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Abstract

This thesis is part of a long-term objective toedetine in situ (and / or in use) the thermal
properties of building insulation materials. We wimreduce the gap between the laboratory
measurement and the actual performance of insolatiduildings walls. We have set two
main objectives during this study:

1- To study the possibility of using a non-steadytestaot probe for measuring
thermal properties of insulants,

2- To study the thermal behaviour of insulation maierin use by using a
guarded hot box. Climatic conditions in temperatamel humidity close to

real situations can be submitted supported by hatcald cells.

This work has shown the interest of using therrmabpto characterize insulating materials.
Guarded hot box is also interesting for studieseal conditions and to follow heat and mass

transfer in buildings walls.

Résumé

Cette thése s’inscrit dans un objectif a long tedaedéterminer in situ (et/ou en usage) les
propriétés thermiques des matériaux isolants dmbat. Notre objectif est de réduire I'écart
entre la mesure en laboratoire et la performanedler@es isolants dans les parois de

batiments. Nous nous sommes fixés deux objectifiscipaux au cours de cette étude:

1- Etudier la possibilité d'utiliser la sonde cylindiechoc thermique pour la mesure
des caractéristiques thermiques des matériauxnisodu batiment,

2- Etudier le comportement thermique d’un isolant sage en utilisant un montage
basé sur le principe de la boite chaude gardéee@iepement permet d’effectuer
des études dans des conditions climatiques en tatope et en humidité proches

de situations réelles supportées par I'enveloppe datiment.

Ce travail a permis d’identifier des verrous loeslditilisation d’'une sonde a choc thermique
pour caractériser des matériaux isolants. Il aiauestré l'intérét de la boite chaude gardée
pour effectuer des études dans des conditioneseellpour étudier les transferts de chaleur

et de masse dans les parois de batiments.
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Nomenclature

S,: Volumetric surface [m-1]

Agq: Surface area [m?]

V: Volume [m3]

Sm: Specific surface [m2. g-1]

Ky: Air permeability [m.s-1]

U: Thermal transmittance [W m-2.K-1]

R: Thermal resistance [m2.K.W-1]

C,: Specific heat capacity [J.kg-1K-1]

t : Measuring time [s]

P,: Electric power dissipated in the electric ressstircuit [W]
q: Heat flux actually passing through the sample [W]

r . Sensor radius [mm]

R, : Radius of the probe [m]

R.: Contact resistance (= 1/H) [m2.K.W-1]

H: Conductance of the air gap [W.m-2.K-1]

M: Thermal mass of the probe [-]

T: Temperature [K]

Bi: Biot number [-]

F,: Fourier number [-]

Qs : Heat transfer through test specimen [W]

Qin, : Total power input [W]

Q, : Heat transfer parallel to test specimen [W]

Q. : Heat transfer through metering box walls [W]

S : Surface area of the metering box [m?]

Q.: Heat transfer through cold cell (from inside tdsade) [W]
R;,: test specimen thermal resistance [m? K/w]

A : Test specimen area [m?]

Thot ts- HOt side test specimen surface temperature [K]
T.014 ts- Cold side test specimen surface temperature [K]

1



froe: Hot surface flow [W/mZ]

feora: Cold surface flow [W/mZ]

d: Thickness of the wall [m]

tiag: Time lag [-]

tr—_hot(max ) - 1he time that the hot surface temperature ispgiaximum [hr]
tr—cola(max)- 1he time that the cold surface temperature isgpgiaximum [hr]
D;: Decreament facto [-]

Thot(miny : Minimum hot surface temperature [K]

Teota(miny: Minimum cold surface temperature [K]

Greek symbols

po: Bulk density [kg.n?]

py: Density of the glass fibers kg

E: Porosity [%]

p,: True density [kg.n]

w: Moisture content by mass [kg:Kg

0: Volumetric water content [fmd)]

A: Thermal conductivity [W.mK™3]

Aesy: Effective thermal conductivity [W.rHK™]

8 2 4
o: Stefan—Boltzmann constant = 5.67 ]M/m -K ]

a: Thermal diffusivity [m2.3]
v. Euler's constant (0.5772157...)

Q: Inertia contrast [-]



Résumé de la these en francais:

En France, le batiment est le premier consommatémergie (43%) et produit un quart des
emissions de gaz a effet de serre, avec un pabétifeents qui présente une consommation
moyenne annuelle de 240 KWh d’énergie primairenpahabitable. Les cibles visées, moins
de 50 kWh/mz2, voire des batiments autonomes oweegénpositive, constituent une des clefs
permettant de réduire trés sensiblement nos dépedrsergétiques, et de contribuer a la
réduction des GES. Dans le domaine de l'efficaéibérgétique du batiment, il est sans
conteste que le premier geste pour limiter les wi#pens d’'un batiment est de bien isoler
son enveloppe. Depuis les années 1970 et les émmrgéetiques mondiales, les procédés de
production et de mise en ceuvre des isolants dunbéti n'ont cessé d’évoluer. Ces
ameliorations ont été encouragées par les regletams thermiques successives en France.
Cependant on ne dispose que de peu de données somportement en usage de ces
isolants. L'essentiel de ces études ont été réalisa laboratoire dans des caissons climatisés
essayant de reproduire les conditions climatiquedles supportées par I'enveloppe des
batiments. Des logiciels, validés par ces donnéegramentales, ont été développées ces
dernieres années pour I'étude du transfert coupléhdleur et de masse. lls ont le mérite
d’apporter une meilleure connaissance du comporiehe la paroi dans un temps long de
plusieurs années. Mais ils ne fournissent pas at'métions sur les variations de propriétés
thermiques des isolants dans le temps (étude désgement). Lors des études in situ, des
capteurs de température et d’humidité sont intégagss la paroi. On prévoit également
parfois des suivis sur les flux de chaleur échamgé® les surfaces interne et externe de la
paroi grace a l'installation de fluxmétre. Cepenidan ne dispose pas de mesures en continu

des caractéristiques thermiques de la paroi oumadédriaux composant cette paroi.

Cette these s’inscrit donc dans un objectif a longerme de déterminer in situ les

propriétés thermiques des matériaux isolants des pais d’'un batiment. Des études ont

déja montrées l'influence de la présence de I'hitdnicur les propriétés thermiques
(conductivité et diffusivité) des matériaux poralixbatiment et en particulier des isolants. |I
est également a noter que pour atteindre les estadgs pouvoirs publics, et évidemment
aussi des occupants des batiments, en termes wiodddes consommations énergétiques il
est indispensable que lisolant joue efficacementréle. Son pouvoir isolant ne doit pas étre

altéré dans le temps. Pour réduire le fossé quatexantre la mesure en laboratoire et la



performance réelle en usage, nous nous sommes dixés objectifs d’études principaux

dans la these d’'Hussein Humaish :

1. Evaluer la pertinence d'utiliser la sonde cylindiechoc thermique (thermal probe)

pour la caractérisation thermique de matériaux &uk,

Cette sonde est déja utilisée lors de mesuregurpsur caractériser thermiquement des sols
argileux ou des produits alimentaires par exenpégpendant les fabricants de sondes contre-
indiquent l'utilisation de leur matériel pour dest@riaux poreux de conductivité thermique
inférieure a 0.1 W/m.K (et donc pour les matéridgsalants). Durant ce travail, nous
chercherons, tout d’abord, a comprendre cetteictstr en identifiant les limites a partir de
la théorie et de I'expérimentation. Puis nous temte de proposer des solutions innovantes

pour la caractérisation des matériaux isolants x@ewes d’innovation seront evalues:

a. La possibilité de faire évoluer la_ méthode mathémat de détermination de la

conductivité thermique. Il est d’'usage d'utilisemeurégression linéaire cependant
nous constaterons que la variation de la températer la sonde en fonction du
logarithme du temps ne suit pas une évolution iieéaais une sigmoide pour les
matériaux isolants. Nous chercherons également tarndi@er simultanément la
conductivité et la diffusivité thermiques par cettaivelle méthode.

b. La possibilité de proposer une nouvelle sonde eé umuvelle _procédure

d’expérimentation. La composition de matériaux peonfectionner la sonde, la

puissance d’alimentation, par exemple seront éudiéur cela, nous ferons appel au
logiciel Comsol Multiphysics® pour évaluer I'inflnee des paramétres qui ne sont

pas accessibles expérimentalement.

2. Evaluer les performances thermiques d’un isolant&@isant un montage basé sur le
principe de la boite chaude gardée dans I'objeckff reproduire les conditions

climatiques réelles supportées par I'enveloppe déatiment

Il est & noter qu’initialement I'objectif était aiiégrer une sonde a choc thermique dans la
paroi mais le manque de temps ne nous a pas pesttis étude. En effet, la boite chaude
gardée a été acquise par notre établissement enddinla seconde année de la thése
d’Hussein.Donc aprés une phase préliminaire de validatiola d®ite chaude gardée avec la
détermination de l'importance des différents flioilgn thermique) dans la cellule chaude

(Hot cell) puis dans la cellule froide (Cold celipus proceéderons aux études suivantes :

4



a. Détermination de la résistance thermigue en fonctile la température et de

'humidité du matériau. Ces mesures ont égaleméhteffectuées avec d’autres
techniques de mesure (Hot Disc et plaque chaudd#égpide facon a valider notre
méthode de caractérisation.

b. Détermination de la capacité calorifigue en foncte la température et de I'humidité

du matériau. Pour cela, des fluxmétres ont étallast sur chacune des 2 surfaces
d’échanges en contact avec la cellule chaude etllale froide de la boite chaude
gardée.

c. Un cas simple de transfert de chaleur et de masdé @tudié expérimentalement.

Puis les résultats ont été confrontés aux valestgees du logiciel WUFI® de facon a

envisager des perspectives a ce travail.

La thése d’Hussein est organisée en 5 chapitres.chapitres 4 et 5 décrivent les études
permettant de répondre aux 2 objectifs précédemnigist Au préalable, le chapitre 2 aura
décrit les principes généraux des échanges de wchdkns les isolants, les propriétés
thermiques puis décrira les méthodes de caradiénsthermique utilisées dans cette étude ;
la méthode de la sonde cylindrique a choc therm&jua boite chaude gardée. Le chapitre 3
présentera les principales caractéristiques phgsigunorphologie, mécanique, hydrique) de
la laine de verre utilisée lors de cette étude. r€ssltats sont extraits d’études déja réalisées
et publiées issues de la these de Fouzia Achchdeg teavaux réalisés par Laurent Marmoret
lors de collaborations avec d’autres laboratoiresarsitaires francgais. Il nous a semblé
important de choisir un matériau dont nous conoasdien les caractéristiques physiques

autres que thermiques.



Chapitre 2: Etat de I'art sur les techniques de

caractérisatiothermique des isolants du batiment

Dans un premier temps, les différents modes d’éphale chaleur (conduction, convection et
rayonnement) ont été décrits. L'importance de chaitrices modes d’échange a été discutée
pour les matériaux isolants fibreux de facon a pauwmieux appréhender I'étude de la laine
de verre lors de cette étude. Les techniques drctéaisation ont été classifiées en deux
catégories suivant si elles appliquent le régimenpaent (plaque chaude gardée et méthode
fluxmétrique) ou le régime transitoire. Etant dori@® objectifs a long terme de 'étude de
déterminer les caractéristiques thermiques in Biast nécessaire de cibler des techniques de
mesure intervenant durant le régime transitoireeffat, seules ces techniques présentent une
facilité d’emploi et de déplacement, une rapidit® whesure et de faible variation de
température permettant de prendre en compte lets efé '’humidité par exemple et un colt
réduit par rapport aux techniques du régime permtartensuite, nous décrirons la théorie
associée aux deux techniques de caractérisatiogime transitoire étudiées lors de ce
travail : la sonde cylindrique a choc thermiquéadtoite chaude gardée.

La technique de la sonde cylindrique a choc theumiq évolué depuis un siecle. Des
chercheurs ont commencé par étudier le fil chawhtad’intégrer ce fil dans une sonde de
facon a intégrer I'émission de chaleur mais awssnésure de température. En fonction des
matériaux étudiés, la théorie a évolué en intégtamouvelles hypothéses et simplifications.
Pour choisir une sonde adaptée aux matériaux étudiéest aujourd’hui impératif de
respecter un ratio longueur sur diamétre de laesomais la principale hypothése concerne la
méthode d’analyse des résultats expérimentauxffé) de facon habituelle, la conductivité
thermique est déterminée en utilisant une régresBigaire appliquée sur la cinétique
représentant I'évolution de la température de tadecen fonction du logarithme du temps. |I
est alors nécessaire de définir un temps minimunfagen a éliminer les effets de la
résistance de contact et un temps maximum évitamieflux thermique atteigne les limites

géomeétriques du matériau étudié (milieu semi-ipfini



/— Line heat source

- Sheath -

- Typical thermocouple
/ junction location

=

High temperature = Needle probe containing
insulation heating element and

temperature sensor

00t

Les études issues de la technique de la boite ehngardiée sont moins anciennes méme si la
premiére manipulation date de 1930. Le principeégainest d’émettre un flux de chaleur
depuis la cellule chaude. Un gradient de chaletirpesduit grace a une autre cellule
(dénommeée cellule froide). Ces deux cellules s@épiasees par la paroi a étudier. Il est
possible d’instrumenter le montage de fagon a @vdlumportance des flux présents et ainsi
d’établir un bilan thermique. Les différences entes différents montages portent
essentiellement sur les équipements techniqueisténdses électriques de chauffage, groupe
froid, ventilation pour homogénéiser les conditia@mbiance en température et humidité)
mais aussi sur la précision des capteurs de me@aerspérature, humidité). Il est a noter que
le laboratoire a fait évoluer le montage de facole daire équiper d’'une régulation en
humidité dans chacune des cellules.

Sample Guard Box
Cold Box
Electric Heater T cold
Metering Box Heat Exchanger
T Hot ) )
Radial Ventilator
Guard .
Heater
Baffles

De nombreuses références bibliographiques soméesé la fin du chapitre permettant ainsi
au lecteur d’approfondir les connaissances enif@mcle ses attentes.



Chapitre 3: Principales charactéristiques
thermophysiques de la laine de verre étudiée

Dans un premier temps, un état de l'art portantlesirisolants thermiques sera présente
précisant la classification et les applicationssdarbatiment. La méthode de fabrication de la
laine fera I'objet d’une étude toute particuliéEm effet, la laine choisie pour cette these n’est
pas une laine de verre ordinaire. Elle a été d@pele dans les laboratoires de recherche
d'ISOVER- Saint Gobain en appliquant une techniggeommeée le crimping. Au cours de

ce process, le matériau évolue (photos ci-aprésjuja parvenir & un assemblage de fibres
non pas suivant des plans paralleles mais suivamtooganisation des plans de fibres plus
aléatoire. La structure de la laine est donc plumdgene dans les 3 directions de I'espace.
On peut s’attendre a obtenir une résistance themrsgmilaire dans chacune des 3 directions
de I'espace. Cela peut étre important lorsque l&isodoit traiter les pertes par les ponts

thermiques dans les ossatures par exemple.

Specimen 1 Specimen 2 Specimen 3

100 mm

Au cours de la thése d’Achchaq soutenue en 20Q8ptphologie de ces laines a été étudiée
a I'échelle microscopique a la plate-forme micrgseode I'Université de Picardie Jules
Verne (UPJV). Des échantillons ont été étudiés rparoscopie €électronique a balayage
(MEB, Quanta 200 FEG Environmental SEM/FEI). Lassien de la cellule de I'échantillon

a été réduite a environ 1 mbar pour I'étude de®dilseules et a 0,28 mbar pour I'étude des
liants et des fibres. Une hétérogénéité de la tstreicet la distribution aléatoire des fibres
dans la totalit¢ du matériau ont été observéesétéibgénéité concerne aussi bien la
géométrie des fibres (longueur et diameéetre) qutailee des pores et les dépodts de liant.
Couplé & un détecteur EDX, le MEB environnemengaihet de déterminer la composition
chimique des matériaux. L'approche suivie consisegudier une fibre de chaque laine sans

son liant (non ensimée) puis le liant présent $ouse de goutte ou d’amas.



Lors de cette these mais aussi au cours de tral@itaurent Marmoret en collaboration avec
des laboratoires universitaires, il a été étable da structure de la laine peut étre
considérée comme présentant une trés forte pormgdke (> 95%), une division tres fine
(surface spécifiqueSy = 0,2332 +0,0120 m23} et une perméabilité intrinséque trés
importante (kO 4,5 10'° m?). Ces caractéristiques morphologiques expliguanfaible
adsorption de vapeur d'eau de la laine dans lesadm® mono et multimoléculaires (la
teneur volumique en eau inférieure a 0,1%) et tefperméabilité a la vapeur d’eam, &
5,84 10''kg.Pal.ml.s?).

La thése d’Hussein a permis de caractériser theilenmignt la laine par des mesures utilisant
la technique dénommée de son nom commercial Hat Des laboratoire a fait I'acquisition
de cette méthode au cours de la these. Cette needsbdnstallée dans I'équipe basée a I'lUT
de Saint Quentin (02). Nous avons également réddéiseessais de caractérisation thermique a
partir de la technique de la plague chaude gardéeniens dans notre laboratoire. Ces
mesures ont été réalisées en fonction de la temopérdu matériau. Elles serviront par la
suite a valider les résultats des mesures de sara®c thermique (chapitre 3) et de boite
chaude gardée (chapitre 4). La méthode Hot Didé aitdisée eégalement pour déterminer la
conductivité et la diffusivité dans des différentiaections afin de montrer I'effet du process
dénommé Crimping. Il a été constaté une meilleumnmdyénéité des mesures suivant ces

différentes directions.



Chapitre 4: Caractérisation thermique de la lavexda
sonde cylindrique

Ce chapitre concerne le premier objectif de lagh&slussein. Un accord de coopération
avec la société Hukseflux (Pays Bas) a permis dpoder de 2 sondes cylindriques de
dimensions différentes mais également de pouvaiir aacces a des informations techniques
sur la fabrication des sondes. La sonde dénommé¥ E3t la plus adaptée pour la
caractérisation des isolants thermiques du faih datio longueur sur diametre de 100 (alors
gue des travaux ont établi que pour éviter lesepetlins I'axe de la sonde il est nécessaire
gue ce ratio soit supérieur a 25). La compositibteefonctionnement de la sonde a fait
'objet d’'une étude approfondie afin de justifiéntérét de choisir cette sonde. Lors de la
these les mesures ont été réalisées avec I'apgainé interface de contrble. Celle-ci n’est
pas indispensable mais elle permet d'utiliser n@sdement la sonde et d’accéder a la
mesure de la conductivité pour un non spécialigtdadthermique. Cependant, par cette
interface, seuls 3 flux sont possibles (4.44, 264.87 W/m) et le temps de mesure est
plafonné a 1500s (auquel il faut ajouter 1500 sdesnsupplémentaire pour atteindre

I'équilibre thermique avant le début de I'essai).

Reference temperature  Heating Hot jonction Cold jonction
sensor (PT 1000) . wire .
u z)

w1 1 )

cable and commections Base

0]

1-TPO2 sensor  2- Computer 3- Material 4- Control Unit

5- commection MCU/computer - Power supply

Sonde TPO2 et interface de controle Image du mengagéerimental
Dans un premier temps, Hussein a procédé au ogdibce la méthode en testant sur
différents matériaux. La méthode a, tout d’abotd,\@lidée sur le glycérol. La conductivité
thermique de référence pour ce fluide est de 0.A8nW) alors que la mesure obtenue est, en
fonction des réglages de puissances et de tempgprises entre 0.28 et 0.31 W/(m.K).
L’incertitude de mesure est de 3% en appliquantdésurs données par le fabricant. Ensuite,
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nous avons souhaité complexifier I'étude en comaittédes milieux de porosité croissante.
Des billes de verre de difféerents diametres (208 f0 mm) ont été utilisées de facon a faire
varier la porosité totale de 36.5 a 41%. Nous awaoss constaté que les cinétiques des
courbes exprimant la variation de la températuréadsonde en fonction du logarithme du
temps n’étaient pas toujours linéaires. Mais latieéqui est associée a la méthode suppose
dans une approximation linéaire aux temps longsnigst pas observée pour les billes de
verre de 8 et 10 mm de diametre. Il y a donc lieypbposer des modifications pour que la

sonde soit utilisable pour les matériaux d’unestplbrosité.

Fluid materials : Glycerol with 180s and heat flow 4.44 W/m Diameter 10 mm

different glass beads with 600s and JEUPRRSE i
heat flow 0.87 W/m LA i

g Diaméter 8 mm
, :

AT[C?]

Diaméterz mm

AT [C°]

= N Wb O N 0 W

; a

ttrans=78 5 tmax=165 s ttrans=44 tmax=453s

2
3 35 4 45 5 55 6 . B i 2 3 & > 6 £
In(t)
In(t)
Cinétique pour le glycérol Cinétiques pour lesdsilte verre
Deux études ont été proposées.
. Dans un premier temps, une évaluation des errasecees au design de la

sonde (dimension, composition) puis aux conditidiessai (puissance, temps de mesure)
sera réalisée. Cette étude doit aboutir a étalkkr améliorations pour in fine pouvoir
réaliser ultérieurement une sonde mieux adaptéa aalactérisation des matériaux
isolants. Nous avons simulé dans le logiciel Comdalltiphysic® la sonde et son
environnement afin de pouvoir faire varier des pwtes non accessibles

expérimentalement.
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Time=1500 s Surface: Temperature (K)

20

¥, L'x 204

¥ 293

Image de la représentation de la sonde provenai@alasol Multiphysic®

Nous avons pu constater qu’en diminuant la puissdiimentation, la cinétique de mesure
devenait plus linéaire. Les conditions pour obtenie conductivité thermique cohérente avec
les valeurs de référence nécessitent des tempsedarensupérieurs a 1500s et un flux de
chaleur inférieur a 0.1 W/m. Il a été égalemenblétqu’'une variation de température
inférieure a 5°C entre le début et la fin de I'eesh indispensable a respecter. Ces conditions

ne peuvent étre obtenues avec l'interface de dentro

Le ratio longueur sur diamétre de la sonde estément important a considérer. Les figures
suivantes présentent les isothermes obtenues pasdoeprésentant les pertes par la base de
la sonde et par l'autre extrémité axiale. Ces mwties montrent que les températures a ces
deux extrémités sont trés importantes pour la saydat un ratio de 25. Les pertes de
chaleur par ces extrémités seront donc trop imptasapour ne pas les prendre en compte.
Nous considérons qu’une valeur de 100 pour ce esicsuffisante pour éviter les pertes de

chaleur le long de I'axe de la sonde pour les rgsla

base

V___ probe k

base

probe

% hot junction 4 Isothermal lines
Isothermal lines B hot juaction
cold junction —_— coldjunction
L/D ratio =100 L/D ratio = 25
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Au niveau du design, il est important de connaltexacte position des capteurs de
température dans la sonde. Informations que naasons pas pu obtenir avec précision du
fabricant de la sonde. Le cuivre semble avoir depretés plus intéressantes que l'acier
inoxydable pour I'émission de chaleur dans le ntéra étudier. Cependant, I'acier
inoxydable a des propriétés stables dans le temgstemoins sujet a l'influence de la

présence d’humidité a son contact.

Les effets associés a la résistance de contactleetrdvoir une influence non négligeable.
Mais ces effets dépendent du matériau étudié. iba lde verre, du fait essentiellement de sa
forte porosité, présente une forte inflexion auudé@® la cinétique.

. Dans un second temps, un programme rédigé sousit®ath été développé
de facon a prendre en considération la non-liralétla cinétique. Nous avons cherché a
minimiser les hypothéses et simplifications darss dquations. Les techniques inverses
visant a minimiser I'écart entre courbes expériml@st et valeurs simulées ont été

appliguées.

Une étude de sensibilité des 3 parametres considgré sont la résistance de contact, la
conductivité et la capacité calorifigue a permisngentrer qu’aucune interaction n’existait

entre eux. Il est donc possible d’appliquer lesn@pes de la technique inverse sur ce
probleme. Les résultats du code de calcul Matlabt ssohérents avec les mesures
expérimentales. Des améliorations sur le calculérique sont en cours dans le cadre d’'une

collaboration avec I'Université d’Evry.

Sensihity analysis

===~ Thermal conductivity
Contact Resistance

— inertia contrast

g

Temperature (K)
]

3 4
Togaribe of 86 tme.

Etude de sensibilité des paramétres Résultats dirlalation
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Chapitre 5: Etude du transfert de chaleur dangpana

Cette étude concerne l'objectif 2 de la theseidiginent nous souhaitions intégrer la sonde a
choc thermique dans une paroi en reproduisantdedittons climatiques que subissent les
enveloppes d’'un batiment. C’est-a-dire que d’'uré cfit la paroi les conditions de I'ambiance
intérieure (Cellule chaude et stable dans le tenepsje I'autre coté les conditions d’'une
ambiance extérieure (Cellule plus froide et évaluginusoidalement dans le temps). Pour
reproduire ces conditions, nous avons fait I'adtjois d’'une manipulation dénommée
Thermo 3R basée sur la méthode de la boite chaardigéey Ces deux cellules encadrent la
paroi & étudier. Connaissant le flux de chaleursédsins la paroi (Q) il est possible de
déterminer ses caractéristiques thermiques.

representing internal wall representing external

condition ‘ I l condition

bot cell cold cell

HRSTE FONE wall
1 be

tested

Schématisation du transfert de chaleur Image dmite chaude gardée
La calibration de la manipulation constitue la piene étape de I'étude. Dans ce cadre, nous
avons cherché a établir un bilan thermique dellaleechaude puis de la cellule froide.

La cellule chaude est composée d’'une zone de gardaine zone dite de mesure. Nous
avons établi le bilan thermique dans la zone daurees partir de la relation suivante :

Qts = Qin— Qp_ Qw
Ou: Q. le flux de chaleur transfére dans la paroi aiétu@v),

Qin : le flux de chaleur total fourni par la résistamsbauffante (W),
Q, : le flux de chaleur dissipée par la paroi a &uders 'ambiance (W),

Q. : le flux de chaleur transféré de la zone de neesars la zone de garde (W).
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En positionnant des capteurs de température dgrerda (sensor 2 sur la figure suivante) et
en surface de la paroi (sensor 1), il a été déerdanie le flux (Q) pouvait étre néglige. Des
tests ont également montré que le flux)@st important au début de I'essai mais lorsqu’un
équilibre de température est obtenu (régime étedlly se produit en général aprés une heure)
la température de la cellule de mesure et de la dengarde étant identique ce flux devient
négligeable. De plus, connaissant la compositiotageroi nous avons calculé le fluxw)Q

et 'avons comparé a la valeur expérimentale. tlidesic possible de négliger ces deux flux

(Qp et Qu) et de considérer la relation dans la cellule dea@,; = Q;,.

Dans la cellule froide, le groupe froid (flux)@apporte un flux supplémentaire. Ce flux a des
effets sur le flux traversant la paroi a étudieg)(€ sur le flux dissipé dans le laboratoire par

les parois de la cellule froide (.

% % Qe
g semsor 1 0
= —— S r
asor 2| / V
= Taboratory
O 5°c . temperature =22 °C
hkilside cold side cold side
11 | o
Qi & 2 <4
’ i — ] ts
/ i [ Qs /] = Q
L | v \
Se= ) -
s 3”1.."’”1. / ’. o i d upply by
elecrrical resistance ) x ) \ power suplyly
o

Insulation (Polyurethane) 10cm
Insulation (Pohwurethané) 10cm 7=0.021 W/mK
A=0.021 WimK

Schématisation des flux dans la cellule chaudéchématisation des flux dans la cellule froide

Nous avons étudié le cas ou le groupe froid esntéf®.=0 W) puis lorsque le groupe est
allumé. Dans ce dernier cas si la température dellale froide doit étre maintenue a 5°C, il
a été montré expérimentalement que la puissancgegrar le groupe ne peut étre néglige car
elle équivaut a 1W pour une puissance transmisdapparoi (@) de 2.6W. Nous avons
constaté également que I'équilibre de tempérandginhe établi) est atteint plus rapidement

lorsque le groupe froid est allumé.

A présent, connaissant la valeur du flux de chaleumsféré dans la paroi il est possible de

déterminer sa_résistance thermique. Des mesuresfféredtes températures et pour

différentes humidités ont été réalisées. Nous avamstaté une bonne cohérence avec les
mesures issues d’autres techniques (Hot Disc quplahaude gardée). La température du
matériau considérée differe suivant les technigBesr la plaque chaude gardée comme pour
la boite chaude gardée, elle correspond a la m@&ydea températures de surfaces alors que

pour la Hot Disc le matériau étant dans une éta\est la température de réglage de cette
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étuve qui est relevée et donc la température pgericénsidérée comme locale (au niveau de
la sonde). La cellule chaude est réglée a 30°@ etllule froide a 20°C et les réglages en
humidité sont 0, 50, 75 et 95%.

0.05

0.045

L

0.04 A

0.035

thermal conductivity [W/m.K]

0.03
0 5 10 15 20 25 30 35

mean temperature [°C]

@ Guarded Hot plate ® Hot Disk (isotropic) A& Guarded Hot Box

Effet de la température

0.06

0.05 o
~
= *
~ ) i *
2 o004 @
>
=
>
k3]
E 0.03 .
©
=
(o]
o
g 002
5]
=
=

0.01

0
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Relative humidity [%]

® Hot Desk technique ¢ Guarded Hot Box technique

Effet de I'humidité

Nous avons ensuite cherché a définir une méthode giierminer la capacité calorifique de
la paroi dans la boite chaude gardée. Des fluxme&ine été installés sur chacune des 2 faces
de la paroi a étudier. Nous avons montré qu’a ildaye thermique, il est possible d’accéder

a la capacité calorifiquep@ar la relation :

t
_ fo (fhot—f cota)dt
p.d.AT

Cp

ou:  C,: capacité calorifique du matériau (J/kg.k)

froe: flux de chaleur (mesuré par le fluxmeétre) proverde la cellule chaude (W/m?2)
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feora: flux de chaleur (mesuré par le fluxmeétre) proverde la cellule froide (W/m2)
p: masse volumigue du matériau (kg/m3)
d: épaisseur de la paroi (m)

AT gradient de température entre les deux cellidgs (

Hear Flow (V)

/\\ heat flow on the hot surface

Time ()

L’aspect original de la démarche concerne le caledlintégrale pour déterminer la capacité
calorifique. Il est possible de calculer cette gnéde en déterminant I'aire de la zone hachurée
sur la figure précédente. Pour ce faire, expérialentent, un fluxmetre a été positionné sur
chaque surface de la paroi a étudier (au centielie-ci, voir figures suivantes) en contact
avec les cellules du GHB. Une soustraction enseariesures de ces 2 fluxmetres permet de
calculer la puissance stockée par le matériawst Ihécessaire d’attendre le régime permanent

et donc que les puissances mesurées soient idesfiquir arréter I'essai.

2 ] 'r.l 1
& i ; - T :_“:‘
- _!‘. ‘.._._.__..—l..!'.ll
S Hen
T = | | ]
s Wt r_- 'F’”F,:;:x:
=1l BE
— s e
- =P gl
= ':‘f..
R Lt g
. -=‘ ,;]Yr{lju.p}u I. I\ d ﬂ". - | — -
Matériau étudié Fluxmétre pos Paroi étudiée

paroi

La figure suivante (& gauche) présente le résdltat essai avec la cellule chaude régulée a

30°C et la cellule froide a 20°C. On constate sufigure de droite que des oscillations
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apparaissent sur le flux mesurée par le fluxmétsitipnné en contact avec la cellule chaude.
Le groupe froid étant atteint, ces oscillations tsdoes aux relances thermiques de la
résistance chauffante dans la cellule chaude paurtemir la température. La figure de droite
est obtenue pour une température de cellule chégale a 50°C (et non 30°C comme sur la

figure de gauche). La température de la celluleléest toujours de 20°C.

Heat side flow = cold side flow=1.52 W/m?
(flow reached to the steady state)

flow [w/m?]
flow [w/m?]

0\

time [h]

time[h]

—hot flow —cold flow —heatflow —cold flow

La figure suivante reproduit les mesures des flukeséau contact des cellules froides
uniqguement. On constate qu’en faisant varier laptature de la cellule chaude (la
température de la cellule froide reste a 20°C ladignt de température change) deux
parameétres évoluent. D’'une part, le flux augmeet@uwi est logique puisque le gradient de
température augmente. D’autre part, le temps naicespour I'établissement du régime

permanent augmente avec cette température.

Time of 50 °C

Time of 40 °C

t 3
S~
2
2 2 Time of 30 °C
= || R P
1 ﬂ M
0 A4
0 2 4 6 8 10 12 14 16 18
= -
time[h]
—cold flow during 30 T°  —cold flow during 40 T —cold flow during 50 T°

18



Nous avons testé la formule suivante pour détemti@eemps :

da? \ . . . s . L .
t = - Ou d représente I‘épaisseur [mjoela diffusivité thermique [m?/s] du matériau.

Nous avons comparé ces valeurs calculées aveddarv@tenue par lecture sur les graphes
(comme sur la précédente figure). On constate gserésultats de calcul ne sont pas
concluants. La formule ne semble pas prendre erp@itinfluence de la température bin

gue nous ayons modifié la valeur de la diffusiatéec la température suivant nos résultats
expérimentaux. Mais la diffusivité évolue peu aletempérature a la différence de ce temps

d’établissement du régime permanent.

La capacité de stockage thermique de la paroi paet également étudiée par d'autres
parametres. Il est possible de définir un tempsiagnt le décalage entre les températures
dans la cellule chaude et dans la cellule froidetginps est dénommé ‘time laggft dans la
these. Un autre parametre exprime 'amortissemenamplitudes de température entre les 2
cellules. Ce parametre est dénommé ‘damping’ owré&teent factor (B'. L'inertie
provoquée par les caractéristigues thermiques deal@i peut étre plus facilement

appréhendée a travers la définition de ces paramétes formules sont :
tiag = tr—hot(max ) — tT—cold(max)

D, = ﬂ _ Thot(max) - Thot(min)
4 Ac Tcold(max) - Tcold(min)

t lag
| I |

hot side cold side

T-hot{max)

Ac

/ " \ / T-hot{min)

8

t T-hot{max) t T-cold(max)
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En comparant nos résultats, issus de I'expérimentadvec ceux de la littérature, on constate

gue les résultats pour le ‘time lag’ sont cohéreméss les résultats du ‘decrement factor’ ne

le sont pas.
Epaisseur (cm) Résultats expérimentaux Résultatsadh [littérature]
Time lag (h) Decrement factor (-) Time lag (h) Desoent factor (-)
5 4.8 0.18 5.1 0.20
7.5 5.1 0.17 55 0.15
10 5.9 0.14 6.4 0.10

Dans une derniere partie de ce chapitre, le IdgMi&JFI a été utilisé pour étudier le
comportement de la paroi intégrant des sollicitetion température et en humidité. La notion
de temps est capitale puisqu’il est impossible expEntalement d’effectuer des études sur
des temps de plusieurs années dans le cadre tiese te qui est tres facile avec ce logiciel.
La paroi étudiée comprend deux couches de lainede de 25 mm d’épaisseur chacune. Un
paragraphe est consacré aux données introduitesl@wygiciel. Les valeurs expérimentales
de caractérisation morphologique, hydrique et thguende la laine de verre ont été insérées

dans la base de données du logiciel.

hY

Dans un premier temps, nous avons cherché a vdkderésultats du logiciel avec nos
valeurs expérimentales. Cette procédure de vabdidatiété effectuée sur un temps d’études

de 1 jour (24h). Initialement la paroi est reguaé20°C et 80% d’humidité relative.

La procédure de validation effectuée, nous avost tla paroi dans différentes conditions
afin d’évaluer les risques de condensation. Erqudigr, nous avons étudié l'influence de la
température initiale (10, 20 et 30°C) avec une lditdide 80%.

Notre volonté en utilisant le logiciel WUFI étaitissi d’évaluer la pertinence de l'utiliser
pour montrer I'importance des propriétés thermiquéslles-ci évoluent en fonction de
’humidité. Nous avons cherché a voir s'’il est polesde faire évoluer ces propriétés dans le

temps en cas de vieillissement du matériau.
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En conclusion, ce travail a permis des avancéeasimtéressantes dans l'utilisation d’'une
sonde a choc thermique pour caractériser des maxésolants mais aussi la pertinence de la
boite chaude gardée pour effectuer des études diesronditions proches de situations

réelles en température et en humidité.

En ce qui concerne la sonde a choc thermique, thadélogie habituelle pour déterminer la
conductivité thermique n’est pas applicable pows heatériaux isolants. En effet, il est
d’'usage de disposer d’une fonction linéaire erdaréempérature et le logarithme du temps
afin d’appliquer la relation mathématique pour d@&ieer la conductivité thermique.
Cependant, dans le cas des isolants, cette foresiote type sigmoidale. Il a donc été décidé

d’orienter I'étude suivant deux directions :

- Larelation linéaire est obtenue avec des apprdioms qui sont discutables pour les
matériaux isolants. Donc il a été décidé d'effectum ajustement entre résultats
expérimentaux et une relation mathématique qupa&fait I'objet de simplifications.
Nous avons utilisé un programme Matlab et applilpsetechniques inverses pour
résoudre le probleme. Les résultats sont intéréss@dous pouvons déterminer
simultanément la conductivité thermique et la diifité thermique. Cette étude va se
prolonger de fagcon a améliorer I'ajustement et irédles écarts entre résultats
expérimentaux et valeurs du modéle.

- Le design de la sonde n’est pas optimal pour launeesur des matériaux isolants.
Nous avons donc développé une étude en utilisdagieiel Comsol Multiphysics de
facon a évaluer la pertinence du choix de la séditkseflux avec qui nous avons
collaboré pour cette étude. Les choix peuvent aomcela composition et les
dimensions de la sonde. Nous avons eégalement éutiéis logiciel pour tester
linfluence de la puissance d’alimentation de land® et les caractéristiques

thermiques du matériau a tester.

En ce qui concerne la boite chaude gardée, noussalisposé tardivement (eff2année) de
'appareillage. De ce fait les objectifs d'étudet @e réduits. Nous souhaitons initier des
études pour maitriser le fonctionnement de l'appage et déterminer les caractéristiques
thermiques (conductivité et capacité calorifiqu&pendant, nous ne disposons pas assez de
temps pour introduire la sonde a choc thermiqueffectuer des essais pour connaitre les
propriétés en usage et non dans des méthodesadéremation de laboratoire. Donc au cours

de cette thése nous avons étudié :
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La détermination de la résistance thermique sofféreints gradients de température
et pour différentes humidités dans les cellulesidbaet froide.

La détermination de la capacité calorifique pamithode des fluxmetres en fonction
également de la température et de I'humidité. Cettéthode nécessitant
I'établissement du régime permanent nous avonsy@ssa trouver un calcul pour
définir préalablement a I'essai le temps nécesgaite I'établissement de ce régime.
Les parameétres « time lag » et « decrement factaractéeristiques de la capacité de
stockage de la paroi ont été définis. Une étudepemative avec des résultats issus de
la littérature a également été effectuée pourieéria validité de nos résultats. Enfin,
nous avons utilisé le logiciel WUFI pour étudierctemportement de la paroi soumise
a des variations en température et en humiditénst se rapprocher des conditions

expérimentales dans les cellules froide et chaeda Hoite chaude gardée.

22



Chapter 1: Introduction

1-1 Preface

The world currently faces its greatest challengerem diminishing natural resources and
increase pollution, now the largest environmentabfem is the atmosphere, where the
accumulation of greenhouse gases that cause clictaiage. The latest report of the
International Panel on Climate Change (IPCC) desl&hat the increasing carbon dioxide in
the atmosphere is the main cause of climate chfitigdPCC explains that by 2020, the
amount of CQ emissions from building energy use can be redumed?29% without
additional cost by using existing technology. Thainmmsector to emit C®in Europe is
buildings, besides to transport and industry. Tlaimsulation gives us the greatest potential

saving of CO2 compared to other building efficiemegasures [1] (figure 1-1).

Improve Lighting 50
Efficiency
Improve
Coﬁtrols | | & Transport Industry
Glazing .-=*" Temperature
Standards | 19 Conul?fjﬁé:ggtslsmal
Thermal | 185 Non-
Insulation residential Residential
! ! ! (tertiary) o
0 50 100 150 200 B Ildlngs
Potential savings in EU - Mt CO, per annum

Figure 1-2: Buildings are responsible

Figure 1-1: saving of CO2 by thermal insulation gared
J g y for 50% of Europe energy use [2] (1998)

with other building efficiency measures [1] (2002)

50% of European energy is dedicated to buildingd,40 to 60% of this is heating energy [2]
(figure 1-2). We can reduce this consumption fow fiilding by good design and optimum
levels of insulation, but for existing building iéquires renovation insulation and glazing.
The amount of energy required to cool and heatilaibg depends on how their structures
are thermally designed. The thermal performancbuitling is determined by the thermal
characteristics of the materials and how to ingkedse materials in the elements of buildings
according to the direction of heat transfer. Thardily of energy saved and the efficiency of
insulations are influenced by type of insulationtenal used, construction techniques,
position of materials and its thickness. Europenasv moving to upgrading the level of

thermal insulation systems in buildings. In additia number of countries move strongly to
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the assessment of building materials according reirBhmental Product Declaration and
Life Cycle Assessment of the product.

Reducing the fundamental mechanisms of heat trapsbeess (conduction, convection and
radiation) is a priority during manufacturing [ZJn understanding of the thermal properties
of insulation materials (thermal conductivity, siiecheat capacity and thermal diffusivity) is
very important to decide which material is besthaildings insulation. Thermal performance
of insulants is determined from thermal resistafRealue or its inverse U-value). Having
low U-values is considered the most important fadBut Thermal storage and longevity of
U-values should be also important parameters. Talerasistance value (R-value) changes
over time. There are many factors that influenceghenperformance of insulation materials
cause failure risk on long-term performance. Thestmimportant of these risks are the
moisture, air movement and interstitial condensatidurability of insulants depends also
mainly from strength (compressive, flexural, anasike), dimensional stability and chemicals
and biological agents. Materials of animal origie @ne of the oldest thermal insulation
materials. Besides the natural products and duthegindustrial revolution many artificial
materials were also developed, now more than 95% fnsulation is artificial materials [4].
Glass and stone wool represent over 50% of the Bikeh They had several advantages

more than the natural materials (durability, acioussulation, and fire and water resistance).

1-2 Aims and methodologies of this work

The object of this work is to assess the interéstising new methods to test thermally
insulation materials. Stafford et §] have shown that differences between designed and
measured in-situ thermal material performance ofentiban 20% common and of more than
100% in some cases. The actual performance is woasewas predicted. Moreover, as life
of buildings can be reached to 500 years, morearelds required to determine long-term
performance of insulants by in situ measurements.tl$ere is a need of developing new
methodology to reduce the performance gap betwesigml and real energy performance of

building and to studied aged materials in situ.

The first aim of this work is to study performanceand limit of using a non-steady state

hot probe (TP02 Hukseflu¥®) to determine thermal characterizations in the cas of

insulation materials. TP02 technique is usually used for soil characéion, powder and

fluid but it is not currently used for buildings tedals. It is well-adapted to determine in situ
thermal performance. This probe can also take agtmunt the effect of moisture content
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because it needs short time (10 minutes) and low {less than 1 Watt) in comparison with
steady state techniques. In laboratory conditignsyded hot plate apparatus (a steady state
technique) is better considered to assess the #hgrenformance of a sample of a building

material or construction element.

But, before this work, TP02 Huksefltixike other non-steady state probes (NSSP) is
considered not adapted to characterize insulatiatemals. In the TP02 user guide manual,
Hukseflux restraints the use of their probe torgeaof thermal conductivity between 0.1 and
6.0 W.m.K? and defines an expected accuracy at 20 degreeg3% + 0.02) W.rt.K™.
The fixed accuracy of 0.02 doesn't allow insulatiovaterial characterization with usual
thermal conductivity of 0.04 W.HK™. Pilkington[6] justify this restriction because he
observed that the kinetic, in the case of insul@gresenting non-linear temperature gradient
against the logarithm of time. For powder, fluiddasoil, a linear temperature gradient is
obtained. The so-called long term approximation aign, that can be considered the
traditional process, can be applied to determieentlal conductivity. We will show that for
insulation materials traditional linear process ’'tdie applied because of the S-shaped
temperature gradient kinetic. So, during this wose have purposed two study cases to
improve the NSSP methodology for insulation materiggure 1-3):

e To develop a new mathematical analysis by consideg the entire S-shaped
curve and not only its linear part. The necessity of developing a new methodology has
been described in a publication [Iylatlab program has been developed by applying
mathematical inverse technique principles. Thiskwuas been published already [2]. This
methodology allows also to determine simultaneoubllgrmal conductivity and thermal
diffusivity. Hot disc and guarded hot plate methbdse been used to validate experimental
measurements by this innovative method with NSS#idstion of thermal characterization
by thermal probe technique has been done by uswmigDisc technique that allows the
simultaneous determination of thermal conductiatgd diffusivity. Hot Disk technique has
been also used during this work to study effecamiotropic structure composed of pores

and fibers. The effect of the direction of the figxalso studied and published [3].
[1] H. Humaish, B. Ruet, L. Marmoret, H. Beji , Assessment of long time approximation equation to determine
thermal conductivity of high porous materials with NSS probe, Journal of Sustainable Construction Materials

and Technologies, Volume 1, pp 1-15, 2016

[2] L. Marmoret, H. Humaish, H. Beji, New methodgyato determine thermal properties of building ilasion

materials with cylindrical hot probe, Internationaburnal of Thermal Sciences (THESCI)
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[3] L. Marmoret, H. Humaish, A. Perwuelz, H. Béjinisotropic Structure of Glass Wool Determined ly A
Permeability and Thermal Conductivity Measuremeddsirnal of Surface Engineered Materials and Adeahc
Technology, Volume 6, pp 72-79, 2016.

 To improve the design of the probe for charactering insulation materials.
COMSOL® multiphysics axisymmetric 2D model has besed to study the influence of
characteristics of the probe (materials, sensomyeps...) that can’'t be accessible
experimentally. For example, the effect of length diameter ratio and materials of
components of hot wire of the probe has been predaturing colloquium [4 and 5]. Long
term objective is to develop a new probe speciatlgpted for insulation materials thermal

characterization.

[4] B. Ruet, H. Humaish, L. Marmoret, H. Beji, Assment of thermal probe technique for determinatibn
effective conductivity of building insulation ma#ts, in proceeding of the 20th European Conferepnce
Thermophysical Properties (ECTP), Porto, Portug4l14.

[5] H. Humaish, B. Ruet, L. Marmoret, H. Beji, Thaal characterization of highly porous materialsthg hot
wire method, in proceeding of the French Thermali&g (SFT) congress, La Rochelle, France, 2015.

E
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Figure 1-3: study steps with thermal probe



The second aim of this work is to study thermal pdormance of a glass wool in realistic

climatic_building envelopes conditions.Building envelopes are subjected to thermal and

hydric stresses that are not constant during dags seasons. In situ measurements are
difficult (and often impossible) to control onefsdlie to coupled effects of heat and mass
transfer coming from environment (sun, wind, raif,.Such as dynamics solicitations in
temperature and humidity are difficult to reproducdaboratory. Guarded Hot Box (GHB)
apparatus can be considered as an interestingdehgate realistic climatic conditions. Due
to the fact that a GHB has been bought duringwiaisk (second year of this work), we can’t
define objectives requiring too long time like ntaige effect and the durability of insulants.

So, during this work, we have fixed the followinigjectives:

« Determination of thermal resistance of a glass woalall against temperature
gradient. These values can be also obtained by guarded hte phd hot disc techniques
during steady state conditions. So a comparison been done in order to validate

measurements. It can be considered as prelimit@pyts take control of the apparatus.

« Determination of thermal storage capacity of the gss wool wall against
temperature and humidity gradients. During transient or un-steady state conditions,
thermal properties of materials like specific heapacity, diffusivity and effectivity can be
determined. An interesting flowmeter method alreasigd in laboratory on guarded hot plate
method has been adapted on GHB method. Thermaldsatzalculation must be undertaken
to evaluate the importance of various heat flowideasGHB apparatus. These thermal
properties can be also compared with Hot Disc testiime delay and damping have been

also determined to characterize thermal storagaatigof glass wool wall.

» Study of heat and mass transfer (in simple caseshe@ a comparison with Wufi®
data. Temperature and humidity gradients regulated inheasl of GHB can generate
moisture transfer, air movement and superficiainterstitial condensation. To study these
phenomena, WUFI® can be considered a well-adaptéitvare. A comparison of results
from GHB (experimental) and WUFI® (simulated) hdeen investigated.
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1-3 Structure of thesis
This thesis is presented in five chapters:

Chapter 2: The thesis starts with a literature review of thal characteristics of insulation
materials (thermal conductivity, thermal resistargpecific heat capacity and diffusivity). It
focuses on transient techniques and especiallyramepmethod and hot disk method. Steady
state techniques (heat flowmeter technique anddgdahot plate technique) are also

presented.

Chapter 3: It focuses on building insulation materials andssification of these materials
according to the origin of basic materials and ficat applications. It will describe the life
cycle of insulation materials and physical chanasties. The insulation material we use
during this work is a glass wool which has beennstted to a crimping process.
Morphological characteristics (density, porosity apecific surface) and basic principles of
hydric properties of this material have been presknThermal characterisation of insulation
materials that obtained by guarded hot plate (ststate) and hot disk (transient state) have
been determined during this work have been predeise.

Chapter 4: This chapter describes the use of a Non Steadg Btabe (NSSP) technique so-
called TP02 Hukseflik It focuses on the experimental results for défeérmaterials starting

by glycerol (fluid material) and then after thedtwf different insulation materials such as
vermiculite, extruded polystyrene and glass woali@ary procedure of treatment needs to
apply linear assumption on the experimental kine&fiecting the temperature increase
against the logarithm of time. But in the casenstilation materials, kinetic is not linear. So,
new mathematical methodology using inverse tectenapd requiring Matldbprogram has

been developed. Comsol Multiphysics® simulation hasn used to study the influence of
parameters such as the components of the probe@sition, size ...), the contact resistance

and the thermal properties of materials on the lmear S-shaped form of the kinetic.

Chapter 5: This chapter focuses on the experimental heasfearstudy inside insulation
materials by using guarded hot box (THERMO 3R).eAfpresented the calibration of hot
cell and cold cell, experimental results for thermesistance against temperature, thickness
and humidity have been determined. Thermal indréis been studied by using flowmeter
method and the determination of parameters sutimaslag and decrement factor. Tests for

studied heat and mass transfer by simulation withF\software have been presented.
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Chapter 6: presents the conclusions of this work, and makggesstions for future work.
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Chapter 2 Literature review on
thermal testing methods

2-1 Introduction

There are four modes of heat transfer in a fibmoaserial: (1) Conduction through the solid
medium, i.e. the fibers, (2) conduction through ¢fas medium, i.e. the air trapped between
the fibers, (3) convection due to the air in thacgpbetween the fibers and (4) radiation
interchange between fibers and air. Convectiomised by the air molecule’s movement.
Heat transfer in the conduction phase in insulatmaterials (fibrous materials) occurs as a
result of the solid conduction and gas conduction.

The convection in insulation materials can be dididnto two cases: the convection inside
the cells pores and the convection through the maaten a macroscopic scale. According to
the literature, heat transfer by convection camégected within a fibrous material, thus the
heat transfer takes place just by radiation andigotion in these materials. Bhattacharyya in
1980, [1],showed when the sample is placed in a temperbeiveeen from - 41 C° to 88
C°, the convection can be negligible in a porflious materials because the convective
heat flow is less than 1% of the total. Stark amatké (1993) [2] said that the natural
convection is generally negligible on fibrous ireidn samples with densities equal to or
greater than 20 kg/m3. While Daryabeigi in 2003, E&aid the natural convection is not a
procedure for heat transfer in fibrous insulatioatenials with densities equal to or greater
than 24 kg/m3. Du et al. in 2008 [4], proved ttreg samples with porosities less than 0.992,
the convection is generally negligible on fibroosulation.

The electromagnetic radiation in insulation matsrtands to transfer the heat by radiation.
The net radiation is the difference between theatexh in two surfaces hot and cold. The
thermal conductivity by radiatiomM\R) is coming from the radiation transmission retfec
and scattered by the fibrous structure, the filaghiation dependent on the absorbance and
emittance of the fiber and the thermal differenetneen fibers [5].

There are different techniques to characterizentakmproperties for insulation materials:
steady-state techniques (guarded hot plate metmbd@arded hot box method) and transient
techniques (probe method and hot disk method). Stbady-state techniques suffers from

major drawbacks. It requires a long time to esshbl steady-state temperature gradient
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across the sample, and a large temperature gradiéatge sample size is also required, and
the contact resistance between the thermocouplahrendample surface is considered as a
major source of error. Transient techniques (profmethod and hot disk method) are
distinguished mainly by the short time and by it flow in comparison with steady-state
technique.

This chapter focuses on the thermal characteri@tiesmal resistance, specific heat capacity
and thermal diffusivity) of insulation materials cathe techniques that used to measure
these characteristics. It discusses the steady stahniques and transient state techniques
and describes in details probe method and hotrdetkod (transient technique) that are used

in the experimental.

2-2 Thermal characteristics and heat transfer in avall

2-2-1 thermal conductivity and thermal resistance

One of the most important characterisation of tisiliation materials is thermal conductivity.
The thermal conductivity of a material represehtsquantity of heat that passes through the
thickness per unit area per second with one dediféerence in temperature between the
faces. The heat flow is moving the heat from thghhiemperature place to low temperature
place to reach the equilibrium. Ideally, discretalgsis based on characterization of each
fiber, interstitial materials and interface conalis provide the most representative system.
The number of fibers, the complexity of the micsc structure and the interactions
between the components make the discrete analysig &xpensive and sometimes
impossible. One way to overcome the difficultietoigletermine a hypothetical homogeneous
material equivalent. The properties of this equemélmaterial are denoted as “effective
material properties”. Some properties as the affeatensity or effective specific heat can be
determined by some form of averaging values of eamhponent. The effective thermal
conductivity not only depends on the propertiesaxth component but is also function of the
shaping process. The method consists of the dewelopof empirical models or rigorous
numerical simulations using generally the finitereént method or analytical models.

The effective thermal conductivity can be likenex three forms of heat transport in
insulation materials; conduction through solid, @ection during gas phase and radiation
within pores as:

Aeff = Asotia T+ Agas + Araa (2-1)
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Where 4, effective thermal conductivity (W/m.K),As,;4: The conductivity for solid

conductionwim.k), 444s: The conductivity for gas conductiom.k), A4rqq4: The conductivity
for radiation.

The part of the thermal conductivity due to theedirconduction in fibers and at the contact
between the fibers is generally small for high pdsomaterials. In general the biggest of
these parts is the solid conduction (figure 2-1)iledo the very small dimensions of the
cavities the air's movement between the fibers rsctically negligible, heat transfer of
convection is minimal and can therefore be omitiemm the calculations. Insulation
materials have small amount of structural solichvhighly porous. The importance of the
radiation will increase in a material with a smathount of solid [6]. Then the optimum point
for insulation materials is summation of the raidiatand solid conduction if we considered

the gas conduction for conventional insulation makeis constant.
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Figure 2-1: Thermal conductivity in porous matesi§]

Thermal resistance (R) of the insulant can be &atled from thermal conductivity by:

R=d /A (2-2)

The UNI EN ISO 6946 [7] describes a method for alating the thermal resistance and
thermal transmittance of building elements basedhenrelectrical analogy (figure 2-3). The
theory indicates that the total strength of thelwskqual to the sum of the resistances of

each layer that constitutes it (figure 2-2). Tlsisvhat we will check through the experimental
tests.
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T(x.t)

Figure 2-2:  Thermal transmittance of buildingments based on the electrical analogy

q="" A (2-3) "
R1 R4
Where: R3
R: Thermal resistance (oK/W) Figure 2-3: Electrical analogy for the heat

d: Thickness of the wall (m) transfer through wall

The thermal performance of any wall is highly degent on the amount of insulation
installed. Other factors such as air leakage, liasitan defects and moisture content can have
also a great influence. U-value is an effectivedador describing the thermal performance
of the walls [8]. Decreasing this factor indicatgeod insulation for walls. U-value is useful
to predict behaviour wall layers and measuremerthisf value helps in achieving energy

conservation in walls.
2-2-2 Specific heat capacity

Specific heat capacity represents the ability @f mmaterials to store or absorb the thermal
energy. It is also the energy required to raise degree variation of temperature of the unit
mass of the material. There are two types of sjgeledat; specific heat capacity at constant
volume(C ,, and specific heat capacity at constant pressyreThe energy storage in the

material during steady state conditions can berahted from the expression:

C, = plv". = (2-4)
Where:

C,: Specific heat capacity of the sample at congieggsure

q: Heat flow (w)

p: Density of the sample (kgfn

AT: Differences of temperature between two surfadheivall (K)

33



Equation (2-4), representing the ability of the M@alstore the energy which depends on the
properties of the materiab(C, and d) whereAT (is condition of the material and not from
the properties). The insulating materials should &digh specific heat capacity that mean it
should have a high capacity to retain heat.

Building materials absorb energy slowly and holtbitmuch longer periods of time than do
less massive materials. This delays and reducddrheafer through a thermal mass building
component. Mass is another important charactetiséit affects the thermal performance of

construction assemblies. Heavy walls, roofs, aodrfl have more thermal storage than light

ones. Thermal storage both delays and dampensraester (Figure 2-4).
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Figure 2-4: Effect of thermal storage

It may be noted that the steady state method doeaacount for the effect of heat capacity
of building materials. ThASHRAE Standard 9G-Energy Standard for Buildings Except
Low-Rise Residential Buildingthelnternational Energy Conservation Cqdend most other
energy codes recognize the benefits of thermal raadsrequire less insulation for mass
walls. Thermal resistance (R-values) and thernaaisimittance (U-factors) do not take into
account the effects of thermal mass, and by themseare inadequate in describing the heat

transfer properties of construction assemblies sighificant amounts of thermal mass.

2-2-3Thermal diffusivity

The thermal diffusivity is representing fast progagn of heat through the material. Thermal

diffusivity refers to the distribution of the tempéure in the material during non-steady state
(transient condition). Thermal diffusivity is a fttion for heat conduct and heat store and
allows to compare the ability of materials to cocidand store thermal energy. It is expressed

in m?/s and it is measured in compliance with ISO 22007-

a= —— (2-5)
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Where:

a: Thermal diffusivity

A: Thermal conductivity

p: Density

C,: Specific heat capacity of the sample at congieggsure.

Thermal conductivity and thermal transmittance @ed to define the insulation properties
in steady state. Thermal transmittance, also knasvll-Value, is the steady state heat flow
passing through a unit surface area induced b¥Kalifference of temperature expressed in
W/m?K. It takes into account conductive heat transfet also convective and radiative heat
transfers. Thermal transmittance U-Value can besorea with the hot-box methd¢d] and
can also be estimated with the ISO 6946 calculatiethod.

For the unsteady the most used parameter is tmmdheliffusivity «. Several comparative
studies demonstrated that the calculated U-valteessually lower than the measured ones.
The following paragraph will present steady state tansient methods to determine thermal

characteristics of insulation materials.

2-2-4Conduction heat transfer in a plane wall

The conduction heat transfer in a plane wall iscdbed by the one-dimensional transient

heat conduction equation:

5] = S (2-6)
Where\, p and C are the thermal conductivity, density anec8jr heat capacity of the wall
material. The wall exchanges heat by convectiomfsarface of the wall to ambient.

To determine the time constant, usually we considerped system assumption. Heat

transfer into the wall during dt is equal to thergmase in the energy of the wall during dt:

hA(T, — T)dt = pCVdT (2-7)
AT-Teo) _ _ hAs (2-8)
T—Teo pcv
Integrating from t=0 at which T=lto any time t at which T=T(t) gives:
InIf®Tw _ _ has, (2-9)
To—Too pcv

Taking the exponential, we obtain:

T(t)-T, _t _ < cv
IO T _ pr=eFo out =2 (2-10)
Ty—Too hAg

Where b is the Fourier's number (this parameter will beatied in more details in §2-4-3).
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Thermal time constant£TTC) is a measure of time it takes heat to profataough the
wall and is a kind of “effective” thermal insulagjrcapability. TTC can be also defined as the

sum of the heat capacity of a layer and the cunwveldhermal resistance up to layer.

TTC = Z?Pt CpiLi Ro— -12)

Thermal time constant is effective during deterrtioraplace of the insulation material in the
building envelope in external or internal (higheFa mean lower the overall heat transfer
through the structure). The value of this timeepehds on the thermal capacity and thermal

resistance of the materials.

The lumped system provides great convenience ihtheasfer analysis but criteria must be
respected to use it. Characteristic lengtf) (. defined as V/A So Biot number (B can
be determine from characteristic length as:

convection at the surface of the wall hL
B; = face of = ble (2-12)

conduction within the wall A

The lumped system is applicable if80.1
To determine time to reach the steady state,pbssible to considert3o have 99% of the

steady state (figure 2-5).
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Figure 2-5: Transient heat flow
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2-3 Thermal technique of characterization

There are two methods to measure thermal condtyctfiinsulation materials: steady state

methods and transient state methods.

Under steady state conditions (figure 2-6), heat flhrough element is constant during time.
Temperatures in each point of components layeoahe function of its thermal resistance.
Time lag and heat storage are not an issue. Theystate method depends on the Fourier
law of heat conduction and suffers from major dragis. It requires a long time to establish
a steady-state temperature gradient across thelesang a large temperature gradient. A
large sample size is also required, and the conéaststance between the thermocouple and
the sample surface is considered as a major sadfiregror. One of the common widely of
steady state methods is Guarded Hot Plate (GHM)nigee which is suitable for

homogenous materials.

Under unsteady state (transient) conditions (fii+#®, heat flow through the element is not
constant. Temperatures in each point of the laygedd on time, thermal resistance and
thermal capacity of this element and solicitatiohgnsient state method depends on the
procedure of applying constant heat flux through g#ample which must be in thermal
equilibrium initially. Rapid results are one of thein advantages of these methods besides

possibility used in situ.

T

Figure 2-6: Steady state conditions Figure 2-7: unsteady state conditions (transient)
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2-3-1 Steady state techniques

This is the most common method for the measuremietitermal conductivity of insulation
materials. It is suitable for dry homogeneous niaernn slab forms. Under steady state
condition, the rate of flux through unit area fachk temperature gradient is constant and
perpendicular to the isothermal surface of the $amermal conductivity for homogeneous
sample is calculated by:

q.d

= Tt (2-13)

Where:

A : Thermal conductivity (w/m.k)

q : Rate of heat flux (w)

d : Thickness of the sample (m)

A : Area measured on the a selected isothermalcgu(fa?)

T, : Temperature of the hot surface (k)

T, : Temperature of the cold surface (k)

Usually the heat flux is determined by the measerdgnof a power emitted in an electrical
heater divided by the area of the sample. Genertily value of thermal conductivity is

related to the average temperature of the hotsidad cold surface.

2-3-1-1 Heat flow meter (HFM) technique

A heat flux meter (HFM) is located between the duplate and the heater, it allows to
control the temperature difference between the pieres (figure2-8). The heat flux is
obtained by the so-called (hybrid meth@l)] as shown in figures 2-9.

LVDT System Electrically heated plate p HMF
<
I | ) 1 Heat source (Heating foil) Gl pate: |
B OO R R X R H R KRR IR AR K IR AR AR AR A A %] Pedtier system
% Hot plate (hot) <.‘ qel
g — et i e ]
5 Test sampie sample '
g Heat flux transducer
Cold plate q Edga q Eng\r
¢ 2 4 2etes 2% 111101 [P \ \
cold plate e %
Figure 2-8: scheme of heat flux meter Figure 2-9: heat flux by hybrid method [10]
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At steady state the heat balance on the heater gkgiressed by:
Pe=q+q (2-14)

Where:

P,: The electric power dissipated in the electrigstase circuit
q: The heat flux actually passing through the sampl
q': Parasite (leak) heat fluxes defined as:

q' = Qgp + Xiz1qgri + Xi=1 Gedge,i (2-15)
Where:

qgp - the back heat flux going to the guard plate throtighHFM
* q4.i - the heat flow passing to the guard plate laethlfough the gap
Yi1eage, : the edge loss
The ideal vertical flow that produced by the hedgaves the sample through its edges, all the
parasite heat fluxes depends on the gradient texyverbetween the guard plate and the

heater plate as well as the temperature of the efiiie sample during the test.

When the edge of the sample is fully insulated tedtemperature is the same in the guard
and measurement plate, it can be assumed thabeaklectrical power transmitted in the

heater flows vertically through the sample.

So the electric power is equal to the heat fluxialéy passing through the sample as defined

in equation:
P, =q (2-16)
During appropriate designg; is typically less than 0.5% qf [11].

2-3-1-2 Guarded hot plate (GHP) technique

A sample of material is placed between two pla@se plate is heated and the other is
cooled. The thickness of the sample and the heai ito the hot plate are used to calculate
thermal conductivity. During Guarded Hot plate beat flow is steady-state in one direction.
The test is applying according to the American 8tycifor Testing Materials (ASTM)
Standard ASTM 1977-71, ASTM 1977-85 and ASTM 177{22]. The most adapted
technique for insulation materials (American ASTM 127-97 and European ISO 8302
Standards) is guarded hot plate (Ghi)ich takes into account the total heat transfehés
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steady-state method [13]. The guarded hot plagedikers steady-state methods suffers from
major drawbacks. Guarded hot plate is suitabledfgrhomogeneous samples in slab forms.

Heat flow in the steady-state method (guarded ladéptransfer in one direction.

Van Dusen in 1920 used guarded hot plate to medkaerenal conductivity for insulation
materials [14]. Van Dusen and Finck in 1928 corcdtrd a version of guarded hot plate that
continued to work for a long time [15]. The valuelrermal conductivity collected from this
apparatus was in agreement with real value. Rohjnsio E., and T. W. Watson in 1951
carried out some experimental tests to measurendieronductivity for the cork board [16].
GHP apparatus has been improved with much betteigre and reductions of operating
costs of buildings. Then, data on thermal condite of insulating and building materials
have significantly been more accurate in technmainals and handbooks. Inter-laboratory
comparisons agree to within £3% of the values ddrrtbal conductivity and thermal
resistance of the insulating materidlg].

There are many designs for a GHP Apparatus witlergéifit standards. The main are single
sample parallel plate method (figure 2-10) and tsample parallel plate method (figure 2-
11).

‘ % //// 7, ’n/// 5 // / PRI G R Ry W | WS R T e e 7/
///// // »//////,/A/ ‘/////// // // LS N W W . W i YR WS A N :
//// ‘/.//// 4 //// &4 // //
B B
7/ 7
c F C 7 /.
/E: G VE E/ E
77 |// /// //
D D //. //'/
/%
IN COOLING ouT % /—//—//—’/—//—//—’/—/A T e

Figure 2-10: Single sample parallel platémigure 2-11: Twin sample parallel plate method
method (A,E : insulation; B,C,D : guard heaterA: cold plate; B: sample; C: main heater; D:
F: main heater; G: sample; H: cooling liquid) guard heater; E: insulation)

The heat source (F on figure 2-10 and C on figuld @ the sample (G on figure 2-10 and B
on figure 2-11) and the heat sink (H on figure 2-afe placed in contact with each other.
Thermal guard (B, C and D) on figure 2-10 and Dfignre 2-111 reduced the effect of
climatic (temperature and humidity) environment. Wémsider the ideall approach that no
heat leakage occurs from source, sample or sinkdanies. So, the measured heat input is
fully transferred across the sample. The thermalduaotivity is determined from the
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measurement of the amount of heat input requirechdmtain the steady-state temperature
profile across the test specimen and temperatutteedieating and cooling plate. After steady
state has been established, the thermal condyctiait be calculated from the heat input Q,
the temperature differential across the sample-(T2), and the sample thicknes& X) and

heat transfer area of the sample (A).

— a0 -
Q=-1A— (2-17)
Since steady state conditions may take severakhoutevelop, this method is unsuitable for
use with material in which moisture migration maje place. The method has been used for

measuring the thermal conductivity of dried matsria
2-3-1-3 Guarded Hot Box (GHB)

Hot Box is used to test the thermal propertiesrofralividual material or a composition of
materials in multilayer walls or cavity walls in illings besides to measure frequently
windows structures [18]. The measurement is domingluhe heat transfer through the
materials. After completing this operation and ecting all the information the heat transfer
coefficient or a U-value for that material or th@lmesistance can be obtained [19]. Moisture
transfer during the test specimen can also beddstecontrolling the relative humidity and
the temperature on the two sides of the sample. [26} boxes also used to evaluate the

thermal properties of building components had hedculated [21].

There are two groups from hot boxes; Calibrated Blox (CHB) and Guarded Hot Box
(GHB), each group consists of different design um®dind the world.
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First: Calibrated Hot Box (CHB) group

The first Calibrated Hot Box (CHB) was design irv@%y Mamow [22] (figure 2-12).

Surround
Panel

Metering
Box —_—
- Cold
[—— " Box
\’ /
—
Heater J—
1 1 Test
§ //’ Specimen

Figure 2-12: Calibrated Hot Box [22]

Simple Calibrated Hot Box (CHB) [23] consists of atwchambers, the metering box
representing the indoor environment and the coklepresenting the outdoor environment
[24]. The walls of the chambers are very thick &g loss at a minimum and made from a
material with a very high thermal resistance. Tiiekiness of the surround panel is changed
according to the standard Calibrated Hot Box (CHB)e test specimen is fixed between the
two chambers and the energy flow transfer throdghtést specimen from hot chamber to
cold chamber. The main objective of the hot chandbén provide a controlled temperature,
appropriateness wind velocity and heat flow througk specimen. The cold chamber

contents the refrigeration system.

Second: Guarded Hot Box (GHB) group

The first Guarded Hot Box (GHB) was designed in@83test more than 120 different wall
[25]. The metering box in the Guarded Hot Box (GHRjsting inside guarded box to reduce
heat loss and to keep same temperature in the ingeteox and guardedox, this is the
difference between Guarded Hot Box (GHB) and Catdmt Hot Box (CHB) [19].Guarded
Hot Box (GHB) is suitable to test full-scale systeinecause it measured the total heat
transfer through a complete test specimen [26].ntbre accurate but it has one insufficiency
that it takes smaller test specimen than CalibreleodBox (CHB).
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Figure 2-13: Guarded Hot Box (GHB) [27]

Figure (2-13) [27] illustrates the conventional Glex Hot Box (GHB) which is similar to
the Guarded Hot Box (GHB) described by Versluigd [R®sney [29] and Nussebaumer [30].
The National Research Council Canada [31], builax@ad Hot Box (GHB) to test skylight
windows with alternative designs, this is what magmssible to alternative designs to build
Guarded Hot Box (GHB).

Other type of Guarded Hot Box (GHB) has been useZDD2 at University of Ulster to test
the insulating properties of evacuated glazingsThind of Guarded Hot Box (GHB) was
designed and built according to the BS EN I1SO 8@#&). The walls of metering box was
constructed from plywood, a 20 W heater was usetiett the metering box and four
electric fans fixed to eliminate static air pockelsvo baffles were installed parallel to the
test specimen and behind the heater to elimina&eatiiative exchange with the box walls.
The guard box was built with of 150 mm Styrofoarsulation to keep the air temperature
difference between the guard box and the meteringléss than 0.1 °C as shown in figure
(2-14) [33].

Electric Expanded polystyrene Isothermal Electric
fan Surround Panel baffles fan Cold
B
Guard \ I ox
Box
o : [ V\
[ b o Chiller
Ny /}f ‘
Qw 5 ’ v
<
11 H Qin
F ( Cooling
— ’ b X oils
o N | U
T
) A QSP /Z
/ I [ \
N
Electric fans ~ Heaters Metering box  Evacuated glazing Air plenum

Figure 2-14: Cross section of Guarded Hot Box (GHE3]
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2-3-2 transient techniques

As mentioned previously, heat flow through the slEnaring transient state condition is not
constant and the sample must be in thermal equitibiinitially. The main advantage of
transient techniques are rapid results (short tesg and possibility used these techniques in
situ. Transient methods are suitable for matehalge high moisture contents, a brief review
of main transient technique is provided on table [34] with Standard ASTM or ISO and
capabilities / limitations.

- Suitable for liquids, powders and dielectric nizis. ASTM C1113/C1113M-09
- Not suitable for anisotropic materials.
- Applicable fori< 15 W/mK

- Temperature range (20 °c to 1500 °C).

- Long sensor, and consequently, long sample.

- Suitable for solids and fluids with low elec.ncb
- Capable of measuring, (@ and G)

- Long sensor, and consequently, long sample.

- Suitable for solid, liquids and powders 1SO22007-2
- Capable of measuring,(@ and G).
- Suitable for both isotropic and anisotropic miater

- Compact sensor, and consequently, small sample.

- Suitable for homogenous, isotropic and opaquesol ASTM E1461-13
- applicable form from 0.1 to 1000 mm?/s

- temperature range (75 K to 2800K)

- suitable for electric solids
- for measuring thermal conductivity

- temperature range (30 K to 750 K)

- For measuring thermal conductivityof thin films.

- For measuring thermal diffusivity of solids.

- For measuring thermal diffusivity of high temperature
Superconductors.

-Temperature range (10 K to 300K)

Table 2-1. Summary of capabilities and limitatiefigwvailable transient techniques [34]
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This study is focused on Hukseflux TP02 probe (Wive technique) and hot disk (Transient
plane source) during the experimental tests farlai®n materials due to the low cost, short
time and possibility to use these methods in situ.

2-4 Probe technique

To access thermal characteristics of insulatiorenmes, in situ measurements, and not just in
laboratory conditions, can be considered an importssue. To determine these
characteristics in situ, only the transient teches&) are possible because of their quick
measurement, their portability and their relative kcost. They are also interesting because of
the low power they need making possible the studynoisture content influence. This
technique is considered non-destructive methodréduate thermal properties for insulation
materials. The building insulation materials sushgéass wool vary when transferred from
the site to the laboratory due to the change ottmalitions, therefore the transient technique
(probe method) is used to overcome these restigtio situ. Moreover, the steady state
techniques such as guarded hot plate commonly usethe laboratory measurements

required long time to achieve thermal properties.

2-4-1 Development stages of probe method

The development of probe method over several stages

First: the nineteenth century (measuring thermal onductivity for gases)

Josef Stefan in 1872 [35], [36]; measured the tlakiconductivity of air with an instrument
called (Diathermometer), this was the first insteminto measure the thermal conductivity of
gases. The value of the thermal conductivity agreed galat approximately the same
temperature by 3 %. Stefan measured the thermaluctimity for gases by using similar
technique and published his results in 1875 [38].[

Schleiermacher in 18989] measured the thermal conductivity for gasesising a platinum
hot wire ( 0.4 mm diameter and 320 mm length) i@ center of the glass cylinder of 24

mm diameter.
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Second: Twentieth century (measuring thermal condetivity for fluid and solid)

Weber in 1917[40] modified method of Scheiermacher and proposedical instrument
which is consist of platinum wire (0.4 mm diamedé&d 545 mm length) placed in side 23
mm diameter glass tube .he measured the thermaductvity for some gases values was
Close to current values.

Bertil Stalhane and Sven Pyk[41] use of the tranidiet-wire technique, for the first time in
1931, they employed this technique in order to meashe thermal conductivity of solids
and powders (and some liquids),the hot wire was em&fdm constantan (very low
temperature coefficient of resistanc@he work of Stadlhane and Pyk was improved by
Eucken and Eglert in 1938 [42], they designed asokibe transient hot-wire instrument for

low temperatures with using the 0.1 mm diametetirplan wire.

Van der Held and van Drunen in 1949 [43], Van deld-and et al 1953 [44] used a 0.3 mm
diameter manganese, with 0.1 mm diameter coppestaotan thermocouple (placed together

in a glass vessel) to obtain the thermal condugtofi aggressive liquids.

Hooper and Lepper in 1950 [45] used Aluminium prebth a steel tip (475 mm long by 5
mm diameter) to overcome Problems faced by thedguhhot plate method (moist and

undisturbed) of samples.

Blackwell and Misener in 1951 [46] suggested sifgplyg assumptions of Hooper and
Lepper and they used probe 800 mm long by 40diameter to reduce error levels from
axial and end losses. Blackwell carried out in 1@82er calculation about the radial and
axial heat flow [47] then put equation to obtaime tminimum probe length to radius ratio

L/r>[a.t/0.0632f]°° and published theoretical solution for his work in 1988].

Gillam et al. [49] in 1955 practice the ideas oélBane and Pyk, Eucken and Englert to
manufacture a simple apparatus of lower uncertalhBp6 for liquids and solids to obtain

the temperature from the wire's resistance, tiseg a 0.1 mm platinum wire.

Jaeger in 1956 [50] described the contact resisthetwveen the probes having big diameter
(30 mm to 40 mm) and the medium (dry rock) as etu#he thermal resistance of 1mm air.
After that, in 1959, Carslaw and Jaeger [51] dgvetba classical mathematical solution to

obtain the thermal conductivity of the sample bemegasured.
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Grassman and Straumann [52] in 1960 publishedrsitnt hot-wire apparatus for gases and
solids, and Haupin [53] an instrument for solidswhich a thermocouple placed in the
centre of the sample is heated with alternatingeciirexpressible both as heat source and

thermometer.

Turnbull [54] in 1962, compute the thermal condutyi of molten salts in the liquid and
solid states, and of organic silicates. He usedlantim-diameter platinum wire, of 10 cm
length, putting in the sample, was heated by dicectent. The thermal conductivity was
obtained uncertainty of 3%. Horrocks and McLauglb®] in 1963 used four terminal
transient hot-wire instrument for finding the thedmconductivity of liquids, with an

uncertainty of 0.25%. They used a|@@-diameter platinum wire of 15 cm length.

Mittenbuhler [56], in 1964 used a heating wire okanetal with a thermocouple welded to
the heating wire in the form of a cross in orderd&iermine the thermal conductivity of
solids. The temperature rise generated by rggiower is used to find the thermal
conductivity. The developed method formed the basimethods for a German [57] and a

European [58] standard in use today.

Four years later, in 1968, Burge and Robinson §a@jgested another four-terminal transient
hot-wire instrument for gases employing lower timEse line source consisted of a 0.7 mm
diameter, 20.6 cm length wire. They measured tileemal conductivity of He, Ne, Ar and

their mixtures. Hayashi et al. [60] also used a#euminal transient hot-wire instrument, but

to measure the thermal conductivity of solids uf260 o C.

In 1971, Davis et al. [61] proposed a very sntaRl um-diameter and 1.3 cm-length
platinum transient hot wire. They used a digitaltmeter (HP 2402A, 40 measurements/s)

Instead of the photographing galvanometer spotsioig chart recorders.

Work of Haarman [62], [63], in 1971 was the mospaortant because he used an automatic
Wheatstone bridge to measure the resistance differef two wires. The bridge was able
to determine the time required for the resistarfdde hot wire. This bridge is used to reduce
the duration of each experimental run and for elation on the effect of arising from
convection. Alloush et al. [64], in 1982 propossihg the wires are made from tantalum to

measure the thermal conductivity of electricallpdocting liquids
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Figure 2-15: some transient hot wire instrumentssialids [65 and 66]

Figure (2-15) shown some transient hot wire instrnta for solids. Design (a) shown two
tantalum wires are placed inside a soft silicoryeddo avoid air gaps and make the contact
excellent [65], has been achieved 1 % uncertaigitthis way. Design (b) was the same but
the two wire placed between soft alumina layersciwhiecame solid by fire under pressure
[66].

In the transient hot wire method (THWM), the lireah source and the temperature sensor are
separated where the position of the temperatureoseat a radial distance from the heat
source, as shown in the figure (2-16) (top) [67hiW/ in the probe method the needle probe
containing heating element and temperature sefbertemperature sensor is separated by a

medium with good electrical insulation, as showifigare (2-16) (bottom) [67].

~.
\

\ r~ Line heat source

Sheath - |
High temperature =
/ insgulationpe (\\ / 5

i 4 - Temperature sensor

r-Typical thermocouple
/ junction location

/

/ High temperature Sheath / = Needle probe containing
/ insulation heating element and
/ / / temperature sensor

Figure 2-16: the details of the temperature seresut the line heat source for transient hot
wire method (top) and needle probe method (bot{6i)
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According to the number of needle, there is diffétgpe of probe such as:
First: Single Needle Probe

De Vries and Peck [68] designed thermal condugtigibbe (TCP) as shown in Figure (2-

17), the capillary glass is covered heating wire.

Figure 2-17: Radial and longitudinal cross sectiaisa TCP. 1, Monel gauze (filled with
paraffin wax); 2, glass capillary; 3, paraffin wa; thermojunction; 5, heating wire; 6,
constantan wire; 7, copper wire; 8, insulating cou plastic socket. (Adopted from [68])
Another (TCP) designed from electrical heatingsas shown in Figure (2-18) [69], the steel
and epoxy is embedded in the rod whose length ésn2énd the length of heating wire is 5
cm.

“Bottle Heating coils Silicon Themistor
brush” seals (2Q total) rubber rod temperature sensor

~10cm

Figure 2-18: Another TCP design. [69]

Second: Multi Needle Probe

This kind of thermal conductivity probe has morarttone needle altogether as shown in
Figure (2-19). According to Bristoet al [70], from this type of the probe it is possilbte
obtain thermal properties, water content and etattconductivity of the sampling porous

medium. Two needles are used to measure the th@nopérties and water content and the
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other needles are used to measurements of thei@écbnductivity of the sampling porous

medium.

25 mm Temperature Sensor
Plan view —— Heater

Leadwire to

power supply T | T '
and datalogger ACMKI block

Side view

Figure 2-19: A multi-needle TCP design (Adoptedfi@0])

2-4-2 Theory of the thermal probe

The non-steady state probe (NSSP) method for tHesamaductivity measurement assumed
an infinitely long line heat source inserted iniafinite and homogeneous medium and is

expressed by the general Fourier equation:

== av?T (2-18)

Subject to the initial condition: att0, AT(r, t) =0

For boundary condition:

_ . rdT| _ Q
atr=0ande 0, Lim —dr] =-Z (2-19)
atr=coand t= 0, lim[AT(r,t)] =0 (2-20)
T —00

The temperature response of the heat source awerwith heat is maintained at a constant
rate can be described by Carslaw and Jaeger so[5tlg:

—_ % -
AT = — — Ei [u] (2-21)
TZ
Whereu = — (2-22)
4at

The exponential integral functio’{) can be expressed by a series expansion [71]:
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—E,(~u) = [—] du (2-23)
Where—E;(—u) = —y — In(u) — ) @) _ (u4)+--- (2-24)

22' 2.3! 2.4!

Carslaw and Jaeger [51] found solutions for equat{@-18) after considering the
assumptions of constant heat flow (Q), constantmhbé properties, negligible the heat
conduction in the radial direction and negligidletmal mass of the heater.

AT = _4%[ - In(w) - (zuz') (:3!) (2u4') ] (2-25)

For smallu value (equivalent to the large values of timeg, tbrms after logarithmic term can

be neglected and the temperature change can bexappted by:

= “l l (2-26)

4a 22
WhereB = In{23} - y + Z (2-27)
With H the air gap thermal conductance.

If the early time data are ignored, a grapm\@fagainstin (t) becomes straight line with a
slope equal EA?QJ’ then the two points define a straight line ane thermal conductivity

could be found from:

_ Q [ In(tx/ty) i
A= T(t)-T(t1) (2-28)

The thermal conductivity can then be determinednfithe slope (QM)). The intercept B
(equation 2-26) should determine the thermal dwitis whether the approximation at long
times is satisfied but also whether the conduct&hoéthe air gap (the inverse of the contact
resistance) is known. In practice, the value ofatfies greatly depending on the quality of the
contact with the surrounding material requiring r@liminary calibration [72]. Moreover
there is a gap between the experimental resultstl@dalues from equation (2-28) which

allow just the determination of thermal conductivand not determinate thermal diffusivity.

The materials of more importance regarding buildingrgy efficiency are insulations with
typical thermal conductivities in the range 0.028Wm?* K1, When measuring these lower
thermal conductivity materials with commerciallyadlable thermal probes, it has been found

that, although the results have excellent levelsepéatability, they rise over time during the
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measurement. The results obtained with the hot teiceniques were 13-15% higher than
with guarded hot plate technique for bulk densitbetow 25 kg.r# (or porosities > 99%).
Batty et al. [73] considered that this may be dutht layered structure of the material giving
rise to increased thermal conduction in the plaragallel to the fibre layers. The steady state
technique usually assumes that heat flows predartijnacross these planes whereas the hot

wire loses heat radially.

Batty et al [73] notes that this S-shaped curveeappnot only for moist materials but more
generally for mineral wool insulation (19.7 kgijreven if these materials are dried. Even if
hot wire and thermal probe techniques are congidese Hust and Smith in 1989 [74]
suitable to determine thermal conductivity of irmdidn materials (fibre glass insulation,
extruded and expanded polystyrene, paraffin waxikddflux actually considers that TP02
technique is not appropriated for characterizawdrinsulation materials (or high porous
materials). Hukseflux restraints the use of thewbe to a range of thermal conductivity
between 0.1 and 6.0 W-hK™* and defines an expected accuracy at 20 degreeg3% +
0.02) W.mtK?1 The fixed accuracy of 0.02 doesn't allow insuati material
characterization with usual thermal conductivity @04 W.mt.K. Pilkington et al. [75]
confirm this point and conclude that the probe mégie is unsuitable for materials with
thermal conductivity less than 0.07 WA because of the nonlinear temperature increase

against the logarithm of time.

AT

<]

Ttrans tmax In(t)

Figure 2-20: variation of temperature against natllogarithm

For short time (<u¢hng: an initial phase after heating is happening tuhe heating through
the probe materials. This period is caused by keemal capacity of the probe, contact

resistance and a thermal imbalance between theetamupe of the probe and the material
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(figure 2-20). It depends on the thermal propertéthe probe and its surrounding medium.
Vos [76] defined the duration of this nonlineams#ion period by:

__ 50.(Rs)?
ttrans -

(2-29)

4.a

Where Rs is the radius of the probe.

For long time (> #ay: this nonlinearity can be attributed to the axwsses at the end of the
probe and heat exchange with the surrounding atmewsp(when the heating reaches the
outer limits of the material). Vos [76] establishede thax by:

__ 0.6 (r—Rs)?

bnax = T 4a (2'30)

Where r is the sample radius.

2-4-3 Non dimensional parameters

2-4-3-1 Biot number (Bi)
Biot number (Bi) represents the ratio between tlanmasistance by conduction and thermal
resistance by convection at the surface of thegarBbnumber can be defined from the ratio

2
of the time characteristics by conductiap,(= %S) and by convectiontf, = %“& ). BI

number can also be determined by ushghe thermal conductivity (W.hK™?), Vs the
volume (nf), As the external surfacgm?) and 4 the length (m) of the probe. Characteristic
length (k) of the probe is defined for a lengthy cylinder¥>>R;) asl. = Rq:

Bi=-"2fs = €= 5 (2-31)

From this definition of the Biot number, 3 inteliagtcases can be studied:

Bi<0.1: Thermal resistance of the probe is lower than thaérmesistance of the
material. This media can be considered as therntlaithy Material is heating
uniformly without temperature gradient (so calleeraz gradient method).
Surface resistance limits heat conduction throbhghmedium.

0.1<Bi<100: Thermal flow is limited by the conduction (casdolurier condition).

Bi>100: Temperature is applied on the external surfaces(o&®irichlet condition) so
H- 0O and Bi-[. Heat conduction inside the media is lower tharthat
external surface of the probe, so temperature gnéglare important inside the
media. The media can be considered as thermadl.thi
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The probability of probe contact with local fibres relatively high because the probe is
pushed into such an insulant and creating its oane bole. Fibre / probe thermal contacts
should be better than those between the fibres. cBmact resistance of the glass fibre
insulant with the probe was considered by Battyle{5] to be relatively small compared
with thermal resistances provided by the insulant.

2-4-3-2 Fourier number (k)

The Fourier number determines the ratio of the beatluctive through the medium and heat
stored:

LA
F = KAT at _at
=

pev 'i'VAT 12 RZ

(2-32)

Fo<<1: Case of semi-infinite medium, low propagation catérough the medium,
Fo>>1: Fast propagation of heat through the medium

2-4-3-3 Inertia contrast Q)
Inertia contrast represents the ratio between hapéacity of the material ($ and heat

capacity of the probe {5 Considerings the density and &he specific capacity of the probe

2
=235 _ TREpCs (2-33)

Sm Sm

2-5 Hot Disk technique (HD)

Hot disk (HD), a transient technique [77], is digliished mainly by the short time and by
the low flow in comparison with a steady-state teghe (GHP). Al-Ajlan [78] and Coquard
et al. [79] have already validated the HD technidorethe study of low-density thermal
insulators. It is worth to be mentioned that theuaacy and short test time are the main
advantage of the hot disk (HD). Bouguerra et a] [&®&d transient plane source technique to
measure measurement of thermal conductivity, thiediffasivity and heat capacity of highly
porous building materials, ethylene tetrafluorotthg sheets (ETFE). Al-Ajlan [78] used
transient technique (TPS) to investigate thermatloativity for different insulation materials
(Extruded polystyrene, Polyurethane board, Peiliiese fill- and rock wool) that are used in
hot climate. He showed that thermal conductivity fiesulation materials increased with
temperature. In general hot desk (TPS) method s &b analyze the thermal transport
properties of anisotropic materials counter to othethods that supposes homogeneity of the

materials.
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The Hot Disk thermal constant analysis is used éasure thermal properties for different
materials such as liquids, solids and powders.bidised on the theory of the transient plane
source (TPS) according to the ISO 22007-2. The pi®Se contains a sensor that is used as
both a heat source for increasing the temperatutteecsample and a resistance thermometer
for registration the time.

When amount of power is passing through the wirstgp, the temperature is increased and
thus the resistance will change in the wire orpstiihe thermal characteristics (thermal
conductivity, thermal diffusivity and thermal cajigk can be calculated during the increase
of the temperature sensor with the time as shovinarfigures (2-21).

temperature
curent increase
I‘]ﬂ]:nugh the sensor
& sensor /"—‘
time time
a- Current through the sensor in TPS method b- Temperature increase of the sensor in TPS method

Figure 2-21: current and temperature through thass® in TPS method

The sensor is put between two pieces of the sampiesert into the sample, the constant
temperature differences applying by good contativéen the surface of the sample and
sensor (figure 2-22). Theample size must be more than the distance thaibhaes reached
by heating from the sensor. This distance is caffgdbing depth) and depend on the
sample thermal diffusivity and measuring time asdnation:

D = 2(a.t)'/? (2-34)
Where:

D : probing depth [mm]

a : Thermal diffusivity in [mn3/s]

t : measuring time in [s]

Figure 2-22: position of the sensor of TPS methettvben sample pieces
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The measurement time during the test must be dpretuwosen based on the diffusivity and

the sample size. The width of the sample must beerthan twice probing depth plus the

sensor diameter and the thickness of the sample than probing depth. This condition is

very important to avoid the heat wave reaches énepte boundary during the measurement
time. Other requirement must be check to obtainebaheasurement such as total time
characteristic (dimensionless) [81] as in equation:

03<a.t/r?<0.8 (2-35)

Where:
r . Sensor radius [mm]

Selecting correct experimental setup parameteverg important to obtain accurate results.
Other parameters effect on the results is the aohdteat power, as we know the thermal
conductivity of the materials affected by how mugbwer should be used. Insulation
materials that have low thermal conductivity neath power, in mW range, while metal

materials that have high thermal conductivity needse high power. For unknown samples

starting by low power to avoid damage the sensor.

The assumption that the Hot Disk consisfsa certain number of concentric ring heat
sources, located in an infinitely large sample, wsead to describe Hot Disk behaviour and to
solve the equation of heat conductidime increase in Hot Disk resistance is a functibn o

time when it’s electrically heated [82]:
R(t) = Ry[1 + Q{AT; + AT, (7)}] (2-36)

Where:

R, : is the resistance of the disk just before iasg heated (at time t = 0).

0 :is the temperature coefficient of the resisyiyir CR).

AT; : is the constant temperature difference that ld@gealmost momentarily over the thin
insulating layers which are covering the two sidasthe hot disk sensor material
(nickel) and which make the hot disk a convenienissr,

AT,,. : is the temperature increase of the sample saidacthe other side of the insulating
layer and facing the hot disk sensor (double gpiral

The temperature increase recorded by the senitensobtained:
ATgpe(7) + AT; = [{R(£)/Ro} — 11/02 (2-37)
Where:
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AT; : representing the contact between the sensoth@slirface of the sample,

AT; : Equal to zero for the perfect contact and becoomstant after short time

At; is estimated as:

At; = 8% /a; (2-38)
6 :is the thickness of the insulating layer of se@sor.

a ; . is the thermal diffusivity of the layer material

The time-dependent temperature increase is obtaiyndae theory as

M) = || D@ ®)

T2 r.A
Where:
P, : Total output of power from the sensor [W]
r : Overall radius of the disk [mm]
A : Thermal conductivity of the sample that is lgeiested [W/m.K]

D(7): is a dimensionless time-dependent function wisdbund by:

T= (5)1/2 (2-40)

©]

Where:
t . is the time measured from the start of the tergecording [s]

O : is the characteristic time defined as:
0=r?%/a (2-41)

r . is the overall radius of the disk [mm]
a : Thermal diffusivity of the sample [mm?/s]

Conclusion of this chapter talks about the techesqused to measure thermal properties of
insulation materials. It has been discussed theéaloniques (steady state and transient state)
and explain by details the types of each technignesthe advantage and disadvantage. Its
focus on the probe method due to its low cost amortstime during the test besides

possibility use this method in situ. It explaing tjuarded hot box that use to test the thermal

properties of an individual material or a compasitof materials in multilayer walls.
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Chapter 3 Thermophysical
characterisation of crimped glass wool

3-1 Introduction

A Mineral wool (glass wool), as a material usedhe insulation of buildings, it's made from
fibers and binders. There are repetitive patteroms fthe fibers across the panels according to
a preferred orientation during their manufactuf@e fibre mat with different texture is
processed before the curing stage to produce etwteuendowing the material with a higher
mechanical strength. As a result, the elastic nespaf the finished product and its load
bearing capacities are very sensitive to crimpimgcess. This chapter focuses on the
insulation materials and crimped glass wool thatused in this work. The physical
characteristics (density, porosity and specificfae), hydric characteristics and thermal

characteristics has been described.

3-2 Insulation materials

Using thermal insulation in buildings helps in reshg energy and the fossil fuel, saves
operating cost, reduces emitted pollutants, impribnve periods of indoor thermal comfort

especially in between seasons, and reduce disturtmise from neighbouring spaces or from
outside, in addition to Economic benefits and Emwmental benefits. Thermal insulation
does not always have the same efficiency for gdesyof buildings. The efficiency of

insulation is influenced by the following factorfie building component to be insulated
(wall, roof and floor), the building type (functipeize and shape) and climatic conditions of
the building site. The energy consumption in hrgptionstitutes the bulk of the energy used
in Europe, both in the housing sector or the consraksector (figures 3-1 and 3-2) [1].

64



Domestic Sector Commercial Sector

9
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52%

25%
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' . o ) ) ® Space heating = Lighting = Water heating
m Space heating ® Water heating m Lighting + appliances = Cooking Cooking u Cooling & Gifiare
Figure 3-1: energy consumption in European Figure 3-2: energy consumption in European
for domestic sector [1] for commercial sector [1]

To be defined as insulation materials, building enats must have, according to European

standards (EN13162 to EN13171), a declared themes@&tance higher than 0.15 m2.K/W or

a declared thermal conductivity lower thari0 W/(m.K) at a measuring temperature of 10

°C. The main requirement for thermal insulatiotoiprovide important resistance to the flow
of heat through the insulation material (figure)3-Bo achieve this, the insulation material
must reduce the rate of heat transfer by conductionvection and radiation. Figures (3-4
and 3-5) [2] show the different between the uniatad and insulated wall.

]

| )r‘
i Convection

Tiﬂl | P Low density material with
* = Radiation complex solid paths
Conduct ﬂ’“ e reduces conduction
Cellular or fibrous
structure of trapped g¢
pockets reduces
convection. Low blowir
agent conductivity
reduces conduction.

Air gaps with reflective
and low-emissivity
surfaces block radiation |

Inside Outside

Inside Outside

Figure 3-3: Temperature Figure 3-4: uninsulated wall Figure 3-5: insulated wall [2]

gradient in a wall

3-2-1 Classification of insulation materials

Thermal insulation products for buildings have betassified (table 3-1) according to the
origin of basic materials (oil-based, mineral-basediomass-based) and form (fibre, foam
or other) [3].

65



Origin form Oil-based Mineral-based | Biomass-baseq Mixed
Polyester fiber Glass wool Wood fiber and wool
Fiber Other plastic fiber Stone wool Cellulose / Cotton
Slag wool Flax / Hemp / Sheef
wool
Expanded Expanded perlite
polystyrene Cellular glass
Extruded Calcium silicate
Foam polystyrene Expanded vermiculite
Polyurethane Expanded clay
Polyisocyanurate
Phenolic
Polyethylene Aerogel Expanded cork Reflective (foil)
Feather Insulation
Straw Vacuum insulation panelg
Other Strawboard Expanded  polystyreng
mortar
Hemp lime composite

b

Table 3-1: Classification of insulation material3] [

Table (3-2) shows the practical application opti@isthe different product varieties of

insulating materials [4].

Materials Density | Fire class Flocks | Panels | Rolls | Injectable | Granules
[kg/m?] | MEN-EN13501 foam
Inorganic: fibrous
Glass wool 12-150 Al -
Rock wool 25-200 Al x -
Inorganic: cellular
Calcium Silicate 200-240 Al - x - -
Foam glass 100-200 Al - x - -
perlite 32-176 Al - x - -
Vermiculite 64-130 Al - x - -
Organic-petrochemical: cellula
Expanded polystyrene (EPS) | 10-80 E-F - x - -
Extruded polystyrene (XPS) 15-85 E-F - x - -
Phenol formaldehyde (PF) 35-40 B-D - x - -
Polyurethane (PUR) 30-160 D-F - x - x
Polyisocyanurate (PIR) 28-40 D-F - x - -
Urea formaldehyde (UF) 15 D-E - - - x
Organic-renewable: fibrous
Cellulose (paper wool) 30-70 E x x - -
Coconut 140 E - x - -
Flax (flax wool) 28 C - x x -
Hemp (hemp wool) 30-42 E - x x -
Recycled cotton 18 E x x x -
Sheep wool 25-60 E - x x -
Wood wool 55-140 E - x - -
Organic-renewable: cellular
Expanded cork 100-120 E - x - -

Table 3-2: practical application options [4]
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Glass wools are selected because of their priss {fan 10 Euros per m?2) but also because of
fire resistance (classified Al) and their multi-ugpplications (flocks, panel and rolls).
Inorganic insulation materials (glass wool and stevool) represent over 50% of the EU
market. Expanded and extruded polystyrene, pollgaret and polyisocyanurate make up the
major part of rest of the market. Only a very snfrattion (maximum 6%) is biomass based.

Of this latter fraction wood fibre materials (inding cellulose) are most common (table 3-3)

[5].

Insulation materials Western Europe| Central and East of Europe
Glass wool 39.5% 12.9%
Stone wool 16.1% 47.7%
Expanded polystyrene (EPS) 21.9% 28.7%
Extruded polystyrene (XPS) 8.3% 7.4%
Polyurethane / polyisocyanurate (PUR / PIR) 8.0% 2.1%
Others 6.2% 1.2%

Table 3-3: European market shares in 2008 of dffietypes of thermal insulation for buildings [5]

More than 35% of heat loss in buildings occurs tigiowalls and 25% of heat is lost through
the roof. Insulating the loft and flat roof is anglle and effective way to reduce heat loss and
reduce the cost (table 3-4). The insulation mal®rare added beneath the floorboard to
reduce scape of heat. More than 15% of heat ighostigh the floors, the roofs insulation are

implemented underneath of the suspended floor dh@solid floors under the floorboard.

Facades Roofs Floors
New constructions Existing New Existing New Existing
structures | constructions structures constructions | structures
Material
Q " — " [
Q = o o
5 & E 5 = 5 w 5 8 o 8 o
=m [0} — © .= = C o (o) o = = = Y
© o s 8 S 9 el o = G - (0] c (]
S| € vl T« 3 3| 8 o | O - e - o ] ° 9] k]
S| L E|I BE| g5 > 8 o 2| © | @ o 9] o © © < L
2 - o ©C v | W B o < | = = 4= = o Q o =
2l 20| 2% | ES| 3| &3 S| & [T 2 © o 5 g 5
S| 2zl aa| F 8 S| ¢ gl | ao a e = o = o
Inorganic:
fibrous
Glass wool
Flocks X - - X X - - - - X - - - X -
Panels X X X X -
Rolls - - - x -
Rock wool
Flocks X - - x x - - - - X - - - x R
Panels X x x X -
Rolls - - - x -

Table 3-4: Application of inorganic insulation megds [4]
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3-2-2 Life cycle of insulation materials

Life of buildings can reach to 500 years. The lifgle of thermal insulation materials
follows generally these phases: raw materials pfrase material extraction and processing,
processing secondary material input and transperintaterials), production phase (storage,
production and packaging), use phase (distribugioth use) and disposal phase (end-of-life)
[6]. There are many factors that influence the qrenfince of insulation materials which
cause failure risk on long-term performance (Fig8ré). The moisture considered is the
biggest risk influence on the long-term performaatasulation materials where build-up of
moisture tends to increase thermal conductivitynetilation materials especially in fibrous
materials (may be damage fabric of insulant). Aovement on the surface of the fibres may
tend to leakiness and be attacked by vermin speawld and rot. Vapour diffusion through
the building envelope is due to vapour pressurdignd between two sides. Vapour diffusion
can produce interstitial condensation against theust of vapour humidity, pressure and
temperature in different sides, composition of #i vil@or or ceiling and types of surface and
painting [7]. More research in this sector is reedito determine long-term performance of

insulants.

Insulated wall

|- Condensation: can reduce
L] thermal resistance and
Vapour cd damage building fabric
permeability 0
presents risk of 0 Air movement at
condensation surface: can cause
convection heat loss
Leakiness - air | /
escape carries A i‘ Agem_g: any degradation to
heat away e material or to thermal
! resistance from quoted values
& over the lifetime, including
settlement or compression
Inside /_ Outside

Figure 3-6: Risk of moisture (condensation and wapgzermeability) [2]

3-2-3 Physical characteristics

Physical characteristics of insulation materialpeta on the types of fibers. Table (3-5)
compare physical characteristics of natural woals synthetic expanded polystyrene (EPS).
Origin of natural fibers can be animal for sheemlygegetal for flax wool and mineral in the

case of glass wool. Materials have been selectethéir similar density (20-30 kg:A). Life
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time and resistance to temperature (combustiontjpare more important for natural wools.
In terms of hydric characteristics, EPS is lessnsable to vapoun factor important) and

is less subject to vapour absorption (hygroscoppacity is small) compared to sheep and
flax wools.

Glass wool is non-combustible (fire classificatidh), has a lower thermal conductivity and
is quite not sensible to vapour absorption (hygspsrcapacity is quite null). But, glass wool

is also characterized by a less specific heat dgphan other materials.

Density | Life | Combustio | Fire Hygroscopic | p- Thermal Co
[kg/m®] | time | n point resistance capacity [%] | Factor | conductivity | [J/kg.K]
Material [°C] classification [W/m.K]
Sheep 25 >10 600 B2 33 1-2 * 0.033 1720
wool 0 4-5 **
Flax 32 100 570 B2 20 1-2 0.040 1550
wool
Glass 22 100 600 Al <0.1 1-2 0.034 799
wool
EPS 15 70 360 Bl 1.1 20-90 0.040 1500

*sheep wool insulation Ltd., Ireland (DIN52615),0%schawole, the Netherlands (DIN52615) [8]

Table 3-5: properties of insulation materials [8]

3-3 Crimped Glass wool

Glass wool, as a material used in the insulatiotwfdings, was invented in 1938 at the
USA. It is used around the world in homes, comna¢rand industrial buildings for thermal
insulation. It is made from sand and glass recytteth melted the blended in 1450 °C and
spun into a fibrous mat and bound together by r@sgure 3-7) [9].

Sand and cullets

~——

po— Melting 1,450 °C

Fibre forming and

binder injection
—— Forming section
recycled waste ‘—v S PN « White » glass wool
v f o Curing oven
e o Binder becomes yellow
— \ Edge trim cutting

Cross cutting

Figure 3-7: Manufacturing of glass wool [9]
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The molten glass flows over a rotating disk in hegieed in the form of fine fibers, then the
glass streams flowing through channels in platinbrough a stretching plate then the mats

of fibers is form as shown in figure 3-8 [10].

a- molten glass b- fiber C- put roller
Figure 3-8: form of the mats of fibers [10]

Glass fibres used in the fibre reinforcements, gtgpe E (standard), glass type C (corrosion
resistant) and glass type A/R (alkali-resistantwik concrete) are classified in 3 categories.
Type E is usually chosen for insulation materiadsduse of electrical properties (resistivity
of about 101%).cm) and its mechanical properties similar to thoisthe steel or aluminium

with a lower density [10].

3-3-1 Crimping process

A Mineral wool is a cellular solid made of fibrestlvmicrometric diameter and millimetric
or centimetric length. These fibres are sprayed witbinder and cured in an oven for
freezing the arrangement of the fibres and hencwiging some elasticity. Glass wool
denoted L1 is object of this study. L1 has beeeaaly studied by Achchddl] which
studied mainly its hydric behaviour and comparepprties with a hemp insulation material.
Panels of 60 x 125 x 10 cm affected to thermal mmide insulation of sloped roofs are used.
The repetitive patterns across the panels suggédsaethe fibers were prepared according to
a preferred orientation during their manufacture. fact, this pattern is obtained by
“Crimping” process (figure 3-9) developed by IsoBaint Gobain to increase the
mechanical performances. The fibre mat with differeexture (figure 3-10) is processed
before the curing stage to produce a structurewimgothe material with a higher mechanical
strength. So a better mechanical behaviour is btaidue to a more favorable fibre
orientation. As a result, the elastic responsehef finished product and its load bearing
capacities are very sensitive to this crimping pssc
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Specimen 1 Specimen 2 Specimen 3

“-ﬁ " Qven

100 mm

Viingk ' '
spéggu Y2 il Y3242

Figure 3-9: Compression process [12] Figure 3-10: Different texture of glass wool obi@ih
[12]

3-3-2 Microscopic analysis

The microscopy platform of University of Picardialels Verne (UPJV) has studied the

morphology of these wools [13] at the microscomials. Samples were studied by scanning
electron microscopy (SEM, Quanta 200 FEG SEM Emvirental). The sample cell pressure

was reduced to about 1 mbar for the study of sifigers and 0.28 mbar for studying binders

and fibers. Scanning electron microscopy (SEM) shdweterogeneity and the random

distribution of fibers, whatever the place of samglwithin the materials. The heterogeneity

concerns also the geometry of fibers since themedisions (length and diameter) are variable
(Figure 3-11). In addition, the presence of binderthe form of droplets and clusters could

be observed. A more detailed observation allowegingethat binder is distributed fairly

regularly along the fiber (Figure 3-12).

Figure 3-11: Components of the matFigure 3-12: Magnification of a mineral fiber seati
fiber, binder, cluster [13] and visualization of its coating [13]

Given that the SEM is coupled with a detector ERX attempt to determine the compaosition
of glass wools could be envisaged, in order toycaut their analyses. In a first step, one
fiber without its binder, then, an area rich ontyhinder (droplet or cluster) and finally, one
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fiber coated with binder have been analysed. Lis&hool mainly contents silicon (Si),
sodium (Na), calcium (Ca) and potassium (K).

As the distance of penetration of the electron baathe material is limited to im and the
average thickness of the binder is estimated attai@ nm. Therefore, the detection of the
elements concerns mainly the binder and only alspzat of the glass fiber. This is the
reason why the content of silicon is now lower tlia@ value obtained. The contents of the
other elements (sodium, calcium, etc.) increasalmthey are better seen by the beam.
Thermogravimetric analysis (TGA) has been usedeterchine the degradation temperatures
of the binders of glass fibers and the amount aewsaurrounding adsorbed by the surface
fibers. Two-step combustion in air of the coatedsglfibers caused by the samples losing
weight in response to heating can be observedLE@pecimen, the slightly initial weight
loss from 100 up to 210 °C is due to evaporatiothefadsorbed moisture. The second severe
weight loss (210-550 °C) is due to comprehensiwdgomposition of binders of the
samples. As the onset of degradation temperatergay close to each other, hence neither
of the binders, whatever their chemical composg#jocontribute to the improvement of
thermal stability of the materials. A release oftevaconstituent of the glass, could be
considered. Therefore this thermogravimetric metthoels not distinguish between free water

of bound water.

Mass Change of L1: - 9, 29%
TG (%)
100
80

200 400 600 BOO 1000 1200
Temperature ("C)

Figure 3-13: TGA thermograms of L1 samples in ttedgramd hydric equilibrium.

The DSC tests were carried out only on the samplésermal and hydric equilibrium. The
variation of the heat capacitidsCp and glass transition temperature Tg of L1 spegimns
shown in (figure 3-13). The thermal capacity Cmahaterial is its ability to store heat. Then,
more Cp is high, the higher the material can stol@rge amount of heat. If the values of the
thermal capacity obtained for the bindeACp = 0.221 JgK™* for L1) are compared to the
glass (Cp = 0720 J&™1), the cellulose wadding (Cp = 2°3¢™?), or air values (Cp = 1 Ji
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1y [11], one realizes the very minor role they piaythe thermal inertia of the glass wools.
Also, the melting temperature of a glass, dependm@gs composition, varies between 1400
and 1600 °C. Generally, the glass transition oflasgyexpresses the transition from the
cooled-liquid to the glass itself when its viscgsieaches 1013 poises. For temperatures
above Tg, the liquid phase predominates. Belowsitaiglass. So, the glass transition
temperatures observed are too weak to concernldssas of the fibrous insulating materials
(figure 3-14). Indeed, for the same heating rdte,dnset of glass transition temperature of

L1 occurs at 152, 5 °C. Therefore, the glass tt@msobserved is about the binders.

DSC (mW/mag)

0.6 1 Glass Transition of L1: 152, 5 °C

AC.: 0,221 J/ (g.K
- Texo P (9.K)

0.2 4
0.01
0.2 4

0.4
0.6 1

100 200 300 400 500
Temperature (°C)

Figure 3-14: Schematic DSC curves of L1 sample

3-3-3 Morphological characteristics

3-3-3-1 density and porosity

Thebulk density po may be determined using the following relationship

Po =& P = (1-€)p; (3-1)
Whereges ande represent the porosity of solid and solid andrgapectivelyps is the density
of the glass fibers (from 2500 to 2800 kg,nfunction of the type of fiber). To determine the
total porosity, gravimetric is the most usual methdhe sample is generally subjected to
vacuum pressure before immersing it inside distilleater. The validity of this method can
be discussed for the fibrous insulation. High pityosakes it impossible to keep water on

and the presence of this water in the fibrous nmadiauses swelling of the structure.
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A comparison of results from gravimetric (previaugethod) and helium pycnometer (more
used in chemistry) has been undertaken. Pycnonmatibod requires knowledge of the true

density pv) of the material. The porosity is then calculatgdhe following equation:

e=Ph
Py (3-2)
Samples are dried in an oven at a temperature°@ #f 3 hours. The mass of the samples is
obtained using a Mettler Toledo (LJ16). This bataenables also to check the water content
of the materials. The bulk densipy is calculated from the mass of a known volume of
material. The true densify is determined by a helium pycnometer (AccuPydd)3Blelium
is an inert gas to the fibrous structure. Fibeesiaserted into a cylindrical cell volume (V=10
cm?). This volume is chosen in order to respect repregive volume element (RVE) of
material determined here primarily from the dimensof the fibers. Total porosity of the
wool L1 can be obtained by helium pycnometer meament and gravimetric method. Good
coherence between these methods can be observelé GF&) taking into account accuracy
showing that gravimetric method usually used inil angineering laboratory is reliable.

Porosity is very important (more than 95%) for #néso glass wools.

Sample Technique of Bulk density True density Total porosity
measurement 0 [kg.m9] o [kg.m?] £ [%]

L1 wool pycnometer 68,6 £2,2 2620+ 70 97,4+1,1

L1 wool gravimetric 79,0+31 96,9+1,8

Table 3-6: Densities and total porosity of glassoivo

3-3-3-2 Specific surface

The specific surface area.fSepresents one of the most important parametstudy the
heat and mass transfer. The specific volumetridasar (S), is determined by different
method such as BET method, which is based on atiisompf gas on a surface. It is a cheap,
fast and reliable method to measure specific vottimsurface (9. There are other method
like Single point measurement, Flow deflection noeasient and Gravimetric measurement
can be used.

Specific surfacey,,) expresses the degree of division of the solidsph&or heat and mass
transfer, a shape with higher specific surface ezgdumore efficient. For a given volumié)(

(or material mass), different geometric shape gaaatifferent amounts of surface arda,(
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by which to interact with the environment. Volumeturface §,,) and specific surfacesy,)

can be determined as:

As
Sy, = Tg = Sm Po (3'3)

WheresS,: Volumetric surface [m], 4,,: Surface area [m?);: Volume [n7], S,,.: Specific
surface [m2. g]

The specific surface area (Marmoret et al [14]désermined experimentally by a specific
equipment (ASAP 2020, Micromeritics). Material i®bght into contact with measuring cell
containing krypton gas. Krypton is selected in otdebe inert against fibrous medium. In the
case of low gas contents (<0.35-0.40), moleculekrgpton is strongly adsorbed in a
monomolecular layer. By applying the BET method #pecific surface area is obtained.
This value is important for L1 wool (S 0.2332+ 0.0120 mz}) showing that the medium is
finely divided. However, the coefficient C determihby the BET method is high. (Marmoret
et al [14]) conclude that krypton molecule may ro# the most suitable. Using the
assumption of an equivalent insulating medium ciimgj of fibers of the same diameter)(D
having the same surface area, it is possible ineléfie average fiber diameter from the usual
equation: [=4/S,. Fiber diameter can be extracted from this equnatm 7.2+ 0.5um.
Compared to value obtained by SEM images statisticalysis (14 + um) an important
difference is obtained. Considering that indusfpi@cess make identical fiber diameter, only
ten fibers are selected for statistical analysist Blanufacturer has confirmed the use of
recycled fiber of various diameters that confirne teed of using more than 10 fibers for
statistical analysis and can explain the difference

The intrinsic permeability of the material is determined from air permeapiltest
(TEXTEST FX 3300) [14]. In a previous work, we haveserved dissolution of the binder
has been observed due to the non-inert capacitijpef material with water. So water
permeability test can’t be used [5]. Standard oally defined for textile fabrics (ISO 9237,
1995 F) has been followed to determine air pernligalbbamples previously conditioned in
an atmosphere of 20°C and 65% relative humiditysaitgected to 200 Pa pressure gradient.
Pressure gradie#tP (Pa) ranging from 1 to 2000 Pa is applied omiefisurface sample A
(20 cm?) with thickness L (1 cm). When the flow m*s?) through the sample becomes
constant, the air speed (Wds calculated by:

=1, AP oy

UD:% L
(3-4)
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Theair permeability ka (m.s?) is measured in three directions as describe8igute 3-15).
ka1 and kyy2 are representative of the permeability in the dioacof lamination of the layers
of fibers (kv1 being parallel to the fibers andvk being perpendicular to the fibersick
corresponds to the measurement in the perpendididection to the bedding plane and
corresponds to the direction of heat flow in builgliuse. The AF anisotropic factor is
determined by the ratio of air permeability in bdirections:

Kas

Kas (3-5)

Tk,nl

AF =

—
Fa 41

/kﬂ,f/g

Figure 3-15: Air permeability and positioning beddiplanes

The air permeability by using five samples has bdetermined. Results are presented in
(Figures 3-16) with respect of 5% uncertainty dedinin standard ISO 9237. Air

permeability in three directions of the medium haen performed according to (figure 3-15).
As linear relationship is observed between air dpaed pressure gradient, Darcy's law can

be applied.

Glass wool L1

v : filter velocity
(m.s)
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Figure 3-16: glass wool L1 air permeability

Table 3-7 presents air permeability values for Cbmpared to glass wool of the same

density, conventional air permeability is given5at0°® m2. So, common glass wool is ten
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times more permeable than L1. This can be dueetédtimping” process to manufacture the
glass wools [15]. Air permeability is more importdor L1 whatever the direction of the
flow (perpendicular or parallel). This remark isheoent with porosity values. For a given
material, the air permeability is lowest in theediion perpendicular to the stratification (i.e.
in the effective direction of use of the glass wWaotd highest in the flow directions parallel
to the stratification plane. The highest value gemmeasured in the direction along the fiber
length (kA//1). A large difference is observed beéw kA//1 and kA//2, even if it is generally
admitted they are usually equivalent. An anisotrégstor (AF) of 2 is usually observed in
common glass wools. In the case of our materialsgt AF values are obtained, ranging
from 1.37 to 1.73 (Table 3-7). These lower values e assigned to the “crimping”
industrial process described by the manufactur@}. [he intrinsic permeability (k, in m2) is
calculated from the air permeability kA using tloldwing equation:
k=K,

PY (3-6)
Wheren is the dynamic viscosity (1.81.2(Pa.s),p the density of air (1.2 kg and g is

the acceleration due to gravity (9.81 m.s-2).

Glass wool L1 AF
kA//l 1.73
kil (m?) 4.66.10° AF, = A
kAD
k
ki/2 (m?) 3.67.10° AF, =02 1.37
kO (m?) 2.69.101°

Table 3-7: Intrinsic permeabilities (k) and anismic factor (AR

3-3-4 Hydric characterization

Sorption isotherm (Marmoret et al [17]) has bebtamed by following the mass of initially
dry 2.5 x 2.5 x 2.5 cm dimension samples placetldesiccator with 21.5°C temperature and
constant relative humidity defined by the used afusated salt solution (Table 3-8).
Equilibrium is established when samples are sukéjetd mass variation less than 0,001g.
Once equilibrium is reached, the present relativaidity is changed by higher percentage of
relative humidity. The operation is repeated uprdgach 100%, this is called adsorption

process. The uncertainty on the relative humidéguired by a salt is between 1 and 2%.
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Possible variations in partial pressure of watgpovaat the interface solution/sample are

considered negligible.

Saturated salt solution Relative humidity (%) at@3
Potassium hydroxide (KOH) 8

Sodium fluoride (NaF) 57

Sodium chloride (NacCl) 75

Potassium chloride  (KCI) 84

Potassium sulfate (K2S04) 97

Table 3-8: Saturated salt solutions

The measurements [18] of adsorption isotherms wertormed in laboratory conditions at
23 = 1°C. The samples were placed in desiccatots different solutions (table 3-8) to
simulate different values of relative pressurese Tiitial state was dry materiain) after
maintained samples in an oven at 80 °C. The masamples was measured until the steady
state value of the mass was achieved (mw). Theneduilibrium moisture content by mass
(win kg.kg') was calculated according by gravimetric method:
W= m, M

o (3-7)

The volumetric water content ) can be calculated witﬁf =(a/p) e wherep; andpo are
densities of water and material respectively. Thpeemental results on the equilibrium
volumetric moisture content against relative pressuare given in (Figure 3-19). According
to IUPAC classification [15], thessorption curves are classified as type Il. This type
corresponds to non-porous or macroporous mediactlihes obtained for the glass wool L1
specimen. Three clearly defined regions can beindisished. For 0¢<0.8, in the
adsorptionally bound moisture region (with monatioa part® and multi-molecular layer on
part®), the amount of water adsorbed is very small. Watric water content doesn’'t exceed
0.1. In the capillary bound moisture regia®0.8), the increase of volumetric water content
is important. For example, ét0.90, volumetric moisture content is (0.34) for. Che water
content difference cannot be only assigned to tiperm@mental error [18] which doesn’t
exceed 5%.

The sorption curve for the glass wool L1 has beeestigated also by using guarded hot
box (THERMO 3R) and use glass wool wall as a samjile dimension (120 x120 ) cm with
thickness (5 cm) to study the behaviour of sorptiomve during different percentage of
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humidity. it's very difficult to obtain relativeumidity for the all the wall during the test due
to the difficulty of the weight of the wall modéherefore we obtain the relative humidity by
depending on the model taking the dimensions (12) xfin with the same thickness (5 cm)
which has been put inside the cold cell paralleh®main wall (figure 3-17). The weight of
the sample has been recorded by using balance P&3&/ with accuracy 0.001 g (figure 3-
18).

Figure 3-17: Model of sample wall ~ Figure 3-18: Balance used in weight

First, the sample has been put in the oven at 6€0f@G0 day to obtain dry weight (zero
humidity) before paced it in the cold cell of gueddhot box. Second, the temperature of the
two cell has been selected (30 °C for the hot @etl 5 °C for the cold cell). Thirdly, the
humidity was maintained constant in the two celist(and cold) at 60% to stabilize the
humidity in the whole wall. When the humidity hasel stabilized, cold cell humidity has
been changed to 80% and to 90% to record the htyroflithe sample in each case. After
weight the sample during each case, the humidisytdeen obtained and the sorption curve

for the glass wool has been draw as shown in fi§BHED).

Gravimetric water content g/ig)

° - 4 =h
Relative humidity [%]

. SOrpHion curve for L1 using sorption curve for L1 using
saturated salt solutions humidity inside GHB

Figure 3-19: Sorption curve for glass wool L1 byusated salt solutions and humidity of GHB.
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The water vapor permeability has been determined (Gintronic gravitest) follayvthe A-
Type status of NF EN ISO 12572. The NF EN ISO 12&¥exifies the number of samples: at
least five if the material surface exposed to theelr stream is less than 500 cm?, which is
our case. A-Type condition corresponds to gradmessure obtained with 0% humidity
inside the cup (CaCl2 salt) and 50% humidity in tteamber. The climatic chamber
temperature is regulated at 232ZCC. The principle is to seal specimens at theofajpe test
cup containing a desiccant or a salt thereof t@ioba specific humidity at a temperature
fixed on one side of the specimen. The other fa@xposed to a moist atmosphere different
from that inside the cup. The indoor humidity iways lower than the humidity of the room
atmosphere. The device measures the mass changetimee when the steam flow is
constant. Depending on the parameters of tempetdtumidity, pressure, mass change over
time and the area of material exposed to the tast, can determine the equivalent air
thickness Sd (m) and water vapor diffusion fagtof) using the following equation for a
thick material (m):

Sy=pd (3-8)
Vapor permeability is carried on 5 samples of 1@ thick L1 glass wool. The material is
sealed above the test cup containing either astatliagueous solution or a desiccant. All is
placed in a test chamber regulated in temperanaenamidity inside the vapor permeability-
meter. Tests are performed in dry cup method watC2temperature and relative humidity
gradient obtained with 0 £ 3% on the dried surfacd 50 + 3% on the other face (condition
A of the standard). The test cup dry informs onlttve moisture materials performance when
moisture transfer is dominated by vapor diffusibfeasurement results are summarized in
(Table 3-9). It should be noted that due to thenitedn of the equivalent thickness of air Sd
(m), when Sd is low then water vapor permeabibithigh. Compared with different materials
such as vapor barrier (Sd18 m) or OSB3 panel of 15 mm thickness (Sd: 3.2thg air
thickness Sd for L1 wool is very low and thereftite vapor permeability is very high. Using
the definitions and Sd of vapor diffusion factgrit is possible to determine the permeability
to water vapor woolmv=5.84 10! kg.Pat.m'l.s!. This value can be compared to the
concrete fv=6.24.10'2 kg.Pal.mls?'). It should be noted that in literature, wool
permeability is considered equal 1w = 1.5 10 kg.Pal.m'.s! two times lower than our

value. This difference can be assigned to treatsnatroduced during the crimping process.

80



Sample Mean Mean Air Atmospheric  mass speed Air Deviance

temperature Humidity speed pressure coefficient Thickness Ecart-type
(°C) (%) (m/s) (mbar) (9.(n?.24hy") Si (M) S (M)
LaineL1 23,0+0,5 50,0 +3 0,3 1011,18 348,64 0,057 0,002

Table 3-9: Air thickness for L1 wool

3-3-5 Thermal characterization

Thermal characteristics for crimped glass wool bagn done by different techniques,
transient technique by using hot disk method (TB@2 and steady state technique by using
guarded hot plate (TLP 500 X1).

3-3-5-1 Thermal characterization by hot disk method TPS 2500)

The Hot Disk thermal constants analysis basedherthieory of the transient plane source
(TPS) according to the ISO 22007-2. It's distingp@d mainly by the short time and by the
low flow in comparison with steady state techniqueRS have different sizes of sensors and
sensor element is made of a (@ thick electrically conducting Nickel foil in thetyle a
double spiral. The Nickel foil is covered by twoydas of polyimide (Kapton) in order to
supply electrical insulation and to increase meiastrength. The tests were carried out by
using Hot Disk (TPS 2500), with rang (0.005 to 390mK) for thermal conductivity, (0.1 to
100 mm#/s) for thermal diffusivity and up to 5 M3Knfor specific heat capacity. Accuracy
of Hot Disk (TPS 2500) for thermal Conductivity teetthan 5% and Reproducibility is
typically better than 1%. Duration of the test #amples in Hot Disk (TPS 2500) is ranges
(1 to 1280 seconds).

Before starting the experimental tests we mustcselbe correct experimental setup
parameters to obtain accurate results. The mogirbamt these parameters are heating power,
measurement time and sensor radius.

During the experimental tests using (TPS 2500),hbating power fed from the sensor is
constant. The thermal conductivity of the materialaffected by amount of the heat power

used. Insulation materials need small heat powalevihe other materials such as metals
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need high heat power. Selection of the correct atotiheat power during the test gives
accurate results, moreover the high heat powerdaayage the sensor.

The measurement time is influenced by thermal siifity of the materials and the probing
depth as expression in equation (2-34).

The probing depth must be in the range of the sedsometer that means the thermal
penetration depth must not reach the outside boiesdaof the sample during the
experimental time. During the experimental testsnaest make sure that the sample with
more than two time the probing depth plus the dieamef the sensor and the sample
thickness should be more than probing depth.

Hot Disk probe is placed between two pieces of samo@ to be tested or after incision the
sample with a cutter (figures 3-20 aB€1). One of the features of the transient teamsq
over steady state techniques is that it can ovezdbsn influence the contact resistance.
Al-Ajlan [19] and Coquard et al. [20] have alreadhlidated Hot Disk technique for the low-

density thermal insulators thermal characterization

Figure 3-20:Scheme of sensor inside the Figure 3-21:Image of the sensor inside sample
sample

Experimental measurement

Our test was divided for two types isotropic andsaimopic for two samples of glass wool.
For isotropic test thermal properties for the speri was measured with different thee
direction (X, Y and Z) by changing the site of #ensor every time according to the side of
the sample and different temperature temperaturd®,a30, 20 and 10 °C. Temperature 10
°C obtained during measuring the sample out ofldberatory. For anisotropic test thermal

properties was measured axial and radial for diffetemperature of 40, 30, 20 and 10 °C.
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First experimental: Isotropic measurement in different direction

Hot Disk bulk isotropic module has been used temeine thermal conductivity. TPS source
(Hot Disk probe reference: 4922) characterized biameter of 14.61 mm has been selected.
The output power and measuring time are equal tmWand 160s respectively in order to
produce a large range of viable data points anargeltemperature gradient to ensure the
accuracy of the measurement. Note that InterndtiStendard 1SO 22007-2 recommended
0.1 W. We have chosen to reduce this flow to 40 nm\brder to obtain an increased
temperature near 1°C (exact value obtained is @y@tich is well adapted for insulation
materials. Results are obtained for a charactetistie of 0.353 s and a probing depth of 17.4
mm which respect semi-infinite assumption. Tests @rried out by using Hot Disk (TPS
2500).

The test has been applied for sample of dimengib®3x100x100) mm at temperature (20
°C) for three directions (X, Y and Z) to evaludtermal conductivity in order to evaluate the
isotropic (figure 3-22). Stratification planes abdrs have been pointed out in order to

indicate the different structures of the glass woaach direction (figure 3-23).

Eeat flow in Z-direction

Heat
Flow

Heat flow in X and Y directions

Figure 3-22:X, Y and Z-directions of the flow Figure 3-23:Effect of crimped process

Probe sensor can be inserted in the 3 direction¥ dnd Z. Experimental values in the
direction X and Y are closed themselves (table B-¥alues in the Z-direction are bigger
than the other ones. In the first case (X and €dations), probe is inserted perpendicular of
the stratification plane of fibers instead of ie second case (Z-direction) probe is parallel.

X-direction Y-direction Z-direction

L1 glass wool Ax=0.03807 Ay=0.03914 Az=0.04098
Table 3-10: Thermal conductivity [W. (m.K)-1] byingsHD technique in different directions.
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Figure 3-24: transient curve for the isotropic expgental measurement

The variation of the temperature during the expental time as shown in the figure (3-24)
in less than (5 K) and this agrees with requiren@n{TPS 2500), typically 2-5 K. the

calculated probing depth of 17.4 mm is less thanatailable probing depth (20 mm), in
other words the heat wave does not reach to thedaoies of the materials during the
experimental. Also the total characteristic time(@353 s) in the range of 0.33 to 1.0
according to the (TPS 2500) requirements.

The transient curve shown increase variation of penature with the time of the

experimental, we note the sharp initial variatidrntemperature due to the insulation of the

sensor and the contact resistance between thersardsthe sample.

Second experimental: Isotropic measurement in diffent temperature

Hot Disk bulk isotropic module has been used temhaine thermal conductivity in different

temperature. TPS source (Hot Disc probe refere#@22) characterized by a diameter of
14.61 mm has been selected with output power arasuniag time are equal to 40 mW and
160s respectively. Before starting the measurentéetsample is placed in an oven figures
(3-25 and 3-26) to obtain stabilized temperaturgde the material during the test. This
temperature is followed by thermocouples sensos/§€). This procedure is repeated for

successive mean sample temperatures of 40, 300atd. 2
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Figure 3-25: sample inside the oven Figure 3-26: Oven and data logger

Experimental results coming from Hot Disk techug@ichave been inserted in the figure 3-27.
Measurement error bars of 5% for HD (ISO 2200stehdard) have been added in order to
establish the coherence of these results.

Thermal conductivityX) against sample mean temperaturg) (fave been presented. Linear
variation is observed in the temperature domaimfi® to 40°C with a very good regression
squared (R-squared>90%). Hot Disk curve is alsoewatt taking into account the
measurement error. Hot Disk bulk anisotropic modoiethodology uses to determine
thermal conductivity by HD method can now be coestd validated.
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Figure 3-27: Hot Disk experimental values for glagsol
Anisotropic measurements

Hot Disk bulk anisotropic module has been usedetertnine axial thermal conductivity and
radial thermal conductivity. TPS source (Hot Disol® reference: 4922) characterized by a
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diameter of 14.61 mm has been selected. The optamér and measuring time are equal to
40 mW and 160s respectively in order to producargel range of viable data points and a
large temperature gradient to ensure the accurfatye aneasurement.

Axial thermal conductivity was measured in the di@n of the thickness while radial
thermal conductivity was measured in the planénefdgample as shown in the figures (3-28
and 3-29).

A . axial flux
axial

radial _ radial flux

radial

Figure 3-28: scheme for axial and radial flux Figure 3-29: image of the sample during test

Experimental results coming from Hot Disk techu@dfor anisotropic measurements have
been inserted in the (figure 3-30). Measurememtr éars of 5% for HD (ISO 22007-2
standard) have been added in order to establistotierence of these results.

Axial and radial thermal conductivitp\] against sample mean temperaturg) (lave been
presented. Linear variation is observed in the tratpre domain from 10 to 40°C with a
very good regression squared (R-squared>90%) fiad ¢hermal conductivity. Hot Disk
curve is also coherent taking into account the nressent error. For figure (3-28) we note
the effect of the variation of temperature on tik@lathermal conductivity apparent more

than radial thermal conductivity.
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Figure 3-30: Hot Disk experimental values for glassol during anisotropic tests

3-3-5-2 validation with Guarded Hot Plate (TLP 500X1)

The most suitable technique for insulation materialtaking into account the total heat
transfer is the steady-state methods [21]. Thedgehhot plate as other steady-state methods
suffer from major drawbacks. They require a lomggtito establish a steady-state temperature
gradient across the sample, and this temperatadient is required to be large. Sample size
is also required to be large and contact resistart@een the thermocouple and the sample
surface is considered a major source of error. Soaterial properties can be altered during
the time to achieve steady state. A sample of nadisrplaced between two plates (figure 3-
31). One plate is heated and the other is cooled. thickness of the sample and the heat
input to the hot plate are used to calculate thecmaductivity.

According to ISO 8302, guarded hot plate (TPL 500X4s been used to determine thermal
conductivity of glass wool L1 against sample meangerature (figure 3-32).

INSULATION

HOT PLATE Th

SAMPLE OF MATERIAL

COOLING PLATE [,

mean temperatureTm = (Th - T¢)/2

Figure 3-31: scheme of guarded hot plate Figure 3-32: Image of sample inside guarded
hot plate (TLP 500 X1)
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Under steady state condition, thermal conductitatty homogeneous sample is calculated
during passage the rate of flux through unit asgaeich temperature gradient perpendicular
to the isothermal surface of the sample. Usually tteat flux is determined by the
measurement of a power emitted in an electricatemnedhe thermal conductivity value is
often related to the average temperature.
Dimension of the sample is 246 x 250 x 60mm. Indase of glass wool, about 6 hours are
necessary to achieve the stabilization of the teatpee difference between the two external
surfaces of the sample as required the ISO 830fiatd. This equilibrium is obtained by
using 0.4W thermal flow. This procedure is repeafied successive mean sample
temperatures of 10, 20, 30 and 40 °C.
Experimental results coming from Guarded Hotdtachnique have been inserted in the
(figure 3-33). Measurement error bars of 3% faargled hot plate (ISO 8302 standard) have
been added in order to establish the coherendeesétresults.

50

.
o
s :
. + :

25

thermal conductivity [mW/m.K]

20
0 10 20 30 40 50

mean temperature [°C]

® Guarded Hot Plate

Figure 3-33: Guarded Hot Plate experimental valtmsglass wool

The results of the guarded hot plate and hot dislcikbsed together although the differences
in the conditions (temperature, heat power andgesf the test) as shown in figure (3-34).
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Figure 3-34: Guarded Hot Plate experimental valtmsglass wool

The summery of this chapter, study of morphologd@dracteristics (density, porosity and
specific surface) and crimping process for insatatnaterials is very important to know

behaviour of these materials during use in buildingelop.

Effect of the heterogeneity of structure (porous dibrous) and influence of the process
modifying the local orientation of fibers in a giawool material has been studied. We have
shown that the anisotropic factor is reduced aeditial structure is finely divided. Thermal
conductivity of the glass wool has been investigat&perimentally by using steady state
method (guarded hot plate technique) and tranglame method (hot disk technique). Hot
disk technique has also been used to determinefthetive thermal conductivities in the
three directions inside the material. This proceduas established the quasi-isotropic
character of the thermal conductivity of the crimggass wool.
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Chapter 4 Thermal testing study with
probe method

4-1 Introduction

Studies were carried out from the TP02 probe ofdaflkx®. Thermal probe is considered a
well-adapted technique to determine thermal condtcof powder, liquid and gas but in the
case of porous materials there are some diffiultitukseflux indicates in the user manual
guide of the TPO2 that the probe can be used toactaize materials in the thermal
conductivity range between 0.1 and 6.0 W.Kil. This is not the case of insulation
materials. A material can be considered an insukstording to European standards
(EN13162 to EN13171), if a declared thermal resstahigher than 0.15 m2.K/W or a
declared thermal conductivity lower th@rl0 W/(m.K) at a measuring temperature of 10 °C
is obtained. Second problem if the TP0O2 probe edus characterize insulation materials
comes from the expected accuracy at 20 °C of + 3%02) W.m'.K™. Hukseflux has
introduced fixed accuracy of 0.02 in the user mamuade to take into account the low
accuracy of the mathematical procedure to deteritm@ghermal conductivity. This analysis
consists of a linear long term mathematical appnaion equation applying on experimental
temperature gradient kinetic values against lolgariof time. But considering glass wool

thermal conductivity near 0.04 W-hK?, TP02 can’t be considered useful for the moment.

So, firstly, we will study the usual for determigithermal conductivity. That consists of a
linear assumption applied on the curve represertimgemperature gradient of the probe
against the logarithm of the time. Then, we willdst the importance of using a new
mathematical methodology using inverse techniqutake into account not only the linear
part of the curve but the entire S-shaped curventlder way of improvement is to identify

the drawback of Hukseflux probe for characterizingulation materials. By using Comsol

Multiphysics® simulation we have studied errorsttt@n come from the components of the

probe (composition, size ...), the contact resc#aand power supply.
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4-2 TP02 Hukseflux® probe

The choice of Hukseflux probe is due to the faet tineir probes are very popular (indeed
even the most used) for various applications (afjtice, mining, spatial, building...). Their
versatility, simplicity of use and the fact thaetmal probes eliminate moisture loss and
migration within the material these probes have gained much popularity in food and
biomedical engineering applications. Their probesrapresentative of the last generation of
thermal probes and Hukseflux purpose probes oferdifft dimensions in function of

applications and material to characterize.

4-2-1 Design of TP02 Hukseflux® probe

Our tests were carried out from the TP02 probe wfddflux® (Figure 4-1) with a length of
150 mm and a diameter of 1.5 mm. Hukseflux TPO2@berincorporates two thermocouple
junctions in the needle. The hot joint (3) is lechiat 1/3 of the needle length and the cold
joint (4) at the tip. The heating wire runs acr@8 of the needle length. Temperature
measurements are made via the hot junction posidi® mm from the base (thermocouple 3
in figure 4-1), the cold junction at the end of firebe (thermocouple 4 in figure 4-1). These
thermocouples junctions are connected, producingltage output kk, proportional to the
differential temperature of the two junctions. TR@3 a reference temperature sensabdgpt
built into the base of the probe. This referena@eseas a “cold junction” measurement for
establishing the absolute medium temperalurdhe base temperature (theoRy is used as

a cold junction to compensate the temperaturehfercbld thermocouple junction at the tip.
The main sensor signal A8T, the differential temperature, measured betwherhbt and the

cold junctions by:
Usen
AT = 2= (4-1)

Where the temperature depender(gd) of the thermocouple thermoelectric power is

determined b¥Esen (1V.K 1) defined by measuring the base temperafursing the Rbgo as:

Espn = 39.40 + 0.05 T — 0.0003T2 (4-2)

As an electric current of fixed intensity flows digh the wire, the thermal conductivity can

be derived from the resulting temperature change a\known time interval.
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Figure 4-1: TPO02 Hukseflux® probe

Hukseflux® TP02 has a length to radius (L{gRatio of 100 in order to reduce losses in the
axial direction of the probe. It is composed of esaV layers of material in the radial

direction, whose properties (Table 4-1).

Details of layer Thickness Thermal conductivity | Density | Specific heat
[mm] [W.(m.K)?Y [kg.m3] | [J.(kg.K)Y
Constantan hpt wire) 0.065 19.50 8910 390
Glass pearlifsulan) 0.355 0.16 1600 800
Stainless steeb{uter facg 0.330 16.00 7900 500

Table 4-1: Thermal properties of the componentiayé the Hukseflux® TP02 probe.

Hot wire heater is made from constantan. This mateas been chosen because of its high
electrical resistivity and its low temperature dmént. The resistance of the constantan does
not change much with the temperature. Constantanahaextraordinarily strong negative
Seebeck coefficient above (0 Celsius) leading oad temperature sensitivity. Therefore
it's used for the purpose of making thermocoup&sinless steel is mainly used due to its
durability coming from its high resistance of huimtyd This property is important because

this metal is used for the outer face of the probe.

4-2-2TPSYSO02 control interface

TP02 may be supplied separately by a so-called happaratus or by using TPSYS02
control interface. We have used this interfaceufig4-2) to feed the TP0O2 probe by the

power.
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Figure 4-2: image of probe TP02 Hukseflux ® amgl TPSYS02 control interface

The TPSYS02 control interface allows the powerirsgttest conditions and visualization of
measurement during time data acquisition (figu).4An electric power per unit length Q is
kept constant during the duration of the test. Thermal conductivity system TPO02sys is
manufactured and designed for supplying three peater levels: high heat flow of 4.44
W.m%, medium heat flow of 2.64 W:fnand low heat flow of 0.87 W.Hh

1- TPO2 sensor 2- Computer 3- Material <- Control Unit

5- connection MCU/computer 6- Power supply

Figure 4-3: Scheme of probe TP02 Hukseflux ® &editPSYS02 control interface

4-2-3 Calibration process by Glycerol

Glycerol has been chosen to calibrate the expetah@nocess. This fluid is considered by
Hukseflux as a reference material. Fluids are @stigng to calibrate because they present no
contact resistance and no porosity. Test has bese th a tube of 2.2 cm diameter.
According to glycerol thermal diffusivity of 9.F0m2.s!, a maximum time {tay) of 180s has
been determined [4] and [5]. Linear variation ofrgase temperature against logarithm of
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time is observed (Figure 4-4). Applying the 4.44 Winigh flow, a slope of 1.1863 is
obtained for time betweegats=78s and 165s.

The method of determination of thermal conductivitym thermal probe is based on the
equation 2-28:

_ Q In(ty/ty)

T anm LT (t)-T(ty) (2-28)

The slope value (Qf&) allows the determination of the thermal conduttief the medium.

Fluid materials : Glycerol with 180s and heat flow 4.44 W/m

8

7
56
(=2
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3

ttrans=78s tmax=165s
2
3 3.5 4 4.5 5 5.5 6
In(t)

Figure 4-4: Variation of temperature against natll@garithm time for glycerol

Maximum time and heat flux values have been madlifiehermal conductivity reference
value (handbook) for glycerol at 25 ° C is 0.29 Wi.K) . Considering the expected
accuracy defined by Hukseflux at 20 degrees of % (B 0.02) W.m'.K1, experimental
values are consistent with the reference value. é¥ew the lower heat flux generates the
most important difference with the reference vdtable 4-2).

Test time [s] High heat flux medium heat flux Low heat flux
[4.44W .01 [2.64 W.m'] [0.87 W.m"]

60 0.30+ 3% 0.31+ 3% 0.34+ 3%

120 0.30+ 3% 0.31+ 3% 0.33+ 3%

180 0.29+ 3% 0.30+ 3% 0.34+ 3%

240 0.28+ 3% 0.30+ 3% 0.32+ 3%

Table 4-2: Experimental results for thermal condkitt (W (mK) -1) of glycerol

Experimental kinetic by using TP02 probe Huksefisitinear for glycerol (a fluid), so the

eqguation 2-28 can be easily used to determine #ilezamductivity.
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4-2-4 Comsol Multiphysics® simulation

Hukseflux® TP02 probe was modelled with Comsol Muysics® software to compare
experimentally and by simulation the temperatuspoase of the probe. In Comsol, a sensor
has been positioned at the probe-material interfaepresenting hot temperature
measurement. Comsol Multiphysics® software has hesa to validate experimental test
and to study the influence of parameters that cabe@ccessible experimentally such as the

length / diameter ratio and components of the probe

The first step is to define the design space amdngéries with the thermal characteristics of
a known material (reference material). Thus, wesmmthe evolution of heat in our reference
material and check with the results of the studpraictical cases. The procedure then move
to the steps of the modelling process to defineeras Geometry, thermal properties these

materials and the various operative transfers (@gub).

vl \at v Graphique de convergence 1 x  Graphique de convergence 2 x
PR Xk Sélection d'entité géométrique R i v el -8 &3

Neveau géométnque  Domaine

Séection Manuel . 307 [

— 28

=m| 2 .+ -
0
= 24

Acd

Remplacer
Propriétés matériau T-\‘

v Contenu matérau 8

" Proprté Nom Valewr Unité  Groupe de
" Conductivité thermique k 0.06 W/(mK) Basique
Vv Masse volumique tho 65 ky/m'  Basique
 Capacité calorifique & pression... Cp 02 VikgK) Basique -y p T To =7

Figure 4-5: Representation of the user interfaceMEDL

During start up the modelling of Comsol Multiphys& software, the composition of the
layers of the probe has been drawn in details Ard the module was selected from the
existing library. Each layer or component of theOZRprobe has been reproduced making
possible the study of the effect of changing congmbs of the probe (figure 4-6). Physical

characteristics of materials have been found irddiabase of the software.
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Figure 4-6: Axisymmetric 2D modelling of the hoteMdukseflux TP02.

Axisymmetric module 2-D performing the study irplane (2D) has been selected. In this
module, the radial and the axial directions of Heat transfer are followed and an axis-
symmetry in the middle of the probe is considerédgre 4-7). An automatic mesh (Free
Triangular) is realized by Comsol representing tieemal size of each (Figure 4-8). To
represent experimental conditions, a 1 mm air gegpleen considered in order to take into

account the contact resistance between the prabsaamnple.

7 PROBE R — > :
7 et i R L e
— - base []‘- Pt1000 T [ 7 N
- - material LS —/
; & Thot (5cm) E:E?; \I< /
- 1 BH
Tcold (15 cm) \
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- ] ol o2 14 0le ol 02 o 02

Figure 4-7:Probe and its environmentFigure 4-8: Mesh used in COMSOL model.
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Thermal probe Hukseflux TPO02 inserted into a cyilicel sampling medium is modelled
using COMSOL, as shown in Figure (4-9). The glowpagt in the axial center is the thermal
probe Hukseflux TP02 heated by a very fine heativige (constantan). The material
properties and dimensions used for the COMSOL madelshown in table 4-3. Also, the
cylindrical sampling medium is @60 mm x 250 mm tsw@e that the radial infinite medium
condition is achieved during the heating periodhaf thermal probe Hukseflux TP02 whose

theoretical dimensions are @1.50 mm x 150.0 mm.

Materials properties and A [wim.K] | p [kg/m?] Cp[J/kg.K] R [mm]
dimensions used in COMSOL

Constantan 19.5 8910 390 0.065
Glass pearl 0.16 1600 800 0.355
Steel 16 7900 500 0.33
Air boundary 0.0234 1.0 1005 1.00
material 0.0387 60 1015 60.00

Table 4-3; Parameters and values used for the sitimui in Comsol

Time=1500 s Surface: Temperature (K}

A 309

308

308

207

304

302

¥, L’K 294

¥ 2032

Figure 4-9: COMSOL model during Thermal probe HikesTPO02 inserted into sampling medium.

The same power heat flow (0.87 Wjrcorresponding to the low experimental heat flog a
maximum time (1500s) allowed by the TPSYS02 intfhave been chosen with time step

0.01 s. To define the boundary conditions, amb&ntof 20 °C has been considered
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surrounding the sample and at the surface of tobepheat power per unit area of the cross
section of the probe (65545468 Wemhave been introduced corresponding to the
experimental heat flow used. The reason for usi@SOL is to reduce the computational

time and power besides studying the influence ofupaters that cannot be accessible

experimentally.

4-3 Prospective errors by using thermal probe

Equation 2-28 has been referred to the classidatigo is obtained with the following

assumptions and simplifications:

. Homogeneous material with physical properties aersid constants,
. Medium considers as infinite with reference of $siee of the probe,

. No radiation and bulk flow in the medium,

a
b

c. No consideration of the design of the probe,

d

e. The length to radius ratio of the probe is gretitan 50,
f.

Thermal contact between the probe and the mediugmised,

2
g. Radius of the probe must respect the following doond u = ﬁ <1

Above assumptions and simplifications will be dssed in the following paragraph in order

to check their applicability in order study.

4-3-1 Error associate to homogeneous material asspton

Three diameters (2 mm, 8 mm and 10 mm) glass bleawks been studied (Figure 4-10) to
study influence of the porosity on the thermal dugtivity. The gaps between the glass
beads (air) have an effect on the porosity anchercontact resistance between the probe and

glass beads.

Figure 4-10: Glass beads 2, 8 and 10 mm diameters
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For each bead type, the total porosity by watarratibn (Table 4-4) is determined in a well-
defined volume. Porosity increases with diameteglags beads. These experimental values

of porosity are in agreement with the literaturpd6d [7].

Glass beads diameter [mm] 2 8 10

Total porosity [%] 36.55 40.30 41.00

Table 4-4: variation of the porosity of the glagsats with diameter.

Test has been done in a tube of 10 cm diametealfdests and the probe of Hukseflux ®
inserted inside the center of the samples venicajures 4-11 and 4-12). Low heat power
(0.87 W/m) has been used in the experimentas tegh time (600s) controlled by the
TPSYSO02 interface to evaluate effect porosity am ¢hrve of variation of the temperature

with the logarithm time.

Figure 4-11: Image of 2 mm glass beadggure 4-12: Image of 10 mm glass beads

during the test during the test

For 2mm diameter glass balls, a linear curve ieotexl but, non-linear variation in form of

S-shaped curves is obtained for glass diamete8saofd 10 mm (Figure 4-13). The S-shaped
form can be assigned to heat transfer conductidrttermal inertia contrasts in the air and in
the glass bead and the edge effect. Taking int@umtcall these phenomena, thermal

conductivity can be considered as an equivalenteval
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Figure 4-13: Variation of temperature against nallogarithm time for the different glass
beads diameter with heat flow 0.87 W/m.

Thermal conductivities have been found from then&pgd curve time period betweesnd
and tax defined respectively by equation 2-29 and equa#ie80. Thermal conductivity's
values decrease when porosity increases whichieatdically checked. Coherent value has
been found in literature [6] and [7] with our exipeental values for 2mm glass bead
diameter. But, for 8 and 10 mm diameters no valas heen found in literature. So,

measurement using guarded hot plate has been do8erfm diameter (table 4-5).

Glass beads diameter Thermal conductivity (measured) Thermal conductivity
[mm] [W (mK) (reference) [W(mK)}]
2 0.18 £ 3% 0.17 [6] and 0.20 [7]
8 0.16 + 3% 0.14*
10 0.09 + 3%

(*) Determined in the laboratory by using the guedcdhot plate method

Table 4-5: Experimental results for thermal condlitt of glass beads.

The effect of the porosity on the thermal condugtihas been investigated well during
study different insulation materials.
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4-3-2 Errors associate with probe design

4-3-2-1 Error associate with length / diameter (L D) of the probe

Blackwell [1] has defined a length to diameter (LMinimum ratio of 25 in order to reduce
heat losses in the axial direction of the probe. IFD ratio equal to 25, we observe (Figure
4-15) important axial heat losses in the base-nahteterface (upper part of the probe) and
in the other direction (end of the probe). For Ldlio of 100 (figure 4-14) corresponding to
TPO2 probe used for experimental runs, we justrobsgeaxial heat losses in the upper part of
the probe due to the stainless steel (this metaesl to make the base of the probe). It would
be preferable to use a more thermally insulatintgensad for this base. As we note that heat is
foremost loss from the upper part of the probesuggest to follow the temperature from the
measurement of the i3do and to keep its increase lower than 1 °C.

base

base

3
probe probe
° hot junction lsofhenﬁalhnes
[ hot junction
Isothermal lines ;
cold junction
cold junction
Figure 4-14:L/D ratio =100 Figure 4-15:L/D ratio = 25

We investigated by Comsol Multiphysics® for diffateratios of length to outer diameter
(L/D) as shown in figure (4-16) to reach to thetbeslue. We noticed that decreasing this
value less than 100 gives us unreal value for takoonductivity in spite of the increase in
the variation in temperature, this result is inesgment with the previous studies for Hooper

and Lepper [13].
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L/D=200, A=0.033
L/D=150, A=0.034

AT[C)

Figure 4-16: value of thermal conductivity for difent ratio (L/D)

4-3-2-2Error associate with the choice of components foihie probe

Hukseflux has used stainless steel as componenthdoouter surface of the probe at the
interface probe-studied material. This metal hasativantage of a lower thermal diffusivity
increasing inertia during the heat transfer. Mangtais have been selected in order to

evaluate their influence. Table 4-6 present theictecal and thermal properties.

Electrical properties Thermal properties
) Density S Temperature Thermal Specific heatf  thermal
Materials Resistivity . .
p [kg.m?! Coefficient conductivity Ce diffusivity
108, p[Q. m]
103, a [KY A [W.nTt. K7 [J.kgtKT a [mmz2.g
Stainless Stee 7900 6,90 3.000 16 500 40
Copper 8960 1,55 4,041 390 390 116
Aluminium 2700 2,50 4,308 237 880 100
Nickel 8890 6,80 5,866 91 460 222
constantan 8910 49,00 0,074 19.5 390 56

Table 4-6: electrical and thermal properties of alst

But we observed important temperature increase #wetow heat flux is produced (Figure
4-17). To reduce S-shaped form and to increasedrmatyre at the outer surface of the probe,
nickel can be used as Laurent [20] concluded. Blugsical characteristics of copper seem to

be more interesting.
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—steel

Nickel

AT [C°]

------ Aluminium

— copper

Figure 4-17: Metal outer surface of the probe ftasy wool with low power 0.87 W/m at test time
=1500s

As mentioned earlier hot wire heater is made froamstantan. Influence of the hot wire metal
has been investigated to know its effect on theelwd the curve of variation of temperature
with the logarithm time. It is observed that theiaton of the temperature was not affected
very much by changing the metal of the hot wirguiffe 4-18). This material has been chosen
because of its high electrical resistivity and litsv temperature coefficient as shown

previously in table 4-6.

16 — constantan

——steel

——Nickel
Aluminium

——copper

AT[C?]

1 0 1 2 3 4 5 6 7 8
In(t)

Figure 4-18: Metal the hot wire of probe for glageol with low power 0.87 W/m at test time =1500s

3-3-2-3 Error associate with neglected thermal coatt resistance

Between the outer surface of the probe and studegdrial, contact resistance must be taking
into account especially for insulation materialaflience of the contact resistance is

considered by introducing air layer thicknesse® aim (no contact resistance), 1 mm and 2
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mm (large contact resistance). We observe (Figet8)4that the contact resistance has no
influence on the slope for long time investigatidor Int>6). The effect is relatively not

sensible on S-shape curve for low heat flux anttitee of 1500s.

AT[C"]

Figure 4-19: Effect of the thickness of the air dapglass wool with low power 0.87 W/m at tesktim
=1500s

3-3-2-4 Error associate with power supply

According to the TP02 probe of Hukseflux® spectiicas, temperature increase at the outer
surface of the probe must be less than 1°C. Bygusia lower heat flux, experimentally we
can't respect a temperature increase less than ASIM Standard D 5334-08 [3]
recommended for soil and soft rock that the tentpezan the medium must be less than 10
°C in 1000s. To reduce effect of radiative transieside fibrous media especially,
temperature variation of 5°C maximum must be cheéckéan der Held in 1952 [14], [15]
observed that the radiation occurs easily in matewhich have high porosity. Temperature
variation can be reduced by limiting energy anddfoee by decreasing the heat flux and the
time. Woodside in 1958 [16], Eschner et al in 19¥4], Pilkington in 2008 [18] and R.

Coquard in 2006 [19] also observed this phenomenon.

According to Comsol Multiphysics® simulation (Figud-20), temperature increase less than
1°C is only obtained for heat flux lower than 0.07Zm™. But, this heat power can't be
produced by TPO2sys interface (the lower heat pdaesl is 0.87 W/m). We can note also
that this 0.07 W.m heat flux reduces the S-shaped form of temperadganst natural
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logarithm of the time and the finally obtained tmai conductivity 0.0347 W(m.K}) is
coherent with the reference value (0.035 W(Ii)K)

16

14 heat flow = 0.87 W/m

—
—

12 >

10 /
8 heat flow = 0.50 W/m

heat flow = 0.07 W/m

AT[C]
™\

Figure 4-20: Results for very low heat flow on glagol

4-4 Thermal characterisation of insulation materiaé

Insulation materials representative of the mairegaties of sold insulation have been
chosen: powdery mineral insulator (vermiculite) panel (glass wool) and synthetic
insulation of chemical (XPS). Vermiculite is a paved material having a porosity of about
90% and the size of the grains is between 1 andh4The glass wool is a structured material
with fiber assemblies thereby obtaining a higheropity (about 96%) [8]. Extruded
polystyrene has a porosity similar to the glass Mo the pores are closed thereby reducing
the transfer of heat into the air (Table 4-7). Thaximum time (1500s) allowed by the
TPSYSO02 control interface has been selected. Tdlisewespects maximum time conditions

(Equation 2-30) in chapter 2.

Insulation material | Diffusivity [m2:§ Porosity [%] | tans[S] | tmax[S]
Vermiculite 69 .16 90 10 527
Glass wool 63.5 .19 96 11 573
XPS 56 .16 96 13 650

Table 4-7: properties and time intervals (t mimax) for thermal characterization insulation
materials

As before for glass beds, low heat flux has begiieghon 10 cm diameter cylindrical form

samples. Due to the more important value of poypsgitadient of temperature is higher for
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insulation materials than for glass beds. It israppate to be careful because the radiative

phenomena can intervene in this case for glass.wool

Note that Hakansson et al in 1988 [9] already oleskthe non-linearity of théT/In t curve

for thermal conductivity less than 0.07 W/ (m.K)e Httributes the origin of the S-shaped
curve to the thermal diffusivity of the samples.r Rilkington and Grove [10] this non-
linearity depends on the pores of the cellularcstme of the materials. They remark the
shape of the curve is S-shape for polyisocyanuam (PIR) (0.018%< 0.025 W/ (m.K))
and linear for the polytetrafluoroethylene (PTFHE)e(mal conductivity of 0.25 W/ (m.K)).
For Batty et al. [11], the structure of the matieisdess important than the contact resistance.
They reveal the importance of the contact resigtdretween the probe and the glass wool

fibers compared to the contact between the fibers.

4-4-1 Effect of contrast capacity ratio

In addition to these parameters, the non-linearatian in form of S-shaped curves is
affected by the contrast capacity ratio of the riiedrmass of the materials to the thermal

mass of the probe (M) wheri¥l :('O'Cp)materia/('o'cp)probe [12]. This ratio is very low for

insulation materials (0.014 for glass wool, 0.002 XPS and 0.025 for vermiculite) while
this ratio is important 0.78 for glycerol (lineaanation). Non-linear variation in S-shaped

form appears for each curve of insulation matérajure 4-21).

16

14

12 Glass wool

M=0.014
10

Vermiculite
M=0.025

Glycerol
M=0.78

In(t)

Figure 4-21: experimental kinetic different insut@f materials at time 1500s, low flow 0.87 Wm-1
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To determine thermal conductivity, we have defittege cases. First case (time 1), the entire
kinetic has been selected to determine the slope If® () < end). Second case (time 2),
according to Vos [2], we consider the part betwéghs and tmax Third case (time 3),
according to ASTM recommendation [3], we chosard t to obtain the best straight line
between tans and fax In the particular case of glass wool (Figure 3-2Re straight line is
obtained for ¢ans and tax respectively equals to 11s and 573s accordinggo/obs [2]. The
experimental value for thermal conductivity whicistobtained when selecting the timangt

< In (t) < tnay for the glass wool is\e 0.026 W.m'.K1). The best points have been selected
(t2 and ) equals to 30s and 150s respectively accordintgegcASTM recommendation [3].
The experimental value for thermal conductivity @fhhas obtained when selecting the time
(tu < In (t) < t) for the glass wool isAE 0.021 W.mL.KY). The experimental value for
thermal conductivity which has obtained when satgcthe time (0 < In (t) < end) for glass
wool is (= 0.035 W.mt.K ) according to the all kinetic of the curve.

Despite the experimental results have a good demsig with the literature values (Table 4-
8) when selecting the time (0 < In (t) < end), lagtording to the linear asymptote of
AT/In(t), thermal conductivity calculated from the slope (@JMin equation 2-28 not satisfy
the methodology of the equation 2-28.

Insulation Thermal conductivity | Thermal conductivity Reference

material (measured)[W(mKJ] | (reference)[W(mK}]

Vermiculite 0.071 + 3% 0.076 (*)

Glass wool 0.033 + 3% 0.035 (**) (0<In () <end)
Extruded p .(XPS) 0.029 + 3% 0.028 (**)

Vermiculite 0.045 + 3% 0.076 (*)

Glass wool 0.026 + 3% 0.035 (**) Vos [2]
Extruded p .(XPS) 0.023 + 3% 0.028 (**)

Vermiculite 0.052 + 3% 0.076 (*)

Glass wool 0.021 + 3% 0.035 (**) ASTM [3]

Extruded p .(XPS) 0.018 + 3% 0.028 (**)

(*) Determined at the laboratory by using the gugddot plate method
(**) Technical agreement value issued from the nfiacturer of the product

Table 4-8: measured and reference thermal conditictialues of insulation materials

The kinetic of the thermogram is not linear so ¢igma2-28 could not reasonably be used.
Values of the thermogram has been selected betweenand tax according Vos [2],

between t and t according ASTM recommendation [3] and betwegand tnqd according to
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our suggestion are unsatisfying the methodologyhefequation 2-28. So, there is a necessity

of finding a new methodology to determine thernmaiductivity.

16 time 1:0<In(t) < end ,A=0.033 W.(m.K)"!
)
r )
14 time 2 : terans < In(t) < tmax, A=0.026 W.(m.K)"! :

time 3 : 30§ < In(t) <1505, A=0.021 W.(m.K)? "

12

10

AT [C°]

ttrans=11s tmax=573s

1 0. 1 2 3 4 5 6 7 8

Figure 4-22: three ways to select In (t) on theuBre to find thermal conductivity for glass
wool.
The glass wool is a structured material with fiaesemblies and has been chosen to study

experimentally different conditions. The experin@ntalues of thermal conductivity of the

glass wool is change according to the heat powleewand to the direction of heat flow.

4-4-2 Effect of heat power

TPO2 probe of Hukseflux® have three heat powerh(ldgi4 W/m, medium 2.64 W/m and
low 0.87 W/m). To reduce effect of radiative trarsinside fibrous media especially,
temperature variation must minimum. Glass wool basn chosen to study effect of heat
power supply on the thermal conductivity. Accordittgthe TP02 probe of Hukseflux®
specifications, temperature increase at the outdace of the probe must be less than 1°C.
Figure (4-23) illustrates that the differenceshe temperature during the experimental test
for glass wool is more than 1 °C (13 °C for lowlo37 °C for medium flow and 63 °C for
the high flow), that means experimentally we cegspect temperature increase less 1°C and

will achieve this condition just in modelling of @sol Multiphysics®.
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Figure 4-23: variation of temperature with loganithtime for different heat power

The value of thermal conductivity increases witlathpower from (0.033 W/m.K to 0.038
W/m.K). This result was in agreement with the ressaf [Woodside] in 1958, [Eschner et al]
in 1974, [R. Coquard] in 2006 and [Pilkington] iG0B.

4-4-3 Effect of direction of the thermal flow

The direction of the flow inside the fibrous indida materials has an effect on the thermal
conductivity for these materials. Two samples dfoye glass wool (density 68 kgfnwith
dimensions (10 x10 x30) cm have been cut in diffedérection (figures 4-24 and 4-25) to

evaluate effect the direction of the flow accordiaghe fibrous structure.

Figure 4-24: Parallel (longitudinal) heat flowFigure 4-25: Perpendicular heat flow

Low flow (0.87 W/m) with maximum time (1500s) alledt by the TPSYS02 control
interface has been used to study the effect of h@aton the structure of the fibrous. The
variation of the temperature changes accordin@eadirection of flow to the fibrous besides

the value of thermal conductivity which change fr¢d032 W/m.K) for the parallel heat
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flow to (0.034 W/m.K) for the perpendicular heabvil as shown in figure (4-26). These
results are in agreement with Batty [11] 1984 aitkirigjton [18] 2008.

16

direction of flow:
14 parallel (longitudinal) _—
B i -

//"

12

10

AT [C]

? / ;
0

0 1 2 4 5 6 7 8

w

In(t)

Figure 4-26: Variation of the thermal conductivagcording to the direction of flow

The experimental values of thermal conductivitytted glass wool are changed according to
the heat power value and the best results can teneld when the heat power is low.
According to the TP02 probe of Hukseflux® spectiicas, temperature increase at the outer
surface of the probe must be less than 1°C. Expatially we can't satisfy this condition
with TP0O2 probe of Hukseflux® and it will achievhig just in modelling of Comsol

Multiphysics®.

4-4-4 Effect of thermal properties of the medium

The temperature variation with the logarithm of tinee is non-linear for insulation materials
as mentioned previously. This variation has beewestigated for different thermal
characteristics (conductivity and specific heat)e base material is always the glass wool,
this material has been used in this investigatiah {l@ew power 0.87 W/m at test time 1500s.
In the case of Figure 4-27, the thermal condugtiviries from 10 to 0.01 [WrhK™]. It is
observed that the variation of the temperaturesis®e with lowest thermal conductivity. The
shape of temperature variation with the logaritimmethas become more curvature and more
clearer than 0.5 [WrhK™].
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Figure 4-27: influence of thermal conductivity

In the case of the figure 4-28, the thermal cagaeities from 100 to 10000 [J.kd<Y]. It is
observed that the variation of the temperaturess tlear than the thermal conductivity. The
method of calculation (Equation 2-28) does notreete the specific heat and the kinetics

slope of the temperature variation with logarithme remains the same for long time.

16

thermal capacity Cp=[J.kg*.K!] Cp=100
Cp=500
Cp=1000
Cp=5000
Cp=10000

AT[C)

-1 0 1 2 A 5 6 7 8

In()

Figure 4-28: influence of thermal capacity
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4-5 New mathematical analysis

In order to reduce the assumptions and simplificesti we have considered the temperature
response of the heat source over time with heamhasmtained at a constant rate can be

described by Carslaw and Jaeger solution:

- _ 9 -
AT = — — Ei [u] (2-21)

2

Whereu = ﬁ (2-22)

The exponential integral functio() can be expressed by a series expansion [65]:

—E(~w) = [ [T”] du (2-23)

Some authors have purposed innovative methodoloyiae Loon et al. [20] applied a
revised model of the probe based on that of Jaegedetermine simultaneously the thermal
conductivity, the volumetric heat capacity and tlomtact resistance. Zhang [21] tested the
parameters introduced by Van Loon and demonstthgechodel needs to be as complete and
precise as possible. He demonstrated identificdtmm Van Loon model can only be applied
for long time approximations. André et al. [22] deped an analytical solution for the time
dependent problem of heat transfer based on thérgpale method. To determine thermal
diffusivity or the volumetric heat capacity, otherethods can be used by dual probe
techniques [23]. Two thin parallel needles aretbaile serving as a heater and the other as a

temperature sensor.

4-5-1 Theoretical aspects

The general solution for temperature distributibtha external boundary of the probe can be
expressed in terms of dimensionless paramefenstier's number (Fo), Inertia contras)(

and Biot’'s number (Bi) as:

AT _ N _ 8.7 cocl—exp(—Fo.x?) )

= G(Fo, Q2 Bi) = o Tam dx (4-3)
2 2 x2 2

Where A(x) = [x. Jo) = (2.2- %) A (x)] + [x. v, — (2.2~ E) Yl(x)] (4-4)
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J and J are the Bessel functions of the first kind of arlend 1 while ¥ and VY are Bessel
functions of the second kind of order 0 and 1.He following paragraphs, dimensionless

parameters are defined

4-5-2 Sensibility analysis

Sensitivity analysis has been studied in order beck if unknown parameters are
uncorrelated. Sensibility analysis of the paramestimation problem (Figure 4-29) shows
the thermal conductivity of the medium is the paetan of highest sensitivity. This parameter
is sufficiently uncorrelated frorihe other parameters and the sensitivity analysitsfies the
model reduction embedded in the direct model froma¢ion 4-3. Inertia contrast is sensible
at very short time (before 500 s). Sensibility lwktparameter is very low compared with the
2 other parameters. Sensibility analysis identifisgoathe necessity of considering
simultaneously dimensionless parameters (F@i).

Sensibiiy analysis

====Thermal conductivity
Contact Resistance

—inertia contrast

[

Figure 4-29: Sensibility analysis of the paramedstimation problem

4-5-3 Results

Estimated parameters determined by this process begn presented in table 4-9. Contact
resistance can't be unheeded, its value correspeadan air thickness of 0.5 mm.
Dimensionless number can be compared to literadatees. Laurent [23] bring out the
necessity of producing a low Biot number and prepibee maximal value of 0.25 to reduce
the effect of S-curve. Our value is a half lessittias value. Laurent considers also useful to
reduce inertia contrast if Fourier number is imaott(which is the case for this test). Laurent
concludes an inertia contrast of 2.5 is too impuriastead of 0.25 which is better. Our value
is less than 0.25. Thermal conductivity £ 0.0391 W.it.K %, table 4-9) is very close to
reference values\(= 0.035 W.mt.K?, table 4-8).
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dimensionless parameters estimated parameters

Biot number : Bi=0.2291 Contact resistance : | R, = 0.020mz2.K.W

Fourier number : 0<Fo0<4377 Thermal conductivity | A\ = 0.0391W.mL.K2

Inertia contrast : 0=0.018 Thermal diffusivity: | 3 = 5.16 10 m2.st
Table 4-9: estimated parameters for glass wool

Main results from Matlab are presented in (figu#e80) for glass wool characterization.
Experimental values, already presented in (figuBd ¥ are compared with estimation results
curve. Fitting curve obtained by optimization pregedescribe below is consistent with
experimental values. Differences between experiaieand estimation values can be
assigned to the exact composition of the probecamtact between the components in the

probe.

g

Tomperature (K)
8
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Figure 4-30:AT against time Figure 4-31:AT against logarithm of time

New studies by coupling Comsol Multiphysics and Islat are in development by

collaboration with Evry University.

4-6 Conclusion of the chapter

Applying long time approximation relation (equati2+28) to determine thermal conductivity
requires that the experimental kinetic representivgytemperature increase vs. log time is
linear. Experimental kinetic is linear for glycer@ fluid) but as soon as the porosity of
studied material is growing, S-shaped curve appéddethod becomes debatable. Due
principally to important porosity, a sigmoid curigobtained for insulation materials. We
conclude traditional methodology can’t be used fosulation materials. Analytical
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simulation with development of a program Matlab BHswed simultaneously determining
thermal conductivity and thermal diffusivity. Costgint results have been obtained.
Decreasing heat power reduces non-linear variai@hprovides thermal conductivity values
with a good accuracy compared to reference valvesconclude that it is important to carry
out tests over long time (>1500s) with a very losabflux (<0.1 W.m-1). It is also important
to check that temperature increase at the hotipmas less than 5 ° C. These conditions
cannot be achieved with the control interface aased to Hukseflux TP02.

The length to diameter (L/2Rs) ratio of the probean important value to reduce axial heat
flux along the probe and consequently error inrttedrconductivity determination. A L/2Rs
ratio of 100 is enough to neglect heat loss indker part of the probe. Making the probe by
ourselves will be important to investigate in order know the exact position of the
thermocouples and how the probe has been precisely.

Comsol Multiphysics® has been used to study th&uenice of parameters that are not
accessible experimentally such as the componeriteegirobe, the contact resistance and the
thermal properties of materials. Although the dlidifference in the variation of temperature
with the logarithm time for glass wool materialdveeen experimental and Comsol curve, the
simulation approach has been considered validated.

We noticed that decreasing the value of (L/D) bss 100 give us unreal value for thermal
conductivity. To reduce S-shaped form and to iaseetemperature at the outer surface of the
probe, copper can be used and we observe thautbesurface of the metal more influential
than the hot wire metal. We conclude that the admesistance has no influence in the slope
for long time investigation for the S-shaped forfteamperature against natural logarithm of
the time. During Comsol Multiphysics® simulatioeniperature increase less than 1°C is
only obtained for heat flux lower than 0.07 WAmWe note also the variation of the
temperature increase with lowest thermal condugtaud it is less clear for thermal capacity
because the method of calculation (Equation 2-B8)efer to the specific heat.

According to these conclusion we can built a newigte for the probe, its properties are
shown in the table (4-10).

Length | Diameter | Outer surface Hot wire | Heat power Base materials

(mm) (mm) metal metal (W/m)

150 1.5 Copper Constantar0.07 Glass pearl

Table 4-10: properties of suggestion probe
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Copper was selected as outer face because theieatrent pass through it without loss

and heat transfer quickly. Copper has low reagtiaitd it is considered antibacterial metal.
Also, besides above properties, copper has goomsion resistance, it resists to saline
solutions, alkaline solutions and organic chemidalspper tough enough but for increase the
strength, copper metal can be plated with stairdess to prevent corrosion during long time

to use specially in experimental moist material.
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Chapter 5 Experimental measurement
for heat transfer in wall

5-1 - Introduction

The European Union has planned to decrease thgyense for heating of buildings with
50% during the next two decades. The major pathefenergy consumption related in
heating of buildings and production of hot watewn.réduce this energy in buildings different
requirements have been studied related by typdaasofation materials and its thickness,
method of the building envelope and structural elet®s of the buildings. Heat transfer in
thermal insulation materials generally occurs bgdietion through building elements such
as walls, roof, ceiling, floor, etc. heat transédso by convection through the gas molecules
of porous materials and radiation through the pokedarge part of the heat transfer in
buildings takes place through the external wallse Thermal performance of a wall depends
on the geometrical dimensions, thermal materiadp@ries and weather condition. Different
techniques are available for estimating the peréorce of walls and classified under Steady
State methods and dynamic methods.

A guarded hot box is a method used to determinetheunt of heat transfer through a wall
by controlling the temperature on both sides ofwtladl. The guarded hot box consists of two
boxes one representing the hot climate (inside itiondl and other representing cold climate
(outside condition). There are different standdhdg can be used to analyze the data from a
guarded hot box such as Russian Standard GOST 26802British standard EN 1SO 8990
and American standard ASTM C 236 — 89 which is nsuigable for a wide range of non-
homogenous samples.

In this study the thermal performance of glass waghinst dynamic solicitations in
temperature has been studied by using guarded éwtirb realistic climatic building
envelopes conditions.

Building envelopes are subjected to thermal andibylresses that are not constant during
days and seasons. In situ measurements are diffasnud often impossible) to control one-self
due to coupled effects of heat and mass transferingp from environment (sun, wind,

rain,...). Such as dynamics solicitations in tempeestand humidity are difficult to
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reproduce in laboratory. Guarded Hot Box (GHB) appes can be considered as an
interesting help to create realistic climatic cdiwahs.

First objective of this study in this chapter to determine thermesdistance and thermal
conductivity of the glass wool against temperatarel compare the results with other
techniques (guarded hot plate and hot disk). Somaparison has been done in order to
validate measurements. It can be considered asmpraty step to take control of the
apparatus.Second objectives to determine thermal storage capacity of tlsgwool wall
against temperature and humidity gradients. Flowmatethod already used in laboratory
and guarded hot plate method has been adapted oB @ethod. Thermal balance
calculation must be undertaken to evaluate the rtapoe of various heat flow inside GHB
apparatus. These thermal properties can be alsparech with Hot Disc results. Time delay
and damping have been also determined to charaetdrermal storage capacity of glass
wool wall. Third objective is to study of heat and mass transfer (in simplges) and a
comparison with Wufi® data. Temperature and hungiditadients regulated in each cell of
GHB can generate moisture transfer, air movemend aaoperficial or interstitial
condensation. To study these phenomena Wufi® carobsidered well-adapted software. A
comparison of results from GHB (experimental) andufW(simulated) have been
investigated.

During this study, experimental tests were caroatfrom the Guarded hot box (THERMO
3R). This Guarded hot box has been chosen becd&u@gtbe area of the surface specimen
(120x120) cm more than the area of the metering(80x80) cm, so the heat loss around the
edges of the test specimen (Flanking loss) hashappened compared with the Calibrated
Hot Box (CHB). (ii) All the external walls of the arded Hot Box (THERMO 3R) are
insulated with polyurethane with thermal condu¢y#v{0.021 w/mk), this value is small
compared with our materials (glass wool 0.04 w/r(ik) The wall that is fixed between the
two cells is representing the realistic conditionthe wall. (iv) Small area of the form of the
specimen wall in guarded hot box (THERMO 3R) compawith other (GHB) leads to

reduction the time of the experimental tests tahehe thermal balance.

5-2 General description of THERMO 3R

THERMO 3R is a device for measuring thermal trarssféhrough a flat vertical wall based
on the Guarded Hot Box (GHB) principles. The apperancludes two cells: cold cell
temperature regulated (representing weather clomainditions) and hot cell temperature
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(representing interior climatic conditions) (figubel). The outer envelope of each zone is
covered by metal enclosure dimensions 1200x1200x@®0inside a second envelope (inner
shell) covered by steel dimension 1000x1000x500 iswthe warm-up area. The two shells
are isolated by 100 mm polyurethane. In the hoezmil, a box of dimensions 800x800x300
mm envelope delimits the measured zone. The arte&be this measurement zone and the

inner shell is called guarded zone.

HOT ZONE CELL COLD ZONE CELL

guuard zonc

measure zone

cold zone

Figure 5-1: Image of hot zone and cold zone for @ad Hot Box (GHB) THERMO 3R

The wall to be studied is placed between the tviis (gures 5-2). The heat that moves from
one cell to another must pass through the wall. Whlls to study must have dimensions
(1200mm width and 1200mm height) with thicknessmfr@0 to 300 mm in order to be
installed with the frame of the guarded hot boxeyltan be composed of several layers of
superposed materials, but each layer must be omibwer the entire surface of the wall. The
outer surfaces must be flat, smooth and paralleitidular attention must be paid to the
achievement of hollow walls in blocks. The troliegster wheels allow to place and maintain
a wall between the two chambers to test the ThermoBthis study, wall from glass wool
has been manufactured by attached two parts frensdimple. Dimension of the each part
was (125 *60) cm and dimension of the frame mettéhe equipment 3R was (120*120) cm.

The excess part was cut to fit the frame metabfahe equipment 3R (figure 5-3).
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representing internal wall representing external

condition l I l condition

Figure 5-2:image of (GHB) thermo 3R cells and téste Figure 5-3: scheme of (GHB) thermo 3R
wall cells and tested wall

5-2-1 Cold zone cell

The cold zone has a 450W piece refrigeration anktgat exchanger (cold) connected to the
cold area, a hot heat exchanger connected to tisgdeuThe group uses refrigerant R404A.
Condensate generated by the heat exchangerseastedllin a stainless steel tank through the
piping of the hot gas at the compressor outlet vlcBuses the immediate evaporation (figure
5-4). The refrigeration unit is equipped with a etafthermostat set at -20 °C. The
Ventilation of the cold zone is formed by the comskr chiller. It draws air from the back of
the enclosure, made it through the exchanger agnl blowing cold air in the cold zone. It

thus ensures uniformity of the temperature of ez

Figure 5-4: image of cooling unit Figure 5-5: image of tangential fan

The air blown into the cold zone passes throughfieomaking significant speed variations

on the wall. Therefore it can be considered thatatn near the wall is so still that the natural

convection is not disturbed by ventilation. A tangal fan is optional to model the forced

convection, figure (5-5). It is located at the baittof the freezer against the wall and sends

air the latter along the bottom to the top. Thedcabne is standard equipped with 8 digital
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temperature sensors distributed throughout themveland on the wall of study. It can also
accommodate a humidity sensor (optional). The sengse a digital bus to 3 son and a
communication protocol (One Wire) identifying theind read their measurement (figures 5-
6 and 5-7).

wall temperatore

LeAL0TS
o

O <: Wall temperature E>O

SENsOrs

o Air temperature :% o
sensors

[ AIr REIOpETaure
SENS0TS

Figure 5-6: Image of cold temperature sensor Figure 5-7: Scheme of cold zone sensors

5-2-2 Hot zone cell

The thermal energy in the measurement area andjubeded area is formed by electric
resistors (200W per zone) extra low voltage (48VDE&)ulse width modulation controller
controls the power fed to each zone. The curredttha voltage are measured by the CPU
and used to calculate the actual power of each.Zidme hot zone is equipped with a safety
thermostat set at 50 ° C. The ventilation of meas@nt zones and guard zone is provided by
a fan in each zone. It ensures the homogeneityemmpeératures, without accelerating the
natural convection. The measurement area and gustoa equipped as standard with 8
digital temperature sensors each, distributed tjivout the volume of the wall and to study.
It can also accommodate a humidity sensor (opt)ofiéle sensors use a digital bus to 3 son
and a communication protocol (One Wire) identifyithgm and read their measurement as
shown in figure 5-8. The sensor is designed fongisvith the Poseidon, Ares, HWg-STE and
other HW group products (see appendix B).
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Wall temperature sensors

o) o O
[} L+
0O —=5
© = Air temperature sensors for guard e=I> 0 Air temperature sensors

box

Figure 5-8:Images of wall and air temperature sers inside hot cell

5-3 Calibration of Guarded hot Box

The similar temperature of the ambiance insidentgasure zone (so called also metering
box) and guarded box allows to neglect the heat Tdse previous condition and uniform

temperature on the both side of the specimen gresenting the ideal solution.

5-3-1 calibration of measured hot cell

The power provide by the measured zoQg,)X is representing the summation of the heat
flow through the wall plus heat flow exchange betweneasurement area and guard area.
The power Q;,) is electrical power by heating system. The hé&aw fexchange between
measure area and guard area it's equal to the stiomwd heat transfer parallel to the test
specimen@,) and through measuring wald,(,). If all the input heat will transfer through the
test specimen that means the heat transfer pa@llleé test specimen and through measuring
wall are equal to zero. In reality this has notgeed and the heat losses in the Guarded Hot
Box (GHB) will be described in both of cells (hallcand cold cell).

Heat flow balance in the measure zone of the Hb{fagure 5-9) can be described as:
Qs = Qin— Qp — Qw (5-1)
Where:

Qs : Heat transfer through test specimen [W]

Qin: Total power input [W]

Q, : Heat transfer parallel to test specimen [W]
Q,, : Heat transfer through metering box walls [W]
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A=0.021 WimK

Figure 5-9: Guarded Hot Box Losses [6]

5-3-1-1 Influence of the heat loss by test specimentside GHB (Q,)
Heat flow @,) corresponds to the flux transfer inside the speai and loss at surrounding
external surface of his area in the ambiance ofaberatory. To prove the importance@/,

two thermocouples (Sensor 1 and sensor 2) have ins¢glled as shown in figure 5-9
(thermocouples type T made of copper and constamithnrange of temperature -200 °C to
+ 400°C). Sensor 2 is placed inside the speciménsansor 1 measures the temperature of
the laboratory (outside the GHB). The data logé&v100 by YOKOQAWA) has been used
to store the temperature as shown in figure 5-10Galls have been regulated as shown in

the figure 5-11.

Hor cell Cold cell

MBERSUre FOME wall
o be

tested

a- data logger b- flowmeter

Figure 5-10: Data logger and flowmeter used in Figure 5-11: Condition of the two cells
experimental
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We observe (figure 5-12) the temperature inside ghecimen is similar to the room
temperature (from morning to the afternoon). Thé&eatfof hot cell GHB temperature
regulated at 30° is not sensible. So we can coedlual the heat los3, from measured zone

to ambiance of the room can be neglected. If it wasthe case, sensor 1 and sensor 2
variation are not similar. Usually, tests are ==l on walls with concrete or wood for
example and specimen to test can be insulatedeoauttounding surface but in our case, as

we study an insulant, this can’t be done.

22.4
222

22
21.8
21.6
21.4

21.2

Temperature [°C]

21
208 ~

20.6
0 1 2 3 4 5 6 7 8 9

time [h]

—Sensor 1 —Sensor 2

Figure 5-12: Variation of temperature inside andside the specimen

5-3-1-2 Influence of the heat loss by wall of measizone of GHB(Q,,)
After neglected @ the heat transfer through specimenr)(@om the measured hot box can

be obtained by:

Qts = Qin— CQuw (5-2)
To determine Qts, we have installed one flowmetih wensitivity 264uV/ (w/m?) on the
hot surface of the specimen in contact with meakaome. @ is calculated by Thermo 3R
according to methodology described in appendix I& Value ofQ,, has been calculated by

using the expression:

S .AT

QW = (5'3)

Ry
Where:

S : Surface area of the metering box [mZ2]
AT: Temperature differences between measured bogwadied box [°C]
R,,: Thermal resistance of the wall of the measure[b@xK/w].
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AT is obtained from sensors of the THERMOS3R in gudrdene and measured zone
ambiances. The value of the cold cell is still fatged at 20 °C and temperature of the hot cell
changes at 30 °C, 40 °C and 50 °C. Calculated Jaluable 5-1 corresponds to the use of
equation 5-2. Knowing, by experimental data,dp Q, it is possible to deducewQA slight

difference is obtained coming from the accuracyeofperature measurement, from the fact
that temperature measurement is taken by valuamlsiance and not in surface of the wall

and from the fact that {Js assimilated negligible (which is not exactlg ttase).

Hotcell T | Coldcell T | AT | Experimental value of Calculated value of
[°C] [°C] [°Cl | QuwlIWlbyeq. (4-2)| Q, [W]by eq.(4-3)
30 20 10 0.02 0.04
40 20 20 0.05 0.10
50 20 30 0.09 0.17

Table 5-1: Comparison between experimental valuktheoretical value Qw

We observed in figure 5-13 at the beginning ofkimetics the hug variation of the flowiQ

in the first hour of the test. We are in unsteaidyesperiod. There is a need of an important
flow to obtain a stabilised temperature in cells.gdbon as the thermal equilibrium is obtained
a stabilised flow is observed. We can conclude @hatan be neglected. When steady state is
reached, Q is near (or under) 0.1 W whilei{Qand @ is near 8W. So, for the hot cell,

equation (5-2) can be expressed as:

Qts = Qin (5-4)

160

W o N B @ WO kB ®

Flow[w]

time[h]

—Qin s Qts ---Qw

Figure 5-13: Heat losses by wall of measure zonenduhe experimental test
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5-3-2 calibration cold cell

There is no guarded zone in the cold cell. We dentify other heat flow source in this cell.
The heat fluxQ,,, corresponds to the flow transfers from room latwkato the cold cell. The

heat flux Q. corresponds to the power supplied by the coldgtouegulate the temperature.

Q, Qe
o b
laboratory
30 °C 5°C temperature =22 °C
hlﬁ side cold side
flowmeter, flowmeter QW '

<=

F1 F2
Q% —I/-|> Qs

4

power supply by /
electrical re.si.smm:e/

Insulation (Polyurethane) 10cm

A=0.021 W/mK

Figure 5-14: Losses occur in cold cell

As the heat flow is supplied in hot box by ele@tiesistance and we want to study heat flow
in cold zone, there is a need of measuring the iaveach side of the specimen. To that two
flowmeters were used. These flowmeters measuredaetyse and flow during the test. The
sensitivity of flowmeters respectively placed inethot and in the cold surface of the
specimen is 25QV/ (w/m2) and 264.V/ (w/m?) with accuracy 0.1 °C.

5-3-2-1 Cold group OFF
When Cold group is OFF, {qual to OW so we are in the same case as thepsestudy.
We can consider the relation if the flow@ neglected:

Qts = Qin (5-4)
We can remark also that, if the steady state ished, @=F=F. (F. and k correspond to the

flowmeter measurements which are described indigut4).
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The experimental test has been done during the @uidp OFF with the same conditions
shown in figure 5-14 (temperature and positionlofvimeter). We observe in the figure (5-
15), the flux reached to the steady state aftér I(d.when flux value in the hot cell equal to
the flux value in cold cell ( F1=F2).

20
18
16
14
12

10

FLOW [w/m?]

— flowmeter (F1) — flowmeter F2

Figure 5-15: Heat flow losses occur in cold cellemicold group is OFF

5-3-2-2 Cold group ON
When Cold group is ON, we must take into accouatgbwer supply of this group (denoted

Qc). The heat losses can be expressed as:

Qts = Qin— [Qwr + Qc] 55'

When steady state is reached, Flowmetarartel E measure the flow transfers inside the
specimen. They integrate in their measurement niyt @s when Cold group is OFF) the
effect of power supplied by the electrical resiseam the hot box (g but also the power

supplied by cold group (R

In the same temperature conditions as before (whkehgroup is OFF), we have studied heat
flow when Cold group is ON. We observe (figure 5-1@riations on the flowmeter curve
placed on the specimen surface inside cold cell. (Hais is due to power (@supplied by
cold group to regulate the temperature of the atl. It is interesting the base of this
wavering corresponds to the flowmeter 1 (F1).
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Figure 5-16: Heat flow losses occur in cold aelien cold group is ON
The flux reached to the steady state when cold@®®N (figure 5-17) at 3 h. This time is
weaker than when cold group is OFF (4.5 h). Thefie bigger when cold group is ON
(2.60W) than when it is OFF (1.65W). This differens due to power supplied by cold group
to regulate the temperature in cold cell but alsawgr supplied by electrical resistance to

compensate the cold group effects.

20

18 COLD GROUP COLD GROUP
ON OFF
16
— F1 (cold ON) — F1 (cold OFF)
14
—F2 (cold ON) — F2 (cold OFF)
12
E 10
2 Flow at equilibrium =2.6 W Flow at equilibrium =1.65
= 8 during cold group ON.
(@)
-
.

0.0 0.5 1.0 1.5 20 25 3.0 3.5 4.0 4.5 5.0
TIME [h]

Figure 5-17: Comparison of heat flow losses wbeld group OFF and ON)
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5-4 thermal resistance

Thermal resistance is determined when steady istadéached. There is a need of determining
with a good accuracy the flow in the specimen dmal ftow (Qs) must be constant. So,
thermal resistance of the specimen can be calculateising relation:

A T -T
R,. = At (Thot ts— Tcold ts) (5-6)
ts dts

Where;

R:; =test specimen thermal resistance [m? K/w]

A;s =test specimen area [m?]

Ty ts= hot side test specimen surface temperature [k]

T.014 ts= COld side test specimen surface temperature [K]

We have seen, in the previous calibration paragrdyohw the heat flow (§ can be
determined with precision by using flowmeters. Fiosters give also temperature in each
side of the specimen. THERMO-3R presents a loewiperature placed in the surface of the

specimen.

There is a need of purposing a methodology fomdwgji the minimum time to consider that
steady state is reached. We will describe ASTM meuendation that describe a
methodology to calibrate the system. Then we watednine thermal resistance of our glass
wool against temperature and humidity. Finallypenparison with experimental results from
guarded hot plate and hot disc has been done.

5-4-1 Calibration process

To calibrate the process, we have chosen a waligegs by THERMO-3R to realise typical

exercises for student. The wall (figure 5-19) imposed of three layers (table 5-2):

Designation units Plaster BA 13 Glass woo PlaBte 13
Surface M 0.64 0.64 0.64
Thickness mm 13 90 13

Table 5-2: details of the wall during calibrate gdad hot box

This wall has been used to measure thermal resistahthe wall and deduce the thermal
conductivity of the glass wool. Temperature cowdisi of the test are: 30 °C in the hot cell
and 5 °C in the cold cell (figure 5-18).
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plaster BA 13 =13 mm

insulation

\ /
= ’

Figure 5-18: cross section of the wall with thelgel Figure 5-19: image of calibrate wall

5-4-1-1 Time minimum for steady state by ASTM recommendation

ASTM recommendations [1] consist of two periods:

» First period: to reach steady state conditionst @&sll be more than 4 h in
duration), the average surface temperature musvargt more than + 0.06 C°
and the average power in the meter area must mphwvare than + 1%.

» Second period: continue the test (at least 8 hy, &w more successive 4-h

periods produce results that do not differ by ntbe: 1%.

a. First period

Data shall be collected at intervals of 1 h or.le§ke thermal equilibrium is reached after 2
h. We can draw the cold wall temperature, hot wethperature and flux with the time

during the test time (figure 5-20).

35

30

Th

thermal balance is reached to the
equilibrium after two hours.

temperature [C°]

Te

0 1 2 3 4 5 6 7 8 9

time [h]
—measure temperature wall cold temperature wall

Figure 5-20: variation of Wall temperatures (° Cittwthe test time (h) during steady state period
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The variation of temperature illustrated in thedéabin the appendix A is 0.074 °C from (0 to
3h. So ASTM recommendations are not respected. Rréon6h, variation of temperature is
less than 0.06 °C (table 2 in Appendix A) respec®®&TM recommendations. During the
same period, average power in figure 5-21 varieertian 1% (table 3 in Appendix A).

10
9

average flow =6.09 W

N

Y N Y e Ve e

flow [W]

o =, N W » un o

1 2 3 4 5
time [h]

—Flow [W]

Figure 5-21: variation of flux (w) during first piexd

b. Second period

If we continue the test during 8h, we observe tloevfis stabilised (figure 5-22). The
difference during two periods of 4 h is less th&n.1So ASTM requirement has been

achieved (Table 4 in Appendix A).

10

8 average flow =6.21 W

AN ",n‘: D A A A AA I W o

flow (W]

) 6 7 8 9 10 11 12 13
time [h]
Flow [W]

Figure 5-22: variation of flux (w) with the tesirte (h) during second period
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5-4-1-2 Determination of thermal resistance

To check the validity of the experimental procedwwe have calculated the total thermal
resistance of the wall by using the thickness d&dthermal resistance of each layer. The
calculated thermal resistance is 2.315 m2K.W

Considering the time of the first period respectlh§TM recommendation, experimental

value for the thermal resistance is 2.330 m2K.{figure 5-23). Deviation 0.64% from these

two values is obtained. During the second perigii(é 5-24), the experimental value for the

thermal resistance is 2.305 m2K-Mwith deviation of 0.43% from the theoretical value

4 4
35

3
average thermal resistance =2.305 [ m2.k/W]

average thermal resistance = 2,33 [m2.k/W]

25
Arrr e Pl A o A A S A A, A
2

15

thermal resistance [m2.k/W]

1

thermal resistance [m2.k/W]

05

4 5 6 7 8 9 10 1 12 13

0 1 2 3 4 5 time [h]

time [h]

Figure 5-23: Thermal resistanceneK. W) Figure 5-24: Thermal resistanceneK.W1)
during the first period (ASTM) during the second period (ASTM)

5-4-2 Thermal resistance of glass wool

Once, the procedure has been validated, we watdgteymine thermal resistance of the glass
wool and study the influence of temperature andidityn We possess panels of glass wool
of 125x60 cm with 10 cm thickness. Considering tlraime metal of the equipment
THERMO-3R is 120x120 cm, we decide to associate jamaels side by side (figure 5-25).
Density of glass wool is (68 kg:fhand porosity (96%).

The wall is placed between the hot cell and thel cell in THERMO-3R. The data logger
kind YOKOQAWA (mV 100) is used to evaluate the teargiure for the two sides of the
wall (figure 5-26).
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The flowmeter has been placed at the center oftiniace of the wall in the hot side with
sensibility 273uV/ (w/m?) to evaluate the rate of flow during thest (figure 5-27).

Figur25: manufacturing glass wool Figure 5-26: the wall ~ Figure 5-27: flowmeter to

wall and fixing it on the frame. between two cells. evaluate the flux rate.

5-4-2-1 Experimental results

The cold cell temperature is regulated at 5 °C lamidcell temperature is fixed to obtain an
average temperature between these two cells 0€1a5 °C, 20 °C and 25 °C. We observe
that temperature has an effect on the thermaltee®is. As soon as temperature increases,
thermal resistance decreases (figure 5-28) or thleconductivity increases (figure 5-29).

2.8 0.05

2.7
R=2.56 m*K/W
*
25 *

0.045 A=0.044 W/mK
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2.6

0.04 A=0.039 W/mK
a

24
23
*

2.2 R=2.27 m*kK/W 0.035

Thermal resistance [m?K/W]
Thermal conductivity [W/m.K]

21

0.03
0 5 10 15 20 25 30

2.0
0 5 10 15 20 25 30

Different mean temperature between two cells [°C] Different mean temperature between two cells [°C]

Figure 5-28: Thermal resistance against temperaturgigure 5-29: Thermal conductivity against

temperature

5-4-2-2 Validation with experimental results from aher techniques

Thermal resistance and thermal conductivity has loetermined by various techniques such
as guarded hot plate method (steady state) anddis&t method (transient state). As

mentioned earlier in chapter three the steady-séeatienique (guarded hot plate method) is
suitable for insulation materials although its dpaeks (long time to establish a steady-state
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temperature gradient across the sample, tempemtagieent and Sample size are required to
be large and contact resistance between the theuptecand the sample surface). According
to ISO 8302, guarded hot plate (TPL 500X1) has hessa to validate thermal conductivity
of glass wool under steady state condititypically with accuracy £ 1% (max. = 3%,
according 1SO 8302). Thermal conductivity for horangous sample is calculated during
passage the rate of flux through unit area for d¢anfperature gradient perpendicular to the
isothermal surface of the sample. Hot disk methiddS 2500, ISO 22007-2) with accuracy
5% for thermal conductivity is distinguished maitdy the short time and by the low flow in

comparison with steady state techniques.

We can notice that in the case of guarded hot {latéP) and guarded hot box (GHB),
thermal resistance is determined after reachirapgtstate. Moreover, these techniques need
the establishment of gradient of temperature batvike two sides of the specimen and the
temperature correspond to the mean value calciriate these two temperatures. We can
consider that GHP and GHB determine global restgtanf the specimen. Hot Disc (HD) is
transient technique. Specimens have been placateinsa oven and temperature is constant
HD determine local resistance of the specimen. Whaterial is heterogeneous, difference in
results can come from this fact. It is necessargefine a representative elementary volume
(ERV) of the material. Taking into account accueaodf techniques, experimental results are
consistent (figure 5-30). It is very important toserve that local result with HD is consistent
with global values with GHP and GHB. Dimension betHD probe can be considered
sufficiently large with respect to the ERV.
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Figure 5-30: variation of thermal conductivity withe temperature for different methods
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5-4-3 Effect of humidity

The presence of moisture in the insulation mateélbuilding envelope reduces efficiency
of these materials and impacts thermal performabDespite the evolution of construction

guality, moisture problems still pose the biggekallienge due to increases the risk of
interstitial condensation inside insulation matesridhe effect of humidity on the thermal

properties of insulation materials (glass wool) hasn investigated by using guarded hot box
(GHB).

The wall contains two panels (figure 5-31) of cradpglass wool of 10 cm thickness with
density (68 kg/m3) and porosity (96%) has beendfixeframe of GHB (figure 5-33).
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Figure 5-3.3: in frame (THERMO
3R)
Hot cell of the GHB is regulated at 30°C and cadtl at 20°C. Humidity of the two cells are

Figure 5-31: crimp wall Flgure 5 32: fixing flowmeter

identical in order to avoid mass transfer betwdesm and thus complicating the problem.
Humidity is regulated at 50%, 75% and 95%. Two fiosters has been placed in the hot and
in the cold surface of the specimen with sen$ytid50 uV/ (w/m?2) and 264uV/ (w/m2)
respectively and accuracy 0.1 °C (figure 5-32)e Want to obtain humidity value less than
50%. But for many reasons, it is difficult to ghtstrelative humidity in the laboratory. It is
possible for HD because this technique has bedalled inside a climatic chamber and the
measure is just obtained on a sample of small dlrmanSorption curve shows that humidity

less than 40% has no effect on water content (s&eter 3, paragraph 3-3-4).

Guarded hot plate techniques can’t be used forstiidy to determine thermal conductivity.
Only HD and GHB techniques have been used. Consisedues have been obtained by
these techniques (figure 5-34). We can note thatnthl conductivity values by HD
technique don’t change significantly for humidigs$ than 50% respecting previous remark

from sorption curve.
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Figure 5-34: variation of thermal conductivity witlumidity

5-5 Thermal capacity of the glass wool by flowmetemethod

The specific heat capacity can be determined bygusie expression:

t
_ Jo Frot—f cota)dt
p.d.AT

C, (5-7)

Where:
C,: Specific heat capacity (J/kg.K),
froe: Hot surface flow (W/m?2),
feora: Cold surface flow (W/m?2),
p: Density (kg/m3),
d: Thickness of the wall (m),
AT: Different temperature between two surfaces (K).

The “difficulty” of the method is to determine thitegral part of the equation 5-7. The
originality of the method concerns the method tlwudate this integral [2]. This integral is
obtained by calculating the flow on the hot surfagaus the flow on the cold surface. This
calculation corresponds to the hatched zones dighee 5-35.
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Figure 5-35: Example of heat flow to explain thepiples of flowmeter method

So, in a first we will present validated resultsflotvmeter method with the results that have
been obtained with Hot Disc. Second, study effégradient of temperature for glass wool
and effect of the cold group on the results ofrtrercapacity.

5-5-1 Validation of the method

We have used the same wall as presented beforégumef5-31 in guarded hot box
(THERMO 3R). One flowmeter has been fixed in eade ghot side and cold side surfaces)
of the wall. The sensitively of the hot surfacewfiineter and cold surface flowmeter is
respectively 250uV/ (W/m?) and 264uV/ (W/m?2) with accuracy 0.1 °C. Regulated
temperatures are respectively in the hot cell 3@&i@ in the cold cell 20°C. We observe that

steady state is obtained after 4 hours and the dkogquilibrium is equal to 1.52 W/m2 (figure
5-36).

flow [w/m?]

Heat side flow = cold side flow=1.52 W/m?
(flow reached to the steady state)

time [h]

—hot flow cold flow

Figure 5-36: Heat flow for glass wool to validatevimeter method
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To validate the flowmeter method, we have compaesalts from this method and those
with Hot Disc technique .Knowing the density and thermal conductivity of the material
we have deduced he thermal capacity. Table 5-8tifite the results of GHB consistent with
the results of HD

Temperature [°C] Mean value| Thermal capacity | Thermal capacity
Hot cell Cold cell [°C] [ J/kg.K] by GHB | [ J/kg.K] by HD
30 20 25 615 485
40 20 30 790 700
50 20 35 940 1020

Table 5-3: Compare the results of GHB with HD

5-5-2 Effect of temperature

Cold cell temperature is fixing to 20°C. But we gba the temperature of the hot cell at 30
°C, 40°C and 50°C to study its influence. We caseobke that flowmeter placed on the
specimen surface in contact with hot cell measomeortant variation of flow for 50°C. As
cold group is OFF, these variations can only commnfpower supplied by electrical
resistance in hot cell. To obtain 50°C in the heit and maintain the temperature gradient

with cold cell there is a need of power supply.

n?]

w [w/m

time[h!
time [h) {h]

—hot flow —cold flow —heat flow —cold flow

Figure 5-37: flux with time when the hot ceFigure 5-38: flux with time when the hot cell
temperature 40°C temperature 50°C
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Thermal capacity is influenced by temperature. Wegeove (table 5-3) that thermal capacity
increased with temperature. Another interestingpisi the time to establish the steady state.
We observe in figure 5-39 that this time increaséth temperature. This time can be
determined by extracting from graph (experimentatpdure in figures 5-37 and 5-38). This
time is obtained when the flow from the flowmetdasiged on the hot side is the same than

those on the cold side.

Time viewer through drawing at 50 °C

Time viewer through drawing at40 °C

flow [w/m?)

Time viewer through drawing [l 30°C

[ 1l

0 2 4 6 8 10 12 14 16 18

time[h]

—cold flow during 30 T*  —cold flow during40 T°  —cold flow during 50 T°

Figure 5-39: Cold flow for different temperatureistioe hot cell (30, 40 and 50°C)

5-5-3 Effect of thermal time constant

A mention previously in chapter 2 (section 2-2thgrmal time constant (TTG¥is a time, it
takes heat to propagate through the wall. To determime to reach the steady state, it is
possible to considertbaccording to the figure 2-5. Thermal time const@C) has been
obtained from equation 2-11 for different temperatby the sum of the cumulative heat
capacity multiplied by the thermal resistance othedayer. The experimental time to
establish steady state is obtained from figure BB%¥isual analysis. Theoretically, lumped
system approximation suggests to determine thie tiy considering equal tor5But this
approximation is applicable ifiB 0.1 and we obtained high Biot number ¥&3) as shown

in table 5-4. So the lumped system can’t be usemlincase. This explains that experimental
and theoretical times to the steady state are oxdistent. We don’t find method to establish
steady state time theoretically.
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Gradient of Experimental time to | TTC [h] from 5t [h] Biot number
temperature [°C] | establish steady state [h]equation 2-11 (Bi) []
10 4 2.98 14.9 13.2
20 10 3.48 17.4 13.4
30 12 4.03 20.15 135

Table 5-4: Compare between TTC and experimentatigtstate time with different temperature

5-5-4Effect of the Cold group

As mention previously in section (5-3-2-2) grouddc®N, when steady state is reached,
Flowmeters FFand E measure the effect of power supply by the eledtresistance in the

hot box (Qh) and also the power supply by cold group)(& explain in equation (5-5).

The effect of the power supply by cold group maietinto account. The experimental test
has been done for different case (cold group OF# @ld group ON) with different
temperature. The experimental test has been donerdmnary glass wool (76 kg/m3) with
dimension (120 x120) cm with thickness 5 cm (twgelaeach one thickness 2.5 cm) as
shown in figure (5-40). Two flowmeters have be@ed in two sides (hot side and cold side)
(figure 5-41) to measure the flow rate during thstt The sensitivity of the hot surface
flowmeter and cold surface flowmeter was 280 (w/m?2) and 264.V/ (w/m2) respectively
with accuracy 0.1 °C. The sample fixing in the feaof the guarded hot box (THERMO 3R)
(figure 5-42). The test has been done for differerhperature in the hot side of the
THERMO 3R equipment (30 °C, 40°C and 50°C) andnfixthe cold side temperature with
(20°C).

|

Figure 5-40: layers of the Figure 5-41: fixing Figure 5-42: layers in frame
glass wool sample flowmeter of the guarded hot box

!

}
i
!
i f
pot o

1

143



Table 5-5 illustrate the results of the thermal amy for the glass wool with different

temperature for two cases.

Th Tec AT Thermal capacity
[°C] [ J/kg.K] (cold OFF) | [ J/kg.K] (cold ON)

Thermal capacity | Percentage of

deviation [%]

30 20 10 600 550 8.33
40 20 20 700 675 3.57
50 20 30 830 760 3.14

Table 5-5: thermal capacity during cold group OFRdaCold group ON

Table 5-6 illustrates the results of the heat fluxtwo cases (cold group OFF and cold group
ON). During cold group OFF, as mentioned previouslgection (4-3-2-1) group cold OFF
the flux Qn=Qws=F1=F2. But when the cold group ON, our observatiai the flux has been
risen due to effect of thecQduring cold group ON, the flux coming from cadll tend to

rising the electrical powerigdn hot cell.

Th Te AT Flow (Qn) [W] | Flow (Qn) [W] | Percentage of increasing
[°C] | (cold OFF) | (cold ON) | of flux Qmn [%]

30 20 10 1.35 2.65 49 %

40 20 20 2.90 7.30 60 %

50 20 30 4.80 10.50 54 %

Table 5-6: variation of the flux during cold gro@¥~F and Cold group ON

We can conclude that the effect of the cold groophe variation of the flux more than its

impact on the value of thermal capacity.

5-6 Time lag and decrement factor

5-6-1 Definition of these parameters

During heat transfer through the wall (figure 5-4tBe time for the heat wave to go from the
hot surface to the cold surface of the specimaralied “time lag”. The decreasing ratio of
its capacity during transfer process is calledci@enent factor” [4]. These factors are very
important to define the heat storage capabilitiesall materials [5].

The time lag is calculated by using the equatie8)(F/]:
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tiag = tT—hot(max ) — UT-cold(max) (5-9)

Where:
tr—_not(max ) - The time that the hot surface temperature isgheiaximum.
tr—colamax)- 1he time that the cold surface temperature isgpgiaximum.

Decrement factor is calculated by using the equg®el0) [7]:

Df — A_h — Thot(max) —Thot(min) (5_10)
Ac Tcold(max) _Tcold(min)

Where:
Thot(miny : Minimum hot surface temperature.

Teota(miny: Minimum cold surface temperature

t lag
| S |

hot side cold side

T-hot{manx)

\\ ~—————t T-hot(min)

Ac

t T-hot{max) T 1-cold{max)

Figure 5-43: Representation of time delay and dismariess factor [6].

Time lag does not impact on energy use directlyitsuimpacts on the time of energy use,
while decrement factor directly impacts on energg.un general insulation materials have

high time lag and low decrement factor compare witter building materials.

5-6-2 Experimental values

To study the effect of the thickness of the speaime the time lag and the decrement factor,
we have considered following thickness: 5 cm (2egbgn 7.5 cm (3 panels) and 10 cm (4
panels). The test has been done with variatiomeflow (2 W for maximum flow and 0 W
for minimum flow) and fixing the cold temperaturre ¢old cell of the guarded hot box with
(Teait= -5 °C) inside. We change the thickness of thepdanm each test to obtain different
thickness with the same condition (figure 5-44).
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Figure 5-44: Time lag and decrement factor for kimess 5 cm.

We observe that time lag and decrement factorsamsible to the thickness (figures 5-45
and 5-46).
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25 50 75 100 125
thickness of wall [mm]
Figure 5-45: Time lag against thickness Figure 5-46: Decrement factor against thickness

We have synthetized experimental results in table fér the 3 thickness. We have also
compared our results for glass wool with those (@fbn insulation materials (glass wool)

these results are in agreement for time lag ancedeant factor.

Thickness [cm] Experimental results Ozel resulis [9
Time lag [h] | Decrement factor [-] Time lag [ln] Deanent factor [-]

5 4.8 0.18 5.1 0.20

7.5 5.1 0.17 55 0.15

10 5.9 0.14 6.4 0.10

Table 5-7: variation of the time lag and decremi@ator with thickness
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5-7 WUFI simulation

The influence of the humidity on the compositionwalls materials can be investigated by
guarded hot box. The most important thermal pregeifior insulation materials is thermal
conductivity and thermal capacity which are funetiof the humidity. Increasing the
moisture inside insulation materials tends to @&takedegradation of the finishing and mold
growth besides to the damage these materials guuging the basic functions. Assessments
of hygrothermalresults can be done by using by dew point assess(@aser Method)
according to the standard: IS EN 13788 (2002) otpgrothermal numerical simulation
according to the standard: IS EN 15026 (2007).

Glaser method is used during steady state conditemd does not takes into account
hygroscopic sorption and liquid transport besidesstare in construction, precipitation and

rising damp.

The modern simulation numerical models such as W|[Bkinzel 1995] [10] is used to

overcome limitation of Glaser method. WUFI can Isedifor assessing risk of (interstitial
condensation, driving rain moisture, mould growtkeze-thaw) and provide good solution
to moisture transport and assessment problemsuitdings. It establishes temperature and
moisture profiles through the building wall. WUFFopides a substantial database of
materials and properties for the designer and tiordata relative to different cities in the

world.

We will study the interest of using WUFI to comgléhe objectives of this thesis. Firstly, we
will analyse the database of WUFI. Then we willidate results of WUFI with experimental
results obtained by Guarded Hot Box. Finally, wplak interest of using WUFI simulation

for this study.

5-7-1 Database in WUFI

WUFI takes into account enthalpy during moisturevement, short-wave solar radiation and
long-wave night radiation. Convection heat transgoy air flows has been neglected in
simulation of WUFI. The vapour diffusion transparechanisms included in WUFI but also
the convection vapour transport by air flows hagnbegnored. The liquid transport

mechanisms include capillary conduction and surthitaesion.
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The couple transport for heat and moisture requikfined well the material parameters.
WUFI needs some data to calculate the quantitieda @f usual materials are present in

database.

It is also possible to insert new materials forcsjpe materials. We have inserted some

properties of glass wool L1 measured in the chaptguaragraph 3-3-4). These properties

included:
5-7-1-1General information: o oy foar) s
. . Forosity [m?/m°] 0.97
The basic values (list below) for generiseecicreatcapacty. on piar GE
Thermal Conductivity, Dy .10°C DWmK] :lJ 04
parameters are Inserted (flgure 5_47)' Water Wapour Diffusion Resistance Factor [ -] |317

_ Figure 5-47: Basic properties
* Bulk density= 76 [kg/m3].

* Porosity= 0.97 [m3/m3]

 Specific heat capacity of dry material =615 [Kkg

» Thermal conductivity of dry material =0.04 [W/mK]

» Water vapour diffusion resistance factor of drgtemial =3.17 [-]

5-7-1-2 Moisture storage function

The basic data are required as a minimum for eadtulation; otherwise, the transport
equations, are not fully defined. The hydric prdiesr are necessary to fully describe the
hygrothermal situation. The hydric properties sashmoisture storage function [kg/m?3] have
been inserted as a table. These properties hareibserted because data base of WUFI®

didn’t have the properties of our material as shawingures 5-48.

Matesr Content fkgm™
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Figure 5-48: Storage moisture database

5-7-1-3 Thermal conductivity

Thermal conductivities against temperature and medatent have been inserted also into
database of WUFI as shown in figures (5-49 and)5486rmalized water content used is the
water content divided by the maximum water contemtltiplied by 1000kg/my density of

water).
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Figure 5-50: Thermal conductivity with water

Figure 5-49: Thermal conductivity with
content

temperature

We have studied in chapter 4 the possibility ohgghermal probe to thermally characterize
insulation material in use (or in situ). We wanktmw if WUFI presents an interest for this
type of study. It seems obvious that for a longnt€b years or more) using in a building

envelope the insulation must have lost all its sheapd insulation ability.

After studying the database of WUFI, we concluda the assessment of these results with
respect to thermal and hygric performance, longitstability, aging, specific damage risks

etc. is still outside the scope of simulation peogs.

5-7-2 Validation with experimental test
We want to compare experimental values from Guatdetl Box (GHB) and simulation

results from WUFI. Same conditions of test musfiked in GHB as in WUFI. Firstly, we
wait for obtaining stabilised temperature (20°Cy dnumidity (60%) in the two cells (figure
5-51). Then, conditions on temperature (5 °C) amahidity (80%) in the cold cell (only) are
modified (figure 5-52). In realistic condition, hotll represents indoor condition and can be

stabilized by regulation and cold cell is outdoondition which changes during time.

Hor cell Cold cell Hat eell  Cold cell

Figure 5-51: Initial conditions Figure 5-52: Experimental conditions
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5-7-2-1 Experimental results

Humidity and temperature sensors values in thechbtand cold cell give are presented in
figure 5-53 and 5-54 respectively. There is a neel hours to reach equilibrium in each
cell. We observe important variation of humiditythe cold cell but not in the hot cell.

120 25

100

80

Temperature [°C]

Humidity (%]

60 |
} 10
40

20

Time [h] Time [h]

—hot cell humidity —cold cell humidity —cold cell temperature ~ —hot cell temperature

Figure 5-53: Variation of humidity Figure 5-54: Variation of temperature

This observation must be due to the humidifier apips and associated regulated system.
Principles of cell humidification are not the sarmethe hot cell, it is obtained by evaporating
the water (figure 5-55) and in the cold cell byragound (figure 5-56). In the ultrasound

apparatus, it is possible to change the power gugdplapour emission, that what we must do

next time.

2

Figure 5-55: Evaporating humidifier (hot cell) - Figure 5-56: Humidifier by ultrasound (cold cell)

5-7-2-2 WUFI results

We have inserted two layers (2.5 cm) of the glasslufigure 5-57) to compose the wall.
Physical characteristics of glass wool have beeeady described in previous database
paragraph. The boundary conditions for the inteaod exterior surfaces of the layers
included (figure 5-58):
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* The initial conditions are 80% relative humidagd 20 °C temperature,

* 90°inclination to represent a wall,

» The orientation and height above ground has pered because we use internal wall,

 Time step of 1 h and period of simulation of 24 h

Assembly
Layer Name Thickn, [m]
Mineral Wool (heat condl 0,04 Wi 0025
Exterior [Left Side nterior (Right Side
| 025 0,025
i & & & B
€ ® g

| Figure 5-57Insert ‘I‘ayers in WUFI view

Project/Case: hussein 29-6-2016
Assembly/Monitor Positions _ Surface Transfer Coeff. | Inil

Orientation Inclination

Inclination [] |30 ﬂ

West ot
Building Height/Driving Rain Coefficients
[ Rain load calculation according to ASHRAE Stancard 160P

- - RI[-] |0

R2[s/m] (007
Note:
% q - o
= Rain*(R1 + R2 *Wind Yelocity)
ISthEuildmg,ha\gMupiu1Um j

Figure 5-58: : Orientation conditions

Indoor and outdoor conditions have been introduoedrder to respect same experimental
conditions in hot and cold cell of the GHB (figue$9 and 5-60).
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Figure 5-59: Outdoor climate conditions in WUFI
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Figure 5-60: Indoor climate conditions in WUFI

5-7-2-3 Comparison between experimental and WUFI siulation results

Comparison between the experimental and simula@ienlts have been done. (Figures 5-61)
between internal (WUFI) and hot cell (experimentatd (figure 5-62) between external



(WUFI) and cold cell (experimental). We observaultssare closed. Difference can be due to

the experimental regulation of humidity and thesefffof temperature gradient.

100 120

100

Humid ity [%]

Humidity [%6]
=

60
,’H
(

) ~———— WUEFI simulation
30 ——— WUFI simulation
Experimental

20 ——— Experimental
20

Time [h] Time [h]

Figure 5-61: Internal (WUFI) and hot cellFigure 5-62: External (WUFI) and cold cell
(experimental) humidity (experimental) humidity

5-7-3 Interest of using WUFI simulation for the stidy

WUFI is interesting to study the heat and moistwaasfer inside construction elements with
realistic solicitation in temperature and humidi®ur objective is to evaluate the possibilities

of using WUFI to improve the experimental work bistthesis.

Firstly, we have observed, in the database parhgthpt thermal and hydric performance for
long-term stability, aging, specific damage risk sl outside the scope of simulation
program. So the use of thermal probe in situ (ouse) can’t be directly compared with
WUFI.

Then, validation procedure by comparison experialeshd WUFI simulation results have
identified the lack of performance of the regulatiof humidity in cold cell of the GHB.
There is a need of more experimental values. Sthduwe must introduce temperature and
humidity inside the wall at different thicknessastablish a profile.

Finally, realistic climatic conditions can be indtawed in WUFI simulation for external
temperature and humidity values. Moreover, longtstudy (many years) can be done. Even
if long-term performance of thermal characterist&caot taking into account by the software,
WUFI can be used to check temperature and humgdtiygiles inside the wall during time

study.

152



5-8 Conclusion of the chapter

Guarded hot box (GHB) THERMO 3R has been used teruhne thermal properties for
insulation materials (glass wool). This equipmerguitable for measuring thermal properties
for vertical walls and can be considered as arresteng help to create realistic climatic
conditions. Two sides of guarded hot box (GHB) THUHER 3R have been calibrated by
using multilayer wall (plaster + insulate + plagtadot side cell has been calibrated to
measure the losses that occur through the speanakthrough the wall of the measure zone
while cold side has been calibrated to measuréotses through the walls of cold side to the
outside. The calibration has been done accordingecASTM recommendations (Standard
Test Method for Steady-Stat~ Thermal Performandduiiiding Assemblies) Designation: C
236 - 89 (Reapproved 1995). The results of therpraperties of glass wool materials
(thermal resistance and thermal conductivity) thawe been obtained by guarded hot box
(GHB) THERMO 3R is close to the results obtainedybgrded hot plat and hot disk.

The results of the thermal capacity for glass wele been obtained by using flowmeter
method with different conditions. These thermalpemies have been compared also with
Hot Disc results. Time delay and damping have lasm determined to characterize thermal

storage capacity of glass wool wall.

To study phenomena of heat and mass transfer, {&ilRulated) have been investigated to
compare the experimental results for glass wook uthe importance of assessing the age
of insulating material, WUFI (simulated) during tleeg time have been done for glass wool.
The database base of WUFI does not mention to eh#émgrmal properties of materials
during aging of materials, so not important use WidRhe meantime, but may be for future
some simulation improved to focus on this point.

In general guarded hot box (GHB) THERMO 3R is adeed feasible equipment to

evaluate thermal properties of insulation materials
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Chapter 6: Conclusions, remarks and
recommendations for future research

6-1 Overview

In this thesis, different successful experimentdtd were reported and interpreted, to
determine thermal conductivity of insulation maaésiby using (transient method) cylindrical
probe technique. All experimental tests were im@etad using Non-Steady-State Probe for
Thermal Conductivity Measurement (Hukseflux® TPOSgedle length 150 mm and
diameter 1.5 mm. Other techniques have been useVdmate the experimental results,
steady state method (guarded hot plate technigqukjransient method (hot disk technique).
To assess heat transfer through the wall and tdystibermal characteristics of building

insulation materials, guarded hot box has been witbdlifferent conditions.

6-2 Assessment of cylindrical probe technique.

Applying long time approximation relation to detene thermal conductivity by using probe
technique requires that the experimental kinetipregenting the temperature against
logarithm of time is linear. Experimental kinetglinear for glycerol (a fluid) but as soon as
the porosity of studied material is growing, S-gthgurve appears. Due to the porosity, a
sigmoid curve is obtained for insulation materiaigl the method becomes debatable. We

conclude traditional methodology can’t be usedrisulation materials.
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Analytical simulation with development of a progravtatlab has allowed simultaneously
determining thermal conductivity and thermal diffity. Consistent results have been
obtained.

Decreasing heat power reduces non-linear variaiehprovides thermal conductivity values
with a good accuracy compared to reference valDesng use Comsol Multiphysics@ve
observe that reduction heat flux less than (<0.inVy provides a good accuracy for thermal
conductivity and less than (<0.07 W&rmakes temperature increase less than 1°C. These
conditions cannot be achieved with the controlriiatee associated to Hukseflux TP02.
Comsol Multiphysics® has been used to study théuenice of parameters that are not
accessible experimentally such as the componeriteegirobe, the contact resistance and the
thermal properties of materials. Although the dlidifference in the variation of temperature
with the logarithm time for glass wool materialdveeen experimental and Comsol curve, the
simulation approach has been considered validated.

The length to diameter (L/2Rs) ratio of the probean important value to reduce axial heat
flux along the probe and consequently error in rtfarconductivity determination. We
noticed that decreasing the value of (L/2Rs) l&s# t100 give us unreal value for thermal
conductivity. We conclude that using copper metaluter face of the probe reduce S-shaped
form and increase temperature at the outer suidatlee probe. We observe that the outer
surface of the metal more influential than the\wwé metal.

We note also the variation of the temperature ems@e with lowest thermal conductivity and
it is less clear for thermal capacity because lomg approximation equation does not refer
to the specific heat.

According to these conclusions, we recommend toausepper metal for outer surface of
probe instead steel as the actual design of th€ PpRibes. The dimensions of the probe must
respect the ratio (L/2Rs) equal to 100 and itstlemgt less than 150mm. The hot wire of the
probe made from constantan and the base from gkess to prevent heat loses through the
base. The control interface associated with tlebgrshould be supplied power less than
(<0.1 W.m?b).
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6-3 Assessment of guarded hot box technique duririge heat flux

through the wall

To measure thermal properties (thermal resistaticermal conductivity and thermal
capacity) for insulation materials especially ie trertical wall, guarded hot box THERMO
3R has been used. Different effects have beenestudmbient temperature, differences the
temperature between two cells (hot and cold), tageand decrement factor and humidity.
The results was closed to the results of theeafses and results obtained by other method.
Guarded hot box (GHB) THERMO 3R is representingadilé to measure thermal properties
for vertical walls and can be considered as arresteng help to create realistic climatic
conditions.

Two sides of guarded hot box (GHB) THERMO 3R hagerbcalibrated by using multilayer
wall. Hot side cell has been calibrated to meashedosses that occur through the specimen
and through the wall of the measure zone while sald has been calibrated to measure the
losses through the walls of cold side to the out.

Experimental of thermal resistance has been dooerdiag to the ASTM recommendations
(Standard Test Method for Steady-Stat~ Thermal dmdnce of Building Assemblies)
Designation: C 236 - 89 (Reapproved 1995). Theltesd thermal properties of glass wool
materials (thermal resistance and thermal condtigtithat have been obtained by guarded
hot box (GHB) THERMO 3R is close to the resultsanitd by guarded hot plate (steady
state) and hot disk (transient state).

The results of the thermal capacity for glass wele been obtained by using flowmeter
method with different conditions. These thermalpemies have been compared also with
Hot Disc results. Time delay and damping have lasm determined to characterize thermal

storage capacity of glass wool wall.

To study phenomena of heat and mass transfer, W(&ilulated) have been investigated
to compare the experimental results for two sanfpleltiiayer wall and glass wool). The
assessing the age of insulating material is impodato evaluate the performance these
materials during the life cycle. The database hafs®VUFI does not mention to change
thermal properties of materials during aging of enats, so not important use WUFI in the
meantime, but may be for future some simulatoproved to focus on this point.
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6-4 Recommendations for future research

According to the TP02 probe of Hukseflux® spectiicas, temperature increase at the outer
surface of the probe must be less than 1°C, thigliton does not validate during the

experimental tests. Temperature variation can deced by limiting energy and therefore by
decreasing the heat flux. For the future work, éduce the S- shape of the kinetics and
reduce the variation of the temperature, we recomehimiilding new probe that has outer
surface from copper not steel as the actual desighe TP02 probes. This probe can feed
with low heat power (less than 0.07 W/m) not asi@ctlesign of TP0O2 (minimum power

0.87 W/m) to reduce the S-shape of the curve anddoce the variation of the temperature

less than 1 C°.

As mentioned, the transient method (probe techpigae be used in site to measure thermal
conductivity of insulation materials due to its egdo get the results and not to destroy the

sample in addition to taking into account the ctinds of the site such as moisture.

According to the guarded hot disk THERMO 3R, distilwater that is used in hot cell and
cold cell has been evaporated during (three dayBvéodays) according to the ambient
weather. in the future work we can find constanirse to the distilled water during the
experimental tests to carry out long time expentak Long-time experiments are important

to evaluate the results with WUFI® simulation.

Different wall from different buildings materialsitiv various insulation materials can be
manufacturing to evaluate heat and mass transi@ngldifferent conditions with Guarded
hot box THERMO 3R.
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Appendix A: ASTM recommendations

Evaluate the temperature according to ASTM

1- First period
Average Hot wall| Differences According
Average of hours temperature [°C] | between each two | to ASTM
hours [°C]

Average first hour 27.9775 -0.0740 > 0.06 x

Average second hou 27.9035 -0.0299 < 0.06y

Average third hour 27.8736 0.0089 < 0.06 v

Average forth hour 27.8825
Tablel: variation of temperature for the first paui

2- Second period
Average of hours Average Hot wall Differences betweehAccording
temperature [°C] | each two hours [°C]| to ASTM

Average first hour 27.8876 -0.0003 < 0.06 v
Average second hour 27.8873 -0.0002 < 0.06 v
Average third hour 27.8871 -0.0033 < 0.06 v
Average fourth hour 27.8838 -0.0109 < 0.06 v
Average fifth hour 27.8728 -0.0287 < 0.06 v
Average sixth hour 27.8442 -0.0103 < 0.06 v
Average seventh hour 27.8338 -0.0076 < 0.06 v
Average eighth hour 27.8263

Table 2: variation of temperature for the secondquk
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Evaluate the flux according to ASTM

1- First period

Average of hours Average flux for| Differences betweenAccording
each hour [W] each two hours [%] | to ASTM
Average first hour 5.7873 4.2281 > 1% x
Average second hour| 6.0428 2.8614 > 1% x
Average third hour 6.2208 1.2138 > 1% x
Average forth hour 6.2973
Table 3: variation of flux during first period
2- Second period
Average flux for | Differences betweenAccording
each hour [W] each two hours [%] | to ASTM
average first hour 6.2811 -0.3957 < 1% v
average second hour 6.2563 -0.1320 < 1% v
average third hour 6.2481 -0.4111 < 1% v
average fourth hour 6.2225 -0.8318 < 1% v
average fifth hour 6.1711 -0.0933 < 1% v
average sixth hour 6.1654 0.3381 < 1% v
average seventh hour 6.1863 -0.1998 < 1% v
average eighth hour 6.1740

Table 4: variation of flux during second period.
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Appendix B : Temperature and humidity sensors

1- Temperature sensors

HI.IJ&"OUD‘

Temp-1Wire - Temperature sensor

Digital temperature sensor for indoor and outdoor usage. The sensor is designed for using with the
Poseidon, Ares, HWg-STE and other HW group products.

You can have several parallel sensors on one RJ11 sensor port. Each one sensor is identified by a

unique serial number.

—

Temp-1Wire 1m
-10 to +80°C

n

Temp-Rack19
-10 to +80°C

Temp-1Wire 3m
-10 to +80°C

Temp-1Wire-Outdoor 3m Temp-1Wire-Flat 3m
-50 to +125°C -30 to +60°C
Technical parameters
» Temp. sensor resolution 0.1°C

« Temp. measuring accuracy

« Communication
* Operating temperature range

* Temp-1Wire Rack19

+ Probe dimension & cable
+ Montage drill

+ Temp-1Wire-Outdoor 3m
+ Probe dimension
« (Cable probe

+ 0.5 °C in range from -10°C to +85°C
+2.0°C (-50°C to +125°C)

1-Wire bus (Data, GND, +5V) - RJ11
-40°C to +85°C

83 x 44 x 18 mm, 2x RJ11, cable 3m included
2x @6mm

o

@ 5.7mm, 60mm long, stainless steel
silicon cable 3m

O

HW group

www.HW-group.com
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Temp-1Wire sensor HW group
Sensors & Accessories
-
/’
TN 7> 2 & N\ E—————
\k ) = &N ,a.a‘q‘———*
— b
\ j ’7 —~
\
-
HTemp-1Wire 3m Temp-1Wire 1m Temp-1Wire-Flat 3m T-Box
'\l
)
\\ AN
w
A

HTemp-1Wire Outdoor 3m

Temp-Rack19 HTemp-1Wire Box2 T-Box

Temperature & Humidity sensors & Accessories

HTemp-1Wire 3m

Temperature & Humidity sensor (-30 to +80°C, 0 to 100% RH). 3 meter long
cable with 1-Wire connector RJ11, encased in black covering.

HTemp-1Wire Box2

Temperature & Humidity sensor (-10 to +80°C, 0 to 100% RH). Boxed
sensor designed for internal use, 2x RJ11 daisy-chainable 1-Wire, 3m cable
included.

HTemp-1Wire Rack19

Temperature & Humidity sensor (-10 to +80°C, 0 to 100% RH). 1U rack
mount housing, 2x RJ11 daisy-chainable 1-Wire, 3m cable included. Sensor
designed for 19" rack cabinets.

Humid-1Wire 1Tm /3m/ 10m

Humidity sensor (0 to 100% RH) on a 1m/3m/ 10m long cable with 1-Wire
connector RJ11, encased in black covering.

HTemp-1Wire Outdoor 3m

Temperature & Humidity outdoor sensor (-30 to +85°C, 0 to 100% RH). 3
meter long cable with 1-Wire connector RJ11. Sensor encased in outdoor
metal tube.

T-Box

Hub for connecting 1 to 5 sensors to 1-Wire bus (5x RJ11), 10 cm
connecting cable.

T-Box2

Hub for connecting 1 or 2 sensors to 1-Wire sensors (RJ11), 3 m connecting
cable.

Temp-1Wire 1m / 3m / 10m

Temperature sensor (-10°C to +80°C), on a 1/ 3/ 10 meter long cable with
1-Wire connector RJ11, encased in white covering.

Temp-1Wire-Outdoor 3m

Temperature outdoor sensor (-30°C to +125°C) - Multi-purpose watertight
(IP67) sensor probe, stainless steel 17241 with PVC cable 3m, 1-Wire
connector RJ11.

Temp-1Wire-Flat 3m

Temperature sensor for freezers (-30 to +60°C), watertight (IP67) stainless
steel 17241 probe, flat cable 3m, 1-Wire connector RJ11.

Temp-Rack19

Temperature sensor (-10 to +80°C), 1U rack mount housing, 2x RJ11 daisy-
chainable 1-Wire, 3m cable included. Sensor designed for 19" rack cabinets.

HW group

www.HW-group.com
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Temp-1Wire sensor HW group

Connectors
RJ12 RJ11
3 2 Data <-> |Data 1-Wire
4 3 GND --- | System Ground
5 4 +5V --- | Power supply
1 6 14
RJ12 RJ11

Sensors wiring examples

Star topology — 60m in total:

You can use the T-Box or T-Box2 splitters to connect ; 5: [ E Ares 12
more sensors to one device active port. 'C) K]
i o
R B we 0O
5]

T-Box
FJ " RJ11 splitter
% A

Daisy-chained — 60m in total: [ l;

There are two RJ11 female connectors on some sensors. N
\°C %aup
it &

c %RH

Possidon 2250

1 ubb

4x active port, 4x60m: Poseidon 4002

wc E—t TTTTTEERY

. / @ iif:,/@ .
ﬂ‘

\ T-Box2

; RJ11 splitter

Ac‘_./
*C %RH

‘%F’H_

HW group www.HW-group.com
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2- humidity sensors

HI.IJQ"OUD

Humid-1Wire

s 2

A simple digital humidity sensor, communicating over 1-wire bus u;z_ -
(MicroLan). The sensor is designed for using with the Poseidon family o =
products.

You can have several parallel sensors on one bus, each one is
identified by a unique senal number. The humidity sensor uses an
integrated measuring element with accuracy of +2% RH.

Connectors
RJ12 RJ11
3 2 Data <-> |Data 1-Wire
4 3 GND --- [System Ground
b 4 +5V --- |Power supply
1 B 14
RJ12 RJ11
Technical parameters
» Sensor range 0-100% RH (Relative Humidity)
» RH Accuracy +2% RH, 2-80%RH non-condensing, 25 °C
» RH Linearity & Hysteresis <2% RH typical, +2% RH span maximum
» RH Repeatability +0.2% RH
» RH Response Time, 1/e 15 sec in slowly moving air at 25 °C
« Communication 1-Wire bus (Data, GND, +5V) - RJ11 male
+ Probe dimension & cable 78 x 9.5 x 6 mm, cable 3m
» Montage drill @3mm

» Operating temperature range  -40°C to +85°C

Similar sensors
Humid-1Wire 1m /3m/ 10m |Humidity sensor for indoor usage, RJ11 connector, 1m /3m / 10m cable.

HTemp-1Wire Outdoor 3m Temperature & Humidity outdoor sensor, 3m cable RJ11 connector.
HTemp-1Wire 3m Temperature & Humidity sensor, 3m cable RJ11 connector.

Temperature & Humidity sensor, 2x RJ12 female (can be daisy-chained).
Boxed version designed for internal usage

Temperature & Humidity sensor, 2x RJ12 female (can be daisy-chained).
Designed for 19" rack cabinets usage.

HTemp-1Wire Box2

HTemp-1Wire Rack19

HW group www.HW-group.com
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Humid-1Wire HW group
Connectors
2 Data <-> |Data 1-Wire
3 GND --- | System Ground
4 +5V --- | Power supply
1 6 14
RJ12 RJ11
Sensors wiring examples
Star topology — 60m in total: TR _
You can use the T-Box or T-Box2 splitters to connect ;12 L 5} Ares 12
more sensors to one device active port. C) O
fi‘ A
XC BRH/ ] G we O
- = T-Box
’.—J RJ11 splitter
. 41 i
Daisy-chained — 60m in total: [ lf &
There are two RJ11 female connectors on some sensors. | "‘C ,
Posasidon 2250

l-i[ ‘o‘|

C %RH/

it 6.

c %RH

<

666

n uhb

4x active port, 4x60m: Poseidon 4002
o————z
1@°C) g
7 / - LR oT‘@ ca
§i‘
\ T-Box2
’/ RJ11 splitter
HE [ o. .._/
\ %F‘H ) *C %RH
HW group www.HW-group.com
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Appendix C : Heat power from electrical resistanceof thermo3R

Les résistances de chauffage sont alimentées par un régulateur a découpage 1kHz, a
alimentation continue.

ol i(t)

L'unité centrale mesure la tension moyenne aux bornes des résistances de chauffage a
l'aide de ponts diviseurs et de convertisseurs analogiques numériques.

u(t)= % E, (1)

3
Le courant qui parcours les résistances de chauffage est mesuré aux bornes de
résistances séries de précision et amplifié d'un facteur 6.

G
i(t)=—_E, (¢
i(r) R (D

Aprés filtrage des signaux, on obtient des valeurs moyennes du courant et de la tension qui
parcourent les résistances de chauffage.

1.7G 1 TR +R,
- jo E.E,(r).dz - o Ey(t)dt
1 'G ar 1 R +R, ar
IM_F'R_'E""“IO d - = i, @
G R +R,
IM'=a'E'Eh‘“ Um=a. R_) EUmax
I/ - ol . U - alU,,.
Avec :
/P
= % Rapport cyclique du hacheur
T Valeur moyenne de la tension, du courant
U il Amplitude de la tension, du courant

Les résistances étant trés peu selfiques, le courant est haché comme la tension. Pour
déterminer la puissance électrique injectée, il faut connaitre le rapport cyclique du hacheur.

P = % [ u()itr)de

P =~ [ u(0)i(r)d
a1 u(t)i(r).de
P=aU_..I,_.

Po=—Upy o,

Attention : Les voltmétres standards, en particulier les voltmétres numériques, ne sont pas
adaptés a la mesure de tensions hachées a 1kHz. Utilisez de préférence un oscilloscope ou un
wattmetre.
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Régulation thermique
Coté froid

La régulation de température dans la zone froide est de type « Tout ou rien » a consigne et
hystérésis réglables :

5is T; 2Cy;+hyst Démarrage du groupe froid
T,<C,—hyst Arrét du groupe froid

avec :

I, Température de la zone froide

oy Consigne de température froide

hyst  Hystérésis
Lorsque le groupe froid est arrété, le ventilateur de I'évaporateur fonctionne pour assurer

le dégivrage.

Coté chaud en température

L'actionneur de chauffage étant proportionnel, la régulation de tfempérature dans la zone
chaude est de type « PID » a consigne réglable :

Tel que : £.=C,-T,
Ch =Kp.£+K,.Ze+KD.j—f
avec :
T, Température de la zone chaude
C. Consigne de température chaude
£, Ecart de température mesuré
Ch Commande de l'actionneur chauffage
X, Gain proportionnel

K, Gain intégral
K, Gain dérivé
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