural ventilation in buildings can create a comfortable and healthy indoor environment, and save energy
used in the mechanical ventilation systems, have an important role on the balance between heating and cooling
needs, It is also necessary to study the possible combinations with natural resources.

With natural ventilation the internal building structure is cooled through open windows and/or air vents, in
order to provide a wind induced flow or stack effect. It is dependent on natural forces to move air through a
building: so the disadvantage is that there is no direct control of the ventilation, but on the other hand it
delivers low running costs and low energy usage by reducing the electrical energy used for air-conditioning.

The building design must implement simple principles based on common sense and have proven their
effectiveness in traditional constructions. It must be adapted to seasonal needs (warm in winter, cool in
summer) and promote maximum passive solar gain and minimize losses
In the first part of this article, the building geometry, its operation and the thermo-aerodynamics numerical
model are developed under the TRNSYS-CONTAM environment are presented. In the second part, the
simulation is performed for both cases; with ventilation natural night and without natural ventilation. The study

will ensure the night ventilation door and window of the cell which are open from 20 pm until 8 am.

KEYWORDS

INTRODUCTION

The natural ventilation and infiltration of a building
are driven by the pressure difference across the
building structure between the inside and outside;
this pressure difference is a result of temperature
difference between inside and outside which cause a
difference in air density (stack effect). With stack
effect, the movement of the air is due to the
temperature difference between the inside and the
outdoor. The air flow is vertical along the path of
least resistance [1]. In this way when the inside
temperature is higher than the outside, the warmer air
rises through the building and flows out at the top,
while the colder outside air comes to the bottom to
replace the warmer air which is rising up through the
structure. The wind pressure on buildings surfaces
depends on several factors, such as wind direction,
speed shape of building, location, local environment

and so on. Generally the pressures are higher on the
windward side and lower/negative on the leeward.
In general a global effect of natural ventilation is a
combination between stack effect and wind effect
and it has to be supported by motorized vents to
guarantee different air flows in the different periods
of the days. This also depends on building height,
local terrain, internal resistance to vertical air flow
and flow resistance characteristics. In natural
ventilation, low energy usage imposes restrictions
on the shape of the building. The ventilated spaces
have to be within a relatively small distance from an
external wall. Moreover some drawbacks can
happen. For the opening windows, such as security
issues, noise and pollution are not always sufficient
to ensure a ventilation rate [1]. The design phase has
a fundamental importance for the building have to
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be designed to provide natural ventilation,
considering all the factors that affect it.

In summer, it is sometimes possible to enjoy the night
cooling outside air to cool the building. The scenario
of ventilation can evacuate the heat stored during the
day in building materials (walls, furniture). In
general, free cooling in the building should be done
through natural ventilation, by large openings in the
front surface, that is to say, a priori, the windows
(one cannot imagine having to drill holes in the
building vertical surfaces and floors) [1] .the free
night cooling must be automated (automatic
openings), regulated depending on the indoor and
outdoor temperature to be effective. It is difficult to
estimate the real gain through free night cooling. It
depends on the building structure, ventilation mode,
the size of the openings and the outside temperature
[2].

The mass of the building is used for storing heat
during the day to prevent overheating. This heat is
then emits during the night can be achieved by
increasing the airflow rate of cooler night time air
through the building due to the stack effect, and the
heat gain of the night-time air from heat exchange
with the storage in mass, a high airflow rate. This
approach basically lowers the peaks of heat gains on
warm summer days [3].

NUMERICAL MODELLING COUPLING
TRNSYS-CONTAM

The major task in completing the simulation of the
buildings and the airflow was the integration of the
TRNSYS building model and the CONTAM airflow
model. Numerical simulations of this project were
performed using the coupling between the 56 types
(thermal model of the building) and 97 (air flow
model) TRNSY'S 17 This type uses input climate data
and air temperatures of the various areas provided by
the type56 and determine the different rates required
for the type to 56 each time. We have chosen to use
the ventilation CONTAM model.
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Figure 1
Coupling TRNSYS-CONTAM
This tool allows modeling the exchange

ventilation in a building. The building is represented
as a network of nodes which are representing a
building area. The external environment is also
represented by an area [4], [5].

Each network node is characterized by its

pressure and temperature. The possible paths of air
between the different nodes are represented by the
connections between these nodes, corresponding to
the leak occurring through the aeraulic components:
door and opened and closed windows, cracks in the
walls, inlets, etc [2]. The various flow rates are
calculated by expressing the mass conservation
equation at each of the network nodes.
The conservation of mass is satisfied for each of the
areas of the building. The temperature, and the
density of the air, is known by coupling with the
type56 which receives as input the flow rates
calculated by CONTAM (type97). Type 97 uses a
file that contains a description of areas and
ventilation of the building component connections.
This file is generated by CONTAM. The Type 56
calculates the temperature of the air from inside
knowledge of the thermal characteristics of the
building loads and ventilation rates and infiltration,
type 97 evaluates meanwhile airflows between the
inside areas and out from the external stresses and
knowledge of internal temperatures. The flow rates
of infiltration and natural ventilation are induced by
the wind and thermal draft [4], [5].
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PRESENTATION
MODELLING

AND BUILDING

The building climate is hot and dry in the summer
with temperatures variation between a maximum of
around 45 °C and a minimum of 20 °C, thus giving a
large temperature swing. Winter temperatures vary
between a maximum of 24 °C and a minimum of 0
°C. Its normal temperature in January is 10.4 °C and
36.3 °C in July. The average annual range is about
12.2 ° amplitudes of monthly average temperatures.
They are more moderate in winter than in summer
(average 11° in winter cons 13.5° in summer). The
monthly maximum amplitudes are larger in summer
than in winter fluctuates around 20 °C. Solar
radiation is intense throughout the year with a
maximum of 700 Wm-2 in winter and 1000 Wm-2 in
summer, measured on the horizontal surface [6]-[10].

The study was carried out on a building in
Ghardaia. The exterior envelope, apart from
contributing to the energy savings during the building
life by controlling the energy exchange between
indoor space and environment developed a
comfortable indoor environment [6]-[10]. Fig. 2 is a
schematic outline of apartment building, the house
has a net area of 71.3 m?, and wall heights are equal
to 2.8 m while the other dimensions are shown in
detail in Fig. 2. The flooring is placed on plan ground
to lodge the ground floor. The concrete of the
flooring is directly poured on the ground thus
minimizing losses. Floor tiles are end coating
resisting to corrosion and chemical agents. The roof
is composed of cement slabs and concrete slab made
so that it handles the load and be economical. A roof
sloping of 5° allowed water evacuation through
several openings. The flat roofs are considered the air
infiltration in it as architectural solution. Windows
and doors contribute significantly to the energetic
balance. Their contribution however depends on
several parameters as: local climate, orientation,
frame, relative surface (window-flooring), and
concealment performance during night and sunny
days. In this case focus is made particularly on
windows and doors dimensions and all are made of
woods. The apartment has a surface of 95.74 m2 with
an occupied space of 71.3 m2.

— —
Window ‘
3 3
Sitting
Room 1 room 3'6‘
—/— —
Door
4 D I2 Hall |:|
Room 2 0.9
— —
3
Bathroom 2
+ WC
— | —
Kitchen
1.2
Figure 2

The house plan

In our model, the openings are on both north and
south surface for the building with a main door on
the East side, during the day the temperature of the
outside air is greater than that of the interior. To
eliminate the exchange ventilation with outdoor air,
the windows and the door will be closed during the
day, opened the night (the window and the door will
be closed is the time or Tai <Tao and be opened Tai
>Tao) [11]. By numerical simulation of the model is
determined corresponding to each case. For better
ventilation of the interior during the night, the door
and the window will be on two different opposite
wall, it is necessary to seek their guidance for
minimized heat gain. During the day the windows
and the door will be closed. heat transfer is carried
out as the case of an opaque member. To calculate
the temperature in the inside face of the window and
the door, the same method and the same steps in the
case of wall are followed [6]-[10].

BUILD ENERGY MODEL IN TRNSYS

The thermal simulation of the building was
performed by coupling a thermal model developed
under TRNSYS and ventilation via the CONTAM
software model. As illustrated in Fig. 3, the building
is modeled as a single-building area in a
"ventilation" model which calculates the ventilation
rate and the air permeability through the casing [12].
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Airflow and pressure distributions in the six-zone
calculated by CONTAM

To calculate the dynamic air infiltration rates,
CONTAM is used to create the multi-zone model for
the case study building. To build the multi-zone
model in CONTAM, one needs to zone the
building reasonably to the level that it is not too
complicated while not affecting the accuracy of

results. Second, we calculate the wind pressure
coefficient on each surface. To calculate the wind
pressure coefficient of each surface, Urban
context plays a very important role in wind

pressure profile calculation [12] .

PRESSURE COEFFICIENT MODEL

The wind effect on the building is calculated in a
multi-zone ventilation model using the wind pressure
coefficient Cp. In order to convert wind speeds to
pressures on the exterior surface of a building being
analysed, CONTAM uses wind pressure coefficients
[12]-[13].

These coefficients, typically designated asC , are

related to the wind pressure on the exterior surface of
the building p,, in (1).

o2 1)

WhereC is the wind pressure coefficient

(dimensionless) which is a function of wind

direction and location on the exterior surface, © is
the air density (kg/m3) and v is the wind speed (m/s)
at the building height.

Values of the pressure coefficient depend on the
building shape, the wind direction, the environment
(nearby buildings and vegetation) and the specific
location on the building surface (height and distance
from the middle) (ASHRAE, 2005). They rely on
inter- or extrapolation of generic knowledge and
previously measured data in wind tunnel studies and
full-scale experiments.

This correlation is based on a number of studies
and yields wind pressure coefficients over a building
surface as a function of wind direction. This
correlation takes the form

C, =C, In(1.2480.703sin (a / 2) -1.175 sin*()- 0.131sin’ +
0.769 cos (a / 2) +0.07G’sin’(er/ 2) + 0.717 cos’ (e / 2) @)

Where Cpo is the wind pressure coefficient on the

surface towards which the wind blows in a normal
direction (4 =0) , « is the wind direction measured

normal to the wall, and G is the natural log of the
ratio of the length of the wall to the length of the
adjacent wall. To use this correlation, one needs a
value forcpo. Some relevant information for

determining C,, is given in the ASHRAE handbook

chapter and other sources [4].The correlation in (2)
is the basis of the wind pressure profile libraries
presented in Appendix B and described briefly.

Wind pressure coefficients on the envelope is
determined for each wall depending on the angle of
incidence of the wind thereon according to the
model proposed by Swami et al, as shown in Fig. 4
each orientation [12]-[13].

1.0

1.0

1} 30 180 270 360
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Figure 4

Plot of Wind Pressure Profile for the four wind
directions

Fig. 5 shows the temperatures in the Open Space
for summer days from the current model. We also
note that the indoor temperature is higher than the
outside at night with a difference up to 2.5 ° C.

The interest of the night ventilation is to use this
temperature difference to create an aspiration of fresh
air into the building to cool the building during the
night to avoid overheating during the day effect. To
assess the impact of the phenomenon, it is first
necessary to study the physics of the phenomenon
involved is commonly called the stack effect.

Natural ventilation gives excellent results in terms
of summer comfort. The study shows that it would be
wise to use this process during the summer months
especially as it requires no cooling energy. The
variation in the size of the opening would also
improve thermal comfort.

Closed window Day & Night (0,0)
42 Window open day and closed at night (1,0}
T Window closed day and open night (0,1)
1 Window open day and open night (1,1)
40 —— Ambient temperature

26 ]
24 ]
22 ]
20 ]
-
5400 5424 5448 5472 5496 5520 5544 5568
Time (hours)
Figure 5
Comparison of indoor temperatures in scenarios
with different ventilation

CONCLUSION
Thermo- aeraulic modeling is essential for
establishing overall thermal performance values and
understand how different assembly designs perform
under different interior and exterior climate
conditions. This tool is used to evaluate the
performance of a proposed architecture for a real
building located in a very hot climate. The object of
the Natural night ventilation is to discharge a
maximum during the night, the heat accumulated in
the building material and for strong absorption of
heat during the day this is especially building energy
management regulated depending on weather
conditions. It is timely today. Free cooling, which is
to refresh the local at night to avoid air conditioning
expenditures, provides another illustration Thus,
with simulation tools.

The models are made using TRNSYS coupling
with  CONTAM. Four ventilation scenarios are
studied to know the most thermal comfort scenario.

Air Temperature Natural Ventilation(°C)
8
|

From the perspective of thermal engineering,
windows are a special gate in the building envelope
too. Their global heat transfer coefficient is typically
3 to 10 times higher than the equivalent for the
opaque envelope. Therefore, they let the heat flow
more easily between the indoor and the outdoor. In
buildings located in climates with cold winters, the
heat loss through windows can be quite significant.
However, windows are also permeable to the
penetration of solar radiation. Thus, if properly
orientated, they can also contribute with a “free
heating energy” in winter time. In the summer time,
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however, the penetration of solar radiation may be a
concern and contribute to overheating or increased
energy demand for cooling. In the opposite trend,

882X / eISSN 2029-8838 2014 6(3): 131-149,
d0i:10.3846/2029882X.2012.988756.

windows can contribute to cool the building through 8. S. M. A. Bekkouche, T. Benouaz, M. K. Cherier,
ventilation free-cooling, including night ventilation M. Hamdani, M. R. Yaiche et N Benamrane,
"Influence of the Compactness Index to Increase
REFERENCES the Internal Temperature of a Building in
1. Ghjuvan Antone Faggianelli ,Rafraichissement Saharan Climate”, Elsevier, Energy and
par la ventilation naturelle traversante des Buildings vol.66 (2013) pp. 678-687.
batiments en climat méditerranéen, Université
corse Pascal Paoli, Théses 2014. 9. S. M. A. Bekkouche, T. Benouaz, M. K. Cherier,
M. Hamdani, R. M Yaiche, R. Khanniche
2. B’arhoyn Hayssam, nfluence _des transferts (2013), Influence of building orientation on
aerauliques dans_ les  parois sur leurs internal temperature in Saharan climates,
performances thermiques, 2006 , Theses I'INSA building located in Ghardaia region (Algeria),
de Lyon. International ~ Scientific  Journal, ~Thermal
3. Bart Macquoy, Natural ventilation based Science, 2013, Vol. 17, No. 2, pp. 349-364.
bioclimatic redevelopment - 1/14 - Building 15 5 M. A. Bekkouche, T. Benouaz, M. R. Yaiche
transformation and improvement into an M. K. Cherierr M. Hamdani. F. Chellali
integrated energy efficient multifunctional design Introduction to Control of Solar Gain and
January 14th, 2014. Internal Temperatures by Thermal Insulation,
4. R.Lapisa, Effect of ground thermal inertia on the Proper _Or_lentatlon and Eaves, Elsevier, Energy
energy balance of commercial low-rise buildings, and Buildings vol.43 (2011) pp. 2414-2421.
Building Simulation 2013, Chambery, France. 11. Bencheikh Hamida, Etude et Realisation D’un
5. Etude de I'impact des « cool roofs », de la Systeme de Ref_r0|d|ssemer_1t Passif en Utl!lsant
o N . une toiture radio-evaporative dans les climats
ventilation naturelle et de I’inertie thermique du ) ) ] )
sol sur les performances énergétiques de chauds .et arides, universite mentouri de
batiments commerciaux), Université de La constanting, these dactorat, 2007.
Rochelle, France. 12. CONTAM http://www.bfrl.nist.gov/IAQanalysis
6. S.M.A. Bekkouche, T. Benouaz, M.K. Cherier, /CONTAM/.
M. Hamdani, N. Benamrane, M.R. VYaiche, 13. D. Coéstola, B. Blocken, J.L.M. Hensen,
Thermal resistances of local building materials Overview of pressure coefficient data in
and their effect upon the interior temperatures building energy simulation programs ,Building
case of a building located in Ghardaia region, and enveronement,44(10),2007-2036.
Construction and Building Materials 52 (2014)
59-70.
7. M. Hamdani, S. M. A. Bekkouche, T. Benouaz,
R. Belarbi, M. K. Cherier, Minimization of
indoor temperatures and total solar insolation by
optimizing the building orientation in hot
climate, Engineering Structures And
Technologies, Taylor & Francis: ISSN 2029-
76 Hamdani et. al



International Conference On Materials and Energy — ICOME 16

Study of the effect of sun patch on the transient thermal behaviour of a
heating floor

Mohammed Hichem BENZAAMA?°, Chadi MAALOUF2, Mohammed LACHI?", Abderahmane
MOKHTARI®

AGRESPI Laboratory - Thermomechanics (EA 4694), University of Reims Champagne-Ardenne, Reims,
France)
b _MSR Laboratory, University of Djillali Liabés, Sidi Bel Abbes, Algeria
¢LMST Laboratory, University of Science and Technology
, Mohamed BOUDIAF, Oran, Algeria

*Corresponding author: Email: benzaama.hichem@hotmail.com

ABSTRACT

Solar radiation is a renewable non polluting energy source which can be used in buildings through various
systems technologies. Thermal radiation, absorbed or transmitted by the walls and windows, creates a
solar gain which has a direct impact on the thermal behavior in the building. Most existing thermal
models neglect the effect of the evolution of the sun patch position on the heating floor which can have a
great impact on the indoor thermal comfort.

In this paper, we present a 3D model to calculate the transient sun patch position and its influence on the
heating floor model in order to evaluate its impact on the heating floor operating conditions and on the
indoor thermal comfort under the climatic conditions of Oran City in Algeria. The sun patch is calculated
using FLUENT tool whereas the room and the solar heating floor are modeled with TRNSYS software.
Using literature data, the 2 proposed models are validated and used to simulate the cases with different
window orientations. Our results suggest that the displacement of the sun patch on the heating floor may

lead to a superheating of the irradiated zone and it impacts the indoor thermal comfort.

Key words:

1. INTRODUCTION

To reduce the problems related to pollution by
greenhouse gas emissions, the use of solar energy
based systems for heating is an undeniable interest to
address this issue.

Solar radiation depends on the position of the sun
(altitude and azimuth). This position varies
throughout the year and the day. According to this
context, Athienitis et al. [1] developed a method to
determine the solar radiation intensity absorbed by
the inside wall surfaces of the room. They studied the
influence of latitude, room geometry and the surface
of the window.

Wall [2] presented the effect of solar radiation
distribution in a room with a large glazed surface on

its southern wall. They compared the results of four
different softwares and showed that in the case of
large window areas heating requirement will be
underestimated in some programs. This is mainly
due to an inadequate consideration of the solar
radiation through the window.

The presence of the solar patch on the floor has an
impact on the thermal comfort because of local
overheating over the portion receiving the direct
solar beam (Trombe et al.) [3]. For this purpose
Boukhris et al. [4] used a zonal method to analyze
the influence of the sun patch on the calculation of
the radiant temperature in two adjacent rooms. The
glazing of the first room is located on the south wall
whereas the window of the second room is located
on the west wall. The results show a non-
homogeneous temperature distribution in the region
where the sunspot is located (in the first room). The

Benzaama et al.

77



17 — 20 May 2016, La Rochelle, France

air temperature near this region is equal to 17.75°C
while in the second room when there is no sun patch,
the temperature is close to 15.5°C.

In an experimental study performed on the site of
EDF R&D in South-West of Paris (France), Rodler
et al. [5] studied the effect of the displacement of the
sun patch on the walls and the floor in a well
insulated room. Experimental data was used to
validate a 3D numerical model.

In the case of a room equipped with a heating floor
system, the entering solar radiation can generate a
great level of thermal discomfort which is due to
overheating. Most existing thermal models in
buildings do not take into account this effect. We can
cite the studies of H.Karabay et al. [6] and
Khorasanizadeha et al. [7] which neglected the effect
of the sun patch on the heating floor, they showed
that when the temperature distribution on the floor is
uniform, a better thermal comfort is provided.

In this work we investigate the effect of a solar patch
on the temperature and thermal comfort conditions in
a room equipped with a heating floor system under
Algerian climate. Knowing the exact position of the
sun patch on the floor, the temperature of the
irradiated area is computed and compared to that of
the unexposed area. As our modelisation is in 3
dimensions we visualize the behavior of the heated
floor, and by calculating the temperature at different
elevations in the room to get the level of thermal
comfort.

2. MODELING AND COUPLING

In the first case we use TRNSYS software to model
room envelope and the heating floor system. In this
case the temperatures of the room and the floor
surface are considered without taking into account
the overheating of the irradiated zone.

To simulate the effect of the sun patch on air
conditions over the heating floor we use FLUENT
software which uses as initial conditions results
obtained by TRNSYS tool. Zhai and Chen [8]
classified the methods of coupling between the CFD
and the ES simulation (Energy simulation) in three
classes: static, dynamic and quasi-dynamic. A static
coupling consists of “one-step” or in “two steps ”
data exchange between softwares. A dynamic

strategy of coupling consists in a continuous
exchange of data for each time-step in the
simulation.

Referring to these coupling methods, Gowreesunker
et al. [9] used a quasi-dynamic model in his study to
couple TRNSYS and CFD code (Figure 1).

s N TRNSYS -
TRNSYS Boundary conditions | FLUENT- CFD Qutputs HVAC

Inputs + | Alrport > +Controls
\ J £ tesrminal * /

A
I Updated Ventilation Inputs

(r+7 )"
Figure 1
guasi-dynamic coupling between CFD-TRNSYS.

Based on these principles, for our case we chose the
static coupling method. Data exchange has been
done from TRNSYS to FLUENT: The transformed
variables are: the temperatures of walls, the
temperature of the glazing and the convective heat
transfer coefficient of the heating floor. Heat
transfer by convection from an inner surface has a
major effect on thermal comfort, K. Arendt et al.
[10]. Following this hypothesis, the model 80 "Type
80" on TRNSYS was used to obtain the convection
coefficient of heating floor (Figure 2).

Weather Data Type 9a

* Y

Convective heat
transfer coefficient

Figure 2
Ilustration of the temporal coupling between

TRNSYS and FLUENT.

3. VALIDATION OF THE MODELS
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3.1 Validation of the model of the heating floor in
TRNSYS.16

To validate the model used in TRNSYS, we
compared it to the work data given by Merabtine [11]
who studied numerically and experimentally a
heating floor under the weather conditions of Nancy.
The outdoor temperature and the heating floor inlet
temperature were measured and have been included
in the simulation using TRNSY'S type 9a (Figure 3).

Figure 3
TRNSYS Interphase

Figure 4 shows numerical results for the floor outlet
temperature and compares them to experimental
measurements. A good agreement is found between
the curves.

= Outlet temperature TRNSYS
® Outlet temperature_Experimental
4 Outiet temperature_ MERABTINE model

3.2 Validation of the model of the sun patch in
FLUENT:

The model of the sunspot established with FLUENT
(CFD) is validated by comparing it to the results of
Boukhris et al. [4] and to Bouia et al. [12] fora 5 m
x 3 m x 3 m room with two windows situated on the
southern facade. The room is oriented in the north-
south direction. The validation of the model was

made for two climatic conditions, Lyon and
Marseille for different periods.
Table 1
Geographic coordinates.
City Latitude Longitude
Lyon 45,75° 4,85°
Marseille 43,30° 5,40°
g 3m
E I n
| m$ e e e
V. North
3 T 1 m /n

Figure 5
Shape and dimensions of the room

21/06/2002 at 4
pm Lyon

w] Segptreroar et B on R el L
o k = —— 2
& Bouia model Boukhris model Sun patch model
g - [12] IBPSA  [4] in « ZAER «FLUENT»
5 2002) tool »
15
Tl e T i 21/12/2002 at
8 10 12 HC::'_S 16 18 20 noon Lyon
Figure 4. ¥4 |
- £ -}
Validation of the model of heating floor for the 20 of ] ,§; ¥ T
december. e
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Boukhris model
[4] in « ZAER
tool »

Bouia model [12]

(IBPSA 2002) «FLUENT>»

21/12/2002 at 12
pm Marseille

L e

Boukhris model in
« ZAER tool »

Sun patch model
« FLUENT »

Bouia model [12]
(IBPSA 2002)

21/12/2002 at 4
pm Marseille

Bouia tool Boukhris model Sun patch model in
[12](IBPSA [4] in « ZAER « FLUENT »
2002) tool »
Figure 6

Validation of the model of the sun patch for Lyon
and Marseille cities

4, CASE STUDY FOR ORAN CITY
4.1 Simulation in Trnsys.16
The studied cell (Figure 7) is located at the university

of sciences and technology, Mohamed Boudiaf, in the
locality of the commune of Es-Senia of Oran, Algeria
(35.65° Northern latitude, 0.62° Western longitude).
It is composed of two identical rooms of 20 m2 each.
They are oriented in the North-South direction and
have dimensions of 4.7 m x 3.7 m x 2.7 m. It has a
glazed surface of 1.2 m? located on the southern
facade (Figure?).

Sun patch model

—

Figure 7
Geometric description of the cell

The construction of the tested cell was made to be
considered as an insulated building. The vertical
walls, the ceiling and the floor composition are
given in the following tables:

Table 2
Composition of the vertical walls

Material Thickness (cm)
Cement plaster lcm
Wall first Brick 10 cm

Polystyrene insulation 3.2cm
Wall second Brick 10 cm
Plaster coating lcm

Table 3
Composition of the ceiling

Material Thickness(cm)
The tightness 3cm
Forme de pente 2cm
insulation 2cm
Hollow floor (16 +4) cm
plaster 1.5¢cm

Table 4
Composition of the floor

Material Thickness  Conductivity Capacity
(m) A cp
(W/m°K) (J/Kg°C)
Gerflex 0.003 0.31 1046
Coating
Dallage 0.1 1.75 920
Glasswool 0.04 0.038 1450
Concrete 0.1 1.75 920
slab

The heating is ensured by a Co-generator Eco-power
e47 producing an electric power of 1.3 KW to 4.7
KW and releasing a thermal power of 4 KW to 12.5
KW. The heat provided by the Co-generator is stored
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in a thermal stratification water tank with a capacity
of 1500 liters.

Figure 8 shows the evolution of the floor surface and
air indoor air temperatures as simulated by TRNSY'S
for two days period in January for Oran city. We
notice that the floor surface temperature ranges from
23°C to 24.5°C and that of air from 20°C to 22°C.

Indoor temperature
——— Outdoor temperature
Inlet temperature

Temperature

Figure 8
Simulation in TRNSYS

4.2 Effect of the sun patch on the floor
heating: Coupling Trnsys.16 — Fluent

Our model has the particularity to locate the sun
patch on the surface of the heating floor at different
times, allowing to take into account the real
distribution of the solar radiation entering in the cell.
The chosen period for this simulation is January 12 at
4 pm
Table 5
Boundary conditions (12 January at 4 pm).

Floor heating temperature

at4 pm
Wall Temperature Convection
heat Coefficient
(W/m?.K)
North Wall 22.08 *C /
South Wall 22.45%C /
Eat Wall 21.72°C /
West Wall 21.79°C /
Floor 24.29 °C 2.55
Ceiling 21.58 *C /
Glazing 8.78°C /

In the figures below, we represent the influence of
the displacement of the sun patch on the thermal
behavior of the heating floor. The passage of the sun
patch generates a rise in temperature showing local
floor overheating (Fig 9.a). The temperatures of the
floor surface and indoor air remain homogeneous

until the appearance of the sun patch on the floor.
From there, the heterogeneities of temperature
appear on both temperatures.

At the floor surface level, the temperature of the
solar irradiated zone reaches a maximum of 36 °C
(Figure 9 b) against a temperature around 25 °C for
the shaded zone which is a difference of 11°C.

The indoor temperature is maintained at 24 °C (Fig
9.¢) in the shaded zone. This temperature is greatly
influenced by the passage of the sun patch and it
reaches a maximum value of 27°C (Fig9.c) which is
3°C difference compared to the shaded zone.

total-ternperature
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Figure 9
Effect of the sun patch on the thermal behavior of
heating floor (12 January at 4 pm) (Along the X
axis).

Temperature (K)

5. CONCLUSION:

This paper presents the effect of solar patch on the
thermal behavior of a heating floor under the
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weather in the city of Oran (Algeria). For this
purpose, a floor heating model was established in
TRNSYS and validated with the results found in the
literature.

The model of the sunspot is established with
FLUENT software and makes it possible to locate the
sun patch on the floor surface at various moments. In
this case we can compare the temperature of the
irradiated zone with that of the shaded zone.

The results show that the presence of the sunspot on
the heated floor during a sunny day has a significant
effect on the indoor air and floor surface
temperatures,  generating  heterogeneities  in
temperature distribution ranging from 3°C difference
for the air temperature to 11°C difference for the
floor surface temperature. This model will be used to
study the effect of window orientation as well as its
surface on the thermal behavior of the heating floor.
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ABSTRACT

The aim of this work is to study the unsteady thermal behavior of a bi-zone building exposed to sunshine
under clear sky conditions. The walls in South and West frontages are equipped with a multi-alveolar
structure with a variable insulation depending on the heat flow direction. The structure has blades which are
inclined relative to the horizontal direction. The results show the effects of the optical properties of the
inner surfaces of the alveolar structure, the position of the alveolar structure with regard to the stone layer

and the occupant on the unsteady thermal behavior of the bi-zone building.

Keywords Solar energy, bi-zone, occupant, building, alveolar structure, thermal inertia.

NOMENCLATURE

A corporal surface m
S thermal load of the human body W.m™

2

M metabolism W.m™

K  conduction W.m™

C  convection W.m™

R GLO radiation between occupant and inner

environment W.m™2

Resp respiration W.m™

Evep €vaporation W.m™

Ti real-time temperature K

(mc); heat capacity JK?

Ci,j conductive and/or convective coefficient
between nodes i and j W.K™*

Ki,j radiative coupling coefficient ~ W. K4
o Stefan-Boltzman constant 5,610-8 W.m2.K

@t density of global heat transfer W.m™>2

INTRODUCTION

The control of the energetic consumption of
buildings is a major priority. This control requires
knowledge on the energy performance of the
envelope of buildings and the knowledge of the
effect of different parameters that permit to save
energy. Many previous works concerning the
study of the thermal behavior of mono-zone or
multi-zone buildings have been carried out in
recent decades. Many researchers are interested
in thermal behavior of the alveolar structure.
Among them are those who are involved in
studying rectangular cavities. Their faces are

tilted or not active against the gravity field, others
are rather interested in inclined cavities.

Taking into account the aero-thermal phenomena
in the alveolar structure, D. Gutierrez [1]
determined, temperature and speed fields in the
alveolar according to different angles of
inclination and report shape. Seki and al [2]
experimentally studied the heat transfer by
natural convection in a cavity of size (H=72mm,
L=50mm) performed with fluid of Prandtl
number (air, distilled water, refined oil). The
angle of inclination takes the values:0, £ 0,25, +
45, £ 60 and =70 degree. The high and low
passive walls (lamellas) are constituted by an
insulating material. Chochung and Trefethen [3]
showed the influence of the thermal boundary
conditions in cavities on transfer by examining
numerically  various conductance between
superimposed cavities. Bairi [4] experimentally
studied the natural convection in the closed
alveolar structure when the active walls remain
vertical. He brought out correlations of type
Nusselt number according to the Grashof number
for different obtained configuration by varying
the angle of inclination, the report of shape and
the temperature difference AT between both
warm and cold vertical walls. He also showed the
influence of the thermal boundary conditions at
the level of the passive walls (lamellas) on the
convective transfer. Several studies considered
the unoccupied building, but others have taken
into account the presence of the occupant as an
internal load. The calculations become much
more complicated because the building has
obviously a direct influence on the subject and, in
return, it is involved in the heat balance of the
environment and it is very important to know
how the human body reacts. To refine the
calculations, several human thermoregulation

Lajimi et al;

83



17 — 20 May 2016, La Rochelle, France

models have been created since decades and they
were coupled with thermal models of the building
envelope like in the work of Thellier [5] who
inserted a human thermoregulation model created
by JAJ Sttolijk in TRNSYS habitat simulation
program to characterize the impact of the
atmosphere settings on the human physiological
reactions and the influence of the presence of the
occupant on the physical quantities characterizing
the building as the rate of the relative humidity
which allowed the prediction of thermal comfort.
In this work, the calculation of the radiative
exchange between the piece and a standing
occupant was based on the method of MONTE
CARLO to calculate view factors and the
assessement of the impact of solar radiation on
the thermal comfort was based on solar spot
model and a view factors model developed by
Mavroulakis et al. [6]. Serres et al. [7] studied the
thermal supply to the human body consisting of
flow absorbed by an occupant assimilated to a
parallelepiped assembly, facing a bay and for
different positions. In the same context of
thermal comfort study and dynamic thermal
simulation, Tulumoglu et al. [8] analyzed the
thermal behavior of the individual and its
interaction with the environment; the model was
coupled to the building neglecting thermal
exchanges by conduction and evaporation.

ANALYSIS AND MODELLING
Position of the problem

In this work, we are interested in studying the
thermal behavior of bi-zone buildings in which
walls of two zones (zone 1, zone 2) are identical
(surface S = 30 m? and volume V = 300 m?® with
height, length and width of 3 m, 10 m, and 10 m
respectively), and separated by a common wall
on the eastern side. This wall is a polystyrene
layer of 5,7 cm. Vertical walls which are placed
on the south and west facing sides are composed
of multi-alveolar structures (inclination angle:
60°, report shape: Rp=1) and a thick stone layer
(Es=30cm) (figure 1).

Vertical wall which is placed on the Nord facing
sides and roof are composed of a wood layer, a
coating layer and a thin wool layer in the middle.
Floor is composed of a concrete layer, a coating
layer and a thin wool layer in the middle. The
thermo-physical properties of walls are given in
Table 1. To solve this problem, the
thermoelectricity analogy method is used [9]. The
bi-zone building is occupied by two individuals
at rest and taking a standing position (one in each

zone), so breathing (R..,) contributes only with

esp

10% to the global exchange, conduction (K) with
only 1 % (given the very small contact surface of
the feet with the ground [5], the metabolism is

equal to 70 W-m” [7].

/

Zone 1 [Common

East wall

el

;/ V..
south / ;
=

Alveolar Stone layer
structure

Figure 1 description of the bi-zone building

Material c(J/Kg.K) | MW/mK) | p(Kg/m®)
Polystyrene 1450 0.039 18
Wood 2400 0.14 540
Stone 1000 1.4 1895
Wool 1000 0.04 30
Coating 1000 0.57 1150
Concrete 1000 1.7 2200

Table 1 Thermo-physical properties of wall
components

Mathematical model

This mathematical model is based on the balance
equation which can be written as:

dT;
mc)i — —S()A = Ci i(T; —T;
(mc); dt (t) j:z:I:_,n I,J(J i)
(TS 4
+ = K Ty —-Ti" )+ K ()
J=1,n

WhereS(t)= M —(Eyaqp +R+C) and R(t) is

the absorbed part of the incident direct and
diffuse solar flux by element i at the time t. The
solar flux which depends on many parameters as
the solar height, azimuth, declination of the sun.
It is calculated for the 15" day of each month
using equations (2), (3) and (4) in [10].

o Global density of heat transfer inside alveolar:
We have opted for the correlation that includes
convection and radiation, determined
experimentally by Noureddine Boukadida and
Vullierme J. J [11] in case of an angle of
inclination equal to 60°C and a shape factor equal
to unity:

e =y(AT)"  with n=1.25where y s
Coefficient which depends on the heat direction
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and faces emissivity of the slats (low or high
emissivity).

The working assumptions

The heat transfer is unidirectional.
e The air is considered a perfect transparent
gas.
e The thermo-physical properties of materials
are constant and identical for two zones.
e The air temperature inside the two zones is
uniform.
We take into consideration the participation
energy of the occupant.
For outdoor temperatures, we used in our
calculations the average temperature per hour for
the 15" day of each month of the year, taken from
the weather station of the region of Sousse.

Discretization of the model and solving method

The numerical method retuned is nodal method
which is frequently used to study the building
thermal behavior, does not require a refined mesh
and integrate the concept of the fictitious node. It
consists in splitting the system into multiple
elements, each element is represented by a node
which is affected by temperature and
thermophysical properties of the element. This
model, divided into 81 nodes, includes 6 faces
(south, east, west, north, roof and floor). For
more details, lecturer can refer to [12].

RESULTS AND DISCUSSION
Thermal behavior of multi-alveolar structures

In this case, the building is assumed to be
unoccupied and the temperature of the inside air
is not imposed. Figure 2 shows the evolution of
the temperatures of outer and inner faces of the
multi-alveolar structures which is placed on south
facing wall.

When the multi-alveolar structures are placed in
the inner side of the wall, the temperature of
outer and inner faces have similar profiles and the
temperature of the outer face takes the upper
values compared to the inner face during the
entire day.

When the structures are placed in the outer side
of the wall, the two temperature profiles are
different: the profile corresponding to the inner
face has an important damping and smaller
amplitude. We also note that during the night
time the temperature of the inner face takes
higher values compared to the outer one and
during the daytime period (presence of sunlight),

profiles are reversed: the temperature of the inner
face takes lower values compared to the outer
face which is directly exposed to solar radiation.
So we note that the location of the multi-alveolar
structures on the inner side highlights the effect
of the high thermal inertia of the stone wall, the
radiation sun that strikes the external surface is
absorbed and converted into heat flux. This latest
is transferred by conduction through the stone
block and reaches the multi-alveolar structures
with low value which explains the amortization
of temperature at its outer and inner faces.

aly outside )
aly autsice]
aly inside)

alv intsids |

—=— auter face
e Aner face
—— auter face
~oweinner face

Temperature (*C)

S - = 1 O | S - s R e
Time (h)

Figure 2 Evolution versus time of inner and outer
faces temperatures

Effect of multi-alveolar structures positions on
the inside air temperature:

Figure 3 shows that whatever the position of the
multi-alveolar ~ structures, the inside air
temperature takes higher values compared to the
temperature of the outside air over 24 hours and
an identical phase shift of 3 hours (this is strongly
linked to the high inertia of the wall). Both
locations act differently on the values of the
inside air temperature, the multi-alveolar
structures located outside are more favorable
during a cold period (January), the inner
temperature varies slightly around 14°C, while it
varies around 13°C when the structure is located
inside. For the damping, the inside location of the
structure gives a difference of 1°C between the
minimum and the maximum of the inside air
temperature, while the outside location gives a
difference of 1.5°C.

Figs. 4 and 5 show the average power required to
maintain the inside air temperature to 19 °C over
24 hours during January and the cold season. As
shown, the energy consumption is lower if the
multi-alveolar structures is placed outside (this
saves around 400W during night time). We note
that during the diurnal period there is a strong
rapprochement of the two curves (between 8h
and 14h) hence a low need for heating (figure 4).
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Figure 3 Evolution versus time of the inside air
temperature
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Figure 4 Evolution versus time of average heat
power required in January
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Figure 5 Average power consumption in cold
season

Figure 6-a shows the evolution of:

- The average annual meteorological temperature
of Sousse region,

-The average inside air temperature over one year
for the two locations of the multi-alveolar
structure (inner and outer side).We find that these
two positions are favorable for different periods,
the external position is effecient during the winter
(as shown in Figure 3), but during the summer,

the inner position becomes more efficient. So an
optimal case which allows a desirable internal
atmosphere is needed.

Changing the location of this structure is not
possible once the wall is built, so the annual
variation of the inside air temperature shows that
for a cold climate, the location must be on the
outer side and for a hot climate it must be on the
inner side of the wall (figure 6-b and c).
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Figure 6 Evolution versus time of annual inside
air temperature
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Effect of optical properties

Inside alveolar structure the main heat exchange
takes place by radiation and convection.
Radiation exchange on each vertical face depends
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naturally on the emissivity of each face of the
cavity. To calculate the global heat transfer
coefficient inside each alveolar structure, we have
opted for the correlation including convection
and radiation, determined experimentally by N.
Boukadida and J.-J. Vullierme [11]. Two cases
are studied:

Case 1

The lower vertical face of each alveolar structure
has an emissivity which is equal to 0.9 and all
other faces (upper vertical face and the inclined
lamellas) have an emissivity which is equal to
0.075.

Case 2

The lower vertical face of the alveolar structure
has an emissivity which is equal to 0.075 and all
other faces (upper vertical face and the inclined
lamellas) have an emissivity which is equal to
0.9.

Figure 7 shows that there is not a big difference
between the temperatures associated to those two
cases (a difference of 0.2°C). Optical properties
of multi-alveolar structures faces slightly affect
the internal ambiance of the structure.

14,00 —= case 1
138 —+—case 2 e

Temperature [*C)

7 ¢ B § 0 T1Z & T8 18 0 Z 24
Tirme [h)

Figure 7 Evolution versus time of the inside air
temperature with different optical properties of
the multi-alveolar structure

Effect of energy participation of occupant

Figure 8 shows that during a winter day the
individual's energy participation helps to increase
the inside air temperature by 2°C (compared to an
unoccupied building) over every 24 hours. Figure
9 shows that average supplied power to maintain
the air temperature at 19°C in case of the
occupied building by two individuals consumes
less energy, we note a difference of 400W over
24 hours.

20, —=— with occupant
19 —+— without occupant
—a— Tout

1EW
15|

Termperature (°C)
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Figure 8 Evolution versus time of the inside air
temperature with and without occupant
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Figure 9 Evolution versus time of heat power
required in January with and without occupant

CONCLUSIONS

We studied the effects of the position of multi-
alveolar structure and its inner faces optical
properties on bi-zone building thermal behavior.
The results show that the location of this structure
(inner or outer side of the wall) has an influence
on its thermal behavior and highlights the effect
of the thermal inertia of the stone layer. The outer
position of multi-alveolar structure is more
favorable during a cold period and it reduces
energy consumption.

The emissivity of the inner faces of the multi-
alveolar structure affects slightly the inside air
temperature.

During a cold day the inside air temperature
sensitively increases when the building is
occupied by two individuals (one in each zone)
and for an imposed temperature, the heating
power decreases. This work principally shows
the importance of the position of the multi-
alveolar structure and the taking into account the
presence of the occupant as an internal input.

REFERENCES

1. Guittierez D.V. Contribution to the theoretical
and experimental study of the aero thermal

Lajimi et al;

87



17 — 20 May 2016, La Rochelle, France

phenomena in parallelepiped cavities with
walls.

2. Fokosako. S, Yamagushi. A, An experimental
study of free convective heat transfer in a
parallelogrammic enclosure, ASME
J. Heat Transfer 105 (1983), pp. 433- 439.

3. Cho Chung K., Trefethen L. M., Natural
convection in a vertical stack of inclined
parellelogrammic cavities, Int. J. Heat Mass
tranfer. 25 (1982), pp. 277-2844.

4. Bairi A., Contribution to the experimental

study
of parellelogrammic sections, thesis, N° 199,
University of Poitiers, France, (1984).

5.  Frangoise  Thellier.  Modélisation du
comportement thermique de I'nomme et de
son habitat. Une approche de ['étude de
confort. Thermics. Université Paul Sabatier -
Toulouse |11, 1989.

6. Mavroulakis A., Trombe A., A new semi
analytical algorithm for calculating diffuse
plane view factors, J.H eat Tran.120 (1)
(1998) 279-282.

7. Serres. L, Trombe.A, and Miriel. J, Flux
solaires absorbés par l'occupant d'un local
vitré. Prise en compte dans I'équation du
confort thermique, Int. J. Therm. Sci. (2001)
40, 478-488.

8. Tulumoglu. P, Nutin.A, Giuliana. S, and
Feldheim. V, Modélisation et évaluation
détaillée du comportement thermique du corps
humain et intégration du modéle dans un
bureau, Congrés Frangais de Thermique
(SFT), Lyon, France, 2014

9. Lajimi.N, Boukadida. N, Numerical study of
the thermal behavior of bi-zone buildings.
Comptes Rendus Physique Volume 16, Issue
8, Octobre 2015, pp 708-720.

10. Lajimi.N, Boukadida.N, Performance

énergétique
de I'enveloppe d'un batiment bizones soumis

a des
conditions météorologiques variables, 17émes
Journées Internationales de Thermique (JITH

2015),

Marseille (France), 28 - 30 Octobre 2015.

11. J.-J. Vullierme, N. Boukadida, Experimental
study of the performance of a structure with
effect of thermal diode, Rev. Gen.Therm.. 324
(1988) 645-651.

12. Boyer. H,. Chabriat. J.-P, Tourr. C, and Brau.
J, Thermal building simulation and computer
generation of nodal models, Build. Environ.
31 (3) (1996) 207-214.

88

Lajimi et al.,



International Conference On Materials and Energy — ICOME 16

THE EFFECTS OF WATER FOUNTAINS ON THERMAL COMFORT IN COURTYARD
HOUSES IN SAHARAN REGIONS

Benameur, O.*, & Zemmouri, N.
*University of Biskra, department of Architecture; University of Biskra
*Email: okbabenameur6@hotmail.com

ABSTRACT

Saharan regions have a very harsh weather conditions especially during summer season which extends from
March to October. An air conditioning system is essential throughout the day in order to achieve thermal
comfort conditions. Courtyard houses as a passive configuration are known to have the capacity to improve
thermal conditions and the comfort of the inhabitants. However, this passive architectural thermal regulator
model has been abandoned for a more sophisticated and complicated slab model. The purpose of this study
is to evaluate the ability of an evaporative system, i.e. a water fountain in a typical courtyard house in
achieving indoor thermal comfort. Different design configurations and scenarios have been tested including
dimensions, geometry, position and depth. The simulation tool used is Ansys Fluent CFD code, combined
with the Mesh generator ICEM-CFD, the software evaluates the impact of water fountain in an unsteady
state through the introduction of a User Defined Functions (UDF), which was compiled in C ++.
Mathematical functions have been determined using Matlab to describe the trend of air velocity,
temperature and relative humidity of a typical design day in Biskra, Algeria. It is clear from the results that
the evaporative cooling in hot and arid zones is very useful in reducing heat in the courtyard and interior
spaces. The study shows that a house with one floor with a square centered shape courtyard, can achieve an
acceptable level of thermal comfort. The polygonal courtyard shape presents an optimal configuration for

houses with two stories.

Keywords: Sahara, CFD, Evaporative cooling, Courtyard, Fountains, Fluent.

NOMENCLATURE

k: Turbulent kinetic energy.

e: The rate of dissipation of the turbulent kinetic
energy.

V: Velocity.

H: Relative humidity.

T: Temperature.

INTRODUCTION

In hot and dry locations, such as Saharan regions,
annual and daily fluctuations of temperature are
important. The temperature amplitude between the
coldest and warmest month exceeds 20°C. The
Zibans region, particularly the city of Biskra (located
about 400Km, Southeast of the capital Algiers), has a
daily temperature range for the hot season, that
nearby 22°C [1]. The use of an air conditioning
system with high energy consumption is essential
throughout the day in order to achieve thermal
comfort conditions. The appearance of courtyard
houses dating back to a distant past 6500 to 6000
years BC in the old village of "Mehrgarh™, India [2].
They represent an efficient passive cooling solution
in these regions, and even more if they are associated
with an evaporation system. [3]

Given the growing interest in indoor thermal
comfort in courtyard houses, various attempts have
been made to study the impact of courtyards on
natural ventilation, evaporative cooling and thermal
comfort. A comparative study between the different
passive cooling techniques, through numerical
calculations, shows that the evaporation cooling is
the most suitable technique to minimize the flow of
heat in a hot climate. [3]

This study aims to evaluate quantitatively the
impact of a direct evaporative system, i.e. a water
fountain in hot and dry conditions of Biskra, using
different design configurations including courtyard
dimensions, geometry, position and depth.

Courtyard effects:

A courtyard is an enclosed semi-outdoor space we
can find inside the houses. “Courtyard” word has
been used as a traditional element particularly in the
design of houses.

Recently it is considered a passive design strategy to
moderate the climate.[4] During the hot season

Benameur et al.
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courtyard provides natural ventilation, especially in
hot climates. During the day, the air in courtyard
becomes warmer, it rises and evacuates through the
openings. Therefore, it allows good air circulation
inside the adjacent building. [5]

The courtyard has several effects on light and shade,
energetic consumption and thermal comfort. In
diverse climates, the patio can be used as a source of
lighting in the morning, especially the deep parts of
houses. During winter it serves to protect the building
from weather conditions such as wind. [6-7-9]
Muhaisen and Gadi demonstrated that a deep patio
with different geometric shape could achieve
maximum internal shaded areas during summer.
During winter a shallow form seems to be
advantageous to get more sun and light. [7]

In energy terms, according to El-Deeb et al.,
reduction of energy consumed by courtyard houses is
closely linked to the increase of the depth of these
courtyards (see Figure 1), through a comparative
analysis of several cities that are characterized by
their hot climate, which are: Khargah , Cairo,
Alexandria and the city of Berlin. [8]

10m 12m Hm

.- &m 8m
JUI I
Height Proporticas (HF) -
- O .
125 12 115 11 1:05

1:025

Buildng Depth (BD)

Figure 1
The relationship between the ratio of height and
depth of the patio of the house [8]

For the thermal effect, Bahbudi et al. point out that a
patio can be more effective for natural cooling
through evaporation using vegetation and water
fountains. [9]

The study by Safarzadeh and Bahador reveals that
courtyards alone cannot achieve a high level of
thermal comfort in hot summer hours in Tehran, Iran.
[10] Additional, cooling systems are needed such as
water fountains.

Water effects:

Water has a primordial importance for passive
cooling. The evaporative cooling is one of the most
efficient techniques used in regions with hot and dry
climate. The presence of a water basin in a
courtyard is very important for the reflection of
light, because water is a transparent element which
plays an important role in the reflection of light
towards different parts of the house.[11]

Water is used as a direct and indirect evaporative
cooling system in different manners. Ali established
an analytical and experimental investigation to
evaluate the effect of nocturnal passive cooling by
the evaporation and convection of radiation in a
non-isolated open tank filled with water and heat in
hot regions and arid. [12] Experimental results of
this study indicated that for a water depth tank
ranging from 0.2 to 0.6 m, and the net passive
cooling could as high as 19.7 MJ / m2. Temperature
values of water are increase to 18.7 ° C.

Pires and co-authors have made an experimental
study on an innovative passive element to refresh
buildings. This device has been integrated in the
building envelope in order to reduce energy
consumption and the wuse of air conditioning
systems. The proposed device has a parallelepiped
shape surrounded by external walls MDF which is
resistant to water with wood beams and isolated by
extruded polystyrene panels and consists of an inner
panel made of mortar of cement with paraffin (see
Figure 2).[12]

socticn AA

|

Extruded pelystyrens

Figure 2
The proposed device components [12]

The calorimetric results have shown the ability of
that device to store heat during transition phase
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(solid / liquid) of paraffin due to the beneficial effect
of water.

Overnight the presence of the evaporation process
allows the cooling of the element core at
temperatures well below the outside temperature
through the night ventilation effect. [12]

During summer, the traditional house of the Mzab
region (located in the northern Sahara in Ghardaia,
Algeria, 600 km south of Algiers) have porous water
jars installed in patios, front of the dominant
directions of cold air, this water evaporates and
generates a good cooling in the interior of these
homes.[13]

Through these studies, we can deduce that water has
the ability to create a microclimate in hot and arid
regions. There are several methods to improve these
conditions.

ANALYSIS AND MODELLING

The thermal performance characteristics of
courtyards, with the presence of water fountains,
were analyzed according to the following design
parameters: dimensions, geometry, position and depth
using Ansys Fluent CFD code combined to ICEM-
CFD as a mesh generator, under a typical design day
representing the climatic conditions of Biskra.
The city of Biskra is characterized by a hot and dry
climate, with Saharan tendency, an average
temperature of 22.8°C and an average air speed of
4.4 m/s in Northwest/Southeast direction. The annual
average rate of relative humidity is about 40%, while
the precipitation rate is decreased and rare.
Simulation models:
The following criteria have been used in order to
determine the typical house model: shape,
orientation, construction materials and openness
(shown on Table 1).
Generally, courtyard houses are built with heavy
materials (Stone or Mud-Brick) to store heat and
reduce temperature fluctuations to ensure good
thermal inertia. [14]The optimal orientation in Biskra
region is North-South, with an optimum percentage,
about 20% of openness. An investigation by Hakmi,
aims to define the dimensions and the optimal shape
of the courtyard houses in Middle East, which meet
the social and bioclimatic needs of their occupants,
and he checked the performance of several models.
He found that square and rectangle are the optimal
shape for a single courtyard house. [15]
Table 1
Typical house model

Parameters

Shape and dimensions | Rectangular, 12X 16 m

Floors Number One and Two levels

Construction Mud-Brick walls (0.5m)
materials

Orientation North-South

Opening (Windows) 20% of the main facade

For the courtyards shape, Petruccioli, has classify
courtyard houses in several types according to the
functions and human needs, and grouped them into
four main groups according to: a typology with one
floor (DRC), a second with several floors, a third
with occupancy multiple (interior balconies) and a
final typology with additional modules. [16] The
patio shapes used are: square, rectangular and
polygonal, that could be located in the house center,
or placed in an eccentric position in one of the four
corners.( see Table 2)

Table 2
Matrix of simulated models

Shape Square Rectangular | Polygonal

. land 2 land 2 land 2
PosItion | | evels Levels Levels
Centered

&

Eccentric

The courtyard surface area respects the percentage
(16 to 30%) of the total typical house area [14]. Full
descriptions of the courtyards models dimensions
are illustrated in Table 3.

Table 3
Courtyard’s dimensions
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Shape | Square Rectangular Polygonal

[%2]

c

S g

2 31.36 m? ‘*'I 31.50 m % 31.69 m?
S 7.00

= «—=> 6.50

=) . 560 «—=>

Design day concept:

Choosing a day simulation allows us to reduce the
annual calculation of the phenomenon in one critical
and representative day. In the region of Biskra, the
21July presents the hottest day in the critical summer
period.

The climate data used corresponds to the typical
meteorological year 2005 (TMY3 2005) created
based on the measured data between 2000 and 2009
proposed by the Meteonorm software. [17]

To introduce the climatic data of the design day
simulation, we have to create a User Defined
Functions (UDF) compiled in C ++, in order to create
an unsteady state in Fluent. Mathematical functions
have been determined using Matlab (Matrix
Laboratory) to describe the trend of air velocity,
temperature and relative humidity through the
followings polynomial functions:

- Air velocity:

V(t) = 2.637277292e-8(t)? - 2.353965207e-6 (17 +
7.780890408e-5 (1)° - 1.039604851e-3 (t)° +
3.876113535e-4(t)* + 1.257433067¢-1(t)? -
1105592113 (t)? + 3.001168339(t) + 0.343508488

@
- Temperature:
T(t) = -5.255e-6 (t)5+ 0.0004549(t)%-0.01459(t)* +
0.2067 (t)3-1.202(t) +2.739(t) +31.66

)
- Relative humidity :
H(t) =-6.567e-6(t)*+0.0004291(t)>-
0.008344(t)>+0.04482(t)+0.245 3)

Simulation tools configurations:

ANSYS FLUENT is CFD simulation software to
model fluid flow, heat transfer, and chemical
reactions in complex geometries.

ICEM CFD, one of ANSYS Fluent components is an
advanced extension for generating mesh and grid
optimization that meets the requirements of all

engineering applications such as computational fluid
dynamics and analysis structures.

In this study we have chosen a hybrid hexahedral
mesh (mixed) that includes tetrahedral, pyramidal
and prismatic elements, which agrees with the
presence of a circular water fountain inside our
simulated models.

This mesh as shown in the figure 3 is extended
throughout the area and refined in a hierarchical
manner from the outer walls to the walls of the
courtyard and fountain.

A el -1
Figure 3

Hexahedral mesh of one level square centered
courtyard model

The turbulence model k-g, one of the Reynolds
Averaged Navier-Stockes (RANS) is used in this
study. For the boundary conditions, as already
mentioned, for a transient case, the introduction of
an UDF function is necessary as Velocity inlet. The
water fountain jet should be configured as Velocity
inlet too with a velocity magnitude of 1.27m/s, and
22°C temperature.

The symmetric parts of the calculation domain are
set to Symmetry, and the outlet of the domain has
been adjusted on Pressure Outlet.

RESULTS AND DISCUSSION

Courtyard shape and position:

We have decided to demonstrate the effect of water
fountains only on some significant results. It’s clear
that the square shaped centgfeg.\®urtyard house
represents the optimal configuration (see Figure 4).
A 3 to 6°C decrease in temperature have been shown
in the surrounding spaces at 2:00 pm which
represents the worst weather condition.

In the rectangular shaped centered courtyard the
water effect is less important (see Figure 5).

92

Benameur et al.



International Conference On Materials and Energy — ICOME 16

For the L-shaped centered, the evaporative cooling
does not exceed patios walls (see Figure 6).

Figure 4
Velocity and temperature results in centered square
courtyard with one story

Figure 5
Velocity and temperature results in centered
rectangular courtyard with one story

Figure 6
Velocity and temperature results in centered
polygonal courtyard with one story

In the eccentric courtyards configuration, the
evaporative cooling is reduced compared to the
centered position.

Courtyard depth effect:

In term of depth, the “L” shaped eccentric
configuration with two stories seems to give the best
results.

Figure 7
Temperature results in eccentric “L” shaped
courtyard with two stories

CONCLUSIONS

It is clear from the results that the evaporative
cooling in hot and arid zones is very useful in
reducing heat in the courtyard and interior spaces.
The study shows that:

- This cooling system is efficient both in one and
two stories, although a reduced effect can be
noticed.

- A house with one floor with a square centered
shape courtyard, can achieve an acceptable level of
thermal comfort.

- The polygonal “L” shaped courtyard presents an
optimal configuration for houses with two stories.
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ABSTRACT

Due to climate changes which are growing through time, in addition to the building consumption that is
considered to be the largest consumer of energy sector in the world, the kind of materials covering the urban
areas (pavements, facades and roofs ), plays a leading role in the bill consumption and thermal ambience
inside and outside the building depending on the climate.

This paper presents a part of a study aimed to evaluate the effect of reflective coatings used in the building
envelope on minimizing energy requirements and improving internal thermal comfort.

In Skikda city, situated in North-East of Algeria, reflecting the Mediterranean climate, a parametric study
was carried out on a building, by varying its orientation, solar reflectance of its walls, thermal mass and
insulation of its vertical envelope.

The results show that thermal insulation combined with high solar reflectance defined a good combination

for high level comfort and decrease energy loads.

Keywords: Solar reflectance, energy loads, orientation, thermal mass, insulation, thermal comfort

INTRODUCTION

Mineralization of urban spaces and the reduction of
green areas which were replaced by roads, roofs and
facades whose materials absorb heat and increase the
discharges of long wavelength, cause the warming of
these spaces, and generate what is called the urban
heat island.

To remedy this problem and try to mitigate its
intensity, great interest was focused on surface
materials, especially those that have a high
reflectivity "high albedo" to minimize the absorption
of solar radiation and therefore, reduce its restitution
in long wavelength at night.

Much research has proven the positive effect of
reflective materials on the urban microclimate
moderation, on mitigating the outside temperatures
and the increasing degrees of comfort for pedestrians
and users of outdoor urban spaces [1].

What about its effect on the indoor environment and
energy consumption?

Solar radiation incident on building envelope can be
absorbed, reflected or transmitted. It influences
exterior and interior surface temperature. Heat flux
enters the building in several different modes, namely
by conduction and convection through four walls,
roof and floor, by convection in the form of

ventilation and infiltration, and by direct gain
through glazed area of windows.

A multitude of research, old and new, experimental
and numerical were conducted in this direction;
showed the positive effect of reflective coatings on
the mitigation of indoor temperatures and energy
consumption of buildings. These solar reflective
coatings can be applied to the horizontal wall "roof"
by doing what is called "cool roof", or the vertical
wall (facade), their application allows a reflect of
maximum sunlight instead of absorbing it. This
application reduces the outer surface temperature,
decreases heat flow entering the building and
therefore decreases the inner room temperature.
Citing some work in this direction: Givoni and
Hoffman [2] performed early experiments on small
buildings with different exterior colors in Israel,
They compared the resulting indoor temperature for
unventilated buildings. They found that buildings
with white-colored walls were approximately 3°C
cooler in summer than when the same buildings
were painted gray. Reagan and Acklam [3] done a
study that shows that while changing the roof color
from dark (0=0.75) to light (0¢=0.35), it does greatly
reduce the roof heat gain. The reductions were 6.4%
and 4.8% in July day in Tucson, Arizona, for houses
with ceiling thermal resistances of 2.50 and
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5.88m2k/w respectively. Taha et al. [4] simulated
building cooling load reduction of 18.9% for summer
days in Sacramento, California, for an albedo
increase of both roof and walls from 0.30 to 0.90.
Ceiling and wall thermal resistances were 5.28 and
3.36m2k/w respectively. Simulations for Sacramento
indicate that whitewashing the building can result in
direct saving of up to 14% and 19% on cooling peak
power and electrical cooling energy, respectively.
Modifying the overall urban albedo, in addition to
whitewashing, can result in total savings of up to
35% and 62 % respectively. Bansal et al. [5] have
studied experimentally as well as theoretically the
effect of external surface colour on the thermal
behavior of a building, they found that the black
painted enclosure recorded a maximum of 7°C higher
temperature than the corresponding white painted
enclosure during hours of maximum solar radiation.
Taha at al. [6] found that white electrometric coatings
with a reflectivity of over 0.72 could be as high as
45°C cooler than black coatings with a reflectivity of
0.08, in varying reflectivity materials used in urban
surfaces. Parker et al. [7] monitored six homes in
Florida before and after application of high-albedo
coatings on their roofs. Reduction in air-conditioning
electricity consumption was measured between 11%
and 43% with an average saving of 9.2kwh/day, and
reduction in peak power demand (occurs between 5
and 6 pm) was 0.4-1.0kw with an average reduction
of 0.7kw. Akbari et al. [8] monitored peak power and
cooling energy savings from high-albedo coatings at
one house and two school bungalows in Sacramento,
California. They found savings of 2.2kwh/d for one
house (80% of base case use), and peak demand
reductions of 0.6 kw. In the school bungalows,
cooling energy was reduced 3.1kwh/d (35% of base
case use), and peak demand by 0.6kw. Simpson and
McPherson [9], Reductions in total and peak air-
conditioning load of approximately 5% were
measured for two identical white (SR=0.75)
compared to gray (SR=0.30) and silver (SR=0.50)
roofed scale model buildings in Tucson Arizona.
Shariah et al. [10] carried out a series of simulations
for two mild and hot climates in Jordan. They found
that, as the reflectance changes from 0 to 1, the total
energy load decreases by 32% and 47% for non-
insulated buildings and by 26% and 32% for
insulated  buildings in  Amman and Agaba
respectively. Cheng et al. [11] performed
investigation with test cells about the effect of
envelope colour and thermal mass on indoor
temperatures under hot and humid weather condition.
They showed that the maximum difference of inside

air temperature between a black and a white cell was
about 12°C for lightweight construction. Synnefa et
al. [12] demonstrated that the use of reflective
coatings can reduce a white concrete tile's surface
temperature under hot summer conditions by 4°C
and during the night by 2°C. They also studied [13]
the impact from using cool roof coatings on the
cooling and heating loads and estimated the indoor
thermal comfort conditions of residential buildings
for various climatic conditions. The results show
that increasing the roof solar reflectance reduces
cooling loads by 18-93% and peak cooling demand
in air-conditioned buildings by 11-27%. Zinzi et al.
[14] evaluated the solar properties of ecological cool
coatings and the benefit achievable for building
applications for different Mediterranean localities.
They showed that there is an influence of cool
materials on the energy performance in all zones
especially where higher insulation levels coupled
with solar control lead to strong energy reductions
and have consequent improvement of thermal
conditions inside the built environment. Uemoto et
al. [15] demonstrated that the cool colored paint
formulations produced significantly higher near
infrared radiation reflectance than conventional
paints of similar colors, and that the surface
temperatures were more than 10°C lower than those
of conventional paints when exposed to infrared
radiation. Shen et al. [16] performed an experimental
study on the impact of reflective coatings on indoor
environment and building energy consumption. They
found that exterior and interior surface temperatures
can be reduced by up to 20°C and 4.7°C respectively
using different coatings, depending on location,
season and orientation. The maximum reduction in
globe temperature and mean radiant temperature was
2.3°C and 3.7°C in that order. For the conditioned
case, the annual reduction in electricity consumption
for electricity reached 116kwh. For their part,
Bozonnet et al. [17] studied the impact of cool roofs
on building thermal response in French context
through experimental study which was completed by
dynamic simulations. They found that cool roof
decreases the mean outside surface temperature by
more than 10°C, with low differences for lower
temperatures, but a strong impact on the highest
temperatures. The difference for the highest indoor
temperature is not negligible, this is mainly due to
the strong insulation consistent with building
standards in France for all new building. Thus, the
indoor temperature differences are very clear for the
non insulated building.
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ANALYSIS AND MODELLING

To estimate the effect of the reflectivity of materials
(albedo) combined with other factors (orientation,
Thermal mass and thermal insulation) on the annual
energy needs for heating and cooling and thermal
comfort, a parametric study was carried out on a
building reference situated in Skikda city, in North-
east of Algeria (latitude 36.54°N and a longitude of
6.52°E). This building represent the most common
type of buildings in the region in a Mediterranean
climate context ( hot and humid in summer and mild
with low amplitudes in winter). The simulations of
this study are performed for 02 years by the mean of
TRNSYS17 [18] “Transiant System Simulation”,
with a time step of one hour.

The building used in this study which represents a
reference case is a parallelepiped of 10m lenght, 7m
width and 3m hight, it consists of cinderblock walls
with flat roof (not accessible). We considered for
these simulations that the reflectivity of the roof is
fixed to a value of 0.5 but the reflectivity of the walls
is changed between 0.1 and 0.9 (knowing that a
perfectly reflecting or absorbing material does not
exist in reality). The building orientation is varied in
the range (90, 270) towards the south with step of
45°, The roof has a fixed u-value of 2.42, but wall
facades are varied of 1.57 for cinderblock wall, and
1.69 for concrete wall, the two main materials used in
the region. Simulations are performed with and
without insulation of an air void layer of 5¢cm thick.
The first simulations are performed for opaque walls
in order to deduce their effect, then repeated by
introducing a glazed surface of 6m? to the south side
of the building (percentage given by the
recommendations of Mahoney tables) [19], to deduct
the influence of penetration of solar radiation on the
energy needs.

The window has a wooden frame with single glazing
of 4mm thick, and g-value of 0.87.

Set point temperatures are 20°C and 26°C for heating
and cooling respectively. Moreover, internal gains of
human that define the conditions of comfort such as
"clothes™ and "metabolic activity” are taken from
ISO7730.

Infiltration and ventilation are considered null to
deduct the net effect of the reflectivity of the opaque
walls on actual energy needs and the inner ambience
in the absence of air sweeping.

The same simulations were repeated under free
floating conditions to estimate the effect of change
solar reflectance on comfort conditions in the
building.

The characteristics of the different envelopes and the
conditions of dynamic thermal simulation are
summarized in the following table:

Table 1
Summary of the different parameters considered in the
simulation

Building Characteristics
Element Solar Orientation  U-value

reflectivity (W/m2.k)
Concrete wall 0.1-0.9 90-270 1.69
Cinderblock wall ~ 0.1-0.9 90-270 1.57
Building surface 70m2
Building volume 210 m®

Set cooling temperature  26°C
Set heating temperature ~ 20°C

RESULTS AND DISCUSSION

The analysis of the results of all these simulations
allowed us to highlight the effect of the reflectivity
(albedo) of the opaque vertical wall on energy
requirements and thermal comfort, as well as
modification of this effect once the glazing
introduced.

Energy loads

The analysis of the parametric study results is
expressed by the following graphs according to
various different parameters:

Solar reflectance effect:

Solar reflectance effect on annual energy loads
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Solar reflectance effect on annual energy loads for
cinderblock insulated building oriented South

According to the graph, we note that energy needs
are inversely proportional to the values of the solar
reflectivity. The reference building with a
reflectivity of 0.5 presents an annual energy needs
for heating of 37.81kwh/m2.y, and cooling needs of
56.36kwh/m2y, which will make a total of
94.18kwh/m2.y. When changing the coating of outer
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surfaces of the walls by a reflective coating with a
value of 0.9, the heating needs increase by
8.65kwh/m2.y with a percentage of 18.61%, the need
for cooling decrease by 12.41kwh/m2y, making a
percentage of 22%. Hence, the total needs decreased
by 3.77kwh/m2.y equivalent to a percentage of about
4%.

However, the allocation of a reflectivity value of 0.1
(absorbing materials) for facade walls gives opposite
results compared with the reference building. In fact,
the heating needs decreased by 7.25kwh/m2y for a
percentage of 19.17%. The cooling requirements
increased by 13.44kwh/m2.y, giving a percentage of
19.25%, hence the total requirements increased by
6.17kwh/m2.y, where a percentage of 6.14%.

We can therefore conclude that the external colour of
a building affects the thermal performance of the
building although its impact is little in our climate.

Orientation effect:

The effect of orientation shows very small nuances
between the different simulated orientations, either
for heating demand, air conditioning or total
requirements.

The better is the orientation 0 (South) with a
minimum total annual demand of 94.18kwh/m2.y. The
one with the maximum demand is the orientation 45
(South-West) with total needs of 95.96kwh/m2.y
which is not far from the South-East orientation (315)
with a value of 95.94kwh/m2y, where as two
remaining orientations 90 and 270 (East and West)
have exactly the same needs for heating, cooling and
total needs.

Figure2 summarizes these results.

Orientation effect on annual energy loads
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Figure2
Orientation effect on annual energy loads for building
with cinderblock walls and solar reflectivity of 0.5

It can be deduced that for cinderblock walls and solar
reflectance value of 0.5, the orientation of the

building plays a negligible role in mitigating the
energy needs.

Type of material and insulation effect:

Type materials and insulation effect on annual energy
loads
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Figure3
Type materials and insulation effect on annual
energy loads for solar reflectivity of 0.5 and
orientation O

The change in the constitution of the vertical wall of
the building between the cinderblock wall and
concrete wall gave approximately similar results.
The heating requirements for buildings with
cinderblock wall are 48.23kwh/mz2.year while for the
concrete walls, they are 51.19kwh/m2.y, hence an
increase of 2.96kwh/m2.y representing a percentage
of 5.78%. The cooling needs are 55.84kwh/mz2.y for
cinderblock walls and 54.63kwh/m2.y for concrete
walls, where the difference is 1.21kwh/m2.y and the
percentage is 2.16%. The total requirement in turn
spend 104.07kwh/m2y for the first case to
105.82kwh for the second case giving a difference of
1.65%. This small difference is due to the thermal
mass of the two materials which is almost nearly the
same.

The effect of the insulation is estimated by
comparing the same type of wall with and without
insulation.

For the cinderblock wall, heating requirements when
the insulation is applied are less by 10.42kwh to the
needs obtained for a wall without insulation, with a
percentage of 21.60%, whereas the cooling needs
increased insignificantly. As consequence, the total
needs decrease is 9.89kwh/m2.y with a percentage of
9.5%.

For the concrete wall, the same trend is noticed, the
heating needs for the insulated wall are lower than
those of the uninsulated wall about 12.08kwh, where
a percentage of 23.59%. The change in the field of
cooling requirements is negligible, which results in a

98

Mansouri et al.,



International Conference On Materials and Energy — ICOME 16

reduction of the total needs of 11.29kwh with a
percentage of 10.66% between the concrete wall with
and without insulation.

Furthermore, the change in the annual energy needs
for heating, cooling and total requirements between
the two walls when the insulation is applied show the
same trends as the change between the 2 types of
walls without insulation, i.e negligible results.

This is due to the almost similarity of thermal mass of
the two walls.

After introducing a window in the south wall of the
building, the energy needs have changed.

For the cinderblock wall facing south, with a
reflectivity of 0.5, there was a decrease in the heating
needs of 6.14kwh/m2y i.e with a percentage of
16.23%. While the cooling requirements have
increased of 4.79kwh/m2y with a percentage of
7.83% resulting in a decrease in total needs of
1.35kwh/m2.y, so a percentage of 1.43%.

For the reflectivity of 0.1, the heating needs for the
pierced wall decrease of 4.48kwh/m2y at a
percentage of 14.65%. The cooling needs are
increased by 3.87kwh/m2.y, resulting in a percentage
of 5.25% .This gives a negligible decrease in the total
requirements.

For the reflectivity of 0.9, the heating requirements
decreased of 8.11kwh/m2y with a percentage of
17.45%. The need for cooling increased of
5.54kwh/m2.y where a percentage of 11.19%, and
total requirements decreased to a very low rate of
approximately 2.84%, as it is showed in the following
figure.

Solaryeflectance effect on annual energy loads for
building with glazing
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Figure4
Solar reflectance effect on annual energy loads for
cinderblock insulated building oriented South with
glazing

We can conclude that introducing window in the
south wall can dilute the benefit effect of the high
reflectance of a building envelope on the energy
demand.

Thermal comfort

To estimate the summer comfort inside the building,
we repeated the same simulations without air
conditioning (free floating conditions), we took a
temperature threshold of 27°C, beyond which we
will record the numbers of hours of discomfort.

We will present the results obtained after the change
in the reflectivity of the facade walls.

The number of hours of discomfort for the reference
building is from 3088 hours so a percentage of 35%.
As expected, increasing the reflectivity of the wall
cladding decreases the number of hours of
discomfort. For example, for the reflectivity value of
0.9, the number of hours of discomfort will be
reduced to 2603 hours equivalent to a percentage of
30%.

And if we apply a coating with a reflectivity of 0.1,
we note that the number of hours of discomfort
increases to 3441 hours, resulting in a percentage of
39%.

We can conclude that the reflectivity of wall
coatings materials plays a role in improving summer
comfort conditions inside the building, beyond 0.5,
the interior ambience is moderated by reducing the
number of hours of discomfort.

CONCLUSION

The aim of this study is to estimate the effect of
solar reflectivity (albedo) with other parameters on
energy consumption and thermal comfort in
Mediterranean climatic context.

It was found that all the parameters play an
important role when they are implemented.

The best combination that could be obtained was the
one with light colored coatings, applied on the outer
walls of an albedo value greater than 0.5, combined
with a thermal insulation.

This study has as perspective the determination of
database , with the right combination of insulation,
orientation, thermal mass and of course the high
reflectivity coatings of the outer shell of the
building, useful for stakeholders (designers,
architects, policy makers ... ect) to optimize the
energy balance of the building throughout the year
and its corollary thermal comfort.
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ABSTRACT

Large amounts of high quality energy are spent in the chemical process industry to convert raw materials into
desired products. The turbulent diffusion flames can be found in a wide variety of thermal energy production
systems. The burners operating with this type of flames are used for example in combustion chambers. The
need to understand the structure of these flames has been our motivation to carry out a numerical study of the
turbulent aero thermo-chemistry of C3H8 / Air diffusion flames in a burner by using numerical simulations.
Such kind of problems induces strong variation in the concerned field and the analysis has to be well
conducted to understand physical phenomena. In such way the entropy generation rate was introduced in the
post processing. Due to the high temperature and velocity gradients in the combustion chamber; the effects
of equivalence ratio and oxygen percentage in the combustion air are investigated for different situations. In
each case, combustion is simulated for the fuel mass flow rate resulting in the same heat transfer rate.
Numerical calculations are performed for all cases using computational fluid dynamics code (Fluent CFD
code) with integrating specific routines. The results shown that the increase of equivalence ratio corresponds
to a significantly decrease in the maximum reaction rates and the maximum temperature increase with the
oxygen percentage. While total entropy generation rate decreases exponentially; the ratio of the rates useful
energy transfer to irreversibility therefore improves as the oxygen percentage increases. Mixing hydrogen
with propane causes considerable reduction in temperature levels and a consequent reduction of CO emission.

KEYWORDS Turbulent diffusion, Entropy generation, Fluent CFD

NOMENCLATURE r Radial distance
r Inner radius of air inlet
Latin Symbols ' . .
y r, Outer radius of air inlet
Be Bejan number g" Volumetric entropy generation rate
CFD Computational fluid dynamics gen
- . T Temperature
Cu, Cel, Coefficients in k—e turbulence ui Velcoity in direction i
Ce2 model ) VK,i Velocity diffusion of the species k
fk,j Specific force of volume acting on in direction i
the species K in the direction i Yk Mass fraction of the species k
Gk The production of turbulent kinetic Greek Symbols
energy 5, Kronecker delta
€ turbulent energy dissipation rate
H Enthal . .
nthalpy ) Equivalence ratio
hk Specific enthalpy of the species k @ Viscous dissipation
hs,k Heat transfer coefficient, A Alr exc_ess_ratlo_
sensible enthalpy of species M dynamic viscosity
k Turbulent kinetic energy p Density
L Length of burner 0 Tanggntlal dlrectlon.
o pk Density of the species k
LCV  Lower calorific value Gij Tensor of the constraint in plan i
P Pressure and the direction j
RNG  Renormalization group @, Production rate of the k species.
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Tij Tensor of the viscous constraints
Subscripts
F Fuel
K Species
N Total number of species number
0 Oxydant
p At constant pressure
S Sensibility (enthalpy)
% At constant volume
r Radial
X Axial
Heat Heat transfer
Air Air
eff Effective
fric Friction
f Fuel
i Indices of tensor notation
in Inlet

INTRODUCTION

Entropy generation is one of the most significant
problems to overcome to optimize a system /
process and its performance, and this will
unfortunately remain as a crucial problem to the
next generation. In this regard, better understanding
of the concept of entropy and its role among various
classes of thermal systems and processes with a
diverse coverage is crucial. Bejan [1] focused on the
different reasons behind entropy generation in
applied thermal engineering where the generation of
entropy destroys the available work (exergy) of a
system. Therefore, it makes good engineering sense
to focus on the irreversibility of heat transfer and
fluid flow processes, and to try to understand the
function of associated entropy generation
mechanisms. Bejan [2] also conducted an extensive
review on entropy generation minimization.
Mahmud et al [3], Sahin [4,5], Yilbas et al [6],
Shujaetal [7], Demirel et al [8] , Bouras et al [9, 10]
performed many studies on second law analysis and
the entropy generation due to the heat transfer and
fluid friction in duct flows under various conditions.

Research into transport phenomena in energy
systems and applications has substantially increased
during the past a few decades due to its diversity in
applications. This makes the special issue a most
timely addition to existing literature. It includes
recent major developments in both the fundamental
and applications, and provides a valuable source to
researchers dealing with analysis of entropy
generation in thermal systems and processes.

Combustion includes thermal, hydrodynamic,

and chemical processes [11]. It starts with the
mixing of fuel and oxidant, and sometimes in the
presence of other species or catalysts. The fuel can be
gaseous, liquid, or solid and the mixture may be
ignited with a heat source.
When ignited, chemical reactions of fuel
and oxidant take place and the heat release from the
reaction creates self- sustained process. Turbulent
combustion of hydrocarbon fuels and the
incineration of various industrial by products and
wastes are an integral part of many segments of the
chemical process and power industries.

The main objectives in burner design are to
increase combustion efficiency and to minimize the
formation of environmentally hazardous emissions,
such as CO, unburned hydrocarbons (HC) and NOx.
Critical design factors that impact combustion
include: the temperature and residence time in the
combustion zone, the initial temperature of the
combustion air, the amount of excess air and
turbulence in the burner and the way in which the
air and fuel streams are delivered and mixed [12].

This work considers the combustion of propane
with air and the local entropy generation rate due to
the high temperature and velocity gradients in
combustion chamber using a single burner element.
In order to investigate the effect of Therefore, CFD
codes can serve as a powerful tool used to perform
low cost parametric studies. The CFD codes solve
the governing mass, momentum and energy
equations in order to calculate the pressure,
concentrations, velocities and temperatures fields.

MATHEMATICAL MODEL

The purpose of this simulation is to estimate
numerically the rate of local entropy generation and
the effect of oxygen percentage on the combustion
in the combustion chamber of a burner. For this
case, the combustion of fuel with air is examined at
various oxygen percentages in the air by using
Fluent CFD code in the combustion chamber of a
burner. For this case, the combustion of propane
(CsHs) with air, in a burner was considered. The
two-dimensional ~ axisymmetric  model and
geometric configuration of the burner are shown in
Figure 1. As apparent from this figure, the fuel and
air inlets are coaxial and merge downstream. It is
assumed that the burner wall is under ambient
conditions and that the walls near the air and fuel
inlets are isolated. The model used for the numerical
calculations include the RNG(renormalization
group theory) k—¢ for turbulent flow however for
chemical species transport and reacting flow, the
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eddy-dissipation model with the diffusion energy
source option is adopted. The mixture (propane-air)
is assumed as an ideal gas; no-slip condition is
assumed at the burner element walls.

Burner Wall
1§
i g Combustion Chamber —
Air inlet — Outlow
]
Fuel mlet =
syl . ' ' o
(Propane) Atometis: |
Figure 1

Geometry of the burner

The governing equations for mass, momentum
and energy conservation, respectively, for the two-
dimensional steady flow of an incompressible
Newtonian fluid are:

Governing equations

The mass conservation equation and species
transport is defined:

a—’OJr—a'Ou‘ =0
ot Ox

@

And the mass conservation equation for k species is
written as follows:

opY, 0 )
%“‘a_xi(p(ui +Vk,j)Yk) =0, 0]

We defined also the momentum conservation
equation

O+ 2 pyy =P O
T T

N oo N 3
+102Yk fk,j :aﬁ'pZYk fk,j ( )
k=1 k=1

And
2 8uk ou. auj
T, =——U—O; + | —+— 4)
A ”(axj ox,
The energy conservation equation is defined as:
0PH: | 0 i )—a s04 PP, 2 T
ot +8xi (puh)=ar +Q+ Dt +axi (;Laxi)+ (5)
ou. o N
Tij a—;—a(p;Vk,iYk hs,k)

Two additional equations for the RNG k-
turbulence model- The turbulence kinetic energy,Kk,

and the dissipation rate, €, are determined using the
following transport equations, respectively:

0 0 ok
&(pxik)=&(akﬂeﬁ &)‘f‘Gk—pg (6)
0 0 ok, ¢
&(pxig) = a_x(ag/ueff 67) +K(C1‘gGk -C,.pe~y)

This model, based on the work of Magnussen and
Hjertager, called the eddy-dissipation model. The
net rate of production of species i due to reaction r,
Ri,r, is given by the smaller of the two expressions
below:

(7
Ri :Vi.,r\Nw,iABpﬁ[%]

KL, viw,,,
COMBUSTION AND REACTION
MECHANISM

The simplest description of combustion is that it
is a process that converts the reactants available at
the beginning of combustion into products at the end
of the process. The most common combustion
processes encountered in engineering are those
which convert a hydrocarbon fuel (which might
range from pure hydrogen to almost pure carbon
(C), e.g. coal) into carbon dioxide (CO2) and water
(H20). In this study, the combustion of fuel with
propane is modeled with a one-step reaction
mechanism (NR=1).The reaction mechanism takes
place according to the constraints of chemistry, and
is defined by:

C,H, +20,+219=7 5 _,3co,+4H,0 8
¢ 4 7 ®

,5100—y \  5100-¢

oy

Where:

@ =5[Wo, + (100 — ) / W, , M el ] ©

/(W gyer Mair )

Entropy generation rate

In fluid flow, irreversibility arises due to the heat
transfer and the viscous effects of the fluid. In these
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systems, when both temperature and velocity fields
are known, the volumetric entropy generation rate

S ateach point in the system can be calculated as

gen

follows [1],

Sg;n - (Sg;” )heat +(Sg;” )fric (10)
Where (S’” )heat and (S"’ )mc represent the

gen gen

entropy generation rates due to heat transfer and
fluid friction, respectively, and are defined as:

(s...) e |[OT 2+ a 2 11
gén / heat T 2" 8X ar (11)

and

Hett
(S ge“)fric - T 9 (12)
Where ¢ is

Kausz (aurjz (urﬂ (aux aurj2
p=2. + + | |+ +
OX or r or ox

The total entropy generation rate over the volume

Sgen can be calculated as follows:

égen = Eﬂ S mgend 6.dr.dx (13)

Bejan number, Be, which compares the magnitude
of entropy generation due to heat transfer with the
magnitude of the total entropy generation, is defined

by:

Be :(égenj /é gen (14)
heat

When Be))0.5, irreversibility due to heat transfer
dominates, while for Be¢(0.5 the irreversibility
due to viscous effects dominates. For Be = 0.5,

entropy generation due to heat transfer is almost of
the same magnitude as that due to fluid friction.

COMPUTATIONAL TOOLS

Fluent 6.3.26 [13] was chosen as the CFD
computer code which uses a finite-volume
procedure to solve the Navier—Stokes equations of
fluid flow in primitive variables such as velocity,
and pressure. It can also model the mixing and

transport of chemical species by solving
conservation equations describing convection,
diffusion, and reaction sources for each component
species The RNG model was used as a turbulence
model in this study [14]. While the inlet velocities
of air are presented in table 1. The solution method
for this study is axisymmetric. In order to achieve
higher-order accuracy at cell faces, second-order
upwind is selected.

Tablel.
Inlet velocities of air for U, =2.247m/s and
0 = 1000W
U air [m/s]

A[%] $=05 [ ¢=07 | ¢=1
10 56.436 40312 20.218
20 28.614 20.439 14.307
30 19.340 13.814 9.670

NUMERICAL RESULTS
Grid independency

Grid tests were adopted to ensure grid
independence of the calculated results. So, the total
cell number of 15000 cells was adopted. The grid
distributions are uniform within each region.

RESULT AND DISCUSSION

Reactions rates

Figure 2 show the contours of reactions rates in
the combustion chamber for the cases of of ¢ = 0.5,
0.7, 1.0, and oxygen percentage in air these figures.
We can see that with the increase of y these y =10,
20 and 30% respectively. The effect of reactions is
apparent from regions contract in the axial direction
however they expand in the radial direction; So, the
reaction rate decreases significantly with the
increase of ¢.
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Figure 2
Contours of reactions rates for different values of
equivalence ratio ¢ and oxygen percentage in air.

TEMPERATURE DISTRIBUTION

When entropy is created, a part of mechanical
energy is necessarily converted into heat [15].
According to Gouy-Stodola theorem, the rate of the
available work dissipation is proportional to the rate
of internal entropy generation [1].

Knowing that the heat, which is released in the
chemical reaction and transferred into the flowing

gas including the reactant and product molecules
[16], increases the temperature of this gas. In order
to view the temperature distribution, the variations
of temperature along the axis of burner are plotted
in figure 3.
It is very important to notice that the increase of ¢
significantly reduces the gradients so, larger
temperature gradients occur in the axial direction
(especially between x = 0 and about 0.20 m). The
heat calculations performed for the each fuel case
bring out that in the case of ¢ <1, the total heat per
unit mass released in the combustion.
Consequently, the results obtained from this
figures show that in the cases of ¢ < 1, complete
combustion occurs, while in the case of =1 it is
very close to the complete combustion state.

ENTROPY GENERATION AND BEJAN
NUMBER

Figure 4 presents the volumetric local entropy
generation rate for different ¢ and vy, they are
plotted as the logarithmic contours; high entropy
is generated in the region in which the reaction
rates are effective, and in which the large positive
and negative temperature gradients occur in the
axial and radial directions. It is apparent from that
figure that the variations of ¢ and y have an
irregular effect on the volumetric local entropy
generation rate distribution. These values bring out
that the volumetric local entropy generation rates
decrease about 10 and 5 % in the cases of ¢ = 0.5,

0.7 and 1 Respectively, with an increase of y from
10, 20 to 30%.

Figure 5 shows the Bejan number contours, it

was clearly seen that the Bejan number (Be), is very
close to 1, and this, therefore, means that the
irreversibility as a result of the heat transfer
dominates; it’s due to the lower value of the entropy
generation rates by reason of the fluid friction
respect to those due to the heat transfer.
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Figure 3
Temperature distribution for ¢ =0.5,0.7 and ¢ = 1.0 at different values of .
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Figure 4
Logarithmic volumetric local entropy generation rate contours. For ¢ =0.5, 0.7 and ¢ = 1.0
at different values of y.
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Figure 5
Bejan Number Contours
CONCLUSION 1. Bejan A., 1996, Entropy generation minimization

The combustion of propane with air in a burner was
considered and the effect of the equivalence ratio
and oxygen percentage in air was investigated, for
different numerical values. The resulting local
entropy generation rates due to heat transfer and
fluid friction contributions were computed. The
main conclusion is that:

¢ The increase of ¢ reduces significantly the
reaction rate levels.

In the case of ¢ < 1, the complete
combustion occurs, and the combustion
in The case of ¢ = 1 is very close to the
complete combustion state

The maximum temperatures in the
combustion chamber increase with the
increases of y (from 10 to 30%) and ¢
(from 0.5 to 1.0), respectively.

In all investigated cases, the Bejan
number is very close to 1 (about 02996).
Therefore, the irreversibility due to the
heat transfer dominates.

X/
L X4

X/
L X4

X/
L X4

REFERENCES
adiabatic wall. Int. J. Heat Mass Transfer, 46, pp.
2947-2955.

(Boca Raton, NY: CRC) .

2. Bejan A., 1996, Entropy minimization: the new
thermodynamics of finite-size devices and
finite-time processes, J. Appl. Phys, 79, pp.
1191-1218.

3.  Mahmud S,Fraser R.A, 2003, The second law
analysis in fundamental convective heat transfer
problems, .Int. J. Thermal Sci, 42, pp. 177-186.

4. Sahin A.Z, 1999, Effect of variable viscosity on
the entropy generation and pumping power in a
laminar fluid flow through a duct subjected to
constant heat flux. Heat Mass Transfer 35, pp.
499-506.

5. Sahin A.Z, 2000, Entropy generation in turbulent
liquid flow through a smooth duct subjected to
constant wall temperature. Int. J. Heat Mass
Transfer, 43, pp. 1469-1478.

6. Shuja S.Z., 2001, Yilbas B.S,.Budair M.O, Local
entropy generation in an impinging jet:
minimum entropy concept evaluating various
turbulence models, Comput. Methods Appl.
Mech. Eng, 190, pp. 3623-3644.

7. Yilbas B.S, S. Z. Shuja M. Rashid, 2003,
Confined swirling jet impingement onto an

8. Demirel. Y, Kahraman. R, 1999, Entropy
generation in a rectangular packed duct with wall
heat flux, Int. J. Heat Mass Transfer, 42, pp. 2337-
2344,

Morsli et al;,

107



17 — 20 May 2016, La Rochelle, France

9.Bouras F, Soudani A, Si Ameur. A, 2012,
Thermochemical study of Internal Combustion
Engine, Energy Procedia, 18, pp.1086-1095.

10. Bouras F, Attia M. E. H. Khaldi F, 2015,
Entropy Generation Optimization in Internal
Combustion Engine Environ, Process. 2, pp. 233-
242.

11. Zhou. C, 2013, Combustion. Retrieved from
http://www.eoearth.org/view/article/151315.

12.Pinho C.E.L., Delgado J.M.P.Q, et al, 2008,
Defect and Diffusion Forum, 273-276, pp. 144-149.

13. Fluent Inc. FLUENT 6.3.26 User’s guide.
(Fluent Inc), 2006.

14. Launder. B.E, Spalding D.B, 1972, Lectures in
Mathematical Models of Turbulence. Academic
Press, London, England.

15. Green A.E., Naghdi P.M, 1978, On
thermodynamics and the nature of the second law.
Lecture Notes.

16. Yapici. H, Kayatas. N, Albayrak. B. Bastiirk,
2004, Numerical study of effect of oxygen fraction
on local entropy generation in a methane—air burner
.Sadhana, 29, Part 6.

108

Morsli et al.,



International Conference On Materials and Energy — ICOME 16

EFFECTS OF BUILDING TYPOLOGY ON ENERGY
CONSUMPTION IN HOT AND
ARID REGIONS
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ABSTRACT

This article highlights results of an investigation which was set to determine the effects of residential buildings
typology on the consumption of energy for heating and cooling under the specific climatic conditions of hot and
arid regions. Five typologies similar in characteristics and living space layouts have been simulated using
TRNSsys version 17 code. The typologies are representative of actual urban developments constructed during
the 80s in Biskra, Algeria.

The results showed that compactness, orientation have a great impact on building energy consumption in
cooling and heating. In addition, the slab configuration and semi attached one seem to reduce drastically the

energy loads.

KEYWORDS

Energy Consumption, Typology, Building Form, Compactness, Residential Building, TRNsys, Hot and Arid

Regions.

INTRODUCTION

Building form, orientation, compactness, dimensions,
geometry and construction materials has a substantial
effect on energy consumption for heating and cooling
in buildings. Ruano has reported that building
configuration in form and orientation can reduce
energy loads up to 40% [1]. Depecker [2], E.Gratia
and A.De Herde [3] have stressed the fact that energy
consumption is proportional to building compactness,
recent research; Ross [1], showed that tall buildings
tend consume more energy than low rise buildings for
the same floor area and that compactness
window/wall ratio and glazing type are the main
factors that have greater influence on building energy
consumption Al Anzi [4].

Otherwise, according to the National Agency for the
Promotion and Rationalization of Energy Use
(APRUE), the final energy consumption in Algeria
has reached 8.5Mtoe in 2012. And the electricity
consumption of the residential sector has reached
1414 Ktoe. It represents 40% of total electricity
consumption, making it the largest consumer of
electricity on the national level [5]

ANALYSIS AND MODELLING

The case-study: Building shape and layout considered
in this paper were based on an analysis made to bring

out the most common typologies of residential
apartment in average size building. The analysis
revealed that 64% of these cities include slab
configuration, 30.6% of them contain L floor layout,
27.4% have pavilion configuration and 12.9%
contain U floor layout buildings, while buildings
with courtyard represent only 3.2%.

The slab configuration has been defined as a
reference for its common use in the considered
urban area. Four common typologiess have been
studied: the pavilion, the L, the U, the courtyard
shape. All these typologies are similar in
characteristics: glazing area, construction materials,
living space layouts and east/west main orientation.
The characteristics of all typologies are summarized
in the following table:

Table 1
Characteristics of different Typologies

Living Envelope Built Building

Typologies Space area area Height

(m?) (m?) (m?) (m)
Slab 4011,519 2077,98 397,85 10,8
Pavilion 4011,519 1905,93 198,92 21,6
L shape 4011,519 2314,39 397,85 10,8
U shape 4011,519 2631,22 411,05 10,8
Courtyard  4011,519 2937,39 424,25 10,8

Tibermacine et. al

109



17-20 May 2016, La Rochelle, France

We used Google sketch up plug-in to model of five
configurations.

The slab typology modeled under trnsys3d.

Figure 2
Typologies modeled under trnsys3d. Pavilion, L, U,
and courtyard shape building.

Building description: The building set as reference is
four stories building situated in "HAY EL AMEL" in
the west side of Biskra, with four apartments by story
and two separate accesses.

Figure 3
The reference building.

The main spaces of the apartment are: a living room,
two bedrooms, a kitchen, a courtyard, a lobby, a
toilet, a bathroom, balcony and an entrance "sas".
With the total area of 92.13m? and a ceiling height of
2.70m.
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Figure 4
The ground floor layout.

The simulation procedure: In our study the
TRNSYS code, version 17 was used as a tool for
investigating the energy consumption. This program
was developed by Solar Energy Lab (SEL),
University of Wisconsin—Madison in unites state.
TRNSYS is a dynamic simulation program used to
simulate the behavior of transient systems: thermal
and electrical energy simulation including the multi-
zone buildings, it is used also to model other
dynamic systems such as traffic flow, or biological
processes [7]. The use of this program requires a
data set, such as building proprieties and simulation
conditions. These inputs must be included to
simulate the models.

As mentioned above, the zoning of building is
similar to the apartment layout. The required
scenario "regime™ in the program corresponds to a
family of four persons (parents and two children). A
complete weather data set of biskra for the year 2005
was used.
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The calculation procedure using TRNSYS version 17
was applied for five buildings configurations for
spaces with cooling and heating devices: the living
room and two bedrooms. The number of all simulated
zones is equal to "240 zones."

The heating and the cooling control was set to 17 ¢°
and 27 c°.

RESULTS AND DISCUSSION

Impact of building typology on energy
consumption: The energy consumption for each
hour of the year was calculated automatically by
TRNSYS v17, which give hourly results. The Excel
program was used to calculate the annual energy
consumption of heating and cooling for each zone,
then for each building typology.

ANNUAL CONSUMPTION ( kWh/year)
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BUILDING

THEU
BUILDING

ANNUALCONSUMPTION(

kWh/year) 7757584
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Figure 5
Annual Energy Consumption of different typologies.

After analyzing five typologies, the results show that
the most efficiency typology are the slab and pavilion
configurations. Whereas, the L, the U shapes and
courtyard configuration are the most consumers on
energy for heating and cooling.

It is noted that the slab configuration consumes
"14788.33kWh/year" less than building with
courtyard configuration.

To find the characteristics of different studied
typologies, the impact of the following factors on
energy consumption has also been investigating:

The compactness factor.

Building layout "mitoyenneté".
South surface to West surface ratio.
Roof surface to wall surface ratio.

Effect of compactness factor on energy consumption:

The studied typologies show different compactness
values. The most compact configurations are the
pavilion and the slab configurations. While the L,
the U shapes and the courtyard configuration are the
most dispersed forms.

A difference of 0.25 is found between the factor of
the most compact configuration and the factor of the
dispersed configuration.
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Figure 6
Compactness values of studied typologies.
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Compactness and global energy consumption plots.

While comparing between compactness factor and
annual consumption plots, we found that
compactness of shapes is important factor to
increases or decreases the annual consumption in hot
and arid regions.

In fact, an inteval of 0.25 between the pavillon
configuration and the courtyard configuration
corresponds to "14183.63 kWh/year", which
represents about 15.3% of reduction.

Low compactness reduce the exposition of building
envelope to solar radiation and hot winds in summer,
therefore, the cool loads decreases significatilly. In
addition, compact configurations are less exposed to
air infiltration into building in winter, which also

Tibermacine et. al
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minimise the heat loads to set the inner comfort
conditions .
Effect of building layout factor on energy

consumption:

CONFIGURATION LAYOUT "MITOYENNETE"
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Figure 8

The number of exterior faces of studied typologies

The number of exterior faces allows to determine the
number of faces counted as deperditif.

The results showed that the building with courtyard is
the most deperditif configuration and the slab one is
the most protected. The interval between the two
configurations is equals to 24 faces.
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Figure 9
Building layout and global energy consumption plots.

The energy consupmtion is proportionnaly changed in
fonction of the number of faces exposed to the
outside. Sign of a relationship between these two
factors.

The interval of «24 faces» represents an increase of
16% in energy consumption.

Effect of south surface to west surface ratio on energy
consumption: This ratio was manually calculated by
devising the south walls area on the west walls area.
The figure 9 summarizes the obtained results.
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South surface to West surface ratio results

This factor showed that the slab configuration has
the biggest area oriented forwards south with a ratio
of 1.8. The interval is about 0.8 between the slab
configuration and the L configuration.
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Figure 11

South surface to west surface ratio and global energy
consumption plots.

A reduction of 16% on energy consumption has
been noticed between the slab configuration and the
L configuration.

From the figure 11, we can observe that important
south walls area decreases the energy consumption,
and important west walls area increases the energy
consumption  significantly.  Indeed, building
orientation forwards south can reduces the need to
the heating and cooling advices because it takes into
account the seasonal variations in the sun’s path as
well as wind direction.

Effect of roof to wall ratio on energy consumption:
The ratio was calculated by devising the roof area on
the exterior walls area. In general, high buildings
have a small roof to wall ratio.
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Figure 12
Roof surface to wall surface ratio results

The biggest ratio was found appertains to the slab
configuration, it is about 0.19. While the smallest
ratio is about 0.1 appertains to the pavilion
configuration.

The inteval between these two configurations is 0.09.
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Figure 13
Roof/wall ratio and annual energy consumption plots.

The correlation between annual consumption and
roof to walls ratio is not perfect. However, the energy
consupmtion increases when "roof to walls" ratio is
important in the most cases.

Buildings which have big horizontal surfaces “roof
and ceilling” are the most exposed to the climatic
variation. That is why, configurations with important
roof to walls ratio are the most consomers on energy
consumption for heating and cooling.

CONCLUSIONS

The results from recent research showed that compact
forms are recommended in hot and arid regions to
achieve significantly energy efficiency in buildings.
However, compactness could not be the only design

factor used by architects to reduce energy
consumption and loads. Many other factors are taken
into consideration while designing in different
environments and different climate condition such as
orientation, height, building envelope configuration
and layout for getting the optimal solution.

The present research showed that building slab
configuration and attached building forms which in
fact represent merely 64 % of residential sector in
Biskra are the best option for a sustainable buildings
form.
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ABSTRACT

The present paper talk about, the thermal and luminous efficiency analysis of the windows components in the
building design. The case study is an educational space (The room's workshop of Oran architecture school -
Sciences and Technologies University; Mohamed Boudiaf - Algeria). This work raises the question of the
window's conceptual design impact on indoors temperatures and lighting levels. Several parameters were

considered (orientation, position, size of the windows .

.. etc.) to see their impact on the ambiance quality. An

investigation followed on site, allows us to know the occupants (architecture students) appreciations in terms of
thermal and visual comfort. To confirm the collected statements, case study simulations were done using one
hand for the DIALux software for the lighting and the daylight factor calculation, and secondly the TRNSY
software for indoors temperatures evolution. The comparison between the simulated rooms proves well that a
rigorous conceptual study of openings (the size, the shape, the position) can have a real impact on the
improvement of the levels of illumination and indoor thermal comfort.

NOMENCLATURE
Lighting ( lux)

INTRODUCTION

during the last years , Algeria had lead a construction
policy, where the quality is often lacking, making our
buildings energy efficient. Topped the list with the
residential-commercial sector, in fact in 2005 this
sector accounted for 43% of final energy consumption
[1]. This latter is distributed as follows: 49%
electricity, 41% product gas, 10% oil products.
Ensuring the lighting needs, heating and refresh the
indoor environments. while the window is an interface
element between the external environment and the
internal environment of the building, so it is a nerve
center of the building. It is a way to capture the sun's
rays, which allow us to introduce light and heat,
however it can also be seen as critical of any
insulation, this makes it a key part of our energy
consumption.

If the habitat account as an excellent place for the
research on comfort, workplaces remains important,
particularly educational areas. These require a
minimum level of visual comfort and heat necessary to
the accomplishment of the task. Especially as regards
the visual comfort, indeed in the furniture is fixed
workspaces, tasks demanding concentration and
support evil glare, plus a minimum illumination of
500lux on the work plan must be insured [2].

To perform this work we chose to study the levels of
illumination and interior temperatures at the
architectural school, the aim is to check the guidelines
in our latitudes avoided, recommend, and what impact
plays window on visual and thermal comfort.

ANALYSIS AND MODELLING

In this study, we choose two workshops from different
configuration and orientation, we analyze the design of
the window in three reports: glasses Area / exteriors
walls area, height bay / Local depth,

Area glasses / Area floor.

Hamza Chérif et al.

Table 1:
window geometrical study in the selected
workshops
1% Local 2" Local Ideal
case
Glass area north 11 west 25.1
(m2) south 4.0
floor—area 46500 123.00
(m?)
Height  bay 2.85
(m) 2.45 280
Local depth 4, 11.20
(m)
Exteriors
walls area 131.00 121.70
(m?)
Glass area / 0.07 0.24 0.20[3]
Floor area
Local depth / 4.20 3.92 1.50t0 2
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Height bay 3.97 [4]
Glass Area / <30%
Exteriors 8.4% 23.90% [5]
walls area

After studying the workshops openings conceptual
design, we carry on some simulations. The study of
luminous comfort is done with DIALUX software,
using the daylight factor method that allowed us to
assess the levels of illumination; while simulations
indoor temperatures are made using TRNSYS,
respecting building materials and rooms occupancy.
We present the results of simulations [6] for the day of
21st June and 21st December as they represent critical
days and correspond to workshop occupation periods.

Table 2 :
Simulation results for the two workshops for the
21" June
Lighting Daylight T min T max
Average factor (K) (K)
12pm( lux)
1%t Local 142 0.7 249.18  296.69
2" | ocal 392 2 294,75 301.81
Table 3 :

Simulation results for the two workshops for the
21t December

Lighting Daylight T min T max
Average Factor  (K) (K)
12pm( lux) %
1% Local 74 0.7 285.45  287.40
2" Local 204 2 285.93 291.70

The simulation results clearly indicate that the lighting
levels are insufficient in the first local, as to the second
local, even if the light levels are correct in the second
case, there is a risk of overheating in summer. These
results confirm the results of the investigation.

To know the window's impact on the thermal and
visual comfort. We offer two solutions for each local.
Given that the first place is marked by a low level of
illumination we suggest to increase the glass surface in
the first option will be exclusively oriented north, in
the second part will be oriented north west another.

In the second room, he saw a danger of overheating, it
is suggested to decrease the glass surface and the
spread differently on both south and west facades.

RESULTS AND DISCUSSION
Table 4 :
window geometrical study
15t Local and the two solutions

1%t Local 1t Solution 2" Solution
Glass area north 21
m?) north 11 north 32 “west 11
floor —area 445 4o 162.00 162.00
(m?)
Height bay ;5 3.40 3.45
(m)
Local depth 10.30
(m) 10.30 1030 ——cg0
Exteriors
walls area 131.00 131.00 131.00
(m?)
Glass area /7 0.20 0.20
Floor area
Local depth 3.00
IHeightbay 420 3.00 4.35
Glass Area /
Exteriors 8.4% 24.4% 24.4%
walls area
Table 5:

Simulation results of 215 June

1%t Local and the two solutions

Lighting Daylight T min T max

Average Factor (K) (K)

12pm( lux) %
1%t Local 142 0.7 21.18 23.69
15t Solution 383 1.8 21.36 24.81
2" Solution 442 2.1 21.57 25.70

Table 6 :
Simulation results of 215 December

1%t Local and the two solutions

Lighting Daylight T min T max

Average Factor (K) (K)

12pm( lux) %
1t Local 74 0.7 285.45  287.40
15t Solution 200 1.8 285.35  287.99
2" Solution 231 2. 285.44  288.60

The results in table 4,5 and 6 show clearly that it is
possible to improve light levels in the room, while
respecting the thermal comfort zone. also it seems that
the most appropriate option is the second one ( bilateral
lighting) , because it allows a significant improvement
in illumination levels, and the closest indoor
temperatures of thermal comfort zones.
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Table 7 :
window geometrical study
2" Local and the two solutions

CONCLUSIONS

This study shows that the increase in glass surfaces has
a greater impact on the lighting levels than on the
interior temperatures, contrary to the direction which
influences the temperatures, in this sense in our
latitudes west orientation is avoided because it presents
a risk of overheating and glare.

In the case of educational areas that require significant
levels of illumination, the depth ratio of local / height =
1.5 to 2 play an important role, particularly in local
background. We advise to opt for a bilateral lighting or
for shallower possible spaces.

Finally we can conclude that improved lighting levels
do not necessarily induces a less comfortable room
temperature, just choose to select the appropriate
orientation, in order to get a compromise between
thermal and visual comfort)
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. 2nd
nd st
2" Local 15t Solution Solution
Glass area west 251 west 15 west 10
(m2) south 4.0 south 10 south 15
ﬂog;f‘)rea 123.00 123.00 123.00
Height bay 2.85 2.70 2.70
(m) 2.80 2.45 2.65
Local depth 11.20 11.20 11.20
(m)
Exteriors
walls area 121.70 121.70 121.70
(m?)
Glass area / 0.24 0.20 0.20
Floor area
Local depth / 391 4.14 4.14
Height bay ' 4.60 4.60
Glass Area /
Exteriors 23.90% 20.50% 20.50%
walls area
Table 8 :
Simulation results of 215 June
2" Local and the two solutions
Lighting Daylight Tmin T max
Average Factor % (K) (K)
12pm( lux)
2nd Local 392 2 294.75  301.81
1t Solution 480 2.3 294.65 300.31
2" Solution 623 3 294.57 299.6
Table 9:

Simulation results of 215 December
2" Local and the two solutions

Lighting Daylight T min T max
Average Factor % (K) (K)
12pm( lux)
2" Local 204 2 285.93 291.70
1% Solution 250 2.3 286.13  291.62
2" Solution 325 3 286.26  292.05

The results in table 7,8 and 9 revealed that the second
solution( glasses area 10m? west & 15m?) offer the
most comfortable indoor temperatures, so we can see
that in summer the gap's maximum temperatures
between the original local and the 2nd solution is more
than 275 K, unfortunately in winter this improvement
is less marked, also this solution had the advantage to
offer us the best lighting levels.
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ABSTRACT

Simulation of Heat, Air and Moisture (HAM) transfers in building envelope is a practice which is becoming
increasingly popular. This is due to the impact of moisture transfer on the energy performance of the envelope
and indoor air quality as shown in the latest studies related to this subject. In this context we designed a new
experimental setup which reproduces wide range of hygrothermal solicitations in building. It has a various
physical measurements, which allows the understanding of hygrothermal phenomena and provide sufficient
data to validate HAM models. This article present the qualification of the device and its use to understand the
behavior a highly hygroscopic thermal insulating material which is fiber wood. The results highlighted heat
and mass coupling effects especially the contribution of latent heat in the overall energy balance for different

type of loading.

INTRODUCTION

Very hygroscopic materials such as wood and its
derivatives, allow to reduce energy consumption of
buildings [1]. They have also a strong capacity to fix
CO; present in the air [2]. They would constitute a
very good candidates to meet the goals and
commitments of the Grenelle Environment Forum.

Numerical modeling of Heat, Air and Moisture
(HAM) transfer for this type of material becomes
important. This is due to strong coupling between
physics and to the impact of water transfers on the
energy performance for highly hygroscopic
envelopes as shown in some studies on that subject

[1], 2], [3].

Validation of HAM numerical simulation codes is
therefore essential as these materials exhibit complex
behavior and strong heterogeneities. In this context
we propose to design a new experimental device for
the study of hygrothermal transfers.

Different experimental benches for the study of
hygrothermal transfers exist. Most of them, although
allowing varied boundary conditions, focus on the
study at the material scale [4], [5], or on the study of
the storage/release of water [6], [7]. At the wall scale,
we can cite the work of [8], [9] where the
hygrothermal loading is limited to the control of a
single side and [10] where no mass flux is measured.

Other, focus on the building scale where the
boundary condition are not fully mastered [11], [12].
The objective of this article is to present an
experimental device that goes beyond the scale of the
material while offering the same opportunities in
terms of hygrothermal stresses. It may thus consider
multilayer walls with a surface of 1 m? with natural
or even forced convection under laboratory
conditions.

Mk

Picture of the experimental device

Figure 1

The experimental results ensuing come meet the need
of the community for this type of data. This work was
developed in the frame of the ANR project HYGRO-

Slimani et al;,
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BAT whose objective is to put in place a
methodology for good building hygrothermal design.

EXPERIMENTAL DEVICE DESCRIPTION
The proposed device reproduces hygrothermal
constraints encountered in building. It was designed
on the basis of the existing experimental benches
[13]. It has a rich instrumentation permitting the
measurement of water and thermal fluxes. It is
designed to provide an experimental observation for
a better understanding of the hygrothermal
phenomena and have sufficient data for validation of
HAM models or even the characterization of transfer
properties at the wall scale.

Air exit ( to the climatic chamber)

Salt Solution + balance
=> mass monitoring

Tested wall

Heat exchanger
(to thermal bath)

Air entrance ( from the
climatic chamber)

Figure 2
Descriptive scheme of the experimental device

Specifications: To characterize the behavior of
buildings walls [different wall thicknesses, different
materials] with regard to coupled heat and moisture
loading, the proposed experimental device meets the
following requirements:

— Having two compartments regulated in
temperature and relative humidity separated by
the wall to be studied. Thus we can consider
different hygrothermal loads (constant, step...).

— Measuring the temperature and humidity fields in
the two compartments [air + surface] to monitor
and check the boundary conditions [stability,
homogeneity contribution of the long wave
radiations...].

— Measuring the temperature and humidity of fields
on the surface and in the volume of the wall in
order to have the response of the wall with regard
to the applied loads and to check the
unidirectionality of the transfer

Measuring mass flow through the wall as well as
the amount of water stored. This will achieve an
overall water balance and deduce the buffering
capacity of the wall.

— Measuring the heat flux at the outer surfaces and
thus know the powers involved in the transfer.

— Measuring the difference in pressure between the
two compartments in order to have the
contribution of convection.

— Measuring the speed and condition of the air
inlet and outlet of the vein to measure the water
vapor flows.

The proposed device is shown in Figures 1 and 2. It
helps to have the response of the wall facing static
and dynamic hygrothermal loading in natural and
forced convection. It is composed of two
compartments with a volume of 0.5 x 1 x 1 m. It has
more than 60 measurement points. The chosen
sensors for the measurement of temperature and
relative humidity inside the wall are SHT75. They
have been tested to verify their durability under
aggressive conditions and drift in time. They show a
very good behavior even after condensation. Figure 3
shows the positions of the sensors inside the test wall
and in the compartments of the device.

PAROI (1 x 1 m*) : Fibre de bois Thermowall 80 mm

50 mm 1
. g
| E
=
v
=
250 mm
L ] [ ]
. 250 mrg
L]
[
L] LR R -
geess
L]
g
= L]
=
"
E
E & PT100
® - 2 ® SHT?S
50 mm: v . &  Thermocouple
Bl mm
| Compartiment 1 | | Compartiment 2 | | Fluxmétre thermigue
Figure 3

Cross-section of the device showing the position of
the sensors

The first compartment is regulated in humidity
through a Saturated Salt Solution (SSS) and in
temperature using a fluid-air exchangers connected to
a temperature control unit. It consists from the
outside to the inside of:
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— Anexternal part

— A polystyrene insulation layer having a thickness
of 60 mm

— 4 heat exchangers connected to a temperature
control unit.

— An internal part with a volume of 0.5 m® and an
exchange surface of 1 m2

The two heat exchangers are arranged in counter-
current for a better uniformity of temperature in the
compartment. In this configuration the temperature
differences are substantially constant along an
exchanger.

The second compartment consists of internal and
external parts allowing to have a thermal guard. It has
two operation modes in natural and forced
convection. The first mode is obtained with the 2
elements where the relative humidity regulation is
achieved using SSS and temperature regulation
through a climatic chamber [in remote mode]
controlling the temperature in the thermal guard. The
second mode is obtained directly with the external
part and the climatic chamber that pulse conditioned
air in parallel to the studied wall with an airflow
control. Compartment 2 consists from the outside
to the inside of:

— Thin multilayer insulation 24 [thermo-reflective
insulation]

— 2 layers of hemp wool insulation with a thickness
of 40 mm.

— An external compartment connected to the
climate chamber by isolated air ducts [glass wool
insulation of 50 mm thickness]

— An internal part similar to the compartment 1
internal part.

Heating and cooling powers of regulation systems are
sufficiently large to allow to quickly reach the
desired temperature. The vapor stream obtained by
the SSS are limited. The mass of the used SSS for
relative humidity control is about 2.5 kg and its
exchange surface area is about 0.46 x 0.3 m2. Fans
are used to homogenize the humidity and temperature
in each compartment.

Tests for the qualification of the bench: the
qualification of the bench is a necessary step because
it allows to give the uncertainty of all possible
measures on this bench. This qualification has

brought on the calibration of sensors, verification of
humidity and temperature regulation systems,
checking balances drift, the estimation of air
tightness, the estimation of the uncertainty on the
position, the verification of the unidirectionality of
the transfer.

This article only presents tests on regulation and the
tightness of the compartments as well as the
summary of the uncertainties of the measurements on
the bench. Other qualification tests are on [14].

Table 1
Boundary conditions of the tests for the qualification
of the bench
Compartment 1 Compartment 2

Temperature Relative Temperature Relative
[°C] Humidity [°C] Humidity

[%] [%]

5 43 35 76

In order to achieve regulation and air tightness tests,
we have put a moisture insulated wall through a
vapor barrier between the two environments with the
hygrothermal conditions presented in table 1. The
measures of interest are the effective conditions in
terms of temperature and relative humidity as well as
the SSS mass.

—HR =—HR sel T
85.0 A0
20.0
5.0
70.0
F 65.0
£ 600
55.0
50.0
45.0 ¢

40,0 *
o 50 100 150
Temps (h)

Figure 4
Evolution of temperature and relative humidity in
compartment 2

Regulation system: for the sensors installed at
different positions especially in height, a good
homogeneity and stability of the measured values
was observed. Over the last 48 hours the standard
deviation of the two compartments does not exceed
0.06 °C for temperature and 0.14% for relative
humidity. Note that the difference between the
measured relative humidity and that displayed by the

Slimani et al;,
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SSS tables in this case is less than 2%. Figure 4
display temperature and relative humidity in one of
the compartments.

Air tightness: to estimate the magnitude of leaks we
put a vapor barrier on both sides of the wall to avoid
water vapor transfer between the ambient air and the
wall. The monitoring of the mass of the SSS and the
relative humidity allowed us to estimate the
magnitude of the leak.

Evolution de la masse solution saline Compartiment 2

[=

=
(=]

=

Evolution de la masse 555(g)

[
=
(=}

20 A0 60 80 100
Temps {h)

Figure 5
Evolution of the mass of the saturated salt solution
for compartment 2.

During the first 20 hours [see Figure 4 and 5] there is
a great evolutions of relative humidity and mass of
evaporated SSS. The latter evaporates to balance the
relative humidity of the ambient air [att = 0, RH =
42%] until to reach equilibrium at 78%. After 70
hours, despite a stable ambient air conditions, the
SSS always evaporates without affecting the relative
humidity of the atmosphere. This steam flow cannot
be explained by the balances drift since this point has
been checked. Actually, it represents the leakage of
the compartments for the given operatory test
conditions. It is of the order of 0. 033 g/h for the
compartment 2 and 0.004 g/h for the compartment 1.

Table 2
Domain and measurements uncertainties

Measurement Domain Uncertainty
Temperature (SHT75) [5-45] °C 0,17°C
Relative humidity o 0
(SHT75) [40-90] % 2%
Temperature (Pt100) [5a45]°C 0,15°C
Temperature [5-45] °C 0.16°C

(thermocouples)

Summary of the measurements uncertainties:
table 2 gives a summary of hygrothermal operating

domain of the experimental device and the
uncertainties on the temperatures and relative
humidity’s according to the type of sensor.

STUDY OF A STRONGLY HYGROSCOPIC
WALL

As an example we present results for isothermal
loading. This case study allow to highlight the effects
of vapor transfer on the thermal behavior of a wall
when latent heat effects are predominant.

The study is conducted on an 8 cm thickness wood
fiber insulation. This material was characterized by
different  laboratories in the framework of
HYGROBAT project [ANR-10-HABISOL-005-01
[15]]. Its physical properties are presented in table 3.
Note that this material has a high storage capacity and
a strong dependence of thermal conductivity to relative
humidity showing 12% variations in the hygroscopic
field unlike a non-hygroscopic material where its
variation is negligible in the hygroscopic field such as
brick [2]. On the other hand, this material has a high
vapor diffusion coefficient. This indicates that water
vapor passes through this material almost as easily
than in the air.

Table 3
Hygrothermal properties of the tested wood fiber
insulation
Bulk density 0.144g/cm3
Porosity 90-99%
dry cup
Water vapor permeability 1,43x10-10
[ka/[Pa.m.s] wet cup
3,62x10-11
. 14,8-6+40
Thel’m[&::]\(;\(/);‘]::]}z;lVlty A [6 : Volumetric water
content %]

To see the effect of mass transfer on the heat transfer
we realized a test under isothermal conditions at 20 °C
with a relative humidity of 73% in the outside and
52% in the inside one. Figure 6 shows the boundary
conditions to which the wall is subjected. Again a
good stability of the boundary conditions is noted.
The water vapor steady state is slower to reach
because of the significant vapor flow needed. We had
to intervene regularly to regenerate the SSS.
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Figure 6
Temperature and humidity changes at the boundaries
of the wall

RESULTS AND DISCUSSION

Figure 7 shows the evolution of the water vapor
concentration in the wall at x = 0, 2, 4, 6 and 8 cm.
This curve was obtained from the temperature and
relative humidity measurements for different positions
in depth of the wall. It can be seen that the wall start
from a constant water vapor concentration of the order
of 7 g/m® and evolves over time. The evolution of
water vapor concentration over time is due to the
boundary conditions that creates a difference between
the two sides of 3.7 g/m® This gradient induces a
water vapor flux through the wall which has been
measured through the monitoring of the mass of SSS.

= =3 0cmExp =2a2cm Exp==a4cm Exp
——a6emExp---a8cemExp

p¥(g/m3)

0 50 100 150 200 250 300

Temps (h)

Figure 7
Evolution of the water vapor concentration in the
wall at different positions

We can see in figure 8 the evolution of the mass of the
SSS depending on the time in the compartments 1 and
2. The slopes of the curves allow to have the flow of
moisture at the input and output of the wall. Note that
the water flux based calculated over the last 24 hours
is 1.15 g/h at the external side and 1.2 g/h at the inside.
The difference between the two measurements is about
4.3%. It can be concluded that a pseudo-permanent
regime is reached.

The algebraic sum between the two curves is the
amount of stored water. The tested wall stores a large
amount of water during the first 50 hours estimated to
156 g. After 12 days, this amount reaches the 327 g.
Given the porous nature of the wall, the stored water
cannot only be in vapor form. It is largely in a
condensed form.

=——(ompartiment Ext ~==—=Compartiment Int

600

300 _—
0 /

=300

-600 \\

0 50 100 150 200 250
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-900

Figure 8
Evolution of the mass of the saturated salt solution in
the two compartments

Figure 9 presents the evolution of the temperature in
the wall over time. It may be noted a sudden increase
in temperature on the outside (at 4 cm and 6 cm from
the edge close to HR = 70%). The temperature reaches
its maximum value after 5 hours. The magnitude of the
elevation is 1.7 °C. The increase in temperature is
explained by the condensation which is accompanied
by a release of heat. This heat is diffused through the
wall which causes dephasing found on temperatures at
different positions.
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Figure 9

Temperature evolution at different position in the
wall submitted to isothermal conditions with a vapor
concentration gradient

The experimental results for this highly hygroscopic
wall are a benchmark for validation of HAM transfer
models.
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CONCLUSIONS

This paper presents experimental device for the study
of hygrothermal transfers in the walls of buildings. It is
a laboratory device that allows the measurement of a
large number of variables including water vapor flux in
dynamic regime. It can also reproduce varied loads in a
single tool. His qualification allowed us to show its
capacity of hygrothermal regulation and assess the
uncertainty of the measurements on this bench.

The case of a single-layer wall in wood fiber submitted
to thermal solicitations allowed to show the interest to
take into account water transfers in the study of the
heat balances for a highly hygroscopic wall. Indeed,
because of the latent effects of condensation of water
in the wall, showed a rise in temperature that goes
beyond the degree Celsius.
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ABSTRACT

In this study we examines the effect of a giving wall thermal resistance on an inside temperature under
dynamic regime. Our computational study is conducted to establish, for a giving wall thermal resistance, how
the inside temperature is influenced by the thermals characteristics, locations and thicknesses for the different
materiel constituting a building wall. Comparative results for three walls having identical thermal resistance are

presented under Fes weather conditions.

KEYWORDS

Thermal resistance, Dynamic regime, building,
Weather conditions

NOMENCLATURE

C Thermal capacity (kJ/kg K)

h  Convective heat exchange coefficient (W/m? K)
m  The mass of the layer (Kg)

Uy Global exchange coefficient (W/m? K)
t  Time, (Min)

a  Absorption coefficient (%)

J  Number of days

R  Thermal resistance (°C m?/W)

S Wall surfaces, (m?)

T  Temperature, °C

INDICES / EXPOSITS

Ex Exterior

Int Interior
ME EST wall
cim cement

INTRODUCTION

Evaluation of building heat loss is generally based
on steady stat model. Consequently the thermal
inertia of walls is not been considered.

Givoni [1] suggest that inertia is a necessary
recommendation for construction in warm climate to
large range. Narayan [2] validate the effectiveness of
the inertia under cold climate in the creation of
thermal comfort and reducing energy consumption.

Other studies such as Solange [3], state that thermal
inertia may also be useful in the hot and humid
climate.

This research is attempted to show interest of
considering energy storage in room walls. So, the
comparative results of room walls, with and without
energy storage at the wall, are presented for three
types of walls having the same heat resistance.

DESCRIPTION OF THE BUILDING STUDIED

A 15 m? room located in Fez, whose south wall,
East, North and ceiling are exposed to sunlight. Taking
into account weather condition of Fez, the overall
radiation incident on the vertical and horizontal walls
was calculated numerically and the radiation
transmitted by the glazing according to their
orientation. This first result is validated by [4-5]. The
south wall has a 1.68 m?2 surface of window and door
surface 2.68 m2 to the west wall, the thermo-physical
properties of these materials were taken by referring to
the TRNSYS library [6] and literature [7].

ANALYSIS AND MODELLING

The numerical study is based on solar and thermal
models. The incident radiation on the walls is
evaluated using equations reported in [8]. The
following hypothesis was used:

- The day relative humidity is assumed to be
constant and equal to 50%,

- The atmospheric turbidity B is equal to 0.1

- The steam saturation pressure of water is
evaluated for a constant temperature room,

- The heat transfer in the wall is one-dimensional,

El Khattabi et al.
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- The internal irradiative heat exchange is neglected,

- The convective heat transfer coefficients are
constant.

The 16 heat balance equations concerning the case
without energy storage at the building walls room are:

* Externals walls

dTi = #[hexts (Text _Ti ) + a'cimGS + hrcieIS(TcieI _Ti)
dt  pVicep

=TS
,(1—"1:47'4’1) + hr50|S(Tso| 7Ti )]

2R,

n=1
+ Internals walls

d-;i':+1 = pV1Cp [_ (Tin:leHl)S + hS(Ti+1 _Tim)]
iViChi R,

+ Air change
dT; _ 1

alr

6
= + n L
dt pairvaircpair [EQ\NE‘“ QRE vitre QSOI]

+ Glazing transmitted flux
Qvitre = FSGSudSsud +UvitreSvitre(Text _Tint)

* Indoor Air
QRE = 034qv (Text _-rint)

In study with energy storage at the composite wall,
the equations of heat balance are established for each
layer of the wall. Hence, 4 equations are established for
each wall.

RESULTS AND DISCUSSION

Constitution and the thermo-physical properties of
the various walls considered are summarised on tables
1and 2.

Table 1: Thermo-physical properties of externals walls
components
Thickness Thermal Thermal Density
(cm)  capacity conductivity (kg/m3)
(kJ/kg K)  (W/m K)

Polystyrene 2-12 1.380 0.04 35
Cement mortar 15 1 1.15 1700
Brick 20 0.878 1.15 1800

Table 2: Thermo-physical properties of roof components

The presented results are obtained for 1 June taken
as the day type of this study. Figure 1 shows the
distribution of the radiation on the various orientations
of the room's walls.

=— Mur-Nort et Sud
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1000 - |—=— plafond
& ;
£ 800 -
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E Ld h -
& eo0
o
& ! -— 8
E 400 of / - .
= / - \-
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S
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Figure 1: Incident radiation for different orientation walls
(Fez 1june)

Temperature (°C)

Time (min)

Figure.2: Variation of internal temperature with various
insulation thicknesses and with no wall energy storage

As shown in figure 2 the internal temperature at
mid day corresponding to 12 cm isolation was reduced
about 8°C compared to the case with 2cm
insulation. Additionally, we note that the internal
temperature was insensitive to growth of insulation
thicknesses over 12 cm (no represented).

T

/ "\, With Storage

Temperature [°C)

Thickness Thermal ~ Thermal  Density S
(cm)  capacity conductivity (kg/m?) — ’
(kJ/kg K)  (W/mK)
Floor tile 2 0.7 1.75 2300 S S N
Mortar 10 1 1.15 1700 Eri)
Concrete 4 0.65 1.75 2100 Figure.3: Variation of internal temperature with various
Concrete 16 1 1.23 1300 insulation thicknesses and with wall energy storage
Plaster 2 1 0.4 1500
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Figure.4: Dynamic regime effect on the internal
temperature

Otherwise figure 3 attest that the maximum of
internal temperature under all isolation thickness was
less by 3 to 7 degrees if the energy storage in wall is
considered. Under dynamic regime a 2 cm isolation
thickness permit a reduction of 9°C and 2 hours
phase shift in comparison with the steady state case
(figure 4).

Temperature (°C)

Time {min}

Figure.5: Internal temperature variation with different
arrangement of layers of the outer wall

Table 3: Constitution and the thermo-physical properties of
the others walls layers
Thickness thermal  Thermal density
(cm)  capacity conductivity (kg/m3)
(kJ/kg K) (WImK)

Polystyrene 2 1.380 0.04 35
Polyurethane 2 0.84 0.04 45
Plaster 20 1.00 0.40 1500

Study of three walls with a fixed thermal
resistance and different layers arrangement (table 3)
shows principally a 100 minutes phase shift of the
internal temperature maximum in case of plaster
(figure 5). Note that the EPS and polyurethane have
the same thermal resistance so they emplacement in
the wall provide the same effect. In comparison with
the plaster layer a 20 cm thickness mast be use to
have an identical thermal resistance. So in this case
the thickness of wall is bigger and here thermal
inertia is greatest.

CONCLUSION

In the present work we have conclude that:

+ Under steady stat regime, the change of layers
position with the conserving of the total thermal
resistance gives the same result,

¢ Optimum insulation is obtained with a
thickness of layer insulating equal to 12 cm,

+ The internal temperature variation is moderated
under dynamic regime,

¢ Under dynamic regime a 2cm isolation
thickness permit a reduction of 9 °C and 2 hours
phase shift in comparison with the steady state case
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ABSTRACT

Porous media possess a complex structure on a microscopic scale and present strong heterogeneities, which
makes their precise description extremely complex. The macroscopic behavior of these media is strongly
dependent of mechanisms that act to the scale of these constituents. In this present work we are interested in
the development of a macroscopic model of heat transfer by conduction and convection with a heat source
in the porous materials. This model is established by periodic homogenization of energy conservation
equations written on a microscopic scale in each phase (solid, liquid and gas). Expressions the different
input parameters of model were obtained. Numerical calculations of the homogenized thermal conductivity
tensor are performed on a representative three-dimensional elementary cell of the porous medium. Finally, a
sensitivity study of this tensor depending of the variation of the water content of the elementary cell

concerned has been performed.
Keywords Heat transfer, porous building materials

NOMENCLATURE

C volumetric heat capacity [j/m3k]

h; specific enthalpy of the liquid [/ /Kg]

hyy specific enthalpy of vaporization [J /K g]

I identity matrix

L characteristic macroscopic length [m]

l characteristic microscopic length [m]

n;j normal unit vector directed from the
domain £2; toward the domain (2;

n; volume fractions of the materials i

Pc capillary pressure [Pa]

T temperature [K]

t time [s]

v velocity [m/s]

X dimensional space variable [m]

x macroscopic dimensionless space
variable

y microscopic dimensionless space variable

Greek Letters

r interface between two different phases

€ scale separation parameter

A thermal conductivity [W /m K]

Ahom  macroscopic conductivity tensor
[W/mK]

p density [Kg/m3]

wg liquid-gas interface velocity [m/s]

Ky) period

0; part of the period occupied by the pores

by mediums i [m3]

Subscripts

s solid

l water liquid

g gas

T reference variable

dimensional variable
a=s,landg

INTRODUCTION

In order to reduce energy costs and
environmental impacts related to buildings,
several organizations and research laboratories
have focused on the physical study of the
building and its energy behavior [1]. Most
materials used in building construction are porous
materials with a complex structure and exhibit
strong heterogeneities on the microscopic scale.
Moreover, most of the phenomena involved at the
microscopic scale are the origin of the
phenomena presented on the macroscopic scale:
the macroscopic behavior of material is strongly
dependent mechanisms acting at the scale of
these constituents. It is then necessary to dispose
of macroscopic laws that allow us to take into
account the heterogeneity and complexity of
porous media and describe their overall behavior
on a large scale.

One possible solution to describe these highly
heterogeneous on the pore scale is to assimilate
them to the equivalent continuous media on a
macroscopic scale, with the same average
behavior, using homogenization methods, also
called scaling method or micro-macro transition.

Bennai et al;
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The effective medium is then characterized by
effective transport properties, or macroscopic
coefficients reflecting physics at the pore scale.
The periodic homogenization method is among
the most well-known and rigorous scaling
methods available in literature allowing obtaining
pertinent model. It is mainly based on the method
of asymptotic expansions [2]. This method
assumes that the microstructure of the
macroscopic medium is constituted of a periodic
repetition of basic elementary cells. In this work,
we propose to establish the periodic
homogenization of heat transport equations on
the microscopic scale for the different phases of
the real porous media, the recourse to the
periodic homogenization well known by its
reliability to achieve relevant and pertinent
macroscopic models. Then, numerical
simulations on a representative elementary cell of
the microstructure of the studied porous medium
are investigated, in order to calculate the
homogenized tensor of thermal conductivity.

MICROSTRUCTURAL DESCRIPTION
OF PERIODIC MEDIUM

The internal elements of the material structure
constitute  the  microstructure that affects
significantly the properties of macroscopic
materials. At the macroscopic scale, many
materials present a homogeneous geometry but
they are in reality highly heterogeneous on a
microscopic scale, especially when considering
the  cementitious material. Indeed, the
macroscopic behavior of materials is strongly
dependent on the mechanisms involved at the
microscopic scale.

Figure 1 shows an example of an X-ray
tomography image of cementitious material
representing the heterogeneity of such material; it
contains aggregates in white, cement and sand in
gray and voids in black.

of the concrete (resolution 60 um) [3]

Considering a porous medium having a
microstructure constituted of periodical repetition
of an elementary cells (see Figure 2). Each cell is
composed of a solid phase 3, a liquid phase 2}
and a gaseous phase f2;. The interfaces between

these various phases are [}, [y et I;5;  they
represent the gas-liquid, gas-solid, and liquid-
solid interfaces, respectively.

)

/a/

Figure 2: Example of a periodic microstructure
partially saturated

MICROSCOPIC DESCRIPTION OF
HEAT TRANSFER EQUATIONS:

Considering the conduction and convection heat
transfer, the conservation of energy [4] in each
phase can be written respectively

PsCs —div'(A5.grad™Ty) =0 in Qg
prcr at*l — div*(A].grad*T;") 2
+picivi.grad*Ty =0 infy
* * a*T; . * * * *
PgCq 57 — div*(4;. grad Tg) 3)

+pgCqvg.grad’Ty =0 infly
The boundary conditions at the various interfaces
are given by:

Gas-liquid: Ty =Tp on [y 4)
—Ag By Mot = - 3y Ml (5)
+q;l n;l on I:'g*l
Gas-solid : Ty =T¢ on I (6)
ga—yfngs = Asa—y:ngs on Iys
Liquid-solid : T =T on I}; ®
O*T; Ty 9)

/176—},*7173 = ﬂﬁa—y*nzs on [}

These terms (equations 4 to9) represent the
continuity of temperatures and heat flows on the
interfaces Iy, [y et I;.

In addition to the conduction and convection
terms, the consumption or energy production
(term source or sink) due to the phase change are
added to the balance energy. In the present case
this term qg : is a heterogeneous source of heat
[5, 6] at the liquid-gas interface:

qzl = PEhfv(Vg - w;g) (10)
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On the other hand, the time average of each
balance equation term in the phase “i” is given
by:
0*T, o . (11)
(Wh = %(Tah
1 * *

_W fTawlgnlng
Tig
With: a=s,landg

DIMENSIONAL  ANALYSIS OF
EQUATIONS

The dimensionless physical data are defined by
dividing each variable by its characteristic value.
These variables are estimated in terms of the
parameter € which represents the ratio between
the characteristic microscopic length “I”, and the
characteristic macroscopic length “L”. The
perturbation parameter €, verifies the scale
separation condition and the existence of an
equivalent medium:

L (12)
& —Z<< 1

By introducing in the previous equations
(1 to 11) the dimensionless variables following:

. y _ X _ t
y= l x= L Tt
(1)* * U*
Wig ig Pa = p_crl Vg = _(;
Wig Pa Va
To Ca Ao
Ta T_C,{r. Ca C_g; Aa E
g
Qg = —+
7 qi

Where y represents the microscopic space
variable, and x the macroscopic space variable.
The variables indexed by “r” are the reference
ones, supposed known. The sign * denotes the
dimensional variables, and the new variables
appeared without star ( *) are dimensionless.
Replacing the dimensionless variables defined
into the previous equations of transport
(equations 1to 11), we obtain a new
dimensionless energy conservation equations:

aT.
P.C, a—; —div(As.gradT,) =0 in £

aTy .
P.C;.C, o A1.div(A;,. gradT;)

+Pl Cl vlgradTl =0 in ‘Ql (14)

ar,
Py. Cy.Cg— > = Az div(2g. gradTy)

+P, C3 v, CyvggradTy =0 inQ, (15)

With: C, = pgcCa

(13)

The boundary conditions on the various
interfaces become:
Gas-liquid : Ty =T, on [y, (16)
aT, oT,
gwng, = Alwng,
+Npqg ng  only 17)

Ash

Gas—solig: Ty =Ts on [y (18)
T, aT. (19)
Azaga—;ngs = ASa—ysngs on I
Liquid-solid: T, =Ty on [} (20)
oT, oT, (21)
Allla_nls = As a_ysnls on [i5

The average of the time derivative of each
equation then becomes:
T, 0 Ry
a?) = CaE(Ta) _m fTawlgnlgdr
fig

The  following  dimensionless  numbers
characterizing the various transfers appear
naturally after the dimensional analysis of the
microscopic transfer equations:

% (22)

e vl L
% C Py
C, =2 C3=-2 M=
2 Csr 3 Clr 1 /—12
AT AT vy
Ay =2 Ay =2 v, ==
2 AE 3 z ) 1 17{
t w;
Ny, = A—;qu Ry = I g

All these appeared parameters characterizing the
various transfers considered in porous media are
dimensionless number, as examples: the inverse
of the number Fourier P, the Peclet number Py,
the ratio of thermal conductivities A;, A,, A3, the
ratio of thermal capacities C;,C,, C5. To be
reduced to a dimensionless one scale problem, we
express the dimensionless numbers depending on
the perturbation parameter €. Taking into account
the characteristic values and different physical
phenomena and for homogenisables problems.
The orders of magnitude of dimensionless
numbers corresponding are then given by:

Py = 0(¢?) P =0(e) € =0()
CZ = 0(5) C3 = 0(5) Al = 0(1)
A, = 0(g) Az = 0(¢) v, =0(¢)

Np =0(?)  Rp=0(e)
MACROSCOPIC MODEL

The classical periodic homogenization [7-9]
procedure consists to replace the orders of
magnitude of the dimensionless numbers in the
dimensionless equations (13 to 22). Then, the
unknowns variables of the problem are searched
in the form of an asymptotic development

Bennai et al;
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depending on the perturbation parametere as
following:
To(6y) = T V00 y) + €T, P ()
+e2T, D (x,y) + - (23)
Note that all the terms T, in Equation (23) are
y-periodic. The variables xandy are linked by
x =gy
The derivation operators grad and div are
written:
0 9]
grad = grad, + egrad, = @ + €55 (24)
div = divy, + ediv, (25)
By equating to zero the factors of successive
powers of g we obtain the coupled problems
Py, P1, P ...
The flow of the liquid is governed by the Darcy
law at the macroscopic scale [10, 11]:
v, =—AuV(P —F) (26)
Where A;; represents the Darcy tensor defined by
the expression:
_ KnK (27)

K,; is the relative permeability of the liquid
phase, K; is the intrinsic permeability of the
material and y; is the fluid viscosity.

The total pressure of the gas phase is considered
constant, and the capillary pressure P. is a
characteristic of the porous medium, dependent
on temperature, which allows us to write:

VP, = (apc) VT
¢ \or
The homogenized equation of heat transfer in
porous media is given by:

oT
(nsCs +n,C) Frie div, (ko™ + AT

(28)

P,
+div,p h AT (aT)VT hypymg =0

Where h: is the specific enthalpy of liquid.
hymg © is the macroscopic phase change rate

and hy,, : is the specific enthalpy of vaporization.
ns and n; are the volume fractions of the solid
and liquid phases:

(29)

chom: is the macroscopic heat capacity, a:
Corrected thermal conductivity, m, : represents
the mass evaporation rate. It is to notice that the
term of phase change is a function of the velocity
of the gas-liquid interface w, 4. If this parameter
decreases, the available interface liquid-gas for
the phase change also decreases.

1 ax
hom —

hom _
A= f )‘m

ox
,1 +I)d!2
mlf !

The homogenized thermal conduct|V|ty tensor is
strongly dependent on the porous structure
through local variables y, and y;, determined by
solving the local boundary value problem in the
porous medium.

Where: y, is periodic, of zero average on £2; and
x; is periodic, of zero average on{;. The
solutions are obtained by solving on the period,
the local boundary value problem is:

0
div, (A (6);5 + 1)) =0 in (2
ax :
divy, Al(@y +1) =0 in (2,

(35)

ox 36
A(a;ﬂ) s=0 on Iy (36)
ox
A’l (_ay +1) = 0 oanl

X1
l (54'1) ngg
0
= A (a);s+1> n;s onl
Xl = Xs on [
(xs)=0 (x;)=0

NUMERICAL APPLICATION

(34)

_lag el
fts 2] andm [2] In this part, we concentrate on the main input
Then we have: parameter of the heat transfer model. Regarding
hom aT® ] (30) the obtained model, the macroscopic thermal
CHomt — = divy(acVT) — hiymy conductivity depends on the microstructure of the
=0 considered porous medium via the thermal
Thus, conductivity (2"°™) tensors calculated in the
chom = (n,Cs +n,C)) (31)  previous section. Here, we calculate this obtained
. = Ahom _ 5 qhom (%) (32) by the periodic homogenization method.
t TS Numerical solution for an elementary cell
1 (33)  of three-dimensional geometr
M9 = 0| Jpg(”g — wg) Mygdl’ : Y

lg
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Let us consider a porous medium whose
microstructure consists in a periodic repetition of
a three-dimensional unit cell. The studied consists
of two spheres of radius r,; = 0.3805 and 1, =
0.3899 located in the center of the unit cell, and
eighths of spheres of radius r; = 0.36 located at
the corners of the cell, and quarters of spheres of
the same radius, located on each side of the cell
(Figure 3).

Qg - ‘
\#l‘ i \ Q,
ol A
954 P ;

Figure 3: Elementary cell of periodic medium
The domain in green represents the liquid phase.
This water layer adsorbed on the solid phase is of
very small thickness (e; = 0.0094), which lays
to a water content of 1.5%, that corresponds to a
constant relative humidity in the hygroscopic
region..

By solving the local boundary value (84), the
homogenized thermal conductivity tensors was
calculated to determine the variables y, and y;.
These local boundary value problems are solved
by the finite element method by using COMSOL
Multiphysics.

Resolution of the local boundary value
problem on the period

Thermal conductivity tensor homogenized
The local boundary value problem to be
solved in this case is:

Ayxs, =0 (i=1,23) in 2
0xs,
a—;.n =n; on g,
a)(si /1[ a)(li (37)
n=—|—|In;
dy Ag\ 0y
A
— (1 - A_S) n; on [is
Xs; = Xy on [
< XSL' >-QS= 0
Ayx;, =0 (i=123) in 0,
aXli n=n; on [
ay " tg (38)

0ty A (O2s),
ay  y\ay )

Xi; = Xs; on [,
< Xli >-Ql= 0
Remind that on the solid-solid and liquid-liquid
interfaces, the conditions of periodicity are
applied for each component of x and x;.
After the numerical resolution, the obtained
homogenized thermal conductivity tensor is the
following:
0.76421 0 0

Ahom — /15[ 0 0.76421 0 ]

0 0 0.76421
0.01056 0 0 ]

0 0.01056 0

0 0 0.01056
This unit cell considered is realistic in terms of

geometric representation of the medium studied,
and it also allows us to obtain a low porosity
corresponding to these porous media. It is clear
that the tensor homogenized of thermal
conductivity is characterized by the same value in
the three main directions, and this is due to the
isotropy and symmetry of the considered
material.

Sensitivity of the diffusion coefficient

+4,

Generally the water content affects all the
hygrothermal transfer parameters [12]. These
parameters include the thermal conductivity
coefficient. It informs us directly on the kinetics
of the transfer within the porous medium, it
therefore has a major role in the prediction of
thermal exchanges.

This sensitivity study allows showing the impact
of varying the water content on the homogenized
thermal conductivity tensor calculated in the
previous section.

In this part, the homogenized thermal
conductivity tensor is calculated numerically by
varying the water content of 0% to 2.5%.With
As =21 W/mK|[12] andA; = 0.6 W/mK. The
results are illustrated in the following figures:

1,645
1,625
=605

0 L6, (%)

Figure 4: Variation of homogenized thermal
conductivity depending on the water content 8,
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Figure 4 represents the evolution of homogenized
thermal conductivity tensor deduced from
numerical simulations based on the volume of
water contained in the representative unit cell.
These figures show that the moisture has
significant influence on the homogenized thermal
conductivity tensor of the studied material: more
the material is wet, the greater its isolation power
is low. Indeed with increasing relative humidity,
the water replaces the air, which reduces the
thermal conductivity of the medium.

CONCLUSIONS

The implementation of the multiscale
homogenization technique, allowed us to
elaborate, from the equations written at the pore
scale of the porous medium, a pertinent
macroscopic model of heat transfers. The
homogenization method used is based on
dimensional analysis of the equations of
conservation of energy at microscopically scale.
The macroscopic parameters of the developed
model are so defined. This method assumes that
the microstructure of the porous medium consists
of a periodic repetition of a certain elementary
cell, called basic cell. A representative elementary
cell of the porous medium was chosen in order to
numerically determine the homogenized tensor of
thermal conductivity. This latter depend on the
geometrical properties of the cell. Finally, a
sensitivity analysis has allowed us to highlight
the influence of the water content of the material
on the evolution of the homogenized thermal
conductivity tensor. It proved that the
homogenized thermal conductivity tensor is
sensitive to variations of the water content of unit
cell.
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ABSTRACT

A new kind of phase change humidity control material (PCHCM) was prepared by using phase change material
(PCM) microcapsules and different hygroscopic porous materials. The PCHCM composite can regulate the
indoor hygrothermal environment by absorbing or releasing both heat and moisture. The PCM microcapsules
were synthesized with methyl triethoxysilane by the sol-gel method. The vesuvianite, sepiolite and zeolite
were used as hygroscopic materials. The scanning electron microscopy (SEM) was used to measure the
morphology profiles of the microcapsules and PCHCM. The differential scanning calorimetry (DSC) and the
thermal gravimetric analysis (TGA) were used to determine the thermal properties and thermal stability. Both
the moisture transfer coefficient and moisture buffer value (MBYV) of different PCHCMSs were measured by the
improved cup method. The DSC results showed that the SiO; shell can reduce the super-cooling degree of
PCM. The super-cooling degrees of microcapsules and PCHCM are lower than that of the pure PCM. The
onset temperature of thermal degradation of the microcapsules and PCHCMs is higher than that of pure PCM.
Both the moisture transfer coefficient and MBV of PCHCMs are higher than that of the pure hygroscopic

materials. The results indicated the PCHCMs have better thermal properties and moisture buffer ability.

INTRODUCTION

Climate change is happening; and it is mainly caused
by the increase of greenhouse gas emissions. Since
most of this emission increase is a result of burning
fossil fuels for energy, it's critical to improve the
energy efficiency to tackle the climate change. Many
technologies are utilized to reduce fossil energy
consumption. For example, the development of green
energy, improving energy efficiency and the use of
innovative passive materials are feasible methods [1-
3]. The energy consumption of the heating,
ventilation and air conditioning (HVAC) system
accounts for 1/3 of building energy consumption. So
it’s essential to improve the building energy
efficiency and reduce the energy consumption of
HVAC systems. Using new type of building materials
to passively control the indoor temperature and
humidity to at a relatively stable and comfortable
level is a possible way of energy saving [4, 5].

Building materials with large specific heat capacity
can reduce indoor temperature fluctuations. Phase
change materials (PCM) can absorb or release large
amount of thermal heat, and the temperature of the
materials maintain constant in phase change process.

So phase change materials can be used to regulate
indoor temperature and cut down the energy
consumption [5].

The moisture transfer process may cause moisture
damage to construction materials. And indoor
relative humidity affects the comfort and health of
human body. For example, low relative humidity
(RH < 30%) is related to mucous membrane,
dryness of skin and throats, sensory irritation of
eyes, and high relative humidity (RH > 70%) may
cause rheumatic, rheumatoid arthritis, respiratory
discomfort and allergies by promoting mold growth
[6-9]. Previous studies [10] show people feel most
comfortable when the indoor relative humidity is
ranging from 50% to 60% [10]. In order to maintain
a stable and comfortable indoor relative humidity,
HVAC system is used to dehumidify/humidify the
supply air in most building applications, which
consumes a lot of energy to remove the latent heat
of the moisture. Hygroscopic humidity control
materials can absorb and release large account of
moisture from indoor air, which means that these
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materials may be used to control the relative
humidity.

The main purpose of the study is to develop a new
kind of passive phase change humidity control
material (PCHCM), which can moderate both the
indoor temperature and moisture. Several PCHCMs
were prepared in the paper. The thermal properties,
moisture transfer coefficient and moisture buffer
value of different PCHCMs were tested, analyzed
and compared.

EXPERIMENTAL

40g PCM and 5g sodium dodecyl sulfate (SDS) were
added into 150ml distilled water in a beaker. The
temperature of the solution was kept at 35 °C to melt
the PCM, and then the solution was stirred at a rate of
600 rpm for 0.5 h with a magnetic stirrer. And then the
temperature of the solution was maintained at 23 °C,
and the solution was stirred for 0.5h.. 40g Methyl
triethoxysilane (MTES), 40g ethanol and 75ml
distilled water were mixed in a beaker to form the
solution. The pH of the solution was adjusted to 2-3
by adding hydrochloric acid. Then the temperature of
the solution was maintained at 50 °C, and the solution
was stirred at a rate of 500 rpm for 20 min by a
magnetic stirrer. After the hydrolysis reaction of the
MTES, the sol solution as the microencapsulation
precursor was obtained.

The temperature of the prepared PCM Oil/Water
emulsion was controlled at 35°Cand stirred at a rate of
400 rpm. And then the PH degree of the prepared PCM
Oil/Water emulsion was adjusted to 9-10 by adding
ammonia solution. Then, the sol solution was dropped
into the PCM Oil/Water emulsion. The mixture was
kept reacting and being stirred for 2 h. The SiO, was
formed by condensation reactions between the methyl
silicate and methyl silicate. After the polymerization
process of the sol mixture, the SiO; shell was formed
on the surface of the PCM droplet. Then, the
microcapsules were collected by filter paper and
washed with distilled water. Then the microcapsules
were dried in a low temperature vacuum oven at 0 °C
for 24 h. The microencapsulated PCM with SiO; shell
were gained, and then named as CPCM. The
vesuvianite, sepiolite and zeolite are typical
hygroscopic porous materials, which are often used as
humidity control materials for indoor environment. We
chose these three materials as the base material for the
preparation of PCHCM. Firstly, the vesuvianite,
sepiolite and zeolite were dried in a vacuum oven for

10 h at 100 °C Then the CPCM was added into the
vesuvianite, sepiolite and zeolite with the mass ratio
of 1:4, respectively. The CPCM can influent the
mechanical properties of the hygroscopic materials,
which may make the bricks too loose to be formed. In
this experiment, in order to obtain bricks, the mass
ratio of the CPCM and hygroscopic materials was
tested repeatedly. The mixtures and water with mass
ratio 1:2 were stirred at a rate of 200 rpm at the room
temperature for 5 min, and were formed as bricks.
Then the bricks were dried in a low temperature
vacuum oven at 0 °Cfor 48 h. The CPCM/vesuvianite,
CPCM/sepiolite and CPCM/zeolite composites were
acquired, and then were named as VCPCM, SCPCM
and ZCPCM, respectively. The hygroscopic materials
and water with mass ratio 1:2 were stirred at a rate of
200 rpm at the room temperature for 5 min, and were
formed as bricks. The bricks formed by pure
vesuvianite, sepiolite and zeolite will be as the control
samples for the PCHCMs.

Figure 1
SEM photographs of the (a) CPCM, (b) VCPCM,
(c) SCPCM, (d) ZCPCM

CHARACTERIZATIONS OF THE CPCM
AND PCHCMs

The microstructure and morphology of the CPCM
and PCHCMs are shown in Figure 1. As seen in
Figure 1a, the microcapsules have a compact SiO;
shell to encapsulate the PCM, and the SiO; shell can
keep the PCM from leaking when the PCM is melted.
The microcapsules have a spherical shape, and the
size of the microcapsules is about 100pum. The SEM
profiles of VCPCM, SCPCM and ZCPCM are shown
in Figure 1b-d. It can be seen that the CPCM was
been dispersed in the hygroscopic materials.
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Figure 2 and Figure 3 showed the DSC results of the
PCM, CPCM, VCPCM, SCPCM and ZCPCM. The
PCM melting process is shown in Figure 2, and the
PCM solidifying process is shown in Figure 3. As can
be seen in, the melting temperature and solidifying
temperatures of the PCM are investigated to be
28.3°Gand 24.8°C, the melting latent heat and
solidifying latent heat are measured to be 146.2kJ/kg
and 148.7kJ/kg, and the super-cooling degree is 3.5°C.
The melting temperature of the CPCM, VCPCM,
SCPCM and ZCPCM are measured to be 27.2°C
26.9°C, 26.8°Cand 27.1°C. The solidifying temperatures
of the CPCM, VCPCM, SCPCM and ZCPCM are
measured to be 25.0°C, 25.2°C, 25.2°C and 25.1°C
respectively. The super-cooling degrees of the CPCM,
VCPCM, SCPCM and ZCPCM are 2.2°C, 1.7°C, 1.6°C
and 2.0°C, respectively. It can be seen that the super-
cooling degrees of CPCM, VCPCM, SCPCM and
ZCPCM are lower than that of the PCM. The reason is
that the SiO. shell of the microcapsules acts as
nucleation agent, which can improve the phase change
process. The lower super-cooling degree is conducive
to the stability of the temperature.

The melting latent heat of the CPCM, VCPCM,
SCPCM and ZCPCM are 77.4kJ/kg, 14.1kJ/kg,
15.4kJ/kg and 12.9kJ/kg respectively. The solidifying
latent heat of the CPCM, VCPCM, SCPCM and
ZCPCM are 79.5kJ/kg, 14.4kJ/kg, 15.9kJ/kg and
13.2kJ/kg respectively. The hygroscopic materials have
no phase change process, so the latent heat of the
composites is lower than that of PCM.

Figure 4 showed the TGA results of the PCM, CPCM,
VCPCM, SCPCM and ZCPCM. When the temperature
is up to 130 °C, the thermal degradation process of the
PCM occurs, and the residual weight of the PCM at
230 °C s close to zero. When the temperature is up to
175 °C, the thermal degradation process of the CPCM
and PCHCMs occurs. Hence the SiO, shell is
advantageous to form a physical protective barrier on
the surface of the PCM. The protective barrier can
hinder the transfer of flammable molecules to the gas
phase, which means that the SiO; shell can protect the
PCM, improve the stability of the composites and acts
as a flame retardant to improve the kindling point.
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Figure 2
Melting DSC curve of PCM, CPCM, VCPCM,
SCPCM and ZCPCM
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Solidifying DSC curve of PCM, CPCM, VCPCM,
SCPCM and ZCPCM
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Figure 4
TGA curve of PCM, CPCM, VCPCM, SCPCM and
ZCPCM
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The moisture transfer coefficient was measured with
classic cup method. The samples with areas of 4*4cm2
were fixed in the outlet of containers, which filled with
saturated NaCl solution. The saturated NaCl solution
kept the RH of the air in container as 75%. And the
RH outside is maintained at 54%. The difference
between the RH made the water vapor transfer from
one side to the other side of the sample.

The moisture transfer coefficients of vesuvianite,
sepiolite, zeolite, VCPCM, SCPCM and ZCPCM are
shown in Table 1. As seen in Table 1, the moisture
transfer coefficients of the PCHCMs are all higher
than those of the pure hygroscopic materials. The
moisture transfer coefficient of VCPCM is 1.47 times
higher than that of vesuvianite, the moisture transfer
coefficient of SCPCM is 1.68 times higher than that of
sepiolite, and that of ZCPCM is 1.83 times higher than
that of zeolite. And the moisture transfer coefficients
of the PCHCMs are all higher than the gypsum. The
result indicates that the CPCM can improve the
moisture transfer in hygroscopic materials.

Table 1
Moisture transfer coefficient of vesuvianite, sepiolite,
zeolite, VCPCM, SCPCM and ZCPCM

Moisture transfer coefficient

Sampl
amples (10 %kg/m's'RH)
Vesuvianite 8.25
Sepiolite 5.42
Zeolite 411
VCPCM 12.12
SCPCM 9.11
ZCPCM 7.54
Gypsum 2.4

process was alterative operated for at least 7 days,
which ensure the process was stable. And the mass of
the samples were measured with analytical balance.

Figure 5 and Table 2 show the MBV of the samples. It
can be seen that the MBV of the PCHCMs are all
higher than those of the pure hygroscopic materials.
The MBV of VCPCM s 1.45 times higher than that
of vesuvianite, the MBV of SCPCM is 1.44 times
higher than that of sepiolite, and the MBV of ZCPCM
is 1.46 times higher than that of zeolite. And the
MBVs of the PCHCMs are all higher than the
gypsum. The results show that adding CPCM can
improve the moisture buffer ability of hygroscopic
materials.

0.8

04

MBYV (g/m’%RH)

02 -

0.0 -

Vesuvialite VCPCM Jepiolit= SCPCM Zeolt= ZCPCM o Gypsum

Material

Figure 5
MBYV of the vesuvianite, sepiolite, zeolite,
VCPCM, SCPCM and ZCPCM

Table 2
MBYV of vesuvianite, sepiolite, zeolite, VCPCM,
SCPCM and ZCPCM

The moisture buffer value (MBV) is defined as a
characteristic of a material based on a period of
moisture uptake/release [11, 12]. The practical MBV
presents the amount of water vapor that is transport in
or out a material per open surface during a certain
period of time, when it is subjected to relative
humidity variations of surrounding air. The practical
moisture buffer value can be measured with an
experimental set up. The samples are exposed to cyclic
variations in high RH and low RH for 8h and 16h. the
high RH is controlled at 75% with saturated NaCl
solution, and the low RH is controlled at 33% with
saturated KCI solution. The moisture uptake/release

Samples MBV
(9/m*%RH)

Vesuvianite 0.788
Sepiolite 0.542
Zeolite 0.351
VCPCM 1.145
SCPCM 0.78
ZCPCM 0.514
Gypsum 0.26

Rode [12] used five different categories to classify the
MBYV. The good class ranges from 1 g/m?%RH to 2
g/m?%RH, the moderate class ranges from
0.5g/m*%RH to 1 g/m?%RH, and the limited class
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ranges from 0.2 g/m?%RH to 0.5 g/m?%RH. It can be
seen that the MBV of VCPCM is within good class
and higher than that of the other two PCHCMs. The
MBV of SCPCM and ZCPCM are within moderate
class.

CONCLUSIONS

A new kind of phase change humidity control material
was synthesized by using microencapsulated PCM and
different hygroscopic porous materials. The results
showed that the SiO, shell can reduce the super-
cooling degree of PCM. The super-cooling degrees of
CPCM, VCPCM, SCPCM and ZCPCM are lower than
that of the pure PCM, which is advantageous to make
temperature stable. The onset temperature of thermal
degradation about the CPCM is higher than that of
PCM, which can improve the stability of the
composites and acts as a flame retardant to improve
the kindling point. The CPCM also can improve the
moisture transfer performance and moisture buffer
ability of hygroscopic materials. The moisture transfer
coefficients of PCHCMs are all higher than that of the
pure hygroscopic materials, ranging from 1.47 times
for CPCM/vesuvianite composite to 1.83 times for
CPCM/zeolite composite. The moisture buffer values
of PCHCMs are averagely 1.45 times higher than that
of pure hygroscopic materials. The results also indicate
that the CPCM/vesuvianite composite has a better
hypothermal performance than other two PCHCMs. It
has the potential to be a good energy saving material.
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ABSTRACT

The inspection of inhomogeneity, delamination and all others anomalies of building is of main importance for
the safety and the durability of concrete structure. Infrared thermography is one of the suitable techniques of
non-destructive evaluation for the detection of defect in concrete structure in general and particularly in the
habitat system. It allows a quick non-destructive testing of a given structure by studying the obtained thermal
images. The main objective of these investigations is the analysis of a plaster slab containing two types of
delamination: air blades and water blades. The study concerns the effect of the geometry and the size of this
delamination on the surface temperature. The simulations results, using the finite element method, are
presented and analyzed in form of thermographical images by interpreting different contrast in these images
and the temperature spatial distribution changes.

KEYWORDS
Infrared thermography, Numerical simulation, Non-destructive testing, temperature, air blade, water blade,
Concrete.

NOMENCLATURE detecting of hidden detachments. The reliability of
A: Thermal conductivity the infrared thermography method for defect
p: Density of the material detection makes it as a widely used one for non-
C: Heat capacity at constant pressure destructive evaluation of materials, especially in
t: Time civil engineering and reinforced concrete for the
T: Temperature field identification of heat losses in building envelopes or
A: Thermal conductivity the control of the integrity of concrete structures.

A: Square matrix of dimension [ Ni, Ny] In this paper, the thermal behaviour of a det_achment
F: Vector of Nh components between a layer concrete and plaster is discussed.
T: Vector to calculate temperatures The presence of these defects is detected due to a

a: Thermal diffusivity

INTRODUCTION

The search of hidden empty of air or water in a
concrete structure in general and in a wall
particularly remains a main requirement in the safety
and durability of these structures. The weakening of
structure caused by the presence of internal
detachment of layers is a very serious problem which
implies many risks and damages even the breaking of
the considered structure. Infrared thermography as
one of the effective NDT techniques has proven to
be an efficient tool in

temperature spatial distribution and thermographical
images on the structure surface in question. The
modelling of different configurations is achieved by
using a numerical simulation model based on finite
elements modelling (FEM). The model of a
parallelepiped concrete structure of concrete and
plaster containing cracks in forms of a
parallelepiped and a spherical form is adopted. This
structure is supposed to be excited on the higher
face by a heat flux, the lower face being maintained
at a constant temperature and the others faces are
supposed thermally insulated. The thickness and the
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position of the crack-layer and the diameter and
position of the defect are studied.

DESCRIPTION OF THE MODEL
Geometrical characteristics

To illustrate the application of the TNDT method, the
results of the nondestructive testing of a concrete slab
of thickness e = 150 mm, L = 1000 mm, and the
width L = 1000 mm, where a layer of plaster adhered
e = 25 mm, length L = 1000 mm, and the width L =
1000 mm (fig.1), the slab containing 16 equidistant
defects in crack are presented. Defects are
parallelepiped and spherical shape.

Lines A1Az, AsAs, AsAs, A7As, B1B2, B3Ba, BsBs, BsBy,

respectivement pass by the point of co ordinates
{(160,160,1) (760,160,1)}, {(160,370,3) (790,370,3)},
{(160,580,15) (790,580,15)}, {(160,790,25)

(790,790,15)}, {(160,160,1) (160,790,1)}, {(370,160,3),

(370,790,3)}, {(580,160,5) (580,790,)}, {(790,160,10)
(790,790,10)}.

)

Vi . Dd
ed A —

a) b) 0
Figurel: a) 3D geometry of the slab, b) Structure of
parallelepiped detachment, ¢) Structure of spherical
detachment
Effect of the volume at constant position
To analyze the effect of the volume parameter,
defects were placed at the same position p by report
to the input face of plaster according to (-oy) axis and
of different volumes Iy X lg X egi (lo: the defect side
and eqi: the variable thickness) for the parallelepiped
form figure 2(b), and kDdi® (Ddi: variable diameter)
for the spherical form figure3 (b).
Effect of the position at constant volume
In the same way, to analyze the effect of the position
parameter, defects of the same volume were placed at
different positions p; (pi: the variable position) by
report to the input face of plaster according to (-ox)
axis for parallelepiped form figure 2(a), and spherical
form, figure 2(d).

A . Bi
A'J - om0 O o= 5 -
a) perspective view ) cutting Al-Aj axis ¢) cutting Bi-Bj axis
A B
B] - : r Aj ' a 0 0 o 2 : :
d) perspective view  €) cutting Ai-Aj axis f) cutting Bi-Bj axis

Figure 2. Defects of parallelepiped and spherical
form
MATHEMATICAL MODEL
Let us consider the following thermal equation:

pCy— — div (AgradT)-q =0
Where:

p - The material density

¢, The Specific heat capacity

(1)

A: The thermal tensor conductivity
q: Voluminal source of heat

With the following boundary conditions:
s

W, AT

AN

S, \
[ Tp ST
Figure 3: boundary conditions

01=0

Where:
S.: Side surface
¢L =0 side flow

Ty : The imposed temperature on a surface Sy

(PS: The imposed flow on the input surface S

N': The unit vector perpendicular to S and directed
towards outside
And the initial condition:

T(X ¥,2,t)=T,(X ¥, 2) (3)
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Numerical modeling conditions

The calculation of the thermal response is made for a
concrete wall where we exposed the front surface to
a constant heat flux, continuously extended of
density Q = 50W/m?. The rear face of the wall being
held at a constant temperature Ta = 19(°C) which
also the initial temperature of the system and for the
other faces are thermally isolated (Q = 0).

Ta=19C
\ 0p=0

| II

ARRARE
Wit Iy

bl
Titiely

I

¢ = 50 win®

Figure 4: Numerical conditions

Thermophysical characteristics
The tablel shows the thermophysical parameters
of materials.

Tablel. Thermophysical parameters

A o] C
Material [wy/ L/
(m*K)] | [kg/m3] | (kg*K)]
Air 0.0272 1.1845 100
Water 0.589 999.045 4180
Plaster 0.35 950 1000
Concrete 1.8 2300 385

SIMULATION RESULTS

Effects of the defect thickness and position

In this section, we are inserted defects of
parallelepiped form and of spherical form figure5 (a)
in a concrete slab, this defects having successively
(along the y axis increasing) the thickness eq = 1mm,
3mm, 5mm and 10mm for the parallelepiped and the
diameter Dy =16.84mm, 24.28mm, 28.80 mm and
36.28 mm for the spherical forms. Each of these
thickness and these diameters were placed at for
different positions: p =1 mm, 3 mm, 15 mm and 25
mm from the input face.

Figure.5 (b) shows the thermographical image of
concrete slab subjected to a step of heat flow in
steady mode. The related images to parallelepiped or

spherical forms clearly show the colors contrast
representing different levels the sample surface
temperature. The contrast amplitude depends on the
volume and the location of the defect in the
structure. Through these thermal images one can
note that the defect effect is much larger when it is
close to the input surface or of a larger volume. On
the thermal images, thermal spots reproduce the
shape of the internal defect. The form of the task is
related to the form of the internal defect.

B2 B4 B6 BS

|

A7 A8
AS A6
Al A2
y BL B3 BS B7
A . a) b)
Defect of parallelepiped form
B2 B4 B6 BS
"‘ == —
A7 ‘ AS
\
AS | A6
Ay [ a4
Al A2

Y Bl B3 BS B7
Ay 2) b)
Defect of spherical form
Figure.5: distribution of cracks in concrete slab (a)
and thermographical images (b)

Thickness or diameter effect for a constant position
The figure6 represents the surface temperature
spatial evolution of the input concrete slab. At a
constant position, the defect effect depends on the
thickness or diameter of the defect for each position
respectively of the crack or the air pocket.

Analysis according to A2 - Al axis, where the
defect position is constant and the volume is
variable.

We can note from the images of figures (5b) that
according to each axis among Ai-Az, As-As, As-As
or As.A; axis, defects are in the same position by
report to the sample input surface and that the defect
who has the largest volume, it is the one who creates
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the greatest temperature disturbance on the sample
surface. More the defect volume increases more the
peak amplitude of the sample surface spatial
temperature increases and therefore it is the greatest
stain on the thermographical image. This means that,
at constant position, when the volume of the crack is
large, the easier it is to detect, and vice versa. This
phenomenon is observed for both types of defects.

On the thermographical image, the size of the stain
created by the defect is related to the effective defect
surface seen from the input surface of the structure
(projection of the defect on the input surface). The
results show that for a spherical defect which has an
area surface equivalent to a circular area of radius Dq
/ 2. So the corresponding stain is small compared to
that of a square surface as in the parallelepiped form
which makes this relatively simple to detect for small
dimensions of defect.

38

—A1-A2
36 A3-Ad4

Figure6. Effect of the crack thickness (volume), for
the parallelepiped form (a) and the effect of
diameter of spherical form (b), on the surface
temperature profile for four defect positions, p= 1
mm; 5mm; 15 mm and 25 mm.

Position effect for a constant Thickness or diameter
Analysis according to B2-B1 axis, where the defect
volume is constant and the defect position is
variable.

The analysis of curves along the axis B2-B1, B4-B3,
B6-B5 or B8-B7 illustrates the importance of the
defect position in the concrete structure. In fact,
ranging from the farthest defect position by report to
the input surface of the sample (from B2 to B1,
taking the volume as constant) to the closest one, the
peak value of the temperature increases and vice
versa. The same phenomenon is observed on the
axis B4 - B2 ... etc.. These results show that, for a
given volume, the value of the peak temperature is
related to the position of the defect in the structure.

—AT7-A8 .
S =] Again we can conclude that, at constant volume,
9 when the crack is the more close to the sample
8 » input surface the more easier it is to detect and vice
B versa.
g 38
E 30
§ a7 ——B1-B2
ol ——B3-B4
28 B5-B6
35 ——B7-B8
~ 34t
26 1 1 1 1 g_)
0 200 400 600 800 1000 gﬁ 33+
Arc-Length (mm) g 32 -
=
fig.6(a) g 81r
Q.
30,0 530
[
29 |-
—A1-A2
2951 ——A3A4 281 A
A5-AB 7L Z
29,0 ——AT7-A8
—_ 26 | 1 1 |
% 0 200 400 600 800 1000
é 28,5+ Arc-Length (mm)
E - Fig.7(a)
% ’ Figure7 (a). Effect of the crack position on the
5 275 surface temperature profile for four different value
- of crack thickness ed=1 mm; 3 mm; 5 mm and 10
27,0 H mm
26'5 T T T T
0 200 400 600 800 1000
Arc-Length (mm)
Fig.6(b)
144 EL AFI et.al



International Conference On Materials and Energy — ICOME 16
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29,0

28,5

28,0

Temperature (Deg°C)

27,5

27,0

26‘5 | | | 1

o

Arc-Length (mm)
Fig.7(b)
Figure 7 (b). Effect of the crack position on the
surface temperature profile for four different value of
diameters Dg=16.84mm, 24.28mm, 28.80 mm and
36.28 mm.

Effect of the thermophysical nature of defect

In this section we sought to know what will be the
behavior of the system when the thermophysical
characteristics of defect changes. To see what about
the detectability of these defects in air compared to
others known like water we performed simulations
presented in Figure (8) and (9). In these simulations,
the same geometry of system is taken for the case of
the water.

Figure 8. Effect according to Ai-Aj Axis of the crack
thickness(a) for parallelepiped form and of the defect
diameter (b) for spherical form, on the surface
temperature profile of the plate, for water copper and
steel and for four positions p=1lmm , 3 mm, 5 mm
and 10 mm.

200 400 600 800 1000

27,0

——A1-A2

26,9

26,8

26,7

26,6

26,5

Temperature (Deg°C)

264

26,3 -

26,2 I ! I I
0 200 400 600 800 1000

Arc Length (mm)

26,9

26,8+

26,7

26,6 1

26,54

26,4

263+

Temperature (Deg"C)

26,24

26,11

26,0 T T T T
0 200 400 600 800 1000

Arc-Length (mim)

Figure 8. Effect according to Ai-Aj Axis of the
crack thickness(a) for parallelepiped form and of the
defect diameter (b) for spherical form, on the
surface temperature profile of the plate, for water
copper and steel and for four positions p=1mm, 3
mm, 5 mm and 10 mm.
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Figure 9. Effect according to Bi-Bj Axis of the
position of the crack a): parallelepiped form and b):
spherical form, on the surface temperature profile of
the plate, for three materials: aluminum, copper and
steel and for four thickness for a): parallelepiped
form, ed =1 mm, 3 mm, 5 mm and 10 mm and the
diameter b): spherical form Dy =16.84mm, 24.28mm,
28.80 mm and 36.28 mm.

The same phenomena of the previous section are
observed on the curves of Figure 9 when it comes to
analyzing the evolution according the Bi-Bj axis.

5. Conclusion

We studied the effect of the size and position of the
defects, such as cracks on the thermographical
images of the input surface of a concrete slab, and it
was concluded that the more the defect dimensions
increase the more the defect becomes easier to detect,

and equally the more the defect is closer to the input

surface the more it is easier to detect and vice versa.

The comparison between the parallelepiped and the

spherical form shows that there is a little

temperature difference between the two forms on

the plate surface and that even at the same volume

for the two forms, is the defect which has the largest

surface area close to the plate input surface that has

the greatest effect. Results show that it is relatively

easier to detect defects like cracks in the less

conductive materiel than in more conductive one.
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ABSTRACT

High levels of humidity in buildings lead to building pathologies. Moisture also has an impact on the indoor air
guality and the hygrothermal comfort of the building's occupants. To better assess these pathologies, it is
necessary to take into account the heat and moisture transfer between the building envelope and its indoor
ambience.

In this work, coupled heat, air and moisture transfer model in multilayer walls (HAM) was established.
Thereafter, the HAM model is coupled dynamically to a building behavior code (BES). The coupling
concerns a co-simulation between COMSOL Multiphysics and TRNSYS softwares.

Afterward, the HAM-BES co-simulation accuracy was verified by conducting an experimental validation
using an experimental device devoted to assess the hygrothermal response of building walls under several
hygrothermal conditions.

The comparison between numerical and experimental results showed good agreement with acceptable errors
margins.

KEYWORDS
Heat and mass transfers, HAM-BES co-simulation, experimental validation.

NOMENCLATURE ¥, Heat convection coefficient due to a water vapor
i Layer position in the wall from the outside to inside pressure gradient and a total pressure gradient
T Temperature [K] respectively [m?/s]
P Water vapour pressure [Pa] o Ratio between water vapor exchange mass and
Y

the overall mass exchange [-]

P Total pressure [Pa]
t Time[s] 3 INTRODUCTION
Ps Dry density [kg/m©] In order to reduce energy costs and environmental
C, Storage moisture capacity [kg/(kg.Pa)] impacts related to buildings, several organizations
c Heat i (koK and research laboratories have focused on the
p eat capacity [J/(kg.K)] physical study of the building and its energy
L, Evaporation latent heat [J/kg] behavior. These studies allow creating different
A Thermal conductivity [W/(m.K)] afp:jrove? rglo_(ljde!ing too!lﬁl-'\f&rst\?es the:jsziEI and hy(ljric
. . study of building as and Energy plus.
Humid air Capability [s?/m? . .
C. um a'_r apa ”y[s_r_n] However, the coupled heat, air and moisture
Kn Total moisture permeability [kg/(m.s.Pa)] transfers in the walls are generally badly
(& Liquid water conductivity caused by temperature ~ répresented.
. To overcome this problem, and be able to better
gradient [kg/(m.s.K)] . . A
_ e . stimulate hygrothermal behavior of buildings,
k Moisture infiltration coefficient [kg/(m.s.Pa)]

several approaches were proposed in recent years.
Among these approaches the co-simulation, which
consists to cohabit two existing softwares, one for

FERROUKHI et.al 147



17-20 May 2016, La Rochelle, France

dynamic building simulation and the other for
accurate modeling of hygrothermal behavior at the
envelope. The concerned approach allows a better
description of heat and moisture transfer through
hygroscopic walls as an integral part of the building.
In this sense, the literature reported a number of
previous works among which are mentioned,
hereinafter, the most important.

Tariku et al. [1] have developed a simulation
environment under SimuLink named HAMFitPlus,
which integrates both hygrothermal transfer models
for the envelope and indoor of building. Steeman et
al. [2] have conducted an integration of a 1D HAM
model in a BES software (TRNSYS) for modeling the
hygrothermal transfer in porous building materials.
This could be achieved by coupling the HAM model
equations to those of TRNSYS.

However, in the majority of carried out works in this
subject, 2D and 3D modeling of coupled heat and
moisture transfer is not taken into account. In this
paper, a model of coupled heat, air and moisture
transfer in multilayer walls was established.
Subsequently, for studying the wall hygrothermal
transfer effect on building energy consumption, an
integration approach of envelope coupled heat, air
and moisture transfer model (HAM) in a building
simulation code (BES) was undertaken. Finally, an
experimental setup has been established for the
purpose of checking the reliability of the developed
HAM-BES co-simulation platform.

HAM-BES CO-SIMULATION APPROACH

Heat, air and moisture transfer in the

envelope: To accurately predict the hygrothermal

behavior at the building envelope, we opted for a

model based on Luikov theory [3], [4] ,[5], with the

following assumptions:

e Local thermodynamic equilibrium between all
present phases;

e Gaseous phase complies to the ideal gas law;

e Hysterises and chemical reactions between
phases were not taken into account;

e Humidity storage capacity variation with
temperature change was neglected,;

e Solid medium is not deformable;

The developed model considers as driving potentials
the temperature for heat transfer, the total pressure
for air transfer and the water vapor pressure for the
hydric transfer. This allows the avoidance of
discontinuity problems at the wall layer interfaces,

which is not the case with the water content.
Moreover, the water vapor pressure is in direct
relation with the relative humidity, which is a useful
parameter with a simple and direct signification,
particularly when using experimentation [6].

To realize an accurate and detailed study, we took
into account in this approach, the variation of
hygrothermal material properties with the water
content. This especially concerns: the moisture

permeability k. [kg/(m.s.Pa)], the moisture storage
capacity C_ [ka/(kg.Pa)] for hydric transfer and the

thermal conductivity (A4 [W/(m.K)]) for heat
transfer.

The HAM model is built on heat and mass
conservation laws. Eq.(1) and Eq.(2) represent both
moisture (liquid and water vapor) and gaseous
balances, and Eq.(3) expresses the heat balance by
taking into account the heat conduction and heat
advection due to moisture and total pressure
gradients. It is noted that the capillary liquid transfer
expressed by Darcy’s law is taken into account in
the HAM model. Indeed, the gradient of capillary
suction is reduced to the water vapor pressure
gradient and temperature gradient using Kelvin’s
law. Experimental validation of the proposed HAM
model was undertaken in Ferroukhi et al. [7] works.

R
Cp, P ('T:/ = div(ky, VR, +k; VT +k, VP) (1)

P
C, — =div(k, VP) (2)
1 at 1

oT . R 3
Coppy o = GVAVT + & VR + 7 VP) + L, pyoiCy —L @)

HAM-BES co-simulation platform: The co-
simulation approach consists on coupling a dynamic
building simulation tool (TRNSYS) with a coupled
heat, air and moisture transfer model implemented
in COMSOL. The coupling was carried out through
MATLAB which represents an integrator tool
ensuring the data exchange between TRNSYS and
COMSOL.

Indeed, TRNSYS is used here because it is widely
used by scientific community and by engineers. In
addition, its modular architecture is an advantage
because it allows extending the modeling to a
thermo-hydro-aeraulic modeling. This is achievable
by integrating ventilation types in simulations as
Comis or Contam. For the hygrothermal transfer
simulation in the building’s walls, COMSOL was
chosen in order to have an enough fine granularity
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simulation to describe the hygrothermal transfer in
2D and 3D especially in specific envelope
components involving multidirectional flows such as
thermal bridges.

The COMSOL/MATLAB connection is provided
through the LiveLink interface [8]. Thus, the HAM
model is defined in MATLAB and differential
equations system is solved by the COMSOL solver.
Concerning the TRNSYS/MATLAB link, it is
established using the type 155 [9].

In this approach, the control of the time step was
provided by the BES model (TRNSYS).
Consequently, the data exchange between the two
coupled softwares is made in the post-convergence to
the current BES model time step during which the
HAM model is solved in COMSOL with a finer time
step. The diagram in figure 1 summarizes the
temporal  synchronization approach and data
exchange strategy between the BES model in
TRNSYS and the HAM model in COMSOL.

Indoor and outdoor Boundary
Conditions (T, HR)

TRNSYS COMSOL Multiphysics®
(Multizone building model, (Heat, Air and Moisture transfer
indoor air) model)

Heat and moisture fluxes through
hygroscopic walls

Figure 1: Dynamic co-simulation approach between
HAM (COMSOL) and BES (TRNSYS) models

EXPERIMENTAL INVESTIGATION

As expected previously, an experimental device
adapted to study the hygrothermal response of
buildings envelopes has been developed in this work.
This experimental device is used to validate the
proposed HAM-BES co-simulation approach.

The experimental validation was conducted by
controlling relative humidity and temperature profiles
for a steady state situation.

In this work, a monolayer chipboard wall with a
thickness of 6.6 cm was used. The tested thickness
envelope was taken enough small to optimize the test
time, given the hygrothermal transfer kinetics and
especially the moisture transfer which is relatively
slow.

The test principle consists on submitting the
envelope to two hygrothermal  controlled
environments. Each compartment was made of a
plywood envelope (1.5 cm) with an internal
polystyrene insulation (3 cm). The inner surfaces of
compartments walls were covered with sheet metal to

avoid any moisture exchange with the indoor
environment.

The temperature is maintained for each ambiance
with a thermostatic bath who feeds a copper heat
exchange. For the relative humidity, a humidity
generator was used. These apparatus are equipped
with deported sensors that allow a downstream
hygrothermal control (ie in the two ambiences).
Figure 2 illustrate the developed experimental
device.

Figure 2: Experimental device

In this experimentation, the tested wall was
submitted to a constants temperatures and relative
humidity gradients with conditioning the left
compartment (see figure 2) at a temperature of
16+1°C and relative humidity of 80+3%. For the
right compartment (see figure 2), the temperature
was controlled at 24+1°C and the relative humidity
was kept free. It should be noted that the experiment
lasted 20 days.

For monitoring the temperature and the relative
humidity profiles along the wall during the test,
hygrothermal sensors were implemented at different
thickness of the wall. Regarding the small thickness
of the tested envelope it is important that the sensors
do not affect the hygrothermal behavior. That is
why; the sensors used in this experiment (SHT75
sensors) are suited for this application as their small
size provides a stable and reliable measurement.
Figure 3 show the location of the used sensors in the
tested wall as well as in the two compartments.
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Figure 3: Sensors locations

Hygrothermal characterization for the
numerical simulation: In order to examine the
numerical behavior of the tested chipboard wall, an
estimation of the input parameters of the developed
HAM model is required.

Initially, the moisture storage capacity of the
chipboard has been evaluated. This parameter was
calculated from the adsorption and desorption
isotherm curves of water vapor evaluated using the
BELSORP-Aqua3 equipment. Figure 4 represents the
adsorption-desorption curve of the chipboard.

Chipboard
25,00 -

20,00 4
L3 B Pe—— -~

A

st e

Water content (%)

5,00 4

0,00

o 20 40 60 80 100
Relative Humidity (%)

Figure 4: Adsorption and desorption isotherm curve

Similarly, the water vapor permeability has been
evaluated using the Gravitest (GINITRONIC, Suisse)
equipment based on the cup method according to the
European Standard EN 1SO 12572. The experimental
procedure consists to make a regular monitoring,
until equilibrium, of sample mass subjected to a
water vapor pressure gradient under isothermal
conditions (23°C) [10]. In this case, water vapor
pressure gradient was created by imposing relative
humidity of 50% and 95% between the two faces of

the tested sample. For chipboard, the obtained vapor
permeability is about 1.28x10[kg/(m.s.Pa)].

Another thermophysical parameter that should be
evaluated is the thermal conductivity. It was
achieved by using the Lambda-meter Ep 5000e. The
test tool operates with the guarded hot plate
apparatus method according to 1ISO 8302 DIN EN
1946-2 DIN EN 12667 and ASTM C177 (DIN
52612) norms.

In this work, the impact of the material’s water
content on the measured thermal conductivity was
evaluated. Figure 5 show the variation of chipboard
thermal conductivity depending on its water content.

Concerning the specific heat capacity evaluation the
DSC (Differential Scanning Calorimetry) method
under a nitrogen flow of 50 ml/min is required. For
chipboard, the measured specific heat capacity is
about 1790 [J/(kg.K)].
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Figure 5: Thermal conductivity of chipboard

NUMERICAL SIMULATION AND
VALIDATION

In order to validate de developed HAM-BES
platform, the numerical resolution obtained by this
tool was compared to the experimental data
provided from the experimentation previously
presented.

It is noted that to perform the numerical simulation
task, evidently, the initial and boundary conditions
are identical to those of the experiment. For a better
understanding of the presented experimental results,
the placements of measurement points over the
experimental device were illustrated in figure 6.
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A: Sensors placed in the two compartments
P: Sensors placed in the tested wall

Compartment 11
A3 A2 Al
[ o o
X(cm)

66 44 22 0

Figure 6: Sensors emplacements over the
experimental device

The hygrothermal conditions imposed in the two
controlled ambiences are represented in figure 7.
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Figure 7: Imposed hygrothermal conditions in the
two compartments

The numerical and experimental comparison of
temperature and relative humidity distributions in the
wall and the relative humidity in the compartment I
are shown in figures 8 and 9.

Focusing on the temperature distribution trough the
wall, the results show good agreement between the
experimental data and numerical simulation. The

mean temperature deviation is about 0.2°C at a
depth of 2.2cm. At 4.4cm and 6.6cm, the mean
deviations are 0.35°C and 0.30°C respectively.

Concerning the comparison of the relative humidity
distributions, a good agreement between predicted
and measured data was observed. The mean
variation reach 2%, 1.5% and 1.3% at 2.2cm, 4.4cm
and 6.6 cm of depth respectively.

The same observation was noted by comparing the
numerical and experimental data of the relative
humidity variation in compartment Il. The mean
deviation over the experimentation reaches 1.6%
with a maximum of 2.7% (see figure 9).
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Figure 8: Comparison of numerical simulation with
experimental data (temperature and relative
humidity at different depths of the wall)
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Figure 9: Comparison of numerical simulation with
experimental data (Relative humidity variation in
compartment I1)

CONCLUSIONS

In this work, a HAM-BES co-simulation approach
was developed. The coupling of the BES and HAM
models was achieved through the development of a
new co-simulation platform running TRNSYS and
COMSOL together to perform a coupled dynamic
simulation of heat, air and moisture transfer in
buildings.

The efficiency of this co-simulation approach has
been verified by comparisons to experimental data.
This application was achieved by developing an
experimental device enabling the study of
hygrothermal behavior of buildings envelopes at a
representative scale.

In fact, the good agreement between computed and
experimental data allows to applied, with a
confidently, the developed HAM-BES co-simulation
platform to a realistic cases study in order to assess
the impact of hygrothermal transfer in the envelope
over the prediction of the indoor air quality as well as
building energy consumption.
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ABSTRACT

To study the effect of spatial variability of some influential parameters on the durability of the building
envelopes, some important information are required: the mean, the standard deviation and the spatial
correlation of the studied fields defined by the correlation lengths. In this paper, the characterization of the
concrete spatial variability was performed which included a significant number of test allowing the
characterization of concrete air permeability. For this a concrete wall of 2 m of height, 1.20 m of width and 15
cm of thickness was manufactured in laboratory in which concrete specimens were periodically taken and
tested. Firstly, results repeatability was performed. For these purpose, three tests per sample was carried out in
order to assess the repeatability of the measurements. Secondly, the reproducibility of the measurements was
carried out by testing two samples for each cored specimen. Good repeatability of the intrinsic permeability
measurements on each tested sample is recorded. Indeed, the standard deviation does not exceed 0.67x10-1 m2,
Also, the concrete intrinsic permeability depends on the spatial location of the studied sample. It was found to
be ranging between 2.38x107" and 5.91x10*" m? with an average value equal to 3.66x10" m? The obtained
results enable to quantify the spatial variability of concrete air permeability, particularly in terms of mean
value and standard deviation. Also, it allowed highlighting the spatial correlation length of the studied fields

and for probabilistic approaches regarding the prediction of the concrete durability.

INTRODUCTION

The cementitious materials, which are nowadays
the most used building material, have a very complex
microstructure with heterogeneous shape leading to
random mechanical and physical properties. These
properties are affected by different phenomena that
have chemical origin such as the cement hydration or
physical such as the moisture, heat and aggressive
species transfers. These latter can vary considerably
depending on how the concrete is manufactured, cast
and conditioned. This variability will affect the
material behavior in general and, particularly, his
behavior regarding the transfer phenomena.
Some works have highlighted the effect of the
variability of some concrete parameters on its
behavior. De Larrard [1] has studied the influence of
this variability on leaching of concrete and its service
life when it is used for manufacturing tunnels for
radioactive waste storage. They showed the interest
of considering this properties variability of
cementitious materials.
The present work focuses on the study of the spatial
variability of concrete air permeability. This will be

used in probabilistic approaches for the prediction
of hygrothermal behavior and durability. Trabelsi et
al. [2] have studied the statistical variability of
water vapor desorption isotherms. They showed
their impact on the concrete drying and noticed a
significant effect especially in the concrete cover.
Dominguez-Minoz et al. [3] have studied the
thermal conductivity of foams and noticed an
important variability of this property. They
compared other results provided by an inter-
laboratories study on the hydric properties. They
noticed a good reproducibility for some properties
(porosity and density) when this reproducibility
remains very poor for other properties such as the
sorption isotherms and the resistance to the water
vapor despite the used techniques are the same for
the different laboratories. Feng et al. [4] studied the
repeatability and the reproducibility of hydric
properties of different materials. They concluded to
a good repeatability for their results, nevertheless,
the reproducibility was poor when comparing the
results obtained by different laboratories. Indeed,
significant differences are reported for the transport
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properties due to differences of the experimental
procedures and analyses monitoring conditions, when
comparing the results obtained by different
laboratories [3, 5-7].

The study is conducted on a concrete wall. This wall
was cored at different spatial locations in order to
obtain different samples. The obtained samples were
used for the characterization of air permeability of
this concrete. A statistical distribution laws are
proposed for the description of the variability of this
property. Also, repeatability and reproducibility of
the results are performed.

Experimental program: To study the effect of
spatial variability of some influential parameters on
the hygrothermal behavior of the building envelopes,
some important information are required: the mean,
the standard deviation and the spatial correlation of
the studied fields defined by the correlation lengths.
To obtain this data, an experimental concrete wall of
2 m of height, 1.20 m of width and 15 cm of
thickness was manufactured in the laboratory in
which samples were cored following six vertical
lines. Two lines are dedicated to air permeability tests
(diameter=65 mm, height=50 mm) (lines B and E in
Figure 1).
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Figure 1
Specimen position in the experimental concrete
wall
The used concrete was prepared with Portland-
cement of type CEM | 525 N with 95% part of
clinker. It was prepared in according to the EN 206-1
standard. Its composition is reported in Table 1.
Table 1
Composition of concrete

Constituents Kg.m?3
Cement CEM1 52.5N 350
Gravel 10/14 1201
Sand 0/4 762
Water 211.8

Superplasticizer 7

RESULTS AND DISCUSSION

To study the spatial variability of air
permeability of the concrete composing the wall,
this latter was cored periodically following the two
lines B and E in order to obtain cylindrical
specimens which were, then, sawn to have samples
of 65 mm diameter and 50 mm thick. To verify the
reproducibility of the measurements, two samples
were produced by cored specimen. In this way 36
samples were obtained to perform the
measurements. To unsure a radial tightness of the
samples a mono-directional flow of the air and, each
sample was laterally surrounded by a resin ring of
about 15 mm thick.

The permeability measurement was performed
using a fully automatic device composed by a
“Thermicar permeameter” and a data acquisition
interface. The followed method is a transitory
method which principle is described by Figure 2.

Chamber 1 Py =Constant

NETRY

Sample—3 ki AN
Resin ring
2EE2
P =Variable

Chamber 2

Figure 2

Schematic view of the air permeability device

principle

During the measurement, carried out following
the procedure described by Hamami et al. [8], the
sample is placed between two pressure chambers
and submitted to a pressure gradient. This one is
generated by applying several levels of a high
pressure PH, which is kept constant (equal to one of
these values: 130 — 160 — 190 — 210 and 350 kPa), at
the upstream of the sample and a low pressure Py,
initially equal to 8.5 kPa, at the downstream. This
low pressure varies according to the air flow
through the sample.

For each high pressure applied, an apparent
permeability “Ka” is obtained according to a
modified Darcy’s law (eq. 1). The intrinsic
permeability “Kint” of the material is then
calculated according to Klinkenberg [9] approach
(eg. 2) which is based on the evolution of this
apparent permeability “Ka” as a function of the
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inverse mean pressure Pn (Eg. 3) (Figure 3). More
detailed description of the used method is given by
Hamami et al. [8].

2l dPL2

PZ—P2 " dt
U [Pa.s] is the air dynamic viscosity, V. [m®] is the
volume of the low pressure chamber (at the

downstream of the sample) and L[m] is the sample
thickness.

1
KA=KINTﬂP_+KINT (2

Ka 1)

B [Pa] is the Klinkenberg factor which represents the
air slip at the interface of the material pores.
1 2

P P, +P ®
m H + L
9 10-17
NE 8
z7
3 6
3 5
£
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Figure 3

Intrinsic permeability determination according to
Klinkenberg approach

The results of the intrinsic permeability of the two
vertical lines B and E are shown on the Fig. 13. In
order to properly quantify the spatial variability of
the intrinsic permeability, the repeatability and
reproducibility of the measurement were studied. For
these purposes, three tests per sample was carried out
in order to assess the repeatability of the
measurements and, as previously indicated, two
samples were tested for each cored specimen to
assess the reproducibility of the measurements.
Obtaining more than two samples of 50 mm thick per
cored specimen was impossible since the thickness of
the wall is equal to 150 mm (which correspond to the
specimen height) and the use of more thin concrete
samples (less than 50 mm thick) cannot be
considered because of the device specifications. The
statistical data corresponding to the results presented

in Figure 4 are reported in Table 2 (by averaging the
average value of the reproducibility tests).

¢ Line B-Sampl 0O Line B-Samp2 a Line E-Sampl o Line E-Samp2
x1017
8
7 [u]
6 'y
&5 2 (1] 53
N a
E )
=4 i &3 8
z 3
> ) S 4 % " § ©
1
0
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
y(m)
Figure 4
Intrinsic permeability following the vertical lines
BandE
Table 2

Statistical data of the air permeability for the two
vertical lines B and E

Average  Standard Coef of Min Max
x10%7 deviation variation x10°%7 x10%7

X107 (%)
'—iBne 3.95 1.03 26.20 2.39 5.91
'—:29 3.40 0.89 26.50 2.38 5.28
Both 3.66 0.97 26.7 2.38 5.91

lines

The obtained results give a good repeatability of
the intrinsic permeability measurements on each
tested sample. Indeed, the standard deviation does
not exceed 0.67x107" m2,

Concerning the reproducibility assessment, the
results presented in Figure 5 give a comparison
between the measured values of the intrinsic
permeability of the two tested samples per location.
Each value corresponds to the average of the three
values measured on the same sample.

This Figure 5 shows that, on the one hand, an
important variation is observed for the intrinsic
permeability measured on two samples from the
same location (B2) and, on the other hand,
permeability that remain constant for the two tested
samples (B5). Globally, this figure shows that the
intrinsic permeability depends on the spatial
location of the studied sample. The permeability
decreases at the middle of the vertical line, increases
a little near to the bottom of the wall and is more
important at the top of this one.
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Figure 6
Intrinsic permeability distribution for concrete.
The lines are the fitted proposed probabilities

density
Table 3
Statistic data associated to the proposed distribution
laws
Distribution . .
El E2 E3 E4 E5 E6 E7 E8 E9 Law Normal Lognormal Weibull Gamma Nakagami
insi ili Average
Intrinsic permeability measurements NPk 3.65 3.66 365  3.65 3.66
reproducibility following the lines B & E Variance
x10°34 0.95 0.94 1.04 0.85 0.86

Considering these observations, one can expect
that the spatial variability will be of an important
impact on the wall permeability. To bring more
clarifications to this question, the spatial distribution
of the intrinsic permeability is associated to statistic
distribution laws in order to identify the different
parameters governing the spatial variability of this
concrete property (Figure 6).

Figure 6 shows the variability extent of the
intrinsic permeability observed on the 36 tested
samples and the fitted probabilistic laws associated to
this variability. The different data for the studied
distribution laws are given by Table 3. The Normal
and Weibull laws seems to be the most appropriated
to reproduce the statistic distribution of the
experimental values. These two laws present the
same average of 3.65x10Y m2 and a variance of
0.95x10** m* and 1.04x1073* m* respectively for the
Normal and Weibull law.

The concrete intrinsic permeability (by just
averaging the air permeability value of the
repeatability test results) was found to be ranging
between 1.95x10 and 7.3x10°*” m? with an average
value equal to 3.65x10"Y m?Z This is in good
agreement with the results obtained by [7, 10]. The
results variability is reduced in the case where the
reproducibility test is taken into account by
averaging the average value presented in the Fig. In
this case the concrete intrinsic permeability was
found to be ranging between 2.38x10'" and
5.91x10Y m? with an average value equal to
3.66x10°Y m?,

In order to perform hygrothermal and durability
simulations using probabilistic approach taking into
account spatial variability of the inputs parameters,
it is necessary to know the spatial correlation of the
studied property field. This is defined by the
correlation length noted “Lc” which may enable to
estimate the distance between two testing points at
which the measured values become independent. It
reflects the importance of the random field spatial
correlation used in the probabilistic approach
implementation. The higher the correlation length,
more the field is strongly correlated [3]. This
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parameter is identified using a variogram based on
the experimental value previously presented. The
variogram is a practical mean for describing the
spatial correlation of measurements. On one hand, it
is a tool to investigate and quantify the spatial
variability of the phenomenon under study. On the
other hand, most geostatistical estimation or
simulation algorithms require an analytical variogram
model, which can be derived from the experimental
variogram [11, 12]. The variogram at the lag distance
“d” is expressed as follows (EQ. 4).

1 2
y(d) = ZlN—(d)lZ(i,j)eN(d)lyi - Y| 4)

Where
N(@) = {(i,H\|x — x| = d}

Where y(d) is the variogram value; Y is the value of
the studied property at the x; position; N(d) is the set
of pairs of points (i, j) such that the distance between
these points is equal to d (number of pairs that satisfy
this condition).

The relationship between the covariance (C) and the
variogram is defined by Eqg. 5. Remember that the
covariance on 0 is the variance. By knowing the
variogram value corresponding to each distance, we
can deduce from Eq. 5 the value of the covariance.
Then, it is enough to optimize the value of
correlation length “Lc” in the covariance functions
which can be expressed as follows (Eq. 6):

y(d) = C€(0) - C(d) ()

2
lxi — % |

C(x,y) = % exp (— L—2> (6)

Where C(x,y) is the covariance between the two
points x; and x;. Each term C; of the covariance
matrix “C* is the value of the covariance function
calculated between the nodes i and j of the mesh. The
vectors xi and X; give the position of the
corresponding nodes.

Figure 7 shows a comparison between the covariance
values measured on the experimental concrete wall
and those obtained using the corresponding
covariance functions. As indicated previously, the air
permeability was evaluated according to two lines (B
& E). It is presented on the y-axis the normalized

covariance relative to the variance. It is observed
that the correlation length is of the order of the
meter.

1
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Figure 7
Correlation length identification of the air
permeability
CONCLUSIONS

The main of this work is to characterize spatial
variability of some influential parameters on the
prediction of the hygrothermal behavior and
concrete  structure durability. For this, an
experimental wall concrete is built in the laboratory.
Several specimens are cored periodically and tested
to evaluate the spatial variability of the air
permeability. It is found Good repeatability of the
intrinsic permeability measurements on each tested
sample is recorded. Indeed, the standard deviation
does not exceed 0.67x10°" m2. Also, the concrete
intrinsic permeability depends on the spatial
location of the studied sample. It was found to be
ranging between 2.38x10Y and 5.91x10Y m? with
an average value equal to 3.66x10Y m2 The
correlation length of the air permeability is of the
order of the meter. It was found to be ranging from
0.62 t0 0.68 m.

The results obtained do however constitute a
database that can be used as inputs for probabilistic
approaches. It can be used by considering the fitting
probabilistic laws or as inputs for generating
random fields by using, for example, Karhunen
Loeve decomposition.
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ABSTRACT

The purpose of optimal control is to act on a set of parameters characterizing a dynamical system to achieve a target
dynamics. In order to reduce CPU time and memory storage needed to perform control on evolution systems, it is possible
to use reduced order models (ROMs). The mostly used one is the Proper Orthogonal Decomposition (POD). However
the need of full simulations to build a basis for each control parameter is time consuming and makes that approach still
relatively expensive. In this communication, to overcome this difficulty we suggest to implement the Proper Generalized
Decomposition (PGD) method within the control loop. This method is considered here as an adaptive self error
corrector respectivly to control variations during the optimization process. POD/ROM and PGD/ROM approaches
are applied to control the flow governed by Stokes equations in a 2D lid driven cavity.

Keywords: Model reduction, PGD, Optimal control, Stokes equations

Nomenclature
u velocity vector field
P pressure scalar field

external forces
Q Physical space domain

o0 Boundary of physical space domain

I Time domain
« temporal basis functions
P temporal basis functions

1 Introduction

Model reduction in optimal control considered as
suboptimal replaces the full model system by a suitable
low order model which allows to express the solution
in a reduced order basis, for which the optimal control
problem is then solved. Consequently it is expected
that only a few basis elements will provide a reasonably
good description of the controlled flow. The projection
of governing equations onto the selected reduced basis
results in a set of differential equations with considerably
smaller size than the degree of freedom arizing from

classical control method, and their resolution is very fast.

The mostly investigated model reduction approach in
optimal control is the Proper Orthogonal Decomposition
(POD), see for instance [1, 2, 3].

Usually, a POD/ROM is constructed for a specific flow
configuration. Consequently, the range of validity of a

given POD/ROM is generally restricted to a region of
the control parameter space. In the control process, out
of this region we are led to construct a new POD/ROM
and consequently increasing the computational cost.
To overcome this difficulty it is possible to compute a
POD basis suitable for a range of parameters [4], and
proceed by an interpolation method. This method is
quite accurate, however it requires an important offline
computational time.

Herein, we propose to apply the PGD method within
the control process. This method was firstly introduced
in the context of computational rheology by Ammar
et al. [5], and has been further applied in a variety of
applications such as solid mechanics, quantum mechanics,
fluid mechanics ... In the present paper, this approach
is imbedded in control loop to enrich and adapt the
current spatial basis corresponding to a given control in
order to obtain a new ine suitable for the new parameter.
The potential of either PGD/ROM and POD/ROM
methods within the control loop are eventually studied
on a boundary control problem of the flow governed by
Stokes equations in a lid driven cavity.

2 Formulation of the problem

In this section we formulate the optimal control
problem with integral constraints and review first order
necessary optimality conditions.

2.1 The constrained optimal problem

Let I=]t;,t;] C[0,40c] and QCR? a bounded domain
with boundary 09 C C? with outward unit normal n.
The non dimensional Stokes equations in primitive
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variables (u,p) are given by

gtu o ( )Au+Vp fin QOxI
V-u=0in Qx1

B (1)
u=~0g on N x I

u(t;)=ub in Q.

Here u and p are respectivly the velocity vector field
and the pressure scalar field (defined up to an additive
constant), Re(#) is the Reynolds number !, f and ui are
the given source term and the initial condition of the prob-
lem, and 6 € U,y denotes the control parameter, where

Uad = {0 S IR—i_*/emm < 0 < emaz}
Let ug(6) be a divergence free vector field satisfying

up(f)=0g in 0. By introducing the homogeneous veloc-
ity field u=u— uo, problem (1) can be reformulated to
50— @ AU+ Vp= £(6) in QxI
V-aua=0in QxTI
- (2)
u=0on 9N xTI

u(t;)=ut in Q.
with £(8) = — 210 (6) + 7oy Auo (6).

Let V =<v € Ce(0)?

—

:V.v= 0}, and define the

solenoidal spaces H — P2y ,V:VHH H9? where the
superscripts denote closure in the respective norms. Let
V* denote the dual space of V, and define

W= {VGLQ(I;V) :vteLQ(I;V*)}

Z:=L*LV)xH
For ' and f sufficiently regular, problem (2) admits
a solution (W,p) €W x L2(I;L3(9)).

Starting from the flow corresponding to an initial
control parameter 6;,;, the aim is to seek the target
parameter 6. corresponding to the target flow u.. In a
mathematical setting, the goal is to solve the constrained

optimization problem : Find 6* such that the functional
J :W xUzq— 10,00 defined by

//\u U, |2dxdt

4y [ttt dot 5l

2 Jq 2
is minimized under dynamics constraints described by
equations (2). Note that in equation (3), u.=u.—uy
is the target state, and x>0 denotes a regularization
parameter.
For a compact formulation of the optimal control problem
we indroduce the mapping

e: X =WxUy—2Z* (4)

(3)

defined as

e(ﬁ,e):@a— Rel( 5 A5-T0) ﬁ(ti)—ﬁti>

The subject boundary control problem can then be

written as

P minJ (a,0) over (u,0) € X

F) such that (e(1,0),2) 7. ,=0 Vz€Z
Where (-,-) . denotes the duality product. It’s worth
noting that the conservation of mass, as well as the
boundary condition are realized in the choice of space
function W while the dynamics are described by the
condition e(u,§) =0 in Z*.
2.2 First order necessary optimality condi-

tion
A necessary condition for the existence of Lagrange mul-

tiplier associated to the solution of (u*,0*) of constrained
minimization problem (P) is given by

Theorem 1 Let (u*,0*) be a solution of optimization
problem (P). then there exists a unique Lagrange mul-
tiplier £ € Z which together with the optimal solution
(a*,0%) satisfiy the optimality system
Ly(u07.8")  =Ju(u”,07)
+(ea(u”, *)(‘)Waf*>z*,z
Lo(u,0*8")  =Jo(u*,0%)
+(eg("07) (-)U,q:8™) 2+ =0 i Uaa
=01in Z*

=0 in W*

e(T*,6%)

\

(5)
where the subscripts in L(u*, 6% &), J(u*, 6*) and
e(u*,0*) denote the action of first order differentiation
operator 2,

2.3 Gradient step descent method

To compute the optimal solution of (P), we use a gradient
step descent method, It is an iterative process in which
at every iteration the descent direction d=—Jp must
be evaluated. In most constrained control problems
the explicite form of Jy is not straight forward. In the
following we describe the methodology to explicite that
descent direction for problem (P).

We note by v, v, ¢ and ,f\:g respectivly, the directional
derivatives® of 1, u", p and f by respect to 6 in a
direction 6 € U,g, we have

Tol1.0)-0= /I /Q (65, Veladt .
+ / (U(ty)—Tc(ty))V(ts)dr+r00

where v satisfies the boundary value problem
8 ~
5V Re(e)AV+vq__6Re( )Au—l—fg in Qx[1
V-v=0in QxI
v=0on 00 xTI

{;(tz) =v’ in Q.

1Re(@) pOL/n, where p is the density of the fluid, 7 is the kinematic viscosity and L is the caracteristic length.

2The first order differential operator respectivly to x applied to a function is denoted as f, =
3The Derivative of a function f respectivly to z in the direction Z is defined by : f.-Z= lim £

9 f
?zm) /(@)

e—0
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In (6) the evaluation of Jp is not straightforward due
to the inexploitable expression of v. A strategy to get
over this issue is to define the dual state of (2). Using
this last as a bridge will allow to explicitly express the
gradient of the objective functional (3). From the first
equation of (5) we can derive the following dual problem

8t£+Re Aé+Vr=u—u. in QxTI

V&€= OanxI (8)
E=0on 00xI

E(ty)=—@@ —ud) in Q.

It is now easy using the weak fomulations of problems
), and (8) to establish the following

/ / i, ) Vdwdi+ / (8t ) — Tt ))F(t )

= ——Vénv+nv-n dodt 9
/aQRe (0) ©)

~t;
HRe //Vu Y\WEdxdt— /ftlv dx

Notice that except the last term in the equality above,
all the other terms are explicite.
Suppose now that ﬁi satisfies the equations

fu— 4 ( Te@ DUt Vp= h(f) in ©
V-a=0in Q (10)
u=0 on 02
where 8>0 and h(6)=h()— ﬁﬁo+ﬁ)Aﬁo
Then v’ satisfies the sensibility problem
—th1+RT@AV +Vg= eRe( )Au +hy in Q
V-vli=0in
vti=0 on 0

11
Using the following dual problem associated to (1(()) )
Bnu+ﬁﬁnu+vﬁp=—€u in {2
V-n,=01in
7, =0 on 0N
we get the final explicite form of Jp given by

(12)

)ng dodt

(//V u+ug)VE dxdt

+ /Q V(@ +u(t;) V. dx>

—i—// (m+mnp,)g 1 dadt—/h’(&)nu dx+k0
1J08Q Q

(13)
In numerical implementation, the evaluation of Jp is a
necessary task in every iteration of the control algorithm.
It requires on one hand the resolution of the stationary

problems (10) and (12) to obtain u*, 7, and 7,. On the

9(11,

0Re

other hand the resolution of the two instationary prob-
lems (2) and (8) to obtain u, £ and 7. However, in terms
of CPU time, a direct simulation of (2) and (8) is too ex-
pensive, that’s why we turn interest into reduced models.

3 Reduced model

To begin we denote by (a!,...,u™) and (p',...,p") two
ensembles of snapshots of the considered system of evolu-
tion corresponding to the time instances t1,...,t 5y where
[t1,tar]=1Inr CI (|15 is considerably smaller than |I]).

3.1 Proper Orthogonal Decomposition

The basic steps to construct such a decomposition using
the POD method are first by building the correlation
matrices K* and KP from the considered snapshots
whose elements are given as

K / wwdr K= /Q ppdx

for 1 <i4,5 < M. Then we compute the eigenvalues
A1,...;har and eigenvectors wl,...,wM of K%, thereafter

M . .

we set Dy, ;1= ZW;-INIJ and finaly we normalize ®,,; =
i=1

ng ik The same applies to obtain ®,;, i=1,...,M.

The function ®,,; and ®,;, i=1,...,M constructed this
way are called modes. They are mutually orthonormal
and optimal in terms of their ability to represent the
flow kinetic energy [6], i.e. they are optimal with respect
to the L? scalar product in the sense that no other basis
can contain more energy in fiewer modes. In order to
obtain a low dimentional basis that represents velocity
and pressure only the first m modes corresponding to
higher eigenvalues are considered. Then the velocity
field and pressure are approximated as

(t) AT (1) = 3 i () D7)
o (14)
p(t,x) = pm(tx)= ;ap,i(t,:):)@m(t,x)

The reduced order model (ROM) of the primal problem
(2) resulting from the Gelerkin projection of its equations
onto the selected spacial basis is given by

m

Z {(q)u,kaq)u,l)L2 %au,k - (Aq)u,kaq)u,l)LZ Qo ke

=1
H(VPp s, Put) 200k } = (¥,@u,l) L

m
Z (q)u,kH@u,l)LQ au,k(ti) = (ﬁti7(pu,l)L2
k=1
[1=1,;m

(15)

The same applies to obtain the ROM corresponding to
the Dual problem (8). These differential equations are go-
ing to be solved in each iteration of the control algorithm
to predict the flow in the whole time interval I. The POD

“In numerical application, 1f u' denotes the initial condition considered for problem (2) and d¢ the time step, 8 and h might be

defined as = . and h(@) + (@' +uo)

(-,-)r2 denotes the L? scalar product
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suboptimal control problem is summarized in algorithm 1
k=0:0,=0;; €U,q
while 7 >¢ do
1 : Solve problem (10) to obtain u‘
2 : Solve Primal
problem (2) in Iy C I (extract snapshots)
3 : Compute POD primal spatial basis, solve
the corresponding ROM and reconstruct u,, .
4 : Solve Dual
problem (8) in I3, C I (extract snapshots)
5 : Compute POD
dual spatial basis, solve the corresponding
ROM and reconstruct 1, and 7, .
6 : Solve problem (12) to obtaine (,,7,)
7 . Evaluate the descente
direction  dj =—Jy with equation (13)
8 : Determine
the new control 0y =0+ prdy. (pr.>0)
end
Algorithm 1: POD suboptimal control algorithm
For the sake to reduce time CPU time required by
steps 2 and 4 in the algorithm above, we propose the uti-
lization of Proper Generalized Decomposition approach.

3.2 Proper Generalized Decomposition

In contrast to POD, Proper Generalized Decomposition
(PGD) is considered as an a priori space time decom-
position [7], i,e. it does not require previously computed
data. Morover it has the natural property of learning
from its own error to approach the solution. In order to
define a generalized decompostion for the mixed problem
in hand, let’s introduce first the following function spaces
1=L*(I) )V, =1RV,P, =10 L§(Q),H, =1 H

K = L*(I,Hg () x L*(1,L§(9));
The goal is to establish (14),

Bt 2) A T (t,2) = fjl () B ()

m
p(t,x) =pp(tx)= Zap,i(t7x)q>p7i(tax)
i=1
To simplify the notations we write

m
{ﬁ,p} ~ {ﬁmapm} = Zai QP €V X Py

=0
Let us assume that space time decomposition of order
m—1 is known for both velocity vector field and pressure
scalar function. The new couple (a,,®P,,) is determined
so that it satisfies the double Galerkin orthogonality
criteria. That is Sy, (a)=® and T, () =a. S, and Ty,
are respectivly defined by

<N({um711pmfl}+a®q))¢a®‘ll>K*,K:0’

where
- o. 1 ~ -
N@up)= ((%u—l%eAujLVp—f(ﬁ),V-u)

No(t) =wu(t;) —u"

This problem can be interpreted as a generalized eigen-
value problem [8], and by consequence a power like
method can be numerically implemented to enrich the
old decomposition.

Bellow we summarize the PGD algorithm, as
well as the PGD suboptimal control algorithm.

for m=1 to myqe do
1 : Initialisation of o (and normalize),
for k=1 to kyqe do
2 : Solve ®=S5(«) (16),
3 : Solve a=T(®) (17) and normalize,
4 : check convergence,
end
5 : Enrich
spatial basis ¥, = span{®1,, 1,9},
6 : Update step : Solve A, =T (¥,) (Egs.15)
7 Set {tm,pm} =NV,
8:
Evaluation of the residual, convergence check.
end
Algorithm 2: Progressive PGD algorithm with
update step
The PGD suboptimal control algorithm is given as
following
k=0:0=0;n; EUsq
while 7 >¢ do
1 : Solve problem (10) to obtain u’
while Res, >¢, do

2 : Apply

algorithm 2 to enrich the primal basis.
end
while Res;>¢; do

3 : Apply

algorithm 2 to enrich the dual basis.
end

3 : Solve problem (12) to obtaine (1,,7,)
4 : Evaluate the descente direction dp=—7p
5 : Determine
the new control 6 =60+ prdy. (o, >0)

end
Algorithm 3: PGD suboptimal control algorithm.
Here Res, and Resg are respectivly the residuals of
primal and dual problems. €>0, ¢, >0 and ¢4 >0
are the precisions set by the user.

Remark 1 In numerical applications, to ensure a fast
convergence of algorithm 1 and 3, the descent step py,
should be defined so that it realizes the optimal descent.
One way to do so, is by verifying the Armijo descent step
condition. This condition requires an evaluation of the
objective functional (3) for every suggested step until it

Mol +au®) ol =0 (16)
YU e H} xP YV, e H

and
N {n1.pm1}+0@®),B2P) 0 (=0,
Mol 1+ @) Buubrg =0 (1)
vBer? VB e
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holds. Therefore it is worth noting that in the case of re-
duced models, the test of Armijo condition could be done
by simply conserving the spatial basis which still valide
for a range of control parameters, and afterwards solving
the ROMs (15) associated to neighbor control parameters
generated from each proposed descent steps py.

4 Numerical experiments
4.1 Problem setup
In this section we propose to control the flow governed

by Stokes equations inside a Lid driven cavity, by acting
on the parameter 6 of the top boundary condition.

u=06g
—

u=0

Figure 1: Studied Problem

Starting from the flow associated to different arbi-
trary first guesses 0;,;, the aim of this study is to find
the target control parameter 6. corresponding to the
given velocity field u.. To achieve it, POD/ROM and
PGD/ROM will be imbedded in the control algorithm.
To obtain the discrete form of the problem, on one
hand we use a first order implicite scheme for the time
interval I =1[0,4] where dt=0.08. On the other hand
the finite element method (Taylor-Hood Q2/Q1) for the
spatial domain 2=10,1]x[0,1]. € is subdivided to 552
quadrilatrals, which is N, =2273 and N, =585 where
N, and N, are respectivly the degree of freedom for
velocity and pressure. The resulting finite dimentional
saddle point problem to be solved twice (for primal and
dual problems) in every control iteration with respect
to control variation is of the type

M 4u+Ru—B'p=f

Bu=0.

u(t;) =ub.
where M and R are the N, x N, mass and stifness
matrices, and B is the N, x N, divergence matrix.
Augmented Lagrangian approach was opted in order to
solve this problem.

(18)

4.2 Results analysis

Figures 2 and 3 depicts respectivly the convergence be-
haviour to the target control as well as the evolution
by respect to iterations of the objective functional. It is

obviously shown that convergence is ensured for all the
considered starting control guesses and a good approxima-
tion of the desired control is reached after few iterations.
Moreover, control using PGD/ROM is nearly of the
same order compared with control using POD/ROM.

0, =10

P T
B —

DT

9P o

* b

" . 0577 =20

1(177777577g—@fi@:,@,——@————ﬁ—ﬁ

-

0
0
0
0

08|
>

&

< 06 1 = 10k

04t

02p

control iterations control iterations

Figure 2: Convergence of control parameter for different initial
guesses, 0;,,; =0.02 and 0;,,; =0.2 (left), 6;,,; =10 and 6;,,; =20 (right)
with POD/ROM and PGD/ROM
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& © Z’ﬁ‘én :883
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~ T Bbp '

: 10-2L D - X Gini =20.0 1
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S ke ST T e
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Figure 3: Evolution of objective functional (7 versus control iterations

Table 1 contains relative errors defined as
V=l ;.
Err(v)= C2 LALLAE) -100%,
(Mtel|Z2 7,1.2(0)

where u, is the target field that corresponds to 6. and
v is the approximated field. The percentage of errors
for the two approaches is significantly small and then
the resulting controled velocity is a good approximation
of the target field u.. This can also be seen in Figures
4 and 5 which represents velocity profiles in the center
of cavity of the controlled velocity filed using the two
approaches PGD/ROM and POD/ROM vis-a-vis to the
target velocity field profiles.

Relative Errors
Oini 0.02 0.2 10 20
Err(upop) || 0.015% | 0.015% | 0.015% | 0.015%
Err(upgp) || 0.02% 0.03% 0.018% | 0.019%

Table 1: Relative Errors
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Therefore the descent step considered for this last is set
such that pp=p=1.

a) t=1 b) t=4
1.0 ‘( ) T T e 1.0 \( ) T T
0.8 | g~ 1 08f e )
0.6f 1 o06f
% %
= 1 =N s&
0.4} % 1 o04ft%
g =
02 = 1 02} =
® &
» &«
» «
0.0 ) 0.0 5 | !
0.0 ~02 00 02 04 06 08 L0
| (d)
= o15F 0% T
X P o
0.05] & 010f * e
; ; ; %
. *
% 0.05 F %
g ; : %
= 0.00 | e 4 = 0.00 ° 4
% , %
" i —0.05F 5 £
. i'ﬂ. ! ﬂ:% 3
—0.05} . i1 —0a0} % J
LY )" &
‘ R It A
00 02 04 06 08 10 00 02 04 06 08 L0

Figure 4: Comparision of controled velocity profiles obtained by
POD/ROM and PGD/ROM in the center of the cavity for 6;,; =0.2.
Figure (a) (resp (b)) represents the horizontal velocity on z = 0.5
and Figure (c) (resp (d)) the vertical velocity on y =0.5 at the time
instance t=1 (resp t=4).
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Figure 5: Comparision of controled velocity profiles obtained by
POD/ROM and PGD/ROM in the center of the cavity for 0;,; = 10.
Figure (a) (resp (b)) represents the horizontal velocity on = = 0.5
and Figure (c) (resp (d)) the vertical velocity on y =0.5 at the time
instance t=1 (resp t=4).

Finaly, Table 2 containes CPU time needed for the
convergence of suboptimal control algorithms compared
to the classical control. Recall that the Armijo descent
step can be efficiently imbedded in PGD/ROM and
POD/ROM control in a way that the convergence speeds
up. Contrarly to the case of classical control where
the evaluation of Armijo condition is very expensive.

Computational CPU time
Oini 0.02 0.2 10 20
Classical I T T3 T2
POD 71/2.5 | 72/33.3 | 13/5.3 | 14/8.3
PGD /7.6 | 172/90 73/11.1 | 74/14.3

Table 2: Needed CPU time for suboptimal control algorithms using
POD and PGD in order to atain a good aproximation of target
control. The CPU time is calculated compared to the classical control
using full DNS simulations.

5 Conclusion

In this paper the PGD process was implemented
within the boundary control problem of unsteady Stokes
equations in a Lid driven cavity. In terms of CPU time,
regardless the choice of the first guess 6;,;, numerical
tests show that suboptimal control algorithms using
either POD or PGD approaches are faster than the
classical control algorithm. The gain in time is more im-
portant with PGD than POD. For 6;,;=0.02, 0;,; =10
and 6;,,; =20 the time is nearly divided by 10 and even
90 for 0;,; =0.2 compared with the classical approach.
Morover, the convergence behaviour to the optimum as
well as the obtained approximated solution endorse the
fact that the PGD method has the property to addapt
the reduced basis respectivly to control variations.

References

[1] M. Bergmann and L. Cordier, “Optimal control of the
cylinder wake in the laminar regime by trust-region
methods and pod reduced-order models,” Computational
Physics, vol. 227, pp. 7813-7840, 2008.

[2] S. S. Ravindran, “Constraint qualifications in maximiza-
tion problems,” Proper Orthogonal Decomposition in
Optimal Control of Fluids, 1999.

[3] K. Ito and S. S. Ravindran, “Reduced basis method for
optimal control of unsteady viscous flows,” Computational
Fluid Dynamics, 1997.

[4] A. Tallet, C. Allery, and C. Leblond, “Optimal flow
control using a pod based reduced-order model,”
Numerical Heat Transfer, Part B, 2016.

[5] A. Ammar, B. Mokdad, F. Chinesta, and R. Keunings, “A
new family of solvers for some classes of multidimensional
partial differential equations encountered in kinetic
theory modelling of complex fluids: Part ii: Transient
simulation using space-time separated representations,”
Non-Newtonian Fluid Mechanics.

[6] L. Sirovich, “Turbulence and the dynamics of coherent
structures: I, ii and iii,” Quarterly of Applied Mathematics,
pp. 461-590, 1987.

[7] C. Leblond and C. Allery, “A priori space-time separated
representation for the reduced order modeling of low
reynolds number flows,” Computer Methods in Applied
Mechanics and Engineering, 2014.

[8] A. Nouy, “A generalized spectral decomposition technique
to solve a class of linear stochastic partial differential
equations,” Computer Methods in Applied Mechanics and
Engineering, 2007.

164

Oulghelou and Allery



International Conference On Materials and Energy — ICOME 16

GREEN WALL IMPACTS INSIDE AND OUTSIDE BUILDINGS: EXPERIMENTAL
STUDY

Rabah DJEDJIG!", Rafik BELARBI?, Emmanuel BOZONNET?

LLERMAB, University of Lorraine, IUT de Longwy, 186 rue de Lorraine, 54400 Cosnes-et-Romain,
France
2aSIE, University of La Rochelle, France

*Corresponding author: Email: rabah.djedjig@univ-lorraine.fr

ABSTRACT

The experimental study of vegetated facades and their hygrothermal effects on heat loads is essential. Indeed,
the complexity of thermal fluxes and airflows taking place within green walls modules under extreme climatic
conditions is to date not mastered. In addition, phenomena related to buoyancy, street confinement,
condensation, frost and sorption-desorption are not considered in most reliable models. This paper presents an
experiment on green walls performed to apprehend their thermal and hydrological behavior and their impact
inside and outside buildings. The experiment is based on a living wall set up on a reduced scale mockup of
buildings and streets. Diurnal monitoring of temperature, humidity and heat fluxes variations near and within
the living wall and a reference case enable us to analyze thermal effects of green facades. Measurements were

performed in La Rochelle city in France

KEYWORDS

1. INTRODUCTION

Green roofs, living walls and green facades can be
valuable for building energy performance and for
urban microclimate mitigation [1-4]. They reduce the
temperature peaks of external surfaces of buildings in
summer [5,6]. Green facades affect the heat transfer
through the building wall layers. Several
experimental studies seek out quantifying the heat
gains and losses from green walls [7-9].Several
studies estimate that green walls reduce significantly
the building’s cooling load during summer [2,10].

Thermo-hydric behavior of green facades is quite
complex since they are influenced by their
orientation and by surrounding urban environment.
Compared to green roofs, experimental studies of
green facades are uncommon. In Greece, temperature
measurements were performed on a wall facing West
and partially covered with creepers [11].
Measurements showed that vegetation cover reduces
temperature peaks. Similarly, reference [12] reports a
study carried out on a real building with green facade
on East. In this study, greening was found to reduce

external surface temperature by about 5 ° C. Living
walls with substrate imply additional issues related
to water and heat transfer within the substrate. Thus,
an experimental study [13] conducted in Hong Kong
on a vegetated panel composed of a hydroponic
medium of Rockwool and grass shows that gravity
plays an important role on the vertical distribution
of water in the substrate.

In urban environment, green walls thermal impacts
are as important as for green roofs, especially in
dense cities. When the urban structure is
characterized by narrow street canyons, the
radiation trapping increases the surface temperature
and the reduced airflow recirculation leads to higher
air temperatures. Alexandri & Jones [14] performed
simulations for different canyon aspect ratios and
climates. They studied a canyon with two green
roofs and two green walls and found that the air
temperature diminution within the canyon could
reach about 10°C for a hot and arid climate. More
recently, we have developed a new modeling
approach to assess thermal impacts of green walls
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on buildings in urban environment. A case study is
presented in Djedjig et al.[15]. The simulated urban
scene consists of a series of identical buildings and
street canyons. Each building is a three story full
scale building. The cooling load was compared for
buildings with different aspect ratios (H/W= 0, 0.5
and 1.0) depending on the width of the streets. The
results quantify the progressive effects of streets
confinement according to the aspect ratio variation
and the potential of green walls to mitigate increased
cooling loads. The numerical results show that green
walls installed on east and west facades of the
studied building reduces by 37% the cooling load of
nearby buildings with an aspect ratio equal to one
and reduce it by 33% for a secluded building, for
Athens summer climate.

There is still a lack of experimental data on these
effects, so our study focuses on the experimental
verification of such results and gives verification data
for developed models. In this paper, we present an
experimental approach to determining thermal
impacts of green walls on buildings. The study was
conducted on a reduced-scale model similar to a
typical urban scene characterized by five rows of
street canyons. The main objective was to assess the
impact of vegetated building facades through relative
comparisons with a reference building without
vegetation and in real climatic conditions. The study
also aimed to provide a database of experimental
measurements.

2. MOCKUP DESIGN

The experimental platform consists of five rows of
concrete empty tanks which stand for reduced scale
buildings (Figure 1). Each row is made up of three
tanks which form a block of 5 m long, 1.24 m high
and 1.12 m wide. The aspect ratio of the street
canyons is 1.2 and the scale reduction is
approximately 1:10. The experimental bench is built
on a 10 m x 20 m terrace of concrete tiles. The
canyon facades, oriented to East and West, and roofs
are painted in white.

A green wall system was set up on the West facade
(GWallF) of one row of buildings. The green wall
growing medium consists in Chile sphagnum of 15
cm thick and is fixed on a metal grid which forms an
air layer weakly ventilated of 5 cm. There are six
different species of vegetation planted on the green
wall. This later is watered twice a day by an

automatic drip watering system. One row of
concrete tanks and one street canyon (RefC) was
kept as a reference for further comparisons.

A d-wl

Figure 1: Experimental Mockup ClimaBat

The experiment aims to assess the impact of the
vegetated envelopes on diurnal and seasonal
variations in indoor and outdoor environments.
Many sensors were installed to measure
temperature, air humidity and solar irradiation all
over the platform. The used thermocouples are type
K (chromel-alumel) with an accuracy of about
0.3°C.

RESULTS AND DISCUSSION

Impact inside buildings: In this section we
compare the temperature measurements performed
inside the reduced scale buildings. The positions of
the sensors whose measurements are analyzed are
shown in the sketch at the top of Figure 2. There are
two thermocouples that measure inside air
temperatures and 12 other thermocouples placed at
different locations that measure inside surface
temperatures.

Figure 2 is composed of three graphs: the first
compares the measurements of the temperature
performed on the inner surface of the two facades
facing west (the vegetated facade and the reference
facade). The second graph compares the inside air
temperature measurements performed within the
two blocks. The third one shows the difference
between the operative temperatures calculated on
the basis of all previous measurements for both
reference and vegetated blocks.

As we can see on the first graph, the green walls
installed on the west facade decrease the inner
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temperature of the facade up to 10°C (from 35°C for
25°C for example. The decrease of temperature
concerns only daytime periods, at night there is no
change in this temperature. The decrease in inner
facade temperature leads to lower inside air
temperature. In fact, the second graph of Figure 2
shows that the inside air temperature picks are
lowered by about 5°C. We remind that we are
considering here building blocks of 5 cm concrete
depth and without any insulation.
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Figure 2: Comparison vegetated vs. reference
building — Inside air temperature, Inner surface
temperature and operative temperature

In order to assess of the green wall impacts on the
indoor thermal comfort, the operative temperature
inside the reference the green wall blocks have been
calculated. The operative temperatures calculation is
based on the temperature measurements performed
inside the two building blocks. The sketch above
Figure 2 shows the locations of the 7 thermocouples
whose measurements have are used for each building
block. Since the air motion is very low inside the
mockup blocks, the operative temperature is taken
equal to the mean value between the inside air
temperature and the mean radiant temperature. The
last part of Figure 2 shows the difference between the

operative temperatures calculated respectively for
green wall building and for the reference building
blocks. This temperature difference reach um 5°C in
day time, a value substantially close to the measured
difference in terms of inside air temperature.

Impact outside buildings: In this section we
investigate the thermal impact of the green wall
outside of buildings. Indeed, the green wall
refreshes outdoor air temperature. In confined
spaces such as street canyons, measurable reduction
in air temperature takes place in summer.
Measurements presented reference [3] show that the
green wall tested on this experimental mockup
reduce until 1.5 °C the temperature rise within the
street canyon.

In this paper we focus mainly on the temperature
gradient that takes place near the green walls. So we
will compare the temperature variation observed
through streets canyons. Concretely, we compare the
difference between the temperatures measured by
thermocouples T3 and T4 placed in the green wall
Street to the difference between the temperatures
measured by thermocouples T1 and T2 located in
the reference Street (see Figure 3). It is clear that in
the absence of the green wall the two curves are
superimposed. On this figure, green colored area
represents the deviation of the green wall street compared
to the reference street. As can be seen, the compared
difference is negative in morning and positive in
afternoon, which is quite expected since the facades
facing east warm up in morning and those facing the west
heat up in the afternoon.
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Figure 3: Comparison of temperature difference
measured across street canyons
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The green wall effect can be seen in the difference
between the two curves. In fact, Figure 3 signifies
that the green wall refreshes the air within the street
by cooling the air near the facade. This is why the
difference T3-T4 remains lower than the difference
T1-T2 during all the day. We can see also that the
cooling effect diminishes progressively during night
when no irradiation on the considered walls.

CONCLUSIONS

The experimental work presented in this paper
enables us to measure the thermal impact of
vegetated walls inside and outside buildings. Thus, it
has been shown that the green wall reduce the mean
radiant and indoor air temperatures. Furthermore, the
results show that the green facade cools the air near it
leading to the streets cooling effect.

ACKNOWLEDGMENTS

This work was supported by the French Research
National Agency on the reference ANR-09-Vill-
0007-04 (project VegDUD)

REFERENCES

[1] Saadatian, O., Sopian, K., Salleh, E., Lim, C. H.,
Riffat, S., Saadatian, E., Toudeshki, A., and Sulaiman, M.
Y., 2013, “A review of energy aspects of green roofs,”
Renewable and Sustainable Energy Reviews, 23, pp. 155-
168.

[2] Djedjig, R., Bozonnet, E., and Belarbi, R., 2015,
“Analysis of thermal effects of vegetated envelopes:
Integration of a validated model in a building energy
simulation program,” Energy and Buildings, 86, pp. 93—
103.

[3] Djedjig, R., Bozonnet, E., and Belarbi, R., 2015,
“Experimental study of the urban microclimate mitigation
potential of green roofs and green walls in street canyons,”
Int. J. Low-Carbon Tech., 10(1), pp. 34-44.

[4] Wong, N. H., Chen, Y., Ong, C. L., and Sia, A,
2003, “Investigation of thermal benefits of rooftop garden
in the tropical environment,” Building and Environment,
38(2), pp. 261-270.

[5] Jaffal, 1., Ouldboukhitine, S.-E., and Belarbi, R.,
2012, “A comprehensive study of the impact of green roofs
on building energy performance,” Renewable Energy, 43,
pp. 157-164.

[6] Dvorak, B., and Volder, A., 2013, “Rooftop
temperature reduction from unirrigated modular green
roofs in south-central Texas,” Urban Forestry & Urban
Greening, 12(1), pp. 28-35.

[7] Wong, N. H., Kwang Tan, A. Y., Chen, Y., Sekar,
K., Tan, P. Y., Chan, D., Chiang, K., and Wong, N. C,,
2010, “Thermal evaluation of vertical greenery systems for

building walls,” Building and Environment, 45(3), pp.
663-672.

[8] Pulselli, R. M., Pulselli, F. M., Mazzali, U.,
Peron, F., and Bastianoni, S., 2014, “Emergy based
evaluation of environmental performances of Living Wall
and Grass Wall systems,” Energy and Buildings, 73, pp.
200-211.

[9] Susorova, 1., Angulo, M., Bahrami, P., and Brent
Stephens, 2013, “A model of vegetated exterior facades
for evaluation of wall thermal performance,” Building and
Environment, 67, pp. 1-13.

[10] Zinzi, M., and Agnoli, S., 2012, “Cool and green
roofs. An energy and comfort comparison between passive
cooling and mitigation urban heat island techniques for
residential buildings in the Mediterranean region,” Energy
and Buildings, 55, pp. 66-76.

[11] Tsoumarakis, Assimakopoulos, V. ., Tsiros, 1.,
Hoffman, M. E., and Chronopoulou, A., 2008, “Thermal
performance of a vegetated wall During hot and cold
weather conditions,” Dublin.

[12] Eumorfopoulou, E. A., and Kontoleon, K. J.,
2009, “Experimental approach to the contribution of
plant-covered walls to the thermal behaviour of building
envelopes,” Building and Environment, 44(5), pp. 1024—
1038.

[13] Cheng, C. Y., Cheung, K. K. S., and Chu, L. M.,
2010, “Thermal performance of a vegetated cladding
system on facade walls,” Building and Environment,
45(8), pp. 1779-1787.

[14] Alexandri, E., and Jones, P., 2008, “Temperature
decreases in an urban canyon due to green walls and green
roofs in diverse climates,” Building and Environment, 43,
pp. 480-493.

[15] Djedjig, R., Bozonnet, E., and Belarbi, R., 2016,
“Modeling green wall interactions with street canyons for
building energy simulation in urban context,” Urban
Climate, In Press.

168

DJEDJIG et.al



International Conference On Materials and Energy — ICOME 16

THERMAL TRANSMITTANCE COMPARISON BETWEEN MULTILAYER WALLS
MADE FROM HOLLOW FIRED CLAY AND PLASTER-GRANULAR CORK BRICKS
USING ELECTRICAL ANALOGY

Saad RAEFAT, Mohammed Souihel, Mohammed GAROUM, Najma LAAROUSSI
Laboratory of Energy, Materials and Environment, University Mohamed V-Rabat, EST Sale
(11060, 227 Avenue Prince Héritier, Sale, Morocco)

*Corresponding author: Fax: +212 37 88 15 64 Email: saad.raefat@gmail.com

ABSTRACT

In this work a comparative study of thermal transmittance between different multilayer walls is examined numerically using
the so called Combined Method recommended in the Moroccan standard NM EN 1SO 6946/2007. For this purpose a
special script was written in Mathematica based on the electrical analogy and where all the thermal transfers occurring
across the brick were considered. Tree configurations with and without air gap of 7 cm were compared. The first
configuration, concerns walls made of cement render, cement mortar and tree sizes of hollow clay fired bricks (3, 8 and 12
cavities). In the second one, bricks were substituted with those prepared with plaster and granular cork mixes. Finally, in
this second case, plaster-granular cork was used instead of cement render. In addition, the compliance with the Moroccan
Thermal Regulation of Construction (MTRC) was examined. Results show that in the third configuration, double walls
(with air gap) consisting of 8 or 12 cavities bricks are in accordance with all Moroccan climatic zones of the MTRC.

KEYWORDS: Equivalent thermal transmittance; electrical analogy; hollow clay bricks; composite materials; energy

saving; external wall.

NOMENCLATURE

R: thermal resistance of convection within brick
cavity, KIW

R: thermal resistance of radiation within brick
cavity, KIW

Rca thermal resistance of the brick cavity, K/IW

Rer thermal resistance of external render, KIW

Rir thermal resistance of internal render, K/W

Ry thermal resistance of vertical partition, K/W

Rnp thermal resistance of horizontal partition,
K/W

Rm thermal resistance of mortar joint, K/W

Rsi internal surface thermal resistance, K/IW

Rse external surface thermal resistance, K/W

Rup upper thermal resistance, K/IW

Riow lower thermal resistance, K/IW

Ry air gap thermal resistance, K/IW

ew thickness of the vertical partition, m

Anp vertical partition area, m?

d the thickness of the air gap, m

b the length of the air gap, m

Nm  total number of mortar joints

N¢  total number of bricks in the wall

Ny, total number of vertical partitions per brick
(three for 8C, four for 12C)

Npp  total number of horizontal partitions per
brick

Ny  total number of cavities per column per
brick (in vertical direction)

Npe  total number of cavities per row per brick

(in horizontal direction)

Greek letters

Mp  thermal conductivity of the vertical partition,
W/m?K

&, theright internal surface of the air gap emissivity

&, the left internal surface of the air gap emissivity

Subscripts

12C brick of twelve cavities
8C  brick of eight cavities
3C  brick of tree cavities
PCM Phase Change material

INTRODUCTION

Red fired clay hollow bricks, being mainly used to
construct building walls, have been long known to
accommodate warm homes in the winter and cool
dwellings during summer; in contrast, they present several
disadvantages and occupy a considerable amount of
building’s energy demand. Therefore many recent
researches proposed alternatives of the usual bricks,[1]
studied the thermal behaviour of hollow clay bricks made
up of paper waste and optimized their thermal
performance, [2] managed to reduce the total heat transfer
occurring across brick walls by 23% through placing clay
protuberances inside brick cavities, also [3] improved the
thermal inertia of buildings by filling bricks with PCM.
The effect of the type of PCM used, its quantity and
position inside the brick cavities were then evaluated.
Consequently, this paper propose the use of bricks made
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of a new composite material plaster-granular cork instead
of fired clay bricks, this will not only guarantee a better
energy efficiency inside buildings, but will also supress the
environmental pollution resulted from the fired clay
manufacturing process.

MATERIALS AND METHOD

In order to evaluate the thermal performance of different
bricks inside the wall, tree types of hollow bricks (figl)
frequently used in Moroccan buildings are studied; coded
according to their cavities number.

Figure 1
The different bricks studied

For easy thermal resistance determination, the representing
unit cell is consisting of two superposed bricks 8C with

e Contrary to horizontal joints, vertical ones
are neglected (their amount is neglected to
the amount of bricks they are adjusting).

e Both convection and radiation in the pore
space of the body brick are neglected, (since
the dimensions of the pores are so small).

e The emissivity of the studied materials is
considered constant (¢ = 0.9).

The thermal transmittance U (W/m?2.K) is
determined according to [6]:
1 1
0 - 1)
) R.si + Rse +Rrr.
Rm is then caiculatea py averaging notn Kup [8] and Riow
[7]; determined by the following equations:

®)

1
Ru?" = Ror + Ry + New o owr . J'r*n"rf':rl . Ny i
N, Ny
Rigw = Rer + Ry + N, .Nrr + N Nem
i mil Rn: Rm"'

joining mortar of 0.01m in thickness on the top and the
bottom of each brick and between the two bricks, and with
external and internal render of 0.02m; represented in fig 2
a.

Thermal conductivities of basic materials and of the
composite material studied; picked from [4, 5], are given in
table 1.

Table 1
Thermal conductivity of basic materials

Material Thermal conductivity
(W/m.K)
Fired clay 0.346
Cement mortar 0.703
Plaster- granular cork 0.101

MATHEMATICAL ANALYSIS
The method used in this work is based on the
Combined Method disposed in the Moroccan
standard NM 1SO 6946/2007[6]. It provides an
approximate rapid procedure that can be applied for
inhomogeneous layers such as masonry walls. It
consists of three steps described in [7].
In this method, the calculations must consider in
addition of the conduction, the convection and
radiation phenomena that occur within the air
cavities. Assuming that:
e Thermal conductivity does not depend on
temperature variation for materials studied.
o All thermal transfers are considered occurring
in one dimension and under steady state
conditions.

I ne scheme o upper thermal resistance and lower thermal
resistance decompositions is shown in fig 2b and fig 2c
respectively.

Elementary thermal resistances are defined as the
thickness of the partition in question divided by the
product of its material thermal conductivity and its
apparent section, for example, the vertical partition
thermal resistance is expressed as follows:

Svp

ik, O

As stated earlier, both convection and radiation
phenomena occur inside the cavity, henceforth, the cavity
thermal resistance is expressed as:

1
Re= 71 (5)
Ix R, 'R,

The therlllﬂl 1TO1I0LIANILCO 1\c aAllu 1\ aic Uoth determined
using multiple equations, therefore they were simulated
using a special script developed in Mathematica. For
further details, one can consult [8].

Thermal resistances of internal and external surfaces are
taken respectively as:

Ry =1/hyp =0.13m* K/Wand Ry = 1/hgy =

0.04 m*. K/W.
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Figure 2

(a) The representing cell for easy thermal resistance determination;
(b) upper thermal resistance electrical analogy;

(c) lower thermal resistance electrical analogy.

RESULTS AND ANALYSIS

Thermal transmission Comparison of tree
different configurations: Tree configurations with
and without air gap of 7 cm are compared, the
configurations consist of:

In the first cast, walls are made of cement
render, cement mortar and hollow clay fired
bricks.

In the second one, bricks are substituted with
others made of plaster- granular cork.

Finally, in the previous case, plaster-granular
cork was used instead of cement render.

For the tree configurations, the tree different bricks
are compared.

Walls without air gap: In Morocco, most of exterior
walls are made without air gap, this solution remains
economic and occupies less space in buildings, and
consequently, the thermal transmission of these walls was
calculated in table 2 for the tree configurations and the tree
types of bricks.

Walls with air gap: In order to ameliorate the walls

thermal transmission and to ensure a better thermal
efficiency inside buildings, walls are separated with an air
gap of variant thicknesses (7cm in our case).
Table 2
Thermal transmission of the different studied walls
without air gap

Configuration Un Different bricks studied
(W/m2.K)
3C 8C 12C
1t Uup 2,024 1477 1,062
Ulow 2,127 1,560 1,099
Um 2,075 1,519 1,080
2nd Uwp 1,553 1,048 0,733
Ulow 1,555 1,044 0,721
Um 1,554 1,046 0,727
3rd Uup 1,017 0,773 0,587
Ulow 1,018 0,771 0,579
Um 1,018 0,772 0,583

The thermal resistance of the air gap is calculated
according to [6] and using the following equation:

From table 2, It is clear that the higher the brick cavities 1

the better is the overall thermal transmission of the wall, ~ %g = 11 . —af d ©)
also, the thermal coefficients is getting better once we pass he+ (5—1"' =~ 1?] 40Ty + |1+ 143z — '5]

from a configuration to the next one, hence; the 3rd i

configuration represents the best thermal coefficients. And where:
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he = Max[1.25; 0.025/d] )

The thermal transmission coefficients were calculated for
the different walls with air gap in the following table:

Table 3
Thermal transmission of the different studied walls with air
gap
Configuration U Different bricks studied
(W/m?
K 3C 8C 12C
1st Uwp 1,161 0,821 0,569
Uiow 1,229 0.870 0,590
Um 1,194 0.845 0,580
2nd Uy 0,861 0.567 0,384
Uiow 0,862 0.564 0,378
Um 0,862 0.565 0,381
3 Uwp 0,667 0.475 0,340
Ulow 0,667 0.473 0,335
Um 0,667 0.474 0,337

It is observed from table 3 that the overall thermal
transmission coefficient improvement of double walls is
following the same pattern as of single walls, except that
the improvement is more significant when the air gap is
present.

Discussion of the compliance with the MTRC:
For the purpose of decreasing the building sector high
demand, the MTRC (Moroccan thermal Regulation of
Construction) [9] has recently become mandatory for the

2,2

2 .
1,8 -
1,6 T .

thermal transmission U (W/m.k)
=
|

six climatic zones presented in Morocco (fig 3). In its
prescriptive approach, the thermal performance of the new
dwellings is estimated knowing the thermal transmission
U of their components.

Figure 3
The six climatic Moroccan zones according to the MTRC

Indeed, in order to help building’s owners to choose
between different walls configurations respecting the
MTRC regardless of the Moroccan zone they are
belonging to, the compliance of the different walls studied
with the six climatic zones were represented in fig 4 for
walls without air gap and in fig 5 for walls with air gap,
according to their thermal transmission.

Configurations

¢ 1st B2nd A 3rd

________________ Zone l

___________________ Zone 2 and 3
Zone 4,5and 6

3C 8C

12C

Type of bricks constituing the external wall

Figure 4
The compliance of the walls without air gap with the MTRC for the different configurations studied
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Figure 5
The compliance of the walls with air gap with the MTRC for the different configurations studied

From fig 4, for walls constituted with bricks 3C, only the
third configuration is respecting the first zone’s thermal
transmission. For bricks 8C, both first and second
configurations are respecting the first zone, and for bricks
12C all the configurations are respecting it
Correspondingly, the third configuration is also respecting
the second and the third zones for bricks 12C.

From fig 5, all the configurations are respecting the first
zone’s thermal transmission for all the bricks studied,
moreover, the second configuration walls of bricks 12C
and the third configuration walls of bricks 8C and 12C are
respecting all the six climatic zones.

The energy saving of the transition from the

1%t to the 39 configuration: In order to emphasise
the thermal performance importance resulted from
substituting clay bricks with bricks made of plaster-
granular cork material, the energy gain was evaluated for
the different walls in table 4 using (8).

. U!rr.‘
Energy_saving = 100 x (1 — —] (8)
UL?I.‘
From table 4 the energy saving of the transition from the 1
to the 3 configuration increases from 40,90% (for 12C
walls with air gap) up to  50,94% (for 3C walls without
air gap), this will help to reduce the walls energy
consumption up to the half making buildings more efficient
and comfortable

Table 4: Energy saving of the transition from the 1% to the
3" configuration:

Walls Energy saving

3C 8C 12C
Without airgap  50,94% 49.18%  46.02%
With air gap 4414% 4391%  41,90%
Conclusion

This article has shown the interest of substituting fired
clay bricks with plaster-granular cork bricks constituting
walls, which represent the major surface areas of the
buildings, by giving a thermal transmission coefficient
comparison between different walls, for this purpose tree
configurations were proposed and studied. Indeed, the 3rd
configuration, which consist of a double wall composed of
bricks and render made of plaster-granular cork, present
the best transmission coefficient (0,337 W/m2.k for 7cm
air gap’s thickness) and respect all climatic Moroccan
zone’s thermal transmission. Furthermore, relevant
information is obtained from calculating the energy saving
of the transition from the 1st to the 3rd configuration for
the different walls; the obtained results are leading to
overall heat transfer reductions up to 51%. In addition, the
3 configuration walls will be much heavier; this will
decrease the total cost of buildings by reducing the
required amount of reinforced concrete, by contrast this
could raise some solidity for the brick wall. Accordingly,
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this study needs to include furthermore the mechanical
resistance determination of the studied walls.
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ABSTRACT

This paper presents a two-dimensional model to analyse the heat and moisture transfer through wood porous
building materials. Transient coupled model of heat and moisture transfer in timber material under low
temperature is presented. The resulting coupled model is converted to two nonlinear partial differential
equations, which are then numerically solved by an implicit iterative scheme. The numerical results of
temperature and moisture potential changes are compared with the experimental measurements available in
literature. Predicted results demonstrate validation of the proposed theoretical model and effectiveness of the
developed numerical algorithms. It is expected to provide useful information for the wood material design

based on heat and moisture transfer model.

KEYWORDS Heat transfer; Moisture transfer; Porous materials; Wood; Finite element method.

1. INTRODUCTION

The behaviour of porous building material such as
wood subjected to different environmental conditions
is highly dependent on its material structure and
chemical composition. The amounts of water present
inside wood considerably influence its thermo-
physical properties and geometric shape. Being
porous, hygroscopic and orthotropic material, the
heat and moisture transfer in timber makes a complex
system of coupled mechanisms. Moreover, if the
moisture content changes over time, this may induce
distortions, residual stresses, and failures in timber
products. In this case, almost all properties in wood
as well as the wood-water relations are temperature-
dependent. For these reasons, it is of particular
interest to have good knowledge of these variables in
various timber structures. The main objective of this
article is to achieve an analysis of the heat and
moisture transfers in porous materials by means of
coupled model adopted for finite element analysis.

In the last decades, to improve building energy
efficiency and indoor air quality, the coupled heat
and moisture transfers in porous materials have been
widely studied due to its presence in many industrial
applications, particularly in timber buildings. Many
researches have been performed such as [1-3]. To
evaluate coupled heat and moisture transfer in porous
building materials, Abahri et al. (2011) proposed a
one-dimensional analytical model in ref [1]. Lack of

experimental and numerical results, no comparison
was performed. Chang et al.(2000) also described an
analytical solution to coupled heat and moisture
diffusion transfer in porous materials. For the same
application, the obtained results for the wooden slab
are similar with other published analytical solutions
using the decoupling technique [2]. Younsi et al.
(2006) [3] present a mathematical model based on a
set of coupled, heat and mass transfer equations
presented by Luikov (1975) in ref [4]. They have
also studied the effect of heat and mass transfer
parameters through the Biot number on heat and
moisture transfer. It was concluded that the
governing dimensionless parameters have a
significant influence on the kinetics of the heat and
moisture transfer. To analyse the heat and moisture
transfers in capillary porous media, Luikov (1966)
in [5] proposed a model assuming the same analogy
between moisture transport and heat transfer. This
model was used by several researchers [6-7].

To solve the obtained coupled system for
temperature and moisture potentials, many authors
used both theoretical and numerical approaches. The
solution of the governing partial differential
equations depends on the considered specific
problem. Generally, all approaches are based on the
use of transformation functions. Chang et al. [3]
have introduced a potential function corresponding
to their equations system, using a change of
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variables for temperature gradient and moisture rate.
They used the boundary condition of Neumann type
and compared their predicted results with those of
Thomas et al. (1980) presented in [8].

This paper presents a numerical strategy applied to
solve the partial differential equations. It concerns
two-dimensional heat and moisture transfer through
porous building materials. The finite element
solutions were performed using the natural
hygrothermal boundary conditions proposed by
Ababhri et al. [1] and Chang et al. [2]. A numerical
approach by means of incremental finite element
method will be presented. In order to validate the
proposed finite element model, a numerical
procedure and a staggered technique to resolve the
coupling between temperature and moisture are given
in details. Moreover, the comparisons of the obtained
numerical results with other analytical models given
by Abahri et al. [1], Chang et al. [2].

2. ANALYTICAL FORMULATION

Heat and moisture transfer in porous media subjected
to convective boundary conditions can be modelled
using Luikov’s approach presented in [5]. The
following assumptions are assumed in this work:

- The timber specimen is homogenous and the
thermo-physical properties are constant.

- The initial values of moisture and temperature in
wood were uniform.

- The shrinkage and the degradation of the timber
sample were neglected.

The constitutive  equations  describing  two-
dimensional heat and moisture transfer for wood are
given by [9] and [10] as follows:

Heat transfer

ooy

Moisture transfer

2 2 2 2 2
pe, M_p [IM OM)5p, | IT40T
ot ox® oy ox° oy

oT oO°T o7 om
pPC, at:x( + J+pcm (g'hLV +'Y)E (1)

where T[K] is the temperature, m[°M] is the moisture
potential, t[s] is time, Xx[m] and y[m] are the location
coordinates, ¢c,[J/(kg.K)] and cm [kg/(kg.°M)] are heat
and moisture capacities of the medium, A[W/(m.K)]
and Dm[kg/(m.s.°M)] are thermal and moisture

diffusion coefficients respectively, p [kg/m?] is the
dry solid density, ¢ is the ratio of vapour diffusion
coefficient to coefficient of total moisture diffusion,
v[J/kg] is the latent heat, 6 [kgmoisture/(kg.K)] is
the thermal gradient coefficient and hyy [kJ/kg] is
the heat of phase change.

The associated hygrothermal boundary and initial
conditions are listed below:

(@). Initial conditions

Ty, t=0)=T,; m(x,y,t=0)=m, 3)

The moisture potential m is related to the moisture
content M by:

M=c,,xm (4)
cm [Kg/(kg.°M)] is the specific mass capacity.
(b). Boundary conditions
T(x=0y,h)=T,,; T(x=Ly.H)=T,,

S e U ©
m(x=0,y,t)=m, ; m(x=L,y,t)=m_,

in?

g;/r(x,yzo,t):o; g;/r(x,y:H,t):O

(6)
a—m(x,yzo,t)zo; a—m(x,y=H,t)=0
oy oy

Egs. (1) & (2) are coupled heat and moisture
transfer equations for porous building materials can
be solved numerically by the finite element
modelling.

3. FINITE ELEMENT MODELLING

The Galerkin’s weighted residual method is used to
discretize the space for Egs.(1) and (2). Temperature
T is selected as the state variable for heat transfer.
The state variable for moisture transfer is chosen as
moisture potential, denoted as m. For an element,
the state variables are approximated by linearizing
three node elements, for example:

TOYD=3 N, ()., )
S U
m(x,y,t)=§ N, (x,y)-m; (t)

where N, (X,y)is the shape functions of triangular
finite element, T (t)is the time-dependent nodal
temperatures and m,(t) is the time-dependent nodal

moistures.
Applying Galerkin’s weighted residual approach to
Egs. (1) and (2):
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(9)

Inserting boundary conditions, applying the phase
equilibrium relations and rearranging Egs.(8) and (9),
the resulting system of ordinary differential equations
is obtained:

[C.){T}+[K, {T}=[F ]{m} (10)
[C.. J{m}+[K, J{m}=[F, {T} (11)
where[c,], [K,], [F]. [, [K,]and[F,] are

corresponding matrices consisting of coefficients
derived from Egs. (8) and (9).

4. APPLICATION ON A WOOD SLAB :,

BUILDING ENVELOPE

An application on a wood slab building envelope has
been simulated using the material properties given
from [1-2] which are associated to the boundary

conditions described previously in section 2 are ((a)t—1005

recapitulated in Table 1.

Table 1
Material properties for wood.

Cm 0.01 kg/(kg.°M) € 0.3

Cp 2500 J/(kg.K) Mo 86 °M

I 2 °M/K Min 45 °M

A 0.65 W/(M.K) | Moy 4°M

p 370 kg/m3 huv 2.5%x 107 J/kg

2.2x 108

Dn  gimsemy | 7 0

L 24 mm T, 110 °C

H 60 mm m,, 4°M

To 10°C h,  2.25W/(m2K)

0 2.5x10°

Tin 60°C M kg/(M2.5.°M)
Tout 110 °C

The Finite Element (FE) model of the wood slab of
24x60mm is modelled by 960 triangular elements
consisted of 525 nodes. Figs 1 and 2 illustrate
respectively the temperature and the moisture
distribution in wooden slab sample at different times.

From Figs 1, it can be seen that at time t=1000s, a
larger temperature gradient was established on 3/4
width plane of the tested specimen. During a
prolonged heat transfer process (Figs 1a,
1b and 1c), the temperature distribution evolves
rapidly at the beginning and then becomes stable.
The temperature difference between the inner region
and the outer region decreases more and more. After
the heat and moisture transfer in wood slab panel, a
moisture gradient was established in response to
temperature gradient with maximum moisture
potential in the surface region. The moisture content
in the outer region decreased from 80°M moisture
potential to around 70°M at time t = 4000s (Fig. 2¢).
We also note that the moisture rate in the centre
zone decreased progressively until the moisture
potential reaches 70°M at time t=1000s (Fig. 2b).

1 105 60,
o o:
! ¢
)
o
A E
S0 EX
1 >
4 40
14 I
11
1
1
5 10 15 20 24

! ;(Ulrr'n']» X [mm]
(b) t =500s (c) t=1000s
Fig. 1. Contour maps of temperature distribution at
different time.

0 5 'ﬁ ‘5 a4

|01E
I

i
\ p
0(1 J(l 10 20

X [mm] X {mm]

(@) t=100s (b) t=1000s (c) t=4000s
Fig.2. Contour maps of moisture potential
distribution at different time.
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X {mm]

Fig. 3 shows the temperature distribution of at the
centre of wood slab (x=12mm). It can be seen that
the temperature distributions of the three layers
during the heat and moisture transfer can be divided
in three different phases: 1) an initial rising phase of
temperature, 11) a non-linear rising in temperature at
the centre of wood panel and 1) a quasi-stable
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phase in temperature at the centre of the wall. The FE
results are similar to the experimental results of
Abahri et al. [1]. From a short time of 690s, the
temperature is stationary and equal to 85.2°C, which
is well predicted by the model.

920

— Analytical solution [1]
—— Finite element model

Temperature [°C]
S
(4}
1

0 . . . . . . .
0 1000 2000 3000 4000
Time [s]

Fig. 3. Curves of temperature versus time at the
centre of wood slab.

Fig. 4 shows the comparison between the analytical
solution and predicted results of the moisture
potential versus time at the centre of wood slab. It
can be seen that the moisture potential distributions
can be separated in three phases: I) an initial slightly
linear increasing phase, 1) a quasi-stable phase and
I11) a non-linear decreasing phase. There is a very
good correlation between the analytical solution
given in [1] and the obtained numerical results.
During the heat and moisture transfer in the porous
slab, the moisture potential continues to decrease
with increase in time, until the end.

For the same example, the moisture evolution at the
surface and at the middle of the slab are shown in
Fig. 5. It can be seen that the results from the natural
hygrothermal boundary conditions developed by
Chang et al. [2] agree well. With regard to the
moisture content profile of the wood slab at the
surface and at the middle presented in Fig. 5, a good
accuracy of the present model can then be verified by
a very small difference around 1% between the
predicted and the results obtained by Chang et al. in
ref [2].

88

86 ~

84

82+

— Analytical solution [1]
— Finite element model

80

Moisture potential [°M]

78 4

76

0 ' ldOO ' 2050 ' 3050 ' 4000
Time [s]

Fig. 4. Curves of moisture potential versus time at

the centre of wood slab.

1,0

....... Chang et al. [2] (x=12mm)
------- Chang et al. [2] at surface
—— FE model (x=12mm)

—— FE model at surface

0,84

0,64

Moisture content

0,44

0,24

0,0

0 200 400 600 800 1000
Time [min]

Fig. 5. Curves of moisture content versus time at

two different locations.

5. CONCLUSION

The objective of this work is to propose a humerical
methodology to simulate 2D heat and moisture
transfer in porous building materials and to
complete the work of Abahri and Chang in [1, 2]
who solved this problem by using an one-
dimensional analytical model. In the first step, a
generalised mathematical model accounting the
governing equations describing the coupled heat and
moisture transfers for porous material has been
formulated in detail. The associated numerical
aspects in the framework of the classical Galerkin-
based FE formulation are also discussed. Several
finite element simulations using the natural
hygrothermal boundary conditions proposed by
Chang et al. [2] are conducted to compare the
predicted results with the analytical and
experimental measurements available in literature.
The quality of the solutions obtained in terms of the
hygrothermal fields’ distribution, through the porous
panel thickness, seems very satisfactory.
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Further investigations are now under progress to
extend this numerical procedure to 3D case with the
hope of simulating the heat and moisture transfers in
the porous building panels made by different
materials and several layers under complex and
severe hygrothermal conditions.
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ABSTRACT

The fluid transport phenomena in porous materials such as concrete is one of the main actions involved in the
degradation of the structures lying in aggressive areas. This transport is governed by several physical and
chemical parameters such as porosity, tortuosity, diffusion coefficient or concentration of chemical species.
The main objective of this work is to quantify the tortuosity parameter by a non-destructive method. Tortuosity
is a parameter with significant inflluence on the transfer and diffusion of particles in porous media. Indeed it
takes account of the irregularity and sinuous transport paths in the pore structure of the material.

The experimental program focuses on applying a non-destructive method for measuring the electrical
conductivity of materials as glass beads and sand with different classes, saturated with NaCl solution at
different concentration. The material is placed in a PVC cell of 50 mm diameter, equipped with two stainless
steel electrodes connected to the measuring circuit.

The tortuosity values obtained in this work are less than unity. This accords considerably with the values found
in the literature, we also note that the variation of this parameter depends on the nature of the medium but also

according to its geometrical properties.

KEYWORD Tortuosity, electrical

phenomena, porous media.

porosity,

conductivity,

nondestructive measurements, transport

NOMENCLATURE

EC: Electrical conductivity (S/m);

NaCl : Sodium Chloride;

CEsq : Electrical conductivity (S/m);
n : Porosity;

S: Electrodes area (m?);

I: Distance between electrodes (m);

Rx: Electrical resistance (€);

CEo: Electrical conductivity of the pore
solution (S/m);

L: Macroscopic right distance between two points (A
et B);

Le: The effective distance crossed geometrically;

A tortuosity;

Tm : Tortuosity factor ;
m . Geometric tortuosity factor;

INTRODUCTION

Porous media represent a large class of complex
systems. Their pore space is very complex, with
pore sizes varying in a wide range. But what really
makes particular feature of porous media, is that
paths they provide -for the flow of fluids - are not
straight, but tortuous and sinuous. A particle must
cross a path which is longer than the straight line
between its original source and destination.

In the literature, the tortuosity is defined as a
geometric parameter associated with hydraulic,
electrical or diffusive properties [1-3]. This
important parameter purely geometrical influences
the transfer of particles in a porous medium. The
concept of tortuosity is generally shown as a kind of
factor influencing the macroscopic transport
movements to reflect the complex transport paths in
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porous media and characterize the structure of these
environments. There are different concepts and
definitions of the tortuosity known from the literature
in transport through porous media [4-7]. According
(Shackelford and Moore) [7], the tortuosity term (A)
is given to the ratio of length (L) of the macroscopic
straight line between two points (A and B) defining
the path of a flow through a given sample, and the
actual or effective distance of this flow, traversed by
the solution between the same points (Figure 1), this

ratio is defined as following :

L
= 1)

With 0<A<I

L, > L
Figure 1

Tortuous diffusion path in a saturated porous
medium [4].

Another form of tortuosity is known as geometric
tortuosity factor (zm) which is equally lower than unit
(zm < 1), to reflect the reduction in macroscopic
concentration gradient and correct not parallel
direction of the effective pathways in which chemical
species flow [7]. Mathematically it represents the
square of tortuosity given by equation (1), defined as
following : i
7 L~
Tom=A2= (zg) @)
For saturated porous materials, the zm values
range from 0.01 to 0.84 and from 0.025 to 0.57 for
unsaturated materials [5, 6, 8]. Bear and Epstein have
presented values of his tortuosity which are also less
than unity and range between 0.56 and 0.8 [9, 10].

In some cases, tortuosity parameter is defined as the
inverse of equation (2), called tortuosity factor T,
and therefore, it’s will be a value greater than unity,
(0 > Tm > 1) [11-14], The tortuosity factor Ty is
presented by the equation (3):

n=2= () ®

This tortuosity was used for example to predict the
permeability in porous media, taking a value of (\/2)
but also values between 1.41 and 1.58 [15]. The V2
value was also adopted for electrical measurements
on fibrous media [16]. Pisani [17] found tortuosity
factor between 1 and 3 for materials with porosities
between 0.4 and 0.7. Another work was used to
assess this tortuosity and present values between
1.03 and 1.81 for porosities which vary in the range
0.38 to 0.93, using an acoustic method on porous
materials rigidified with fibers [17].

Until now, there is no technique or known
measurement method wich can really estimate this
factor. However, several models based on the
formation factor F, (represents the effect of the
microstructure located on the electrical conductivity
of material, and is equal to the ratio of the
conductivity of the pore solution (ECo) on the bulk
electrical conductivity EC), can connect the
tortuosity factor to the electrical parameters of
saturated porous material, such as electrical
conductivity (EC) or electrical resistivity [14, 15,
18]:

Tm=n-F 3)
With n : porosity of the porous medium.

Another theoretical linear relationship established
by Rhoades and Oster [19], exists between EC of a
saturated porous medium, EC, and a tortuosity
factor < 1, as shown in equation 4 [8, 20]:

EC=1,,- 6, ECy + ECs; (4)

Where 6w is the volumetric water content of the
porous material. ECs is the electrical conductivity of
the solid phase.

Equation (4) provides the geometric tortuosity factor
mm by plotting the EC saturated material according to
the CEo (Figure 2). The slope of this curve by
analogy with equation (4) represents the product
(zm " 6w) and the intersection between the curve and
the vertical axis represents the conductivity of the
solid grains ECsc. (ECsc = 0 in the case of granular
materials [21]).
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However, electrical conduction in some materials
such as clay soils occurs in pores but also on the
surface of clay particles electrically charged. Indeed
in the clays, the conductance at the particles may be a
significant factor affecting the total conductivity of
the porous medium [22].
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Figure 2

Geometric tortuosity factor (zm) obtained by of
Rhodes and Oster relation [8].

o
e
-

There is another model that relates the geometric
tortuosity with formation factor called Nernst-
Einstein equation (equation 5), allowing to have
influence of tortuosity on the electrical parameters of
porous materials. This relation can be used for non-
reactive ionic species between diffusion and ion
conductivity [23-25].

EC
- ©)

MATERIALS AND METHODS

Materials Used: In this work the materials used are
shown in Figure 3a, 3b. First a mono spherical glass
beads with known porosities having diameters of
(1.5, 2, 3 and 4) mm are used. Secondly, three classes
of siliceous career quartz sand also with known
porosities have been studied (1 — 2 mm; 0.5 — 1 mm
and 0.25 — 0.5 mm).

Tortuosity Measurement: In this part, the relation
Nernst-Einstein ~ (equation 5) was used for
determining the tortuosity of each porous medium
studied (glass beads and sands) depending on the
formation factor which represents the ratio of the EC
of saturated porous media on EC, of the saturated
solution.

Figure 3a
The different diameters of glass beads used.

Figure 3b
(@) Sandclass 1 -2 mm, (b) sand class 0.5 -1
mm, (c) sand class 0.25 — 0.5 mm.

For measuring EC, an electric circuit developed
within our laboratory (Figure 4) for measuring an
electrical resistance Rx with Ohm's law principle,
this resistance will be transformed into EC
according to the equation (6):

CE = ﬁ (6)

With | the spacing between the electrodes, S
electrode area.

For glass beads and sand classes, a PVC cell of
50 mm diameter was filled to the necessary amount
of material saturated with a NaCl concentration in
solution of between 5and 117 g/ .

Vit x ch2
" -
=)
o
Vi R chi
f Oscilloscope
Figure 4

Circuit for the electrical measurement [26].
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Regarding of EC,, it is measured using a digital
conductivity meter (Ohaus STARTER-3000C), which
was calibrated using KCI solutions (0.01, 0.1, 1) mol
(Figure 5).

Figure 5
Calibration of conductimeter with a KCI solution.

RESULTS AND DISCUSSION

Figure 6 illustrates the variation in EC with the ECo
of the tested materials (glass beads of diameter
1.5 and 2 mm and a class of sand (1-2) mm, saturated
with solutions of NaCl with concentration between
5and 117g/ I. This variation is correlated by straight
lines type y=a.X, passing through the origin (for a
concentration of 0 g¢/l, the material is dry and
therefore no electrical conductivity, with correlation
coefficient > 0.98.

A Glass beads 1.5 mm R2=0.082
s

45 1 < Glassbeads 2 mm y=0.286x i
R2= 0,994
4 4 =
=072 ¢
| ® sand (1-2) F 04 =

3.5 R*=0,997 S
= o
E 3 P
o 25 o
H /’//

ECo(S/m)
Figure 6
Variation of EC with CE, for the tested materials
glass beads 1.5, 2mm and (1-2) mm sand class.

From analogy with the equation 5, we deduce that the
straight slope is the product (n * zm). This analogy

allows us to calculate the various tortuosity of
porous media studied (table 1). The error shown in
Figure 6 defines the cumulative relative uncertainty
due to the electrical measurement, estimated at
9.3%.

Table 1 summarizes the results of tortuosity of
porous media studied with their corresponding
porosities. What we can say from these results, is
that for a given medium such as glass beads,
geometric tortuosity factor increases with the grain
diameter and therefore with increasing porosity of
the medium, phenomenon also noted in the work of
(Piekaar and Clarenburg) [16] using a geometric
analysis model to estimate tortuosity in fibrous
porous media.

Table 1
Tortuosity measured on different studied porous
media.

Porous material Tortuosity Porosity
Glass beads 4 mm 0.721 0.426
Glass beads 3 mm 0.702 0.42
Glass beads 2 mm 0.685 0.417
Glass beads 1.5 mm 0.639 0.411
Sand (1 —2) mm 0.671 0.442
Sand (0.5-1) mm 0.662 0.438
Sand (0.25 — 0.5) mm 0.648 0.418

Tortuosity values found for glass beads vary in the
interval 0.639 <, <0.721 for porosities ranging
from 0.411- 0.426, the same trend is observed for
sands with tortuosity 0.648 <z, <0.671 for
porosities between 0.418 and 0.442. We also note
that this geometric factor differs depending on the
nature of the porous medium; but also according to
their geometrical properties (size and shape of the
grains, porosity, pore distribution, etc). Shackelford
found that the geometric tortuosity is <1 and
m Values are between 0.01 and 0.84 for saturated
porous media [4, 7]. We also find research of
(Gillham, Robin) which deduced that the tortuosity
were between 0.33 and 0.7 for saturated soils [27]. It
was also shown that this geometric tortuosity factor
allows to estimate the diffusion coefficients of
porous media without going through diffusion tests
[4,7,8].

CONCLUSIONS

Tortuosity remains, until now, a very complex
parameter discussed in the literature due to its
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impact on the phenomenon of diffusion. Tortuosity
used for this work is a tortuosity less than unity
(< 1). The Nernst-Einstein equation, allowed us to
identify this parameter using a non-destructive
electrical method through the formation factor.

This work has also enabled us to implement a very
fast and easy procedure to handle, on granular media
with different intrinsic characteristics, to estimate the
parameter tortuosity, since it just needs to proceed to
an electrical measurement with two electrodes to get
an idea about the internal structure of the medium
studied and understand the phenomenon of transport.
This parameter also offers the possibility to deduct
the diffusion coefficient of a porous medium
saturated without necessity the diffusion test.
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ABSTRACT

Characterization of permeability is essential to fully describe the transport phenomena occurring in porous
medium at elevated temperatures. The aim of this work is to study the evolution of the inherent gas and water
permeability of concretes with temperature variations. The tests were performed on two types of concretes
(ordinary and pozzolanic) using Algerian local products. Addition of natural pozzolan, promoting use of local
products, with a rate of 15% was incorporated in the pozzolanic concretes and samples (11x22cm) were
subjected to different temperatures (200 °C, 300° C, 400° C, 600° C and 700° C). After cooling, gas and water
permeability using, respectively, CEMBUREAU and CONTROLAB permeability devices were measured and
loss of mass and compressive strength were then conducted. Experimental results of permeability and
mechanical strength variations are shown and pozzolanic concretes depicted better characteristics both in terms

of gas and water permeability as well as compressive strength in comparison with ordinary concrete.

KEYWORDS: Permeability — ordinary concrete — pozzolanic concrete — addition — temperature.

INTRODUCTION

Available pore space and the connectivity of pores govern
the ingress and transport of gases and liquids into porous
materials and, consequently, the durability of these
materials. The pore volume is characterized by porosity
and the connectivity of pores by permeability. These two
properties together govern the durability of porous
materials such as concrete [1].

During their service life, concrete structures are subjected
to various forms of distress due to the mechanical, thermal
and chemical stress environment. Generally speaking, the
service loads by themselves are not enough to cause
significant degradation to the mechanical properties of
structural concrete [2-3].

However, at elevated temperatures, e.g. in case of fire, in a
concrete structure, the material is prone to several types of
damaging effect. These damages generally result in an
overall increase in porosity and permeability of the
concrete [4].

Explosive spalling is known to occur in ordinary concrete
and in high-performance concrete. The risk of explosion
seems to increase with decreased permeability, increased
moisture content, decreased tensile strength, and increased
heating rate [5].

Permeability is one of the main material properties
influencing spalling during a fire. The low permeability led
to the increased vapor pressure during heating.

Many experimental and numerical studies have
demonstrated the influence of permeability on explosive
spalling [1-5]. Experimental studies of permeability were
performed by employing different permeating media
(gases and liquids) as well as different measurement
methods, since currently there is no generally accepted
testing method. Some of the laboratory measurement
methods that use liquids (water) as medium are: constant
head experiment [6] and falling head experiment [7-9].
The methods using gases (oxygen, nitrogen, helium) as
medium are: the RILEM-CEMBUREAU method [10] and
the Hassler method [7][10-12].

The majority of the experimental studies on the influence
of temperature on permeability were performed in residual
state, i.e. after cooling the specimens to room temperature
[6]. Only very limited studies aimed at measuring
permeability on heated specimens can be found in the
literature [1, 6]. This is mainly due to the technical
difficulties involving measurements of permeability at
elevated temperatures.

The aim of this work is to study the evolution of the
inherent gas and water permeability of concretes with
temperature variations. The tests were performed on two
types of concretes (ordinary and pozzolanic) using
Algerian local products. Addition of natural pozzolan,
promoting use of local products, with a rate of 15% was
incorporated in the pozzolanic concretes and samples
(11x22cm) were subjected to different temperatures (200
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°C, 300° C, 400° C, 600° C and 700° C). After cooling, gas
and water permeability using, respectively, CEMBUREAU
and CONTROLAB permeability devices were measured
and loss of mass and compressive strength were then
conducted.

EXPERIMENTAL PROGRAM
Concrete  composition  and

preparation:
The choice of local Algerian materials was based on their
abundant availability and their moderate cost.
CEMENT:
The cement used was a local ordinary Portland cement type
(CEM 1/ 425R), from the factory of ZAHANA Cement
Company located in the west of Algeria. The cement
complied with the Algerian standard NA 442, which is
mainly based on the European EN 197-1. Its chemical
properties and Mineralogical composition data are
presented in Table 1 and 2.
Table 1
Chemical compositions of cement

specimens

Oxides %
Ca0o 63.82.
SiO; 21.00

Al,O3 4,59

Fe,O3 3.76

SOs 2.20

K20 0.4

MgO 2.19

Loss in ignition 2.47

insolubles 4.6
Table 2

Mineralogical (Bogue) compositions of cement

Bogue composition (%0)

CsS C.S C3A C4AF
59 18 8.5 12

Natural pozzolan:

Pozzolan used is a natural pozzolan extracted from
deposits in North-West Algeria (Bouhamidi deposit
(Beni-Saf, Ain Temouchent, Algeria) source situated
about 100 km from Oran). This pozzolan is provided
in the form of crushed pumice rock type and slag
diameters ranging from 50 to 100 mm. These rocks
are crushed and screened to obtain the granular
fractions sieving 80 pm. The chemical and physical
characteristics are given in Table 3.

Table 3
Chemical compositions of Natural Pozzolan

Component  SiO2  AlOs CaO  Fe:0O3  MgO

Ratio (%) 4748 1883 10.51 9.92 4.38

Component  SOs K20 Na.O P.F

Ratio (%) 050 020 081 391

Concrete mix:
The concretes were prepared using the method of Dreux-
Gorisse. The mix proportions of concrete tested in this
study are given in table 4.
Table 4
Mix proportion of the concrete mixtures per cubic meter

Control Pozzolanic
concrete concrete BZ
BT 15%
aggregate
8/15 (kg) 410 410
aggregate
3/8 (kg) 837 837
Sand 0/3 632 632
Cement CEMI
42 5R (kg) 400 400
Natural
pozzolan (kg) i 60
Water 200 133
Plasticizer i 8
SP40 (kg)
WI/C ratio 0.5 0.33
Weight (kg/m®) 2479 2480

In this experimental study, one size of cylindrical concrete
specimens was chosen, (11X22) cm.

Concrete cylinders were cut using a diamond blade saw to
obtain 5cm-thick discs to use for gas permeability. Two
discs were extracted from each central portion of the
cylinder. Their thickness was measured with an accuracy
of 0.1 mm. In order to have uniaxial flow of gas through
the discs and to prevent any gas leakage while testing gas
permeability, their curved surface was covered with
aluminum adhesive.

Testing procedure:

Heating-cooling tests:

After demolding, the specimens were subjected to
heating—cooling cycles (see Figure.l). Heating—
cooling was done as per RILEM recommendations
[33].the heating rate was kept at 1C°/min. After the
maximum temperature was reached, the oven was
turned off. Specimens were allowed to cool down
inside the oven in order to prevent thermal shock.
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Heating-cooling cycles

Permeability tests:

Gas permeability:

The gas permeability was measured in the GeM
laboratory (France), using a constant head
permeameter, known as the CEMBUREAU
permeameter, and nitrogen as the neutral percolation
gas [12]. A general view of the gas permeability
device is given in picture 1.

Picture 1
Gas permeameter CEMBUREAU, (GeM Laboratory
— France)
The procedure of this test followed the
recommendations given in [35, 36].
The apparent permeability K a does not depend only
on the pore structure of the material, but also on the
applied mean pressure:

Pmﬂ-}' = 1:Plz':v:_:l' + Pﬂrm}fz (1)

Permeability measurements were carried out in an
air-conditioned room (20 = 1°C). Each disc was
tested at five differential pressures Py, ; ranging from

0.3 to 0.1 MPa (relative values). In order to ensure a
uniaxial gas flow and prevent any gas leakage, the
specimen was placed in a fitted collar and then
confined during all the test by a lateral pressure (0.5
MPa) applied on the curved surface of the
cylindrical specimen of concrete.

In the case of laminar flow of a compressible
viscous fluid through a porous material, the apparent
gas permeability, denoted K, can be found from
direct measurement, for each differential pressure
(one side of the test specimen is submitted to a
constant inlet pressure P) by using Eq. (2), derived
from Hagen—Poiseuille’s law when applied to
compressive fluids (gases) :

K — E#QLPIJ.“TL . 2
@ A(PL:—Piem) )
i atm

Q is the gas volume flow (m%S); A is the cross-
sectional area (m2); L is the thickness of the sample
(m); u is the nitrogen dynamic viscosity at 20°C
(1.75x10°Ns/m?); Py, the inlet pressure, i.e. applied
absolute pressure (N/m?); P.... the atmospheric
pressure (N/m2).

Intrinsic permeability K;,. can be obtained by
considering the relation suggested by Klinkenberg
which takes into account the slip of the gas
molecules on the concrete pores and cracks walls in

Eq. (3):

Ko = Kipe (14 ——) 3)

Pmoy

p is Klinkenberg’s constant (bar).

Water permeability:

Water permeability characterizes the capability of
saturated concrete to transport water when subjected
to an applied hydraulic gradient [12]. It is usually
measured in the laboratory by permeability tests
based on Darcy’s law Eq. (4):

K, =2~ 4)

Where K, is the coefficient of water permeability
(m/s); Q is the flow rate of water at the upstream
side of the specimen (m%/s); L is the thickness of the
concrete sample (m); A is the permeation area of the
concrete specimen (m2) and Ah is the pressure head
(water pressure expressed in terms of a water
column height h) (m).
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The water permeability was measured in the EOLE
laboratory  (Algeria), by water permeameter
CONTROLAB (see Picture.2).

Picture 2
Permeameter with water (CONTROLAB)

RESULTS AND DISCUSSION

Weight loss:

For each sample, the weight loss after heating was
calculated using equation Eq 5:

Weightloss (inKg) = Wyop — Woap, (%)

Wy 5 Weight befor heating

W, r.: Weight after heating

The study of the evolution of the weight loss during
testing was initiated because of the importance of
water portion in the heat transport phenomena and
mass in concrete. The mass balance allowed us then
to have the evolution of the mass of water evaporated
depending on the temperature to 400 °C see in figure
2, beyond this temperature it allows to see the loss of
chemical characteristics of concrete.

0.8 —+—BT
0,7 —=— BZ15%
Fo6

© 0,5 /

: /

§ 0,4 /-
0,3 -
02 +5— — of
0,1 / T T T T T T 1

0 100 200 300 400 500 600 700
Temperature (°C)

Figure 2
The loss of weight at various temperatures

The compressive strength:

The concrete specimens are subjected to simple
compression .The results of tests on ordinary
concrete and pozzolan concrete on heated and
unheated specimens are given in figure 3.

B

.\ —&—B715% 28)
—=—B715%90)
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=
N\
\

0 100 200 300 400 50
Temperature (°C)

o

L S VS B %)

=

Compressive strength {MPa)

=
o

[
=

Figure 3
Evolution of the compressive strength at various
temperatures

The age of concrete specimens is 90 days.

Through the results obtained, it is clear that the
resistance to compression of concrete depend on the
type of concrete (witness or with additions),
ambient temperature that is observed (20 °C) of
pozzolan concrete resistance is greater than that of
the control concrete. It is found that the addition of
the pozzolan increases the compressive strength of
the concrete. We note that in the vicinity of 400 °C
the strength of concrete pozzolan increases and
there is a peak for concrete 25% added but beyond
that temperature resistance decreases. This increase
in resistance would be the result of the effect of
additional products of hydration generated by the
pozzolanic character. This gain in strength was
observed by Kodur [13]

The strength loss is attributed to damage in general
(internal cracking) caused by dehydration, vapor
pressure and destruction of hydration products
especially at the interfaces aggregate/cement paste.
It is also noted when the temperature is between 200
°C and 400 °C, there is no obvious crack on the
concrete as against 600 °C and they are exposed to
700 °C peeling is observed and destruction of
materials.

Water permeability:
The analysis of these results shows that at room
temperature the addition of pozzolan reduced
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permeability compared to conventional concrete. The
different concrete saw their water permeability
increase to a temperature of 400 °C, then a
permeability reduction is observed which can be
explained by the increase of the resistance and the
concentration of the hydration product at this
temperature (see figure 4).
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Figure 4
Evolution of the water permeability at various
temperatures

Then at 600 °C a further reduction is observed for
different concretes. This new reduction in
permeability is due to the effect of the temperature
and vapor pressure, where the walls of the cavities
essentially made of hydration products collapsed and
clogged flow.

Gas permeability:

— Temperature (°C)
mE 0 100 200 300 400 500 600 700
T‘L_’ 10
o %
£ 1 ' ' '
E /:74:7
$ o1
g o
g
20,01
[3+]
© /
0,001 ./ BT
—u—BZ15%
0,0001
Figure 5
Evolution of the gas permeability at various
temperatures

From the figure 5, it can be seen that there was
severe loss in the permeability of control

concrete from 0.0018x10°m2 at 20°C to
5.893x10°m2 at 700°C, which is 3300% loss,
and it was possibly due to the internal cracking
and pore structure coarsening of concrete at high
temperatures. Similar results were reported by
Nomowe et al [4].

Under the same conditions, the permeability of
pozzolanic concrete was less than that of the
control concrete ,the percentage increase being
8% at 20°C to 1.5% at 700°C.

100

=
]

M
=1 I /;‘_./l I 1

7 —4— Water BT

—#— Gas BT

[ary

rmeability {1015m?)
(=]
[

=]
[an]
=

/ Water BZ15%
&0,001 Gas BZ15%
0,0001
0 100 200 300 400 500 600 700
Temperature (°C)
Figure 6
Comparison between water and gas permeability of
concrete
Comparing the water permeability and gas

permeability of the control concrete, we see that the
ratio between the two permeability at 20 °C which is
equal to 400%, will decrease under the effect of
temperature up to 1% at 700 °C (see in figure 6).
For concrete pozzolanic we see the same results, the
water permeability is substantially greater than the
gas permeability.

For the gas permeability is almost finds the same
results as the water permeability but that was the
order of magnitude is much different by
contribution to the same type of concrete that is of
the 10*° order for gas permeability (see figure 6).
This difference is due to the ease of flow of gas
through the narrow pore one hand and on the other
hand an amount of water is observed after heat
treatment and when the water permeability tests
going return to hydration in the so called
rehydration phenomenon actually therefore the
testing of the permeability to water gives an
estimate of the permeability of concrete while
testing the gas permeability is more precise.

CONCLUSION
In this paper we study the effect of high temperature
on the permeability of concrete, We made a

Mohammed Belhadj et al;,

191



17 — 20 May 2016, La Rochelle, France

comparison between the water permeability and gas

permeability of the two types of concrete , a concrete

control and a pozzolanic concrete with 15% addition

of natural pozzolan ,

The results of this study allowed us to draw the

following conclusions:

- At room temperature, the addition of the
pozzolan increases the compressive strength of the
concrete relative to the control concrete.

- Adding the pozzolan has closed pores and
activated the hydration phenomenon which leads
to a reduction in the permeability of these
concretes.

- The permeability of concrete increases
with temperature, except for the temperature equal
to 400 °C and 600 °C, a reduction in the
permeability is observed.

- The greatest variation in permeability
boots from a 600 °C heating temperature for
ordinary concrete and pozzolan.

- Testing the gas permeability is more
accurate than the test of water permeability.

- Can be seen from the gas permeability is
significantly small in contribution to water
permeability.
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ABSTRACT

“The Roman concrete is the most remarkable invention in the history of engineering, the Pantheon in Rome
is the most impressive civil engineering works of antiquity” through this sentence admiration and research
developed chemistry we try to reproduce a formulation of an old mortar using a less expensive binder and a
natural resource, in order to compensate the deficit in the production of Portland cement, but as the old built
a foundation stone is known by its climate comfort, Our purpose of this research is not only to formulate a
mortar equivalent to the old but also to keep it or improve thermal comfort to reduce the overall
consumption of buildings energetic

We have selected for our studies two binders natural pozzolan and aerated lime, we conducted tests on the
thermal conductivity of different mortars developed, as well as adhesion to various substrates, was also
performed mechanical tests (compression and bending) on specimens of 4 * 4 * 16 for terms of measures

(7.14.28.60 days)
Keywords Natural pozzolan

INTRODUCTION

Renovation of the existing housing stock is now
one of the main levers for Ilute against
environmental changes, master the energy bill
and contain global warming. Yet practice
sustainable renovation of its housing is still too
often a challenge for the individual who wishes to
embark on this process the building sector emits
the CO2 fourth product in the world and
represents half of the total primary energy
consumed. Interventions in the building industry
are essential. They pass in particular by
retrofitting old buildings. The renovations will be
done in a holistic approach, integrating in
particular the issues of conservation and respect
for our built heritage, protected or not. [8] The
reconciliation of these environmental and cultural
issues requires a better understanding of the
behavior of old buildings, key point of any
rehabilitation  project [9]. However, the
opposition “renovation or rehabilitation” is still
present, because for many teachers to work and
contractors, it is easier to demolish and rebuild as
restore. It also claims that the renovation costs
less than restoration. In fact, the choice falls on

require specific global studies, in order to avoid
structural damages on the building and health
problems for the inhabitants. Traditional or
innovative techniques and materials have to be
adapted, the work must be reversible and respect
the heritage character of the frame. [Martin
MALVY president of the Midi-Pyrénées Region,
former minister] [9]. the use of lime mortar is
complex assays must be very rigorous in
particular the water dosage. It is possible to
develop compositions (recipes) either studied the
basic mortar, we can introduce minerals and / or
vegetable or synthetic fiber additions: pozzolan,
silica fume, slag, straw, hemp, flax, etc.

EXPERIMENTAL PROCEDURE
Pozzolan

Table 1 Chemical composition and physical
characteristics of the pozzolan

Chemical composition of pozzolana

Elem | Si Al | Fe2 | Ca M S Na | K2 | ClI | PF

ents 02 O3 O3 0] go O3 | 20 (0]

% 46. 17. 83 | 93 38 | 0. 43 |1 0. 4.
83 45 6 8 8 36 | 2 4 03 | 79

Physical characteristics of pozzolana

many factors: technical, economic, social, Designation :ﬂff‘:feig;i}:)c gﬁzg’)'“‘e density m"s) density
historical, aesthetic, etc. [2]. The architectural Values 3192 568 0.98
structure and thermal behavior of old buildings
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Sand

The used send comes from the Hedna career Ain
Smara. This sand has a bulk density of 1.46 t /
m3, a true density of 2.6 t/ m3, a 69% equivalent
of sand and a fineness modulus of 2.6

Lime

The use of lime is the key to the sustainability of
current restorations, cement plasters LEAD
disorders such as deterioration of the stones that
do not breathe, degradation of wood components
in masonry (beams, floor beams etc ... )

The lime used in this study comes from the
production unit el khroub the wilaya of
Constantine

Table 2
Physical characteristics of lime

average particle diameter | Su

bulk density 0.65g/cm?

apparent surface 1.54a18m2/g

crystal structure Hexagonale

Molecular weight 74.09

Specific weight 2.342

Aspect Fine poudre blanche
inodore

The thickener

Penta EC 18 is a rapidly soluble cellulose ether in
water at both a neutral and alkaline system. This
feature makes it usable in the preparation of both
cement and lime based plaster and gypsum
plasters. It modifies their rheology by improving
viscosity and water retention.

RESULTS
Thermal conductivity test
The purpose of the test is to determine the

thermal conductivity of different mixtures and
compare results

AMw/mK) R(K/W)
03 4,5
0,25 M!!! 25 e thermal
02 3' conductivity
25
0,15 2
0,1 15 emsfllem thermal
1 resistance
0,05 05
0 0
MU S W0WmLWHNL—AWNDNLWLMLD
AR g g A0 I NGg®
L e B I ] N =N N AN
- — - — - - -
time(h)

Figurel Evolution of conductivity and thermal
resistance of lime mortar
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Figure 2 Evolution of conductivity and thermal
resistance of the mortar of lime and pozzolan

From the results obtained it is found that the
incorporation of the pozzolan and improved the
heat resistance of mortar

After an hour of test time, thermal conductivity
mortar (Ch + PZ) has stabilized at 0.17 W / mk,
against a lime mortar and after only 15 minutes
led thermal conductivity 0.11W / mK and it
stabilized at 0.26W / mk after an hour of time

Adhesion test

The adhesion test was carried out CNERIB
laboratory on the basis of EN 1015 to 1012, a
surface portion is isolated by making an incision
(@ 5cm) in the model.

Then just stick a metal pad on the surface of the
model. When the glue is dry, it has the traction
device on the metal disk and sends a pull.

Finally the force required to pull it note and the
type of break

The results obtained are shown in the following
tables

Table 3 tearing stress and failure mode of lime

mortar
Type of support
Gross cement hollow concrete Clay brick
block
fu Failure fu Failure fu Failure
(N/mmg2) mode (N/mm?2) mode (N/mm2 mode
)
0.28 E 0.21 E 0.29 E
0.27 E 0.21 E 0.35 E
0.26 E 0.23 E 0.26 E
medium / medium / medium /
=0.27 =0.21 =0.30

Table 04 tearing stress and failure mode of the
mortar of lime and pozzolan

Type of support

Gross cement Gross cement Gross cement

fu Failur  f, Failur  f, Failur
(N/mm2) e (N/mm2) e (N/mm2) e
mode mode mode
0.22 E 0.18 E 0.26 E
0.23 E 0.19 E 0.26 E
0.24 E 0.23 E 0.26 E
Moy=0.2 / Moy=0.2 / Moy=0.2 /
3 0 6
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The results of the adhesion tests are of the order
of 2 N/ mmz, it is sufficient for coating work on
three types of substrates

Mechanical strength

).
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days
Figure 3 Compressive strength of different
mixtures

From this figure, pozzolan improved compressive
strength above 60 days when there was a
remarkable improvement in resistance mortars
Ch + PZ and this is due to the pouzzolanité these
mixtures knowing pozzolan mixed with lime
gives rise to HSCs and increases runoff mortar
and makes it well able to harden under water and
not deteriorate.
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Figure 4 tensile strength by bending the different
mixtures

The use of the pozzolan was beneficial to the
tensile strength

CONCLUSION

According to the results obtained mortars studied
are effective for the majority of the renovation
mortars. The binders mortars made with lime
should also include a small percentage of
hydraulic additions to offset the mechanical
weakness and the length of coatings curing time.
This balance is the key to the sustainability of
current restorations, which is why we decided to
add a light, insulating stone that has by nature the
main components already combined construction
materials by the calories provided by volcanoes
"pozzolan .

The majority of ancient masonry are
heterogeneous and little cohesive: the flexibility
of the lime gives the coating a low modulus
Aesthetically, the old houses are known for their
harmonious fagcade and their integration into the
local environment: the use of lime helps to regain
the original state of the facades.

The materials used are local materials, and the
results made mortars based pozzolan exhibit
outstanding thermal insulation. This subsequently
reduced the overall energy consumption of old
buildings with the least cost
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ABSTRACT

This paper presents the results of an experimental study conducted on cement pastes designed with partial
substitution of Portland cement by a recycled cement paste fine (RCPF) obtained from crushing, grinding and
sieving of a laboratory-made cement paste. As such cementitious materials may exhibit a high sensitivity to
drying, in this work, the influence of conservation conditions on their hydration kinetics was studied. The
cement pastes were then subjected to drying in ambiances with different temperatures and relative humidities
(RH) to identify the possible presence of a RH threshold that significantly slows-down or even stops the
hydration process.

The results of monitoring hydration coupled to the microstructure results showed that the effect of drying
conditions on hydration kinetics of the different studied cement pastes depends on their intrinsic properties
(microstructure). This could explain the lack of consensus in the literature on the drying conditions under which
hydration kinetics are strongly affected.

Key words: Drying conditions, Hydration, Microstructure, Recycled fine, Cement paste.

(drying at different RH and temperatures) on
hydration kinetics.
Cement pastes were designed with partial
substitution (0 to 75% by mass) of Portland cement
CEM 152.5 N type by a recycled cement paste fine
(RCPF), obtained from crushing, grinding and 80-
pum sieving of a laboratory-made cement paste. The
latter was itself manufactured with the same
Portland cement. The choice of using the same
cement, and using a laboratory-made cement paste
to generate RCPF, instead of a real demolished
concrete, allows to better control the chemical
AL : ol composition of the recycled fine by eliminating the
avoiding the use of some mineral additions such  yqariapility of its properties when recovered from
as limestone filler [3-5]; demolished materials.
e to limit landfill by reusing the recycled fine [6,7].  The microstructure of the so-obtained cement pastes

However, such cementitious materials, with low  Was characterized. Then the cement pastes were
clinker contents, may exhibit a high sensitivity to ~ Subjected to drying in ambiances with different
drying [8]. In fact, hydration is known to be governed ~ temperatures and RH to identify the possible
by various parameters intrinsic to the material, ~ Presence of a RH threshold that significantly slows-
essentially related to the composition, but also by the ~ down or even stops the hydration process.

curing conditions. This work deals then with the

study of the influence of conservation conditions

INTRODUCTION

Designing new cementitious materials by substituting

a part of their Portland cement by a fine obtained

from demolition waste without any thermal pre-

treatment, instead of using an ordinary mineral
addition, would contribute:

e to reduce the environmental impact of these
materials by reducing the amount of Portland
cement and also by avoiding the heating of the
recycled fine [1,2];

o to limit the systematic use of natural resources by
reducing the amount of Portland cement and by
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17 — 20 May 2016, La Rochelle, France

EXPERIMENTAL PROGRAM

Materials and mixtures: Cement pastes were
designed with substitution of Portland cement
CEM 152.5N type, complying with the European
EN 197-1 Standard, by a fine, denoted in the
following “RCPF” (Recycled Cement Paste Fine),
obtained from crushing, grinding and 80-um sieving
of a laboratory-made cement paste. The latter was
itself manufactured with the same Portland cement
CEM 525N type. The recycled cement paste
(Table 1) was prepared with a water-to-cement ratio
equal to 0.3 in order to limit bleeding and
segregation, and to obtain thus a homogeneous paste.

Table 1
Recycled cement paste composition

Portland cement (C) [kg/m®] 1606
Effective water (W) [kg/m®] 482
WIC [] 0.30
CI(W+C) [] 0.77

The recycled cement paste was cast into @16X32 cm
molds and stored in a room at 20+1 °C for 24 hours.
All cylinders were then demolded 1 day after casting
and cured under water at 20+1 °C for 89 days. At the
age of 90 days, specimens were first crushed by
compression to obtain fragments less than 15cm and
then grinded in a laboratory ball mill until obtaining
80um powder after successive sieving. Finally, the
so-obtained RCPF was stored under hermetically
sealed conditions before use. Such a conservation
would limit the exposition of RCPF to the
atmospheric humidity and CO,.

Four cement pastes (Table 2) were prepared using the
mix-design method described by the following
equations:

Ve + Vg + Vyy = 1m? 1)
W

F-I——l: = (.45 (2)
F

. j 3

with V¢, Ve and Vw [m®] the cement, RCPF and
water volumes, respectively, W, F and C [kg] the
effective water, RCPF and cement contents,
respectively. The pastes are denoted Pi with i the
percentage of cement substitution by mass, i=j*100.

Table 2
Mix proportions and properties

PO P30 P50 P75
Portland cement (C) 1294 894 633 313

RCPF (F) 0 383 633 939
Effective water (W) 583 575 570 564
FI(F+C) [] 0 030 050 0.75
WIC [-] 045 0.64 0.90 1.80

Protocols: Cement pastes (Table 2) were cast into
@3X6 cm molds maintained in rotation during the
first six hours after casting (curing time). The
rotating device, placed in a room at 20+1 °C, limits
bleeding and segregation [9]. One day after casting,
the @3X6 cm cylinders were demolded:

Water porosity measurements: A first set of
cylinders was sawn into @3X2 samples and stored
under water at 20+1°C to measure the water
porosity at the ages of 28 and 90 days.
Measurements were carried out by means of water
saturation under vacuum according to the French
NF P18-459 Standard.

Water vapor desorption isotherm determination:
A second set of cylinders was sawn into 5 mm cubic
samples and stored under water at 20+1 °C to
determine the water vapor desorption isotherm at the
age of 28 days. For each composition, some cubic
samples were water saturated under vacuum and
placed in sealed cells where the relative humidity
was controlled by means of saturated salt solutions
or silica gel (tested RH: 86, 76, 65, 55, 33, 12 and
3 %) and the temperature was kept around 20£1 °C.

Thermogravimetric analysis: A last set of
cylinders was sawn into 5 mm cubic samples and
placed in sealed cells where the relative humidity
was controlled by means of saturated salt solutions
and the temperature by means of a cryostat
(Table 3). The objective was to determine the
influence of drying at different relative humidities
and temperatures on hydration kinetics. At different
ages: 1, 2, 3, 7, 14, 28 and 90 days, 5 mm cubic
samples were crushed into powders of around
100 mg to assess their Portlandite content by means
of thermogravimetric analysis (TGA). Tests were
performed with a temperature rise of 10 °C/min
from 20 to 1200 °C in a nitrogen atmosphere.
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Table 3
Conservation conditions before TGA measurements
RH [%]
T[°C] 5 10 20 30

Magnesium nitrate 58 57 55 -

Ammonium nitrate - - - 59
Sodium chloride 76 76 76 75
Ammonium sulfate 82 82 81 80
Potassium chloride 88 88 86 85
Potassium nitrate 96 95 93 91
Potassiumsulfate 98 98 97 96

RESULTS AND DISCUSSION

Water porosity: The obtained porosities for both
28 and 90 days are given in Figure 1. They show that
the porosity increases linearly with the substitution
ratio. In fact, the higher the cement substitution ratio,
the lower the clinker content. This reduces the
amount of hydrates and leads thus to a high porosity.
Note also that the measured porosity is lower in
90 days than in 28 days. This can be explained by the
hydration which continued to clog the pores with
additional hydrates. The porosity should not evolve

when the cement paste has reached its ultimate
51 4
48 A
45
o | e , ,
PO P30 P50

degree of hydration under water.
P75
Figure 1

Water porosity at 28 and 90 days

63

® 28 days
60 1 w90 days

57 A

54 A

Water porosity [%]

Water vapor desorption isotherm: Figure 2
gives the water vapor desorption isotherms measured
at 28 days. For a given RH, the cement paste with the
coarsest microstructure has the lowest water
saturation degree [10]. The paste “P0” exhibits thus
the finest microstructure and “P75” the coarsest one.
The curves show also that the higher the cement
substitution ratio, the coarser the microstructure.

100
— 9% /
S PO
= 80
o
£ 70
% 60 P30
ot !
£ 50 |
S
S 40 |
£ P50
¢ 30
@
F 20
Z 10| ~P75
0 - - -
0 20 40 60 80 100

Relative humidity [%]

Figure 2
Water vapor desorption isotherm at 28 days

According to these previous results (Figures 1 and
2), it is possible to conclude that increasing the
RCPF content increases the porosity, leads to a
coarser microstructure and increases thus the
moisture diffusion coefficient. In fact, Figure 3,
giving an example of weight loss occurring during
the isotherm measurements, shows that increasing
the RCPF content accelerates the drying of the
cement paste.

35

30 & 34 PO
~ 25 :
= P30
2 20
2
E 15 N
& P50
% 10
5 +P75
0 ¢

0 4 8 12 16 20 24 28 32 36 40 44 48 52
Age [Days]

Figure 3
Weight loss due to drying for 52 days at 3 % RH

Portlandite content: The content of produced
Portlandite is calculated by deducting from the total
Portlandite content the initial Portlandite present in
both Portland cement and RCPF.

Effect of RCPF content: Figures 4 to 8 show that
whatever the ambient temperature and relative
humidity, the higher the cement substitution ratio,
the lower the Portlandite content. In fact, increasing
the RCPF content reduces the clinker content, which
decreases the hydration and leads thus to low
Portlandite content [11].

Bordy et al.
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Figure 4
Produced Portlandite content versus duration of
conservation at 5 °C

Effect of ambient RH: The curves of Figure 8 show
that whatever the ambient temperature, the
Portlandite content decreases with the ambient RH.
Moreover, the RH threshold that slows down the
hydration increases with the RCPF content. Indeed,
the hydration of “P0O” is considerably slowed down
for RH lower than 58 %, while for “P75”, the
hydration is stopped for RH equal to 86 %. This
could be explained by the fact that “P0” has a lower
moisture diffusion coefficient (due to its low porosity
and fine microstructure) that reduces the drying, as
mentioned previously.
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Figure 5
Produced Portlandite content versus duration of
conservation at 20 °C

Then, in order to stop the hydration of “P0”, the
ambient RH must be enough low to dry the material
and evaporate the water which is necessary for the
hydration reactions. On the other hand, “P75” has a
high moisture diffusion coefficient that allows
drying even for high ambient RH. It is therefore not
possible to designate a consensual ambient RH
threshold that would stop the hydration kinetics of
cementitious materials because it depends on
parameters intrinsic to the material as porosity and
pore distribution.
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Produced Portlandite content versus duration of
conservation at 30 °C
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Effect of ambient temperature: The results of
Figure 7 show that for high RH (RH > 93 %),
increasing the ambient temperature increases the
formation of Portlandite. However, for lower RH

Produced CH content [kg/m?|

0 \ T T

(RH < 86 %), the increase of temperature does not 1 2 4 8 16 3 6 18
compensates enough the hydration decrease due to Conservation duration [days]

the water loss by drying, especially in the case of )

cement pastes containing RCPF (pastes with high _Figure 7 _
moisture diffusion coefficient). This result is Produced Portlandl'_[e content versus duration of
expectable since the presence of water in the conservation at different RH

cementitious material is more essential to the
hydration reactions than the increase of the ambient
temperature.
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Figure 8
Produced Portlandite content in pastes conserved for
90 days at different temperatures

CONCLUSIONS

This work was devoted to the study of the influence

of drying conditions on hydration of cement pastes

designed with partial substitution of Portland cement
by a recycled cement paste fine obtained without
thermal pretreatment. Its main conclusions are:

e Water porosity measurements showed that the
porosity increases linearly with the cement
substitution;

e Water vapor desorption isotherm measurements
showed that the microstructure becomes coarser
with the cement substitution;

e Weight loss monitoring at different RH showed
that the drying kinetics increases with the cement
substitution;

e TGA occurred on pastes at different ages,
temperatures and RH, showed that the produced
Portlandite content decreases with the cement
substitution;

e TGA showed also that the produced Portlandite
content increases with the ambient RH and the
RH threshold that slows down, or stops, the
hydration increases with the cement substitution.
This could explain the lack of consensus in the
literature on the drying conditions (ambient RH)
under which the hydration kinetics is strongly
affected, because the RH threshold depends on
parameters intrinsic to the material as porosity
and pore distribution.
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ABSTRACT

The reuse of concrete waste as a secondary aggregate could be an efficient solution for sustainable
development and long-term environmental protection. The variable nature of waste concrete, with various
compressive strengths can have a negative effect on the final compressive strength of recycled concrete.
Accordingly an experimental test programme was developed to evaluate the effect of parent concrete qualities
on the performance of recycled concrete. Three grades with different compressive strengths 10MPa, 20MPa,
and 30MPa were considered in the study; moreover an unknown compressive strength was introduced as well.
The trial mixes used 40% secondary aggregates (both course and fine) and 60% of natural aggregates. The
compressive strength of the test concrete decrease between 15 and 25% compared to normal concrete with no
secondary aggregates. This work proves that the strength properties of the parent concrete have a limited
effect on the compressive strength of recycled concrete. Low compressive strength parent concrete when
crushed generate a high percentage of recycled coarse aggregates with less attached mortar, and give the same
compressive strength as an excellent parent concrete.

KEYWORDS: recycled, concrete, quality, strength

INTRODUCTION

Presently a huge program of construction is in progress in
Algeria, with more than one million housing, basic
infrastructures, as well as a 1200km east-west highway
taking place. The nature and scope of the work necessities
the use of vast amounts of natural aggregates for use in
concretes, road construction and use engineering fill. The
consequence is negative effect on the natural environment.
To date concrete waste which is the result of old buildings
demolition and seismic disasters has been neglected as a
possible source of construction, historically, this material is
treated as a waste product. Fig. 1 below shows typical
unregulated landfill rubble dumping, which damages the
natural landscape.

Therefore, the reuse of concrete waste would give a
positive solution to the problems described above. In
addition, the use of secondary aggregates would help to
protect natural environment allowing a rational
consumption of natural resources.

Currently in Algeria construction wastes usage stands at
5%; with the remained being dumped, thereby constituting
a burden for management and environmental policy. The
purpose of this research is to demonstrate the potential
benefits of the using concrete waste in concrete
manufacture. This has the secondary benefit of preserving
the natural environment.

Figure 1
Uncontrolled concrete waste dumping (Annaba city)

Recycled concrete (RC) showed similar characteristics
when compared to normal concrete (NC) with natural
aggregates (NA). The percentage use of recycled
aggregate concrete (RAC) for the manufacture of RC can
vary from 20 to 100 %, this range of replacement has been
proved to produce excellent mechanical and physical
characteristics; however the compressive strength (CS)
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decreases from about 20 to 25% [1]. The RAC has very
high water absorption coefficient, because of the porosity
induced by the attached mortar. They absorb roughly 6%
[2], as a consequence the RC requires more water to
achieve the same workability as NC. The increased water
content is deemed responsible for the decreased of CS when
compared to NC, [3] and [4].

It has been proven that the CS of RC decreases according
to the level of the aggregate replacement in new concrete
[2]. A secondary by-product of replaced is an increase in
the water absorption coefficient, [5]. The substitution of
natural sand by recycled fine aggregate (RFA) has also
been studied. Published research has proven that the very
high porosity of RFA can alter the long term durability of
the RC. Also the compressive strength decreases, reduces
by up to 30% for a 100% replacement [6]. However,
replacement between the limits of 30% to 60% of RFA, has
been shown to no effect on RC characteristics [7].

The increased porosity of the RC can be reduced or offset
by maintaining a normal W/C ratio with the addition of
plasticizing admixture, [8] who recorded the same
characteristics as a NC with NA.

The effect of recycled aggregates  derived
from parent concrete (PC) has been analysed only by a few
researchers. They showed that the fraction of the water
absorption coefficient was more significant, according to
the strength of PC, also the CS was related to this latter[9].

A large part of concrete waste could be recycled, but the
question which arises is, is it necessary to sort out the
concrete waste in accordance with their compressive
strength? That, will constitute a difficult task, even
impractical process; where the importance of studying the
effect of PC compressive strength on the RC.

EXPERIMENTAL PROGRAM

Three categories of PC were used, low, normal, and
excellent CS varying from 10MPa to 30MPa. These
strengths are typical of infrastructure work in Algeria
furthermore; a PC with an unknown quality was introduced
to the study as a random variable.

For each category, a minimum of 12 cubes (10x10x10 cm)
was manufactured. A comparison was made with a NC with
compressive strength target of 20MPa. This standard
material used no secondary aggregates.

The concrete waste was sourced from various concrete test
Specimens not used yet from different laboratory fig. 2.
The CS is measured by crushing by crushing cylindrical
concrete specimen in compression testing machine, and
sorted according to their CS. The PC exhibited a wide
range of compressive strength with the lower and upper
limits being 10 to 40 MPa. The justification of the three
RCA strength classes is shown in Table 1.

Figure 2
Test specimen as concrete waste

Tablel
Compression strength ranges of parent concrete used as
recycled aggregates

Excellent | Normal Low Concrete waste
30.6 212 9.8 1
35.1 21.5 10.2 2
34.5 214 11.5 3
39.2 19.8 96 4
41 19.6 12.1 z 5
34.7 19.9 10.5 é 6
30.5 19.9 10.8 ’% 7
303 208 11 =t 8
33.1 19.9 9.8 9
34.7 202 99 10
36.1 21 12 11
31.8 19.7 10.9 12

Crushing of concrete

Waste concrete was  broken into  pieces and
then crushed using a jaw crusher to sizes smaller than 20
mm fig. 3, and sieved into various sizes to produce the 03
RAC size, fine 0-5mm and coarse 5-10-20mm.

In the case of RC obtained from PC material having a CS
between 30MPa and 20MPa, a decrease in CS was
observed between 15% and 23% respectively.  This is
typical for normal when the target strength is 20MPa, as a
result of the water absorption coefficient and the bond’s
effect at the interface between the coarse aggregate and
the attached old mortar attached.
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Figure 3
Jaw crusher apparatus and the machine in operation

The RAC obtained are heterogeneous, consisting of a
natural coarse aggregate with attached cement mortar as
shown in fig. 4.

Figure 4
Crashed Recycled aggregates with attached mortar

Having obtained the grading curves a blended aggregate
mixture was produced which contained 40% RAC and 60%
NA including RFA. The choice of 40% RAC was deemed
by the research team an adequate proportion to maximize
usage without adversely affecting other concrete properties.

Concrete mix

The grading size analysis allowed estimating the concrete
composition using Bolomey dosage method [8], with a
target slump ranging from 40 to 70 £ 10 mm as a plastic
concrete. The mix design was conceived for the second
phase of concrete testing, RC and NC, taking into account
different Water/Cement ratio. The target CS was 20MPa,
which is required by the Algerian seismic standard. The
cement contents proportion was 350kg/m® of CEM.I1 42.5.
The mix was made to achieve a plastic concrete slump.
Four categories of RC were undertaken, defined as RC10,

RC20, RC30 and RC for the unknown RA, obtained from
the corresponding PC, low, normal, excellent and
unknown CS.

The mix proportions derived from the Bolomey dosage
method are shown in table 2. below.

Table 2
Amount of aggregate, cement and water
Sizes NA RAC |Cement| Water/Cement
mm,,, kg kg kg ratio

0/5 418 279 W/C=0.7 RC
5/10 172 114 350
10/20| 482 321 W/C=0.5 NC

The concrete manufacture was undertaken in accordance
with the standard (NF P 480-1 part.1, 2014) and the
consistency was determined standard (NF EN 12350
part.2, 2012). The slump test values ranged between 5 and
7cm for all recycled concrete, RC10, RC20, RC30, RC
and NC, which confirms the assumption for plastic
concrete.

The WI/C ratio was higher for recycled concrete compared
to normal concrete for the same workability of concrete;
this was mainly due to the porosity of recycled aggregate
and the nature of attached mortars with their higher
absorption factor.

Twelve cubic specimens were prepared for each category
of recycled concrete and normal concrete. The cube
manufacture was made on a shaking table in accordance
with the standard (NF P18-422, 1981).

Compression test

Tests on the 4 categories of RC and NC were carried out
after 28 days. Compression testing was conducted on a
calibrated 500kN Hydraulic press. The testing work was
undertaken at constant speed as mentioned in the standard
(NF EN 12390 part.3, 2012).

Results and discussion

The compressive strengths obtained from recycled
concrete compared to concretes parents RC10, RC20, and
RC30 are presented below figs. 6.
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Fig 6
RC’s CS for a) PC 10MPa a) b) 20 Mpa and c) 30MPa

However, the reduction in RC’s CS was less significant
when the PC’ material CS was 10MPa. The strength
reduction was 15%, the same diminution as PC30. Contrary
to the general statement saying that the CS of RC is
correlated to the CS of PC, when the parent concrete has a
weaker CS, the RC has the same characteristics as that
obtained from excellent PC. This can be explained by the
mortar-aggregate bond, in the case of PC30 the mortar-
aggregate bond had more strength than PC20 which is why
the RC strengths obtained had good qualities. Whereas for
the RC strength obtained from PC10 the compressive
strength decreased by around only 15%, which is the same
as the RC30.

Further investigations were needed to understand this
experimental contradiction of the theoretical statement

saying more PC has lower CS, more the influence on the
RC strength will be bad. In the case of PC10 the coarse
aggregates obtained after crushing are more natural,
having less attached mortar which tends to make the RAC
more like a traditional concrete. Naturally the more
attached mortar in the mix with results in a weaker zone
within the matrix which will crack at significant lower
stress levels. The interface if much cleaner, increasing
therefore the bond between the new mortar and the RA,
improving the RC’s CS.

The comparative analysis of the results obtained from the
different RC allowed deducing the following
observations. On average the % decrease in compressive
strength for the RC10, RC30 is approximately 15%,
whereas for the RC20 this depletion was approximately
23%. This is contrary to what has been observed by other
researchers [9] who noted that the better the PC strength
was the more RC was also.

This is true when the PC has a good quality, but for weak
parent concrete the effect is quite the opposite. This seems
normal given that the RC10, after being crashed, gave a
more traditional recycled aggregate form with less mortar
attached. As a result the recycled aggregates obtained
from a weak concrete have better quality than such
obtained from a good quality concrete waste because of
the amount of attached mortar.

For unknown parent concrete it was observed that the
compressive strength decreases by less than 12%,
therefore it is clear that the influence of the origin of the
recycled aggregates may not be as significant as
previously considered. Therefore the requirement of
sorting the concrete waste related to the CS which will
make the reuse of concrete waste practically more difficult
and may be unable to be realized is not necessary. The
variability in the scatter of the results is very similar for
the entire materials tested table 4.

Table 4
Strength characteristic for different RC

208

N° Average | Standard | Characteristic
strength | deviation strength

MPa MPa MPa
NC 20.41 0.72 19.23
RC10 17.41 1.29 15.29
Reduction 14.75 - 20.52
%
RC20 15.68 0.81 14.34
Reduction 23.25 - 25.43
%
RC30 17.37 1.22 15.36
Reduction 14.75 - 20.15
%
RC 17.96 1.15 16.06
Reduction 12.00 - 16.47
%
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The strength characteristics of the recycled concretes were
of the same order of magnitude. The maximum variation
observed was 10.70%, what is allowable for concrete as
heterogeneous material, compared to the standard deviation
which gives an average variation of compressive strength
equal to 7.32%. The strength reduction in this case is
considered to vary between 15 and 25 % as shown in fig. 9.

25
RC'sCS

20 WFI

15

10

5

0

10 20 30
Parent concrete's CS MPa

Figure 9

Compared CS for RC obtained from 10, 20, and 30 MPa
PC

The results obtained for recycled concrete RC10, RC20,
RC30 and the unknown RC material when compared to the
target concrete shown that the parent concrete strength
characteristic has a limited impact on the compressive
strength of the recycled concrete. Therefore, it could be
suggested that the reuse of recycled aggregate can be done
without any restriction to their origin, and without any
sorting. However, more testing is needed to confirm this
hypothesis. It can also be stated that unknown parent
concrete gives the same compressive strength as concrete
RC10, RC20, and RC30, which is a confirmation of the
statement given above.

3.1 Concrete mix correction

The RAC has a greater superficial porosity due to the
attached mortar which affects the RC’s CS. When the
concrete is mixed an amount of cement powder is absorbed
by the pore as a result the CS decrease relatively to the rate
of substitution.

To estimate the cement powder ratio absorbed by the
apparent porosity of the RA, the differential porosity
between the NA and RAC was estimated after 5 minutes,
which can correspond to the time of mixing the concrete
fig. 10.
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Figure 10

Absorption coefficient for RAC and NA

This can be used as a basis for the correction of cement
content. The RAC porosity was determined as 6%,
whereas the average NA was 2%. The difference between
the two porosities can be defined as the apparent porosity
of RAC. This allowed considering a 4% rate of the weight
of the RAC used suitable cement content addition to
improve the CS of the RC.

In this way a new recycled concrete corrected RCC mix
was carried using the same proportion adding 4% of the
weight of the RAC. The new mix proportions are shown
in Table 5.

Table.5 Amount of additional cement content

Sizes | NA |RAC | Cement content Water
mm | Kg kg correction Litre
kg
W/C=0.55
0/5| 418| 279 RC
350+(279+114+3
5/10| 172| 114 21)*4%=403.5
W/C=0.5
10/20| 482 | 321 NC

The slump test on the revised mix gave a subsidence
between 5 and 7cm for all recycled concrete, RC10,
RC20, RC30, RC and NC.

Compression testing was done for this new mix and the
results established that the CS was improved by the
additional cement content. The results are shown in fig.
11.
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Fig. 11: CS (MPa) for NC, RC, and RCC with 4% of
additional cement content.
The CS for RCC has been improved with this additional
cement content. This approach potentially could be used as
option to correct the recycled concrete mix made with
different kind of recycled aggregate by using only the
absorption coefficient of each constituent.

Conclusions

In accordance with the experimental study carried out, the

main conclusions obtained are given below:

1. Low compression strength concrete crushed; give
a high percentage of recycled coarse aggregates
with less attached mortar.

2. The WI/C ratio in recycled concrete is more
important than normal concrete for the same
workability. This affects the compactness of
concrete, resulting in lower recycled concrete
compressive strength.

3. For a given target mean strength, the achieved
strength increases with an enhance on the quality
of parent concrete, nevertheless in the case of
low CS parent concrete the strength is not
affected because of less attached mortar to coarse
aggregates.

4. The percentage loss in compressive strength due
to 40% recycled aggregate replacement is
between 15 and 25%, but the offset in strength
can be mitigated with a local correction in the
cement content.

5. The potential need for parent concrete sorting
could be eliminated based on this current study
finding. However more testing in needed, if the
findings are ratified in further works there is a
potential large saving for new works in terms of
environmental impact.
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ABSTRACT

The objective of this study is to evaluate the performance of a current concrete using recycled aggregate.
Physical and mechanical tests of characterization were conducted on the aggregates to better understand the
effects of absorptions. An experimental program to test fresh concrete was conducted regarding the
workability and tribology for different substitutions of recycled aggregates with a constant and variable
WI/L ratio. Mechanical strength tests were also performed. The results on aggregates clearly show a lower
density for recycled aggregates which is reflected in the fresh concrete according to the substitution. The
rate of porosity is important, reaching 17% with an uptake of 7%, greater than that of the natural gravel.
The mechanical tests confirm low wear resistance. With a W/L constant, the drop in workability is
significantly dependent on the content of the % recycled, while the mechanical strength decreases only
slightly. In terms of tribology, yield interface friction (t) increases with the percentage of recycled
aggregate and the viscous constant () of 100% recycled, reaching twice that of natural concrete. The test
with constant workability and a W/C ratio variable causes a fall in compressive strength values approaching
25%. A third formulation dosed in adjuvant, with maneuverability and constant volume of dough gives
resistance values comparable to that of the reference concrete with a yield interface equivalent to that of the
reference concrete and a slightly higher viscous constant.

Keywords: Recycled aggregates; workability; compressive strength; interface friction; viscous constant

INTRODUCTION

The construction sector should adapt to the
sustainable development approach to meet what
has become a social emergency, the preservation
of the environment and natural resources. The
complete recycling of concrete provides answers
to these questions. The various studies on
concrete made from recycled aggregates [1-2]
with substitution rates from 10 t0100%, have
shown that the mechanical strength compressive
or tensile these concretes are acceptable until a
replacement rate of 40%. These works have
shown that the aggregates of different sources
have different properties. The use of recycled
concrete aggregate as a quality control requires
aggregates because they are collected from
different sources. The work on the properties of
basic materials, such as shape, texture, density,
absorption, moisture content, permeability,
strength  characteristics, harmful substances,
resistance to freeze-thaw, etc. should be carefully
evaluated before they are used to produce
concrete [3-4]. These global properties greatly
affect the properties of concrete. It would
therefore be necessary to assess the effect of
recycled aggregate concrete and the final work on
the optimal composition of recycled aggregates to
produce a desirable quality concrete [5].Recycled

aggregates derived from crushed specimens are
absorbing character and in this context a series of
tests were conducted to assess the character. This
relates to the absorbance values, porosity, and
rate of mortar attached and on the hardness
parameters. Several alternative variants of natural
gravels were tested on the behavior of fresh and
hardened concrete.

PROPERTIES OF AGGREGATES

It is certain that the material from a crushed
concrete have different properties and therefore it
is normal that important work on sorting of
demolition materials must be done to get the
cleanest possible aggregates. In our case we used
a series of test specimens of a natural concrete
class C30 from the same construction site project.
The aggregates were obtained using an impact
crusher. The density of the recycled aggregates is
lower than that of natural reaching 10%
absorption: the absorption increases to 7%
depending on the class of the aggregate.
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Water absorption

The water absorption is important for the
recycled aggregates. In fact the "All the results
show that the concrete aggregates are
characterized by a strong ability to absorb water.
In addition, it seems that the thinner part of the
recycled aggregates absorb a higher quantity of
water than the coarse particles.

Figure 1 shows the variation of the water
absorption coefficient 3/8 natural aggregate (NA)
and 3/8 recycled (RA) measured according to
standard NF 1097-6 after 60 minutes. It is
observed that the values obtained on recycled
gravel are much larger than the natural.
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Fig.1 Absorption coefficient of natural and
recycled aggregates

Porosity

The porosity rate is also higher for the GR
confirming that the gravel recycled is more
porous than the natural gravel. The maximum
porosity rate reaching 17%, for gravel Small-
scale 3/8, see Figure 2
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Fig. 2 The porosity variation of recycled
aggregates

Adhered mortar

The recycled concrete aggregates have an
irregular granular structure and, due to the mortar
adhered can be a concern because it is a factor
which contributes to the higher water absorption.
The mortar adhered to recycled aggregates rate
notes of several parameters, origin and initial
compaction concrete crushing, shape and size of
the aggregates and also cleaning with water or
dry. The principle of the test for determining the
weight percentage of cement pastes adhered to
the recycled aggregates involves immersing after
drying in the acid CHLORIDE 33% and an
ambient temperature of 20 °.The results show the
presence of a high percentage of mortar stuck to
the largest aggregates for gravel 3/8 of around
37%, 32% for the 8/15 and 10% for large
aggregates 15/25.

The research concluded that over 50% of
recycled aggregates have joined a paste mortar
[8] reported that the mortar adheres percentage
depends on the size of the aggregates. In the size
range of 4 / 8mm varies between 33- 55% and the
range 8 / 16mm is 23-44%. These results are in
line with the literature suggesting that this may
vary from 25 to 65% and also depend on the
method adopted for evaluating the content of
mortar. This factor contributes to a large amount
of water absorption in the recycled aggregates,
which varies from 4 to 12% as shown in Figure 1
which in turn also depends on the size of
aggregates as well as the grinding process and
thus affect the compressive strength of the
concrete

Abrasion

Abrasion is related to the intrinsic strength of the
aggregates. Since increased abrasion%, the
compressive strength decreases, and it depends
on the relative strength of the concrete and the
size of the aggregates. Sami [6] reported a small
abrasion to a greater relative strength concrete.
For the fine aggregate, which have a larger
surface area, the mortar adhered to these
aggregates is higher is also abrasion [7] reported
that the recycled aggregates can have abrasion up
48% in case of fine aggregate and this can lead to
a loss of strength in the range of 20-35%.The
hardness tests have shown that for Los-Angeles
coefficient of recycled aggregates, it is higher
than that of natural gravel. Impact tests give
higher values than to wear (micro deval).his high
value is due to the amount of cement paste

around the recycled aggregates crushed.

212

Falek et al.;



International Conference On Materials and Energy — ICOME 16

EXPERIMENTAL PROGRAM

Recycled aggregates used are all from test sample
batches of the same project realization. Three-
dimensional aggregates were used: 3/8, 8/15 and
15/25 mm. As for the sand there are two sands,
coarse and finer, to obtain a fineness modulus
close to 2.5. Concrete mixtures were prepared
using the formulation method of the concrete
Dreux- Gorisse, using a 380kg of cement content
for 1 m® of concrete in all mixtures.In different
formulations, we used a CEM II/A 42.5with a
Blaine fineness of 3500 cm?2/ g.

Tablel. Proportioning of the concrete mixture

Constituents

(Kg/m®) NC RC25 RC50 RC75 RC100
¢ 380 380 380 380 380
W 200 200 200 200 200
NS 351 356 361 365 370
NSf 275 283 292 300 308
NA(3/8) 138 104 69 35 0

NA(8/15) 549 412 275 137 0
NA(15/25) 412 309 206 103 0
RA(3/8) 0 56 112 167 223
RA(8/15) 0 86 172 257 343
RA(15/25) 0 120 240 360 480
S.PI (%) 0.7 07 0.7 0.7 0.7
Slump.(cm) 18 14 12 10 6
Rc.28(Mpa) 38 378 372 36.3 34.4

Natural and recycled Aggregates

All of recycled aggregates were manufactured
from the crushing of test pieces TP from
laboratory tests of C30 concrete class. They were
sieved in three dimensions of groups and also to
remove fine particles less than 4 mm. Gradations
are shown in Figure 3.
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Fig.3 Grading curves of natural and recycles
aggregates.

Three concrete formulation series containing RA
(recycled aggregates) has been made. A first
series was realized with percentage 25%, 50%,
75% and 100% of RA with a W/C ratio constant
Table 1. The second series will cover the same
percentage of RA, and constant workability with
added water and therefore a W/C variable. The
third formulation is in constant workability with a
dosage of superplasticizer.

Mixture 1

Tests with W / C = Cst, without adding water.
The workability of concrete with recycled
aggregates for the same water content is lower
depending on the replacement rate, which has
been reported by many researchers, especially
[7]. The slump test method used is that of the
Abram'’s cone. It is observed in this first concrete
formulation containing RA, than the value of the
sag decreases according to the increase in the
percentage of recycled aggregates used.The loss
of  maneuverability  increases  with  the
replacement rate. Water absorption test by
recycled aggregates support this idea (Table 1).

Compressive strength

Replacing natural aggregates NA by recycled
aggregates RA, usually involves a decrease in the
compressive strength of conventional concrete.
The results obtained figures 4 for use of 100%
RA gives a reduction not exceeding 13%. This
also results in a considerable drop in the value of
subsidence, reaching 60mm to 100% RA.In this
first concrete formulation based on recycled
aggregates with a W/C = constant 0.526, the
compressive strength of the recycled concrete is
smaller than the concrete of natural aggregates.
The compressive strength at 28 days, decreases
with the increase of the recycled aggregates
content for four different proportions (25, 50, 75
and 100%). The compressive strengthalthough
most researchers have all reported a decrease in
the resistance for concrete based recycled RAC
aggregates, it should be noted that the degree of
reduction is related to parameters such as the type
of concrete used for the manufacture of RA, the
replacement rate, water / cement ratio and the
moisture condition of  the recycled
aggregate.From the water-cement ratio, the
moisture condition of RA seems to affect the
compressive strength. Limited work has been
made in trying to connect the power of the state
of aggregates (kiln dried, air-dried, saturated dry
surface, etc.).

Falek et al;
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Our tests are focused on the nature and quantity
of the cement pasteattached to the recycled
aggregate, and the decrease in resistance has
reached 13% for adegree of substitution of 100%
of RA, with a workability which decreases70%.

Mixture 2

Constant workability with added water. A second
mixture is achieved by maintaining a constant
slump, by addition of water according to the
percentage of recycled gravel and the absorption
rate. In a first method, we increased the dosage
directly into the mixer through repeated trials
until the mixture reaches the value of a slump
(18cm) for each percentage. The second
procedure who was often used to conduct the pre-
wetting of the recycled aggregates with an
amount of water corresponding to the difference
in the absorption rate and then add the amount of
water in the kneading to obtain the constant
slump. The results obtained, see Figure 5, which
decreases remarkably compared with that of
natural concrete NC reaching 30% for a RC
100%. It is clear that the wi/c ratio increases real,
even if part of the water is absorbed by the old
mortar attached to the recycled aggregates.

Mixture 3

With added superplasticizer. In this third
formulation of concrete with recycled aggregates,
workability is constant 18 + 2 obtained through
the collapse assay sperplastifiant based
polycarboxylates and the ratio of W / C = 0.526
is also constant. The decrease of the compression
strength of concrete with recycled aggregates
RCA by the proportions used, is less important.
Indeed maximum strength loss to 100% of RA
does not exceed 13%.

BWI/C =cst. Badded superplast." B added water

&
o v o

S

T

e NN W W
“w v

Compressive stregth (MPa)
(=]
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RC100

Fig.4. Compressive strength of concrete with the
tree mixture

TRIBOLIGICAL

Fresh concrete is an intermediate material
between a fluid and a stack wet particles. As a
fluid, it has to flow to fill a volume of any
shape.But only the difference of a fluid, the
granular mixture, when sheared, it presents of
volume that will lose the homogeneity of the
mixture.

Body fluid behavior is shown from the
relationship between the shear rate and shear
stress.

Newton

Bingham

- Power

Fluid rheology models

The current concrete, to farm or plastic
consistency, have a considerable dilatant
behavior [8]. The rheological behavior of fresh
concrete is similar to that of Bingham fluids
whose constitutive law is written: The Bingham

model: 7 =7, + 1y

Test protocols

The rheological properties of fresh concrete are
determined by the so-called rheometers, which
measure the shear stress at varying shear
rates.The measurement mode of resistance
moment is to consider only the descent speed
curve and the neglect of the climb, was used by
many researchers [8]. The crude result of a test
carried out with the tribometrical is in the form of
(T = TO + kV).The flow of concrete at the steel-
concrete interface be written in the general

form:T =t0 +MVIt seeks to calculate the

pumping parameters (toet n) a from TO values
Toand Vfound during the tribological test.

Results

The curves of Figures 5-6show that the friction
torques vary linearly with the speed of rotation.
The observation of several tests confirms [9-10],
the fact that the torque-speed curves at decreasing
sense of speed are more linear than the growing
sense.For concrete based on natural gravel
(reference concrete) with a slump of 18 + 2cm, it
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is noted that when the cylinder speed is low and
the cylinder rub directly against the concrete,
there's not been a boundary layer formation. This
is supported by the importance of the slope of the
torque-speed curve in this speed range. Then this
slope decreases slightly due to the presence of the
boundary layer. The friction interface (7o),
increases with the percentage of recycled
aggregates. In addition, when the rotation of the
cylinder increases, the viscous constant (1) of
concrete with 100%recycled aggregates, strong
increases, up to double that of natural concrete.
The test with constant workability and a w/c ratio
variable causes a decrease in the compressive
strength value approaching 25% for concrete with
100% recycled aggregates with added water and
less than 13% with the addition of a
superplasticizer and w/c constant curves figure 9,
value of the friction torque for these two mixtures
are practically confused, it gives equivalent
output interface values to that of concrete
reference and a slightly higher viscosity constant.
The three curve corresponds to a concrete with
100% recycled gravel and sagging 6¢cm, the value
of the friction interface increases more than 50%
from the concrete with natural aggregatesand
three more times for the viscosity.

1200 *NC W RC25% RC50% = RA75% » RA100%

1000
y=8,0754x+272,68

R*=0,9814 Yy =6,8155x+ 206,96

g

y%6,4235%+ 187,68

% =4,6974x+183,21
—

Torque (N,mm)
@
8

.,-r-""‘-' ]
— y=3,8194x+167,5
R1=0,9848

o 20 40 60 80 100 120
rotationel speed (rt/mn)

Fig. 5. Torque for % of recycled aggregates
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o

Fig. 6. Evolution of torque for 100 % of recycled
CONCLUSION

The results on the physical properties of the
recycled aggregates clearly show a higher
absorption capacity, a rate of porosity also
important, up to 17% greater than that of the
natural gravel. The mechanical tests confirm low
wear resistance. With a constant ratio W / C, the
reduction in workability is based on the amount
of recycled, while the mechanical strength is
reduced. A mixture dosed superplasticizer for the
same workability, gives a lower decrease in the
value of the compressive strength reaching 13%.
In terms of tribology, the interface of the friction
performance (t) increases with the percentage of
recycled aggregates and viscosity constant (n)) of
100% recycled fibers, reaching double that of
natural concrete. The test constant handling and
W/C variable ratio causes a decrease in the
compressive strength value approaching 25%. A
third formulation dosed in adjuvant, with a
workability and a constant volume of dough
gives resistance values comparable to that of the
reference concrete with an output interface
equivalent to that of the reference concrete and a
slightly greater constant to viscosity.
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ABSTRACT

The aim of this study presented herein is to show how useful is the use of recycled materials in the
fabrication of sand dune concrete. The valorization of recycled civil engineering materials permits to solve
problems that arise when considering ecological and environmental issues. It offers an economic solution
that avoids the extraction of raw materials, thus contributing the preservation of the environment. Two
fillers obtained from recycled materials were used; fillers of recycled bricks and limestone filler
(calcareous fillers). A comparative study was carried out in order to establish the effects of the two fillers
on the physical and mechanical properties of sand dune concrete. The sand used is from the Laghouat were
in Algeria. The introduction of fillers mode of used materials into the concrete mix seems to provoke
improvements in the physical and-mechanical properties. During the work, we examine in particular the
effects of different parameters such as cure, environment and the addition of fillers on the behaviour of
sand dune concrete. It has been shown that the curing realised in water gives the best results for all dosage.

Keywords: bricks, limestone, filler, concrete; dune, sand, valorization, cure, environment, conservation,

physical; mechanical.

INTRODUCTION

The word of construction is the sector key in the
economic activity. Today the construction in
Algeria is confronted to two contradictory
requirements, on one hand the reduction of building
cost and on the other hand the improvement of
building quality.

Algeria knows a deficit in aggregates and in
particular the sand. This deficit is going to increase
with measures aiming the protection of the
environment as the interdiction of the utilization of
beach sands. The valorization of the crushing sand
and the dunes sand in the concrete can contribute to
surmount this deficit. Studies of formulation and
characterization have been undertaken by different
researchers, however the durability of this concrete
in an of the Sahara environment as well as its
behavior in structure elements has not been
undertaken.

This work permits to know some of features of
dune sand concrete, however the main objective of
this work is to know all its physical and mechanical
properties, in particular the mechanical resistance
and durability, while trying to improve its behavior
and to valorize its constituent, as sand and fillers
(bricks and chalky) that make local materials part.
The valorization of recycled civil engineering
materials can only give as well some encouraging
results in term of economy, and ecology, that of

behavior. Our works research carried on invader to
get a sand concrete based on fillers having some
satisfactory features, in particular the mechanical
resistance and the durability, this work is divided in
five parts:

We tried to treat the different physical and
mechanical features of the constituent elements of
the sand concrete. We examined the evolution
during the time of resistances to the compression
and bending for the three types of conservation and
two fashion of cure, as we have studies the
influence of the fillers percentage on resistances, as
well as the influence of conservation conditions on
the mechanical behavior of the sand concrete.

we relies an experimental tests to study the effect of
the type and percentage of filler on the stand of the
sand concrete to the frost-thaw and moistening—
drying as well as that capacity of water absorption.

BIBLIOGRAPHIC STUDY

The concrete of sand made until now days the
object of few researches. The quoted
experiences are varied: laboratory tests
statistical studies, and field experiences one
yard. But then, the concrete of sand seems to
have a wide use in some application in the
future, the technical and economic advantages
of sand concretes let some foresee an important
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development for the future. On the light of the
bibliographic research, we note that the works
on the survey of the influence of cure treatment
on the durability of the sand concrete are very
few. A few big principles can be extracted of
the whole of the bibliography treated, that
concretes of sand will be able to replace the
classic concretes in some elements of structure
weakly solicited, and that several application
has already been achieved with success.

Properties of the concrete hardened are
influenced extensively by properties of the
fresh concrete that are mainly the handiness
and the compactness.

The maneuverability not only depends on the
W/C report, but also of the module of sand
sharpness, and it especially depends on the type
and the content in fine of additions. We saw
that it requires more water than a classic
concrete. On the other hand it appears obvious
that mixture cement-sands will present a more
high porosity that the porosity of the traditional
concrete [1], this inconvenience is made up for
by the addition of fine of good nature to
improve the compactness. It is necessary to
choose sands of good granular distribution
therefore. It is necessary to find a compromise
between the maneuverability of the concrete
and its compactness [2]. The sharpness of the
fine increases the compactness further and the
resistance.

The resistance in compression of sand
concretes is 15 to 25 MPa, and The strength to
bending varies between 1,5 and 8 MPa of after
already worked out certain works [2]. That
value of the springiness module is weaker than
the one of a classic concrete what gives to the
concrete of sand a big deformability and
therefore a least crack [3].

In short of other works, as the shrinking, the
module of springiness, the adhesion to
armatures of durability has been undertaken on
the concrete of sand in comparison with a
classic concrete [4, 5],which they made the
object practically that of few study, the
obtained results are limited to the very
determined materials and the very precise
compositions [6,7, 8, ].

CHARACTEERIZATION OF
MATERIALS

Used Materials: The different Materials
characterized which are the principal element of the
sand concrete studies are the sand of dune, the
cement, and fillers.

The sand used is the dune sand of the region
(LAGHOUAT). it is characterized by its sharpness
and its maximal diameter less than 0.63 mms, and
own. The cement used for the whole of
experimentations is type CPA 325. Two type of
fillers we have use two different less than fillers
types by their sharpness and their mineralogical
natures has know, a filler of limestone and the
second it is a filler of brick of which their maximal
diameter doesn't exceed 80um.

Properties of fresh concrete

The retained compositions used during this survey
with a constant W/C ratio equal to 0,8, are
represented in table 1. The Values of slumps (cone
of Abrams) and the times (Vebe) obtained, are
presented in tables 2 and 3. It is shown that the
calcareous fine has an important effect on the
workability of concrete. For the same W/C ratio,
the concrete that contains the fines is generally
more plastic (workable) than concrete without
fines.

Table 1: Compositions of dune sand
concrete (limestone and bricks fillers)

. Proportions of the
Constituent constituent Kg/m®
Cement 330 | 330 | 330 | 330
Sand 1236 | 1286 | 1336 | 1486
Limestone | 54 | 509 | 150 |
Filler
Bricks Filler | 250 | 200 | 150 /
Water 264 | 264 | 264 | 264
Composition BS.C|BS. |BS. | BS
3 C2 C1

Table 2: slump and times (limestone fillers)
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percentage | Slum Time
Compositions of filler p Vebe
(Kg/m3) (cm) (sec)
BS 0 6.5 5
BSC, 150 7,2 4.7
BSC, 200 7.8 2.8
BSCs 250 8 2
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Table 3: slump and times (bricks fillers )

percentage | Slum Time

Compositions | of filler p Vebe

(Kg/m3) (cm) (sec)
BSB1 150 7,2 2,5
BSB: 200 6,2 3,5
BSB3 250 55 4,5

Table 3 shown that concrete workability
decreases with the increase in bricks filler
percentage. This denotes the higher water
absorption capacity of the bricks filler that in turn
lead to a 15 % increase in mixing water. Thus, in
order to get a workable concrete (plastic) with the
bricks filler an increase in mixing water is
necessary.

MECHANICAL BEHAVIOR OF DUNE
SAND CONCRETE

In this study the effect of age, curing environment
and the duration of cure on the properties of
concrete were investigated. The compressive
strength was determined for 7, 14, 28 and 90 day
old concrete. For each composition, curing
environment or age a minimum of four specimens
were tested.

In order to examine the influence of curing and the
percentage and nature of fillers on the compressive
strength, tests were carried out on specimens that
were cured in either of the following environments:
uncontrolled laboratory conditions ( ENVI), in
water (ENVII) and , inside a drying oven (
ENVIII). The number of specimens tested was six
for the compressive stength and five for the flexural
strength.

Compressive strength
Sand concrete with limestone fillers
The study of the variation of the compressive
strength with the age has shown that specimens
cured in ENVII (in water) performed better as they
gave they highest compressive strength. This can be
partly explained by the fact that the hydration of
cement increase with age in saturated water.
Moreover, an increase in the percentage of the filler
seems to act favorably on the compressive strength
of concrete at the concrete ages considered.
The variation of concrete strength with age for
specimens cured in ENVII is shown in Fig. 1. The
highest registered values for this strength were
generally obtained for a percentage of filler equal to
Fi1= 150 Kg/m?.
These values are:
Rc = 14,36 MPA for 14 days of age
Rc =17,73MPA for 28 days of age

20 -
RC(Mpa)
e A.
16 /
14 N
12 L-/ /‘//- —
7 oo
10 F2=200kg/m3
8 / —a— F3= 250kg/m3
‘ e
4
2
0 . . . ,
0 7 14 28 90
Age (days)

Fig. 1: variation of the compressive strength
in function of age (5 days under water, BSC)

Sand concrete with brick fillers

The main conclusions drawn from specimens
fabricated with different proportions of filler and
cured in the previously mentioned environments
are:
- curing in water improves concrete strength
and increase the necessary curing time.
- Curing concrete in environment Il seems
to reduce the concrete strength
- The highest concrete strength at 14 and 28
days were obtained when using ENVII
curing. The development of the strength
with time is shown in fig. 2. The maximum
registered strength are:
Rc = 12,56 MPA for 14 days
Rc = 14,36 MPA for 28 days

These two values correspond to a filler content
equal to 150 Kg/m?® (B1) which is the lowest
percentage of filler considered.

25
RC(Mpa)

20 A

151 —e— F1=150 kg/m3
—=— F2=200kg/m3
—A— F3= 250kg/m3

10 4

Age (days)

Fig. 2: variation of the compressive strength
in function of age (5 days under water, BSB)
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Comparative study: According to the results
obtained with the two types of fillers, we note that
the age of concrete acts positively on the
compressive strength and this is true for all the
curing environments and the filler content
considered. The highest compressive concrete
strength was obtained for o filler content of 150
Kg/m3. This denote, perhaps, the existence of an
optimum of the fillers content. Rapid water
evaporation seems to decrease concrete strength.
The increase in curing time in ENVIII decrease the
strength.

Flexural strength

Sand concrete with limestone fillers :The
flexural strength to bending also increases with age,
which has a similar relation to the one of the
strength to the compressive is gotten by the strength
to bending.

The best observed strength corresponds to the test-
tube maintained under water (ENV 1I) and
correspondent to the composition BSB2 (B2 = 200
Kg/m3) of filler (figure-3,), we obtained:

T =28 days Rf = 8,68 MPa (B.S.C2)
These flexural strength correspond practically to
dosage in fine of limestone (C2 = 200 kg/m3)
B.S.C2.

we obtained:

T =28 days Rf =6,60 Mpas  (B.S.C1)

- For the environment (ENV Il1I) (to steams it), the
increase of the cure period Leeds to a shift of the
maximum of strength of 7 is to 14 days.

Therefore one can say that test-tubes preserved
under water present the best strength to bending
with regard to those preserved in steams it and the
free air.

12 4
Rf (Mpa)

10 1

—e—F1=150kg/m3
6 —=— F2=200kg/m3
—A— F3=250kg/m3

0 7 14 28 Age (jour%(j

Fig 4 : variation of the flexural strength to
bending in function of age(5 days under water,
BSB)

10 4
Rf( Mpa)
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0 7 14 28 pge (jourd)

Semparative study: We notices, that flexural
strghgth to the bending of sand concretes preserved
in the outside air as well as to steams, are lower to
the[pne of the same concretes of sand preserved

under water lasting 7 days, this reduction of the

ri=1sokamfd@yural strength is owed to the impoverishment in

——
:iij@“ﬁgfml r following its evaporation to air free of the

mags of the concrete, dragging a lowering of the
hydration kinetics that provokes a reduction of
theffflexural strength.

oncretes undergoing in a cure of 7 days in
water present the high strength owed to the
sufflicient quantity of water that assures them the

Fig. 3: evolution of the flexural strength to
bending in function of age(5 days under water,
BSC)

Sand concrete with brick fillers : The flexural
strength to bending presents some optimal strength
always to 28 days of hardening.

- The conservation under water is favorable to the
increase of the flexural strength to bending for the
weak dosage in filler.

- The best observed flexural strength corresponds to
the test-tube maintained under water (ENV II) and
correspondent to the weak dosage in filler of
recycled brick (figure 4),

continuity of the hydration process, dragging an
elevation of the strength.

With regard to the behavior of sand treaty
concretes steams some, the same observation that
for the strength to the compression can be made.
Indeed the resistance to bending increases until 28
days, beyond this age, it either decreases, stabilize
to 90 days, the fast evaporation of water is
responsible of the strength fall

After different result observation we can say
that, the temperature affects strength of sand
concretes, and this phenomenon is much more
visible than the concrete of sand contains fillers of
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or the necessity to proceed has cures. The
introduction of brick fillers seems to improve,
strength to bending to all age of the sand concrete
by contribution to fillers limestone.

Shrinkage

In order to see the effect of the temperature on the
variation of the shrinking, we have follows the
evolution of the test-tube shrinking to basis of
limestone fillers preserved to steams it

The obtained results, show effectively, that for the
same E/C ratio and the same concentration of
cement, the composition of the sand concrete
without filler presents the weakest shrinking.

In the case of the sand concrete with fillers of
limestone preserved to steams it, in remark that the
shrinking accelerates die the young age until 14
days of about 12% with regard to the concrete of
sand with fillers of limestone canned food to the
free area for a dosage of filler of 200 Kg/m3, then
to the delay there is a reduction of 14% (figure 5).
For what is the concrete of sand with fillers of
bricks preserved to the free area, the shrinking
decreases according to the increase of the fillers
dosage (figure 6). One notices that this shrinking
and bigger than the shrinking of the sand concrete
without fillers die the young age, for the concrete of
sand with fillers of limestone, the evolution is
different. The concrete of sand with fillers of
limestone preserved to the present free area a
shrinking delays until 14 days then there are an
increase that passes the one of the sand concrete
with fillers of bricks, to arrive to the about of 10%
to 90 days.

. 700
Retrait( pm)

400 ——F1=150kg/m3
—&—F2=200kg/m3
300 —&— F3=250kg/m3

3 7 14 28 40 %0
Age (jours)

Fig 5: shrinking according to dosage of the
limestone fillers (to the free air)
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Fig 6 : shrinking according to the
dosage of brick fillers (to the free air)

CONCLUSION :

In this survey we examine the influence of the
conservation, the environment and the addition of
fillers on the evolution of the physical and
mechanical features of the dune sand concrete.

we did the experimental tests of durability to study
the effect of the type and dosage in filler on the
holding of the sand concrete to the frost-thaw and
moistening - drying as well as that capacity of
water absorption.

The introduction of fillers of garbage brick seems
to provoke physical and mechanical property
improvements. Among the different fashions of
conservation chosen, the conservation under water
appears as the best cure of the sand concrete, and
this some either dosage in fillers and the age of the
concrete.

This study permitted us to put on the one hand in
evidence the direct influence of the fillers addition
on the dune sand concrete, that essentially
characterizes himself by a reduction of the
shrinking and by a mechanical resistance
improvement and on the other hand the
considerable contribution of the treatment of the
humid cure for the concrete of dune sand. Of the
point of view holding screw to screw of durability
tests, the survey revealed us the importance of the
addition of the fine on the resistance of the material
or the rate of resistance is superior to 60% in all
cases. On the other hand the weak dosage in fine
improvement is observed distinctly for the case of
the sand concrete to basis of limestone fillers.
Finally, we show that this new materials, can
replace the traditional concrete in the realization of
the secondary elements of construction and also of
elements carriers for structures little solicited for

Azzouz et al.,

221



17 — 20 May 2016, La Rochelle, France

the mechanical performances that are its specific
but also for the economic grounds especially in the
abundant local resource valorization or in the
lowering of the come back. Price.
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ABSTRACT

This project is realized in partnership between the Laboratory of civil engineering and mechanical engineering
(Rennes, France) and the Laboratory of Geomaterials (Abidjan, Ivory Coast). The objectives of this work are
to test the feasibility and characterize the thermohygric properties of composite materials, realized with eco-
friendly raw materials and designed to make suspended ceilings or interior partition walls.

Several raw materials are considered: recycled paper (granules or cellulose wadding) and wood fibers.
Aggregates or fibers are bonded with organic or mineral binder. One of the binder considered is starch, due to
its availability in Ivory Coast (cassava flour). The calcium sulfate hemihydrate is also used for comparison.
The density of the produced composites ranges from 400 to 1200 kg/m® depending on formulation. The
Thermal conductivity increases proportionally with the density and ranges from 0.09 to 0.5 W/(m.K).

The characterization of hygric behavior is based on the measurement of moisture buffer value (MBV).

Composites appear as moderate to excellent hygric regulators.

NOMENCLATURE

A: open surface area (m?),

K : constant | (Hot Wire),

MBYV : Moisture Buffer Value (g/(m2.%RH)),

g: heat flow per meter (W/m) (Hot Wire),
RHhighiow: high/low relative humidity level (%),

t: heating time (s) (Hot Wire),

Am: moisture uptake/release during the period (g),
AT: temperature rise (°C) (Hot Wire),

A : thermal conductivity (W/(m.K)),

p: density (kg/m3).

INTRODUCTION

In a context of sustainable development, green
buildings aim at reducing the environmental impacts
of buildings while also ensuring high indoor quality
(comfortable and healthy). Bio-based or recycled raw
materials can be used to reach this objective.

The objectives of this work, in partnership between
the Laboratory of civil engineering and mechanical
engineering (Rennes, France) and the Laboratory of
Geomaterials (Abidjan, Ivory Coast), are to test the
feasibility and characterize composites, realized with

eco-friendly raw materials and designed to make
suspended ceilings or interior partition walls. The
considered raw materials are issued from local
recycled or bio-based materials. Thus, the binders
considered are plaster, which is widely used in
France, and starch, for its availability in Ivory Coast
and its lower cost. The developed loads are made
from paper waste, as this is widely available in Ivory
Coast. Other cellulosic loads are also considered for
comparison.

Some products made of mineral binder with
recycled paper already exist [2,3]. They are often
studied on acoustical and fireproofing point of view.
Yeon et al. analyzed physical properties of cellulose
sound absorbers produced from recycled paper [4].
Mortar with recycled paper are also developed [5].
Granules of paper are currently industrially
produced and are available in bags for animal’s litter
[6]. Wadding cellulose is obtained from newspaper’s
recycling and is mainly used in bulk. Hurtado et al.
investigate the properties of cellulose fiber
insulation [7].

Wood fiber is a bio based material available on the
market as insulation panels of conductivity around
0.04 W/(m.K) and apparent density of 110 kg/m?®.
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Among various binders, cassava starch is well
adapted to the local context in Africa where plaster is
a scarce resource. Starch is considered as one of the
most promising materials for biodegradable plastics,
because of its natural abundance and low cost. It can
also be used as binder. As example, wholly bio-based
insulation products made of hemp and starch is
currently studied by Tran Le [8].

Thus, this study focuses, on the one hand, on the
formulation of composites made of bio-based or
recycled local resources and, on the other hand, on
their hygrothermal characterization.

MATERIALS

Loads: Wood fiber and recycled paper (granules and
cellulose wadding) are considered in this study.
Wood fibers (quoted WF) are commonly used for
thermal insulation. Fibers are fireproofed with
ammonium phosphate. Commercial fibers are used in
this study. They are manually carded before use.
SEM examination of the fibers shows hollow fibers
of 20 to 50 um in diameter (Figure 1).

The cellulose wadding (quoted CW) is also an
industrial product stemming from the recycling of
newspapers. The cellulose wadding is fireproofed
with boron salts. SEM examination shows a loose
tangle of the cellulose wadding fibers (Figure 2).

The paper granules (quoted PG) are made of waste
paper recovered after use in offices. This paper is
subject to various process of transformation in the
laboratory to obtain paper granules. Firstly, strips of
paper are soaked in water for a few hours. Then, the
wet paper is transformed in soup and after that it is
wrung out to remove water before being pushed
across a metal grid of small mesh in order to obtain
almost spherical granules of millimeter size (Figure 3
a, b, ¢). SEM examination of the granules shows a
compact tangle of 15 um width fibers (Figure 3 d).

D73 x250

Idbois_0001 2015/04/07 300 um
Figure 1
Wood fiber: 1a) Wood fiber panel 1b) Carded fibers
1c) SEM view

2015/04/09
Figure 2
2a) Cellulose wadding 2b) SEM view

ouate_0001

D80 250 300um

2015/04/09
Figure 3
Paper granules: 3a) strips of paper; 3b) mixing; 3c)
paper granules; 3d) SEM view

papier 0001

Binders: Aggregates or fibers are bonded with
mineral or organic binder.

The calcium sulfate plaster (quoted P), commonly
used as binder in France, is selected to allow
comparisons with organic binder. The used plaster is
Molda 3 Normal calcium sulfate hemihydrate from
St Gobain-France. The cassava starch is a low cost
material with large availability in Ivory Coast. Tests
are made with commercial potatoes starch (from
Roquette-France, quoted S). In hot water (>70°C),
the grains of starch inflate under a process of
irreversible gelatinization (Figure 4).

Figure 4
Binders: 4a) plaster powder; 4b) plaster binder;
4c) starch powder; 4d) starch binder
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Formulation and composite production:
Various kinds of composite materials with different
loads to binder ratios are produced. The identification
of composite includes the type of load (WF, CW or
GP), the type of binder (P or S) and finally the water
to binder mass ratio that appears in brackets.

For composites production, binders are firstly
prepared: plaster powder is mixed with water or
starch is prepared by adding hot water to the powder.
Then, in both cases, loads are gradually added in the
binder. The quantity of loads is adjusted to obtain
good workability (Figure 5). After mixing, the
specimens are produced by molding. The size of the
molds is 28x23x7cm®. The molds are filled by the
mixture and the specimens are compacted under a
pressure of 0,03 MPa with a manual press (Figure 5).
After compaction, the starch specimens are demolded
immediately and placed in the ambient temperature
of the laboratory (Figure 6). For plaster specimens,
the mold removal is applied after setting.

For plaster, the influence of water to binder ratio is
investigated. In this study, this ratio ranges from 0.4
to 2.5. The load to binder mass ratios ranges from
0.07 to 1.41.

First trial with starch is made with water to starch
ratio of 0.83 and a paper granules to starch mass ratio

Figure 5
Production process: 5a) Binder mixing; 5b) Addition
of the load; 5¢) Mixing; 5d) Compaction

WE-P |

y' GP-P
"CW-P GP-P

<

Figure 6
Produced specimens

METHODS OF CHARACTERIZATION

Hot wire method: The thermal characterization is
based on the measure of the conductivity after
stabilization of the specimens at 23°C and 50%RH.
To avoid water migration during the measurement, a
transient state method is used. The thermal
conductivity A (W/(m.K)) is measured by using the
commercial CT-meter device with a five-centimeter-
long hot wire (Figure 7).

The measurement is based on the analysis of the
temperature rise versus heating time. The heat flow
and heating time are chosen to reach high enough
temperature rise (>10 °C) and high correlation
coefficient (R?) between experimental data and
theoretical curve (1).

_a
AT = () +K) )

Where q is the heat flow per meter (W/m) and K is a
constant including the thermal diffusivity of the
material.

According to the manufacturer, the hot wire is well
adapted for the measurement of thermal
conductivities ranging from 0.02 to 5 W/(m.K) and
the expected accuracy is 5%.

In this study, the heating time is 120 s and the heat
flow ranges from 4.1 to 11.4 W/m.

Figure 7
CT meter

Moisture buffer value: The moisture buffer value
MBV quantifies the moisture buffering ability of a
material. It is measured under dynamic conditions
according to the method defined in the NORDTEST
project. This value relates the amount of moisture
uptake (and release), per open surface area, under
daily cyclic variation of relative humidity according
to (2).

MBV = Am

A‘(RH high — RH Iow)

)
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with MBV: moisture buffer value (kg/(m2 %RH)),
Am: moisture uptake/release during the period (kg),
A: open surface area (m?), RHhigviow: high/low
relative humidity level (%).

The test method requires prismatic specimens to be
sealed on five out of six sides. After stabilization at
(23°C; 50%RH), specimens are exposed to daily
cyclic variations: 8 h at high relative humidity (75%)
followed by 16 h at low relative humidity (33%).
Stability is reached when the change in mass is the
same between the last three cycles with a discrepancy
lower than 5%.

Within the NORDTEST project, a round robin test
was held on nine representative building materials
and a classification of materials according to their
MBYV is proposed (Figure 8)[1].

MBYV [g/(m*.RH)]
3.0

2.5

2.0

L5
1.0

0.5 . l
0.0 1 B8

Negligible Limited Moderate Good  Excellent

Figure 8
Nordtest project classification [1]

The device used consists in a climate chamber
(Votsch VC4060) which can be controlled in the
ranges +10 to +95°C and 10 to 98%RH. The study is
performed at 23°C. The relative humidity in the
chamber is switched manually (75%RH; 33%RH).
Temperature and relative humidity are measured
continuously with Sensirion SHT75 sensors and with
the sensor of the climate chamber. The air velocity is
measured in the surroundings of the specimens: the
vertical velocity is in the range 0.07-0.14 m/s and the
horizontal one is 0.1-0.4 m/s. The specimens are
weighed out of the climatic chamber five times
during the adsorption period and two times during
the desorption one. The weighing instrument reading
is 0.01 g, and its linearity is 0.01 g. The accuracy of
the moisture buffer value is thus about 5%.

RESULTS AND DISCUSSION

Physical characterization:

To ensure good workability, the quantity of water
used in the mix increases with the mass of loads
(figure 9).

Ccw

Figure 9
Mass ratios of the components and apparent
densities (kg/m®) of composites

After production, the specimens are naturally dried
at 23°C 50%RH. They are regularly weighed until
stabilization. The typical drying time is about 15
days whatever the composite formulation (figure
10). Then, the apparent density is calculated from
measuring and weighing the specimens. The
densities range from 400 to 1200 kg/m® for the
composites made with plaster binder, depending on
formulation and particularly on the water to binder
mass ratio. For the composites made of paper
granules and starch, the density is about 500 kg/m?
(figure 9).

It is shown that the apparent density decreases as the
amount of water or loads is increasing.

For equivalent water to binder and load to binder
mass ratios, the apparent density is the lowest for
the composites with wood fibers and similar for the
composites with cellulose wadding or paper
granules. It may be linked with a highest rate of
trapped air during mixing of wood fibers composites
and fibers arrangements.
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Figure 10
Mass of the specimens during drying

Thermal characterization: Thermal conductivity
increases proportionally with the density (figure 11).
Indeed, for the water to plaster ratio equal to 0.6 and
paper granules or cellulose wadding composites, the
specimens densities range between 1000 and 1200
kg/m? and the conductivity is about 0.45 W/(m.K). At
high level of plaster in the composite, the kind of
load do not affect the conductivity. The measured
value is slightly lower than the values commonly
used for plaster only (about 0.48 W/(m.K) for
1100 kg.m? in the French standard).

For densities between 550 and 610 kg/m?, the thermal
conductivity ranges from 0.16 to 0.19 W/(m.K) as
expected for this range of densities. Finally, the
conductivity of wood fibers composites whose
density is around 450 kg/m? is about 0.09 W/(m.K).
This may also be linked with a higher rate of trapped
air during mixing.

The composite made of starch and paper granules has
a thermal conductivity of 0.18 W/(m.K). This value is
in the range of thermal conductivity obtained for
composites made with plaster, with the same range of
density.

The composites showing the lowest densities can
thus be used for distributed insulation.

AWE-P(0.6)
OCW-P(0.6) 1
O PG-P(0,6)
*PG-P(2,5)

Thermal conductivity (W/(m.K))
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0.30 <
0.25. 4

0.20 'P
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0.10 4 Y
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Density (kg/m?)

AWEF-P(2) 1

BCW-P(2)

QPG-P(1)
PG-5(0,83)

AWEF-F(2.5)
mCW-P(2.5)
S PG-P(2)

Figure 11
Thermal conductivity of materials versus density at
(23°C; 50%RH)

Hydric characterization: Plaster and starch
specimens, initially stabilized at 23°C 50 %HR, are
first submitted to absorption phase. The discrepancy
between mass variations during the cycles becomes
lower than 5 % between the second and the third
cycles (figure 12). The MBYV is thus calculated with
cycles 3 to 5.
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Figure 12
Moisture uptake and release: example of
WEF-P (2.5), specimen 3
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Figure 13
Moisture Buffer Value (MBV) in absorption,
desorption and average for all composites

Figure 13 gives the Moisture Buffer Value in
absorption, desorption and average for all kinds of
composites. For all composites, the desorption value
is greater than the absorption one. This can be
explained by a decreasing trend of the mass uptake/
release curve before stabilization (Figure 12).

For specimen with plaster binder, when the water to
plaster mass ratio is 0.6, the MBV ranges from 0.61
to 0.97 g/(m2.%RH) with the three kinds of loads.
These composites have moderate ability to damp
ambient relative humidity variations. This is probably
due to their low porosity. They are slightly better
hygric regulators than gypsum with MBV about 0.60
g/(m2.%RH) [1].

When the water to binder mass ratio is 1, with paper
granules, the MBV is 1.89 ¢g/(m2%RH)). This
composite is a good hygric regulator.

Finally, when water to binder mass ratio is higher
than 2, the MBV is higher than 2.50 g/(m2.%RH)) for
all kinds of loads. All these composites are excellent
hygric regulators. For water to plaster mass ratio of 2,
the load to binder ratio is similar for the three kinds
of loads. For these composites, wood fiber
composites are the best ones, probably due to a
different porosity network.

Paper granules - starch composites are also excellent
hydric regulators, their MBV is 2.33 g/(m2.%RH)).

CONCLUSION

This study investigates the feasibility of composites
made from paper (paper granule, cellulose wadding)
and bio-based materials (wood fibers) boinded with
plaster or starch. It is shown that to ensure good
workability, the water content increases with load
content.

Whatever the kind of loads, the density of
composites decreases when water ratio increases.
The density obtained with wood fiber is lower,
probably in link with higher entrapped air.

The thermal conductivity of composites ranges from
0.09 to 0.45 W/(m.K). The lightest composites can
be used as distributed insulation.

The developed composites (with starch and with
plaster) are excellent hygric regulators when the
water to plaster ratio is higher than 2.

Finally, these study will be completed with
mechanical characterization. The great interest of
such composites is encouraging to go on with the
development of starch composites.
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ABSTRACT

In this study, we sought to use the crystallized sand slag of blast furnace in the production of ordinary concrete.
The natural sand is partially or totally substituted by the crystallized sand slag in the composition of concrete.
The characterization of these concretes was made based on their mechanical properties: compressive strength,
tensile strength as well as durability: capillary, absorption of water and shrinkage. The results show that the
percentage of crystallized sand slag has an important effect on the mechanical properties of concrete. The
comparison of different characteristics study in this work shows the benefits of use of crystallized sand slag in
the composition of concrete compared with ordinary concrete, which confirm the possibility to use the
crystallized sand slag in the manufacturing of concrete.

KEYWORDS
Concrete sand slag, crystallized sand slag, natural sand, performance, mechanical proprieties, hydraulic

proprieties.

INTRODUCTION

Crystallized slag from blast furnace of the El Hadjar
steel complex, Algeria, can be identified as a new
building material in the preparation of concrete. The
uses of industrial waste as a substitute material helps
save a large share of natural resources and protect
the environment. The crystallized slag was used as an
aggregate in the composition of concrete core of
rectangular thin welded steel tubes subjected to axial
or eccentric load performed by Fehoune Noureddine
and al [1, 2, 3]. The crystallized slag aggregate was
used also in the manufacturing of concrete in the
composite stubs with | shaped steel section study by
Zeghiche Jahid and al in 2012 [4]. The concrete sand
slag has not fact object a comprehensive study to
identify his different properties. A Few studies have
been made on the characterization of this concrete,
for this, we conducted a comparative study between
concretes containing crystallized sand slag and
ordinary concrete. In this work, we have
characterized the different mechanical proprieties
and study the durability of sand slag concrete. All

results obtained were compared to the proprieties of
ordinary concrete.

MATERIALS CHARACTERIZATION

Cement and water: The cement used in this study
is commercial Portland (CEM I1) class 42.5 MPa
from cement factory of Hajar Elsoud Skikda
(Algeria). The chemical and mineralogical
compositions of the cement are presented in Tables
1. The apparent density of cement used in the
manufacturing of concrete is 1100 kg/m® and his
specific density is 3000 kg/m? the fineness
measured of this cement is between 3200-3400
cm?/g. The water used in the composition of concrete
study in this work is tap water at a temperature of 20
*+ 2C°. Its quality conforms to the requirements of
standard NFP 18-404.

Sand: The sand used (0/2.5 mm) in this study is
from Tébessa quarry (Algéria),and crystallized slag
sand (0/3.15mm) from blast furnace of the el Hadjar
steel complex, Algeria. The chemical compositions
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and the physical properties of the sands are
presented in Tables 2 and 3. All properties were
measured by following standards NF P18-553, NF
P18-555, NF P18-597 NF P18-598, and NF P18-560.
The morphologies and grading curves of the
different sands before and after correction are given
in Figure. 1.

Gravel: We used fractions of crushed stone (5/12.5
mm) from the Souk Ahras region (Algeria). The
Apparent density measured is 1300.0 kg/m3, the
specific density is 2500 kg/m3 and coefficient of Los
Angeles is equal to 23.04% (hard). The properties
were measured by NF P18-560, NF P18-554, and NF
P18-573. The grading curves of the gravels are given
in figure 1. The physical properties of gravel and
sand used in the composition of concrete are
presented in Table 1 and 2.

Mineral addition: In this study, we used slag was
essentially obtained by grinding by-products of the
industry of blast furnace steel El-Hadjar (Algeria).
The compositions and physical properties of the
addition are shown in Tables 3. The comparison
between physical proprieties of slag and cement we
finding an important note is that the slag fineness is
greater than that of cement.

Concrete mix design: Concrete mixes containing
either natural or crystallized slag sands were studied
and compared. Three different mix designs were
investigated for the concrete with natural and
crystallized slag sand (figure 2). The first of these
was a control mix and did not contain any granulated
blast furnace slag, and is designated by BO. Two of
the mixes contained 100% replacement of natural
sand with crystallized slag sand is designated by BSI
and one contained 28 % natural sand and 72%
crystallized slag sand , is designated by BSII. The
complete proportions for the mixes BO, BSI, BSII
are given in table 4.

sievesin percentage

25

i ﬁi-f\:.grziuel 5]:12.:52

/£ L

diameter of sieve in mm

Figure 1
Grading curves of gravels

R
57 5 )“J ivul,ﬂ
6510206

RS
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Figure 2
Concrete specimens

Table 1
Physical properties of sands
Sand type Apparent Specific Porosity in fines Water content ES
density density percentage Modulus in percentage  in percentage
(kg/m3) (kg/m3) (M.F)
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Dune sand (0/2.5mm) 1610 2650 40 2.21 90.52
Crystallized sand slag 1570 2630 41 3.1 0.35 88.52
(0/3.15mm)
Table 2
Physical properties of gravel
Apparent Specific Porosity in Water Absorption
Gravel type density density ercentZ\ o content in Property coefficient
(kg/m3) (kg/m3) P g percentage in percentage
gravel (5/12.5mm) 1300 2500 48 0.79 2 2.55
Table 3
Physical properties of the addition
Addition type slag
(apparent density) (kg/m3) 1257
Masse volumique absolue (kg/m3) 2955.3
Finesse (cm2/g) 5501.9

Table 4
The mix proportions and properties

Compositions Unit Mix1 Mix2 Mix3
Cement CPJ 42.5 Kg/m3 350 300 300
Water/Cement calculated - 0.5 0.81 0.61
Water/Cement real - 0.55 0.88 0.88
Sand Dune 0/ 2.5 Kg/m3 725.59 - 500
Slag granulated 0/3.15 Kg/m3 - 1540 (100%) 1275
Gravel 5/12.5 Kg/m3 1070.67 - -

RESULTS AND DISCUSSION

Concrete slump: The test of concrete slump was
performed in accordance with standard NFP18-
451. The experimental concrete slump was
evaluated by measuring the slump of the fresh
concrete with an Abrams cone. The three types of
concrete: concrete BO, BSI slag sand concrete, and
slag concrete BSII are formulated with a plastic
consistency, with a slump of about 6 + 1. Figure 3
shows the different results of real and calculated
water/cement ration of three type of concrete study
here. The ratio water/cement is quasi-proportional
and can be explained by the cavities found in
crystallized slag which absorb water.

Density: The search for a high compactness or
density is justified to have good mechanical
properties. The density is determined using the
standard NF EN 12350-6, as for a conventional
concrete, the density of slag sand concrete depends
on its formulation and its implementation.
Normally density obtained on wet concrete is equal
or greater than 2.4.
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Figure 3
Variation of water / cement ration of different concrete
type

The density obtained for the three concretes study
here, is 2.55 for BO concrete, and is equal to 2.529
for BSI concrete, and finally 2.455 for BSII
concrete. The results of density obtained in this
study are shown in figure 4.

3 9 ® Theoretical Real
1 2.55 2528 2455 2455
2.5 4 2.32 2.285
- ]
£ 2 -
= ]
on
N ]
Z 15 -
(%]
<
b 4
a 11
05
0
B.O BS| BSII
Concete type
Figure 4

Density of different concretes

Compressive strengths: The compressive
strengths are estimated on cubic samples of
concrete with dimension (100x100x100 mm?®). The
characterization of the compressive strengths of
concrete was carried out in 28 days; using a 500kN
compressive hydraulic testing machine. The value
of the considered compressive strength constitutes
the average of the results from six specimens. The
compression test was conducted in accordance with
standard NF P 18-406. Results show that the
compressive strength of concrete BO and BSI is a
bit higher than that of concrete mix BSII, this can
be explained by the best binding paste-granulate
and the surface texture of the aggregate used
manufacturing of BO and BSI concrete. The

decrease rate of compressive strength of concrete
BSII at 28 days compared to two other concrete
studies in this work is between 3% and 4%. The
evaluation of the compressive strength of three
types of concrete study here was found
proportional to the time of conservation, and the
compressive strength begins to stabilize after 90
days of conservation as shown in figure 5.
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Compressive strength of concrete axis title to the right

Tensile strength: The Tensile strength is
determined using the standard BS 1881 (figure 6).
The splitting tensile strengths of the concrete mixes
are compared in figure 8. The results obtained
show that the largest recorded value of the tensile
strength is that of concrete BSI who's the natural
sand is completely replaced by the sand slag in the
composition. The rate of the tensile strength
increase for mix BSI compared to that of mix BO is
almost 100%; this can be explained by the better
behavior of paste-granulate content 100% of sand
slag in the case of traction force.

Three-point bending strength: The bending
test by three points was performed according to
ASTM D 790-81. The bending strength represented
in the figure 8 is the average of six samples tested
specimens for each type of concrete study here. We
note that the BSI concrete with natural sand is
completely replaced by the slag sand has a higher
bending strength than that of ordinary concrete BO.
The growth rate of strength is 42% in this case,
meaning that the concrete BSII has better bending
strength compared to ordinary concrete BO. By
against, the BSII concrete has a bending strength
that it is within the range of two concrete strength
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resistance of BSI and BO (Figure7).
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Bending strength of concrete

Capillarity: The capillarity is determined using
the standard NF P 18-502. The results presented in
figure 10 are the average of six prismatic
specimens 70x70x280 mm?. These results show
that the capillary rise is low for concrete BSI (C =
0.37%) and BSII (C = 0.28%) compared to
ordinary concrete BO (C = 0.47%). From these
results we can conclude that the use of crystallized
slag as sand in the manufacturing of concrete does
not increase the permeability (Figure 8).

Water absorption by immersion: The result is
the average of six prismatic specimens 70x70x280
mm?, the water absorption in percentage is equals
to 5.43 for BSI concrete and 7.15 in the cases of
BSII concrete. We can note that the percentage of
water absorption by immersion of both BO and BSI
concrete are very close, which means they have the
same characteristic of water absorption. The results
registered are presented in figure 9; we see that
ordinary concrete BO has a water absorption

coefficient higher than that of other type of
concrete study here.
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Capillarity of concretes
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Figure 9
Water absorption by immersion of concretes

Weight loss according concrete age: Weight
losses for concrete based on the sand slag of blast
furnace BSI and BSII are the weakest. This is
explained by the fact that part of the mixing water
is chemically combined with slag fine and
participates in the hydration reactions. As against
the ordinary concrete BO, have higher weight loss
rates. All results of Weight loss depending on the
concrete age are presented in figure 10.

Hydraulic shrinkage: The shrinkage s
determined using the standard NF P 15-433.

The evolution of hydraulic shrinkage over time of
the three concretes is shown in figure 11. It can be
see that overall values of hydraulic shrinkage of
sand slag concrete with high dosage of granulated
slag are lower and remain close to the limits of the
current values of ordinary concrete BO. This can
be explained by the strong compactness obtained
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for the sand slag concrete.
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Figure 11
Hydraulic shrinkage of different concretes

CONCLUSIONS

Sand concrete represent a new family of concretes
whose performances evolve according to several
independent parameters. This study highlighted the
role and influence of certain parameters namely:
the dosage, the nature and size of the sand on the
characteristics of the concrete slag sand, fresh and
hardened.

The characterization of slag sand concrete were
made from their mechanical properties:
compressive strength and tensile strength, as well
as their durability: the capillary water absorption
and hydraulic shrinkage. By analyzing the results
we can conclude several positive points:

. The high compactness achieved by adding
sand slag in suitable proportions provides gains in
compressive and tensile strength.

. The use of granulated slag as sand in the
composition of concrete can meet two objectives

that have a direct relationship to the cost of
concrete: minimize the amount of cement in the
concrete  composition and increasing the
mechanical characteristic of concrete.

. The amount of mixing water used in
concrete sand slag is important because of the high
water absorption by the crystallized slag sand.

. The use of crystallized sand slag granulated
in the composition of concrete can give an
economic interest in reducing the cost of concrete
and may intervene in the environmental protection
of this blast furnace waste.
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ABSTRACT

An investigation carried out from mirror artisans shows that in the region of Médéa in Algeria and in the
absence of a factory of glass making, an important glass quantity is generated by this activity but not
exploited and eventually throws in the landfill. This study is a contribution to the valuation of this waste in
the manufacturing of mortar either by substitution of the aggregates of the sand by the glass, or by addition.
Six (6) different proportions (0 (reference), 25, 35, 50, 75 and 100%) of recycled glass as mass substitution
of sand and three (3) others taken as addition to the reference formulation were used.

A comparison of the properties of the material made with one or the other method (substitution or addition)
was realized, and some durability aspect was investigated.

By working either on constant workability or with constant W/C ratio, a comparative plan and a discussion
of the properties in the fresh and hardened states, sometimes good for one case but bad for others were
clarified.

At 28 days, the optimum in terms of mechanical strength was achieved for the mortar with 35% substitution

and with 10% addition of recycled glass.

Key words: Mortar, Waste Glass, Physical, Mechanical, Characterisation.

INTRODUCTION

The recycling of used materials has become an
important issue as it is a suitable way to preserve
natural raw materials that are increasingly rare,
reduce landfills and save energy [1,2].

The construction sector is one of the most absorber
of recycling wastes and many research works on the
use of waste glass as substitution of sand aggregates
or Portland cement have been done [3-6].

Kiang Hwee T. & Hongjian Du [1] have tested 4
composition up to 100% of sand substitution by
waste glass; they found a reduction of the flowability
and density of mortar, while its air content increase
and the mechanical properties were compromised.
This behaviour is comparable to other research
program [7-8].

In this part of the study, we examine the possibility of
making a mortar with recycled glass supplied by
artisan glaziers, once by substituting the sand by the
glass and in another time by adding glass quantity to
the mixture. Then, this material is mechanically and
physically characterized.

EXPERIMENTAL DETAIL

Waste flat glass sourced from a local glaziers’
artisans is used for the manufacturing of a glass
mortar (GM). The glass in fraction of 25, 35, 50, 75
and 100 % substitutes a mass of sand. Samples were
characterized in both the fresh state by examining
the density, the air content and the fluidity and in the
hardened state (flexural and compressive strength),
shrinkage and swelling. An important aspect of
durability for this type of material is the alkali-silica
reaction (ASR) which has also been considered in
this study.

Materials: Ordinary Portland cement OPC CEM
11/A 42.5 was used.

The chemical composition of OPC is given in
Table 1.

In this study, recycled glass (RG) with a fineness
modulus of 3.83, and 2.49 g/cm?® of density is used.
It’s chemical composition is given in Table 1.

The natural fine aggregate used was corrected from
rolled and crushed sand with fineness modulus of
250 and a density of 263 g/cm®. No
superplasticizer was used.
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Table 1
Chemical composition of OPC & glass (%)

e = F 9O 2 z X
S o 9 © % & ©°
OPC 2191 519 294 6041 1.60 0.16 0.54

Glass 72.5 .5 01 93 3 13 03

Mixtures preparation, casting and curing: the
mortar mixed is cast in moulds 4x4x16 cm3 24 h
after, samples are demoulded and stored for a cure, in
water with 20 C° = 2 C° or in the free air (24 C° £ 2
C° according to the nature of the test.

It should be noted that for the same percentage of
substitution, two types of mortars are studied, once
by maintaining a flowability constant (10s) and
another time by keeping the water/cement ratio (w/C)
constant (0.5).

Mix proportions of different type of mortar are cited
by M. Bentchikou & all [9]

Tests and measurements: Tests on fresh
properties of GM, include flow test, air content test
and fresh density are conducted respectively.

Tests on the cast specimens include shrinkage, and
water absorption test and flexural & compressive
strength that were conducted according to NF EN
196 -1 at 7, 28, and 90 days, respectively. All testing
was carried out in room temperature from 20 to 28
°C. Test results are given bellow.

RESULTS AND DISCUSSION

Results of the various tests of the density, incorporated
air content and mechanical tests, carried out on the
mortars made according to the various combinations
referred to above are given bellow:

Unit weight :

As shown in Fig. 1, when the glass sand replacement
amount is increased, the mortar unit weight is reduced
compared with the reference Mortar without glass
(MTsc) because the glass sand unit weight is lower
than that of general sand, thus leading to a reduction in
the mortar unit weight for all types of mortar prepared
with substitution of glass (M25-M100%) or with
addition (MA10-M30%).

These results are in the same range with those
presented by P. Penacho & all [7].

B with constant workability
2250

W with constant W/C
2200 - Addition
2150 A —
T 2100 - —
-
= 2050 - —
a
2000 - —
1950 - —
1900 -

& \o \o olo \o olo 6\0 olo \o
X &\,@ @@6 @,p §§ &% & é\% @\96

Type of mortar

Figure 1
Variation of the unit weight of the 3 types
manufactured glass mortars.

Incorporated air content: by comparing the
results of these modified mortars (obtained by
partial replacement of natural aggregate by glass
waste) with those for a conventional mortar (0%
waste incorporation), Fig. 2 enables us to conclude
that the incorporated air content increased with the
replacement of sand by glass aggregates in an
almost linear relationship (R? = 0.99).

7
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o
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Type of Mortar

Figure 2
Variation of the air content of the 3 types
manufactured glass mortars.

This result also explains the decrease in bulk density
in the fresh mortars. The trend may be justified by
the change in internal structure due to the waste
incorporation.

The same tendency is observed for the composition
produced with addition of glass waste (10, 20 &
30%) to the conventional mix.
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Flexural and Compressive Strength :Results of
Flexural and compressive strength determined at 7, 14
and at 28 days after moulding are grouped on figures
3, 4,5, 6, 7 and 8 respectively for the 2 types of mortar
(substitution & addition) and for the 2 types of
preparation (at constant workability and constant
WIC).

Flexural Strength:

3 5§ AMTsc WM25% BM35% BMS0% B M75% & M100%
S 9
= 45
¢ 4
£35
¥ 3
025
" 2
w15
3 1
805
“ 0
7 14 28
Age (Days)
Figure 3

Flexural strength Vs. time of cure for the 6
compositions with glass substitution prepared with
constant workability.

BMTsc mM25% mM35% mM50% m M75% = M100%

7 14 28
Age (Days)

Figure 4
Flexural strength Vs. time of cure for the 6
compositions with glass substitution prepared with
constant W/C.

The substitution of sand aggregates by glass
improves flexural strength compared to the
reference mortar (0%). The best result is got for
35%.

5 W VITSC
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o
s 4 W M+20%
e 3,5
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7 14 28
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Figure 5

Flexural strength Vs. time of cure for the 4
compositions with glass addition prepared with
constant workability.

From 7 to 28 days flexural strength increase not as
the result found by Kiang Hwee & all [8], where
there is not a significant difference between the
strength at 7 and 28 days.

Compressive Strength: From the graphs below we
see a continuous increase of the compressive
strength with time. This increase is due to the
hydration of the cement over time; which causes
changes in compactness.

45
40
35
30
25
20
15
10

m MTsc = M25% = M35% = M50% = M75% = M100%

Compessive Strength Rc (MPA)

7 14 28

Age (Days)
Figure 6
Compressive strength Vs. time of cure for the 6
compositions with glass substitution prepared with
constant workability.
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Figure 7
Compressive strength Vs. time of cure for the 6
compositions with glass substitution prepared with

constant W/C.
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Figure 8

Compressive strength Vs. time of cure for the 4
compositions with glass addition prepared with
constant workability.

For all substituted glass fractions, there has been a
decrease in the compressive strength in comparison
with the control mortar (0%). We note that for 100%
aggregates sand replaced by WG, resistance drop is
estimated at 28% and 19% respectively for mortar
with constant workability and constant W/C.

CONCLUSIONS
By fixing workability at 10 s, we note that:

The amount of air entrained in the mortar, achieved
by constant workability is lower than that of mortar
made with constant W/C. in all cases the glass mortar
is lighter than control mortar.

At 28 days the optimum in terms of resistance is
achieved for the mortar with 35% substitution and
with 10% addition of recycled glass.

By fixing W/C at 0.5, we note that:

The mechanical strengths of mortars with constant
WIC are more important than resistance of mortars
with constant workability.
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ABSTRACT

The use of aggregates from recycling of demolition products can contribute to the solution of the storage
problem of waste, contributing to the reduction of pollution of the environment, preserving natural resources,
reducing the cost of construction and finally solve the problem of supply of sand and gravel.

The use of recycling concrete aggregates requires the characterization of physical - chemical properties of these
aggregates, the determination of mechanical performance of recycled aggregate concrete and the understanding
of the rheology of these new concretes.

In this work, we present the values of some characteristics of recycled aggregate concrete that are analyzed by
comparison with an ordinary concrete.

Recycling materials covered in this study come from the demolition of buildings in Oran (ALGERIA.

The observation of the evolution of compressive strength and loss weight are particularly important factors for
a first characterization of the developed material. The values found show that it is important to standardize the
use of such aggregates in concrete.

Finally, the values of deformation modulus are compared with those of analytical expressions proposed by the
EC2. It turns out that, the relations proposed by the EC2 provide satisfactorily the mechanical properties and

the stress strain curve of the elaborated concrete.

INTRODUCTION

Sustainable development has become a strategic issue
for the construction industry in its various dimensions
because of the direct impact on the building
materials. The production of these materials generates
CO2 emissions, is energy consuming and as well as
causing the depletion of natural raw materials
generates great quantities of waste during
construction and demolition[1].

At the end their useful life, structures of civil
engineering constitute a major source of recycled
aggregates after their demolition especially as the
cost of landfill is in constant increase [2, 3].
Recycling aggregates therefore can be one of the
solutions to the problem of resource depletion and
waste storage.

Recuperating the cement paste after treatment of the
aggregates can also lead to minimize the CO2 impact
attributed to the manufacture of cement.

The introduction of recycled aggregates in concrete is

already done in some European countries such as
Denmark, England, Germany and  other
industrialized countries such as Australia and Japan
[4, 5]

In Algeria, although there is a large deficit in
aggregates and cement that amounts to about 20% of
the quantities needed, the wastes generated by the
construction industry and the demolition that are
important in volume are not valorized [6]. After the
seism of 1982 that struck the region of CHLEF
(ALGERIA), a campaign for promoting the wastes
generated by the collapsed constructions was
undertaken in collaboration with the Scientific and
technical Centre of Belgian Building (S.C.T.C) [6]).
The use of these materials requires the quantification
of their impact on the behavior of concrete in the
fresh and hardened state across the identification of
mechanical, thermal, porometric and rheological
properties.

Currently, the EN206-1 norm allows a reuse of
recycled aggregates in the production of fresh
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concrete, but in a proportion not exceeding 30% (in
reinforced concrete) depending on the
characterization of the recycled granulates [6].

The present study, by presenting the result of some
physical and mechanical parameters of concrete
based on recycled aggregates, attempts to contribute
to the recovery of such waste.

STUDY OF CONCRETE MADE WITH
RECYCLED AGGREGATES

Several research works [7, 8, 9] have studied the
replacement of some or all the natural gravels by
recycled aggregates in concrete. The recycled
concrete aggregates differ from natural aggregates by
their composition. Indeed, the recycled concrete
aggregate is a composite material in which the two
principal components shown in figure 1 are [10]:

- Natural aggregates crushed partially,

-Crushed hydrated paste cement coating the natural
aggregates.

Supr

= o9
Arrached moywar =

1_

We tluﬁ’al wg gregate

Figurel
Compositions of recycled aggregate concrete
In this article, we present the results of some of the
characteristics of a concrete made with natural
aggregate replaced entirely by recycled aggregate.

MATERIALS
PROCEDURES
Materials
Cement: Cement used is the CEM |1 / B 42.5 type
that conforms to the NF EN 42.5 norm. The Blaine
specific surface, SSB = 3600 cm? / g. The chemical
analysis of the cement is given in the table 1.

AND EXPERIMENTAL

Tap water is used for mixing.

Aggregates: Two families of aggregates were used.
Crushed aggregates obtained from ordinary
concrete samples and recycled aggregates resulting
from the crushing of concrete waste. These wastes
were recovered after the demolition of several
buildings located in the city of Oran in Algeria.
These aggregates were prepared in 3 steps as shown
in figure 2.

1- Manual preliminary crushing by using a hammer
2- Automatic Crushing by a mechanical crusher;

3- Sifting for getting 3-8 mm and 8/15 mm
aggregates;

c) Aggregates 3/8

d) Aggregates 8/15
Figure 2
Steps of recycled aggregates preparation

The main characteristics of the aggregates used are
given in Table 2. Analysis of the results shows that
the recycled aggregates have a lower density than
natural aggregates but a greater absorption capacity
than natural aggregates.

Table 2
Main characteristics of used aggregates

. Table 1 Characteristics Natural aggregate
Chemical analysis of used cement Gravel 3/8 Gravel 8/15
. Mva (Kg/md) 1.56 1.60
Elements Sio2 AI203 Fe203 CaO Mvs (Kg/m?) 265 267
(%) 18.92 4.'35 3.58 .62'34 Absorption % 2.45 4.90
EIeTents MgO SiO2 Free CaO Fire loss Characteristics Recycled aggregate
(%) 130 172 0.62 6.38 Gravel 3/8 Gravel 8/15
Mva (Kg/m®) 1.12 1.20
240 Goufi et al.
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Mvs (Kg/m?®) 2.39 2.52 Ordinary concrete  9.59  0.62 0 9.59
Absorption % 6.05 4.75 Recycled concrete  10.22 0.66  0.96 0.73
Characteristics Sand (crushed)

Mva (Kg/m®) 1.36 All samples were stored at controlled hygrometry
Mvs (Kg/m®) 2.63 and temperature (T = 20 ° C, HR = 95%) during 24
Fineness modulus 2.95 hours. After 24 hours, the samples are kept in water.

Note that the materials have previously been washed
and the recycled aggregates were put in water for
more than 24 hours for saturation [6, 11, and 12].
The grading curves of the materials used are shown in
the following figure.

P %
11!l Recycled
Sand— 1 gravel
Natural | 3/8
gravel 7 11| Recycled
38 | gravel
Natural__ 8/15
gravel
8/15
Diameters

Figure 3
Grading curves of aggregates

EXPERIMENTAL PROCEDURES

For the purposes of the study, 16x32 cm? cylinders
were prepared in order to characterize the
compressive strength and the modulus of elasticity of
concrete made with natural and recycled aggregates.
The formulation of these concretes is based on the
Dreux Gorisse method [13]. The main parameter of
formulation taken into consideration in the study is
consistency. Therefore the quantity of cement was
kept constant. The amount of water was adjusted
until the desired consistency was obtained.

It should be noted that the quantity of calculated
water does not represent the total amount but the
value of efficient water. During mixing the water is
introduced in 3 phases. The details of formulations
are given in Table 3.

Table 3
Formulating concrete ("% of Constituents)
Composition  Cement Sand Gravel Gravel
in % 3/8 8/15
Ordinary concrete 15.36 23.43 5.79 45.63
Recycled concrete  15.36 23.82 4.98 45.03
Composition eau E/C  Water E/C
en % added corrected

ANALYSIS OF RESULTS

Abrams Slump cone

This parameter allowed us to correct the quantity of
water in the concrete based on recycled aggregates.
The values found are given in Table 4.

Table 4
Values of the Abrams slump cone

Ordinary concrete Recycled concrete

Before After Before After
correction correction correction correction
7.8 - 3.8 7.5

The analysis of results, shows that for the same ratio
W / C, the workability of a concrete made of 100%
recycled aggregates (recycled concrete) is weaker
than that of a concrete of natural aggregate because
of the important capacity of absorption of the
recycled aggregates [14, 15].

Densities and absorption

The results of the characteristics determined in
Table 1 show that the density of recycled concrete is
less than that of concrete made with natural
aggregates while their absorption is more important.
These differences are attributed to a higher porosity
of the recycled aggregate concrete compared to that
of ordinary concrete [16, 17]. The change in mass of
the test specimens as a function of time is given in
the following Figure 4.

Weight (Kg)
1525 | Ordinary concrete
1475 | — >~ +
1425 T

13.75 -..’__.’_—_,——_.___'

13.25 Recycled concrete
i Age of concrete:

: »
sg (day)

T 10 20 30 40

0
Figure 4
Weight Variation of ordinary and recycled concrete
according to the age
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The analysis of figure 4 shows an increase of the
weight of the ordinary and recycled concrete of
16x32 cm? specimens. At the age of 28 days, the
mass of the specimens was 14.98 Kg and 13.85Kg
respectively. These values lead to densities equal to
2328.28 and 2152.66 Kg/m3. The value the density
of recycled concrete is less than that of ordinary
concrete because of the mortar that remains stuck to
the aggregates. These values are in agreement with
those of previous research works that found that the
value of the density of concrete made with recycled
aggregates lies generally between 2000 and 2200 kg
/ m®[18].

Mechanical performance
The evolution of compressive strengths of concretes
studied is presented in what follows.
Compressive
resistance
MPa

35 ]
30

25

20

15

10 Age cc:ncrete
010 20 30 40 50 60 70 80 9o days

Figure 5
Variation of compressive strengths
of concretes studied

Analysis of figure 5 shows that the studied concretes

have the same kinetic evolution of resistance over

time. However, the values of the compressive

strength of concrete made with natural aggregates are

superior to those of recycled concrete aggregate. This

difference is equal to 16% at 28 days and rises to

18% at the age of 45 days. This lower value of
resistance of concrete made with recycled aggregate

is attributed to the greater porosity in the recycled

aggregate concrete, a bad interface aggregate / binder

(figure 6) and the quality of concrete recycling

aggregates.

Ordinary concrete

______

(a) _ (b)
Figure 6
Facing concrete with natural (a) and
recycled aggregates (b)

Modulus of deformation

The deformation modulus is one of the important
characteristics of concrete. Its determination gives
an idea of the behavior and the stiffness of the
material. The following table gives the values of this
parameter and the corresponding stress and strain of
the specimens tested.

Table 5
Values of deformation modulus

Concret Stres Strai Deformatio Value Differenc
e S n nModulus of e
(MPa)  0p (GPa) EC2 %
Ordinar 34,8 0,10 34,46 29,64 16,26
y 2 1 2
Recycle 27,4 0,09 28,67 26,83 6,86
d 8 6

The analysis of results shows that the modulus of
deformation of the recycled concrete aggregate has a
value lower than that of ordinary concrete. Like the
BAEL, Eurocode 2 [19] considers only the use of
natural aggregates and does not mention the use of
recycled aggregates. The following formula given in
the Eurocode 2 was used to calculate the modulus of
deformation from the compressive strength.

E= 17553(fc/10)%42
With
E: Deformation modulus
fc: Compressive strength.

These values are very close to the experimentally
measured values.
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CONCLUSION

The study was conducted to assess the effect of the
incorporation of recycled concrete aggregates on the
mechanical and physical properties of concrete. The
following conclusions can be drawn:

Concrete made with recycled aggregates is less dense
than the concrete with natural aggregates. This is due
to the adhesion between the old mortar stuck on
recycled aggregates and the new product.

The absorption of concrete made with recycled
aggregates is higher than that of the concrete based
on natural aggregates due to greater porosity.

The use of recycled material did not significantly
affect the strength development. But values of the
compressive strengths of concrete made with natural
aggregates are superior to those of recycled concrete
aggregate due to the nature of the used aggregates.
So, the results obtained shows that the characteristics
of recycled concrete aggregate although lower than
those of normal concrete are still acceptable and that
the recycled aggregates can be used in making
ordinary concrete. However further research studies
of recycled concrete must be carried out in order to
understand the link between the properties of
concrete and aggregates from crushed concrete, and
to control the quantity and quality of the cement paste
present on the original aggregate. It is also necessary
to study shrinkage and durability of concrete made
from recycled aggregates if we want to popularize its
use. Finally, an effort must be carried on "selective
sorting out" of the different inert waste generated by
the demolition of construction in order to avoid their
mix.
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ABSTRACT

Valorization and recycling of quarries waste may offer interesting advantages and solutions in order to
preserve the environment and should be considered as a supplementary source of construction materials.

The main objective of this study is to technically show the possibility to recuperate the sand marble wastes
as a substituted addition in the cement and mortar. The aggregate used in this study is a sand of marble
wastes (excess loads of sand exposed to bad weather conditions) of the quarry derived from Fil-fila marble
(Skikda, east of Algeria) .The basis of this study is the effect of marble waste sand fillers substitution in the
cement paste and mortar (5, 10, 15 and 20%) with the same fineness of the cement, to compare the results
obtained through control samples (0%) of cement paste properties in the fresh condition and the mechanical
performances of mortar in the hardened condition.

The results show that the introduction of marble waste sand fillers led to improve the consistency, increases
the time of start and end of setting until 15% of the substitution rate without affecting the stability of the
cement. For the mechanical properties, the study shows an increase in the compressive strength at 7 days for
5% of the substitution rate, while for the flexural strength the best performance is obtained for 5and10%.

Key words: Waste, Sand, valorization, marble, substitution, cement.

——— = The main objective of this study is to contribute to
the reuse of white marble waste sand (dust) of the
Fil-fila career in cement manufacturing.

., - : 2. CHARACTERIZATIONS OF THE USED
£ N NS MATERIALS
Figl: Declassified powder of Filfila quarry (Algeria) The used materials for this period are:

- Cement CEM1 class 42.5 coming from the cement
INTRODUCTION g

) . . . works of HADJAR SOUD Company,
Alger_la has a large deficit in building materl_als, Fillers of Marble waste sand are obtained by
especially cement and san(_j, _ the d(_amand rises grinding in a standard normalized ball.
annually to more than 15 million cubic meters of
sand.
The quarries of granite and marble provided a large
amount of scrap masses and waste, also the crushing
plants generate a very large amount of waste
consisting essentially of powders and slurries, the
storage of such wastes in the deposits favours air
pollution, [1].contamination of water sources and
rural land, therefore it is necessary to remove these
products, to enhance and reuse them again.

N

- The mortars are prepared with standard sand CEN
according to the norm EN 196-1, this natural
siliceous sand with an apparent voluminal mass of
1.63 g/Cm® and an absolute density mass of
2.5g/Cm?3, this sand is inert from a chemical point of
view with fineness module of 2.33.

With the results listed in Table 1and according to the
chemical analysis, we find that the marble waste
sand are limestone fillers (98, 67 CaCQOs). The
addition of marble waste sand fillers in cement leads
to increase the CaO quantity. This increase gives a
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lot of C3S; it also reduces the quantity of C2S, C3A
and C4AF.
Table 1
Characteristics of used materials

marble wastes

Characteristics CEMI .
sand fillers
Absolute density ( g/cm?®) 3,33 2,79
Surface Blaine) (Cm?/g) 3200 3200
CaO 61,31 55,29
Al203 5,45 0,14
Fe203 3,54 0,09
SiO; 22,73 0,53
MgO 0,48 0,2
Na2O 0,19 0,00
K20 0,63 0,01
Cl 0,035 0,025
SO3 2,44 0,04
Loss on ignition 2,45 43,40
Insoluble residue 0,85 0,035
CaO (free) 0,4 --
MS 2,52 -
MAF 1,54 -
LSF 0,88 -
MH 1,93 -
C3s 28,14 -
C2S 38,71 -
C3A 8,45 -
C4AF 10,76 -
CaCOs -- 98,67

3. EXPERIMENTAL PROGRAM

In the experimental program, we study the
substitution of a cement part by the marble wastes
sand additions, through varying the substitutions rate
(0%, 5%, 10%, 15%, 20%).

3.1 Campaign 1: Manufacturing starting from
cement CEM | and marble wastes sand fillers of
cement pastes with substitutions rates (0%, 5%, 10%,
15%, 20%).

The constants and variables parameters are
water/cement ratio which is equal to 0,27 and the
substitution rate respectively. Tests made in this
company are consistency, setting and steadines

3.2 Campaign 2: Manufacturing starting from
cement CEM | and marble wastes sand fillers of
mortars with substitutions rates (0%, 5%, 10%, 15%,
20%).The constants and variables parameters are
water/cement ratio which is equal to 0, 5 and sand,
substitution rate respectively. Tests on hardened
mortar samples are compressive and tensile strength
in flexion at 2, 7, 28, and 90 days.

4. EFFECT OF RECYCLED FILLERS ON

THE CEMENT PASTE
CHARACTERISTICS.
4.1 Consistency
8
N
2 b
§ , \'\
é’ p
0% 5% 10%  15%  20%
Bubstitution rate

Figure 2: Variation of the consistency according to
the substitution rate

For specific surface (Blaine) marble waste sand
fillers equal to specific surface (Blaine) cement, the
penetration of the probe « Vicat » is a decreasing
function with the degree of substitution, the bad
consistency is obtained for the sample cement
(cement rich in C3A) [2].;the addition of marble
waste sand fillers led to improved the consistency of
the cement paste [3].

4.2 Start and end of setting
250 —&—start of settina == end of settina

=200 /_—-.___.\.7
E 150

rSubstitution rate
0% 5% 10% 15% 20%

Fig 3: Variation of time of start and end of setting
according to the substitution rate.

i

a1
o

o

Setting time

Figure 3 shows that for W / C constant, the start and
end of setting times vary depending on the
substitution rate, minimum values are obtained for
the sample cement (presence of large quantities of
the C3A giving a quick time of setting ) [2] and the
maximum values are obtained for a substitution rate
of 15% for marble waste sand.

4-3 Steadiness

Figure 4 show that the introduction of marble waste
fillers does not affect the stability of the cement
paste whatever the rate of substitution and the
fineness of grinding.
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Figure 4: Variation of steadiness according to the
substitution rate
5. EFFECT OF RECYCLED FILLERS ON
THE MORTAR CHARACTERISTICS
5.1. Compressive strength

® Mo(0%) m Mo(5%)

Mo(10%)

strength (Mpa)
N B D
o o o

Compressive

o

2days  7days 28days 90days

Figure 5: Influence of substitution rate on the
compressive strength
Up to 7 days, the best performance is obtained for the
mortar with 5% substitution rate. The introduction of
5% of marble waste sand leads to increase the
compressive strength, this can be explained by the
increase of CaO which promotes hydration of the
C3S [3],Beyond 5%, the behavior of the different
formulations is the same for all ages.
Between 2 and 7 days the change in the strength is
important compared to 7d, 28d and 90 days, this can
be explained by the presence of CaO in large
guantities which offers very high strengths at short
term. The strength increases with age [4].

5.3. Flexural strength

- BASC(D%%) - hASCS9%D
= DoClS%%) =mIMoC20%%0)
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-
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W~y
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Figure 6: Influence of substitution rate on the flexural
strength

Generally, the behavior of the flexural strength
(Figure 6) is the same as in compression;

The variation is less between 28 and 90 days
compared with 2 and 7 days.

CONCLUSIONS

The study shows that:

-The bad consistency is achieved for the sample
cement; adding the marble waste sand, duct
improved the consistency of the cement paste; they
cause a decrease in the C3A quantity.

- The introduction of marble wastes sand fillers
accelerates the mechanical strengths of mortars at a
young age.

-The introduction of marble waste leads to increase
cohesion.

-The mechanical strength decreases with increasing
of the substitution rates (beyond 0f5%)
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ABSTRACT

Environmental protection is fundamental, it is directly related to the survival of
human beings, fauna and flora. Parameters such as the environment, nature
conservation and sustainable development play an important role in meeting
modern requirements for construction.

The depletion of natural sources of aggregates, stricter laws on environmental
protection and the problems of waste disposal are all factors that promote the
recycling of materials démolitiion public works and engineering works civil.
Cette study aims to highlight the possibility of using waste as aggregates for
concrete reinforcement. In addition to conventional tests such as analysis of the
particle size, the density measurement and the test Los Angeles, physical
characterization tests on mechanical and recycled aggregates (gravel), the
influence of the addition metal fibers in concrete aggregates recycled with
different percentage of replacing natural aggregates was studied in fresh and
hardened concrete.

KEYWORDS
Recycled Aggregates, Fiber Reinforced concrete, Environment, Concrete,
Mechanical Properties, replacement rates.

INTRODUCTION

The ecological thrust imposed to take
account of the environment is
avoiding

The ecological thrust needed to take
account of the  environment,
eliminating waste and by-products

which often unsightly deposits may
lead to some pollution of the natural
environment which will require the
mobilization of very large capital.
Developing  countries including
Algeria lags far behind in the
management of such waste; they are
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often abandoned in landfills causing

environmental  impact.  Concrete
représente75% by weight of the
buildings, the result is that the

majority of demolition waste is
concrete [1]. In the context of
sustainable  development, it s
desirable to think of recycling
aggregates [2, 3, 4]. The majority of
aggregates applications recycled from
demolition products are mainly in the
road sector, but a better understanding
of concrete behavior, including such
aggregates can contribute to the
development of this application [5, 6].
However, work on demolition
materials as replacement aggregates
are not or inconclusive. They are
considered "non-standard aggregates."
They are believed to have a negative
impact on the durability of concrete
[7,8]. The high water absorption of
recycled aggregate is attributed to the
presence of old mortar bonded
aggregates. [9] It generally appears
that the use of recycled aggregate
concrete decreases drop from concrete
containing natural aggregate for the
same W / C [10, 11]. This decline
would collapse due to the large
absorption and angularity of recycled
aggregates. Moreover, qualification
and development of demolition
materials depend on the pollutant
content (plaster, wood, plastic, paper

..) and acceptability is fixed
compared to their level of
contaminants. [12] This can be
improved by treatment before the
development of recycled aggregates.lt
is generally recognized that for a
conventional formulation of the
concrete and a replacement of 100%
of the natural aggregate, a reduction
in compressive strength is observed.
Several researchers have found a 10%
decrease of the 28-days strength of
concrete in this case [13]. Like several
other properties of the concrete, it is
observed that the tensile strength of
the concrete decreases as the rate of
replacement of natural aggregate by
recycled granulate increases [11, 14].
this experimental study is to value the
contribution of steel fibers in concrete
aggregates from demolition.

The influence of concrete based on
recycle aggregates (gravel) with
different percentage of substitution
and in the presence of metal fibers, on
the fresh and hardened concrete was
studied

MATERIAL COMPOSITION
OF CONCRETE

Cement: Portland cement concrete is
a compound CPJ-CEM II / A 42.5;
manufactured by ECDE of cement
Chlef.

Table 1
Composition of the cement used.

Chemical composition (%6).

Minéralogique composition (%).

CaO Al203 Fe203 MgO
62,14 4.2 3.55 0.62
CsS C2S CsA C4AF
41.8 3.33 5.1 10.7

SOs3 K20 PAF SiO2
2.19 0.42 1.84 22.6
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Sand: The sands used are the sands
called "sands rolled" .

i o T LTI AT T
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Figure 1
Curve size
The natural aggregates and

recycled aggregate: Aggregates
must have a good size. The diameter
of the aggregates varies from smallest
to largest. They can be:

- Natural broken (quarry rocks) or
recycled aggregates (crushed
concrete), manufactured in the
laboratory.

. LOS Anglos coefficient for
natural gravel = 0.28

. LOS Anglos coefficient for
recycled gravel = 0.3

Table 2
Identification of natural and recycled
aggregates used

adjuvant that we used is a super

plasticizer manufactured by
GRANITEX called MEDAFLOW
145,

Metal fibers: The fibers used are
metal fibers made from drawn steel
wire, marketed by the company under
the name Sika Dramix (METAL
FIBRE RC-80/50-BN). They have
hooks at both extremities. They are
connected and separated into contact with
water in order to ensure their distribution
in the concrete.

The different properties of the fibers
are summarized in (Table 3) as
follows:

Table 3
Caractéristiques of fiber Dramix

Tensile

Length Diameter Slenderness strength Nb of fiber
(mm) (mm) Ratio (I/d) (MPa) per kg
50 0.62 80 1100 8168

Mixing Procedure and
preparation of test specimens:

Experimental program: The
various concrete we have made in this
study are shown in Table 4.

Guy Class Code Nature Source
Natural 3/15 NG Crushed Career
gravel 3/15  limestone
Recycled  3/15 RG Crushed Made in
gravel 3/15  concrete laboratory

Adjuvant: Adjuvant is chemicals
incorporated into fresh concrete in
small quantities. They improve the
properties of the concretes and
mortars to which they are added. The

Table 4
Designation of tested concretes
CFM Concrete metal fiber
CFR25 Concrete fiber with 25% recycled
aggregates and 75% natural
aggregates
CFR50 Concrete fiber with 50% recycled
aggregates and 50% natural
aggregates
CFR75 Concrete fiber with 75% recycled
aggregates and 50% natural
aggregates
CFR100 Concrete fiber with 100% recycled

aggregates
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Preparation of test specimens: In
the tests carried out for studying the
concrete, two types of specimens were
used:

*Cylindrical specimens of dimensions
16x32 cm; whose height is equal to
two times the diameter for the
compression tests.

*Prismatic specimens of size 7x7x28
cm, according to the flexural tensile
tests. So the total is 120 samples.
Crushing were carried out at 7, 14, 28
days.

Concrete formulation: The
formulation of the concrete is to

define the optimal mixing of the
various aggregates that are available,
as well as the cement content, water
and adjuvant in order to achieve a
concrete which are those desired
qualities and in particular, the
workability and the resistance.

In order to study the rheological and
physico-mechanical properties of steel
fiber  concrete  using  recycled
aggregates, we examined five types of
concretes (Table.4), concretes were
made by the method Dreux-Gorisse
[15].

Table 5
Assays weight of components (kg / m %)

W
CFM CFR25% CFR50% CFR75% CFR100%
Component
Cement 400 400 400 400 400
Sand 750 750 750 750 750
Gravel N 1019 764.3 509.5 254.7 /
Gravel R / 254.7 509.5 764.3 1019
Fiber 38.9 38.9 38.9 38.9 38.9
Water 240 240 240 240 240
Adjuvant 20 20 40 60 80

Testing:

Tests on fresh concrete:

Abrams cone slump: Controlling
the workability is performed by the
slump test cone Abrams (Slump test),
which is the test most used because of
its ease and reproductive on site.

This test is used to control the
percentage of water in the made

concrete. It consists in measuring the
sagging of a concrete cone under the
effect of its own weight after the
lifting of the Abrams cone vertically.
We take the average of three
successive trials.

The wuse of recycled aggregates
decreases concrete slump versus a
concrete containing natural aggregate
for the same W / C ratio. This decline
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would collapse due to the large
absorption and angularity of recycled
aggregates. Indeed, to avoid this
problem and the dosage of
superplasticizer was increased when
the recycled gravel rate increases.

Table 6
Subsidence of concretes used.

CFM 4,5
CFR 25% 5
CFR 50% 5
CFR 75% 5,5

CFR 100% 11,16

Tests on hardened concrete:
Compression Test: It is carried out
on cylindrical specimens (16 * 32)
cm, using a hydraulic press capacity
of 3000 KN.

Bending test: This test is performed
on samples 7x7x28 cm prismatic. To
measure the flexural tensile strength
we use the method of 3 points (three
points bending).

RESULTS
INTERPRETATION
Compressive strength: In Table 7,
the represented values of the
compressive strength is an average
made on three values of concretes
CFM, CFR25% CFR50% CFR75%
and CFR100%. The compressive
strength increases proportionally with
time, although the rate of change is
not similar for the different concrete
mixtures.

AND

The maximum value of the
compressive strength at 28 days is
27.44 MPa obtained in the concrete
BFR75%. The minimum value of the
compressive strength at 28 days is
23.2 MPa obtained in the recycled
aggregate concrete without BF. This
can be explained by the strength of
the concrete is influenced by the form
of aggregates with the fibers, so the
adhesion  strength  between the
recycled fibers and the gravel with
cement paste is larger than those of
natural gravel with the fibers. In the
long term, the resistance of blends of
recycled gravel and the fibers are
greater than the mixture with natural
gravel base and the fibers, which
confirms that the granularity of the
recycled gravel provides better
cohesion than the recycled gravel-
based matrix with the fibers.

Table 7
Compressive strength

trength | Strength | Strength | Strength
(MPa) (MPa) (MPa)

Concre 7 days | 14 days | 28 days
CFM 19.80 21.22 23.20
CFR25% 18.95 19.52 23.65
CFR50% 19.80 23.20 24.44
CFR75% 26 26.48 27.44
CFR100% | 25.46 26.31 27.16

Bending strength: In Table 8, the
represented values of the tensile
strength is an average made on three
values of BF concretes BFR25%
BFR50% BFR75% BFR100%.

The mixed substitution does not obey
the law of mixtures; the two partial
substitutions are not cumulative. It is
noted that the interaction of the
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different effects is accentuated
depending on the age of loading and
the stress.

Table 8
Bending strength
trength | Strength | Strength | Strength
(MPa) (MPa) (MPa)

Concre 7 days | 14 days | 28 days

CFM 5.05 5.69 7.16
CFR25% 5.32 5.96 6.42
CFR50% 5.60 7.16 7.16
CFR75% 5.51 5.51 6.61
CFR100% 4,77 5.51 7.89

The maximum value of the tensile
strength by bending at 28 days is 7.89
MPa obtained in the concrete
BFR100%. The minimum value of the
tensile strength by bending at 28 days
of 6.82 MPa is obtained in the
concrete  BFR25%. This can be
explained by the tensile strength of
the fiber-reinforced concrete recycled
aggregate base is influenced by the
texture of the aggregate, so the
adhesion strength between the fibers
and recycled gravel and cement paste
is larger than those of without natural
aggregates and recycled fibers.

CONCLUSION:

- The strong water absorption rate of
recycled aggregates complicates the
implementation of the concrete.

- The addition of recycled aggregates
in reinforced concrete, as a percentage
(75% GR), providing a maximum

increase in compressive strength;
beyond 75% of the compressive
strength  decreases, while the

percentage of (100%) of GR gives a
better tensile strength (flexural).

- The blends of partially substituted
aggregates give the best performance

5.

in fresh and cured concrete than or
completely substituted by reference.
-The replacement rate of 100% of
natural aggregate has in most cases a
negative effect on the compressive
strength and beneficial for bending
resistance.

-This study sheds light on the
utilization of by products and should
help ultimately to the establishment of
concrete formulation of rules-based
alternative aggregates.
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ABSTRACT

In Senegal, soil is used in construction with a misunderstanding of the thermal and mechanical properties. The
lifespan of building considerably depends of the mechanical properties of construction materials used. The
thermal properties of construction materials have considerable influence on the energy performance of the
building. This work deals with the determination of thermal and mechanical properties of soil bricks stabilized
with cement produced by five handicraft manufacturers. For the mechanical characterization, we determine the
compressive strength of bricks using a mechanical press. The thermal characterization is to determine thermal
capacity and thermal conductivity of bricks by asymmetrical transient Hot Plate method. The results show that
vibrated bricks have a compressive strength of about 1.6 MPa and a thermal conductivity of about 0.8 W.m.K-
1. The compressed bricks have better compression strength of about 2 MPa and a thermal conductivity of about
0.7 WK

KEYWORDS

Characterization, stabilized, thermal, mechanical, brick, thermal effusivity, thermal conductivity,
compressive strength.

NOMENCLATURE

a Thermal diffusivity(m?s?) Subscripts

C  Thermal capacity per area unit (J.m?.K?) exp Experimental

C Specific heat(JkgtK™) mod Model

E  Thermal effusivity(Wm?k1s?) h Heating element

e Thickness of sample (mm) i Insulating blocks

Fc  Compression strength(MPa)

p Laplace parameter

Rc  Contact thermal resistance (m?.K.W1) INTRODUCTION

w  water content The lifespan of building depends considerably on
the mechanical properties of construction materials
used. The thermal properties of construction
materials have considerable influence on the energy

Greek Symbols

performance of the building both in terms of thermal
inertia or insulating property. The conception of a
sustainable building requires knowledge of the
mechanical and thermal properties of construction
materials to use.

v Quadratic error between
experimental and theoretical curves
pc  Thermal capacity (Jm3K™?)
®  Laplace transform of the flux
0 Laplace transform of the temperature
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Many studies have been published concerning the
characterization of mechanical and thermal
proprieties of materials.

Aigbomian and Fan [1] develop a new building
material using sawdust, waste paper and Tradical
lime. Their results showed that lightweight
sustainable blocks can be produced with good
insulating, density ranging from 356 to 713 kg/m?
and compressive strength from 0.06 to 0.80 MPa.
Millogo et al. [2] conducted an investigation to
determine the physical and mechanical properties of
Hibiscus cannabinus fibers used in the fabrication of
Pressed Adobe Blocks (PABs). Muntohar. [3] showed
that compressive and flexural strength of clay brick
are improved by adding of lime and rice husk.
Alavez-Ramirez et al. [4] evaluated the effects of the
addition of Lime and sugar cane bagasse ash on the
mechanical properties of compacted soil blocks. F.
Gouny et al. [5] have worked on the pull-out and
shear mechanical behavior of laboratory assemblies
of wood, geomaterial binder and two different types
of earth brick. Benmansour et al. [6] have studied the
thermal and the mechanical performance of a new
material composed with natural cement, sand and
date palm fibers. Mounir et al. [7] determined the
thermal properties of clay by combining it with cork,
using the asymmetrical hot plate and the flash
methods. Daniel Maskell et al. [8] have demonstrated
the improvement of the compressive strength of
extruded earth, with a range of cement or lime
contents and three initial curing temperatures. Bal et
al. [9] conducted an experimental study of thermal
properties of laterite bricks with millet waste as
additive material.

In all these characterization works, materials have
been fabricated in laboratory only in framework of
study. This research work is a mechanical and
thermal characterization of stabilized earth bricks
produced by five different handicrafts manufacturers
constructing buildings witnesses with these bricks.

I.  DESCRIPTION OF THE
EXPERIMENTAL PROTOCOL
1. MANUFACTURING PROCESSES

For anonymity, the five manufacturers are named
respectively A, B, C, D and E. The brick
manufacturing process is the same for the
manufacturers B, C, D and E. Bricks of these
manufacturers are compressed while those of

manufacturer A are vibrated. The details of the
compositions of these earth bricks are in Table 1.

Tablel: Mixture proportions of brick

Manufacturers Laterite(%) Sand(%) Cement(%)
A 90 0 10
B 74 20 6
C 62 30 8
D 67 27 6
E 67 25 8

2. MECHANICAL
CHARACTERIZATION METHOD
The compressive strength is measured using a
compression machine with 0.05 kN of precision and
a loading speed of 2 kN/s. This test consists of
subjecting a brick to a simple compression until
failure as illustrated in Figure 1.

— Upper plate of the press
Mould

——

—— Piston
Material

Fig.1. Schema of the mold used for the manufacture
of brick [11].

3. THERMAL CHARACTERIZATION
METHOD

The thermal capacity and the thermal conductivity
of bricks are measured using the hot plate device.
The asymmetrical experimental device represented
schematically in Figure 2 was adopted. A plane
heating element having the same section (1003100
mm?) as the sample is placed under the sample
(10010010 mm?3). A thermocouple is stuck on the
lower face of the heating element. The sample is
placed between two extruded polystyrene blocks
with a thickness of 50 mm; these blocks are set
between two aluminum blocks with a thickness of
40 mm. A heat flux step is sent into the heating
element and the transient temperature T(t) is
recorded. Since the thermocouple is in contact with
polystyrene that is a deformable material, the
presence of the thermocouple does not increase the
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thermal contact resistance between the heating
element and the polystyrene. Furthermore, since
polystyrene is an insulating material, this thermal
resistance will be neglected.

| Aluminium block

Polystyrene
Heating element | . Sample.
Thermocouple T(t) — = "’ﬁélfystyfrene

Aluminium block

Fig.2. Schema of the experimental hot plate device
[10].

The theoretical model originates from the integral
transform treatment of the heat equation [10], is
modeled with the hypothesis that the heat transfer
remains unidirectional 1D at the center of the sample
during the experiment. The recording processing of
T(t) is realized by supposing that the heat transfer at
the center of the heating element is 1D. Considering
the very low value of the heat flux reaching the
aluminum blocks through the polystyrene and their
high thermal capacity, their temperatures are
supposed equal and constant.

Within these hypotheses, one can write:

o, 2o 5le ole o le]
.16 ola)

4
@, B =Dy, + Dy,
0 is the Laplace transform of the temperature T(t),
®,, the Laplace transform of the heat flux density
living the heating element (upstream), @, the

Laplace transform of the heat flux density living the
heating element (downstream), @, the Laplace

transform of the total heat flux density produced in

12 afe)”

)

®)

C,=p,C,€, ; Rc the thermal contact resistance

between the heating element and the sample, ®, the
Laplace transform of heat flux density input on the
upper aluminum block, @, the Laplace transform of
heat flux density input on the lower aluminum
block.

sinh(e p:(:p]
A =D =cosh e‘/pCp ' B= 4
k kocp
C= 'kpcp sinh (e /%}AI =D, ZCOSh[ aﬂei] (5)

E is the sample thermal effusivity, pc the sample
thermal capacity, e the sample thickness, ki the
polystyrene thermal conductivity, ai the Polystyrene
thermal diffusivity, e; the polystyrene thickness.

Combining those five equations, the system leads to:

D

0(P) =51 °(F3 7)
et e
B, B

The principle of the method is to estimate the value
of the parameters pc and k of the sample that
minimizes the sum of the quadratic error

N
V=3 ()T ()?  between the
j=0

experimental curve and the theoretical curve
calculated with relation (7). The inverse
transformation is performed using the De Hoog
algorithm [11].

4. RESULTS AND DISCUSSION
4.1. MECHANICAL RESULTS

The results of mechanical test are shown in Table 2.

Table2: Mechanical characterization results

the heating element, @, the heat flux density Manufacturers p (kg/m®) Fc (MPa)
. . A 1757 1.65
produced in the heating element, C, the thermal B 1950 5 50
capacity of the heating element per area unit: c 1818 510
Toure et. al 259
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D 1805 2.10
E 1889 2.60

The vibrated bricks (manufacturer A) have a lower
density and a lower compressive strength of about
1.6 MPa. The compressed bricks (manufacturer B, C,
D, and E) have a mean value of density of about 1865
kg/m?® and the mean value of compression strength is
about 2.3 MPa. The difference between vibrated and
compressed bricks can be explained by the
manufacturing process. The vibrated bricks are not
compacted or the compact increases the compressive
strength of the brick. Despite the difference of the
composition of compressed bricks, the standard
deviation of compression strength is about 0.3 MPa.
The low standard deviation show that the mean value
of compression strength is enough representative.
These results show that compressed bricks can be
used as structural wall.
4.2. THERMAL RESULTS
The results of thermal test are shown in Table3.

Table3: Thermal characterization results

Manufacturers w pc k
A 1.2 1.65.10° 0.81
B 1.6 1.98.10° 0.69
C 1.3 1.93.10° 0.72
D 2.0 2.0.108 0.72
E 1.6 1.91.10° 0.72

The vibrated bricks (manufacturer A) have the lower
thermal capacity of about 1.6 10% Jm=K* and the high
thermal conductivity of about 0.8 W.m.K. The
compressed bricks (manufacturer B, C, D, and E)
have a mean value of thermal capacity of about 1.9
10% J.m3.K* and a mean value of thermal
conductivity of about 0.7 W.m™.K", The standard
deviation of thermal capacity and thermal conductivity are
respectively 0.04 10% J.m3.K* and 0.01 W.m1.K™,

5. CONCLUSIONS
It is clear that the use of construction materials with
more favorable mechanical and thermal properties
greatly increases the lifespan of building and reduces
the heat gain. For that, a great knowledge of the
characteristic of the construction materials can be
used and introduced by designers in the estimation of
the sustainable building. For this purpose, the
mechanical and thermal characterization of stabilized
earth bricks from five different handicrafts

manufacturers is done. The measurements
essentially give compressive strength, thermal
capacity and thermal conductivity. The results show
that vibrated bricks have a compressive strength of
about 1.6 MPa and a thermal conductivity of about
0.8 WmlK1 The compressed bricks have better
compression strength of about 2 MPa and a thermal
conductivity of about 0.7 W.m1.K1,

These results provide the necessary information to
the manufacturers for optimal use of these building
materials. This work allows a better valuation of
these local building materials.
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ABSTRACT

The purpose of this study is to model a stiffened panel having a longitudinal crack in a bidirectional tensile
loading. According to the laws of linear fracture mechanics, it was found that the stress concentration is always
located at the tip of the crack. In order to stop, delay or reduce the spread and stress concentration, it is better
to use high-performance materials such as composites. In addition, the stiffeners may be employed to optimize
the total weight, the increase panel strength and relaxation of the stress concentration at the tip of the crack. In
this context, we account on the proposal for an Ansys modeling for the study of the crack propagation in a
composite laminate panel. Our modeling take into account the effect of the load intensity, the influence of the
presence and location of the stiffeners, the crack inclination angle end and the influence of the material
properties. Following the satisfactory results obtained by the proposed modeling, our work can be used as a
basis for the repair of cracked laminated composite panels after a possible shock.

1. INTRODUCTION

The shipbuilding industry is increasingly interested
in the use of composite materials. It is no longer just
small pleasure boats, but also military vessels (ships
composite), passenger vessels (bridges sandwich
material) etc. Unfortunately, and unlike steel, many
uncertainties remain concerning the mechanical
behavior of the composites. One of the important
aspects of the behavior of the composites is their
resistance to impact and therefore damages and
cracks resulting [1, 2]. The study of tensile strength
of the composite materials is a much more complex
than analysis of elastic or viscoelastic properties.
Indeed, the development of a crack depends on
several parameters intrinsic to the material such as
the geometrical and mechanical properties of the
structure, or extrinsic as the extent of the crack or the
nature of the loads applied [3, 4]. All these
parameters should be taken into account in the
computer simulation, so as to allow the study of the
static crack growth in a stiffened panel. According to
the process of degradation of composites, we can
have the micro cracks appear in the matrix, the fibers
that break (brittle or ductile fracture), the debonding
are created at the interfaces of lamination appear
without causing the ruin of the room [5].

Much research has focused on the behavior of
composite panels. In this context, we can mention the
work of Kadid. A [6] proposed a model to describe
the behavior of composite panels stiffened but not
cracked. In their research, Dexter et al [7] analyzed
the crack growth effect on the behaviour of the long
box girders with welded stiffeners. The model aims

to assess the stress intensity factor based on the
mechanical superposition of the linear-elastic
fracture solutions, taking into account the typical
motifs of residual stresses in the stiffened panels.
The study of the effect of fracture in stiffened
panels, subjected to lateral pressure, has been the
subject of work provided by Vishwajeet et al [8] and
Riccio et al [9] using various samples of stiffened and
unstiffened panels subjected to lateral pressure. In
order to study the propagation of fracture behaviour
of stiffened and unstiffened specimens subjected to
lateral pressure, an experimental and FE analysis is
presented by Zeljko BOZICA et al [10]. Puhui et al
[11] studied the behavior of a unidirectional
composite damaged under static loading and fatigue.
The model is part of the mechanical damage.

Figure 1: Cracks in aeronautics construction panels
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As a continuity of the research mentioned above, we
expect the proposal for an Ansys modeling for the
study of the crack propagation in a composite panel.
In addition, For Reasons of reinforcement stiffeners
can be placed to delay or stop the spread of this
crack. The position, dimensions and loading the
Applied are the hand evaluated parameters for linear
modeling of our composite laminate panel.

2. MODELING

The purpose of this work is to model a stiffened
panel with a crack at its center. This panel is simply
supported on its contour and exposed to a bi-
directional loading. Because of the axial symmetry
and the symmetry of the load, it was only considered
the quarter panel. This technique allows reducing the
grid and activating the calculation time. In order to
block the propagation of this crack, two stiffeners are
arranged in longitudinal and transverse direction. The
panel is made completely of a composite
graphite/epoxy with the mechanical characteristics
data in Tables 1 and 2.

Table 1 : Mechanical properties of a composite
Graphite/Epoxy
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Table 2 : Resistance of a graphite epoxy composite
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Ei1, Ez, Es : are longitudinal deformation modulus in
the directions 1, 2 and 3.

Gij : are the transverse deformation of modulus.
vij : are the Poisson’s ratios.

Xy : tensile strength in direction 1.

Xc : compressive strength in direction 1.

Y+ : tensile strength in direction 2.

Yc : compressive strength in direction 2.

Our structure is modeled by ANSYS software. The
proposed panel is six degrees of freedom at each

node with a symmetrical lamination of eight layers
[0/90/45/-45] of uniform thickness of 0.125mm.
Figure 3 shows the mesh structure with the fastening
methods and loading conditions.

Figure 2 : Simply supported panel under
a bi-axial tensile loading

3. STUDY PARAMETERS

Behavioral study the parameters of our panel,
composite laminate, bidirectional cracked under
tensile loading are:

3.1 Effect of the intensity of the load

To illustrate the evolution of the stresses along the
panel and can follow the behavior as a function of
applied load, was performed a gradual increase in
the load of P=5 MPa at P=100 MPa. Thereafter, it
traces the evolution of the longitudinal stress ox
(Fig. 3), the transverse stress oy (Fig. 4) and the
equivalent stress cequi (Fig. 5), along the panel for
a progressive variation of the applied load. In all the
figures, it is clear that the stress is always highest at
the tip of the crack. The presence of the longitudinal
and transverse stiffeners generates a fluctuating
stresses. Moreover, the gradual increase of the load
generates a sizeable increase in stress. For example,
to equivalent stress, the maximum value at the point
of crack password 39,605 MPa for a load P =5 MPa
to 792,103 MPa for a load P =100 MPa.
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Figure 3 : Variation of the longitudinal
strain as a function of load
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Figure 4 : Variation of the transverse stress
as a function of load
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change in the equivalent stress according to the
increase of the load applied for four types of panels:
1- plate without stiffening; 2- longitudinal stiffening
3- transversal stiffening; 4- bidirectional stiffening
From this figure, it is clear that for low loads, the
stiffeners have no effect on the evolution of this
constraint. A superposition of the curves is observed
up to a load of 10 MPa. Above this load, a clear
distinction begins to appear between the four
curves. For maximum load (P = 100 MPa), the
location of the stiffening in the transverse direction
allows a net reduction of this constraint, because it
offers almost similar results to those of a stiffening
in both directions. The worst case is that of a
longitudinal stiffening because it hardly affects the
equivalent stress; that is to say, the values are almost
equal to those of a plate without stiffening. It is
obvious that for a load P = 100 MPa, the equivalent
stress = 876 MPa. This stress is reduced to 792 MPa
if the stiffeners are placed in the transverse
direction.

Table 3 : Comparison between the equivalent stress
and the weight of each panel

Equivalent stress (MPa)
Type panel | PNR | PRL PRT | PRTL
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Figure 5 : Variation of the equivalent Typepanel | PNR | PRL | PRT | PRTL
stress as a function of load £ - ™ . ©
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3.2 Influence stiffeners = S) S S o
3.2.1 Influence Effect of the presence of
stiffeners S B 2 8 2
To test the effect of the presence of the stiffeners on = =l £ = &8 & ®
the evolution of the equivalent stress at the crack tip, S < % §2] T T 7
we have plotted in figure 6. This figure shows the *
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PNR : Panel Unstiffened.

PRL : panel with longitudinal stiffener.
PRT : panel with transverse stiffener.
PRTL : panel with transverse and
stiffeners.

longitudinal

—{— Plaque non raidi
—O— Plaque avec raidisseur longitudinal
—A— Plaque avec raidisseur transversal

1000 . —
—%7— Plaque avec raidisseurs longitudinal et transversal

800

600

400
200 —

0

Contrainte équivalente [MPa]

0 2‘0 4‘0 6‘0 8‘0 1(‘)0
P_[MPa]
Figure 6 : Constraint equivalent to the crack
tip for the four types of panels.

3.2.2 Influence of the position of the stiffeners

To reduce stress concentration at the bottom of the
crack and stop or delay the spread of the crack, it is
essential to find an appropriate position of the
stiffener. Therefore, the location of the stiffeners
relative to the location of the crack is a determining
factor for minimizing or stress relaxation at the
bottom of the crack.

In this context, varying the transverse stiffeners
position that the distances 0, 40, 80 and 120 mm from
the end of the panel. It is obvious that a high stress
concentration is located at the crack tip. This stress
concentration is less important with  the
approximation of the stiffeners to the tip of the crack.
The evolution of the equivalent stress according to
the panel length for different positions transverse
stiffeners. From this figure, we notice that the stress
takes a peak at the bottom of the crack (maximum
stress). Subsequently, it has an asymptotic value ¢ =
50 081 MPa. The position of the stiffeners gives rise
to fluctuations constraints (o = 409.52 MPa for a
spacing of 40 mm, ceq = 396.05 MPa for a spacing
of 80 mm and c = 431.23 MPa for the spacing of the
end).

450 ~

400 A

350

300

—{— Extrémité
250 —O— 40 [mm]
—4A— 80 [mm]
200 —— 120 [mm]

150

Contrainte équivalente [MPa]

10 AT mamo - BY-BIB=u=B=y=a-g-p-g-g-e
sod’ 79(K§{A/ Nish \ 7 o HD\D
o}

0

0 2‘0 4‘0 6‘0 8‘0 1[‘)0 1%0
Longueur du panneau [mm]
Figure 7 : Variation of the equivalent stress as a
function of the position of the
transverse stiffener under a load

3.2.3 Influence of the thickness of stiffeners

In order to relax the stress concentration at the crack
tip, we will try to keep this constant times- it the
position of the stiffeners, but their thickness varies
only following the same stacking sequence data
initially. The problem is therefore to double the
thickness of each layer. Figures 18-21 represent the
mesh panel with different thicknesses stiffeners (1.0
mm, 2.5 mm, 3.75 mm, 5.0 mm).

460
u}

450
440 4
=}
430 4
420
a.
410 4
400 4

390 T T T T T T T T T 1
10 15 20 25 30 35 40 45 50 55

Contrainte équivalente [MPa]

o

Epaisseur du panneau [mm]

Figure 8 : Variation of the equivalent stress according
to the variation of the thickness

3.3 Influence of the orientation of the crack

The variation in the position and thickness of the
stiffeners are not the only parameters affecting this
stress concentration. For this, is varied progressively
panel tilt angle without changing the stacking
sequences and applied loads. Now we vary the angle
of orientation of 0° to 90° in steps of 15°. Figures 24
to 30 illustrate the variation of the equivalent stress
for angles of directions 0°, 15°, 30 °,45°,60°, 75°
and 90 °. Of all of the figures, it is obvious that a
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high stress concentration is located at the tip of the
crack.

To better Quantify this variation, we present the
Evolution of the equivalent stress at the crack tip
based on the panel orientation angles. From this
figure, it is evident That 6 = 75 © angle of orientation
Provides the minimum constraints contre has 6 = 0 °
orientation Generates a high concentration of
stresses. The Therefore, it is desirable to carry out an
orientation of 75 ° for better relaxation of stress
concentration.

400
}

300 4 \
200 | \Ju

Contrainte équivalente [MPa]

100 +

0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Angle d'orientation [degrés]

Figure 9 : Variation of the equivalent stress
according to the inclination angle
of the crack

3.4 Influence of material properties

To check the effect of the nature of the materials on
the stress concentration at the crack tip, four kinds of
materials are proposed (IM6/epoxy, E-glass/epoxy,
graphite/epoxy, Kevlar). To see the effect of the
choice of materials, the figure 32 is a plot that
illustrates the evolution of the equivalent stress along
the panel. From this figure, it is clear that E-
glass/epoxy material offers minimal constraints
(0=353.34 MPa). By cons, a Kevlar material
produces a high concentration of stresses of 406
MPa.

450
400
350 ~

300 +

—— IM6

—O— E-glass/époxyde
200 - —A— graphite/époxyde
—%— kevlar

250

150

Contrainte équivalente [MPa]
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o~ B g, ATR-0-8-8-8-8-3-0-0
"~ 0—0—0) oXxgZ0o—0—0—0—0—0—-0—-0—0—
O \bﬁz 8~

0 T T T T T 1
20 40 60 80 100 120

Longueur du panneau [mm]

Figure 10 : variation of the equivalent stress
based on material properties.

4. CONCLUSION
For this work, the linear behavior of stiffened panels
laminated composite having a longitudinal crack in
bidirectional load was analyzed. The study was
performed using ANSYS software, and provides a
basis for the repair of laminated composite panels
cracked after a possible shock.
From the results, it turned out that for this type of
panels, the crack propagation is related:
= the nature of the load.
= fixing the conditions.
= the geometry of the panel.
= orientation of the crack.
= the type of materials.
= the change in the equivalent stress is
proportional to the applied load.
= the maximum equivalent stress is always on
the cutting edge of the crack.
= the presence of the stiffeners creates slight
fluctuation constraints.
The location of the stiffening in the transverse
direction is more dominant because they:
= contribute to blocking the propagation of
the crack.
= allow a significant reduction in weight
compared to the stiffeners arranged in two
directions.
= for loads of low intensity, the stiffeners have
no effect on the behavior of our panel.
In order to minimize the stress concentration at the
bottom of crack, stop and even delay the spread of
the crack, it is recommended to place the transverse
stiffeners in the vicinity of the tip of the crack.
Increasing the thickness of the stiffener has a
considerable effect on the relaxation of the stress
concentration at the crack tip, but in part against it
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gives an additional weight. In addition, it was
observed that the stresses are significantly influenced
by the fiber orientation angles.

For future recommendations include provision for
patches for repairing cracked panels. In order to
ensure structural stability, there is also address the
buckling of panels and the stiffening sheet-peeling
associated.
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ABSTRACT

In this work Dufour and Soret effects on natural double diffusion convection in a horizontal porous layer
have been studied numerically using a finite difference method. A uniform heat and mass fluxes are applied
on the horizontal walls while the vertical walls are impermeable and adiabatic. The Darcy model along with
the Boussinesq approximation is assumed in the problem formulation. The governing parameters of the
problem are the thermal Rayleigh number, Ry, the buoyancy ratio, N, the Lewis number, Le, the aspect ratio
of the cavity, A, and the Dufour, Dy, and Soret, S, coefficient. For a shallow enclosure, a closed form
analytical solution was derived assuming zero convection wave number, which is still valid near criticality.
The effects of Dufour and Soret on the heat and mass transfer rates and on the flow intensity are studied,
and their effects on the onset of subcritical, supercritical and oscillatory convection were also investigated.

Keywords Double diffusion convection, porous media, analytical and numerical solution, Soret and Dufour

effects.

NOMENCLATURE
A aspect ratio.

Doy cross-diffusion coefficient due to T’

component.

Dcs  cross-diffusion coefficient due to S’

component.
D solute diffusivity .
g gravitational acceleration.
H’  height of the porous enclosure.
J constant mass flux per unit area.
K permeability of porous media.
L' length of the porous enclosure.
Le Lewis number, a,, /D.

N buoyancy ratio, s AS™ /By AT .
Nu Nusselt number.
constant thermal flux per unit area.

R subcritical Rayleigh number.

R;&  supercritical Rayleigh number.

R; thermal Rayleigh number,
9B, KAT H' |var, -

Sh Sherwood number.

S dimensionless concentration,
(S" =S/ 45" .

A4S concentration difference, j'H'/D.

T dimensionless temperature,
(T' =T AT .

AT"  temperature difference, g'H'/K .

t dimensionless time, t'a,, /oH'?.
(u,v) dimensionless velocity components,
W'H'/ap, v'H'/ay) .
(x,y) dimensionless coordinates,
(x'/H', y'/H').
Greek Symbols

a thermal diffusivity of the saturated

p
porous medium.
Bs solutal expansion coefficient.

i thermal expansion coefficient.

k thermal conductivity of the saturated
porous medium.

€ normalized porosity, &'/o.

& porosity of the porous medium.

v kinematic viscosity of fluid.

(pc);  heat capacity of the fluid.
(pc)p heat capacity of the saturated porous

medium.
o heat capacity ratio, (pc), / (pc); .
' dimensionless stream function.

INTRODUCTION

Combined heat and mass transfer by natural
convection has received considerable attention
recently, due to its importance in many natural
and engineering applications. A comprehensive
review of the phenomena of double diffusion
convection can be found in Huppert and Turner
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[1]. Double diffusive convection in porous media
is encountered in many applications, among them
are the migration of moisture in fibrous
insulation, contaminant transport in saturated
soil, underground disposal of nuclear wastes and
electro-chemical and drying processes. Mass-
diffusion (Dufour effect) and thermo-diffusion
(Soret effect) could be encountered in double
diffusive convection and their effects could be
significant, see for instance, Nield and Bejan [2]
and Vafai [3]. Dufour effect was found to be
significant in gas mixtures with very light (Ha,
He) and medium molecular weight (N, air). In
liquid mixtures, Soret effect was found to be
strong as stated by Platten and Legros [4] and in
most liquid mixtures the Dufour effect was
negligible. The effects of buoyancy ratios,
Rayleigh numbers and Soret and Dufour
coefficientson double diffusion convection in a
horizontal cavity were studied numerically by Jin
Wang et al [5]. The coupling—diffusive
interaction was found to have a significant effect
onheat transfer and mass transfer rate. In a
horizontal porous layer heated and salted from
below at constant temperature and solute, for
opposing buoyancy forces, Gaikwad et al [6]
concluded that a positive/negative  Soret
parameter destabilizes/stabilizes the system in the
stationary/oscillatory mode. However, the Dufour
parameter destabilizes the system in both
stationary and oscillatory modes. Both Soret and
Dufour parameters increases the Nusselt number
and Sherwood number, Benano-Melly et al. [7]
studied numerically and experimentally the
problem of thermo-diffusion in an initially
homogeneous mixture submitted to a horizontal
thermal gradient. Their numerical results showed
that, depending on the Soret number value,
multiple convective flow patterns could develop
in the presence of counter-acting thermal and
solutal buoyancy forces. The Soret effect on
convection in a horizontal porous cavity
submitted to cross gradients of temperature and
concentration was considered by Bennacer et al.
[8]. Their results showed that, when the vertical
concentration gradient was stabilizing, multiple
steady-state solutions became possible over a
range of buoyancy ratios which was strongly
dependent on the Soret parameter. Bahloul et al.
[9] considered the double-diffusive and Soret-
induced convection in a shallow horizontal
porous layer. The stability of the parallel flow
solution was studied and the threshold for Hopf
bifurcation was determined.

In the present study, both Soret and Dufour
effects on double diffusive convection in a
shallow porous layer were considered in the

presence of vertical thermal and solute
concentrations gradients. The Soret and Dufour
effects on the heat and mass transfer were
investigated and explicit expressions were
derived for the thresholds of the onset of
subcritical and supercritical convection using a
parallel flow assumption.

MATHEMATICAL FORMULATION

The schematic representation of the system under
consideration is shown in Fig. 1. It consists of a
two-dimensional enclosure of width L’ and
height H’. The left and right side walls are
assumed to be adiabatic and impermeable, while
the top and the bottom walls are subject to
constant heat, ', and mass, ', fluxes. The

convective motion in the homogeneous isotropic
porous medium is assumed to be governed by the
Darcy law for which the form drag and viscous
effects are negligible.

! y' MU
p A )
H L X
b by
Figure 1

Flow configuration.

The dimensionless governing transport equation
describing stream function, energy and mass in
the porous medium are written as follows:

V¥ =R, [ai+N ai] )
OX OX
aJ, u£+v ai=V2T +D, VS (2
ot OX oy
Y §+v§=i(vzs +SrV2T) (3)
ot ox oy Le

where the stream function ¥ is defined such that
A 4 "

oy oX
By considering the total heat and mass fluxes on

the active walls, the corresponding dimensionless
boundary conditions are derived as follows:

u

y =i1, ¥ =0, £+Du§=—l, §+Srﬂ=—1
2 oy oy oy oy
x:ié,WIO, TE.
2 ox  OX

®)

where A is the aspect ratio of enclosure defined
as A=L'/H'".
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The dimensionless parameters governing the
problem are the Rayleigh number, R, the Lewis
number, Le, the buoyancy ratio, N, the
normalized porosity, &, the Dufour coefficient,
D,, and the Soret coefficient, S, , which are
defined as follows.

M u .
R = 0B KAT H Cle="rN= ,BSAS*
va, D B AT ©)
8 o Dgs 48" _ D AT
o apAT* " D4S

In the presence of the Dufour and Soret effect,
the heat and mass transfer rates are expressed in
term of the Nusselt and Sherwood numbers,
defined as follows:
Nu=——  sh=— 1

AT +D,AS AS+S,AT
where AT :T(o,—1/2)—T(o,1/z) and A4S :S(o,—l/z)—S(o,l/z)
are  respectively the  temperature  and
concentration differences evaluated at the centre
of the enclosure (x =0).

()

ANALYTICAL SOLUTION

In the present problem, the above governing
equations can be solved analytically using the
parallel flow approximation when the aspect ratio
of the cavity is very large (A>>1), see Mamou
[10]. For this situation, the flow in the central
region of the cavity becomes parallel to the
horizontal walls of the cavity and both of the
temperature and concentration profiles are
characterized by a linear stratification in the
horizontal direction leading to the following
simplification:

P, ») 0 ¥0) (8)
TX,y)=Cix+6& (y) (9)
S(x,y)=Csx +6(y) (10)

Using these approximations together with the
boundary conditions (5) and substituting into the
governing equations (1)-(3), we obtain

V() =% (1-4)%) (11)
C; ~CsD,Le .
T(x,y)=C T TS Tu Ty (3y —4y %) -
(x,y)=Crx + 31-D,5,) o (3y -4»%)-ary
(12)
Csle-S C; .
S(x,y)=Cgx +3(1_7Dusrr)¥’o(3y—4y )—asy
(13)

where ¥, is the value of ¥ at the centre of the
porous layer which is defined as:

1
vy = g(CT +NCs).

The constants ar and as are defined as:
a =(1-D,)/(1-D,S,) and a; =(1-S,)/(1-D,S,),
and C, and Cg are constant gradients of

temperature and solute concentration in the x-
direction, respectively. The constants are
determined by considering zero energy and
species balances across any transversal cross
section of the cavity.

4bY, [Zb (aT -DuasLe)-i-Le@;]
3[(2b+l}/(f)(2b+Le2‘1’§)-DuSr (zb-Lesv;)z}
(14)

4y, [2b(aLe-aS, )+ Le?! |
3 (20+¥7)(2b+Le?)-D,S, (2~ Lew) |
(15)
Substituting the above expressions of C; and Cg
in the expression of ¥, we obtain the following
polynomial expression:
Vo Le Wy - 2bLe’d s -b%d, |= 0 (16)
with
d, =RrLe(Le+N)-(1+Le+2LeD,S,)
d, = 4R;Le’[1+ NLe- (D, + NS, )(Le+1)
+D,S, (Le+N)]-4Le?*(1- D,S,)?
where
R, =R /12, b=b,(1-D,S,) and b, =15/16-
Equation (16) shows that five solutions are

possible, one of which is null and corresponds to
the fluid rest state solution or pure diffusion:

C, =

(17)

Y,=0 (18)
The other four convective solutions are given by:

P, =+ fE_(;ﬂ/dl +Jd?-d, (19)

where two of them (with positive sign within the
square root expression) are stable and the two
others (with negative sign) are unstable. The
positive and negative sign outside the square root
indicate that the flow circulation could be
clockwise or counter-clockwise.

Substituting Egs. (12) and (13) in Egs. (7), the
Nusselt and Sherwood numbers become:
3 3

Nu= ———, = - @
3-2C,7, 3-2C Le¥,

(20)

NUMERICAL SOLUTION

The numerical solution of the full governing
equations is obtained using a second-order finite-
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difference method. The discretized form of the
energy and concentration equations (2)-(3) were
solved using a time-accurate scheme based on the
alternating direction implicit method (ADI) and
the flow motion equation (1) was solved using a
successive over relaxation method (SOR). A grid
sensitivity study was performed using a grid size
ranging from 60x80 to 80x240, see Table 1. The
results indicate that, for a refined grid, there is a
relative difference of 0.4 % for the stream
function and less than 1 % for the heat and mass
transfer rates. Thus a grid of 80x240 was found
to be enough to simulate accurately the
convective flow.

Table 1
Grid sensitivity study for R; =100, Le=2, N=1,
D.=0.1, S;=-0.1 and A=10.

Analytical

Numerical solution h
solution

60x120 80x160 80x220 80x%240

4.696 4.699 4.698  4.698 4.696
Nu 4.242 4.253 4.245  4.242 4.228
Sh  5.696 5.744 5.757  5.757 5.742

RESULTS AND DISCUSSION

Typical numerical results in terms of streamlines,
isotherms and isosolutes are presented in Figure
2, from top to bottom respectively, for R, = 50,
Le = 2, N = -0.5, S=1.1, D,=0.2 and A = 10.
From these results, it is clear that for a shallow
cavity (A>>1) the flow in the core region of the
enclosure is essentially parallel while the
temperature and concentration are linearly
stratified in the horizontal direction.

N

N

(@)

(b)

e

Figure 2
Streamlines (a), isotherms (b) and isosolutes (c)
forRr=50,Le=2,N=0.5, S5=1.1, D,=0.2 and
A =10.

(©

Figure 3(a)-(b) shows the stream function,
temperature and concentration distributions in the
centre of the cavity with a very good agreement
between the numerical and the analytical results.
For constant Dufour effect, the evolution of the
flow intensity, ¥,, the Nusselt, Nu, and the

Sherwood, Sh, numbers with R; is presented in

Figure 4 for Le=2, N= -1, D,=0.2 and various
values of Sy (1.1, 0.55 and 0.45). Figure 4(a)
shows that there was only one convective stable
solution for S,=1.1 (pitchfork bifurcation),

occurring at supercritical Rayleigh Ry =3.8.In

the range of Soret number 0.45 < S, < 0.55 the
analytical solution predicted the existence of two
stable solution (solid line) and unstable one
(dashed line), showing the existence of
subcritical flows where the bifurcation occurred
at a saddle-node point characterized by a finite
amplitude convection. The subcritical Rayleigh
number is obtained from the condition d; >0 and

dZ +d, =0. The evolution of Nu and Sh with R;
are presented in Figure 4(b)-(c). Generally, at

large Ry, far from criticality, it could be seen that

the heat transfer rate increased with increasing S,
however a reverse trend was seen for the mass
transfer rate. There was a strange behavior of the
Sh number which dropped below unity very close
to the onset of supercritical convection for S,=1.1.

3

Analytical
Numerical

. 1 .
90,5 -0.25 y 0 0.25 0.5

Analytical
Numerical

ool
0'-20.5 -0.25 yO 0.25 0.5

0.1

Analytical
Numerical

(©)
R y(I] T T%s  os
Figure 3
Stream function (a), temperature (b) and
concentration (c) profiles at the centre of the
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cavity for Rt =50, Le =2, N=0.5, §,=1.1,
D.=0.2 and A = 10.

convection. The analysis will be presented in a
journal paper to be published in the near future.

As discussed above, for S,=0.55 and S,=0.45, two
types of subcritical bifurcation occurred.
For S,=0.55, the bifurcation was characterized by
two saddle node points: The  first

(R:** =43.64) represented the onset of subcritical
convection at finite amplitude and the other one
(R& =59.40) characterized the onset of

supercritical convection at zero amplitude. For
Sr=0.45, the pure subcritical convection occurred

Analytical solutio
Numerical solution

§=0.55

at finite amplitude convection (R{Y =63.18) and B
characterized only by a single saddle node point. . ~ 208, e A
For a constant Soret coefficient, S,=0.2, the a !
Dufour effect on the flow intensity, and on the Analytical solution
L] ° v Numerical solution

heat and mass transfer rates is displayed in Figure
5. To illustrate the three types of bifurcations,
three values of Dy,= -0.45, -0.2 and 0.02 are
considered. For D, = -0.45, the bifurcation is
purely supercritical, and the onset of convection

occurred at Ry’ =16.57. For D, = -0.2, a double

bifurcation occurred leading to two saddle node
points. The first subcritical bifurcation occurred
a pure subcritical bifurcation occurred at decrease
in the Dufour coefficient induced an at

R =4556 and the second one which is

supercritical occurred at R? =81.12 and at zero

amplitude. The later could be viewed as a
backward supercritical bifurcation.

For D, = 0.02, R¥=77.78 without any

connection to the onset of supercritical state.
Overall, above criticality, as shown in Figure 5,
the increase in the flow intensity, and in the heat
and mass transfer rates. The present study is
relied on the parallel flow assumption for the
determination of the onset of subcritical and
supercritical convection. The assumption is
regarded as a nonlinear stability analysis that was
able to predict the threshold of  subcritical
convection that usually occurs at finite amplitude
flows.

The assumption was also valid for predicting the
onset of supercritical convection thresholds,
which occurred at zero amplitude convection.
Also, it is important to mention that the current
approach was based on steady state convection.
However, unsteadiness occurrences near the
onset of convective flows are well known in
double diffusive convection. Therefore, to
complete the present analysis, a linear stability
analysis is required to examine any occurrence of
overstable flows below the of supercritical

40 80 p 120 160 200

24
Sh

L L = Numerical solution

Analytical solution

S§=045

(c)

40 80 R 120 160 200

Figure 4

Bifurcation diagrams of (a) stream function, (b) Nu
and (c) Sh versus Ry for S =0.45,0.55 and 1.1,

Le=2, N=-1 and D,=0.2.
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. Analytical solution
4r-m . v Numerical solution
_a—
3} B B =
=02 e
2+ N
sk Y ‘
lll o I
4+ fa ~..\\
-2+
al D=-045 =S
o
41
(a)
5 1 1 ' 1
0 40 80 R/ 120 160 200
5 :
**** Analytical solution
® . v Numerical solution
4}
D =-045
Nu
D =0.02
2t u
1+ e
D=-02
(b)
0 1 1 1 1
0 40 8 p 120 160 200
7
5 z
----- Analytical solution
L] Numerical solution
4l
D =-045
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Sh
2+
L i S T T R N o e S
(c)
()} S T— B s H S SR S—
0 40 80 R 120 160 200

Figuré )
Bifurcation diagram of (a) stream function, (b)
Nu and (c) Sh versus Ry for D,=-0.45, -0.2 and

0.02, Le=2,N=-1and S, =0.2.

CONCLUSION

Double diffusive convection induced in a
horizontal porous layer subject to uniform fluxes
of heat and mass was studied analytically and
numerically in the presence of Soret effect and
Dufour effect. The analytical solution, based on
the parallel  flow approximation, was
determinedfor the case of shallow enclosure. The
influence of governing parameters on the Nusselt
and Sherwood numbers were predicted and
discussed.

The main features predicted by the analytical
solution were confirmed by the numerical
solutions of the full governing equations.It is

observed that the Soret and Dufour effects
modify considerably the occurrence of the
convective flow, and the heat and mass transfer
rates. Three types of bifurcations were captured
in the present analysis, depending on the Soret
and Dufour coefficients. The first bifurcation
occurred at zero amplitude characterizing the
onset of supercritical convection. The second one
is a mixture between subcritical bifurcation
occurred at finite amplitude followed by a
backward supercritical bifurcation. The third one
is a pure subcritical bifurcation that occurred also
at finite amplitude convection but with no
connection to any supercritical state.
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ABSTRACT
The main purpose of this work is to investigate the hydrodynamic and thermal characteristics of an Ag-

water nanofluid into a cubical enclosure, including a heat source which located at the center of the bottom
wall. Due to its crucial role in the characterization of the main transfer into such configurations, the effect of
some parameters is widely inspected. It consists the Rayleigh number (103 to 106), the solid volume fraction
(0% to 10%), the width (10% < w < 40%) and height of the heat source (10% < h < 50%). To do so, a
numerical code based on the Lattice-Boltzmann method, coupled with a finite difference one, is utilized. The
latter has been validated after comparison between the present results and those of the literature. It is to note, at
the end, that the three dimensions D3Q19 model is adopted based on a cubic Lattice, where each pattern of the
latter is characterized by nineteen discrete speeds.

KEYWORDS

S Solid particles
NOMENCLATURE Sj Relaxation rate
a Coefficient in external forces (= g B) t Time, (s).
aj  Coefficients in Equation (12) T Temperature, (K)
c Cold Ra Rayleigh number, (= 2ToH%a/ v k)
Cs Sound velocity in the Lattice (¢, =1/v3) u Hori_zontal vel_ocity component, (m)
C,  Specific heat at constant pressure, (J kg™ K) v Vertical velocity component, (m)
f fluid w Depth velocity component, (m)
f,,  Equilibrium distribution Function X, Y,z Dimensional Cartesian coordinates, (m)
Fe« External Force X, Y,Z Dimensionless coordinates,

fi  Distribution Function (X=x/H,Y =y/H, Z=2/H)

h Hot o Thermal diffusivity, (m?s?)

k Thermal conductivity, (W m? K1) B Thermal expansion coefficient, (K1)
Hyxy. Enclosure dimensions, (m) 0 Dimensionless temperature

m; Moments O Coefficients of the equilibrium function
nf Nanofluid P Density, (kg m3)

Nu Mean Nusselt number 0] Nanoparticles volume fraction

Pr Prandtl number (Pr = v/a) € Energy square
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v Kinematic viscosity, m? s*
Q Collision Operator

INTRODUCTION

Natural convection phenomena inside enclosures are
relevant to a wide range of industrial processes or
environmental situations. It has been the subject of a
very intense research activity over the past decades
[1-5]. The most innovative, (and most promising),
technique is the injection of nanoscale particles into
the base fluid such as the Ag, Al.O;, Cu, CuO and
TiO2, nanoparticles, to enhance the heat transfer rate
in engineering systems.

Some papers deals with free convection in

differentially heated enclosures were very helpful
[6-7], a review of the literature indicates that
numerous geometries were investigated [8-13]. Even
though there have been these numerous
investigations, under many configurations and
boundary conditions, relatively few studies were
documented by taking into account the third
dimension. As such, this paper presents a
comprehensive  numerical investigation of a
nanofluid natural convection inside a cubical
enclosure, having a temperature gradient generated
by the side walls and a bottom heat source. The
numerical study is developed using the coupling
between Lattice Boltzmann method and finite
difference method [14, 15].
Referring to papers of Santra et al. [8] and many
others, the nanoparticles with a high thermal
conductivity (such the Ag and Cu) produce a
significant enhancement of heat transfer rate. Thus,
the use of the Ag nanoparticles is considered in our
investigation.

Noted that the Brownian motion is not taken into
consideration in our study since the nanoparticles
size is assumed to be greater than 40 nm.

PROBLEM STATEMENT

The system considered in this paper is shown in
Fig. 1. The system consists of a cubical enclosure
with cold-sides walls, having an isothermal solid
source with width ‘w’ and height ‘h’, which
located at the center of the bottom wall. The bottom,
top, front and rear side walls are assumed to be
insulated.

oT/dy =0

Nanofluid
anoflui g

—>
0 X W
Figure 1. Simulation domain with its boundary conditions.

The thermo-physical properties of the base fluid
and the spherical Ag nanoparticles are given in
Table 1. Constant thermo-physical properties are
considered for the nanofluid whilst the density
variation, in the buoyancy term, was determined
using the Boussinesq approximation, [16].

Table 1. Thermophysical properties of the base fluid
and the Ag nanopatrticles, Pr = 6.2.

Thermophysical Base fluid
: Ag
properties (water)
Co kgt K? 4179 230
p (kg m?) 997.1 10500
k (WmtK? 0.613 418
B (K) 105 21 1.65

MATHEMATICAL FORMULATION

The nanofluid density, noted as pnr, heat capacity
(p Cp)nr, thermal expansion coefficient (p B)nr, and
thermal diffusivity an, may be defined respectively,
as follows [13]:

prt = (1-¢) pr+ @ ps @

(PCp)nt = (1 - 9) (p Cp)i + ¢ (p Cp)s 2

(P Bt =(1-0) (pB)i+ ¢ (pP)s 3

o, = (4)
(PCp)ue

For the effective dynamic viscosity us, and the
effective thermal conductivity kn , Brinkman [17]
and Maxwell-Garnetts models [18] are employed,
respectively, as:

= M (5)
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knf _ (ks + 2kf)_2(P(kf — ks)

(. 2k) ol —K.) ©

The dimensionless conservation equations,
describing the transport phenomenon inside the cube,
can be written as follows:

VV'=0 (7

N +(\7'ﬁ>\7':—§P+7H”f Vzv.+7(pl3)nf RaPro (8)
Pnr Ot Pt B

D (v.9)o =L vg )

ot o

where V' is the velocity component U in X

direction, V in Y directionand W inthe Z one.
Ra (=g B AT H% o vs) is the Rayleigh number, Pr
(= vi/ o) is the Prandtl number.

LATTICE BOLTZMANN METHOD

Regarding the Lattice Boltzmann equation for
nanofluids, a nineteen-velocity model on a three-
dimensional lattice, noted as D3Q19, is utilized [19].
For the adopted dynamic model, two successive
phases are taken into account; starting with the first
one which expresses the propagation of particles
from nodes to their neighbors, and continuous with
the second one, so-called as the collision, where
particles on the same lattice redistribute and relax
into  their  quasi-equilibrium.  The  particles
distribution equation can be expressed as follows:

X evio| X (10)
at at scat

where f(x,c,t) is the distribution function depending
on the particle velocity © at a location (x) and a
time (t). According to Guo et al. [15], the right side
term of particles distribution equation displays the
diffusion process when the new equilibrium
distribution is rebuilt after the collision.

Function of the location (x) and the time (t), the
fluid shape can be defined as particles populations
vector, noted as fi, where i =0, 1, 2,..., 18. Thus, the
discrete distribution equation can be given as:

f, (X +C,AL, t + At) =, (x, t) + (QF), (11)

where (f;) is the space vector based on the discrete
velocity set and Q is the collision operator. Noted
that a primary discrete velocity sets will be created
then from the set of 18 wvectors pointing from the

origin to the above neighbors and the zero vector
(0,0,0).

The space vector, fi, is constructed using the
moment of the last. The relationship between two
spaces is defined by means of the below equation,
when the coefficient a; is calculated using the
particle velocity c;.

m; = Zaijfi (12)

where the corresponding 19 moments m; (0, 1, 2,
.,18) are: the mass density (mo = p), the kinetic
energy independent of the density (m; = e), the
kinetic energy square independent of the density and
kinetic energy (m; = ¢ = e?), the momentums (ms;s;7
= jxyz), the energy flux independent of the mass flux
(Me:g:10 = Qxy:z), and the symmetric traceless viscous
stress tensor  (Me= 3 Pux, M11 = Puw = Pyy - P2z, With
Pxx + Pyy + Pzz = 0, Mi3:4,15 = pxy;yz;zx)-

The two vectors of quadratic order, mip and ma,
have the same symmetry as the diagonal part of the
traceless tensor pij, while the other three vectors of
cubic order are parts of a third rank mss.17.15 tensor,
with the symmetry of jk pam. The diagonal collision
matrix S; is given as:

O,Sl,Sz 1015410134 10154 18915101
s, :( (13

S9 ’le ' S13 ' S13 ! SlB ’ slG ! SlG ' SlG

Note that relaxations are related to the dynamic
viscosity [20].

About the energy equation, and because of the
nonexistence of non-linearity, the finite-difference
scheme is found more required than the LBE-
scheme. The relation between the temperature and
flow fields is found to be as far as the force in the
y-direction, which arises with the temperature
gradient, is introduced. The later is thus, used in the
y-velocity calculations, as shown in the advection
term in the energy equation cited below:
%+\7VT:kAT (14)
At the end, it is worth to denote that the mean
Nusselt number computed along the side walls is
obtained through the following expressions:

Nu = [kkn:J J'OH ‘[:E@T/ax)xzo orH dydz (15)

where kq and ki are the nanofluid and the base
fluid thermal diffusivity, respectively.
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RESULTS AND DISCUSSION

The presented results are generated for different
dimensionless groups, such as the Rayleigh number
(10° < Ra < 10°%), the solid volume fraction (0% to
10%), the width (0.1 < w < 0.4) and height of the
obstacle (0.1 <h < 0.5). The Prandtl number is fixed
at 6.2. The predicted hydrodynamic and thermal
fields’ wvariables are presented through the
Streamlines, the temperature Iso-surfaces. The
average Nusselt number is also represented in order
to supply useful information about the influence of
each parameter, quoted above, on heat transfer
enhancement.

The performance of the using code via the 3D natural
convection problem is established by comparing
predictions with other numerical results, namely
those of Fusegi et al. [21] and Frederick et al. [22].
By taking into account the same hypotheses, Table. 2
demonstrate a comparison of the mean Nusselt
number computed inside the Air cube. As we can see,
the present results and those of Fusegi et al. and
Frederick et al. are in excellent agreement with a
maximum discrepancy of about 2%.

Table 2. Average Nusselt number obtained with our
computer code and those of references [21, 22], Pr=0.71.

Fusegi Frederick

etal [17] etal, [18] resentWork
10° 1085 1071 1071
10 2100 2057 2,062
10° 4361 4353 4.367
10° 8770  8.740 8.761

Figure 2 illustrates temperature Iso-surfaces (a),
streamlines and Isotherm plots (b) for different
values of the Rayleigh number (Ra). For low values
of the Rayleigh number (Ra < 10%), the flow is not
very significant and heat exchanges are then
dominated by conduction mode (conductive regime).
However, for high values of the Rayleigh number (Ra
> 10°) flow intensifies and convective exchanges
prevail resulting in a convective regime.

Ra = 10*

(b)
Figure 2: Temperature Iso-surfaces (a), streamlines and

Isotherm plots (b) of nanofluid for various values of the
Rayleigh number, W =0.4,h=0.1and ¢ = 0.

Figure 3, present the temperature Iso-surfaces (a)
and the streamlines with Isotherm plots (b) for
different values of various widths of the heat source.
Ra = 10°.

Gradually, as the width of the heat source increases
the flow of convective fluid intense, and
consequently, the thermal boundary layer (and
figuratively close cold side walls) becomes thin,
making it the heat transfer more important.

The variation of the mean Nusselt number as
function of the height of the obstacle, for different
values of the Rayleigh number nanoparticles volume
fraction (¢ = 0) and (¢ = 0.1), is shown in Fig. 4.
The mean Nusselt number is found as an increasing
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function of the nanoparticles volume fraction, and
increases by increasing the Rayleigh number.
Additionally, It appears that the average Nusselt
number increases when the height of the obstacle
increases

(b)
Figure 3 : Temperature Iso-surfaces (a), streamlines and
Isotherm plots (b) of nanofluid for various values of the
width W, Ra=10°% and h=0.10.

Figure 5 shows the evolution of the average Nusselt
number according to the variation of the soource’
height for different widths (elevating W from 0.1 to

0.4). It appears that the average Nusselt number
increases so, by increasing the high of the heat
source, specially with using the nanoparticles inside.

12 1 L 1

. 1 .
¢=00 ¢=01

{1 Ra=10'—— o )
Ra=10°—e—  --o-- -
109 Ra=10° —+— o

{ Ra=10°——

0,1 I 0,2 I 0:3 0:4 I 0,5
h

Figure. 4 Variation of the mean Nusselt number with the

source height for various values of Rayleigh number and

nanoparticles volume fraction.
12 1 1 1

114 wW=01-—4— -0

T T T
01 0,2 03 04 05

h
Figure 5: Variation of the mean Nusselt number, with the
source height for various values of the width, and two
different nanoparticles volume fraction ¢ = 0 and ¢ =0.1.

CONCLUSIONS

The analysis of natural convection phenomenon
inside a cubical enclosure, including heated source
which located at the center of the bottom wall was
realized in this paper. Taking into account the effects
of various parameters, such the Rayleigh number,
the nanoparticles volume fractions, and the width
and height of the obstacle, the results may resume as
follows: The heat transfer enhancement consequent
to the dispersion of solid nanoparticles into the base
fluid and increases by increasing the nanoparticles
volume fraction, the latter is an increasing function
of the increase Rayleigh number the width and
height of the bottom heat source.

Boutra et. al

281



17-18 May 2016, La Rochelle, France

REFERENCES

1.

[5]

10.

11.

Koseff, J.R, and Street, R.L, 1984, Visualization
of a shear driven three dimensional recirculating
flow, J. Fluids Eng, 106, pp. 21-29.

Barakos, G; and Mitsoulis, E,1994, Natural
convection flow in a square cavity revisited:
laminar and turbulent models with wall
functions, Int. J. Num. Methods Fluids, 18, pp.
695-7109.

Calcagni, B; Marsili, F; Paroncini, M, 2005,
Natural convective heat transfer in square
enclosure heated from below, Appl. Thermal
Eng, 25, pp. 2522-2531.

Jou, R.Y; Tzeng, S.C, 2006, Numerical research
of nature convective heat transfer enhancement
filled with nanofluids in rectangular enclosures,
Int. Commun. Heat Mass Transfer, 33, pp. 727-
736.

Moraveji, M.K; Darabi, M; Haddad, S.M.H; and
Davarnejad, R, 2011, Modeling of convective
heat transfer of a nanofluid in the developing
region of tube flow with computational fluid
dynamics. Int Commun.Heat Mass Transfer, 38,
1291-1295.

Choi, S.U.S, 1995, Enhancing Thermal
Conductivity of Fluids with Nanoparticles, in
Developments and Applications of Non-
Newtonian Flows, American Society of
Mechanical Engineers, New York, 231, pp. 99-
105.

Wang, X, Xu, X, Choi, S.U.S, 1999, Thermal
conductivity of nanoparticle-fluid mixture , J.
Thermophysics Heat Transfer, 13, pp. 474-480.
Santra, A.K, Sen, S, Chakraborty, N, 2009,
Study of heat transfer due to laminar flow of
copper—water nanofluid through two
isothermally heated parallel plates , Int. J.
Thermal Sciences, 48, pp.391-400.

Lelea, D, 2011, The performance evaluation of
Al,Oz/water nanofluid flow and heat transfer in
microchannel heat sink , Int. J. Heat Mass
Transfer 54, pp. 3891-3899.

Ghasemi, B, Aminossadati, S.M, 2009, Natural
convection heat transfer in an inclined enclosure
filled with a water-CuO nanofluid, Numer. Heat
Transfer Part A, 55, pp. 807-823.

Ogut, E.B, 2010, Heat transfer of water-based
nanofluids with natural convection in an
inclined square enclosure , J. Thermal Science
and Technology, 30, pp. 23-33.

12.

13.

14.

15.

16

17

18

19.

20

21.

22.

Kahveci, K, 2010, Buoyancy driven heat
transfer of nanofluids in a tilted enclosure , J.
Heat Transfer, 132, pp. 01-12.
Khanafer, K, Vafai, K, Lightstone, M, 2003,
Buoyancy-driven heat transfer enhancement in
a  two-dimensional  enclosure  utilizing
nanofluids , Int. J. Heat Mass Transfer, 46, pp.
3639-3653.
Ameziani, D.E, Guo, Y, Bennacer, R, El
Ganaoui, M, Bouzidi, M, 2010, Competition
between Lid-Driven and Natural Convection in
Square Cavities investigated with a Lattice
Boltzmann Method , Comput. Thermal
Sciences, 02, pp. 269-282.
Guo, Y, Bennacer, R, Shen, S, Ameziani, D.E,
Bouzidi, M, 2010, Simulation of mixed
Convection in a slender rectangular cavity with
a Lattice Boltzmann Method , Int. J. Numer.
Meth. heat Fluid Flow, 03, pp. 227-248.
Bejan, A, 2004, Convection heat transfer, John
Wiley & Sons, Inc., Hoboken, New jersey,
USA.
Brinkman, H.C, 1952, The viscosity of
concentrated suspensions and solutions, J.
Chem. Physics, 20, pp. 571-581.
Maxwell, J.C,1873 , A Treatise on Electricity
and Magnetism, Vol. I, Oxford University
Press, Cambridge, U K, 54.
d’Humieres, D, 1992, Generalized lattice-
Boltzmann equations, in Rarefied Gas
Dynamics: The theory and simulations. In: B.D.
Shizgal and D.P. Weaver, Editors, AIAA
Progress in astronautics and aeronautics, 159,
pp. 450-458.
Fallah K; Khayat, M; Borghei, M.H Ghaderi,
A, Fattahi, E, 2012, Multiple-relaxation-time
lattice Boltzmann simulation of non-Newtonian
flows past a rotating circular cylinder, J. Non-
Newt. Fluid Mech, 177, 01-14.
Fusegi T; Hyun, J.M; Kuwahara, K; Farouk,
B,1991, A numerical study of three-
dimensional natural convection in a
differentially heated cubical enclosure, Int. J.
Heat Mass Transfer, 34, pp. 1543-1557.
Frederick, R.L; Moraga, S.G, 2007, Three-
dimensional natural convection in finned
cubical enclosures, Int. J. Heat Fluid Flow,
28, pp. 289-298.

282

Boutra et. al


http://www.sciencedirect.com/science/article/pii/S0017931011002596
http://www.sciencedirect.com/science/article/pii/S0017931011002596
http://www.sciencedirect.com/science/article/pii/S0017931011002596

International Conference On Materials and Energy — ICOME 16

NUMERICAL ANALYSIS OF NON-PREMIXED COMBUSTION
UNING 2D AND 3D UNSTEADY REYNOLDS AVERAGED
NAVIER-STOKES EQUATIONS

GUESSAB Ahmed?", ARIS Abdelkadert, MOURAD Taha Janan?, BENAMAR Ali!

!Laboratoire de Recherche en Technologie de Fabrication Mécanique, Ecole Nationale Polytechnique
d’Oran 31000, Algérie;
?Laboratoire de Mécanique, Procédés et Processus Industriels (LMPPI), Ecole Nationale Supérieur
d’Enseignement Technique de Rabat, Maroc

*Corresponding author: Fax: +213 41 290 789 Email: med_guessab@yahoo.fr

ABSTRACT

Turbulent swirling flow in can-type model of a gas turbine combustor is computationally investigated.
Computations were performed using the commercial finite-volume code ANSYS-FLUENT. As the basic
modeling strategy, a two and three-dimensional Uunsteady Reynolds Averaged Navier-Stokes (URANS)

approach is applied, employing a differential Reynolds Stress Turbulence model

(RSM and SST k-w).

Numerical predictions of the mean flow field showed a large inner recirculation zone and an outer recirculation
zone which represents a typical result of confined swirl flames. Mean velocity vector plots showed that the
inner recirculation zone is formed by two counter rotating vortex pair, while instantaneous velocity vector
plots showed clearly the existence of many small vortex in that zone.

KEYWORDS

Gas turbine combustor, 2D URANS RSM, 3D URANS RSM, Fluent

INTRODUCTION

Numerical simulations of the flows in gas turbine
combustors had become an unavoidable way to
accelerate the design of this type of modern engines
and optimize their performances: reducing fuel
consumption, limiting noise and air pollution,
avoiding combustion instabilities...etc.

The simulations also facilitate the understanding and
the visualization of physical phenomena often
inaccessible by the experimental measurements.

The use of numerical tools for simulating unsteady
combustion phenomena still presents some issues;
the Reynolds Averaged Navier-Stokes (RANS)
approach, also in its time-resolved form, URANS,
has been proven of not being capable of resolving all
time and space scales, which play crucial roles in
highly turbulent unsteady combustion. Swirling lean
premixed flames are frequently used in modern gas
turbine combustors since they offer a possibility of
controlled flame temperature and thus favorable

thermal NO, emissions and avoid intrusive methods
disturbing flow field.

Combustion requires the effective mixing of fuel
and oxidizer. For premixed flames, mixing takes
place in a separated mixing chamber. This type of
burner imposes the danger of a flashback of the
flame into the mixing chamber. Another possibility
is the mixing of fuel and air within the burner
chamber. This prevents the danger of flashbacks, but
homogeneous mixing is more difficult to achieve.

A method often used in practical burners is the
application of the swirling flows to improve mixing.
In the swirl burner natural gas freely propagates into
the burner chamber in the axial direction and is
surrounded by the combustion air flow which has
radial and tangential velocity components (swirl) in
addition to the axial flow. The resulting flow field is
strongly turbulent. Hot burned gases are transported
back to the nozzle by internal recirculation in the
flame and thus ensure effective mixing and stable
ignition conditions. Swirling flows have been the
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subject of intensive experimental, analytical and
numerical  investigation over many  years
[1-2-3-4 ,5]. The application of swirling flows in
industrial gas turbine combustors is of particular
interest to the current work. The goal of actual study
is flame behavior according to transit natural gas
turbulent flame evolution is analyzed using
commercial code ANSYS-FLUENT with URANS
Simulation model to treat turbulence coupling to
partially premixed model to treat combustion.
Models are applied to a three-dimensional geometry;
they gave suitable results and were able to describe a
detailed flow field. Results of the mean as well as the
time-dependent numerical predictions of the
turbulent vortex structures were presented.

GEOMETRY

The basic geometry of the gas turbine can-type
combustor chamber is shown in Fig. 1. The flame is
stabilized by a law swirl number (S = 0.6). The size of
the combustor is 590 mm in the Z direction, 250 mm in
the Y direction, and 230 mm in the X direction. The
primary inlet air is guided by vanes to give the air a
swirling velocity component. The total surface area of
primary main air inlet is 57 cm?. The fuel is injected
through six fuel inlets in the swirling primary air flow.
There are six small fuel inlets, each with a surface area
of 0.14 cm? The secondary air is injected in the
combustion chamber through six side air inlets each
with an area of 2cm?. The secondary air or dilution air
is injected at 0.1 m from the fuel injector to control the
flame temperature and NOy emissions. The can-type
combustor outlet has a rectangular shape with an area
of 0.0150 m?.

The Outlet has a surface
area of 150 cm *

There are six air
inlets, each with a
surface area of
2em?

There are six small
fuel inlets, each with
a surface area of

014 cm’

Main air inlet.
The inlet is guided
by vanes to give
the air a swirling

velocity

component.

Total surface area

is57 cm 2

Figure 1
Computational domain

MODELING AND NUMERICAL
SIMULATION

Conservation equations governing reactive flows
resolved by the numerical code ANSYS-FLUENT [6]
actual investigations are: mass, momentum, species
and energy conservation equations using several
models described below with finite volume methods.
Gambit post-processor [7] is a generator used to
generate high quality 3-D meshes for CFD
simulations. It creates tetrahedral, pyramids and
prisms in 3D meshing mode. Generally these are the
regions where we expect maximum gradients in our
fluid flow. Moreover the grids should also be fine
enough to resolve the geometry accurately. We cannot
have the smallest grid size throughout the whole
geometry as that would increase the computational
time significantly.
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Thus we would like to have a finer mesh in regions
where the geometry is complex and also where we
expect higher gradients in the flow field variables.
Periodic boundary conditions can significantly reduce
our computational domain. If a model is axis-
symmetric then instead of meshing and solving the
entire 3D model we can simply cut out a wedge from
the solid part and use periodic boundary conditions. A
view of the grid system is shown in  Fig. 2. The mesh
is generated by automatic method and its main quality
specifications are summarized in Table 3. A 3D
URANS-RSM procedure is applied [8], [9].

For comparison, the Shear Stress Transport (SST)
model is also applied within the 3D URANS
formulation for assessing the performance of RSM vs.
SST. The RSM and SST models are also applied
within a 2D-axisymmetric URANS formulation, and
the results are compared with 3D URANS ones. For
the temporal discretization, a second-order Euler
scheme is employed. The time step size is chosen in
such a way that the cell Courant number while
sufficiently resolving important physical time scales
such as the eddy turnover time. In combusting flow
applications, the Eddy Dissipation Concept (EDC) of
Magnussen and Hjertager [10] is used as the
combustion model. The oxidation of fuel, which is
assumed to be methane, is represented by a four-step
global reaction mechanism of Jones and Lindstedt
[11]. The flow and thermal variables are defined by the
boundary conditions on the boundaries of the studied
model. Mass-flow inlet conditions are applied at the
tow inlets in the burner and one in the combustor for
secondary air inlet. Out flow boundary condition is
applied at the exit of the combustion chamber and the
walls are treated as constant wall temperature. The
walls are stationary with no-slip conditions applied on
the wall surface. The detailed and typical data
boundary conditions are summarized in the Table 4
below. The specific heat of the species is temperature
and mixture dependant. The physical properties are
defined for the mixture material and the constituent
species. The flow is considered unsteady and 2D/3D,
used parameters in the numerical simulation using
ANSYS-FLUENT code are shown in Table 3 with the
pressure-based solver [1] which is an algorithm that
belongs to a general class of methods called projection
method and SIMPLEC scheme proposed by [1] with
second order solver algorithms pressure based are
available as isolated algorithm. Geometries produce
high levels of turbulence and enhanced mixing rates.
The nozzle used in can-type combustor in this study
has axial type swirler, as illustrated in Fig. 4. Swirl

generator is characterized by eight-fixed vanes in the
annular nozzle with a fix angle in the trailing edge;
the definition assumed for the swirl number is the
relation  between the flow-averaged-azimuthal
velocity and the corresponding axial velocity.

Table 1
The Jones-Lindstedt mechanism (4-step)

JL1 | CH,+0.50, -»CO+2H,

J2 | CH,+H,0—»>CO+3H,

JL3f | H,+0.50, —H,0

IL3r | H,0—>H, +0.50,

JL4 | CO+H,0 «> CO, +H,(forward)

Table 2
Rates equations of the original Jones-Lindstedt
mechanism: units in [m], [s], [Kmol], [J] and [K]

Eq. Rates equations [Kmol/(m3.s)]

il d[CH4] 4.4 ><:I_Olle—l.26><108 /(RT).[CH ]0.5[0 ]1.25
dt 4 2

L2 M _30x108 L7 /(RT).[CH4][H20]
dt

JL3f d[Hz] — 6.8x 10T 1 L6740 /(RT) [H ]o.zs[o ]1.5
" - 1A 2

JL3r | d[H,0]
dt
1255 x 1017-|-70.877e—4.095><108 /(RT).[HZ]70.75[OZ][H20]

JL4 d[CO] — 275 %109 8410" /(RT) [CO1[H,0]

Figure 2
3D grid system
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Figure 3
Mech geometry of gas turbine can-type combustor
(midaxial vertical plane)

Table 3
Mech statistics
Number of Nodes: 31433
Number of Elements: | 106651
Tetrahedra: 74189
Pyramids: 1989
Wedges: 30473
Extents:
min X, max X: -0.11314 [m], 0.11314 [m]
min 'y, maxy: -0.125 [m], 0.125 [m]
min z, max z: -0.138145 [m], 0.45 [m]
Max Edge Length
Ratio: 21.1566
Volume: 0.0186368 [m®]
Table 4
Boundary conditions
Type values
Primary air inlet U= 10 m/s;
Mass flow | Q= 0.0688875kg/s
inlet Dn =85 mm.
T =300K
It=10%
Fuel inlet Mass flow | U= 40 m/s;
inlet Q= 0.00218033kg/s
Dnh=4.2 mm.
T =300K
It=10%

Secondary  air | Mass

flow | U= 6mfs;

inlet inlet Q =0.00845225kg/s
Dh =16 mm.
T =300K
It=10%
Combustion Outflow
chamber exit
Walls of | Wall T =320 [K]
combustion
chamber

RESULTS AND DISCUSSION

Detail plots of the instantaneous velocity field, in a
section near the inlet, predicted by the 2D and 3D
URANS-RSM and SST k-w methods are shown in
Figure 4 and 5. In this section, 2D and 3D URANS
modeling the Reynolds Stress Model (RSM) and the
Shear Stress Transport model (SST) are compared for
ability to predict flow field. The radial profiles of the
time-averaged circumferential velocity components
extracted 50 mm above the injector inlet, figure 4,
reveal that case 3D-URANS RSM, overestimates the
negative circumferential velocity on the axis in
comparison to case 3D-URANS SST k-w by
approximately 5% (in the interval of -0.075m and
+0.075m). Then again, case 3D-URANS RSM
captures the intensity of the flow between the inner
and outer shears better, figure 4, and also the shape of
the ORZ is better reproduced from the profiles
extracted for case 3D-URANS RSM. All test cases
show the right penetration of the ORZ in the
chamber: at x = 50 mm, the ORZ is not present
anymore, figure 5. Due to the contraction of the
chamber into the exhaust canal rectangular a peak of
velocity was registered next to the outlet. A similar
comparison for z = 0.2m is provided in Fig. 5. Based
on the profiles of time-averaged axial velocity at z =
0.05m, one can see that 3D URANS SST k-w over-
predicts the size and intensity of the recirculation
zone compared to 3D URANS RSM (Fig. 4).
Comparing the time-averaged circumferential velocity
profiles, one can observe that 3D URANS RSM
predicts a more confined vortex core with
substantially higher wvelocities compared to 3D
URANS SST k-w. for the comparison of time-
averaged circumferential velocities by 3D URANS
RSM and 3D URANS SST k-w, similar trends are
observed, also for z=0.2m. The 2D URANS SST k-
w results predict an even larger recirculation zone and
a broader vortex core compared to 3D URANS SST
k-w. It is already mentioned above that no
convergence could be obtained by 2D URANS RSM,
which can be seen as the manifestation of ability of
RSM to capture low frequency flow unsteadiness.
The 2D URANS RSM results displayed in the figures
predict a qualitatively complete different W velocity
field, implying a region of forward flow (central jet)
enveloped Dby a recirculation zone. The
circumferential velocity profiles of 2D URANS RSM
also differ considerably from those of 3D URANS
RSM.
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The all cases 2D-URANS, reveals better profiles for
time averaged circumferential velocity.

This comparison shows the importance of three-
dimensional effects combined with flow unsteadiness.
Generally, the time averaged characteristics of the flow
field were very well captured by al numerical
simulations.

Figure 6, gives the temperature contours in a central
cross section of the combustion chamber for six
instantaneous time steps t=0.15s, t=0.25s, t=0.35s,
t=0.55s, t=65s and t=0.95s. The time evolution of the
flame in size and position can be clearly observed in
the sequence of 6 images presented in Figure 6. In fact,
initially at t=0.15s, flames are present in the center of
the combustion chamber. Then at t=0.55 the flames
moves upstream and approach each other. At t=0.65s
they are partially mixed and finally at t=0.95s, they are
totally mixed to form two relatively big flame.

The simulation reported by case 3D-URANS SST k-w
investigated the possible improvements in the
simulation due to chemical Kkinetics effects. Since
using very large reaction models would lead to a too
high computational effort. The flame of the model
combustor can be considered as a technically premixed
flame. Because the fuel admission holes are positioned
between the inner and outer swirler, so that fuel and air
can premix to a certain extent before arriving in the
primary reaction zone.

14 . . . . . . . . . .

W (m/s)

-4 —m— 3D URANS RSM
1 —5— 3D URANS SST k-w
69 —m— 2D URANS RSM

1 —5— 2D URANS SST k-w

T T T T
-0,15 -0,10 -0,05 0,00 0,05 0,10 0,15

Y (m)
Figure 4
Time-averaged circumferential velocity profiles for
different turbulence models along a line at
z=55mm

12 T T T T T

104

W (m/s)

—=&— 3D URANS RSM |
—&— 3D URANS SST k-W
—=&— 2D URANS RSM

o —&— 2D URANS SST k-w
T T T T T

-0,15 -0,10 -0,05 0,00 0,05 0,10 0,15
Y (m)
Figure 5

Time-Averaged circumferential velocity profiles for
different turbulence models along a line at z = 0.2m

Figure 6
Contours plot of time — averaged temperature in [K],
in meridial plan (Oyz) of the combustion chamber
with 3D URANS SST k-w
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CONCLUSION

Turbulent swirling flow in can-type combustor model
of a gas turbine combustor is computationally
investigated. As the basic modeling strategy, a 3D
unsteady RANS/URANS approach is applied,
employing a differential Reynolds Stress Turbulence
Model (RSM/...... ). A highly unsteady and 2D/3D
flow structure, the vortex breakdown and a presessing
vortex core are observed.

Main findings can be summarized as:

e For obtaining a sufficiently stationary time-
averaged flow field, the time-averaging time
should be about 5 times the integral time scale.

o Differences between 3D URANS RSM and
3D URANS SST k-W are rather substantial.
The larger differences are observed for the
time-averaged circumferential velocity profile,
as the former predicts a more intense vortex
core with higher maximum velocities.

e 2D URANS (RSM/SST K-w) results may only
be used for purely qualitative purposes.

e 2D URANS RSM did not lead to converged

results. 2D URANS RSM leads to
substantially different results compared to 3D
URANS RSM.
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ABSTRACT

Nitrogen oxides NOx are pollutants that spread along important distances and affect eco systems. Particular
attention is paid to these emissions, which are originated by three factors: free radicals concentration, flame

temperature and residence time.

This work is a CFD analysis of the NOy production in a diffusion turbulent combustion of methane and air.
Relation between the dilution of primary air with CO, and emissions levels is stressed. It is shown that the

emissions can be reduced by 90% by diluting primary air.

KEYWORDS

Combustion, flame, scalar dissipation rate, flamelet.

NOMENCLATURE
T temperature, K
P pressure, Pa
Y mass fraction
z mixture fraction
K turbulent kinetic energy, m?s
H enthalpy, J kg
ho enthalpy of formation, J kg
Cr specific heat coefficient at pressure

constant, Jkg!K?
Greek letters

& dissipation rate of turbulent Kinetic
energy, m?s
dynamic viscosity

)7
o global equivalence ratio
p density, kgm=
V4 scalar dissipation rate, s*
Superscripts

~ Favre-averaged

- Reynolds-averaged

“ fluctuations

1. INTRODUCTION

Accumulation in the atmosphere of certain gases
by the industrial activities is likely to  involve
important modifications of the climate and to
compromise the perenniality of the biosphere.

Most of domestic and industrial energy responsible
of pollution is produced via combustion processes
[1], which emits extremely toxic species, such
as carbon

monoxide (CO) and nitrogen oxides (NOX). The
turbulent diffusion flames are widely used in the
industrial field especially in ovens. Therefore, the
reduction of the  polluting  emissions became a
priority in order to satisfy the world standards.
Several techniques allow the  reduction of  the
polluting emissions in burners. We can cite the
staged combustion technique [2], the selective non
catalytic reduction ~ (SNCR)  technique and the
mixture dilution by flaring gases technique [3].
Despite the disadvantages of carbon dioxide stated
by Du et al. [4], these techniques show that the
addition of CO2 infuel orthe combustive has
chemical and thermal effects on the reduction of
thermal NO and the reduction of the soot formation.
The researches conducted by Liu et al., [5] and Park
et al, [6] show that the reaction
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CO2 +H —>CO+OH 5 responsible of the chemical
effect in the dilution by CO2, therefore the radicals
OH and NO are reduced with a significant rate by
means of dilution beside combustive [5].

This work constitutes a CFD contribution to the
quantification of the polluting emissions of a
turbulent diffusion flame diluted by CO2 with a
volume range from 0% to 24%, where the upper
value represents the extinction limit of the flame.

2.GEOMETRICAL CONFIGURATION OF
THE PROBLEM AND BOUNDARY
CONDITIONS

The burner is formed by a central jet of diameter
D=7.2 mm which injects a mixture of methane-air
(25% vol. CH4, 75% vol. air) with a Reynolds
number of 22400. The jet is surrounded by a set of
small pilot flames spread over a diameter of 18.2
mm. This burner is plunged in a flow of air.

The initial speed of the central jet is 49.6 m/s, that of
the pilot flame is 11.4 m/s and that of the air is 0.9

m/s [7].
el 1000,
5 >
rmmmzmumjzn»
h
Co=Flow (U7, . T} ) f
—= 180, |
Pilat Flame (U 5. T, :
- B T?
Fisel Jet IJ'_'.L,...T._.!: ''''' ’I\' e v e e
2 g eof Semmetry
Figure 1

Geometry of the combustion chamber

The kinetic energy of the turbulence [8] of the flow
of air and its rate of dissipation [9] are expressed by
];3/ 2

r _12 512
k:{u +2vJ (1) gzm (2)

3. Combustion model
In this study, the laminar flammelettes approach is
used, where the mixture fraction Z is defined by:

7 _YF.0 Y00 3)

with ¢

¢= ( )/ 4)
YOO YO

For such a mixture the fraction takes values ranging
between 0 and 1 (Z = 1 forfuel and Z = 0 for
oxidant). In the previous equations, Yr represents
the mass fraction of fuel and Yo the mass fraction of
oxidant.
The flame is located in the stoichiometric plane
where:

2-25-12 ©

The structure of the laminar flammelette is given
by the resolution of the conservation equations of
the  chemical species (by adopting a
reactional mechanism) and that of energy [10].

2
__px OV _ o (6)
2ley 572
2
py 0T 1 N |
- == Yheay (7
2 522 C:p k=1

The equations of the flammelette are solved by
supposing that Lewis number Le, = 1 for all the
species. The two input parameters are the fraction of
mixture (Z) and the rate of scalar dissipation

stoechiometric (;(st). With this approach, the

functional dependence of the scalar rate of
dissipation with the fraction of mixture y(Z)is

parameterized par y o .

This value acts as an external parameter, which is
imposed on the structure of the flammelette by the
field of fraction of mixture. A set of discrete values
of X gt is used in which the limits are represented

by x & =0 at the equilibrium and Zst =Xgq at the

extinctions. Moreover, the effect of the loss of heat
within the limits of extinction is not taken into
account. [11].

Under the non-adiabatic conditions, the temperature
field is then obtained fromthe enthalpy in an
iterative way (Eq (3) below.) for a range of values of

average enthalpy H .

H=YYnHp (8)

and
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- T
Hp = [Cp,ndT+hp(Tref,n) 9)
Tref

with Cp n is the species n specific heat at constant
pressure, which is function of the temperature.

h; (Tref ,n) is the enthalpy of formation of species n

at the temperature of reference.

The PDF (Probability Density Function) required by
the fraction of mixture is of Beta type, it is controlled
by the transport equation of the fraction of mixture Z
and its variance.

The stationary solution is stored in tables containing
the profiles of temperature and the mass fractions of
all the chemical species in function of the mixture
fraction, its variance and its stoichiometric scalar
dissipation rate. The average density is calculated
from the law of perfect gases:

—=£Z(\7n/MWn) (10)
P n

In this equation P is the average pressure, R the
universal constant of gases and W, the molar mass of
species n.

Consequently, the average temperature, mass fraction
and the density are given by:

T(ZZ"%,H, 7s) (11)
Vn (ZZ"2 L Xst) (12)
pZZ'% A, 7st) (13)

The coupling of the chemistry and the flow field is
carried out via the fraction of mixture, its variance,
the scalar dissipation stoichiometric rate and the
enthalpy, which are provided starting from
calculations of field of flow. In fact, in code CFD, the
equations transports are solved for the fraction of
mixture and its variance.

These equations are closed by the assumption of the
gradient of diffusion (first order closure) for scalar
turbulent flows:

where Sct is the Schmidt number turbulent (it takes
a value of 0.85). The Cg constant takes a value of
2.86. y is the scalar dissipation average rate, its

modeling is based on the effect of the stretching and
the fluctuations of the fraction of mixture :

7=Ca iz (16)
with Cq4 = 2.0.
The transport equation for the averaged enthalpy,
H , is also solved in code CFD:

gmy%@mh%gﬁgwh<m

with Py the number of turbulent Prandtl (it takes a

value of 0.85), Sy is the source term due to the
radiation.

4. CHEMICAL MODEL

The choice of the chemical kinetics is based on the
tests of Davidenko in which the performances of
the chemical mechanisms mentioned in table 1 were
compared in various configurations of shock tube
and the well-stirred reactor. The results showed that
the chemical mechanisms tested lead to similar
results. On the other hand, Pitsch et al. [14] showed
that the GRImech mechanisms are also able to
predict the mass fractions of CO and CO.. Taking
account of these results and in order to reduce the
amount of calculations without weakening the
exactitude of the predictions, the chemical
mechanism GRImech 3 is adopted.

5. RADIATION MODEL

The radiation is taken into account in the energy
equation (15) by the approach of the optically thin
body. The absorption coefficients of H20, CO2 and
CO are taken starting from an adjustment for
calculations of narrow band by using RADCAL
[16], as reported in [15].

6. FLAMELET BASED NOx MODEL

d(5\ 0 (—~3\_ 0 [m oH
5(%77)+ax—i(ﬁ’”lz)‘a{§a} (14) In this work, the modeling of NOXx is carried out in
~ 5 the phase of post-processing. A single transport
ﬁ(ﬁ”Z)Jri(/—)gifﬂ): O | 02" " equation for the average mass fraction of NO with a
ot i oxi | S¢p 0 (15) ~ source term is solved after obtaining convergent
o7 o7 solution of the flow and the mixture of field through
gt ——=——PX calculations of turbulent flow.
aXi 8Xi
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ot j 0XJ ONO aXJ

where the number of turbulent Prandtl opg is
regarded as being 0.7.

During calculations of flammelette, for a given value
of the dissipation scalar rate, the total production rate
of NO is calculated and compiled with the other
reactive scalars according to the fraction of mixture.
The sources terms laminar are then integrated
into the supposed g —PDF for obtaining the average
of the source term ayg .

7. GAS-PHASE GOVERNING EQUATIONS
AND NUMERICAL METHOD

a (:‘_’Y~NO )* a% (ﬁaiYNO ): i[i m} +ano (18)

The fields of flow and mixture are studied in 2D in
an axisymmetric geometry. The effects of turbulence
are modeled by the model withtwo transport

equations (X—¢). On the basis of the report that the

standard model (K—¢) over-estimates the rate of
round widening out of the jets. This over-estimation
can come from the growth of the size of the swirls
and the acceleration of their destruction related to the
axisymmetric effects. Priest [17] takes into account
this effect by proposing an additional term of
production of dissipation to the transport equation of
&, proportional to the swirling stretching. A transport
equation for the average enthalpy is solved with the
radiation source term. Instead of solving the transport
equations of several species, the equations of the
fraction of mixture and its variance are solved. Then
the species are obtained from a table calculated as a
preliminary by the model of the flameletes. The
solution of the transport equations is made using the
Current FLUNT 6 CFD code [18].

The equations that describe the reactive turbulent
flow are of convective diffusion type with a source
term. These equations are converted into algebraic
equations by discretization with UpWind diagram
[19], the simple algorithm is used for speed-pressure
coupling, and finally the solution of the algebraic
system of equations is obtained by using the Thomas
algorithm.

8. RESULTS AND DISCUSSION

8.1. Validation of the procedure of calculation:
Figure 2 shows the profiles of the fraction of mixture
and the temperature along the central line. The axial
decrease of the fraction of mixture is well reproduced
and the measured temperatures are estimated with a

reasonable precision. However, the fraction of
mixture and the temperature are slightly
underestimated between x= 100 mm and x = 350
mm which can be related to uncertainties in the
profile speed of entry [20].

These results show that calculation by the approach

of the flamelete and the model K—¢correctly

predicts the form of the flame, its height and the
distribution of the temperature.
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$ . 2
3 @
L 050 - 41000 £
< o
2 . F
X c
2025 | 1500 3
L =
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0.0 01 02 03 04 05 0.6 0.7
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Figure 2
Centerline mixture fraction and temperature in
flame

8.2 Study of the effect of dilution by CO2 on
the thermal field :
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Figure 4

Profile of the temperature on the axis of symmetry.
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Figure 3 shows that the position of temperature axial
peak Xtmax, Used for the determination length of flame
Lf (Lf=xrmax), keeps the same axial position with the
increase indilution . Contrary to the length of the
flame, the maximum of temperature decreases
according to CO; added about 24%.

Figure 4 represents the axial profiles of temperature
for the various percentages of dilution by the CO;
species. It is noted thatthe axial evolution
of temperature keeps the same track for the five
cases.

Dilution does not affect the axial profiles in the
zone close to the outlet of the central methane tube,
contrary, its effect appears especially starting from
x>0.2m..

8.3 Study of the effect of dilution by CO:2 on
the field of the species
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Profile of the mass fraction of O on the axis
of symmetry

We notices that the most important variations are
around the point x = 272 mm, i.e. to the maximum of
the variables. It is the zone of the face of flame
(T=Tmax). The none existent species in the mixture

such as H, O, CO and the HCN will appear
gradually and increase to reach maximum values in
the zone of reaction as the profiles show (figures
5,6,7 and 8). the behavior of their mass fractions is
similar. The effect of dilution by COis very
significant for the various species, it generates an
important reduction. For the species H (Fig. 5) the
reduction is about 73%, for the species O (Fig.6) it
is about 60%, and for the specie CO is
reduced almost with the same rate Fig. 7.

5E-2 T T T
4E-2 et
O — IO % COZ
8 74 % C07
g 3E-2 |
L 2E-2 |
1%}
g
=
1E-2 |
OE+0
0.0 0.1 0.2 0.3 04 05 0.6 0.7
x [m]
Figure 7
Profile of the mass fraction of CO on the axis
of symmetry
5E-5 T T T T T T
4E-5 RN
zZ
(@) — 0% CaZ
T 74 % C07
S 3E-5 -
S
g
i 2E-5 i
12
g
=
1E-5 E
OE+0 L L
0.0 0.1 0.2 03 04 05 06 0.7
x [m]
Figure 8
Profile of the mass fraction of HCN on the axis
of symmetry
2E-4 . .

0o % Co2

Masse Fraction of NO
= N
m m
EN IN

a0l
m
al

0E+0 1 1 1 1 I
0.0 01 02 03 04 05 0.6 0.7
x[m]

Figure 9
Profile of the mass fraction of NO on the axis
of symmetry.

HADEF et. al

293



17-18 May 2016, La Rochelle, France

In the rich face of the flames, the carbonaceous
radicals (CX) can easily break the nitrogen molecule

following the reaction Ny +CH — N +HCN with

activation energy of 50 Kcal/mole. Due to that, the
species HCN (Fig.8) is formed in a very narrow zone
on the axis of the flame with a considerable growth,
then it is dissociated quickly with the temperature
diminution.

The nitric oxide will appear and increase gradually
starting fromthe point X =150 mm to reach
maximum values in the zone of reaction as show it
Fig 9, downstream from the flame front, the
concentration of this species decreases to reach its
normal value at the outlet.

CONCLUSIONS

The rate of formation of NOcan be reduced
approximately 93% by using a dilution by CO; of the
primary education air that an injection vitiated (swirl)
or sheared primary education air which feed the
burner.

In spite of dilution impacts on the reduction of the
maximum temperature of the flame which is about
25% its length remains constant.

The dilution in the air stream with CO; leads to a
greater reduction of the concentrations of the
important radical species, such as O, H, CO and the
HCN which generates the reduction of NO directly.
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ABSTRACT

The study of the coke combustion kinetics has been achieved by using isothermal thermogravimetry
(TGA/TDA) under an oxidizing atmosphere. The goal is the determination of Kinetic parameters required for
modeling of coke combustion process during the calcination process of natural phosphate.

In order to analyze the effects of heating rate and temperature on the change in the rate of coke combustion
reaction, various experiments were carried out at temperatures ranging from 650 to 1050°C and various heating
rates in the area 1-50 °C/min.

The experimental results show that:

The organic matter of the coke combustion reaction starts only after a latency period, which varies depending
on the temperature and the speed of heating. The duration of the combustion also depends on the evolution of
these two parameters.

The percentage of organic matter burned coke, in thermal equilibrium, is always of the order 98%.

If the temperature corresponding to the maximum rate of coke combustion is increased, the kinetics of this
reaction becomes slower when increasing the heating rate.

The application of the Friedman’s method the thermogravimetric curves allows deducing the values of the
apparent activation energy and the pre-exponential factor.

Keywords: Phosphate ore, Coke, Kinetic, Calcination, Combustion, Energy.

The kinetics of the combustion of coke was the

INTRODUCTION

Coke has become as a result of significant progress in
the distillation of oil, a material for multiple uses and
a very important energy source, particularly in the
phosphate treatment processes at the phosphate
calcination that is based on the dissociation thermally
carbonates, in a temperature range between 700 and
1000°C, the progress of this reaction requires an
amount of energy supplied by the exothermic
reaction of coke combustion.

A study of representative samples of coke
combustion  kinetics is conducted using a
thermogravimetric apparatus ATG / ATD in
conditions close to those existing in industrial
furnaces (variable heating rate and variable
temperature) in order to optimize the energy
consumption at the level of the calcination and
obtaining a calcined phosphate better.

subject of several research published in the
scientific literature.

This work is devoted to the analysis of experimental
results obtained by TGA/DTA, from heterogeneous
kinetic methods to acquire data, such as the rate
constant, activation energy and pre-exponential
factor ...) to understand the reaction mechanism
involved in the combustion.

ANALYSIS AND MODELLING

Characterization of coke

Coke used in this study was provided by the Centre
for Studies and Research on the Chérifien
Phosphates Office Group.

The results of his immediate analysis, elemental and
physical characteristics are given in Tables 1, 2 and
3.

Bouatba et al.
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Immediate analysis allows evaluation of the moisture
content, volatiles, fixed carbon and ash. Moisture
was determined by measuring the weight loss of a
sample dried in an oven for one hour at 105°C. The
ash content was evaluated from the residue of the
combustion of a coke sample at a temperature of
800°C. The volatile matter was determined by the
weight loss of a sample maintained at a temperature
of 900°C under nitrogen. Fixed carbon is obtained by
difference.
Table 1 Results of the studied coke immediate

analysis
Compound % by mass
Humidity 0.79
\olatile matter 12.9%
Ash 2
Fixed carbon 83.31

Table 2 Results of the studied coke elemental

analysis
Element % by mass
C 85.13
H 3.62
N 1.62
S 7

Elemental analysis was performed using the CHNS-CERPHOS unit

Table 3 Values of density, specific surface area and
studied coke porosity

Density (kg m-3) 1.41
Specific surface area (m2g-1) 0.36
Porosity (%) 99.5

The density of the coke studied was determined using
autopycnometre 1320. The pore surface area was
measured using a mercury prosimetre.

Experimental technique

The experimental study of the coke combustion
kinetics was carried out using the thermogravimetric
apparatus Rheometrix Scientific STA 1500. try has
been made on the initial mass 18 mg, at different
temperatures 650, 750, 850, 950 and 1050°C at
various heating rates, 1, 5, 10,50°C / min and an air
flow rate 100ml/min.

RESULTS AND DISCUSSION

Thermogravimetric analysis

Coke combustion was carried out at a temperature
1000°C with a heating rate of 5°C /min under an air
flow 100ml/min and an initial mass of 18mg.

The result of the thermogravimetric analysis and
differential is shown in Figure 1. Including the
curves represent the total loss of mass and heat flow
during the combustion of coke as a function of
temperature.

The analysis of these curves shows that the
combustion of coke:

» Through a single step in the temperature range
390-630°C.

* The curve of the differential thermal analysis
shows a single exothermic peak between 277-650°C
corresponds to the combustion of organic matter in
the coke;

* The percentage of lost mass is around 98%.

During this, after several tests at different heating
rates, it should be noted that when increasing the
rate of heating, the maximum temperature which is
the combustion speed of the coke increases (Table
4).

Table 4 Temperature maximum combustion of coke

(Tmax)
Sample 1°C/mi 5°C/mi 50 °C/mi
Coke 460°C 510°C 600°C

Température /°C

Fig. 1. Analysis Thermogravimetry and differential
of the coke under air (5°C/min)
According to several experimental try carried out, it
was noted that the reaction of the coke combustion
takes place in the temperature range 250-600 ° C.
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This leads us to consider the following results in this
range.

Temperature effect on the evolution of the
combustion reaction degree progress

Isotherms progress curves a = f (t) T, express the
variation of the degree progress o as a function of
time are shown in Figure 2.

The analysis of these curves shows that:

i / - whatever the temperature, the curves tend
towards the same combustion stage.

ii / - the percentage of the organic material, in
combustion equilibrium is still of the order 98%.

iii / -the organic matter combustion reaction of the
coke begins only after a latency period, which varies
depending on temperature.

4i / - the duration of the reaction also depends on the
evolution of the temperature.

5i / - from the first 30 minutes, each curve can be
described by a parabolic shape.
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Fig. 2. Evolution of the rate of the combustion
progress time for different temperatures with a 10 °
C/min heating speed

Effect of the heating rate on the degree progress
of the combustion reaction

The results reflect the evolution over time of the
promotion rate a = f (t) B for different heating rates:

B = 1°C/min; B = 5°C/min; B = 10°C/min; B =
50°C/min. the maximum combustion temperature is
Tmax = 1,050°C. Figure 3.

The analysis of the results shows that:

i / - always tend to bend the same a combustion
bearing whatever the heating rate. The percentage of
burnt organic matter is still on the order of 98%.

ii / - these curves can be described by two different
speeds depending on the heating rate.

For the low heating rate; they have the sigmoid shape
and their inflection points are at lower feed rates.

This form changes to become quasi-sigmoid at high
heating rates.

iii / - over the heating rate, the higher the
combustion kinetics becomes slower.
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Fig. 3. Evolution of the coefficient of progress over
time for different speeds of heating (f=1°C/min, p =
5°C/mi, f = 10°C/mi and § = 50°C/mi) at Tmax =
1000°C

To seek the dominant kinetic regime in the case of
non-isothermal combustion of coke, several
experiments were made at different temperatures.
The progress curves a = f (t) B were traced
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according to the maximum temperature for different
temperatures as shown by 