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RESUME

Le maintien de la température d'opération des appareils électroniques dans une plage optimale est
nécessaire. Nous visons a adresser cette problématique, particulierement pour des dispositifs flexibles, a
faible flux de chaleur et a large surface, tels que les dispositifs électroniques moulés, les panneaux LED ou
les batteries lithium-ion. Le caloduc serait un candidat potentiel pour la gestion thermique de ces
applications. Ces échangeurs de chaleur, passifs et biphasiques, sont généralement fabriqués a partir de
cuivre ou d'aluminium. Cependant, la rigidité, la densité et le colt des métaux font que le caloduc
métallique n'est pas une bonne alternative en gestion thermique pour tous types d'applications. Par
conséquent, nous introduisons le caloduc polymérique comme le mode de gestion thermique pour ces
applications flexibles, a large surface et a faible flux de chaleur. Ainsi, notre objectif est de concevoir et de
fabriquer cet échangeur de chaleur avec une structure poreuse optimisée pour augmenter sa capacité de
transfert thermique.

Cet échangeur de chaleur passif et biphasique extrait la chaleur par changement de phase, du liquide a la
vapeur. L'enceinte du caloduc maintient un environnement saturé ou le liquide s'évapore et transporte la
chaleur par la circulation de la vapeur. La puissance transportée est limitée par le pompage capillaire du
milieu poreux qui tapisse l'intérieur de I'enceinte. En effet, la pression capillaire du milieu poreux doit
lutter contre les pertes de charge liquide et vapeur pour pomper le liquide d'un bout a I'autre du caloduc.
Nous utilisons une approche basée sur une distribution variable de la densité du milieu poreux pour
dissocier le lien entre la capillarité et les pertes de charge. Cette distribution de densité permet
d'augmenter la capillarité tout en minimisant I'impact sur les pertes de charge. Nous avons développé des
modeles fluidiques qui prédisent la puissance maximale transportée par le caloduc en fonction du type de
milieu poreux utilisé. La modélisation théorique montre qu'une distribution de densité du milieu poreux
améliore la puissance maximale de transport du caloduc d'un facteur de 1.5 par rapport a une distribution
constante.

En parallele de nos recherches sur I'optimisation des propriétés thermiques des caloducs polymériques,
nous avons également entrepris d'explorer des solutions pour réduire le co(t de fabrication et simplifier
le processus d'assemblage. En effet, le procédé de fabrication des caloducs et les matériaux utilisés restent
colteux. Ainsi, le procédé de fabrication typique implique plusieurs étapes, notamment |'assemblage, le
remplissage et le scellage. De plus, jusqu'a présent, tous les caloducs plats sont reliés a un tube pour
réaliser le tirage du vide et le remplissage. Nous avons développé un procédé de fabrication viable et
économique en une seule étape, ou le scellage et le remplissage sont réalisés simultanément. Ainsi, notre
procédé de fabrication permet de réduire le colt des caloducs polymériques et d'éliminer I'utilisation du
tube de remplissage. Le caloduc polymérique fabriqué présente une conductivité thermique effective de
833 W/m:-K. Cette valeur se situe dans la plage des conductivités thermiques des caloducs polymériques
rapportées dans la littérature, qui varie entre 100 et 1000 W/m-K. Nous avons également adapté un
modele théorique qui associe le comportement fluidique au comportement thermique des caloducs. La
validation expérimentale de cette étude permet de fournir des lignes directrices pour définir des stratégies
d'amélioration et d'optimisation des caloducs polymériques en fonction de la géométrie et du matériau
utilisé lors de la fabrication.

Mots clés : caloduc, polymére, fabrication, pompage capillaire, résistance thermique, gestion
thermique.
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CHAPITRE 1

INTRODUCTION

1.1 Gestion thermique des électroniques flexibles

Les recherches se tournent de plus en plus vers les électroniques flexibles depuis la premiére
cellule solaire sur silicium aminci en 1960 [1]. Le nombre de publications et I'intérét pour le sujet
ne cesse d’augmenter lors des 20 derniéres années [2]. La principale raison pour cet intérét est
I’adaptation de ces électroniques dans des applications a géométrie complexes. On les retrouve
notamment dans des domaines tel que le photovoltaique, la biomécanique ou le stockage de
I’énergie. Parmi ces applications, on cite les lampes DEL a large surface [3], les capteurs flexibles
pour monitorer le taux de sucre dans le sang [4], ou encore les batteries lithium constituées d'un
empilement de cellules sur une large surface [5]. Ces électroniques flexibles ouvrent doncla porte
a de nouveaux facteurs de forme dans le but de s’adapter a des systemes complexes, flexibles,
minces et économique.

Un certain degré de flexibilité de ces électroniques peut étre atteint en utilisant des matériaux
relativement fins tels que du silicium, du graphéne ou de la céramique. Bien que ces matériaux
soient thermiquement conducteurs, ils ne sont pas suffisamment élastiques. Les chercheurs se
sont alors intéressés aux polyméres qui sont trés flexibles grace a leur faible module de Young
[6]. Le polymere est également un matériau léger et économique. Cependant, sa structure
amorphe, ses défauts et ses impuretés font que la conductivité thermique du polymere est tres
faible. Une premiére approche pour augmenter cette conductivité consiste a doper le polymere
de particules conductrices [7,8]. Néanmoins, I'impact de ces additifs sur la conductivité thermique
du matériau dopé dépend grandement de leur position et arrangement. D’autres études ont
démontré qu'il est possible d'augmenter la conductivité thermique jusqu'a 100 fois en étirant et
en réorganisant les chaines de polymeéres [9-11]. Conséquemment, certains dispositifs émergeant
sont faits a partir de polymeéres traités [12,13] en raison de la flexibilité, du faible colt et de la
légéreté du polymére.

Lorsque tout type d'appareil électronique est utilisé, une densité de puissance est générée, et
cette derniére s'intensifie avec une utilisation intensive. Cette augmentation de la densité de
puissance entraine une production accrue de chaleur, ce qui peut perturber le bon
fonctionnement des appareils en faisant augmenter leur température d'opération [14]. Ainsi, il
est crucial d'améliorer la conductivité thermique de ces appareils électroniques flexibles et de
choisir un mode de gestion thermique adéquat afin de prévenir tout risque de surchauffe lors de
leur utilisation.



Dans le contexte des microprocesseurs et d'autres puces, on utilise généralement le
refroidissement par air avec des dissipateurs de chaleur pour augmenter la surface d’échange
thermique. Cependant, dans d'autres applications comme les batteries, ou la chaleur est déja
répartie sur une grande surface, le défi réside dans I'extraction de cette chaleur. Méme si chaque
cellule génere une faible quantité de chaleur, lorsque ces cellules sont assemblées de maniere
compacte en modules, I'extraction de chaleur devient complexe. L'objectif est donc de collecter
efficacement cette chaleur distribuée et de la transporter vers un emplacement ou elle peut étre
dissipée dans le but de faciliter le refroidissement. Il est a noter que les formes des modules
peuvent varier et ne sont pas toujours planes et rectilignes, notamment dans le cas de cellules
cylindriques. Dans de telles situations, I'utilisation d'un échangeur de chaleur adapté aux formes
des cellules permettrait d'extraire efficacement la chaleur.

1.1.1 Les modes de gestion thermique conventionnelles

Les approches de gestion thermique décrites dans la littérature peuvent étre regroupées en deux
catégories : les solutions passives et actives. Il est également possible de combiner ces deux
approches.

e Les modes de gestion thermique passifs

Un mode de gestion passif ne requiert aucun équipement auxiliaire pour son fonctionnement. Ce
sont des solutions ou on se réféere a de la conduction, de la convection naturelle ou au
changement de phase pour transporter et dissiper la chaleur. Avec ces modes, nous sommes
délimités par les conditions environnementales, les propriétés des matériaux et de la géométrie
des composants. Ainsi, des chercheurs ont étudié I'impact de la température ambiante sur les
performances des batteries lithium [15]. D’autre ont étudié I'impact des matériaux [16] et de la
géométrie [17] des dissipateurs de chaleur sur leurs performances. Les dissipateurs de chaleur,
restent la solution de gestion thermique la plus utilisée en raison de leur facilité d’'implémentation
et d’adaptation. Pour des applications flexibles, un dissipateur de chaleur en
Polydiméthylsiloxane (PDMS) dopé avec des nanoparticules de cuivre ou de carbone est suggéré
[18].

L’autre mode passif de gestion thermique est le changement de phase. Pour les applications de
batteries, nous trouvons majoritairement les matériaux a changement de phase solide-liquide
(MCPs). Cette solution présente une capacité thermique conséquente, lui permettant ainsi de
stocker une quantité significative de chaleur [19]. Cependant, I'électronique doit étre enveloppé
dans le MPC, le tout a 'intérieur d’une enceinte, générant ainsi des contraintes géométriques.
L'autre alternative de changement de phase est I'’échangeur de chaleur caloduc. Le caloduc opére
un changement de phase liquide-vapeur du fluide caloporteur présent a I'intérieur d’une enceinte
hermétique. Des études expérimentales ont démontré I'efficacité des caloduc a uniformiser et
baisser la température sur la surface des batteries lithium-ion [20,21].



e Les modes de gestion thermiques actifs

Les modes de gestion thermiques actifs utilisent le refroidissement par circulation forcée du fluide
grace a des auxiliaires tels que des pompes ou des ventilateurs. Ainsi, ces solutions sollicitent la
convection forcée du liquide ou de I'air. Un bon mode de gestion thermique actif nécessite un
dimensionnement adéquat des canaux de circulation du fluide dans la zone d’échange de chaleur.
L'étude de I'impact de la géométrie des canaux [22], leur nombre [23], et la direction de
I’écoulement du fluide [24] sur la distribution de température du dispositif sont investigués. On
releve que le refroidissement liquide est plus performant que le refroidissement a I'air [25].

Les modes de gestion thermiques actifs permettent de dissiper et de transporter beaucoup plus
de chaleur que les modes de gestion passifs [26]. Cela est due au coefficient convectif qui est plus
élevé pour la convection forcée comparé a la convection naturelle. Cependant, les modes de
gestion thermiques actifs requierent des composants auxiliaires qui ne sont pas adéquats pour
des applications compactes et a faible co(t.

1.1.2 Les caloducs

On introduit les caloducs (ou heat pipe) comme une solution en gestion thermique efficace et
compacte. Ces échangeurs de chaleur passifs et bi phasiques, transportent la chaleur par
changement de phase liquide a vapeur (puis vapeur a liquide). L’enceinte du caloduc maintient
un environnement saturé ou le liquide s’évapore et transporte la chaleur par la circulation de la
vapeur [27].

On trouve les caloducs sous différentes appellations dans la littérature, tels que caloduc rond,
plat ou chambre a vapeur. Le principe de fonctionnement reste le méme, cependant, la géométrie
et la disposition de la source chaude et froide different. Les caloducs sont majoritairement faits
de cuivre [28-30] ou d’aluminium [31,32]. On trouve également des caloducs en silicium [33,34],
en céramique [35] et méme en polymere [36-38] .

1.1.3 Les caloducs polymériques

Les applications flexibles et a large surface sont généralement caractérisées par des flux de
chaleur relativement faibles (par rapport aux microprocesseurs). Cela ouvre la possibilité
d'explorer I'utilisation de matériaux moins conducteurs pour la paroi du caloduc. En effet, grace
a la répartition de la chaleur sur une large surface, il devient envisageable de tolérer une
résistance thermique plus élevée en termes d'épaisseur. De plus, les caloducs métalliques
conventionnelles deviennent limitants en raison de la rigidité, du poids et du colt des métaux,
pour ces applications flexibles, et a large surface. Par conséquent, les caloducs polymériques sont
introduits comme I'alternative en gestion thermique pour ces applications. Les caloducs
polymériques jouissent d'une grande conductivité thermique due au changement de phase,
combinée a la flexibilité, la Iégereté et le faible colt des polymeres.



Plusieurs travaux ont été élaborés jusque-la pour fabriquer ces caloducs polymériques.
Cependant le défi majeur reste la complexité du procédé de fabrication qui englobe plusieurs
étapes. La thése s’inscrit dans le cadre des caloducs polymériques. Notre objectif est de proposer
un caloduc polymérique a moindre colt fabriqué en le moins d’étapes possible pour la gestion
thermique d’applications flexibles, a large surface et a faible flux de chaleur.

1.2 Plande la these

Cette thése est décrite par des articles. Elle comporte un article de conférence et deux articles de
journaux, une introduction et une mise en contexte pour situer le projet de recherche et élaborer
les objectifs de la thése.

Dans la mise en contexte nous décrivons le domaine des applications visées, puis nous détaillons
le fonctionnement des caloducs ainsi que leurs limites d’opération. Nous introduisons par la suite
les différents travaux effectués jusque lors sur les caloducs polymériques en identifiant les
problématiques rencontrées et les défis a soulever. Nous allons ensuite décrire notre approche
et quelques alternatives pour contourner ces défis. Enfin, nous définissons les objectifs du projet.

Le troisieme chapitre sous format d’un article de conférence (publié), décrit le modéle théorique
1D pour prédire les performances fluidiques du caloduc. Nous introduisons I'importance d’une
distribution de densité dans les milieux poreux pour des applications a large surface. Ce modele
sera notre support pour le choix de conception des caloducs fabriqués.

Le quatriéme chapitre sous format d’un article de journal (soumis), définit le procédé de
fabrication des caloducs polymériques en une étape seulement. Nous décrivons les défis de
fabrication rencontrés et notre approche pour les contourner. Finalement, nous présenterons des
caractérisations thermiques poussées du caloduc fabriqué avec une seule étape de remplissage
et de scellage

Le cinquiéme chapitre sous format d’un article de journal (soumis), traite des stratégies
d’optimisation des performances des caloducs polymériques. Nous développons un modele
fluidique-thermique pour définir I'impact des différents composants du caloduc sur ses
performances. Nous élaborons alors une conception qui maximise le pompage capillaire et
minimise la résistance thermique. Nous validons par la suite notre modéle fluidiques-thermiques
avec les résultats expérimentaux. Finalement, nous définissons les limites d’amélioration des
caloducs fabriqués et proposons des stratégies d’optimisation future dans le chapitre 6.

1.3 Contribution de la thése

La contribution originale de la thése est I'élaboration d’un procédé de fabrication pour les
caloducs polymérigques en un minimum d'étapes possible, dans le but de proposer une solution



en gestion thermique efficace, a moindre co(t et |égere. D’autres contributions s’insérent dans
le cadre du projet :

Modélisation et conception

e Définir un design pour maximiser la limite capillaire dans les caloducs a large surface
d’évaporation.

e Définir le compromis entre la puissance maximale de pompage et la résistance thermique
minimale pour le design des caloducs.

Fabrication

o Définir un procédé de fabrication des caloducs polymériques en une seule étape
d’assemblage.

e Démonstration expérimentale de la viabilité de ce nouveau procédé.



CHAPITRE 2

MISE EN CONTEXTE

2.1 Définition des applications

2.1.1 Domaines d’application des caloducs

Les caloducs sont de plus en plus utilisés comme solution de gestion thermique avec une
production mondiale d’environ 10 millions de dispositifs par mois [39,40]. Ces échangeurs de
chaleur passifs et biphasiques peuvent atteindre de facon effective jusqu’a 100 fois la
conductivité thermique du cuivre. Les caloducs se distinguent non seulement par leur grande
conductivité thermique, mais également par leur compacité. Leur dimension réduite en fait des
dispositifs compacts, et leur fonctionnement passif ne requiert aucun auxiliaire externe. On
retrouve les caloducs dans différents domaines tels que le domaine de I'automobile, les
technologies portables ou le domaine spatial comme représenté sur la Figure 2.1.
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Fig. 2.1. Domaine d'application des caloducs, inspiré de [39,40].

Des caloducs de cuivre de 6 mm de diamétre pouvant dissiper jusqu’a 35 W de puissance sont
utilisés avec des batteries de tablettes électroniques [41]. Les chambres a vapeur en cuivre de 20
mm de largeur, utilisées pour les batteries de téléphones portables, adoptent le méme principe
de transfert thermique par changement de phase liquide-vapeur que les caloducs, mais se
distinguent par la position de la source chaude et froide. Elles sont capables de transporter jusqu'a
40 W de puissance [42]. Ces chambres a vapeur en cuivre de 0.4 mm d’épaisseur maintiennent
une température moyenne plus basse pour les batteries lithium que les feuilles de graphite,



réduisant la température moyenne de ces batteries de 9°C [43]. On utilise également les caloducs
de cuivre de 8 mm de largeur pour la gestion thermique des lampes DEL, des batteries lithium, et
de différents composants électroniques dans les voitures [44]. Ces caloducs doivent dissiper
jusqu’a 1.4 kW de puissance, et sont souvent couplés avec un autre mode de gestion thermique
tel qu’un dissipateur de chaleur ou un ventilateur. Les caloducs sont également utilisés dans le
domaine spatial, ou le seul mode de transfert thermique est le rayonnement. Un caloduc
métallique testé dans I'espace dissipe jusqu’a 10 W de puissance [45,46]. Par conséquent, les
caloducs sont un mode de gestion thermique efficace et compact adapté pour différents
domaines d’application.

2.1.2 Les applications des caloducs polymériques

Le flux de chaleur et les dimensions de différentes applications en électroniques sont représentés
sur la Fig. 2.2. On retrouve différents types de capteurs optique, de température [47] ou de
pression [48] qui générent des milliwatts de puissance. Les dimensions de ces dispositifs varie de
quelques millimetres a des centimetres. Un autre exemple serait les panneaux DEL qui peuvent
avoir jusqu’a 1 m? de surface avec une génération de puissance d’une centaine de watts [49]. On
cite également les modules de batteries qui sont caractérisées par une large surface (~100 cm?)
et des taux de chaleur modérés d’une dizaine de watts [50,51]. Aussi, on note les grands flux de
chaleur des microprocesseurs allant jusqu’a 100 W/cm? pour des configurations compactes [52].

Malgré I'utilisation répandue des caloducs métalliques conventionnels, en particulier pour les
microprocesseurs, leur adaptation dans certaines applications de grande dimension, telles que
les modules de batteries lithium des véhicules électriques, demeure limitée. Dans de telles
applications, ol les dimensions en longueur et en largeur peuvent dépasser les 20 cm, I'utilisation
de caloducs métalliques d'une largeur de seulement 6 mm devient moins avantageuse.
L'assemblage de multiples caloducs métalliques pour couvrir une grande surface peut entrainer
des contraintes d'assemblage et réduire les performances de la solution de gestion thermique.
De plus, le caloduc métallique présente des contraintes en termes de co(t, de poids et de rigidité,
en raison de son prix élevé, de sa complexité d'assemblage et de sa densité. Par ailleurs,
['utilisation de caloducs métalliques entraine un surdimensionnement de la gestion thermique
pour des applications a faible flux de chaleur.

C'est pourquoi l'utilisation de caloducs polymériques se révele plus appropriée pour les
applications a grande surface, flexibles et a faible flux de chaleur. Les caloducs polymériques
combinent des performances thermiques jusqu'a deux fois supérieures a celles du cuivre (environ
800 W/m.K [53]) avec la flexibilité et la Iégeéreté des polyméres. Ainsi, les caloducs polymériques
sont capables de répondre aux exigences spécifiques de ces applications flexibles a grande surface
et a faible flux, offrant une gestion thermique efficace tout en évitant les contraintes associées a
I'utilisation de caloducs métalliques.



On voit alors I'opportunité d’utiliser les caloducs polymériques dans des applications flexibles a
faible flux de chaleurs (1073 W/cm?), telles que les lampes DEL ou certains types de capteur. Le
caloduc polymérique peut étre également suggéré comme solution en gestion thermique pour
des dispositifs a large surface tel que les modules de batteries lithium. En effet, ces applications
présentent des flux de chaleur modérés (de I'ordre de 10~ W/cm?), pour lesquels la faible
conductivité thermique de la coquille en polymére du caloduc n'est pas une limitation majeure.
Ainsi, le caloduc polymérique se révele particulierement adapté a ces scénarios, offrant une
performance thermique suffisante tout en offrant la flexibilité nécessaire pour s'adapter a des
formes et des configurations variées.
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Fig. 2.2. Flux de chaleur et dimensions de différentes applications en électronique.

2.1.3 Cabhier de charge des caloducs polymériques

Notre objectif est d’introduire le caloduc polymérique comme mode de gestion thermique pour
des applications flexibles, a faible flux de chaleur et a large surface. Afin de fabriquer cet
échangeur de chaleur un certain nombre de requis doivent étre pris en compte lors de sa
conception. Le Tab. 2.1 définit le cahier de charge et donc les criteres qu’il faudra respecter dans
le but de proposer une solution flexible, efficace et a faible co(t.

Afin de répondre aux requis de flexibilité, de densité et de collt, il est essentiel de fabriquer le
caloduc polymérique principalement a partir de polymeéres. Cependant, le polymére n'est pas
hermétique, ce qui compromet le maintien du vide nécessaire au bon fonctionnement du
caloduc. Par conséquent, il est nécessaire d'utiliser une couche de matériau dense pour assurer
I'étanchéité du caloduc. L’épaisseur de cette couche doit-étre fine pour maintenir la flexibilité et



la compacité de I'’échangeur de chaleur. Ainsi, en prenant en compte le produit du moment
quadratique et du module de Young des matériaux utilisés, il est possible de concilier flexibilité
et étanchéité du caloduc polymérique. Aussi, la masse par unité de surface totale du caloduc ne
doit pas générer de contraintes de poids, et pour cela, la masse d'une puce de microprocesseur
est utilisée comme référence en raison de son utilisation répandue. De plus, le caloduc
polymérique doit étre capable de transporter la chaleur sur de longues distances avec une
résistance thermique minimale. Par exemple, Les cellules d’'une batteries Li-lon dans le domaine
automobile s’empile sur des distances atteignant jusqu'a 20 cm. Il est donc nécessaire que le
caloduc couvre I'ensemble de cette surface pour assurer un refroidissement adéquat du module
de batterie. Enfin, pour réduire les colts de la solution de gestion thermique proposée, il est
essentiel que le procédé de fabrication et d'assemblage du caloduc comporte un nombre minimal
d'étapes et utilise des matériaux économiques de sorte que le prix par unité de masse du caloduc
polymérique reste inférieur a celui du caloduc métalliqgue communément utilisé sur le marché
actuel.

Tab. 2.1. Cahier de charges des caloducs polymériques

Fonctions Criteres Niveaux
Module de young~2Gpa
Flexibilité Moment quadratique
S’adapter aux a A a
applications <0.1mm
PP Compacité Epaisseur <3mm
Légéreté Masse/surface <1 g/cm?
Transporter un Distance de transport 20cm
maximum de puissance Pompage capillaire Flux de chaleur ~ 0.1 W/cm?
Uniformiser le profil de
température sur les Résistance thermique Ry, < 5°C/W
dispositifs
. . ae en Taux de transmission <
Maintenir ses Herméticité _3 5.
1-107°g/m*jour
performances
. Lepee 2 , . Pas de Gaz non
thermiques Compatibilité des matériaux .
condensable ou corrosion
Prix des matériaux <4S/kg
Réduire le colit Procédé de

Minimum d’étapes
fabrication/assemblage P

2.2 Fonctionnement du caloduc

Le caloduc est un échangeur de chaleur passif, bi phasique qui permet de transporter la chaleur
d’un point a un autre par changement de phase, et déplacement de vapeur. Cet échangeur est
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composé d’une coquille pour assurer I’'herméticité du caloduc, d’'un milieu poreux permettant le
pompage passif et d’un espace pour la circulation de la vapeur, (corps vapeur).
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Fig. 2.3. Fonctionnement et circuit de résistance des caloducs

Comme décrit sur la Fig. 2.3, les parties du caloduc qui sont en contact avec la source chaude et
froide sont appelées respectivement évaporateur et condenseur. La section au milieu est appelée
partie adiabatique. Lorsque I'évaporateur est en contact avec la source chaude, le liquide présent
dans le milieu poreux s’évapore et la vapeur se déplace vers le condenseur a travers le corps
vapeur. Ainsi, pour nous assurer du bon fonctionnement du caloduc, I'enceinte ne doit comporter
que le fluide en état de saturation. Au contact avec la source froide, la vapeur se condense et le
liquide est pompé vers |"évaporateur par le milieu poreux grace aux forces capillaires. Le cycle
d’évaporation et de condensation est donc maintenu grace au pompage capillaire du milieu
poreux. Lorsque I'évaporateur est en contact avec la source chaude, la chaleur traverse d’abord
la coquille et le milieu poreux par conduction. Elle est ensuite transmise au liquide qui se vaporise
aux conditions de saturation. A cette étape, la chaleur est transportée par changement de phase,
puis par advection lors du mouvement de la vapeur. La chaleur se transmet ensuite par
changement de phase a nouveau lors de la condensation de la vapeur et enfin par conduction a
travers le milieu poreux et la coquille. Le chemin de transmission de chaleur est représenté sur la
figure 2.3.

Nous définissons, Rg ¢ con cOMme la résistance de contact entre la source chaude / froide et le
caloduc. Rg ¢ cogq: RE,c por SONt les résistances de conduction transversales a travers la coquille et
le milieu poreux dans I'évaporateur/condenseur. Ry gy, st la résistance due au transport de
vapeur. R; c,q €t Ry por sONt les résistances longitudinales due a la conduction a travers la
coquille et le milieu poreux. Ces résistances seront négligées, car elles sont largement supérieures
a la résistance due au transport de la vapeur. D’apres le circuit de résistances thermiques du
caloduc, nous constatons que la résistance vapeur est fonction du design interne du caloduc, et
les résistances due a la conduction sont majoritairement fonction des matériaux.
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2.3 Limite d’opération du caloduc

Théoriquement, le caloduc peut fonctionner dans une plage de température qui englobe le point
triple et le point critique de son fluide moteur. Cependant dans le cas réel le caloduc est soumis
a différentes limites, telles que : la limite capillaire, d’ébullition, d’entrainement, de viscosité,
sonique et la formation des gaz non-condensable [54]. Cette section aborde les limitations qui
restreignent la plage de température de fonctionnement pratique du caloduc, tout en
déterminant sa puissance maximale de transport.

2.3.1 Limite capillaire

La limite capillaire, Qcap est atteinte lorsque le milieu poreux est incapable de pomper le liquide
du condenseur vers l'évaporateur. Cela entraine I'assechement de I'évaporateur et une
augmentation drastique de la résistance thermique du caloduc. Un milieu poreux est caractérisé
par sa capillarité et ses pertes de charge liquide. La capacité de pompage capillaire est décrite par
le rayon effectif des pores, 7,7 Cette métrique représente le rayon géométrique des pores divisé
par 'angle de contact a l'interface liquide-vapeur-solide du matériau formant le milieu poreux.
Les pertes de charge liquides sont exprimées par la perméabilité du milieu poreux, K. Dans un
caloduc, les milieux poreux doivent générer assez de pression capillaire pour combattre les pertes
de charge liquide dans le milieu poreux, les pertes de charge vapeur dans le corps vapeur et dans
certains cas la gravité. L'équation 2.1 décrit cet équilibre des pressions :

20 < C - (foReg) - 1 H

= Lefs " Qeap + (—————) " Lesr - Q
Terf 2hG - Ag - pg 'hf.q> ffear TR Ay hsg eff eap

(2.1)

Le terme de gauche dans I'équation représente le pompage capillaire en fonction du rayon effectif
et de la tension de surface du fluide moteur, o. Le premier terme de droite de I’équation
représente les pertes de charge vapeur en fonction des propriétés de la vapeur : viscosité g,
densité p,, et de la géométrie du corps vapeur : section A, et hauteur hy. Il dépend aussi du
coefficient de friction C, et du facteur frottement multiplié par le nombre de Reynolds f;Re,. Le
second terme de droite de I’équation définit les pertes de charge liquide en fonction des
propriétés du liquide : viscosité y;, densité p;, et de la section du corps liquide 4, et hauteur hy.
Les pertes de charge liquide et vapeur sont exprimés en fonction de I'enthalpie de changement
de phase hs4, et de la longueur effective L.s;. Cette longueur est définie entre la moitié de
I’évaporateur et celle du condenseur.

Cette limite est donc fonction de la géométrie du caloduc et du milieu poreux ainsi que les
propriétés du fluide moteur utilisé.

2.3.2 Limite d’ébullition

La limite d’ébullition, Qéb est atteinte lorsque des bulles de vapeur se créent et bloquent le
passage du liquide dans le milieu poreux provoquant I'assechement de I’évaporateur. Cela se
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produit lorsqu’un flux de chaleur élevé géneére une grande différence de température de surface
au niveau de I'évaporateur. Cette limite est donc fonction de la conductivité thermique effective
du milieu poreux, ks, de la température d’opération, T, de la longueur de I'évaporateur, Le, et
de sa largeur, w, ainsi que des propriétés du fluide caloporteur.

) 2:0-w-Le- ko' T 1 1
Oup = eff * 1 (2.2)

heg - pg - hg Th  Teff

La conductivité thermique effective, k.ff, est la résultante d'un matériau qui est composé d'une
proportion de solide et de liquide. Cette limite est définie par des hypothéses sur les dimensions
des bulles de vapeur formées dans les sites de nucléations estimés entre 2- 10> met2-10"" m
[55].

2.3.3 Limite d’entrainement

Comme défini plus t6t, lors du fonctionnement du caloduc, le mouvement de la vapeur et du
liquide est a contrecourant. Cela peut étre la source de force de cisaillement au niveau de
I'interface liquide vapeur a de grandes vitesses. La limite d’entrainement, Q,,, est atteinte,
lorsque des gouttelettes d’eau sont transportées par la vapeur. Cette limite est impactée par les
sections de passage de la vapeur, A, les propriétés du fluide et le rayon hydraulique des pores,
Ty.

(2.3)

2.3.4 Limite de viscosité

La limite de viscosité, Qvi, est atteinte lorsque I’écart de pression vapeur a travers le caloduc, n’est
pas suffisant pour faire circuler la vapeur de I’évaporateur vers le condenseur. Cette limite est
généralement atteinte pour des faibles flux de chaleur. Elle est fonction des propriétés du fluide
et de la section de passage du corps vapeur.

. B,-p
_h2.4 . . g Pg (2.4)
Qi hg Ag hfg 4(ngeg) ‘L, ‘U

2.3.5 Limite sonique

La limite sonique, Qso, est la création d’onde de choc lors du mouvement de la vapeur. Cette
limite est généralement atteinte pour de faibles températures d’opération ou la densité de la
vapeur est moindre. Pour un débit fluidique constant, une densité de vapeur minime entraine
une grande vitesse de vapeur. Cette vitesse de vapeur serait tellement importante que nous
basculons en régime supersonique. La limite est donc fonction des propriétés du fluide et de la
section de passage du corps vapeur.
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. 2.5
QsozAg'pg'hfg' ( )

2.3.6 Limite gaz non-condensable

Cette limite est atteinte lorsque des gaz non-condensables se forment due a la corrosion de
I’enceinte ou du milieu poreux, a la non-étanchéité de I'enceinte ou au dégazage incomplet du
fluide caloporteur. La présence de gaz non-condensable impacte la condensation de la vapeur.
Ces gaz s"accumulent dans le condenseur, bloquant ainsi le passage de la vapeur et diminuant les
performances du caloduc. Cette limite est fonction des quantités de gaz non-condensables et de
la géométrie du caloduc.

2.4 Design des caloducs

2.4.1 Modéles fluidiques

Les différents modeles fluidiques qu’on trouve dans la littérature, cherchent a définir le pompage
capillaire maximal avant I'assechement de I'évaporateur (limite capillaire). La puissance maximale
gue le caloduc peut transférer est fonction de son fluide moteur, son milieux poreux et de son
corps vapeur [27]. La limite capillaire est souvent estimée par un modele 1D simplifié, ou le
changement de phase n’est considéré que sur I'évaporateur et le condenseur [27]. D’autres
modeles plus développés, intégrent I'impact de la conduction a travers les matériaux de
I’évaporateur/condenseur vers la partie adiabatique [56,57]. Ainsi I’évaporation/condensation
n’est pas uniquement considérée sur |’évaporateur/condenseur, mais aussi sur une portion de la
partie adiabatique.

Les modéles fluidiques et tests expérimentaux décrivent le besoin de dissocier la capillarité des
pertes de charge pour augmenter la limite capillaire. Un pompage capillaire élevée est généré par
de petites tailles de pores qui a leur tour générent beaucoup de pertes de charge. On trouve
différents types de milieux poreux dans la littérature pour les applications de caloducs, qui sont
généralement regroupés en deux catégories : les milieux poreux conventionnels et les milieux
poreux hybrides. Dans un milieu poreux conventionnel, on ne peut augmenter la capillarité sans
générer plus de pertes de charge et vice-versa. Les milieux poreux hybrides quant a eux,
dissocient ces deux propriétés et permettent le transport de flux thermique excédant les 400
W/cm?2.

Milieux poreux conventionnels

La Fig. 2.4 présente certains des milieux poreux conventionnels utilisés dans les caloducs. Les
poudres frittées [58,59], les méches [60,61] ou les mousses [59] sont généralement utilisés pour
des applications a haut flux de chaleur en raison de leur grande capacité de pompage. D'autres
types de milieux poreux, tels que les rainures [27] et les piliers [62] suscitent de la controverse.
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Faghri recommande ces milieux pour des applications a faible flux de chaleur et sans I'impact de
la gravité [27] en raison de leurs faible capillarité. Cependant, Wang et al. démontrent qu’un bon
design de matrices de piliers permet d’augmenter leurs pression capillaire et donc leurs utilisation
pour des applications a haut flux de chaleur [63]. Tous ces milieux poreux sont caractérisés par
un rayon effectif et une perméabilité uniforme.

Fig. 2.4. Différents types de milieux poreux dans les applications de caloducs. (a) Poudre [58] (b) Méche
[64] (c) Piliers [65].

Milieux poreux hybrides

D’autres types de milieux poreux a différents niveaux de porosités sont utilisés dans les
applications de caloducs. Ces milieux poreux hybrides ont des porosités distinctes réparties
longitudinalement ou transversalement (au travers de I'épaisseur). Parmi ces milieux nous citons
une distribution transversale de porosité d’une matrice de pilier avec des méches par-dessus [66],
[67]. Nous trouvons également une distribution longitudinale de densité de piliers et de rainures
[68] comme représenté sur la Fig. 2.5. Aussi, nous relevons des milieux poreux hybrides ou des
mousses/poudre a tailles de pores/particules inégales sont rassemblés pour ne faire qu’un seul
milieu poreux [69,70].

Fig. 2.5. Exemples de milieux poreux hybrides avec variation de : (a) porosités transversales [71] (b)
porosités longitudinales [68].

Ces structures hybrides sont généralement fabriquées a partir d'un empilement de différentes
tailles de particules frittées de cuivre. Ces milieux poreux offrent un grand pompage capillaire et
une grande perméabilité grace a la combinaison de petites et grandes tailles de pores. Des tests
expérimentaux ont démontré leurs grande capacité de transport de chaleur allant jusqu’a 500
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W/cm? avant que I'évaporateur ne s’asséche [67]. En plus de ces tests expérimentaux, différents
modeles numériques ont été développés pour estimer I'impact de cette distribution de densité
sur le taux d’évaporation et les performances du caloduc. L'autre type de structure hybride le plus
utilisé est les matrices de piliers a densité variable. Ce type de milieu poreux en silicium, génére
une capacité de pompage proche de la poudre frittée et offre un meilleur contréle et une plus
grande liberté lors de sa fabrication [68,72]. En effet, les poudres frittées sollicitent des
températures allant jusqu’a 800°C lors du processus de fabrication. En revanche les matrices de
piliers requiérent des températures bien plus basses et des procédés de micro-fabrication bien
connue.

En contraste avec les applications a faible flux de chaleur, les milieux poreux a densité variable
pourraient s’avérer particulierement utile pour les larges surfaces d’évaporation. Cette large
distribution surfacique, peu commune, de |'évaporateur du caloduc génere une accumulation
conséquente de pertes de charge. Etant donné que le besoin en pression capillaire varie tout au
long du caloduc, une répartition de la densité adaptée aux différentes zones (évaporateur,
condenseur et partie adiabatique) pourrait atténuer ces pertes de charge et repousser la limite
capillaire.

2.4.2 Modéles thermiques

Les modeles thermiques cherchent a minimiser la résistance thermique effective du caloduc en
identifiant les résistances dominantes. Dépendamment des matériaux utilisés, ces résistances
thermiques dominantes varient. Le circuit de résistances thermiques a été décrit en détail dans
la section 2.2 ‘fonctionnement du caloduc’. Dans le cas des caloducs métalliques, c’est le milieu
poreux et la résistance d’interface qui représentent les résistances les plus dominantes [73].
Plusieurs modeles aspirent donc a développer des stratégies pour réduire ces résistances surtout
dans des applications a flux de chaleur élevés. Des modeles analytiques et numériques [27,55] et
des tests expérimentaux [67] ont démontré que ces résistances sont fonction de la rugosité, la
porosité et la surface d’évaporation disponible dans les milieux poreux. Conséguemment, les
milieux poreux sont traités dans le but de faire croitre des nanostructures sur leurs surfaces qui
augmenteraient le taux d’évaporation et amélioreraient les performances du caloduc. La
résistance due au transport de la vapeur est généralement négligée, car le caloduc est considéré
isotherme [27]. Dans le cas réel, cette résistance est impactée par les pertes de charge vapeur.
Comme nous sommes en condition de saturation dans les caloducs [74], la pression de vapeur est
liée a la température d’opération du caloduc. Finalement, la conduction a travers les matériaux
peut étre estimé par un simple modéle de conduction 1D. Ces résistances sont souvent négligées
pour les caloducs métalliques, mais restent importantes pour les caloducs polymériques.

Nous observons depuis les modeéles présents dans la littérature, que I'optimisation des
performances des caloducs résulte en I'augmentation de son pompage capillaire et la diminution
de sa résistance thermique. D’une part, le pompage est fonction des milieux liquide et vapeur
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comme défini par la limite capillaire. D’autre part, la résistance thermique est fonction des
matériaux choisis et du milieu vapeur. Il existe donc un compromis entre le pompage capillaire et
la résistance thermique dans un caloduc. Par conséquent, il est important d’avoir un design qui
couple les deux modeles fluidiques et thermiques.

2.4.3 Ftude de design

Comme décrit précédemment, les dimensions des dispositifs visés pour les caloducs
polymériques peuvent varier de quelques millimétres a des centaines de centimetres. Nous
explorons donc ces plages de dimensions dans le but de décrire les limites de fonctionnement et
I'impact du type du milieu poreux sur les performances du caloduc. Ainsi, nous examinons un
caloduc spécifique avec une largeur de 18 cm et une longueur effective (mesurée a partir du
milieu évaporateur au milieu du condenseur) variant de 5 cm a 30 cm. De plus, I'épaisseur du
corps vapeur et du milieu poreux varient de 250 um a 1 mm. Enfin nous décrivons la métrique
utilisée pour le choix du fluide moteur.

Limites d’opération

Nous estimons les différentes limites de fonctionnement pour une plage de longueur, largeur et
épaisseur des corps vapeur et liquide du caloduc. Le milieu poreux et le fluide moteur sont fixés
pour cette étude. Le poreux est défini par un rayon effectif de 250 um et une perméabilité de
3+ 10719 m? et nous avons choisi I’'eau comme fluide moteur.
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Temperature [°C]

Fig. 2.6. Limites d’opération pour différentes dimensions de caloducs, une largeur de 18 cm, une longueur
effective (du milieu évaporateur au milieu condenseur) de 5 cm a 30 cm et épaisseur du corps vapeur et
milieu poreux allant de 250 ym a 2 mm).
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Nous observons depuis la Fig. 2.6 que pour de faibles températures de fonctionnement la limite
visqueuse délimite la plage d’opération des caloducs. De méme, la limite d’ébullition contraint le
taux de chaleur maximale transférée pour des hautes températures d’opération. Néanmoins, la
limite capillaire reste la plus limitante pour le fonctionnement des caloducs. Elle est atteinte avant
toute autre limite sur la totalité de la plage de température d’opération. Pour cet intervalle de
dimensions, les limite sonique et visqueuse n’ont pas réduit la plage de fonctionnement du
caloduc. La limite capillaire n’a été estimée que pour un seul type de milieu poreux. Dans la
prochaine section, nous allons décrire I'impact de différents types de milieux poreux sur cette
limite en fixant la géométrie du caloduc.

Limite capillaire
Pour le prochain cas d’étude, nous fixons les dimensions du caloduc a celles d’une batterie lithium
de 18 cm de large et de 26 cm de long.

Hybnde } et — R 77 €1
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Wong et al.

Piller T hcap:ll n — h[’p=57 o
Faghri Wang et al.
h,,=11 cm - h,,=43 cm
Jafari et al. Douglas et al.
Poudre h,,=47 em - h,,,=143 cm
Deng et al.

Types de milieu poreux
£
(¢
5
1

Shirazy et al.

Mousse — h,,=5 em - h,,,=52 em

Faghri Shirazy et al.
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0 100 200 300 400 500 600

Limite de pompage capillaire [W]

Fig. 2.7. Limite capillaire calculée pour différents types de poreux. Le caloduc mesure 18 cm de large et 26
cm de long, avec une épaisseur de corps vapeur et milieu poreux de 500 um.

Les épaisseurs du corps vapeur et liquide sont toutes les deux égales a 500 um. La limite capillaire
a été estimée pour des poudres frittées [58,59], des méches [60,61] des mousses [59], des piliers
[62,27] et des milieux poreux hybrides [66-68]. Les propriétés détaillées des milieux poreux sont
résumées dans I'annexe C. Le flux de chaleur maximale transporté avant d’atteindre la limite
capillaire est illustré sur la Fig. 2.7. Nous observons que certains types de mousses sont adéquates
pour des applications a faibles flux de chaleur. Cependant pour des flux de chaleur élevés, il serait
préférable d’adopter des matrices de piliers ou des structures hybrides. Il est important de relever
que la limite capillaire décrit le compromis entre les pertes de charge liquide/vapeur et la pression
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capillaire. Ainsi, une grande hauteur capillaire due a de petites tailles de pores n’indique pas
forcément un meilleur pompage capillaire dans un caloduc.

Si nous changeons de configuration, pour passer d’un évaporateur réparti sur 20 cm a un
évaporateur concentré sur 5 cm tout en maintenant les mémes dimensions du caloduc (donc une
zone adiabatique de 15 cm), le pompage capillaire sera réduit. En effet pour une longueur totale
de caloduc constante, un évaporateur concentré au bout du caloduc signifie une longueur
effective plus grande, donc des pertes de charge plus élevées. La variation du taux de chaleur
maximale transporté est une fonction linéaire de la longueur effective. Ainsi, méme si la
configuration de I'évaporateur/condenseur impacte la limite capillaire, la tendance observée sur
la Fig. 2.7 reste la méme.

Dans certain cas, le caloduc devra opérer contre la gravité. La structure poreuse devra donc
combattre la pression hydrostatique en plus des pertes de charge liquide/vapeur. Cette pression
additionnelle augmente avec I'augmentation de la hauteur a parcourir contre la gravité.

Hybride 41

Wong et al.

Pilier {7

Wang et al.

Meéche {1

Douglas et al.

Poudre {7

Types de milieu poreux

Shirazy et al.

Mousse |

Shirazy et al.

T T T
0 20 40 60 80 100

Maintien du pompage capillaire avec gravité [%]

Fig. 2.8. Impact d’une hauteur de 10 cm sur la limite capillaire pour différents types de milieux poreux. Le
caloduc mesure 18 cm de large et 26 cm de long, avec une épaisseur de corps vapeur et liquide de 500
um. L'évaporateur fait 20 cm de long et le condenseur 5 cm.

Ainsi, le pompage capillaire maximale avant d’atteindre la limite capillaire est réduit pour de
grandes hauteurs hydrostatiques. Nous observons depuis la Fig. 2.8 que les piliers maintiennent
le mieux leur pompage capillaire en dépit des 10 cm de hauteurs hydrostatiques a combattre. Ce
milieu poreux offre un bon compromis entre la pression capillaire et les pertes de charge. En effet,
une matrice de piliers génére une grande pression capillaire due au petit rayon effectif, et de
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faibles pertes de charge grace a sa grande perméabilité. Ce compromis permet de supporter une
hauteur hydrostatique de 10 cm avec 20% de perte du pompage capillaire.

Choix du fluide et des matériaux

Le choix du fluide moteur est dépendant de la plage de température d’opération du caloduc. Le
nombre de mérite, déterminé par les propriétés du fluide telles que sa densité, sa tension de
surface, son enthalpie de changement de phase et sa viscosité, est exprimé dans I'équation 2.6.
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Fig. 2.9. Nombre du mérite pour différents fluides en fonction de la température.

Un fluide moteur adéquat pour les applications de caloducs, posséde une grande tension de
surface et enthalpie de changement de phase ainsi qu’une faible viscosité. Conséquemment, plus
le nombre de mérite est élevé, meilleures sont les performances en pompage capillaire du
caloduc. Pour chaque plage de température, la figure du mérite est estimée pour différents types
de fluide moteur comme exprimé sur la Fig. 2.9. Pour une plage de température d’opération entre
30°C et 70°C, I'eau est le liquide qui a le plus grand nombre de mérite. Une fois que nous avons
choisi notre fluide moteur, les matériaux de I’enceinte et du milieux poreux doivent étre adéquats
pour ne pas générer de corrosion. Nous relevons que les milieux poreux de cuivre forment la
combinaison la plus utilisé avec I’eau comme fluide caloporteur, en raison de la conductivité
thermique élevée du cuivre et des propriétés favorables de I'eau [27].
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2.5 Lafabrication des caloducs polymériques dans la littérature

L'utilisation du polymére comme matériau pour les caloducs représente une approche
d'investigation intéressante dans le domaine de la gestion thermique pour les applications
flexibles a faible flux de chaleur et a large surface. Cette alternative offre des possibilités
prometteuses en termes de conception et de performance, en tirant parti des propriétés uniques
du polymeére pour répondre aux besoins spécifiques de ces applications. On trouve différents
caloducs polymériques généralement fabriqués en plusieurs étapes, qui sont adressées en détail
dans la section qui suit. La premiere étape consiste a choisir et a préparer les matériaux utilisés
lors de la fabrication. La seconde étape est un traitement d’hydrophilisation du milieu poreux
pour utiliser 'eau comme fluide moteur. La troisieme étape comporte |'assemblage du caloduc.
La derniére étape est le remplissage et le scellage final du dispositif.

2.5.1 Choix des matériaux

Le choix des matériaux pour la fabrication des caloducs polymériques englobe les matériaux de
I’enceinte, du milieu poreux et de la structure mécanique dans le corps vapeur. En effet, I'’enceinte
polymérique étant flexible, I'espace de circulation de la vapeur ne pourra pas étre maintenue
sous le vide de I'enceinte. Ainsi, une structure mécanique dans le corps vapeur est nécessaire
pour le maintien de son épaisseur.

Coquille : Lors du choix des matériaux de la coquille, I'approche utilisé est de réduire la
composition en polymere et d’augmenter celle en métaux. Ainsi, d’'une part on améliore la
conductivité thermique de la coquille et d’autre part on s’assure de son étanchéité. Il est
également important de noter qu'une présence excessive de métaux va a l'encontre des
exigences de poids et de flexibilité. Certains chercheurs ont utilisé des feuillets métalliques
(cuivre/aluminium-polymére) [75,76] pour augmenter la conductivité thermique et I'herméticité
de la coquille. D’autres ont utilisé majoritairement du polymére avec des plaques ou des
particules de cuivre pour améliorer sa conductivité thermique [37,38]. Cependant, le probleme
de I’étanchéité des polymeres reste posé avec cette approche.

Poreux : Le milieu poreux le plus utilisé lors de la fabrication des caloducs polymériques est la
meéche en cuivre ou en acier inoxydable [38,77]. Comme observé précédemment, cette derniére
possede de bonnes propriétés capillaires. On trouve également des milieux poreux hybrides, ou
les meches sont associées a des piliers de cuivre. L'objectif étant de repousser la limite capillaire
et d’'augmenter la capacité de transfert thermique du caloduc [53,78].

Corps vapeur : La méche de polymeére est la structure mécanique de maintien de vide la plus
simple et facile a implémenter dans les caloducs polymériques [36,77]. Cependant, ces méches
produisent beaucoup de perte de charge, augmentant ainsi la résistance thermique du caloduc.
Contrairement a une meche polymérique, une matrice de piliers génére moins de pertes de
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charge vapeur. C’est la raison pourquoi, beaucoup de chercheurs s’orientent vers les piliers pour
le maintien mécanique de la structure sous vide [75].

Nous constatons qu'une grande proportion, allant jusqu'a 90%, des matériaux du caloduc
polymérique sont des métaux. En effet, |'utilisation de feuilles métalliques dans I'enceinte est
nécessaire pour maintenir le vide et assurer le bon fonctionnement du caloduc. Cependant, le
choix des matériaux peut étre différent pour le milieu poreux et en particulier pour la structure
mécanique du corps vapeur.

2.5.2 Traitement du milieu poreux

Comme le fluide moteur utilisé dans les caloducs polymériques est I'eau, le milieu poreux doit
étre hydrophile. Ce procédé d’hydrophilisation difféere en fonction du matériau a traiter. Nous
relevons que les milieux poreux utilisés pour la fabrication des caloducs polymériques sont
majoritairement du cuivre ou de l'acier inoxydable. Ainsi, le traitement communément utilisé
pour I’hydrophilisation du cuivre est la déposition de couche atomique (ALD) d’oxyde de silicium
(Si03). Ce procédé est stable mais reste a haut cot d’utilisation. Le traitement d’hydrophilisation
pour I’acier inoxydable consiste en une succession de traitements chimiques puis thermiques
pendant quelques heures. L'objectif est de former une couche d'oxyde de cuivre hydrophile [77]
et uniforme qui couvre l'intégralité de la surface du milieu poreux, comme illustré dans la Fig.
2.10.b. Par conséquent, les traitements d’hydrophilisation utilisés pour la fabrication des caloducs
polymérigues sont soit co(iteux ou complexes.

Fig. 2.10. Traitement d'hydrophilisation de meche d’acier inoxydable [77] (a) avant traitement, (b) aprés
traitement.

2.5.3 Assemblage

L'assemblage et le scellage des caloducs polymériques se font communément en plusieurs
étapes, avec une a deux étapes avant le remplissage et une étape finale apres. Le procédé
d’assemblage dépend des matériaux de I’enceinte utilisés. Le recours a un scellage métal-métal
offre de meilleures perspectives en termes d'herméticité par rapport a un scellage polymere-
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polymere. Cependant, les techniques utilisées pour le soudage du feuillet métallique coté métal,
peuvent aller jusqu’a 350°C [75,76]. Pour des coquilles en polymére avec des particules de métal,
le collage polymére-polymere se fait a de plus basses température par fusion du polymere (autour
de 120°C) [77]. Une autre alternative plus rapide est moins fiable, est I'utilisation de I'époxy
comme joint de collage [79]. Néanmoins, cette méthode pourrait engendrer plus de gaz non-
condensables en plus de sa fragilité lors de la manipulation. L'étape de scellage est toujours
réalisée séparément du remplissage, générant plus d’étapes lors de I'assemblage des caloducs
polymériques. La Fig. 2.11 résume le procédé d’assemblage des caloducs polymériques.

1. Préparation des matériaux :
D Coquille

Poreux

Corps vapeur
Tube de remplissage

D Joint de collage

2. Premier assemblage du périmétre

3. Tirage du vide

4. Remplissage

5. Scellage

Fig. 2.11. Procédé de fabrication/assemblage des caloducs polymériques dans la littérature.

2.5.4 Remplissage

Le remplissage de tous les caloducs polymériques dans la littérature se fait par le biais d’un tube.
Ce tube de remplissage est inséré pour tirer le vide et injecter le fluide moteur dans le caloduc.
Finalement, le tube est scellé par soudure a froid. La fabrication des caloducs polymériques passe
par beaucoup d’étapes en plus d’un tube de remplissage collé au dispositif finale. Ce tube peut
étre une source additionnelle de fuite ou de contraintes géométriques. Le Tab. 2.2 décrit les
différents matériaux utilisés lors de la fabrication des caloducs polymériques dans la littérature,
leurs épaisseurs et leurs résistances thermiques.

La résistance thermique du caloduc, R;;, est déterminée expérimentalement en mesurant la
différence de température entre |'évaporateur, T, et le condenseur, T,, puis en la divisant par le
taux de transfert de chaleur du caloduc, Q, comme indiqué dans I'équation 2.7. La conductivité
thermique effective, keff, est définie sur une longueur effective, Less , entre le milieu de
I'évaporateur et le milieu du condenseur et en prenant en compte la section transversale du
passage de chaleur, A (épaisseur par largeur de I’évaporateur), comme représenté dans |'équation
2.8.
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(Te - Tc)
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Tab. 2.2. Les caloducs polymériques dans la littérature

(2.7)

(2.8)

Materiaux Epaisseur Résistance Conductivité
Aut — thérmique thermique
uteurs mm effective
Coquille Poreux Corps [°c/w]
vapeur [W/m.K]
Aluminum Méche de Méche de
1.3 3 577
Oshman  _ ., vmere cuivre nylon
et al
[36] Cuivr\e- Méche de Piligrs de 05 5 870
polymere cuivre cuivre
[75] .
Cuivre- Me.che de Piliers de
[78] . cuivre et ) 1 2 500
polymere . cuivre
piliers
Xuetal Cuivr‘e- Méche acier Pilie.rs de 0.8 4 1400
[53] polymére innoxydable cuivre
Liu et al . . . Méche de
A'“orln:z:z :\::g:e daack')fg polypropyl  1.47 0.5 1200
[77] poly y éne
Yang et
al FR4‘ Méche de Pilie.rs de 4 4 98
polymere cuivre cuivre
[37]
Hsieh et . iars
al Silicone Meche de Pl_l-ers e 4 6 135
cuivre silicone
[38]
Liew et
al Cuivre- Méche de Meéche de 1 5 900
polymere cuivre nylon
[79]

Longueur effective : 6.5 cm [36], 4.3 cm [75], 3 cm [78], 8.3 cm [53], 5.5 cm [77], 2.7 cm [37], 6.5 cm [38], 4 cm [79].
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2.6 L'approche proposée

A partir des travaux décris précédemment, nous définissons la question de recherche suivante :

Quel serait le procédé de fabrication/assemblage et le choix des matériaux requis pour
fabriquer un caloduc polymérique a faible colit et pour les applications a grande surface et
flux de chaleur modéré ?

Dans le but d’introduire un caloduc polymérique efficace et a faible colit comme mode de gestion
thermique, nous avons considéré la conception ainsi que les méthodes de fabrication. L’approche
de conception utilise des modeles fluidiques et thermiques pour maximiser le pompage capillaire
et diminuer la résistance thermique. Puis, I'approche de fabrication étudiée pour définir un
procédé en moins d’étape possible d’assemblage dans le but de réduire le colt du caloduc
polymérique.

2.6.1 Design

Nous avons conclu que la limite capillaire est la limite la plus dominante lors de I'opération des
caloducs dans notre plage d’étude. Cette limite est impactée par le type du milieu poreux, les
dimensions du caloduc et la configuration de test. Nous avons observé que des milieux poreux
hybrides permettent un compromis entre la capillarité et les pertes de charge augmentant ainsi
le transfert thermique du caloduc. Ainsi, dans des applications a large surface d’évaporation, il
serait tres pertinent d’observer I'impact d’une distribution de densité du milieu poreux sur la
limite capillaire.

Nous introduirons un modele analytique qui prédira lI'impact d'une distribution de densité de
milieux poreux sur les performances des caloducs a large surface d’évaporation. Le nouveau
modele suggéré sera utilisé pour prédire les distributions de pression liquide et vapeur pour tout
type de milieux poreux. Ainsi, nous extraire un design de distributions de densité optimisé qui
minimisera les pertes de charge et maximisera le pompage capillaire. Nous noterons également
que les modeles fluidiques et thermiques seront dépendants I’un de I'autre, bien que ces modeéles
soient souvent étudiés séparément dans la littérature. Nous proposons donc de coupler le modéle
fluidique, qui vise a maximiser le pompage capillaire, au modele thermique, qui vise a minimiser
la résistance thermique dans les applications des caloducs polymériques.

2.6.2 Fabrication

Notre approche consiste a réduire le nombre d’étape de fabrication/assemblage dans le but de
proposer un caloduc polymérique a faible colt. Dans cette optique, nous choisissons nos
matériaux et les procédés de fabrication qui réduisent le prix du caloduc.
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Choix des matériaux

Les matériaux que nous avons choisis pour une premiere itération de fabrication des caloducs
polymériques représentés sur la Fig. 2.12 sont les plus disponibles et les plus éconimiques sur le
marché.

Fig. 2.12. Matériaux proposés pour (a) la coquille, (b) le milieu poreux, (c) la structure mécanique
dans le corps vapeur lors de la fabrication des caloducs.

Nous utilisons du polyéthyléne haute densité pour la coquille en premier lieu. Ce matériau a la meilleure
conductivité thermique parmi les polymeres. Nous explorons par la suite I'impact de feuillet polymere-
métal sur les performances du caloduc afin d’incorporer une fonction d’herméticité. Le milieu poreux
choisi est la mousse de cuivre, qui présente une porosité élevée (90%). Cette mousse est particulierement
adaptée aux applications a faible flux de chaleur telle que décrite dans la section 2.3.1 (limite capillaire).
Ainsi son utilisation évite la sur conception du milieu poreux pour les applications ciblées. Nous
investiguons également I'impact d’'une matrice de pilier en polymeére sur les performances du caloduc.
Cette structure offre une grande flexibilité de conception en modifiant la hauteur, I'espacement et le rayon
des piliers, ce qui peut améliorer le pompage capillaire. De plus, cette structure de milieu poreux permet
des procédés de fabrication a grande échelle, tels que le moulage. Finalement, nous utilisons différents
types de meches de nylon pour le maintien mécanique de la structure du corps vapeur.

Traitement du milieu poreux

Nous utilisons I'eau comme fluide moteur en raison de son nombre de mérite élevé. Il nous faut
donc hydrophiliser notre mousse de cuivre. Pour ce faire, nous adaptons les différents
traitements d’hydrophilisation du cuivre. Parmi ces techniques nous citons |’oxydation thermique
[80] ou chimique [81], ou le traitement de réduction [82]. Ces procédés vont étre étudiés pour
choisir le traitement d’hydrophilisation le plus performant, stable et le plus économique.

Remplissage et scellage

Comme nous l'avons observé, les caloducs polymériques déja fabriqués passent par plusieurs
étapes d’assemblage. Il y a un minimum de deux étapes de scellage, et le remplissage s’effectue
par le biais d’un tube qui reste connecté au dispositif final. Nous proposons de fabriquer le
caloduc polymérique en utilisant le moins d'étapes d'assemblage possible, ou le remplissage et le
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scellage s'effectuent simultanément. Cette approche représentée sur la Figure 2.13 élimine
I"utilisation du tube de remplissage et réduit le colt du caloduc fabriqué. Cette approche originale
va étre décrite plus en détail dans le CHAPITRE 4.

1. Préparation des matériaux :
[[] Coquille

Poreux

Corps vapeur

2. Remplissage, tirage du vide et scellage

Fig. 2.13. Procédé de fabrication/assemblage suggéré.

2.7 Obijectifs de la these

L'objectif principal de cette thése est de fabriquer un caloduc polymérique adapté aux
applications flexibles, a faible flux de chaleur et a large surface d'évaporation, tout en maintenant
un co(t réduit.

Les objectifs spécifiques de cette these sont les suivants :

e Développer la conception qui maximise le pompage capillaire pour les caloducs a larges
surfaces d'évaporation.

e Développer la conception qui minimise la résistance thermique des caloducs
polymériques.

e Identifier des stratégies pour améliorer les performances des caloducs en combinant les
modeles de pompage capillaire et de résistance thermique.

e Mettre au point et démontrer la faisabilité d'un procédé de fabrication de caloducs
polymériques a faible colt en réduisant le nombre d'étapes d'assemblage.

e Vérifier le bon fonctionnement du caloduc fabriqué avec ce nouveau procédé.
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CHAPITRE 3

IMPACT OF MICROPILLAR DENSITY DISTRIBUTION ON THE CAPILLARY
LIMIT OF HEAT PIPES

3.1 Avant-propos
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Titre frangais : Impact d’une distribution de densité de piliers variable sur la limite capillaire dans
les caloducs.

Contribution de I'auteur :

La contribution scientifique et technique de I'auteur dans cet article, en excluant I’'encadrement
du directeur de recherche est estimé a 90%.

Tout le travail dans cet article est effectué par I'auteur, sauf la fabrication des microstructures en
polymeére qui a été fait par Protolabs.

L'auteur a rédigé 100% du contenu de I'article.
Contribution du document :

Dans cet article, nous avons étudié I'impact d’une distribution variable des piliers sur le pompage
capillaire. Cette distribution variable est trés intéressante dans des application ou |’évaporateur
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est distribué sur une large surface. Avec cette étude, nous adressons I'optimisation du design des
structures poreuses dans le but de maximiser le pompage capillaire.

Résumé frangais :

Cet article montre I'amélioration des performances des caloducs en adaptant une distribution de
densité des micro-piliers pour minimiser les pertes de charge tout en maintenant un pompage
capillaire suffisant. Dans un caloduc, la capillarité et perméabilité sont liées, car de petits pores
créent un pompage capillaire plus important tout en induisant malheureusement plus de perte
de charge le long du caloduc. Cette perte de charge s’accumule le long du caloduc, entrainant une
différence de pression non uniforme entre le liquide et la vapeur. Par conséquent, nous n’avons
pas besoin d’une pression capillaire uniforme pour supporter cette différence. Cela offre la
possibilité d’adapter spatialement la structure du milieu poreux, visant une capillarité élevée pour
pomper le liquide, mais une faible perméabilité pour induire moins de perte de charge. Notre
étude propose un compromis entre la capillarité et la perméabilité en concevant une distribution
de densité de la structure poreuse en matrice de piliers. Cette distribution de densité, qui n’a pas
été étudiée auparavant, améliorera les performances du caloduc. Les modeles théoriques
montrent qu’une distribution de densité adaptée peut améliorer les performances du caloduc
d’un facteur de 1.5. Pour valider ce résultat, les mesures de trempage le long d’'une matrice de
piliers démontrent que la perte de charge liquide dans une matrice de pilier a densité variable est
inférieure a celle d’une densité de piliers constante.

3.2 Abstract

This paper shows the performance enhancement of heat pipes by tailoring the density
distribution of micro pillar wicks to minimize viscous pressure loss while maintaining sufficient
capillary pumping. In a heat pipe, capillarity and permeability are linked, since small pores create
higher capillary pumping while unfortunately inducing more pressure drop along the heat pipe.
This pressure loss accumulates along the heat pipe, leading to a non-uniform pressure difference
between the liquid and vapor. Therefore, we do not need a uniform capillary pressure to
withstand this difference. This provides the opportunity to spatially tailor the wick structure,
aiming for a high capillarity to pump the liquid, but a low permeability to induce less pressure
loss. Our study offers a compromise between capillarity and permeability by designing the density
distribution of the pillar wick structure. This density distribution, which was not studied before,
will be shown to enhance the heat pipe performance. The theoretical models show that a tailored
density distribution can enhance the heat pipe performance by a factor of 1.5. To support this
result, ‘rate of rise’ measurements along a pillar array demonstrates that the liquid pressure loss
in a tailored density array is less compared to a constant pillar density.

Keywords: Heat pipe, Pillar structures, Wicking, Tailoring
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3.3 Introduction

The constant need to improve electronic device performance drives the development of
advanced thermal management methods. Electronics are becoming more compact, leading to the
generation of hot spots where local temperature increases can limit device performance. Thus,
an effective and reliable thermal management solution often becomes mandatory. Heat pipes
are a thermal management solution that is increasingly adopted when conduction is not
sufficient. It offers a high heat transfer capability due to the phase change phenomena and
internal fluid circulation. This passive heat exchanger contains a wick structure, a vapor core and
the working fluid. It is composed of three sections, the evaporator and the condenser that are in
contact with the heating and cooling sources respectively, and an adiabatic part between them.
When the heat pipe evaporator is exposed to the heat source, the working fluid in the wick
structure evaporates, and due to a slight pressure difference, the vapor flows to the condenser
part. It then rejects the latent heat by condensing on the porous wick. The wick structure
transports the liquid from the condenser to the evaporator, to prevent dry-out in the evaporator.
Thereby, the wick structure is a critical part of a heat pipe. The common wick structures are
sintered powder, copper mesh and pillar arrays [27,83], which are chosen based on the
application requirements. Sintered powder and mesh wicks have high capillarity pumping.
However, they also generate high pressure loss. On the other hand, the pillar wick structures have
lower capillary pumping, but induce less pressure loss. In applications where the heat pipe is long,
the pressure loss generated increases dramatically more than the capillarity, so, the evaporator
dries out at low heat flux. In these applications, decreasing the pressure loss is more important
than increasing the capillary pressure, thus, pillar wick arrays are a suitable choice for our
application. Pillar wick arrays also offer higher thermal conductivity [27]. Most of the previous
studies on pillars wick structures [84,85] focused on defining the pillars geometry that offers the
optimal heat pipe performance for a constant density distribution. In addition, the impact of
pillars configuration was investigated [62,86], but always with a uniform density distribution. The
results show that squared pillars distribution (cartesian) offers the best performance. Our study
explores a unique advantage of pillar wick structures which is to give the freedom to tailor the
pillars density distribution. For example, a gradual spacing going from small spacing in the
evaporator to larger spacing in the condenser can be envisioned since the pillar array is directly
manufactured as part of the heat pipe. We suggest this tailoring in order to enhance the heat pipe
performance. Consequently, these objectives here are to:

e Predict the heat pipe performance for a tailored density pillar wick, using a theoretical
model.

e Demonstrate the impact of pillar wick tailoring on the wick’s pressure drop using the ‘rate
of rise’” measurement.

In section 3.4, this paper defines the theoretical model that predicts the heat pipe performance
based on the capillary limit, in addition to an experimental set-up that supports this model. The
model is used in section 3.5 to design and compare the heat pipe performance for uniform and
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tailored pillar density, followed by the ‘rate of rise’ measurement to validate the results. Finally,
these results are summarized in section 3.6.

3.4 Materials and methods

In this section, we introduce a theoretical model to predict the heat pipe performance for uniform
and tailored spacing of pillar wick arrays. To validate the results obtained, a set-up for the ‘rate
of rise’” measurement is proposed.

3.4.1 Theoretical model

Figure 3.1 describes the heat pipe dimensions considered here, that are 26 cm long, 1 mm thick
and 18 cm wide. The heat pipe application imposes a transferred heat flux of 0.035 W/cm? over
20 cm length for the evaporator. The adiabatic and the condenser lengths are respectively 1 cm
and 5 cm.

The heat pipe performance is the maximum heat that the device can transfer before the
evaporator dries-out. We reach the dry-out when the porous media is not able to pump the liquid
to the furthest end of the evaporator, defined as the capillary limit. Many studies [27,57,87] claim
it as the most critical operating limit for heat pipe performance. Our study built a theoretical
model that predicts the heat pipe performance up to that limit. The model is based on the vapor
and liquid pressure distributions along the heat pipe. These pressure distributions are extracted
from the momentum and mass conservation relations along the heat pipe sections. The model
formulation is based on common assumptions of simple one-dimensional (along the heat pipe in
x direction), steady-state flow, constant operating temperature, constant fluid properties, low
fluid velocity and no conduction along the heat pipe walls.

Vttt 1413

Qi Evaporator
Qour Condenser
Liquid flow
Vapor flow
Porous media
Vapor core

-
-
-
-

L¢ Ly Lg

22 1111

Fig. 3.1. The heat pipe configuration.

Liquid: Considering mass conservation applied on a slice dx, along the heat pipe, the change in
liquid flow rate, m, ;, results from the evaporation flow rate from that slice, dm,, ¢yqp :
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mx,l(x) - mx,l(x +dx) = amv,evap (3.1)

The evaporation flow rate can then be defined by the energy conservation equation, as a function
of the heat load per unit length LQ and latent heat of evaporation hs as:

X

amv,evap _ Q (3.2)
0x Lx ' hfg

The change of liquid flow rate can itself be expressed as a function of the liquid density p;, the
cross-sectional area A4, and the velocity -

oy, (x) _0U (3.3)
ox PL Ax
These relations can then be substituted in Egn 3.1, as presented in Table 3.1 for the liquid and
vapor flow along the different heat pipe sections. The sign convention taken for our model is
positive for evaporation, and negative for condensation. In addition, the liquid flow is referred to
with a positive sign and the vapor flow with a negative sign. For the adiabatic part, the liquid is
only transported, there is no phase change.

Tab. 3.1. Mass conservation equations along heat pipe

Part Evaporator Adiabatic part Condenser
Liquid flow Q ou 0 Q ou
. - = pl " A - —_— - e _pl . A  —_
equation Lg -hgg ox L¢ - hgg ox
Vapor flow Q ou 0 Q ou
. ; = _pg . A ' — ; = pg . A  —
equation L -heg ox L¢ - hgg ox

To link the velocity to the pressure distribution in a porous media, Darcy’s equation is used [27] :

Y (3.4)

dx  k
which is the function of fluid viscosity, y; and permeability, £ The latter defining the porous
media resistance as permeability is a function of porous media geometry. For pillar wick arrays,
different analytical and numerical models were developed to calculate this term. Garimella [88],
Yazdchi [89] and Tamayol [90] developed models to calculate permeability for a porosity range of
25% to 70%. Drummond [91] and Gebart [92] worked on permeability models for porosities above
70%. In our work, we are using Garamilla’s model expressed in Egns 3.5 and 3.6 for its simplicity
and the matching range of porosity [88] with our application needs. From the equation, 7 is the
pillar radius, s the pillar spacing and & the porosity.
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_ 27.612 - £843 (3.5)
G (1 _ 8)—2.88
I i G (3.6)
4. (s + 2r)?

The substitution of Eqn 3.5 in the relations of Table 3.1 expresses the liquid pressure distribution
along the heat pipe sections. The result is summed in Table 3.2.

We notice that the liquid pressure is a function of the wick geometry, the liquid properties and
the heat transfer rate. The terms «, § and y are constants dependent on the heat pipe sections
length. This liquid pressure distribution varies along the heat pipe from a high value in the
condenser, where the pressure equals to the saturation pressure at the operating temperature
[27], to a low value in the evaporator part due to the pressure loss.

Vapor: The Hagen—Poiseuille equation (Eqn 3.7) is used to describe the vapor velocity as a
function of the vapor pressure distribution. This vapor pressure distribution is a function of the
vapor viscosity, {4, and the vapor core height squared, hﬁ.

dap, _ 2pg - U (3.7)
dx hg

Tab. 3.2. Liquid pressure distribution equations along heat pipe

Heat pipe part Evaporator Adiabatic part Condenser
Q- 1y Pra(x) Pic(x)
e A e
2 he -0, -A-k he -0, -A-k
Flow equation _(x_ 79 " Pu 1o sz
2Lg t B+ =X
+ aq + ,81 2LC n
+v1)

Together, Eqn 3.7 and Table 3.1 express the vapor pressure distribution along the heat pipe
sections, as summarized in Table 3.3. We note that the vapor pressure distribution depends on
the vapor properties, the vapor core dimension and the heat transfer rate. The vapor pressure
distribution varies along the heat pipe, with the maximum pressure at the evaporator and the
minimum pressure in the condenser.

Boundary Conditions: The terms «a, 8 and y are constants determined from boundary conditions
and the continuity equations. The assumption that at the end of the condenser part the meniscus
is flat was made, thus the liquid and vapor pressure are equal to the saturation pressure at
operating temperature. Tab.3.4: Boundary conditions for constant calculation.

Capillary Limit: The capillary limit occurs when the capillary pressure generated by the porous
media does not withstand the pressure loss occurred in liquid and vapor flows. The total pressure
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loss is defined as the difference between the vapor and liquid pressure. Thus, we express the
capillary limit by Eqn 3.8:

3.8
Apcap = Pg — D1 ( )
Tab. 3.3. Vapor pressure distribution equations along heat pipe
Heat pipe part Evaporator Adiabatic part Condenser
Pyg(x) Py (x) Py (x)
__ My 40wy 40w
Pressure heg - pg A hi hegpg-A-hj heg pg A hj
equation x? + B, +v5) x?
(e ta+ (—+
( 2L, a, + B, (ZLC Y2)
+72)

The capillary pressure is a function of the liquid surface tension, o, and contact angle, £, and the
spacing between the pillars, s [88]. As shown in Eqn 3.9, the capillary pressure increases when
the pillar spacing decreases.

_ 40 -cos(6) (3.9)

Apcap - S

Tab. 3.4. Boundary conditions for constant calculation

Boundary condition dPg(x =0) dPc(x=Lg) 0
dx -~ dx B
Continuity condition Pe(x =Lg) =P, (x = Lg)
P(x=Lg+Ly) =P (x=Lg+L,y)
Saturation Pc(x = Ly) = Pyt

In Sec.3.5, equations 3.9, Table 3.2 and Table 3.3, will be used to define a range of pillar wick
geometries where the capillary limit is not reached. From the observation, small pillar spacing can
generate high capillarity, whereas high pillar spacing will generate lower pressure loss. In a
configuration where the spacing of the pillars is constant, the capillarity increase induces pressure
loss to increase.

Tailored pillar spacing: This study suggests tailoring the pillars spacing, with a small pillar spacing
in the evaporator part to generate high capillarity to withstand the accumulated pressure loss,
and large spacing in the condenser part to reduce this pressure loss. Thereby, high capillarity can
be only generated in the section needed without imposing a high pressure loss along the heat
pipe. To express the impact of tailored wick structures, the evaporator that represents 80% of the
heat pipe in our application is divided into n sections. The liquid pressure distribution along the
evaporator sections is expressed as:
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Q-
P = .
lE,l(x) hfg s A

2Lg " kivq 2 4 ( n ) (ki ki+1) az+ B3 +vs3 .

i=0

The liquid pressure distribution in the adiabatic part and the condenser remains the same as
expressed in Table 3.2 because tailoring is only applied in the evaporator part for this study given
its dominant length. As will be shown in Sec. 3.5, the accumulated liquid pressure loss for tailored
pillar wick arrays is less compared to a constant distribution with the same minimal spacing. The
next section presents the experimental methods that will be used to confirm this analytical result.

3.4.2 Experimental methods

To experimentally demonstrate the impact of tailoring pillar spacing, the ‘rate of rise’ method was
used in Sec. 3.5. The test was performed on three samples fabricated by stereolithography, a 3D
printing process for rapid prototyping. This 3D printing process consists of exposing a liquid
polymer (ABS plastic like) to a light source through a pattern. The areas where the liquid polymer
is exposed to light solidify. This manufacturing method allows features of 50 um in lateral
direction and 200 um in z direction, normal to the printing plane. The samples are 1cm wide, 4
cm long and 500 um thick. The pillar radius is 200 um and the pillar high is 300 um. Samples 1 and
2 have a constant spacing of 50 um and 160 um respectively, whereas sample 3 has a gradient
spacing from 50 um to 160 um. The latter has three different spacing sections, a spacing of 50 um
over 23 mm long, a spacing of 120 um over 14 mm and a spacing of 160 um over 3 mm. Table 3.5
and Figure 3.2 summarize the pillar dimensions and geometry tested.

Tab. 3.5. Pillar sample dimensions

Sample SpacingS1  SpacingS2  Spacing S3 r h
[nm] [nm] [nm] [nm] [nm]
1 50 50 50 200 300
2 160 160 160 200 300
3 50 120 160 200 300

Because the polymer needs to be hydrophilic, we activated the samples by plasma O, treatment
of 100 W for 5 minutes, and we reached a contact angle of 30°. This treatment was performed
before each test, as the hydrophilicity by plasma treatment decreases dramatically with time. The
‘rate of rise’ measurement described in Fig. 3.3 is used to characterize the samples. The set-up
consists of a camera (PC0.1200) that records 30 frames per second, connected to a computer, a
light source and a beaker that contains deionized water that we put on a moving stage to induce
liguid contact with the sample. Water is used as a working fluid because it is less volatile than
alcohol. Thus, the evaporation effect can be neglected during the ‘rate of rise’. Thereby, the ‘rate
of rise’ only considers the effect of capillarity, hydrostatic pressure and viscous forces.

The meniscus height recording starts as soon as the sample is in contact with the water surface.
From the measurement, the evolution of the meniscus height as a function of the time is
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extracted, to compare the maximum height reached by each sample and the velocity that it
experiences while reaching this height.

e

s @& \ ACN:

( Sample2 /[ D | .: Sample3

Fig. 3.2. 3D printed pillar wick arrays observed under the SEM microscope. (a) Samplel constant spacing
50 um. (b) Sample 2 constant spacing 160 um. (c) Sample 3 gradient spacing.

Fig. 3.3. ‘Rate of rise’ measurement set-up.

3.5 Results and discussion

This section first describes the pillar wick geometries that optimize the heat pipe performance
based on the theoretical model presented in Sec. 3.4. Next, the results are compared to the ‘rate
of rise’ measurement to validate the results.

3.5.1 Design

Based on the model developed on the theoretical section, and a uniform wick geometry as sample
1, the liquid and vapor pressure distribution along the heat pipe for this predefined configuration
are drawn in Fig. 3.4, for 12.5 W transferred heat, corresponding to a heat flux of 0.035 W/cm?.
The maximum vapor pressure and the minimum liquid pressure are at the end of the evaporator
section, which gives a maximum pressure difference of 157 Pa. The maximum capillary pressure
that can be generated for a pillar spacing of 50 um equals to 5.56 kPa, showing that higher power
levels are possible.
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Pillar spacing: To illustrate the effect of pillar spacing, the capillarity pressure and the pressure
loss are plotted in Fig. 3.5 as a function of pillar spacing, for a fixed pillar radius of 200 um and
height of a 300 um. In Figure 3.5, the range beyond a spacing of 150 um is not accessible, since

when the pillar spacing is more than half the pillar height (300 um), the meniscus would not be
formed [72].
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Fig. 3.4. Liquid and vapor pressure distribution along the heat pipe for sample 1 wick geometry, 12.5 W
heat transferred and 40°C operating temperature.
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Fig. 3.6. Liquid, vapor and total pressure loss evolution function of pillar height, for constant heat pipe
thickness.

Pillar height: The second geometrical parameter that affects the pressure distribution highlighted
in the theoretical model is pillar height. Thus, for a fixed pillar radius and a constant internal heat
pipe thickness (sum of pillars and vapor core height), Fig. 3.6 plots the pressure drops. We notice
that when the total height of pillars plus vapor core is fixed, there is a pillar height value that
minimizes the total pressure loss. Based on the spacing range where the capillary and meniscus
limits are not reached, and using the pillar height that minimizes the total pressure loss, the map
of maximum heat transfer for a constant pillar radius of 200 um is drawn and shown in Fig. 3.7.
The figure represents the heat transferred without reaching the capillary limit as a function of the
pillar spacing and optimal height. The maximum heat transferred is 700 W, for a heat pipe 26 cm
long and 18 cm wide and a pillar wick with a spacing of 100 um, a height of 240 um and a radius
of 200 um. It also shows that the maximum power achievable decreases as the pillar spacing
decreases.

Pillar radius: The last geometric parameter that influence the heat pipe performance is the pillar
radius. Figure 3.8 shows the maximum heat transfer without reaching the capillary limit for a
range of pillar radius, spacing and the optimal pillar height.

The highest heat transfer is for a porosity of 50%. Thereby, when the pillar radius increases, the
pillar spacing follows to maintain this porosity leading to a maximum heat transfer. To sum-up,
based on the capillary limit, the wick’s geometric parameters could be defined to maximize the
heat pipe performance for a constant density distribution, leading to a compromise between
capillary pumping and pressure drop.
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Fig. 3.7. Maximum heat transfer without reaching the capillary limit function of the spacing and optimal
pillar height.

Impact of tailoring: To demonstrate the impact of tailoring the spacing of pillars, the pressure
loss induced by sample 1 with a constant spacing of 50 um and sample 3 with a gradient spacing
were calculated. Figure 3.9 presents this pressure evolution along the heat pipe.

Fig. 3.8. Optimal geometrical parameters for pillar wick arrays that maximize heat transfer.

The maximum heat transfer for 50 um spacing, 300 um height and 200 um radius is 400 W. For
the same heating rate, pillar radius and height, the pressure loss for a gradient spacing from 50
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um to 160 um is evaluated. For the tailored wick configuration, the evaporator part is divided into
two sections, the first section has 50 um spacing and the second section 120 um spacing. Figure
3.9 describes the pressure loss evolution along the heat pipe for 400 W, for both a uniform spacing
of 50 um (sample 1) and the tailored wick (sample 3). It can be seen that the tailored wick does
not exhibit as much pressure drop as the uniform wick, since the wick is more permeable. The
capillary pumping is still sufficient given that it has the same geometry at the end of the
evaporator (50 um spacing).

—e— Samplel

6000 = = <Sample3

5000

4000

ploss,Samplel pcap,s=50um

3000

2000 ~ o

Liquid and vapor pressure loss [Pa]

ploss,SampleS
1000

T T T
0 50 100 150 200 250 300

Position along the heat pipe [mm]

Fig. 3.9. Total pressure loss at the maximum heat transferred for sample 1, compared to pressure loss
generated by sample 3.

It can also be seen in Fig. 3.9 that the pressure difference between the liquid and vapor decreases
from the evaporator to the condenser. This implies that lower capillarity is acceptable away from
the evaporator end. The pillar spacing can therefore be increased away from the evaporator end
to only provide the capillarity pressure needed depending on the heat pipe region. Thus, at the
beginning of the evaporator section, the pillar spacing is the smallest (50 um) to withstand the
accumulated high pressure loss. In the condenser end, the spacing is larger (160 um) because the
pressure loss generated is small. From figure 3.9, the maximum pressure difference generated
from sample 1 configuration is 5.56 kPa compared to 3.8 kPa for sample 3, which represents a
30% difference. That means the sample 3 configuration can transfer more heat than the sample
1 configuration, as the capillary limit is not reached. To determine the maximum heat transfer
that the sample 3 configuration can reach, Fig. 3.10 plots the pressure loss and the capillary
pressure for different value of heat load. The tailored wick array allows up to 600 W before
reaching the capillary limit in section 2 where the spacing is 120 um. Thereby this configuration
offers 50% more heat transfer that the constant density configuration.
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Fig. 3.10. Maximum pressure difference at the maximum heat transfer, for the tailored wick array
(sample 3).

3.5.2 Experimental result

The experimental test performed is the ‘rate of rise’ measurement, where the end of the sample
is put in contact with the water surface, and the meniscus height along the sample is recorded
over time. This test was done for samples 1, 2 and 3. Figure 3.11 shows the height evolution in a
function of time for the three samples. The errors bars refer to the experiment repeatability. The
figure describes that samples 2 and 3 start with the same velocity as their pillar spacing is the
same, 160 um. After the meniscus reaches a height of 3 mm, the slope for sample 3 changes since
the pillar spacing decreases to 120 um. Thus, sample 3 continues to rise, as sample 2 stabilizes at
a height of 13 mm. Sample 1 has the same slope as sample 3 when the meniscus is at 17 mm
height, because both samples have the same spacing of 50 um.

To better illustrate the impact of pillar spacing, the velocity is extracted from the measure ‘rate
of rise’ and plotted in Fig. 3.12 for samples 1 and 3. From the graphic, the velocity decreases when
the height increases, due to higher viscous forces and hydrostatic force that increase with the
meniscus height. The maximum velocity is at the beginning of the rise, and then it decreases until
zero, when the forces of capillarity, viscosity and gravity balance out. Sample 3 has two velocity
regimes. The meniscus starts to rise with a high velocity when the spacing is above 50 um. For a
spacing equal to 50 um, the velocity slope changes, and it converges to the sample 1 curve. The
liguid velocity rise is higher in sample 3 compared to sample 1. When the meniscus reaches 17
mm height, the ‘rate of rise’ in both samples becomes the same. Thus, the final meniscus height,
when the forces balance, is the same for sample 1 and 3. In other words, we reach the same final
height with a higher velocity of over 40% of sample 3 compared to sample 1. Thus, we can
consider that tailored density wick arrays induce less pressure loss compared to a constant
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density array, while achieving the same capillary pressure. Fig. 3.12: Velocity evolution function
of height for sample 1 and 3.
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Fig. 3.12. Velocity evolution function of height for sample 1 and 3.

3.6 Conclusion

This study has shown that, based on the capillary limit, we can predict the heat pipe performance
for a constant and tailored density pillar wick arrays. The theoretical model proves that pillars
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wick arrays with tailored density enhance the heat pipe performance by a factor of 50%,
compared to a constant density. The ‘rate of rise’ measurement validates the results, as the liquid
flow velocity is higher in the tailored pillar structure, reflecting less pressure loss. Based on this
study, guidelines for designing the optimal tailored wick pillar structures that enhance heat pipe
performance can be proposed.
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La contribution scientifique et technique de I'auteur dans cet article, en excluant I'encadrement
du directeur de recherche est estimé a 75%.

L'auteur a défini le procédé de fabrication et a élaboré des tests de caractérisation pour chaque
étape dans le but de valider le procédé de fabrication proposé.

L'auteur a modifié le banc de test de caractérisation pour des applications a faible flux de chaleur.
L’auteur a fabriqué et tester les caloducs polymériques fabriqués.

L'auteur a rédigé 100% du contenu de I'article.

Contribution du document :

Dans cet article nous introduisons un nouveau procédé de fabrication pour les caloducs
polymériques. Notre nouvelle approche permet de fabriquer ces caloducs en étape seulement,
ou le remplissage, tirage de vide et scellement se font en une étape seulement. Ce procédé de
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fabrication permet d’une part le retrait du tube de remplissage qu’on trouve sur tous les caloducs
plat et chambres a vapeur, et d’autre part de réduire le co(it de fabrication de ces dispositifs.

Résumé frangais :

Le procédé de fabrication et I'étude de performance thermique d’un caloduc plat (ou thermal
ground plane, TPG) fabriqué en une étape sont présentés dans cette étude. En effet, les
applications émergentes, flexibles et a large surfaces telles que I'électronique imprimé ou les
batteries Li-ion requiérent un mode de gestion thermique adapté. Ainsi, le TGP polymérique est
introduit comme solution de gestion thermique pour ces applications émergentes a faible flux
thermique et a large surface d’évaporation. Un minimum de trois étapes est typiquement
nécessaire pour la fabrication de ces échangeurs de chaleur plats bi-phasiques. Ces étapes
consistent a assembler les bords et le périmetre du TGP en intégrant un tube de remplissage,
remplir le fluide de travail, pour ensuite tirer le vide et sceller le TGP. Dans ces procédés de
fabrication, un tube de remplissage est toujours nécessaire pour tirer le vide et remplir le fluide
de travail, ce qui peut introduire des contraintes géométriques et éventuellement une source de
fuite additionnelle. Nous présentons alors notre nouveau procédé de fabrication qui permet
I'assemblage, le remplissage et le scellage en une seule étape. Le procédé suggéré permet
d’accéder a des processus de fabrication a haut volume comme le moulage par injection tout en
réduisant le nombre d’étapes de fabrication et en supprimant ['utilisation d’'un tube de
remplissage. Le TGP fabriqué a une conductivité thermique effective de 833 W/m K qui est dans
la plage de la littérature pour les TGPs polymeres, variant entre 100 a 1000 W/m K. Le travail que
nous présentons montre que nous pouvons faire un TGP en polymeére avec un procédé de
fabrication en une étape qui aboutit a un TGP performant.

4.2 Abstract

The fabrication process and thermal performance study of a one-step assembled polymeric
thermal ground plane (TGP) are presented in this work. Indeed, emerging applications such as in-
mold electronics or Li-ion batteries entail a flexible, affordable and lightweight thermal
management solution. These requirements lead to introduce polymeric TGPs as a thermal
management solution for these low heat fluxes, large surfaces, and flexible applications.
Currently, the fabrication process for these flat, bi-phasic heat exchangers involves a minimum of
three steps. These steps include the assembly of the perimeter edges with integration of a tube,
filling the TGP with the working fluid through the tube, and then pulling the vacuum and sealing
the tube. In this fabrication process, a filling tube is always required to pull the vacuum and fill
the working fluid, which may introduce geometrical constraints and possibly a leak source. The
current study introduces a novel one-step assembly process for polymeric TGPs where the filling
and sealing are done in a single step. This suggested technique eliminates the use of the filling
tube and reduces the number of manufacturing steps to fabricate the polymeric TGP.
Additionally, this process may take use of injection molding and other high volume manufacturing
approaches to further reduce the fabrication cost. The one-step assembled TGP has an effective
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thermal conductivity of 833 W/m K, which is within the range found in the literature for polymeric
TGPs as it varies from 100 to 1000 W/m K. Thus, the present work describes a one-step assembly
technique to fabricate polymeric TGPs with good thermal performance .

KEYWORDS: thermal ground plane, polymer, thermal management, heat pipe, vapor chamber,
fabrication.

4.3 Introduction

To maintain flexible and compact electronics devices performances at their optimum, a thermal
management solution is required [14]. Metallic flat heat pipes or vapor chambers are widely used
as thermal management solutions for many applications, including smartphones and laptops [43].
However, these solutions may be limiting due to the metals rigidity, weight and cost. Thus, a
flexible flat bi-phasic heat exchanger made of polymer, known as the Thermal Ground Plane
(TGP), has been suggested as a thermal management solution for large surfaces, low heat fluxes,
and flexible applications such as LED lamps, lithium batteries in electrical vehicles, or in-mold
electronics.

Polymeric TGP requirements

These closed loop heat exchangers conduct heat through liquid to vapor phase change. When the
liquid in the porous media within the TGP comes into contact with a hot surface, it evaporates.
Then, the vapor flows via a hermitic cavity to the opposite end of the TGP where it encounters a
cold surface and condenses. Finally, the porous media pumps the liquid back from the condenser
to the evaporator. Therefore, to maintain the TGP operation and the passive cycle, several
requirements must be met. First, the wick structure must be hydrophilic with the used working
fluid to pump it. Second, the shell must maintain hermiticity to preserve the vacuum and the
working fluid exclusive presence. Finally, the working fluid must be free of non-condensable gases
(NCG) to not obstructs the condenser and degrade the TGP performance.

From the different polymeric TGPs in the literature, it has been observed that a mechanical
structure within the vapor core is necessary to preserve its thickness under vacuum due to the
flexibility of the polymeric shell. We also note that a fully polymeric shell cannot sustain the
vacuum required for the TGP operation, as the polymer is not sufficiently hermitic [93].
Consequently, a thin metallic layer is often added as it simultaneously increases the polymeric
shell hermiticity and decreases its thermal resistance.

Polymeric TGP fabrication processes

The fabrication process of polymeric TGPs in the literature involves several steps. The initial step
involves the materials selection and preparation. Next, the TGP is assembled, and finally, it is filled
with the working fluid and sealed under vacuum.
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Tab. 4.1. The number of fabrication steps, the materials used to make polymeric TGP and its thickness in
the literature.

Materials . Fab
Authors Thickness ste
Shell Wick Vapor core [mm] [#]p
Al-polymer Cu mesh Nylon mesh 131
Oshmanetal. Cu-polymer Cu mesh Cu pillars 0.50 4
36], [75], [78 h .
[361, [75], [78] Cu-polymer Cu m.es and Cu pillars 1.00
pillars
Xu[se;]al. Cu-polymer SS mesh Cu pillars 0.28 4
Liu et al.
[77] Al-polymer SS mesh Polymere mesh 1.47 4
Yang et al. FR4 .
C h Cu pill 4.00 3
37] oolymer u mes u pillars
HSIe[:;]t al. Silicone Cu mesh Cu pillars 4.00 3

Material selection

Shell: some researchers have used polymer doped with copper particles or plates to improve the
polymeric shell thermal conductivity [37,38]. However, the polymer hermiticity remains an issue,
leading to the use of polymeric-metallic foils (copper/aluminum-polymer) that have a better
permeation barrier [75,76].

Wick: polymeric TGPs commonly use a combination of copper mesh and pillars wicking structure,
to increase the capillary limit [53,78].

Mechanical structure: Although a polymeric mesh is the simplest and easiest-to-implement
mechanical structure for maintaining the thickness of the vapor core [36,77], pillars generate less
pressure drop and thermal resistance [75].

Hydrophilization treatment

Polymeric TGPs typically use water as the working fluid. Thus, the porous medium must be
hydrophilic. While researchers have employed atomic layer deposition (ALD) of silicon oxide on
copper to achieve this, the process is expensive [94].

Assembly and sealing

The assembly process for polymeric TGPs depends on the shell material. For a polymeric-metallic
foils, metal-to-metal sealing by brazing is a hermetic option [75,76] while polymer-to-polymer
bonding is less hermetic but requires lower temperatures [77]. Alternatively, epoxy can be used,
but it may generate more non-condensable gases and a fragile bonding joint [79].
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Filling

The filling for all polymeric TGPs is done through a tube, where the vacuum is pulled and the
working fluid is injected. Then, this tube is sealed by cold welding. This tube remains connected
to the final device, introducing geometrical constraints and possibly a leak source.

Table 4.1 summarizes the materials used, thickness and number of fabrication steps for polymeric
TGPs. The material preparation (cleaning, cutting and hydrophilization treatment) is not included
in the stated number of fabrication steps. As an example, Yang et al. process involves three steps:
first, perimeter sealing, second, filling the working fluid and pulling the vacuum, and third, sealing
the filling tube. In some cases, two sealing steps are required to fabricate the polymeric TGP. The
present work introduces a novel fabrication process where the perimeter assembly, filling and
sealing are done in-situ. Our recommended approach results in a low-cost manufacturing process
by reducing the number of assembly steps to only one. Additionally, by doing the filling and
sealing at the same time we remove the use of the filling tube.

Cross-section view

- el Polyimide (SRS
Aluminum |) Alpminum | LR

Fig. 4.1. The shell, the vapor core and the wick materials used to fabricate the polymeric TGP.

We observe from the consistent work in the literature, that more than 80% of the raw materials
used to fabricate the polymeric TGPs are metals. In addition to the polymeric-metallic shell, a
copper mesh with 60% porosity and a copper pillar structure are often used as the TGP wicking
and mechanical structure respectively. While it is necessary to have a dense layer to preserve the
TGP shell hermiticity, there is no requirement for the wick or the mechanical structure in the
vapor core to be metallic. In the present work, we chose affordable material to further decrease
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the TGP cost. Thus, we used a 90% porosity copper foam for the wick and a nylon mesh as the
mechanical structure.

To sum up, the primary goal of the current work is to demonstrate the one-step assembly process
viability for polymeric TGPs. The suggested technique enables access to high-volume
manufacturing processes like injection molding while also reducing the number of assembly steps.
The TGP’s thermal performance is then characterized experimentally and the impact of the shell
material, filling ratio, and the type of mechanical structure in the vapor core are evaluated. Finally,
we investigate the TGP reliability over time and present a performance metric that considers the
material cost and weight.

Tab. 4.2. Properties of materials used to fabricate the polymeric TGP.

. Diameter Pitch Porosity Thickness
TGP part Material
P [um] [um] [%] [um]
HDPE / / / 400£25
Shell
Aluminum-laminated / / / 150+7
Wick Copper foam 120-300 / 90+3 1000£30
Fine nylon mesh 200420 410+20 75+1 300430
Vapor core
Coarse nylon mesh 660+£15 2150+200 8212 980+22

1. Material preparation :

D Shell (Copper - Polymer)

(a) : Literature (b) : Present

Porous media (Copper mesh)
1. Material preparation:
D Shell

Porous media

Vapor core (Copper pillars)
Filling tube
D Bonding joint

Vapor core
2. First step assembly

2. Filling and assembly in-situ
3. Pulling vacuum )

4. Filling working fluid

5. Final sealing

Fig. 4.2.Polymeric TGP fabrication process flow (a) in the literature (b) in the present work.

4.4 TGP design and fabrication considerations

To develop the fabrication process flow and understand its capabilities and limits in making
performant polymeric TGPs, a range of different materials and configurations were considered. This
section presents these variants and the unit processes required to make the polymeric TGPs,
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including the shell materials, wick structure and hydrophilization, vapor core materials, perimeter
sealing method as well as the in-situ filling.

4.4.1 Geometry and materials choice

The nominal dimensions of the fabricated TGP is 25 cm length, 5 cm width and 3.5 mm maximum
thickness. These values were predetermined by the experimental test apparatus and have the
potential to be adjusted (increased or decreased) in the future. Two shell materials are considered:
high density polyethylene (HDPE), selected for its low permeability among polymers, or aluminum-
laminated foil composed of polyethylene, aluminum and polyimide, which should provide enhanced
hermeticity over HDPE due to the metal layer. The wick is a high porosity copper foam that will
require a hydrophilization process, described in this section. The vapor core is filled with different
types and thicknesses of nylon meshes, used to maintain the vapor space under external pressure
while remaining hydrophobic. Figure 4.1 and Table 4.2 details the materials used and their
geometrical properties.

4.4.2 Fabrication process

The polymeric TGP is fabricated in a single step as we do the perimeter assembly, filling and vacuum
sealing at the same time [95]. The preparation step of the suggested process is to cut and clean the
materials, and hydrophilize the copper foam to pump the working fluid (water) by capillary wicking.
We used water as a working fluid due to its high latent heat of evaporation and surface tension [27].
Water is added to the copper foam, and bonding is completed by hot pressing within a vacuum
chamber. The quantity of water is adapted to compensate for the loss under vacuum. Figure 4.2
shows a comparison between the fabrication process in the literature and the present study. We
observe that our novel single step assembly approach removes the use of the filling tube and
decreases the number of fabrication steps and production time. In the following sections, we are
going to explore each step thoroughly.

a) Hydrophilization treatment

ALD treatment is a commonly used technique to hydrophilize the copper wick in polymeric TGPs
application. The technique consists of depositing a thin layer of SiO,. However, this treatment is
recognized to be expensive and not suited for mass production [94], [96]. In the present study,
we hydrophilize the copper wick by producing copper oxide (CuO) on its surface, which has been
proved to be hydrophilic [81]. This oxidation can be accomplished by chemical [81] or thermal
treatments [80].

A reduction treatment may also be performed to make the copper surface hydrophilic. However,
this treatment is described as being extremely sensitive to the ambient [82], and studies revealed
that its stability lasted less than an hour. Thus, we did not explore this approach in this work.
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Chemical treatment

In the chemical oxidation treatment, copper foam is submerged for 8 hours at 60°C in a 1M
ammonium hydroxide (NH4OH) solution. Then, the sample is removed from the solution, rinsed
with deionized water, and dried in nitrogen. From Figure 4.3, we can observe that the created
copper oxide is evenly distributed over the foam surface and has colliflower structures. Results
from X-ray photoelectron spectroscopy (XPS) characterization revealed that most of the created
copper oxide is CuO. We observed that the hydrophilicity and the rigidity of the copper foam are
affected by the treatment duration. Because of the foam’s high porosity (90%), a treatment
lasting more than 8 hours leads to a fragile foam. Whereas a treatment lasting less than 8 hours
results in a less hydrophilic surface.

Fig. 4.3. Scanning electron microscopy of chemically treated copper foam.

Thermal treatment

For the thermal treatment, we used a tube furnace (Sentro Tech, Ohio, USA) in an air-like
atmosphere (80% of nitrogen and 20% of oxygen) with a 10 minutes plateau at 650°C. Figure 4.4
illustrates that the formed copper oxide has a needle like shape and is uniformly distributed over
the copper foam surface. XPS characterization results show that most of the created copper oxide
is CuO. However, the oxide layer shows some cracks which may be caused by the different
thermal expansion coefficient of copper and copper oxide.

We emphasize that the furnace temperature, the oxygen concentration within the furnace, and the
duration of the thermal treatment are all significant factors on the foam hydrophilicity. We
performed treatments at lower temperatures that results in less cracked oxide layers, but a less
hydrophilic surface. Higher temperature treatment results on an even more fragile and cracked
treated foam. Since we must wait for the furnace to naturally cool after setting its temperature, it is
difficult to monitor the real treatment time. As a result, the foam continues to oxidize throughout
that period of natural cooling.
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For subsequent characterization, the treated copper foams were kept in water. Then, the rate of rise
measurement was performed to extract the effective pore radius from the treated foams using
water as the working fluid [81]. Figure 4.5 represents the variation of effective pore radius over time
for chemically and thermally treated foams. This variation rate represents the effective pore radius
of the treated copper foam with water over the effective pore radius of the untreated copper foam
with acetone. Since we assume that acetone has zero contact angle with copper, it served as our
reference [70]. The depicted error bars represent the treatment repeatability on three samples

treated simultaneously.

Fig. 4.4. Scanning electron microscopy image of thermally treated copper foam.
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We observe from figure 4.5 that the chemically treated copper foam exhibits stability with a
variation rate of 15% after 30 days. The figure also points out that although having the same
performance as the chemically treated sample on day zero, the thermally treated foam is not
stable over time. After 30 days, we reach a variation rate of 62%. As described previously, cracks
are created on the oxide layer during the treatment. These cracks may delaminate and expose
the untreated surface upon repeated cycles of wetting and drying at each measurement, which
increases the effective pore radius.

From these results, we conclude that the chemical treatment enables high porous foam to be
simultaneously super hydrophilic and mechanically robust. In contrast to the thermal treatment
where it is challenging to strike a balance between hydrophilicity and high porous foam
mechanical strength.

b) Filling and sealing in-situ

The technique proposed here combines assembling, filling, and sealing into a single step. Figure
4.6 shows the suggested manufacturing process. Inside a press, we put the different TGP parts:
shell, wick and mechanical structure for the vapor core [95]. We fill the wick with the desired
water quantity, and then we close the chamber to pull the vacuum. The chamber was connected
to a mechanical pump station (Edwards). After a certain vacuum period, we applied a load on the
press to bring the two polymeric shells in contact. Then, we activate the heater to melt the shell
perimeter as represented in the figure. One side of the heater is in contact with the polymeric
shell and the other with the press.

/ Foam filled with water \
f T T
| I
¥
\

Heater

P < 1aty

Fig. 4.6. Exploded view of the one-step assembly process with in-situ filling and sealing.

While we pull the vacuum, a certain amount of water evaporates. Thus, we need to determine the
amount of water required to account for this loss. To determine experimentally the loss, the foam is
first filled, weighed, put under vacuum for different period and then weighted again to extract the
amount of the remaining water. Figure 4.7 shows the vacuum chamber pressure profile, and the
amount of water lost over time. After three minutes, we observe that there is little variation in the
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pressure inside the chamber. To ensure that we removed all the non-condensable gases from the
chamber, we continue to draw the vacuum for an additional five minutes.
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Fig. 4.7. Working fluid evaporation rate during vacuum, illustrating a steeper evaporation slope than the
sublimation.
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Fig. 4.8. Scanning electron microscopy image of the hot pressed joint cross section for (a) aluminum-
laminated foil, (b) HDPE.
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The figure also shows the evolution of the water weight reduction rate over time. It initially has a
substantial variation rate as the water boils and evaporates while the pressure in the chamber
decreases. Beyond 2 minutes of pulling the vacuum, we noticed that the water freezes and the
variation rate decreases as we transition from evaporation/boiling to sublimation regime. The water
weight reduction rate remains constant for the rest of the experiment since we are still in
sublimation mode. The error bars represent the measurement repeatability on the same copper
foam. This measurement varies depending on the vacuum chamber size, atmosphere, and type of
the pump used.

We can continue with the sealing step now that we determined the initial water quantity that
accounts for the loss during vacuum. The recommended technique is to bond the two aluminum-
laminated or HDPE foils by hot pressing. Since the shell is mainly made from polymers it can be
melted to create a monolithic material across the joint, as shown in Figure 4.8. The figure depicts the
cross section junction of the two bonded sheets where the melted interface is no longer visible. A
helium test was performed on the sealed HDPE and aluminium laminated joint [95]. The results
indicated no major leaks through the melted interface. To examine the robustness of the created
joint, a thermal performance characterization on the fabricated TGP was conducted over time. The
results will be discussed in the next section.

4.5 Methods and experiment

In this section, we characterize the thermal properties of the fabricated TGPs. Devices with different
materials and configurations were fabricated, with an example shown in figure 4.9. The following
sections present the experimental setup used to measure the TGP thermal resistance, followed by
studies on the impact of filling ratio, shell material, and type of mechanical structure in the vapor
core.

4.5.1 Experimental setup

As illustrated in figure 4.10, a test bench was made to evaluate the thermal performance of the
fabricated TGP. An ohmic heater driven by a power supply (Brunell Instrument, 30 VDC, 3 A) is used
to heat one end of the TGP, while a cold plate fed by a thermostatic bath (Polyscience) is used to cool
the opposite end. The hot and cold plate are 7.5 cm and 4.5 cm long, respectively. To account for the
NCG, 9.5 cm of the TGP was used as a reservoir. Thus, the tested TGP length was over 15.5 cm. In
the evaporator and condenser zones, two thermocouples (type T) were positioned at 5.5 cm and 2
cm apart, respectively. The thermocouples were connected to a data logger (Agilent 34970A) that
was connected to a computer to track the temperature evolution over time. The hot ans cold
sources, as well as the TGP are insulated by Delrin plates. The TGP thermal resistance is determined
using the average measured temperature in the evaporator, T,z and condenser, T;,c, as shown in
equation 4.1. Additionally, two thermocouples were positioned in the aluminum block to extract the
accumulated heat in the condenser, Q ,nq , USing Fourier’s law.

Ry, = M (4.1)
Qcond
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Fig. 4.9. SEM image of the fabricated TGP with an HDPE shell, a coarse mesh vapor core and a copper
foam wick.
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Fig. 4.10. Thermal characterization set-up for TGPs.

Uncertainty of the thermocouples and distance measurement between them, are o = +0.5°C
and o, = £0.01 mm respectively. To quantify the entire measurement uncertainty, a
repeatability test was performed to ascertain the accuracy of the fabrication process
repeatability. The total measurement uncertainty is estimated to 12% using equation 4.2.

dR dR
or = (G 0ar)? + (= 00 .ng)> T Orep” (4.2)
dAT dQcond cond
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4.5.2 TGP Thermal performance

a) The effect of the filling ratio

The filling ratio is the initial parameter to evaluate. The TGP dries at a low filling ratio and floods
at a high filling ratio. Thus, it is necessary to undertake an experimental investigation to determine
the filling ratio that lowers the thermal resistance for a certain design and heat rate [77,97]. This
characterization test was carried out on a TGP made of an aluminum-laminated foil shell, a
treated copper foam wick, and three layers of coarse meshes in the vapor core. The test was
performed at an injected heat flux of 0.4 W/cm? and the filling ratio, f, was varied from 30% to
100%. As per equation 4.3, v; is the volume of available void space in the copper foam and vy is
the amount of liquid that is still present in the TGP after fabrication. A filling ratio of 100% occurs
when the available volume, v; completely fills the foam empty volume, v, .

=
f=a (43)

We observe from Figure 4.11, that a filling ratio around 80% provides the smallest thermal

resistance for the fabricated TGP. Thus, for the upcoming TGPs that are being fabricated, we are
maintaining this value.
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Fig. 4.11. Impact of the filling ratio on the TGP thermal resistance at a constant heat flux of 0.4 W/cm?.

b) The effect of the shell

The shell material is the second parameter that we investigated. We used two types of polymers
for the shell: HDPE and aluminum-laminated foil. We used treated copper foam for the wick and
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3 layers of coarse meshes for the vapor core. The test was performed while varying the input heat
flux. Figure 4.12 shows the temperature profile for the fabricated aluminum-laminated TGP at
different heating input rates. The TGP evaporator temperature rises as input power increases,
reaching a peak of 100°C at 25 W injected power. We stopped the experiments once the
evaporator reached this temperature since the polypropylene’s softening temperature is around
100°C. Figure 4.13 represents the overall thermal resistance of the TGPs as a function of the
collected heat load from the condenser (the condenser heat load is used instead of the heater
power to account for the test set-up heat losses). The HDPE TGP has a higher thermal resistance
than the aluminum-laminated TGP due to its thicker and low thermally conductive shell.
Additionally, the aluminum-laminated TGP transfers up to 15 W before reaching the material limit
as opposed to 10 W for the HDPE TGP due to its lower thermal resistance.
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Fig. 4.12. The temperature profile over time for the aluminum-laminated TGP as the input power is
increased.

c) The effect of the vapor core mechanical structure

The third parameter studied is the type and thickness of the mechanical structure (fine and coarse
mesh) in the vapor core. We used aluminum-laminated foil for the shell and treated copper foam
for the wicking structure. Figure 4.14 describes the overall thermal resistance as a function of the
collected heat load. As represented in the figure, the fine mesh TGPs has higher thermal
resistance than the coarse mesh TGPs. Using fine meshes as a mechanical structure in the vapor
core generates higher vapor pressure drop since they have lower diameter, pitch, and porosity
compared to the coarse mesh. Higher vapor pressure drop induces higher vapor thermal
resistance and thus higher total thermal resistance [74].
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Fig. 4.13. The thermal resistance for HDPE and aluminum-laminated HDPE at different collected powers
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Fig. 4.14. Impact of the type of meshes in the vapor core on the thermal resistance of the fabricated
aluminum-laminated TGP.

We also observe that depending on the thickness of the vapor core, the thermal resistance and
the maximum transferred heat load before reaching the temperature limits (100°C) varies. We
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see that for 1, 2 and 3 layers of coarse meshes, the maximum transferred heat rate is around 12
W, 13 W and 15 W respectively. Thus, a thicker and less dense mechanical structure in the vapor
core results in less thermal resistance. The transferred heat load before reaching the temperature
limit increases as the thermal resistance decreases. The lowest noted thermal resistance is
1.8°C/W for 3 layers of coarse mesh TGP.

4.6 Discussion

We noticed from the characterization results that a shell with a higher thermal conductivity result
in a TGP with a lower thermal resistance. Moreover, this thermal resistance is affected by the
type of mechanical structure in the vapor core, since a mechanical structure that generates large
vapor pressure drop also causes high thermal resistance. Additionally, we observed that the
temperature limitation due to the material softening was achieved before the capillary limit, or
evaporator dry-out, was reached. As a result, we did not investigate how different types of wick
affected the TGP performances.

We conducted longevity tests to investigate the fabricated TGP reliability. The first experiment
examined the hydrophilization of the copper foam over time. We concluded that the chemical
treatment is a stable treatment and can be used to hydrophilize the copper foam. The second
lifetime, presented here, evaluates the hermiticity of the shell by measuring the HDPE and
aluminum-laminated TGPs thermal resistance over time at a constant injected heat flux of 0.4
W/cm?. Figure 4.15 depicts the results.
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Fig. 4.15. The thermal resistance for HDPE and aluminum-laminated TGP at a constant injected heat flux
of 0.4 W/cm? over time.
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We note that the HDPE TGP lasted less than 24 hours, due to the poor hermiticity of the shell, as
opposed to over 7 months for the aluminum-laminated TGP. The latter thermal performance is
unaffected due to the aluminum layer acting as a barrier that preserves the vacuum. Thus, it is
recommended to have a metallic layer in polymeric TGPs to prevent performance loss.
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Fig. 4.16. Thermal conductivity over the dollar weight of the fabricated polymeric TGPs in the literature
and the present work.

The maximum effective thermal conductivity of the fabricated TGP is around 833+108 W/m K.
Although this metric accounts for the TGP dimension and configuration tests, it does not depict
the material weight and cost. A TGP fabricated with less copper and more polymer will be less
expensive and lighter. To consider these other benefits while comparing various TGPs, we
introduce a new indicator that includes material cost and weight. Figure 4.16 shows the thermal
conductivity divided by the materials cost [98] and weight of the different fabricated polymeric
TGPs in the literature. Cost is simply based on the bulk price of the materials used in their
fabrication. We can see that the approach proposed herein allows the fabrication of TGPs with
metrics among the highest values in terms of performance, weight and cost. If we included the
cost of each manufacturing step, this difference would be even greater.

4.7 Conclusion

In this paper, we introduced a novel procedure to fabricate polymeric TGPs in a one-step assembly
process, where the filling and sealing are done in-situ while assembling the TGP. The suggested
process reduces the fabrication steps, suggesting lower fabrication costs.
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Then, we characterized the thermal performance of the fabricated TGPs to explore the
capabilities and limits of the process. Since the polymer has poor conductivity and hermiticity, we
observed that having a polymeric shell coated with a metallic layer allows to maintain and
enhance the TGP’s thermal performance, as simultaneously increases the conductivity and the
hermiticity of the shell.

We also concluded that the chemical oxidation approach provides a stable treatment over time
and may be applied to TGP production. The suggested hydrophilization procedure might replace
the use of the customary and expensive ALD procedure or inconvenient hydrogen reduction.

Moreover, we recognized that selecting a mechanical structure in the vapor core that causes the
low pressure drop reduces the TGP thermal resistance.

To sum up, through the work that was presented, we defined the ground for a novel, inexpensive
and reliable fabrication method for polymeric TGPs with good thermal performance, reaching an
effective thermal conductivity over 4 times that of Al and twice that of Cu, while being much
lighter and using less expensive materials.
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CHAPITRE 5

STRATEGIES FOR THERMAL PERFORMANCE IMPROVEMENTS OF
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Etat de I’acceptation : Soumis
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Titre frangais: Stratégies d’amélioration des performances thermiques des caloducs
polymériques plats.

Contribution de 'auteur :

La contribution scientifique et technique de I'auteur dans cet article, en excluant I'encadrement
du directeur de recherche est estimé a 90%.

L'auteur a développé les différents modeles fluidique et thermique et a couplé les deux pour
définir une stratégie d’optimisation des performances des caloducs polymériques.

L'auteur a ensuite validé ses modéles avec des tests de caractérisation expérimentaux.
L’auteur a rédigé 100% du contenu de I'article.
Contribution du document :

Dans cet article nous avons développé un modeéle qui lie les performances fluidiques aux
thermiques dans les caloducs. Le modeéle que nous proposons, prend en compte pour la premiere
fois, les pertes de charge dans la structure mécanique du corps vapeur. Puis, nous avons effectué
des tests expérimentaux sur le caloduc plat fabriqué en une étape. Les résultats expérimentaux
ont validé les modeles théoriques. Ces modeles peuvent donc étre utilisé pour I’optimisation des
performances fluidiques et thermiques de tout type de caloducs.

Résumé frangais :

L’étude et les stratégies d’amélioration des performances thermiques des caloducs plats (ou
thermal ground plane, TPG) sont présentées dans cet article, spécifiquement pour ceux en
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polymeres. Ces dispositifs passifs bi phasiques ont été démontrées avec des conductivités
thermiques effectives allant jusqu’a deux fois celle du cuivre. Cependant, cette métrique n’est
pas nécessairement représentative du potentiel d’amélioration des performances d’'un TGP,
puisque qu’elle est affectée par la taille, disposition des zones chauffées et refroidies, ainsi que
les matériaux utilisés. 1l est donc difficile de se fier a la conductivité effective pour comparer les
performances de différents TGPs polymériques. Dans cette étude, nous suggérons un modele qui
relie la capacité de pompage a la résistance thermique des TGPs dans le but de prédire ses
performances thermiques en fonction de la géométrie, de la configuration et des matériaux
utilisés. Cette approche permet d’identifier les limitations et de développer des stratégies
d’amélioration des performances des TGPs polymériques au lieu de se référer a la conductivité
effective comme mesure comparative. Le modéle proposé tient compte des pertes de charge
vapeur a travers une structure mécanique dans le corps vapeur pour la premiere fois dans les
applications des TGPs. Contrairement aux TGPs métalliques, les caloducs polymériques
nécessitent une structure mécanique pour maintenir I'épaisseur du corps vapeur durant le vide.
Les pertes de charge vapeur générées ont un double impact sur les performances du TGP, cela
affecte a la fois la limite capillaire et la résistance thermique de la vapeur. Ainsi, il existe un
compromis entre la capacité de pompage du TGP et sa résistance thermique, pour une épaisseur
de TGP donnée. Pour étayer le modéle proposé, une caractérisation expérimentale a été réalisée
sur un TGP polymérique, assemblé en une seule étape, afin d’extraire simultanément les
résistances thermiques totales et de vapeur. Le modéle présenté permet alors le développement
de stratégies pour balancer le pompage capillaire et la résistance thermique puisque les pertes
de charge vapeur impactent les deux. Par conséquent, la présente étude vise a fournir des lignes
directrices pour définir des stratégies d’amélioration et d’optimisation des TGPs polymériques en
fonction de la géométrie et du matériau utilisé pour leur fabrication. L'approche recommandée
permet également d’identifier les limites des TGPs plutét que de dépendre des propriétés
thermiques, qui peuvent étre trompeur lors de la comparaison des performances.

5.2 Abstract

This paper presents a study on the thermal performance and enhancement techniques of
polymeric thermal ground planes (TGPs). The literature features a range of polymeric TGPs that
exhibit an effective thermal conductivity up to twice that of copper. However, the TGP effective
thermal conductivity does not provide insight into the performance and potential improvements
that could be made to a specific TGP design and configuration. Relying only on this metric can be
limiting to compare different TGPs performances, since effective conductivity is affected by the
device size, layout of heated and cooled zones, and the fabrication materials. In this paper, we
adapted a model by connecting the TGP pumping capacity to its thermal resistance to predict the
polymeric TGP thermal performances as a function of their geometry, test configuration and
material used. This approach enables the development of strategies to optimize the polymeric
TGPs performances and identify their limitations rather than relying on effective thermal
conductivity as a benchmark for comparison. The present model considers vapor flow through a
mechanical structure for the first time in TGPs. Indeed, the polymeric TGP in contrast to the
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metallic one requires a denser mechanical structure to support the vapor core thickness during
vacuum due to the flexibility of the polymeric shell. The generated vapor pressure drop along the
TGP has a dual impact on its performance as it affects both the capillary limit and vapor resistance
resulting in a tradeoff between the TGP pumping capacity and thermal resistance, for a given TGP
thickness. To back up the proposed model, experimental characterization was carried out on a
one-step assembled polymeric TGP, to extract simultaneously the total and vapor thermal
resistances. The model highlighted a trade-off in designing the vapor core and wicking structure,
balancing the polymeric TGP pumping capacity and thermal resistance, for a target TGP thickness.
Hence, the current study provides guidelines for defining improvement strategies for TGPs
thermal performances based on the geometry and the type of material used during the
fabrication process. The recommended approach also permits the identification of polymeric
TGPs capabilities and limits rather than depending on the thermal metrics, which may be
misleading while comparing performances.

KEYWORDS: Thermal ground plane, flat heat pipe, polymer, thermal management solution, thermal
resistance, capillary pumping, modeling.

5.3 Introduction

Recent technological developments have led to the emergence of a broader range of electronic
devices, that go well beyond the average printed circuit boards (PCBs), such as LED lamps that
require paths for light and heat, lithium batteries in electrical vehicles that must be cooled over
large areas or in-molds electronics that bring touch sensors and lights into large 3D plastic parts.
These devices require a thermal management solution to maintain optimal performance [14], but
are not well adapted to directly integrate traditional bulky heat sinks next to sources of heat.
These applications are characterized by relatively large surfaces, low heat fluxes and complex 3D
shapes when compared to common electronics on PCBs. There is therefore an opportunity for
alternate thermal management solutions that could meet these needs by having a compact form
factor and being flexible, while achieving acceptable thermal performance for moderate heat
fluxes.

An efficient and compact approach to carry heat out of complex electronic assemblies is with bi-
phasic passive device such as heat pipes and vapor chambers. They are increasingly used to
regulate the temperature in different electronic devices such as laptops or smartphones [43]. In
applications where the heat source is distributed over a large area however, thermal ground
planes (TGP) have been introduced, which act like flat 2D heat pipes since they transport heat but
also like vapor chambers since they can also spread the heat [99]. TGPs are made from a planar
shell to ensure the hermiticity, a wick structure to pump the liquid and a vapor core for the vapor
flow. When the TGP evaporator zone is in contact with a hot surface, the liquid in the porous
media evaporates. Then, the vapor flows to the condenser zone where it condensates in contact
with a cold surface. Afterward, the liquid is pumped back to the evaporator by the porous media.
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TGPs are commonly made from copper, aluminum or silicon, which are not suitable for large
surfaces or flexible applications. To overcome this limitation, researchers have been exploring the
use of polymeric TGPs as a thermal management solution. While polymeric TGPs are light, flexible,
and efficient, the polymeric shell’s low thermal conductivity is a major drawback. This leads to
higher TGP thermal resistance and hinders the achievable heat flux due to the polymer
softening/melting temperature limitation. Additionally, a flexible polymeric shell requires a
mechanical structure to maintain the TGP vapor core thickness under vacuum, in contrast to
metallic TGPs with rigid shells. This structure increases pressure drop in the vapor core which in
turn, leads to an increase in the vapor temperature difference along the TGP under saturation
conditions (further elaboration on this correlation will be provided later). Thus, the vapor
pressure drop affects the pumping capacity and the thermal resistance, leading to a tradeoff
design between these two factors and thickness for polymeric TGP applications.

The impact of the polymeric shell

Researchers on polymeric TGP tried to improve the shell thermal conductivity through the use of
laminated foils or by inserting conductive thermal vias. Oshman et al. fabricated a polymeric TGP
from laminated aluminum-polymer foil [36]. Then, they increased the conductivity of the shell by
switching to copper clad polyimide foil [75]. Later, the authors improved further the conductivity
of the shell by embedding copper thermal vias in the copper clad polyimide foil [78]. Liu et al.
fabricated a TGP from aluminum-polymer foil and removed the polymer from the foil on the
evaporator and condenser parts by laser ablation to decrease the foil thermal resistance [77]Yang
et al. fabricated a TGP from FR4 (Flame retardant) polymer foil where they inserted copper rods
in the evaporator and condenser region [37]. The authors observed, experimentally, a reduction
of 20% in the thermal resistance when inserting rods in the polymeric shell. Hsieh et al. fabricated
a TGP out of silicone rubber. Copper plates were embedded in the polymeric foil for the
evaporator and condenser regions to decrease the thermal resistance [38]. An alternative
approach was proposed by Shirazy and Fréchette which consists of embedding a metallic foam in
the polymer wall, which can simultaneously serve as the wicking media if partially embedded
[100].

The impact of the mechanical structure in the vapor core

Oshman et al. noticed experimentally that the choice of the mechanical structures in the vapor
core affects the TGP thermal resistance [75]. As it was reported, utilizing a polymeric mesh can
speed up the fabrication of the polymeric TGP, but it also presents several challenges such as
water absorption and geometrical restrictions to vapor flow. The pillars wick structure, on the
other hand, was shown to be a strong contender to lower the TGP thermal resistance. The authors
mainly relied on experimental methods to reduce the thermal resistance of polymeric TGPs. They
either increased the thermal conductivity of the shell or decreased the pressure drop within the
vapor core.
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The comparison metric choice

Two metrics are typically used to compare TGPs: the thermal resistance and the effective thermal
conductivity (defined as the conductivity of a hypothetical material if the TGP were replaced with
a solid material, for the same thermal resistance). Table 5.1 shows the thermal resistance of
various polymeric TGPs reported in the literature. It was stated that decreasing the effective
length (the distance between the middle of the evaporator zone and the middle of the condenser
zone) by increasing the condenser or evaporator length or both for a fixed total length, reduces
its thermal resistance [75]. Indeed, the pressure drop and thus, the thermal resistance diminishes,
as the effective length decreases. It is therefore important to note that this metric can vary
significantly depending on the TGP geometry and test configuration. Thus, we need to consider
these parameters while analyzing the results from the literature.

Table 5.1 also highlights that the materials used to fabricate polymeric TGPs vary, with some
utilizing more copper than others. This result in a difference in the TGP effective thermal
conductivity, cost and weight. Although effective thermal conductivity considers the geometrical
dimension and test configuration, when comparing TGP performances, it is essential to consider
other metrics such as material cost and weight. For example, a metallic TGP would have less
thermal resistance across the wall, but at the expense of non-thermal considerations, such as
cost, weight and flexibility. For a given material choice (dictated by non-thermal considerations,
for example), the potential for improvement of a TGP is not obvious by comparing it with TGPs
made from other materials but requires instead more in-depth analysis to identify the dominant
thermal resistance in the device. Therefore, we suggest relying on a simple analytical model to
predict capabilities and limits of TGPs for the materials used, test configuration and geometries
rather than simply depending on the thermal metrics for comparison.

Polymeric TGP tradeoff design

There are several fluidic/thermal analytical models available for metallic TGP applications.
However, these models need to be adapted for the polymeric TGP applications as they contain a
mechanical structure within the vapor core (that is almost non-existent in metallic TGPs). For
instance, Prasher developed a commonly used model based on Poiseuille flow to estimate the
vapor pressure drop and predict the vapor thermal resistance for metallic heat pipes and vapor
chamber applications [74]. Since the Poiseuille equation describes flow between two parallel
plates, this assumption is no longer adequate for polymeric TGP application, where the vapor
flows through a mechanical structure. Consequently, it is necessary to alter a model to account
for the vapor pressure drop inside this structure to foresee and evaluate their impact on the
polymeric TGP performances. The importance of an accurate model for vapor pressure drop lies
in its impact on both the TGP thermal resistance and capillary limit, which in turn affects the
tradeoff between them and TGP thickness.
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Tab. 5.1 Polymeric TGP literature review.

Materials Thicknes Thermal Effective thermal
Authors s resistance conductivit
Shell Wick Vapor R y
core [mm] [°c/w] [W/m.K]
Nylon
Al-poly  Cu mesh 1.31 1.5 577
mesh
Oshman et al
Cu-pol C h Cu pill 0.50 5.0
[36], [75], [78] u-poly u mes u pillars 870
Cu mesh .
Cu-poly oillars Cu pillars 1.00 2.0 500
Xu et al [53] Cu-poly  SSmesh  Cu pillars 0.28 4.0 1400
Liu et al [77] Al-poly SSmesh  Poly mesh 1.47 0.5 1200
Yang etal [37] FR4poly Cumesh  Cupillars 2.00 4.0 98
Hsieh et al Silicone  Cu mesh S|I'|cone 4.00 6.0 135
[38] pillars

Polymeric TGPs effective lengths : 6.5 cm [36], 4.3 cm [75], 3 cm [78], 8.3 cm [53], 5.5 cm [77], 2.7 cm [37], 6.5 cm [38].

To sum up, the primary goal of the current work is to understand the design trade-offs in
polymeric TGPs using an adapted analytical model that, accounts for the mechanical structure
within the vapor core for polymeric TGPs. This aspect has been overlooked in previous studies
since vapor core mechanical structures are generally less intrusive. The model determines the
TGP design that maximizes the pumping capacity and minimizes thermal resistance. Then, using
a one-step assembly process [95] a polymeric TGP is made and underwent thermal evaluation to
simultaneously assess its total and vapor thermal resistance. This test enables us to validate the
suggested model. Finally, a design compromise is identified by balancing the TGP pumping
capacity and thermal resistance.

5.4 TGP design consideration

In this section, we first focus on providing a description of the materials and geometry used in a
fabricated polymeric TGP that serves as a baseline for our study. Then, we define the suggested fluid-
and thermal model to identify the impact of the geometry and materials choices on the TGP pumping
capacity and thermal performances.

5.4.1 Geometry and material choice

Case study geometry:
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To gain a deeper understanding of the underlying physics, we selected a particular geometry for a
case study that was fabricated for experimental validation. The studied TGP active length and width
are 15.5 cm and 2 cm respectively. The shell thickness has been fixed at 150 um, whereas the
thickness of both the wick and vapor core has been varied to investigate their respective effects. The
evaporator and condenser zone lengths are 7.5 cm and 4.5 cm respectively.

'i% @

._ ———

| 500 pm

Aluminum Alus

foil

Shell

Fig. 5.1. Shell, porous media and mechanical structure in the vapor core materials to fabricate polymeric
TGP.

Tab. 5.2 Shell, porous media and mechanical structure in the vapor core materials properties.

TGP Materiel Diameter Pitch Porosity Thickness Thermal Conductivity
part [um] [um] [%] [um] [W/m.K]
Shell |af1\q|iunr:tlngoi| / / / 15047 0.16~0.43
Wick Copper foam 120~300 / 90+3 1000+130 3~6
Nylon fine mesh 200120 410+20 75+1 30030 /
V;przr Nylon coarse mesh  660+15 21504200 8242  980+22 /
Pillars (Simulated) 700 2000 95 / /

68



69

Case study materials:

Figure 5.1 describe the materials used to fabricate the polymeric TGP. The shell is made from
aluminum-laminated foil composed of polyethylene, aluminum and polyimide. The wick is a treated
copper foam, and the vapor core is filled with a nylon mesh. In the context of our investigation
different type of mechanical structures to support the vapor core thickness are compared. In
addition to the coarse mesh in figure 5.1, we studied a pillars distribution with similar dimensions
and a thinner nylon mesh. The wire mesh (or pillar) diameter and pitch are referred to as d and w,
respectively.

The copper foam was treated to create hydrophilic copper oxides (CuO) [81], since water was used
as a working fluid due to its high latent heat of evaporation and surface tension [27]. We refer to the
foam pore diameter and thickness as dj, and t, respectively. The geometrical properties of the
material used to investigate the polymeric TGP performance are summarized in table 5.2.

5.4.2 Thermal resistance model

Fig. 5.2 depicts the typical thermal resistance circuit for TGPs. In our study, we assume that all the
heat travels through the vapor along the path shown in the figure. Since the phase change has the
lowest thermal resistance, we neglected the longitudinal thermal resistance in the shell R}, spey; and
the wick, Ry, por [27]. Thus, the heat is first transferred by conduction through the shell, Rt spey and
the wick structure, Ry por, then by phase change, R, and vapor flow, Ryapor. The thermal
resistance of each TGP component was estimated on the premise of one-dimensional heat
conduction.

The Ry spen is the transversal resistance through the shell in the evaporator and condenser region.
This resistance is calculated through Fourier law for a defined stack of materials as shown in equation
5.1. Where e is the thickness of the material, k its conductivity and A the evaporator/condenser

section.
€;
R = 5.1
T,Shell k- A (5.1)

The Rr por is the thermal resistance due to conduction through the wick. We find different
theoretical models in the literature that estimate the effective thermal conductivity for different
types of wick structures [27]. However, these models do not consider the impact of tortuosity. Ranut
et al. compared different analytical and empirical models of wick effective thermal conductivity to
their numerical simulation [101]. The author’s simulation was validated by experimental data. They
concluded that simpler empirical equations might predict foam effective thermal conductivity more
accurately than complex theoretical models. As a result, we use the empirical equation developed
by Bhattacharya et al. to estimate the effective thermal conductivity of the foam, kes, as follows
[102]:

1-a
keff = a. (S. kf + (1 - 8).k5) + m (5.2)

kT ks
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In equation 5.2, kf is the fluid conductivity, k is the solid conductivity, and € is the wick porosity
defined as the ratio of the empty to the full volume. Bhattacharya et al. defined the constant a =
0.35 from experimental data to account for the pore geometry. This constant can be considered as
the ratio of the pore thickness, t, and the pore diameter, dp. To lower the thermal resistance of the
wick structure, we need to decrease either its thickness or porosity. However, because the wicking
structure pumps the liquid, changing its properties may affect the fluidic cycle. This compromise is
described in the discussion section.
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Fig. 5.2. Thermal resistance circuit for TGPs.

To estimate the conduction thermal resistance, we need to define the materials properties. We
selected a thermal conductivity range for each material at room temperature. Table 5.2 summarizes
the properties of the different TGP part materials.

The Rygpor is the resistance due to the vapor transport. It is mainly due to the vapor pressure drop
across the vapor core. Usually, this resistance is not considered as TGPs are defined by high thermal
conductivity due to the phase change assuming a zero thermal resistance for vapor flow.
Nevertheless, Prasher showed that depending on the vapor core design, this resistance may be
substantial, and its estimation is mandatory [74]. To study the vapor thermal resistance, we need to
link the pressure drop in the vapor core to its temperature gradient assuming saturation conditions.
The suggested procedure is by using the Clapeyron-Clausius equation [103] (equation 5.3) and
considering the vapor as an ideal gas, where hy is the latent heat of evaporation and 7 the ideal gas
constant.

dP _ hyg Psar
dT R Tg,

(5.3)

Prasher estimated the pressure drop in heat pipes and vapor chamber using the Poiseuille equation
[74]. According to the author, the coupling with the Clapeyron-Clausius equation results in a non-
dependency between the vapor thermal resistance and the transferred heat rate, (.
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—Yapor _ . . (5.4)

Equation 5.4 described the vapor thermal resistance variation, where the Q and Rygpor are
estimated for an effective length. The vapor is assumed incompressible (Mach number 0.2), hence
the only parameter influencing the fluid properties is its temperature. The saturation temperature

. ) . dar e dp
condition has a direct influence on TS The vapor pressure distribution along the TGP effects on —

Vapor

P dR . . .
Both terms have similar impact on 0 behavior. The thermal resistance is therefore related to

the hydrodynamic model, and vice versa since the fluid viscosity depends on temperature. We will
simulate this pressure distribution in the next section to link it to its thermal resistance.

The resistance due to the phase change phenomena is R;,;. It is related to the rate of evaporation,
which is given by equation 5.5 [27,55,104] :

. 20 M ( P, P, )

Meyap = =~ D -
2-6 (2n-R T, \/Tl
where P,, T,,, P;, T, are the vapor and liquid pressure and temperature across the meniscus, M is the
molar weight and R is the universal ideal gas constant. The accommodation coefficient  varies from
0.03 to 1 according to the literature [8,11, 104]. Thus, the evaporation rate varies by nearly an order
of magnitude as the accommodation coefficient varies. The calculation of the interface thermal

resistance for a difference of temperature across the meniscus of AT,,; = 1 K,and =1, shows that
the interface thermal resistance is negligible. Thus, we are not going to consider it in this work.

(5.5)

The R¢ snetr/por is the contact resistance between the shell and the wicking structure; this resistance
can be minimized by hot pressing the wick into the shell. To evaluate this resistance, we
experimentally evaluated the thermal resistance of a TGP with an embedded and not-embedded
foam in the aluminum-laminated foil. The influence of this resistance was not measurable, to it is
therefore disregarded here.

The contact resistance R, is between the TGP and the hot/cold source. By applying thermal paste to
cover the gap between the hot/cold source and the TGP, we can estimate this resistance using a
conduction model. The paste thermal conductivity was estimated at 5 W/m.K and its thickness
around 50 pm.

5.4.3 Hydrodynamic model

To model the pressure distribution along the TGP, we assumed that the flow is developed and
incompressible. Then, we defined a controlled volume to delimit the inlet and outlet of the liquid
flow rate and its evaporation rate in the evaporator and condenser region [105]. This led to the
relation expressed in equation 5.6.

mx,l(x) - mx,l(x + dx) = a”’hv,evap (5.6)
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MM, is the liquid inlet and outlet flow rate and 1y, ¢4y is the evaporation rate. From this equation,
we can express the velocity as function of the heat rate, (), the position along the TGP, L,., phase
change enthalpy, kg4, the fluid density, pr and the cross section, A as shown in equation 5.7.

ou 0

4+ 5.7

To account for the pressure drop in the vapor core with the mechanical support structure, Poiseuille
flow relations cannot but be used. There have been some efforts to lessen dependence on this
assumption, such Zimmermann et al. [106] simulation that accounts for the influence of the vertical
component of vapor velocity on vapor pressure loss. However, the impact of vapor pressure drop for
flow in porous media (dense mechanical structure) was not investigated even though it is crucial to
forecast the vapor thermal resistance in TGPs.

To link the velocity to the pressure distribution for flows though porous media, we first need to
estimate the Reynolds number as expressed in equation 5.8 [107], where u as the fluid viscosity, p
as its density, and K as the porous media permeability. Ugyy, is the superficial velocity that is
calculated by considering the available surface of flow against the total surface.

Re, = = (5.8)

For Reynolds numbers smaller than unity, the velocity is proportional to the pressure drop as
expressed by Darcy’s law [107]:

ar K Usup

Ix e (5.9)

For higher Reynolds numbers, the pressure drop due to the inertial term should also be considered.
Ergun presented a model to estimate this pressure drop as shown in equation 5.10 [108]. The first
and second term in the equation is due to the viscous effect and the inertia, respectively. Ergun used
a semi-empirical model (Carma-Kozeny equation) [27,55,109] to estimate the permeability, K as
expressed in equation 5.11, where d is the pore particle and € is the porosity. The Forchheimer
assumption was used for the drag coefficient, Cy.

= Vo~ Uy (5.10
e3-d?
K= 5= (5.11)
K =—(n (1) _ 14674 2£207967 (5.12)
32¢ £ 1+ 0,489¢ — 1,605¢&2
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Fig. 5.3. Vapor and liquid pressure drop distribution along the TGP for different types of mechanical
structure in the vapor core, for the same power and thicknesses.
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Fig. 5.4. Vapor and liquid pressure drop evolution in function of the vapor over liquid core thickness ratio,
for constant total TGP thickness of 3 mm and a vapor core filled with coarse mesh.

Macdonald et al. compared the Ergun-Carma-Kozeny model (Eqns 5.10-5.11) to a series of
experimental measurements for several types of porous media [110]. The authors concluded that
the Ergun-Carma-Kozeny equation has a 50% accuracy in predicting the pressure loss for various
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porous media other than spherical particles. As a result, the authors advised adjusting the porosity
term coefficient when applying equation 5.11 to porous media other than spherical particles.
Celebican et al. [111] also used the Ergun-Carma-Kozeny equation to predict the permeability of a
stack of meshes for laminar and turbulent regimes. The authors concluded that the Ergun equation
might be used as a reference to estimate the pressure loss for a stack of wire meshes, however an
experimental characterization is required to extract the precise value of permeability. For the
present model, we are going to use the Ergun-Carma-Kozeny model to forecast the vapor pressure
loss while also considering the model’s inaccuracies. Since we are comparing different types of
mechanical structure in the vapor core, we introduce Drummond model (Eqn 5.12) [91] to estimate
the pillars structure permeability. This model is shown to be adequate for high porosity pillars
structure. Thus, to estimate the vapor pressure drop, we use different models based on the type of
mechanical structure within the vapor core. The Ergun-Carma-Kozeny model (Eqns 5.10-5.11) is
used for meshes, and the Ergun-Drummond model (Eqns 5.10-5.12) for pillar structures.

To comprehend the behavior of the pressure distribution within a TGP, we analyzed the
configuration described in section 5.4.1. We used a hydrophilic treated copper foam for the liquid
core and different types of mechanical structure (pillars and meshes) in the vapor core. The
permeability of these structures in the vapor core was estimated using theoretical models. The
Carma-Kozeny (Egn 5.11) model was used to estimate the permeability of the meshes and the
Drummond (Egn 5.12) model for the pillar’s permeability. The properties of the copper foam in the
liquid core were extracted experimentally by a rate of rise measurement [70]. The results showed
that the effective pore radius and the permeability of the treated copper foam are 337 + 6 um and
2e — 10 + 0.7e — 10 m? respectively. The vapor and liquid pressure loss are estimated for a heat
rate of 7 W, a vapor and liquid core thicknesses of 2 mm and 1 mm respectively, and an operating
temperature of 50°C.

We define the maximum pressure loss as the addition of the vapor AP, and liquid AP; pressure drop
at the beginning of the evaporator. This value must be below the maximum capillary pressure, Peqp,
generated by the liquid core to prevent the evaporator from drying out. Equation 5.13 describes this
behavior, commonly known as the capillary limit. Since the pumping wick structure remains the
same, we expect a constant maximal capillary pressure in our study. Figure 5.3 represents the ratio
of the total pressure drop (liquid and vapor) over the maximum pumping capacity along the TGP for
different mechanical structures in the vapor core. We observe that the fine mesh generates the
biggest pressure loss, and the pillar wick structure (diameter of 0.7 mm and a pitch of 2 mm)
generates the lowest pressure drop. These pillar dimensions were the same as the coarse mesh
diameter and pitch (as shown in Table 5.2) to simulate the effects of the type of mechanical structure
in the vapor core.

Peap = AP, + AP, (5.13)
Figure 5.4 illustrates two ratios. The vertical axis represents the ratio of the total pressure loss (both

liquid and vapor) to the maximum capillary pressure. Meanwhile, the horizontal axis shows the ratio
between the thickness of the vapor core and the wick, for a coarse mesh in the vapor core.
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Fig. 5.5. Capillary limit function of the type and thickness of the vapor core for (a) fixed total thickness, (b)
fixed liquid core thickness (1Imm). Operating temperature of 50°C.

We set the total TGP thickness (without the shell thickness) at 3 mm, so when the vapor core
thickness increases the liquid core thickness decreases. While the liquid pressure drop increases with
a decrease in the liquid core thickness, the vapor pressure drop reduces as the vapor core thickness
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increases. At small vapor core thickness, the vapor pressure drop is so high, that the capillary limit is
reached. Figure 5.4 shows that we reach a minimal value at a thickness ratio of 1.2, for the specific
materials. This optimal thickness ratio would allow a higher power before reaching the capillary limit.

This can directly be seen by plotting the maximum power at the capillary limit as a function of the
thickness ratio. The figure 5.5.a. depicts the maximum heat load (per unit of TGP width) at various
total thicknesses for pillars and meshes in the vapor core. The dashed lines represent the maximum
heat load (before reaching the capillary limit) for different total thickness using a coarse mesh, with
the symbols identifying the maximum for each thickness. The maxima are also shown by symbols for
the pillars and fine mesh. We note that the highest capillary limit is seen in TGPs with pillars in the
vapor core. Compared to TGPs with coarse and fine mesh, they pump 30% and 70% more,
respectively. Additionally, we observe that regardless of the TGP total thickness, the ratio of the
vapor over liquid core thickness that maximizes heat load remains the same. This ratio varies from
1.2 for a coarse mesh to 3.2 for a fine mesh and 1.03 for pillars. We also remark that thicker TGPs
lead to higher pumping capacity.

Although the pumping capacity before reaching the dry-out usually defines the maximum
transferred heat rate, the thermal resistance of conduction through the materials may be more
restrictive for polymeric TGP. For instance, the maximum heat rate that could be transferred with a
temperature difference of 2°C across a 150 um thick polymeric shell with a thermal conductivity of
0.5 W/m K is 5 W/cm (heat rate per unit TGP width). Depending on the application requirements,
this temperature increase could be limiting, such as if high temperature uniformity is required or if
overheating must be prevented in hot conditions to prevent softening of the polymer (below 100°C
for Polyethylene, for example).

Alternatively, the trade-off between liquid and vapor pressure drops can be seen by varying the
vapor core thickness while keeping the liquid core thickness constant (Figure 5.5.b) We observe that
the maximum heat rate increases when the vapor core thickness increases, as expected due to the
reduction in vapor pressure drop. This benefit fades at higher thicknesses, once the vapor pressure
drop become less important compared to the liquid pressure drop. For example, the coarse mesh
provides limited gain when its thickness goes beyond 2.5 mm. Thus, increasing the vapor core
thickness after a certain limit has little impact on the maximum transferred heat rate.

From the presented model, we can also forecast the impact of TGP length on its pumping capacity.
For given thicknesses, the pumping capacity diminishes over longer effective lengths, as the pressure
drop increases.

5.4.4 Evaluation of the coupled thermal-hydrodynamic vapor core model

Now that we estimated the vapor pressure distribution along the TGP (Egns 5.10-5.11-5.12), we can
predict its thermal resistance Ryqp0r for different mechanical structures (pillars and mesh) in the
vapor core. This resistance was estimated for a vapor core thickness of 2 mm (the wick thickness is
1 mm) and a transmitted heat rate of 7 W. As Prasher advanced that the operating temperature is
linked to the vapor resistance, we varied the operating temperature at the adiabatic region from
30°C to 70°C [74].
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Fig. 5.6. Vapor thermal resistance slope for coarse mesh along the TGP for a vapor core thickness of 2 mm
and a transmitted heat rate of 7 W.
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Fig. 5.7. Vapor thermal resistance for different types of mechanical structures in the vapor core (vapor
core thickness of 2 mm and a transmitted heat rate of 7 W).

. . . dR
Figure 5.6 represents the variation of the vapor thermal resistance slop —=£2" along the TGP for a

dx

coarse mesh under different operating temperatures. The results were obtained by linking equation
5.4, which relates the vapor thermal resistance slope to the vapor pressure drop, with equations

77



78

5.10-5.11-5.12, which estimate the vapor pressure drop for various mechanical structures within the

dR . . e . .
vapor core. The % increases in the evaporator, stabilizes in the adiabatic part, and decreases
in the condenser along with the heat rate (), as seen in figure 5.6 and expressed in equation 5.5.
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Fig. 5.8. Theoretical effective and vapor thermal resistance for the TPG with (a) pillar wick structure, (b)
coarse mesh in the vapor core.

The % is then numerically integrated to draw the Rygpor (X) along the TGP for an effective

length of 9.5 cm as shown in figure 5.7. We observe from the figure that the vapor thermal resistance
varies significantly with temperature for a change of 90% from 30°C to 70°C for a coarse mesh in the
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vapor core. This is because the fluid properties are dependent on temperature under the saturation
conditions. From 30°C to 70°C, the phase change enthalpy, vapor viscosity, and density all vary by
4%, 10%, and 80%, respectively. For a constant flow rate, the density affects the velocity. A high-
density fluctuation significantly alters the velocity and hence the pressure loss. We also noticed that
the vapor thermal resistance changes depending on the type of mechanical structure in the vapor
core. The pillars create the lowest vapor thermal resistance because they generate the smallest
pressure drop.

Now that we can express the vapor thermal resistance, we can forecast the overall TGP thermal
resistance as represented in figure 5.8. As previously mentioned, the shell is made from aluminum-
laminated polymer foil and the wick is made from copper foam. We estimated the TGP thermal
resistance for pillars (figure 5.8.a) and coarse mesh (figure 5.8.b) in the vapor core. We observe that
at lower operating temperature, the most dominant resistance is due to the vapor transport. Once
the temperature increases, the dominant thermal resistance is due to the materials conduction since
the vapor core resistance reduces significantly. We also remark a 50% difference between the
thermal resistance of a TGP with pillars versus a mesh at lower temperature. The difference drops
however to 7% at higher temperature. Thus, to lower the TGP thermal resistance at higher
temperature, we need to reduce the shell and wick material resistances. The total thermal resistance
with fine mesh was not considered here since as shown in Figure 5.7, the vapor thermal resistance
for the fine mesh is the greatest and never falls below unity, even at higher temperatures.

We point out that, for this part, we only evaluated the accuracy range of material conduction. Figures
5.8.a and 5.8.b show a shadow region that corresponds to this validity interval. Due to the empirical
methods employed to estimate the permeability of porous media (mechanical structure) and the
drag coefficient, we will evaluate the validity range for vapor thermal resistance in the next section
on experiment characterization.

5.5 Methods and experiment

The thermal resistance predictions presented above should be evaluated against experimental
measured for validation. In this section, we are going to describe the process for fabricating a
polymeric TGP as well as the test bench used to characterize it. Experimental measurement will then
be presented along with extraction of the total and vapor thermal resistances.

5.5.1 Fabrication Process Flow
The polymeric TGP is fabricated in one step as we do the filling and assembly at the same time [95].

Preparing the materials is the first step of the suggested process. The shell and the mechanical
structure in the vapor core are cut and cleaned with acetone, Isopropanol and rinsed with water. For
this experimental characterization, the coarse mesh will be used for the vapor core. The copper foam
wick is chemically treated to create hydrophilic copper oxide (CuO) to use water as a working fluid.
Then, while considering the volume of water lost during the vacuum period, we inject water in the
foam with 80% filling ratio. The bonding is completed by hot pressing within a vacuum chamber.
Compared to more traditional TGP fabrication approaches, the process flow shown in figure 5.9
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removes the need for a filling tube and drastically decreases the number of fabrication processes
and production time. Figure 5.10 shows the fabricated TGP with an active length and width of 15.5
cm and 2 cm respectively, and a thickness of 3.5 mm. Figure 5.1 and Table 5.2 display the materials
properties used for the polymeric TGP fabrication.

I
Aluminum- Treated Coarse nylon
laminated foil copper foam mesh

O\
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Filling \

.4 .-q.-’

P < latm

Assembly

Fig. 5.9. Polymeric TGP fabrication process flow with a single filling and assembly step.

Fig. 5.10. The fabricated flexible polymeric TGP.

5.5.2 Experimental setup

A test bench shown in Figure 5.11 was designed to characterize the fabricated TGPs at moderate
heat fluxes. The TGP is heated on one end using a power supply from Brunell Instrument (30VDC,
3A), and cooled on the other end using a Polyscience thermostatic bath. The cold plate is 4.5 cm
long, while the hot plate is 7.5 cm long, separated by a 3 cm adiabatic part. The size of the fabricated
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polymeric TGP is large with 25 cm length and 5 cm width to account for the non-condensable gazes

and the edges during the characterization test.
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Fig. 5.10. Thermal characterization set-up for TGPs.

We placed two type T thermocouples at 5.5 cm and 2.5 cm apart in the evaporator and condenser,
respectively. Heating and cooling are done on only one side of the TGP, while the opposite side is
used for additional temperature measurements and is covered by thermal insulation to act as an
adiabatic boundary condition. Additionally, two type T thermocouples were put on the TGP top side
at 5.5 cm and 3 cm apart in the evaporator and condenser, respectively. To monitor the temperature
variation over time, the thermocouples were connected to a 34970A Agilent Data Logger that was
coupled to a computer.

The average measured temperature in the evaporator and condenser is used to calculate the TGP
thermal resistance, as shown in equation 5.14. The collected heat at the condenser, Qo q is Used,
rather than the injected heat at the evaporator, to account for heat loss via the test bench. Two
thermocouples were placed along the aluminum block in contact with the cold plate to extract this
collected heat, using Fourier’s Law. The estimated heat loss between the aluminum bloc and the
ambient was negligible.

Tog —T
R,, = £ —m¢ (5.14)
Qcond

The uncertainty measurement of the connected thermocouples and the ruler to measure the
distance between them, are o = £0.5°C and g, = +£0.01 mm respectively. Additionally, a
repeatability test was conducted to determine the inaccuracy of the fabrication process
repeatability, Ogep. From these values, the total measurement uncertainty is estimated to be 12%
using equation 5.15.

dR )2 4 ( dR
— 0, :
dAT AT dQcond

ogr = |( "06,0na)> T+ Orep® (5.15)
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5.5.3 TGP vapor thermal resistance

To investigate the validity of the suggested model we need to extract simultaneously the total and
vapor thermal resistance experimentally. Thus, we inserted four thermocouples between the TGP
and the hot/cold source and four more between the TGP top and the insulation.
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Fig. 5.12. Temperature profile along the TGP with a thickness of 2 mm of vapor core (coarse mesh). (a)
Bottom, (b) Top. (measurement uncertainty is +0.5°C).

The first four thermocouples measure the evaporator and condenser temperatures to estimate the
device overall thermal resistance. Given that the top surface of the TGP is insulated, the second set
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of four thermocouples is thought to be measuring the vapor temperature. Indeed, since there is no
heat flux through the top surface, there should not be a temperature gradient. This simple approach
therefore allows remote measurement of the internal vapor temperature. An analogous approach
has been used in the literature by fabricating half TGPs with a glass-transparent top shell to observe
the phase change phenomena [112]. Therefore, using this adapted technique, we can experimentally
extract the vapor thermal resistance and the total thermal resistance at the same time.

Figures 5.12.a and 5.12.b describe the temperature profile (top and bottom) in steady state regime
along the TGP for different power levels. From figure 5.12.a we can extract the TGP total thermal
resistance as we monitor the evaporator and condenser temperature since the thermocouples are
between the hot/cold sources of the TGP. We observe that the higher the collected heat rate, the
higher the temperature difference in the evaporator. We assume that as the heat rate increases, the
temperature difference in the evaporator increases, as we get closer to dry-out. Figure 5.12.b
monitors the vapor temperature along the TGP to extract the vapor thermal resistance at different
collected heat rates. We observe that the vapor temperature difference along the TGP diminishes as
the collected heat rate increases. The vapor thermal resistance is strongly related to the operating
temperature as was observed in the section 5.4.3. Since we are in saturation conditions in the TGP,
the temperature difference decreases as the vapor pressure drop decreases at higher operating
temperature.

[ Vapor core
B Shell+Wick

Thermal resistance [°C/W|]

4.6 7.1 102 12.6
Heat load [W]
Fig. 5.13. Experimental effective and vapor thermal resistance for the polymer TPG.

Figure 5.13 summarizes the total and vapor thermal resistances as a function of the collected heat
rate for the fabricated TGP. As the vapor thermal resistance was measured experimentally, we may
subtractits value from the total resistance to extract the material conduction resistance. We observe
that the vapor thermal resistance varies with the collected heat rate and the operating temperature,
but the thermal resistance arising from the material conduction is constant at about 1.5 °C/W. The
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smallest measured vapor thermal resistance is 0.6 °C/W at 12.6 W. We experimentally demonstrate
that the material conduction limits the TGP capabilities at higher temperatures, whereas the
vapor thermal resistance dominates at lower operating temperatures, as was predicted. From the
experimental measurement of vapor temperature along the adiabatic part and the transferred heat
rate, we can estimate the vapor thermal resistance, Ryqpor as described previously in our model.
Figure 5.14 represents a comparison between the vapor thermal resistances obtained theoretically
and experimentally, which are in good agreement considering the uncertainties. The Carma-Kozeny
equation was shown to have a 50% variation in pressure loss estimation for a porous media
(mechanical structure) other than spherical particles. This induces a variation of 40% in the vapor
thermal resistance. Thus, to increase the model accuracy, experimental measurements can be done
for each type of dense mechanical structure in the vapor core to ascertain its permeability and drag
coefficient.

{F.xpcrimcmal

Thermal resistance [°C/W]

Heat load [W]
Fig. 5.14. Theoretical and experimental vapor thermal resistance of the TGP.

Furthermore, since the pressure loss from evaporation and condensation is not considered in this
model, the temperature used to estimate the pressure loss might be slightly lower than expected.
As a result, the experiment measurements and the model predictions of thermal resistance ought to
be even closer.

5.6 Discussion

We introduced an adapted theoretical model to forecast the polymeric TGP thermal resistance.
This model is based on the material conduction, the vapor flow, and the evaporation rate. We
described the relation between the TGP vapor pressure drop and the temperature difference.
Then, we emphasized the importance of relying on an accurate model to predict this vapor
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pressure loss for polymeric TGPs. Indeed, the commonly used Poiseuille equation is not suitable
for polymeric TGP application given the need for a mechanical structure in the vapor core to
maintain its thickness under vacuum. Based on theoretical and experimental observations, we
realize that there is a trade-off between the pumping capacity and thermal resistance for a target
TGP thickness. The vapor pressure drop affects these two factors, thus we can define a geometry
that effectively balances high pumping capacity and low vapor thermal resistance.
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Fig. 5.15. Maximum capillary, vapor and wick transferred heat load as a function of the vapor core
thickness (fixed total thickness of 3mm).

Figure 5.15 shows the maximum pumping capacity for a total vapor and liquid core thickness of 2
mm or 3 mm at an operating temperature of 50°C (dashed line). Since the overall TGP thickness
is fixed, the liquid core thickness changes opposite to the vapor core thickness. As it has been
previously stated, there is an optimum vapor core thickness for a fixed total thickness that
minimize pressure drop and maximize pumping capacity (peak of dashed curves).

In addition to the capillary limit, we can now introduce a limitation due to the vapor flow thermal
resistance. This limitation was estimated as the maximum transferred heat rate before reaching
a certain value for the vapor thermal resistance. The lowest value of the vapor thermal resistance
during experimental characterization was established at 0.6 °C/W. Thus, we overlay on Fig. 5.15
a curve of the maximum transferred heat rate before reaching this resistance for coarse meshes
in the vapor core (line with symbols). The vapor pressure drop decreases as the vapor core
thickness increases, which results in a rise of the maximum transmitted heat rate before the vapor
thermal resistance exceeds 0.6 °C/W. Consequently, if the application requires a moderate
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pumping capacity and low thermal resistance, we suggest being in the region of the graphic where
the vapor core thickness is the highest.
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Fig. 5.16. The impact of porosity on the wick thermal resistance and capillary transport limitation.

As we investigated the effect of vapor core thickness on the vapor thermal resistance, we need
to investigate the impact of liquid core thickness on the wick thermal resistance. Conduction
across the wick’s thickness will lead to an additional temperature difference, which could become
limiting. Since the wick we use has a low thermal conductivity of only ~5 W/m.K, a non-negligible
temperature gradient across its thickness is expected to transfer higher heat rate. To consider
this effect, we introduce a maximum allowable temperature difference, shown as the orange
dashed curves in Fig. 5.16. As observed, the maximum amount of heat that may be transferred is
also limited by the thermal transport of the wick for a 1°C temperature difference across its
thickness.

The graphic indicates that the TGP first limit is caused by vapor transport at thinner thicknesses.
Therefore, a thicker or less dense mechanical structure in the vapor core is needed to lower its
thermal resistance. The second limit that the TGP meets is the resistance across the thickness of
the foam because of its moderate thermal conductivity. The last limit results from the pumping
capacity, which sets the maximum amount of heat that may be transported by the TGP. Thus, a
recommended design should attempt to distance both the wick limit and the vapor limit by
selecting an appropriate mechanical structure and wick (hashed green zone).

Since the wicking structure plays a major role in pumping the liquid, we explore the impact of its
porosity on its thermal and fluidic performances. The effective pore radius was assumed to be
constant, so just the pressure drop varies (not the capillary pressure), and the permeability
depends only on the porosity. Thus, the impact of porosity on permeability was investigated.
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Equations 5.16 and 5.17 were used to express the pore diameter, d,, and pore particle d,
assuming that the particles are spherical, to relate the porosity to the permeability [113]. 4,, is
the wetted surface.

4-p
d, =—— (5.16)
A,
6
d=— (5.17)
A,

Figure 5.16 depicts the impact of the wick porosity on its transversal thermal resistance and the
TGP capillary limit. The figure demonstrates how a 40% decrease in porosity (from 90% to 50%)
causes a 90% decrease in the foam thermal resistance. However, this decrease in porosity results
in a 26% reduction in the maximum amount of heat that may be transferred before reaching the
capillary limit. Depending on the application need, the decrease in thermal resistance may be
sufficient to compensate for the decrease in pumping capacity.

To sum up, we understand:

e Based on the analytical and experimental observations, we can define the type of
mechanical structure in the vapor core that minimizes the pressure loss and thus the TGP
thermal resistance. The pillars appear to be a promising possibility since they do not
generate much pressure drop relative to meshes.

e From the combination of maximum pumping capacity and minimal vapor thermal
resistance, we should be favoring the vapor core over the liquid core thickness to reduce
the TGP thermal resistance.

e From the above discussion, decreasing the wicking structure porosity leads to an increase
in its thermal conductivity and thus reduces the TGP thermal resistance without too much
affecting the pumping capacity.

e From the model and experiment, the most dominant thermal resistance is the material
conduction at higher operating temperature (above 50°C). The literature pointed out that
reducing the thickness of the polymeric parts in the shell or inserting thermal conductive
vias decreases the TGP thermal resistance and brings uncertainty on its hermiticity [36],
[76], [78].

5.7 Conclusion

In this paper, we introduced an adapted model for the TGP pressure loss and thermal resistance
that considers for the first time the dense mechanical structure in the vapor core. The suggested
model predicts the capillary limit and the overall thermal resistance with a limitation due to a 50%
non-accuracy on the permeability and drag coefficient calculation. These parameters must be
extracted experimentally. However, this non-accuracy does not impact the strategy suggested to
improve the TGP fluidic and thermal performances. As we observed, for low operating
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temperature at low heat fluxes, the vapor thermal resistance was the most dominant resistance.
Consequently, having an optimum design that reduces the vapor pressure drop and thus its
thermal resistance is mandatory for low temperature operation. We suggested favoring the vapor
core over the liquid core thickness and using an adapted mechanical structure in the vapor core
that minimizes pressure drop. For higher operating temperature at higher heat fluxes, the
material conduction was the most dominant. At these temperatures, the material choice is
crucial. We recommend using materials with high conductivity like using a wick structure with
lower porosity or a thinner polymeric-metal shell. To sum up, we suggested and experimentally
validated a model that links the fluidic to thermal performances in TGPs. The suggested model
offers guidelines for defining the optimum design for TGPs considering a balance between
maximal pumping capacity and low thermal resistance. Moreover, the model allows the
identification of any TGPs limitations and capabilities without relying on thermal metrics (thermal
resistance/ effective thermal conductivity), that might be deceiving when comparing TGPs
performances.
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CHAPITRE 6

CONCLUSION

6.1 Synthese

Le projet s'inscrit dans le domaine de la gestion thermique des appareils électroniques flexibles, a
faible flux de chaleur et a grande surface. La solution de gestion thermique que nous proposons pour
ces dispositifs est le caloduc polymérique. La premiére partie de cette thése vise a définir un modeéle
théorique permettant de prédire et de développer des stratégies d'optimisation des performances
thermiques du caloduc. La seconde partie inclut un nouveau procédé de fabrication des caloducs
polymériques a moindre co(t.

Le premier objectif de cette thése est de définir la conception de la structure poreuse qui maximise
la puissance transmise par le caloduc. Pour cela, un modele 1D est développé pour prédire la limite
capillaire et la puissance maximale transmise par un caloduc plat. Nous avons observé |'existence
d'un rapport optimal entre les hauteurs du liquide et de la vapeur pour une hauteur totale fixe du
caloduc, ce qui permet de minimiser les pertes de charge et d'augmenter la limite capillaire. De plus,
nous avons constaté qu'une distribution de densité du milieu poreux permet d'obtenir de meilleures
performances, atteignant jusqu'a 1.5 fois celles d'une distribution de densité constante. Cette
distribution de densité est particulierement utile pour les composants a grande surface, donc une
large surface d'évaporation.

Le deuxiéme objectif consiste a coupler le comportement fluidique et thermique des caloducs afin
de maximiser la puissance transmise et de réduire la résistance thermique. Le circuit des résistances
thermiques du caloduc est utilisé pour évaluer lI'impact de chaque résistance. Nous avons remarqué
gue, contrairement aux caloducs métalliques, la résistance de conduction des matériaux joue un réle
important dans les caloducs polymériques. Nous avons également observé l'existence d'une
résistance variable due au déplacement de la vapeur. Cette résistance devient prédominante lorsque
les pertes de charge de la vapeur sont élevées et/ou que la température de fonctionnement est
faible. Ainsi, pour réduire la résistance thermique du caloduc et augmenter sa puissance maximale
transmise, il est nécessaire de concevoir efficacement le corps vapeur. Enfin, la coquille en polymeére
reste la principale source de résistance, il est donc important de rechercher des moyens d'améliorer
sa conductivité thermique afin de réduire la résistance thermique du caloduc.

Le dernier objectif de cette these est de développer un nouveau procédé de fabrication des caloducs
polymériques en une seule étape d'assemblage. Le procédé de fabrication conventionnel comporte
plusieurs étapes et nécessite |'utilisation d'un tube de remplissage pour |'évacuation du vide et le
remplissage du fluide. Le procédé de fabrication que nous proposons permet d'effectuer
I'assemblage, le remplissage et le scellage en une seule étape. Ainsi, le nombre d'étapes de
fabrication est considérablement réduit et |'utilisation du tube de remplissage est éliminée. Le
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caloduc fabriqué présente une conductivité thermique effective de 833 W/mK. Nos résultats se
situent dans la fourchette des conductivités thermiques des caloducs polymériques rapportées dans
la littérature, qui varient entre 100 et 1000 W/mK.

6.2 Résumé de la contribution

Dans le cadre de cette these, nous avons modélisé puis fabriqué un caloduc polymérique. L'objectif
de la modélisation était de maximiser la puissance transmise par le caloduc et de réduire sa
résistance thermique. Le volet fabrication a introduit, pour la premiére fois, un procédé viable en
une seule étape d'assemblage pour les caloducs plats polymériques.

Le design que nous proposons permet d'optimiser la puissance capillaire pour tous types de
caloducs. Nous avons également souligné I'importance d'une distribution de densité des milieux
poreux dans le cas ou les caloducs posseédent une large surface d'évaporation. Le couplage des
modeles fluidiques et thermiques met en évidence le compromis entre la puissance de transfert du
caloduc et sa résistance thermique. Ce couplage permet un design optimisé du caloduc, ou la
puissance de pompage est maximisée et la résistance thermique est minimisée. Ces deux aspects
sont souvent étudiés séparément, alors qu'il existe un lien direct entre eux.

Enfin, nous proposons un procédé de fabrication de caloducs polymériques en une seule étape, ou
le remplissage, le tirage du vide et le scellage sont effectués simultanément. Ce procédé de
fabrication élimine I'utilisation des tubes de remplissage conventionnels et réduit le nombre
d'étapes de fabrication. Cela se traduit par une solution de gestion thermique moins colteuse,
légere et flexible, idéale pour les applications a faible flux de chaleur et a large surface.
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Fig. 6.1. Flux de chaleur et résistance thermique de différents caloducs (les travaux de cette thése sont en
vert).
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Le caloduc polymérique fabriqué a été caractérisé afin d'obtenir sa résistance thermique. La Figure
6.1 présente les résistances thermiques et le flux de chaleur maximal transporté par différents
caloducs polymériques et métalliques. Il est important de souligner que, lors de notre
caractérisation, le flux de chaleur transporté n'était pas limité par le pompage capillaire, mais par la
température de ramollissement des polymeres. A partir de la Figure 6.1, nous observons une plage
d'amélioration de la résistance thermique du caloduc polymérique fabriqué. Le Tableau 6.1 présente
les dimensions, le flux de chaleur maximal transporté et la résistance thermique de divers caloducs
répertoriés dans la littérature.

Tab. 6.1. Dimensions, flux de chaleur maximale transporté et resistance thermique des caloducs dans la
littérature.

Tvbes de caloduc Dimension Flux de chaleur Résistance thermique
P [mm] [W/cm?] [°C/W]
Chambre a vapeur Dl,am‘etre 100 150 01
cuivre Epaisseur 8
[28] Sutfac.e 90 par 90 o6 01
[114] Epaisseur 4.5
Caloduc plat cuivre Surfa/ce ‘180 par 180 25 0.05
[115] Epaisseur 3
Caloduc plat Surface 415 »10
aluminium urtace par 12.8 0.1
Epaisseur 6.3
[116]
Caloduc plat Hybrides Surface 80 par 20 3 6
[38] Epaisseur 4
Caloduc plat Hybrides Surface 95 par 50 05 5
[79] Epaisseur 1 '
Caloduc plat Hybrides Surface 95 par 50
. 3.5 1
[36] Epaisseur 1.3
Caloduc plat Hybrides Surface 40 par 35 5 4
[37] Epaisseur 1.5
Caloduc plat Hybrides Surface 150 par 50
c . 15 1.8
[95] Epaisseur 2.3
Caloduc plat polymeére  Surface 150 par 20
c . 0.5 9.4
Annexe B Epaisseur 2.1

Cependant, le graphique 6.2 qui illustre la résistance thermique par unité de cot du matériau et du
poids démontre que la solution que nous proposons offre le meilleur rapport qualité-prix. En effet,
notre caloduc polymérique est nettement moins cher et plus léger que les caloducs polymériques
décrits dans la littérature, qui utilisent peu de polymeére et beaucoup de cuivre ou d'aluminium. Les
informations détaillées sur le calcul de cette métrique sont présentées dans I'annexe C. De plus, pour
des applications nécessitant des flux de chaleur plus faibles, nous proposons le caloduc polymérique

91



92

entierement composé de polymere (les détails de sa fabrication sont donnés en annexe B). Bien que
ses performances soient plus limitées, ce caloduc offre le meilleur rapport qualité-prix. Cette
solution pourrait étre idéale pour des applications a tres faible flux de chaleur.
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Fig. 6.2. Comparaison entre les différents caloducs en conductivité thermique par codt et masse des
matériaux (les travaux de cette thése sont en vert).

6.3 Lecons apprises

Lors de la fabrication et de la caractérisation des caloducs polymériques, nous avons rencontré
plusieurs problématiques, notamment :

¢ Nous avons rencontré des difficultés lors du collage par pressage a chaud pour obtenir un
joint hermétique. Le choix du matériau de I'élément chauffant et de ses dimensions est
critique pour assurer le succes du collage. Nos études théoriques et expérimentales ont
démontré que l'utilisation d'un élément chauffant en nickel-chrome, avec les dimensions
spécifiées, permet d'obtenir des joints de collage hermétiques. Nous avons également
remarqué que I'emplacement du fil (au milieu de la coquille ou par-dessus la coquille) peut
influencer la complexité du processus, mais les deux options donnent des résultats similaires.

e L'imbibition du milieu poreux dans la coquille est une approche efficace pour réduire la
résistance de contact. Cependant, en raison de la nature malléable du polymeére, nous avons
constaté une déformation importante du caloduc pendant le processus. Cela est di aux
caractéristiques de rétraction et de déformation du polymére brut utilisé lors du chauffage.
Nous suggérons donc d'utiliser des feuilles laminées polymére-métallique qui conservent
leur structure pendant le chauffage, ou d'utiliser un polymeére brut dont la structure n'est pas
affectée par le réchauffage.
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Lors de la caractérisation, nous avons observé que les dissipateurs thermiques placés sur
I'élément chauffant et refroidissant doivent étre aussi minces que possible. En effet, des
dissipateurs épais peuvent entrainer une distribution de température non uniforme et
fausser les résultats obtenus.

6.4 Continuité des travaux

Les résultats que nous avons obtenus dans le cadre de cette these sont encourageants. Cependant,
nous suggérons quelques travaux supplémentaires afin d'approfondir notre compréhension et de
valider nos théories. Voici quelques suggestions :

Explorer 'utilisation d'autres types de milieux poreux dans le corps vapeur et le corps liquide.
Nous prédisons que l'utilisation de piliers dans le corps vapeur et de poudre frittée dans le
corps liquide pourrait améliorer les performances thermiques du caloduc polymérique en
réduisant les pertes de charge vapeur et en augmentant la porosité du milieu poreux. Il serait
intéressant de valider cette théorie expérimentalement en réalisant des tests avec ces
configurations.

Effectuer une caractérisation expérimentale de la perméabilité des milieux poreux. Nous
avons observé que les relations empiriques actuelles ne correspondent qu'a environ 50% aux
données expérimentales. Afin d'améliorer la précision de nos modeles, il serait nécessaire de
développer notre propre banc d'essai pour caractériser les milieux poreux et de réaliser des
tests de trempage afin d'obtenir des données fiables et précises.

Ces travaux supplémentaires nous permettront d'approfondir notre compréhension du
comportement des caloducs polymériques et de valider nos modeéles et théories théoriques.

6.5 Perspectives

Les travaux de cette thése ont permis de mieux comprendre le fonctionnement des caloducs
polymériques et ont ouvert la voie a de futures améliorations pour leurs performances. Afin de
pousser encore plus loin les performances du caloduc polymérique, nous proposons les actions
suivantes :

Raffiner la conception des matrices de piliers pour obtenir une distribution de densité
continue a l'évaporateur, éliminant ainsi la discrétisation en seulement trois (3) zones
distinctes. Cela permettrait une meilleure optimisation de la répartition des milieux poreux
et une amélioration des performances thermiques du caloduc.

Effectuer des recherches sur la chimie des matériaux polymériques afin d'améliorer a la fois
leur conductivité thermique et leur herméticité. En développant de nouveaux matériaux ou
en optimisant les formulations existantes, nous pourrions augmenter |'efficacité de la
transmission thermique et garantir une meilleure étanchéité de la coquille du caloduc.
Développer un procédé de fabrication a plus grande échelle pour industrialiser la production
de caloducs polymériques peu colteux, légers et flexibles, adaptés a la gestion thermique
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des composants électroniques flexibles. Un procédé de fabrication efficace et économique
permettrait une production en série de ces dispositifs, ouvrant ainsi la voie a des applications
a plus grande échelle.

En réalisant ces actions, nous pourrons améliorer les performances et |'efficacité des caloducs

polymériques, ouvrant la voie a une gestion thermique plus efficace et durable pour les composants
électroniques flexibles.
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L'auteur a fabriquer et tester les caloducs polymériques fabriqués.
L'auteur a rédigé 100% du contenu de I'article.

Contribution du document :

Dans cet article nous introduisant un nouveau procédé de fabrication pour les caloducs
polymériques. Notre nouvelle approche permet de fabriquer les caloducs polymériques en étape
seulement, ol nous faisons le remplissage, le tirage du vide et le scellement en une étape. Ce
procédé de fabrication permet d’une part le retrait du tube de remplissage qu’on trouve sur tous les
caloducs plat et chambre a vapeur, et d’autre part permet de grandement réduire le colt de
fabrication de ces dispositifs.

Résumé frangais :

Cet article présente une nouvelle approche pour fabriquer les caloducs polymériques (TGP), qui
consistent en des caloducs plats couvrant de grandes surfaces. Les caloducs sont généralement en
cuivre, ce qui n'est pas adapté aux applications récentes telles que I'électronique flexible, les
technologies portables ou les systemes embarqués. Nous introduisons le caloduc polymérique
comme solution en gestion thermique pour ces technologies émergentes, ou la flexibilité et la
compacité sont des atouts majeurs. D'une part, les polymeres apportent flexibilité et compatibilité
avec les géométries 3D. D'autre part, il donne accées a des processus de fabrication a grand volume
tels que le moulage qui réduisent le colit. Notre nouveau procédé de fabrication pour les caloducs
polymériques permet I'assemblage et le scellement en une seule étape, avec un remplissage in situ.
Le caloduc fabriqué a une conductivité thermique effective de 150 W/m K. Cette valeur se situe dans
la plage de la littérature des TGPs en polyméres variant de 100 a 800 W/m K. Ainsi, le travail que
nous présentons montre que nous pouvons fabriquer un TGP en polymére avec un processus de
fabrication en une étape seulement qui résulte en un faible budget thermique et codt.

A.2. Abstract

This paper introduces a novel approach to make polymeric thermal ground planes (TGPs), which
consist of flat heat pipes covering large surfaces. TGP are typically made of copper, which is not
adapted to recent applications such as in-mold electronics, wearable technologies or embedded
systems. We introduce the polymeric TGP as a thermal management solution for these emerging
technologies, where the flexibility and compactness are major advantages. On one hand, polymers
bring flexibility and compatibility with 3D geometries. On the other hand, it gives access to high
volume manufacturing processes such as molding that reduce the cost. Our novel fabrication process
for polymeric TGPs allows assembly and sealing in a single step, with in-situ filling. The fabricated
TGP has an effective thermal conductivity of 150 W/m K which is within the range of literature for
polymeric TGPs and heat pipes as it varies from 100 to 800 W/m K. Thus, the work that we are
presenting shows that we can make a polymeric TGP with a one-step fabrication process that results
in a low thermal budget and low-cost process.
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A.3. Introduction

The constant need to improve electronic device performance drives the development of advanced
thermal management methods, that leads to adapt systems as heat pipes, vapor chambers or
thermal ground planes as a solution to this need. Electronics are becoming more compact and
flexible, which requires an adapted thermal management solution. Thus, the polymeric thermal
ground plane (TGP) is a customized thermal management solution for these emerging technologies,
where the flexibility and compactness are major advantages. While, the use of polymers bring
flexibility, their adoption also gives access to high volume manufacturing processes to reduce the
cost. Thermal ground planes (TGPs) are a thermal management solution that is adopted when
conduction-type cooling is not sufficient. It offers a high heat transfer capability due to the phase
change phenomena and internal fluid circulation. This passive heat exchanger contains a wick
structure, a vapor core and the working fluid. It is composed of three sections, the evaporator and
the condenser that are in contact with the heating and cooling sources respectively, and an adiabatic
part between them. When the TGP’s evaporator is in contact with the heat source, the working fluid
in the wick structure evaporates, and due to a slight pressure difference, the vapor flows to the
condenser part. It then rejects the latent heat by condensing on the porous wick. The wick structure
transports the liquid from the condenser to the evaporator, which closes the thermodynamic cycle.
The polymeric TGPs found in the literature [75,79,117,118] are usually made of copper-polymer
laminated sheets. These sheets are soldered together to make a casing that contains a vapor core
and a porous media filled with a working fluid. The conventional way to fabricate these TGPs is
through several steps. First, the sheets, wick structure and support for the vapor core (pillars or
mesh) are assembled. Second, the laminated sheets are bonded to form the casing that is connected
to a filling tube by soldering. Thus, this approach requires a high temperature soldering process up
to 300°C to bond the copper-polymer laminated sheets together, and then to bond the copper filling
tube to the casing. Then, a vacuum is pulled in this casing, and it is filled with a working fluid through
the tube. Finally, the filling tube is cold-welded to assure the hermiticity of the TGP. To sum-up, this
approach requires many manufacturing step, high thermal budget and it may create a leak source at
the soldering interface of the TGP and the filling tube. We introduce a novel approach to fabricate
the polymeric TGP in one step, where we do the assembly and the filling in-situ. This approach
generates fewer manufacturing steps, does not require a filling tube, and is done at low temperature
(160°C) allowing the use of a broader range of materials. Consequently, the objectives of this article
are to:

e Propose a simplified TGP fabrication process (Sec. A.4).

e Characterize the fabrication process to demonstrate its reliability (Sec. A.5).

e Demonstrate the TGP functionality using the simplified process (Sec. A.6).
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A.4. Design and fabrication approach
This section introduces the prototype design and the fabrication process flow for the polymeric TGP.
A.4.1 Design

We aim to introduce our fabricated TGP, as a thermal management solution for low heat flux and
large surfaces application, such as LED light panels or Li-ion batteries. Thus, we are going to fabricate
a polymeric TGP with a total length of L = 25 cm, width of w = 5 cm and thickness of h = 3.8 mm.
Figure A.1 is a schematic representation of our TGP. These dimensions are limited to these values
due to the size limitation of the equipment and can be improved afterwards. It should be noted that
this length is longer than commonly found in the literature, as the majority of polymeric TGPs to
date have a maximum length of 10 cm [38,53,78].

L

B HDPE shell
[ Copperfoam

w

Nylon mesh
Fig. A.1. Schematic representation of the TGP

To fabricate the polymeric TGP, we used a shell made of two sheets of high-density polyethylene
(HDPE). This material is well known for its flexibility and high vapor barrier among the polymers. The
vapor core is filled by a nylon mesh that maintains the vapor core thickness during vacuum and, a
copper foam is used as a wicking material. The properties of the nylon mesh and the copper foam
used are summarized in Table A.1.

Tab. A.1. Properties of the nylon mesh and copper foam

Properties Nylon mesh Copper foam
Thickness [mm] 2.00+0.07 1.05+0.05
Opening size [mm] 1.50£0.03 -
Porosity [%] - 93.0+0.4

A.4.2 Fabrication Process Flow
To fabricate the polymeric TGP, we follow the process flow represented in Fig. A.2. First, we prepare
the HDPE sheets that we use for the shell.
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Fig. A.2. Polymeric TGP fabrication process flow with single filling and assembly step

They are cut and cleaned with acetone, isopropyl alcohol, and rinsed with deionized water. Second,
we treat the copper foam by oxidation to make it hydrophilic, in order to use water as the working
fluid. Then, we insert the water quantity that we need to fill completely the treated copper foam.
Finally, we do the assembly by hot pressing in a vacuum chamber. This approach allows the filling,
vacuum, assembly and sealing to be done in a single step, without the need for a filling tube as in
typical TGPs or vacuum chambers. Details of the main fabrication steps (hydrophilization, vacuum
filling and perimeter sealing) are described is the remainder of this section, while the
characterisation methods and results will be presented in the following sections.

A.4.3 Hydrophilisation of copper foam by oxidation
To use water as a working fluid with copper foam, copper oxide (CuQ) can be formed on the surface
since this type of oxide is hydrophilic [81].

Fig. A.3. SEM images of the copper foam: (a) before and (b) after the oxidation treatment

To create copper oxide, the Cu foam is chemically treated by immerging it in an ammonium
hydroxide (NH40OH) solution 1M for 8 hours at 60°C. SEM pictures of the copper foam (top view)
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before (a) and after treatment (b) are shown in Fig. A.3. We can observe that the surface is relatively
smooth at first but became rough after the treatment when the copper oxide forms. This copper
oxide has cauliflower crystals that cover the entire copper foam surface and X-ray photoelectron
spectroscopy (XPS) results showed that this copper oxide is 95 % CuO. Hydrophilicity of the CuO and

high surface area of the surface topology make the foam highly hydrophilic, as will be characterised
in Sec. A.6.

A.4.4 Filling with vacuum

The mechanical pump station from Edwards used for this procedure, allows to pump vacuum until
400 mTorr inside a chamber used to provide a controlled environment during the TGP assembly.
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Fig. A.4. Process flow to determine the impact of vacuum on the water quantity
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Fig. A.5. Pressure evolution inside the vacuum chamber over time
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We aim to fill the treated copper foam completely, which represents a 100 % filling ratio. However,
some amount of water evaporates when pulling vacuum as we do the filling and the assembly in-
situ. To counter-balance this loss, we calibrate the initial water quantity by adding an extra amount
that evaporates during the vacuum. Our calibration approach, as represented in the Fig. A.4, is to fill
the foam at 100 %, pull the vacuum for a certain period and then measure the weight loss. We repeat
these steps for different periods to obtain the impact of vacuum on the filling procedure over time.

To extract the amount of water loss, the treated copper foam is filled with 4.5 g of water, which
represents 100 % filling ratio. Then, the vacuum is pulled, for 2 minutes, 4 minutes and 8 minutes.

Figure A.6 represents the water weight loss over time due to the vacuum process after each period.
We observe that after 2 minutes, we already lost 20 % of the initial water quantity, as during this
period, the water evaporates and boils. After 8 minutes, the water loss rate decreases as it
sublimates only. Thus, we add the water quantity lost after 8 minutes of vacuum (1.34 g) to the initial
weight of water to fill 130 % of the copper foam.
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Fig. A.6. Water weight loss during vacuum

A.4.5 Perimeter sealing
To complete the TGP assembly, the perimeter must be sealed between the two polymer sheets,
forming the closed chamber. This is done in the vacuum chamber, after having filled the foam with
water and pulled vacuum for 8 min. We create this bonding joint by melting locally the HDPE sheets
at 160 °C around the perimeter. This temperature represents the melting temperature for this
polymer. We used joule heating effect to raise locally the temperature. Indeed, we used a nickel-
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chrome wire (e=500 um) where we inject an electrical power (19 V, and 5 A) through a power supply
(DC POWER SUPPLY PS-305D) to heat it. To assure that the HDPE sheets are in contact, we used a
press controlled by an actuator. The nickel-chrome wire is taped with a high temperature resistant
tape to the press on top of a nylon foam to generate uniform pressure distribution.

(a) (b)
Top view Top view

Melted interface 2 HDPE

» - 2.HDPE
Sheets

Sheets

Fig. A.7. SEM images of the bonded polymer joint (cross-section), showing: (a) a good joint. (b) a bad joint

SEM characterization on samples is represented in Fig. A.7, showing successful and unsuccessful
joints. One joint is continuous on all the TGP perimeter, the other, has some discontinuities. In the
good joint, we are unable to distinguish between the two HDPE sheets as they melt and create no
discernable bonding interface (a). However, in the bad joint, we can clearly observe a discernable
line between the two HDPE sheets. Several tests were performed to extract the optimum wire
material, diameter, electrical power and time to reach the desired temperature of 160 °C to have a
good HDPE to HDPE bonded joint.

A.6. Fabrication Process Characterization

The manufacturing of the polymeric TGP raises a major challenge, which is the hermetic sealing of
the polymer enclosure. Indeed, for proper functioning of the heat pipe, we must ensure that the
enclosure contains only the working liquid and no other gas.

Moreover, we need to assure that the wicking material is hydrophilic, as it plays the role of a pump
in this passive device. Thus, the copper foam has to be hydrophilic to wick the water from the
condenser to the evaporator.

In this section, these characteristics are characterized to ensure proper fabrication of the TGP.

A.6.1 Foam Hydrophilicity
To characterize the hydrophilicity of treated copper foams, rate of rise measurements is performed
to extract the effective pore radius and permeability of the foam. The test consists of dipping one
end of a strip of the wick in the liquid and observe its weight evolution over time, as illustrated in
Fig. A.8. The test set-up is composed of a balance (A&D HR-120) connected to a computer to observe

111



112

the weight change, a stage to move the beaker that contains the liquid, and the sample connected
to the balance with a hook.

~ Balance

Sample —

Computer
Beaker —

- J
Stage \\§ &
] |

Fig. A.8. Rate of rise measurement set-up

The test is performed with two liquids: water and acetone. Water is the desired working fluid to use
in the fabricated polymeric TGP. We used acetone also, because its contact angle is near 0° with
copper, hence allows measurement of the foam geometric characteristics independently of the
contact angle [119]. Thus, the rate of rise with acetone is our measurement reference. The effective
pore radius and permeability with acetone and water extracted from the rate of rise measurement
are summarized in the Table A.2 for the oxidized copper foam.

Tab. A.2. Oxidized copper foam properties

Fluid Effective pore radius Permeability
[um] [E-10 m?]
Acetone 320+2 2.51+0.7
Water 33716 4.1+1.0

We notice that the rate of rise with acetone or water provides almost the same effective pore radius
and permeability. Thus, we can conclude that the contact angle for the chemical treated foams and
water is close to the contact angle of copper and acetone, which is near zero. The oxidizing treatment
therefore renders the copper foam super hydrophilic.

We also performed a hydrogen reduction treatment for the copper foam, and the rate of rise results
were close to the chemical treated foams by oxidation. However, the hydrogen reduction treatment
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makes the foam extremely sensitive to the environment where there is presence of contaminants.
Indeed, if we use non-degassed water, the hydrogen-reduced foam oxidizes creating decrement in
hydrophilic behavior over time. Therefore, this method is sensitive to the level of degassing of the
water, and less preferable.

A.6.2 Joint Hermiticity
It is fundamental to maintain a vacuum inside the TGP and ensure that no other gases than water
vapor are present inside the cavity. Thus, we need to be sure that the bonded joint is hermetic.

. @
Dl
Ll |
Compression
connector
HDPE Shell

Fig. A.9. Helium leak test for the bonding joint

In order to characterize the bonded joint, a helium leak test is used, as illustrated in Fig. A.9, with
helium detector (Inficon UL 2000) that has a detection rate of 1E-10 Pa m3/s. First, two HDPE sheets
are bonded to form a shell. Then, the shell is connected to the helium detector through a
compression fitting. Next, a vacuum is pulled inside the shell by activating the turbo-pump, until a
vacuum of 7.5E-4 Torr is reached. Subsequently, helium is slowly injected on the bonded joint with
a gun and the leak detector is observed. If the machine detects helium, it means that there is a leak
on the joint. We conclude that the bonding is good, if the machine does not detect helium although
we injected it on the bonding joint. Good joints as illustrated in Fig. A.7a did not show any signal on
the He leak test, confirming their hermeticity.

A.7. Polymer TGP Thermal Characterisation

A.7.1 Thermal Characterisation Method
To characterize the fabricated TGP, we heat the evaporator side and cool the condenser side to
observe the temperature profile along the TGP. We used a self-adhesive polyimide heater (OMEGA)
connected to a power supply to heat the evaporator, and a thermal bath (Polyscience 9506A11C)
that injects water at 15°C in a cold plate to cool the condenser. The heater is taped on a copper plate
to ensure heat spreading over the evaporator area, and is covered with aerogel to minimize the heat
loss. Thermocouples (type K) are set along the TGP in the evaporator and condenser part and are
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connected to a data acquisition system. Thermal paste (Arctic Silver 5) is used to minimize the
contact resistance between the thermocouples and the components.

As we measure low heat flux for this type of devices, we need a suitable approach to accurately
extract the heat rate transferred along the TGP. Thus, we use the conducted heat through an
aluminum bloc put between the TGP and the cold plate as represented in Fig. A.10, to define the
heat transferred along the TGP to the condenser.

To estimate the thermal resistance of the fabricated TGP, we divide the heat collected from the
condenser, over the temperature difference along the TGP.

Where T is the average evaporator temperature, T, is the average condenser temperature and

- )

the Q ona, is the heat rate collected from the condenser.

-------- O
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Fig. A.10. Thermal characterization set-up for the TGPs

A.7.2 Thermal Characterisation Results
To prove the operation of the fabricated TGP, we compare the measured performance between a
functional and a non-functional TGP. The functional TGP conducts heat through phase change
phenomena, as it was fabricated with the complete process above including bonding under vacuum.
The non-functional TGP conducts the heat through conduction only, since it was composed of the
same materials, but the assembly was done at atmospheric pressure.
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Fig. A.11. The measured temperature profile along the TGP in the evaporator and condenser part. (a) not
functional TGP, (b) functional TGP

We used the TGP characterization test set-up represented in Fig. A.10 to measure the temperature
at the evaporator and the condenser, for both functional and non-functional TGP. We provided the
same test conditions for both samples. At t= 0 min, the heat rate at the evaporator was fixed at 4 W
(0.2 W/ cm?), and the cold plate temperature set at 15 °C. We placed two thermocouples in the
evaporator and condenser parts to average the temperature distribution. Figure A.11 represents this
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temperature profile, as the red and blue curves are the evaporator and condenser temperature
distribution respectively. We observe that the non-functional TGP never reached the steady state.
Thus, we had to stop the experiment sooner for the non-functional TGP as the temperature rose to
more than 100 °C. Furthermore, we cannot discern any increase in the condenser temperature, that
remains at 17 °C. We understand that there is almost zero heat extracted from the condenser. Thus,
the injected heat at the evaporator dissipates through the isolation casing and ambient.

For the functional TGP, we observe that the condenser temperature rises, while the evaporator
temperature stabilizes at a lower value than the non-functional TGP. Moreover, with the
temperature difference along the aluminium bloc, we extract a heat rate of 3.2+0.3 W from the
condenser that is 80 % of the injected heat in the evaporator. We understand that heat transfer by
phase change in the functional TGP is more efficient than through conduction in the non-functional
TGP.

The characterization results show that with this fabrication process, we are able to make a functional
polymeric TGP that has a thermal resistance of 7.4+0.1 K/W equivalent to an effective conductivity
of 15042 W/m K. As a matter of comparison, a non-functional polymeric TGP has a thermal resistance
around 100 K/W. Hence, the functional TGP is 15 times efficient than the not functional one.

A.8. Conclusion

We introduce a novel procedure to fabricate polymeric TGP with in-situ filling during the assembly
step and proved the sturdiness of our approach. In addition, we suggest hydrophilizing copper foam
by a chemical treatment and bonding the HDPE sheets by hot pressing.

The fabricated TGP has an effective thermal conductivity of 150 W/m K that is within the range of
literature, as it varies from 100 to 800 W/m K. Besides, the use of HDPE instead of copper-polymer
laminated sheets makes it possible to mold the parts. This process allows manufacturing 3D
geometries at high volume. In conclusion, this work shows that we can make a polymeric TGP with
one-step fabrication process that results in a low thermal budget and low cost.
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d’hydrophilisation des polymeres.

Contribution de I'auteur :

La contribution scientifique et technique de I'auteur dans cet article, en excluant I’encadrement du
directeur de recherche est estimé a 50%.

L'auteur a désigné et fabriqué la structure poreuse en polymére.

L'auteur a traité les différentes surfaces polymériques pour les hydrophiliser.

L'auteur a fabriqué et a testé le caloduc tout en polymere.

L’auteur a rédigé 80% du contenu de I’article.

Contribution du document :

Dans cet article nous avons optimisé un procédé chimique de traitement d’hydrophilisation de
surfaces polymériques. Nous avons par la suite démontré la versatilité et la viabilité de ce traitement
sur différentes surfaces polymériques. Nous introduisons par la suite notre procédé en une étape
pour la fabrication du caloduc polymérique.
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Cette approche permet la fabrication pour la premiere fois d’un caloduc plat tout en polymere en
une étape seulement. Cette approche permet de proposer une solution en gestion thermique a
moindre co(t.

Résumé frangais :

Dans cet article, nous introduisons un traitement chimique stable pour I’hydrophilisation d’une
structure poreuse polymérique qui pompe le liquide dans des caloducs plats (TGPs) ou des chambres
a vapeur. Le processus d’hydrophilisation suggéré permet de fabriquer pour la premiére fois un TGP
entierement en polymeére. Ce dernier peut étre introduit comme solution en gestion thermique pour
les technologies émergentes telles que les lampes a LED, les batteries Li-ion ou dans I'électronique
3D. Un TGP polymérique est un bon candidat pour la gestion thermique de ces technologies
émergentes flexibles, abordable a larges surfaces et a faible flux de chaleur. Un TGP tout en polymeére
fournit d’'une part, I'efficacité de changement de phase et d’autre part, la flexibilité, la légereté, le
faible colit du matériau et des procédés de fabrication des polymeres. Cependant, les TGPs
polymériques couramment décrits dans la littérature ne bénéficient pas pleinement des avantages
du polymere puisque la structure poreuse et de maintien dans le corps vapeur est faite de métaux.
Le traitement chimique décrit, permet d’atteindre une surface super hydrophile avec un angle de
contact inférieur a 20° sur une surface en polyéthylene haute densité (PEHD) et en acrylonitrile
butadiene styréne (ABS). Le TGP tout polymeére a été fabriqué en une seule étape avec notre procédé
décrit précédemment ou le remplissage et le scellage sont effectués en méme temps. Bien qu’il soit
limité par la faible conductivité thermique du polymere, ce TGP a une conductivité thermique
effective de 212 W/m K. Par conséquent, un TGP tout en polymeére conduit la chaleur autant qu’une
plague d’aluminium d’épaisseur similaire. Ainsi, le présent travail montre que nous pouvons
fabriquer un TGP tout polymére par un procédé de fabrication en une étape avec un milieu poreux
polymérique hydrophile introduisant une solution en gestion thermique a faible co(t.

B.2. Abstract

In this paper, we introduce a stable chemical treatment for hydrophilizing a polymeric wick structure
and demonstrated for the first time the fabrication of all-polymer thermal ground planes (TGPs). The
suggested hydrophilization process is a key step enabling the fabrication of two-phase thermal
management components such as vapor chambers, heat pipes and TGPs, which can address the
thermal challenges of led lamps, Li-ion batteries or in mold electronics. A polymeric TGP is a strong
contender for thermal management in these flexible, large surfaces, cost-sensitive and low heat flux
emerging technologies. An all-polymer TGP provides on the one hand, the high phase change efficiency
and on the other hand, the polymer flexibility, light weight and low manufacturing cost. However, the
commonly described polymeric TGPs in the literature do not fully benefit from these advantages since
the wick and the vapor core mechanical structure are made from metals. The proposed chemical
treatment allows to create a super hydrophilic behavior with a contact angle below 20° on high density
polyethylene (HDPE) and acrylonitrile butadiene styrene (ABS) surfaces. The all-polymeric TGP was
fabricated in a single step with our previously described process where the filling and sealing are done
in-situ. Despite being limited by the low material thermal conductivity, this fabricated all-polymer TGP
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has an effective thermal conductivity of 212 W/m K. Therefore, this all-polymeric TGP conducts heat as
well as an aluminum plate of similar thickness. Thus, the present work shows that we can make an all
polymeric TGP with a hydrophilic polymer wick in a one-step fabrication process that results in a low-
cost thermal management solution.

Keywords: TGPs; polymer; hydrophilization treatment; fabrication, polymeric wick; pillars wick
structure.

B.3 Introduction

Thermal ground planes (TGPs) are bi-phasic passive devices with an evaporator section for gathering
heat and a condenser section for dissipating it. These heat transport devices are used in different
applications including space [120], electronic devices [121] and photovoltaics [122]. TGP transfers heat
based on evaporation-condensation of the working fluid in a closed loop. Once the evaporator is in
contact with a hot source, the liquid in the porous media evaporates and flows to the condenser. The
condensed liquid is then pumped back to the evaporator by the capillary force. This force is generated
by a good wettability of the working fluid in the wick structure.

Conventional wick structures are metallic. However, there has recently been a growing demand for
flexible electronics and polymers can be a promising candidate since polymers have low Young’s
modulus [93], which means high flexibility. In addition, polymers are lightweight and low cost compared
to metals. Despite these advantages, polymers have some drawbacks that limit their applications in real
world. Unsuitable physical and thermodynamic properties of polymers are a critical challenge resulting
on a low polymer wick performance. Indeed, polymers have low wettability, which makes them not
very hydrophilic. Therefore, a polymeric wick cannot absorb and transport the working fluid efficiently,
which affects the pumping capacity [123]. This results in TGPs with low heat transfer performances
[124].

Studies on developing hydrophilic polymer structures have been conducted. However, very few
research, focus on creating highly hydrophilic polymer wick for TGPs application [124]. In these studies,
the technique of hydrophilization is not applicable on all polymers or if it is versatile, it is not stable over
time. One study, for instance, altered poly (-phenylene sulfide) microporous membranes by submerging
them in nitric acid (HNOs) [125]. A significant amount of hydrophilic groups were added to its surface
due to the treatment interaction between poly (-phenylene sulfide) and HNOs. Although this method
gave a super hydrophilic surface, it is not a versatile technique and works only on poly (-phenylene
sulfide). Moreover, poly (-phenylene sulfide) is an expensive polymer which limits its application
compared to the polyethylene family. In a different study, the surface properties of polyethylene
terephthalate (PET) were altered using a non-thermal plasma treatment to increase its hydrophilicity
[126]. They treated PET fabrics for 5 minutes and noticed a decrease in the static contact angle from
80°to 25°. However, this method of treatment had two main drawbacks. The treatment did not produce
a super hydrophilic surface and it only persisted for a very short time.
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There is hardly any research that has been published in the literature on fabricating an all-polymer TGP
using a stable hydrophilic polymer wick. The closest concept to an all polymer TGP was the work of
Lewis et al. [117], on using ALD (atomic layer deposition) treatment and microfabrication processes.
Their approach consists of depositing titanium dioxide (TiO2) on a microfabricated polymeric wick
surface. This thin layer ensures both TGP hermiticity and wick hydrophilicity. However, the
microfabrication approach and the ALD treatment significantly increase the TGP cost. Other works have
been done on the field of polymeric TGPs [36,53] with an 80% composition of metallic parts. In addition
to the mandatory metallic layer in the shell to maintain the TGP vacuum and operation, the wick and
the mechanical structure in the vapor core of these TGPs were made from metals.

In the view of making all-polymer TGPs, the present study introduces a way to create stable hydrophilic
polymeric wicks. To achieve this, a previously presented deposition technique [127] is improved to
hydrophilize the surface of high density polyethylene (HDPE) and acrylonitrile butadiene styrene (ABS)
sheets. HDPE permits high volume manufacturing processes such as molding. Thus, to fabricate a TGP
using these low-cost and high volume industrial techniques, it is necessary to produce a super
hydrophilic HDPE wick. In the meanwhile, we used 3D printing processes to fabricate the polymeric wick
structure. ABS material is the most common polymers used for this rapid prototyping technology, so it
is also of interest.

We start by treating sheets and measuring contact angle to assess the level of hydrophilicity. Through
a design of experiments (DoE), the best parameters to treat the polymeric surface for a low contact
angle, hence a super hydrophilic surface, are determined. Then, stability of the treated sheets is studied.
The treatment versatility was also investigated by applying the best recipe to ABS sheets and confirming
its applicability. The treatment was then applied to an 3D printed ABS wicking structure and capillary
performance was measured. We finally integrate the wick in our one step-assembly process to make a
polymeric TGP, where the filling and assembly are done in-situ [95]. Thermal performance of the
fabricated TGP with the treated wick is measured. Thus, the current study introduces for the first time
a fully polymeric TGP with a stabilized hydrophilic polymeric wick. The fabricated all polymer TGP is
a promising contender as a thermal management solution for flexible, cost-sensitive, and low heat
flux applications.

B.4. Fabrication methods and process

This section initially presents the chemical treatment to hydrophilize different polymeric materials
(HDPE and ABS) and surfaces (sheets and pillars wick structure). Then, the fabrication processes to make
a polymeric wick structure and a full polymeric TGP are demonstrated.

B.4.1. Polymer hydrophilizing treatment

In a TGP, the porous wick structure pumps liquid (water) from the condenser to the evaporator by
capillarity. Thus, this porous media must be hydrophilic to absorb the working fluid. Since the contact
angle isinversely correlated with the pumping capacity, we must minimize the contact angle as much
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as possible.

Tab. B.1. DoE for the Hydrophilization treatment.

" Time | DETA/ TA | Bicine/ NaOH | Temperature
[h] [%] [%] [°C]
1 6 3 1 20
2 6 3 5 30
3 6 3 10 40
4 6 5 1 20
5 6 5 30
6 6 5 10 40
7 6 10 1 30
8 6 10 5 40
9 6 10 10 20
10 8 3 1 40
11 8 3 5 20
12 8 3 10 30
13 8 5 1 30
14 8 5 40
15 8 5 10 20
16 8 10 1 40
17 8 10 5 20
18 8 10 10 30

The present treatment intends to hydrophilize the polymer surface by chemically introducing OH
terminations, which decrease the polymer surface contact angle [127]. To prepare the treatment
recipe, we start by combining bicine and sodium hydroxide (NaOH) to obtain a bicine buffer solution.
Then, tannic acid (TA) and diethylenetriamine (DETA) were added. TA is used to provide phenol groups
and DETA is used to provide amino groups to form covalent bond between them. Polymeric samples
were immersed in the heated solution that were continuously mixed. Finally, the samples were taken
out of the solutions and were rinsed with deionized water.

The investigated parameters of this hydrophilization treatment include treatment time, reaction
temperature and concentration ratios of DETA to TA and bicine to NaOH. To investigate the influence
of these parameters, we used the Taguchi DoE with 18 experiments. Taguchi optimization method
was used to adopt an orthogonal array, where each parameter has equal weight and it gets the
optimum design with few number of runs and therefore low cost [128]. We considered four
parameters with three levels for DETA/TA (3, 5, 10), Bicine/NaOH (1, 5, 10), temperature (20°C, 30°C,
40°C) and two levels for time (6h, 8h). Table 1 shows these parameters and their levels for each run.
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We used the contact angle measurement as a metric to assess the best ratios, time and temperature
combination. This measure was performed on each recipe expressed in Table B.1 to examine the
sample hydrophilicity. The lower the contact angle, the better the treatment. Results will be
presented in section B.5.

B.4.2. Wick Design and fabrication

In this study, we made the wick from ABS pillars structure. This porous media is fabricated by
stereolithography (Photon Mono X), a 3D printing process for rapid prototyping. This 3D printing
process consists of exposing a liquid polymer (ABS plastic like) to a light source through a pattern.
The areas where the liquid polymer is exposed to light solidify. This manufacturing method allows
features of 50 um in lateral direction and 100 um in z direction, normal to the printing plane.

Fig. B.1 SEM of the 3D printed pillars structure.

The samples are 2 cm wide, 15 cm long and 600 um thick. The pillars radius is 200 um, the high is
400 um and the spacing is 200 um. Figure B.1 shows a scanning electron microscopy (SEM) picture
of the fabricated pillars structure. The pumping capacity of this porous media is function of the pillars
spacing and their contact angle with the liquid-vapor-solid interface. Once the porous media in
incapable of pumping the liquid back from the condenser to the evaporator a dry-out occurs.
Commonly referred to as the capillary limit, this phenomenon depends on the porous media
properties, the TGP dimension and test configuration. This limit is estimated for a TGP with
dimensions of 15 cm in length, 2 cm in width, and 2.5 mm in thickness. The tested configuration is 7
cm and 4 cm long for the evaporator and condenser respectively.

According to our model [105], the fabricated TGP pumps up to 20 W before reaching the dry-out at
a zero contact angle. Figure B.2 shows this limit variation at different contact angles. The pumping
capacity decreases with the contact angle increase. Since, the higher the contact angle, the higher
the effective pore radius.

We observe that with a contact angle change from 0° to 20°, the capillary limit shows negligible
variation, but with a contact angle evolution from 20° to 70°, a 60% capillary limit decrease is reached.
Thus, to maintain the TGP pumping capacity, a super hydrophilic wicking structure is required.
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Fig. B.2. The impact of the contact angle on the capillary limit demonstrating a 60% decrease for a contact
angle variation from 20° to 70°.

B.4.3. Polymeric TGP fabrication

The material used to fabricate the all polymer TGP is shown in figure B.3. We used our previously
described one step assembly process to make the polymeric TGP [95]. The process flow is
represented in figure B.4. The shell was made of HDPE sheets. This material is well known for its
high vapor barrier and thermal conductivity among polymers. The vapor core is filled by a nylon
mesh that maintains the vapor core thickness during vacuum. Polymer pillars array is used as a
wicking structure to pump the liquid. Water was used as working fluid due to its high surface tension
and phase change enthalpy [54].

The first step to fabricate the TGP is preparing the HDPE sheets. They are cut and cleaned with
acetone, isopropyl alcohol, then rinsed with deionized water. The second step constitute 3D printing
the pillars structure. The third step involves chemically treating the polymeric pillars structure to
make it hydrophilic. The last step includes hot pressing the assembled polymeric TGP in a vacuum
chamber after injecting the required amount of water into the treated pillars structure. The
recommended method eliminates the use of a filling tube as seen in standard TGPs or vapor
chambers. Furthermore, it enables filling, assembling, and sealing to be completed in a single step.
As a result, we produce a flexible, efficient and low cost TGP.
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Fig. B.3. The shell, vapor core and wick material used to fabricate all polymer TGP.
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Fig. B.4. Polymeric TGP one-step assembly process flow with in-situ filling and bonding.

B.5. Characterization

In this section, we first characterize the contact angle provided by the described treatment on HDPE
sheets, while varying the recipe time, temperature and concentration ratios. Then, we investigate
the treatment longevity in different environments. We also examine the treatment on an ABS sheet,
to validate its versatility. Finally, we characterize the thermal properties of the fabricated TGP with
the treated ABS pillars structure.

B.5.1. Contact angle measurement

As a matter of convenience, we first performed the chemical treatment on sheets, to easily observe
the contact angle. The presented Taguchi DoE in table B.1 delivered 18 recipes by altering the
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duration, temperature, and concentration. We measured the contact angle on HDPE sheets to

extract the hydrophilicity of each recipe. The contact angle measurement on an untreated HDPE
sheet is represented in figure B.5.

Fig. B.5. Contact angle measurement of 70° on HDPE sheet before treatment.
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Fig. B.6. Contact angle measurement of each DoE recipes on HDPE sheets, with recipe 16 having the smallest
contact angle.

We observe that the initial contact angle is around 70°.The results are displayed in figure B.6. The
most hydrophilic surface, with a minimal measured contact angle of 15°, was produced by recipe 16.
Thus, we kept this recipe for the subsequent work.

The next step was to study the treatment longevity. To monitor the contact angle over time, we kept
the treated HDPE sheets in two environments: air and water. These progression over 30 days is
shown in Figure B.7. The error bars depict the treatment inhomogeneity across the sheet. As
illustrated, if the samples are immersed in water, the contact angle appears to remain constant over
time. On the contrary, if the samples are left in the air, the contact angle increases. The
contaminants, such as volatile organic compounds, present in the air rather than in the water
environment may be the cause of this decline in hydrophilicity [82]. We conclude that the presented
technique is reliable and that polymer TGPs could maintain their hydrophilicity since the pillars are
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kept in a water environment. Also, keeping the samples in water helps to ensure their hydrophilicity
during the fabrication process.
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Fig. B.7. Contact angle evolution over time illustrating stability in water but degradation in air environment
on HDPE sheet surface.
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Fig. B.8. Contact angle on (a) HDPE, (b) ABS sheet showing super hydrophilicity on different polymers.

The following step was to confirm that, regardless of the polymer used, we achieve the hydrophilic
behavior. Thus, we also carried out recipe 16 to hydrophilize ABS sheets. The results are displayed
in figure B.8. We observe that HDPE and ABS samples both have the same contact angle around 15°.
We can conclude that the treatment is versatile as with the same recipe, we achieved the same level
of hydrophilicity on HDPE and ABS sheets. Future work on characterizing different polymers is
required to more broadly study the treatment versatility.

B.5.2. Polymeric TGP characterization

To characterize the fabricated TGP, we used the test bench represented in figure B.9. The tested
heat rate at the evaporator was fixed at 5 W (0.35 W/ cm?), and the cold plate temperature set at

126



127

8°C. The top and bottom TGP surfaces were isolated to unsure that the heat is not dissipated through
the test bench.

Fig. B.9. The TGP characterization test set-up.

Two thermocouples were placed between the TGP bottom surface and the heater and cold plate.
Theses thermocouples are referred as the TGP evaporator and condenser temperature, T1 and T»
respectively. Two additional thermocouples were placed between the TGP top surface and the
insulation. These thermocouples are referred to as the vapor temperature. Since the TGP top surface
is insulated, we consider that most of the heat flows through the vapor path. Thus, the upper
thermocouples are considered a direct measurement of the vapor temperature. This can be better
illustrated by the TGP thermal resistance circuit (Fig. B.10) that includes thermal resistance from
material conduction (shell and wick), Rcond, and Vapor transport, Rvapor. The evaporator and
condenser vapor temperature are indicated as T3 and T4, respectively.

From these four measurements of temperature, we can extract the TGP total and vapor thermal
resistances. The resistance though the material conduction such as the shell and the porous media
can then be calculated as the difference between the two.

B.5.3 Polymeric TGP performance
At a fixed injected heat rate of 5 W, the condenser temperature stabilizes at T,=28°C, while the
evaporator temperature at T1=61°C. The vapor temperature at the evaporator stabilizes at T3=47°C
and the condenser at T4=44°C. The absolute thermocouples error is estimated to be 0.5°C. To
account for the test bench heat loss, we used Fourier law to estimate the collected heat from the
condenser. This transferred heat rate which is 3.5£0.3 W, represents 70 % of the injected heat in the
evaporator. The fabricated TGP has an effective thermal resistance of 9.4+1.0 K/W equivalent to an
effective thermal conductivity of 212428 W/m K. However, the vapor thermal resistance is estimated
at 0.8+0.1 K/W. We understand that the major thermal resistance in the fabricated all polymer TGP
is from the conduction through the HDPE shell and the ABS pillars structure. This conduction
resistance represents 88% of the total thermal resistance. Thus, the material conductivity has to be
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increased to improve the TGP thermal performances. Therefore, the used resin for the 3D printing
should be doped with thermally conductive additives and the pillars base support must be as thin as
possible.
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Fig. B.10. Thermal resistance circuit for all polymer fabricated TGP.

The all polymer TGP performances lasted less than 24 hours due to the polymeric shell poor
hermiticity. Consequently, a thin dense layer is mandatory to maintain the vacuum, and the TGP
operation. For future work, a laminated polymer-metallic foil is going to be used as a shell material.

B.6. Conclusion

In this work we introduced an adapted approach to hydrophilize a polymeric wick for TGPs
applications. The polymeric wick was hydrophilized by an optimized chemical treatment. It has been
proven that this process produces surfaces that are very hydrophilic and stable over time. The
versatility of the treatment has also been shown to be effective on HDPE and ABS materials. Thus,
an opportunity for high volume manufacturing techniques like HDPE molding is opened to fabricate
future TGPs.

We introduced for the first time an all polymer TGP with a treated ABS wick that reached an effective
thermal conductivity of 212 W/m K. In comparison, the thermal conductivity range for different
polymeric TGPs described in the literature varies from 100 to 1000 W/m K. However, these polymeric
TGPs included either unnecessary metallic parts or a pricey hydrophilization treatment like ALD. The
TGP operation does not require a metallic wicking or vapor core mechanical structures. Although
this material choice improves the TGP thermal conductivity, it increases the cost. The polymeric TGP
only requires a metallic layer within its shell to unsure the hermiticity and the long term TGP
operation. Thus, the presented primary work shows promising results to introduce a light, low cost,
and efficient all polymer TGPS as a thermal management solution.
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ANNEXE C

C. Détails de calcul

C.1. Détail du calcul de la limite capillaire en fonction de différents milieux poreux

Les propriétés des milieux poreux utilisées pour le calcul des limites d'opération du caloduc sont résumées
dans le tableau C.1. La limite capillaire est calculée pour une température d'opération de 40°C et une hauteur
de corps liquide et vapeur de 500 um. La configuration du caloduc comprend une longueur d'évaporateur de
20 cm (Le), une longueur de condenseur de 5 cm (Lc) et une longueur de la partie adiabatique de 1 cm (La).

Tab. C.1. Propriétés des milieux poreux étudiés.

Type du Rayon effectif | Perméabilité L|r.n|t:a
milieux poreux [um] [m?] capillaire
H [W]
74 2.5e-11 91
Mousse
[59] 102 5.1e-11 113
176 7.4e-11 82
Sintered 27 9.4e-12 108
powder
Méche
12 13.5e-11 157.
[61] 5 3.5e 57.9
Méche 49 4.2-11 206
[60] 33 2.5e-11 206
Hybride 18.4 5.68e-12 99
[68]
Hybride
61.8 9.68e-11 272.9
[66] ¢
Piliers 30 1.2e-10 630
[27,62] 300 0.8e-10 227

C.2. Détail du calcul de la métrique performance par co(t et poids.

Pour le calcul de la métrique de performance basée sur le co(t et la masse, les dimensions ainsi que
les matériaux des différents composants du caloduc (enceinte, milieu poreux et corps vapeur) ont
été extraites. La masse de chaque composant peut donc étre estimée en utilisant la densité. A partir
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de la masse, on peut calculer le co(it des matériaux. Le graphique ci-dessous présente les différentes

étapes décrites.
I Extraire le ™\
co(t total
‘ etla
masse

Les détails du calcul de la métrique présentée au chapitre 4, qui représente les performances par
colt des matériaux bruts (sauf pour le HDPE et le nylon dont le prix provient de chez McMaster) et
la masse pour la comparaison des différents caloducs dans la littérature [98] sont résumés dans le
tableau C.2.

Estimer le

Extraire les Estimer la

dimensions masse de coiit de .
etles chaque chaque
matériaux composant composant

Tab. C.2. Prix des matériaux bruts [98] (sauf pour le HDPE et le nylon qui proviennent du site McMaster.

Matériaux Densité Prix par kg dollar
[ g/cm?] [$Us]
Cuivre 8.96 7.55
Silicium 2.3 36.61
Aluminium 29 241
Acier inoxydable 8.02 4.35
Céramique 6 8
Nylon 1.2 2
Polypropyléne 0.9 2.5
HDPE 0.94 1
Silicone 0.8 6
Kapton 14 7
ABS 1.1 9

Les méthodes de calcul de la masse, déduites des dimensions (volume), des matériaux utilisés dans
la fabrication des caloducs sont récapitulées dans le tableau C.3.
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Tab. C.3. Résumé du calcul effectué pour l'estimation du volume et de la masse des différents composants
de chaque caloduc présenté dans cette étude, ainsi que du flux, du taux de chaleur et de la résistance

thermique correspondants.

Dimensions volume

Résistance

Taux / Flux de

Caloduc [mm.mm.mm] thermique chaleur
o [K/W] [W/cm?]
Chambrg a vapeur Dlametrg de 1OQmm totale Q=150W
cuivre Cuivre plein 1.2 R=0.1K/W 10*10
[28] Poreux 1.4
Chamizeivar;’ape”r Cuivre 90*90*2 RE0.1K/W Q=350
Cuivre poreux 0.6 a 50% 25*25
[114]
Caloduc plat Aluminium 415*210*4 Q=80W
aluminium 375*190*1.7 Acier inoxydable R=0.1K/W 25*25
[116]
Caloduc plat Cuivre 180*180*1mm
cuivre Piliers cuivre Imm R=0.05K/W Q=7.5W/cm?
[115] Poreux Cuivre Alu 180*180*0.5
Caloduc plat 80%20%2
. Cuivre plein 20*20 et 10*10 *0.5 12W
Hybrides R=6K/W «
(38] N Copper poreL.Jx'lmm 20*20
Silicone rubber pilliers Imm
Caloduc plat Cuivre kapton 95*50""0.12 polymére et
Hybrides . 0.09cuivre R=2K/W 25W
(79] Cuivre poreux 95*50*0.7 20*20
Méche de Nylon 95*50*0.7
Caloduc plat Mylar 95*50*0.1? F)olymére et
Hybrides . 0.09aluminium R=1K/W 22W
(36] Cuivre poreux 95*50*0.7 25*25
Méche de Nylon 95*50*0.7
Cuivre kapton 40*35*0.5
Caloduc plat (0.5polymer et 0.5cuivre) Q=14W
Hybrides Cuivre poreux 40*35*0.5 R=4K/W %35
[37] Meche Acier inoxydable 40*35*0.5
m=8.37g
130*20*0.3 feuillet
:jkl)orztécs F[);a;] Mousse cuivre*1 90% R=1.8K/W 6%_"‘12?)
Meche de Nylon 1mm
Caloduc plat 130*20*0.8 HDPE 6
polymere Piliers ABS*0.4 R=9.4K/W 6020
Annexe B Mesh nylon 1mm
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