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Résumé

Analyse de la distribution des flux de chaleur et des écoulements
au sein d’'une LHP: modélisation par voies analytique et numérique
et observations expérimentales

La miniaturisation toujours plus poussée des composants électroniques génere des con-
traintes thermiques de plus en plus importantes. Les systémes diphasiques — et partic-
ulierement les boucles diphasiques a pompage thermo-capillaire encore appelées Loop Heat
Pipes ou LHP — suscitent actuellement un intérét croissant en raison de leurs bonnes per-
formances thermiques, de leur fiabilité et de leur géométrie permettant une grande soup-
lesse d’implantation. Cependant, une meilleure compréhension des phénomenes en jeu dans
ces systemes est essentielle pour optimiser leur conception et prédire leur comportement de

manieére fiable.

Au cours de ce travail, un modele analytique est développé qui intégre les parametres de
fonctionnement d’une LHP, afin d’étudier leur influence en fonction des conditions opératoires.
Son originalité principale réside dans la détermination précise de la répartition des différents
flux thermiques dans 1’évaporateur. Une étude de sensibilité est menée pour évaluer les
influences de la résistance de contact entre la structure capillaire poreuse et ’enveloppe de
I’évaporateur, de la conductivité thermique équivalente du matériau poreux, du coefficient
d’accommodation lié aux transferts de chaleur par évaporation et des coefficients de transfert
thermique entre la paroi et le milieu ambiant ou la source froide. Cette analyse montre que
les parametres mentionnés ci-dessus peuvent étre estimés individuellement, en comparant le

modele a des données expérimentales judicieusement choisies.

Un banc expérimental a également été concu et fabriqué. L’instrumentation, qui com-
porte des thermocouples intrusifs, un capteur de pression et un capteur de flux, permet de
caractériser le fonctionnement de la LHP. De plus, le systéme est partiellement transparent
pour permettre ’observation de la position des phases liquide et vapeur dans le systeme au
cours du fonctionnement. Les influences de la puissance thermique appliquée, de la présence
de gaz incondensables et de la température de la source froide sont analysées. Aux puis-
sances thermiques élevées, un régime d’ébullition nucléée est observé dans le réservoir. Ce
phénomene a un effet significatif sur le comportement de la LHP, qui se traduit par une aug-
mentation des flux parasites vers le réservoir donc une dégradation des performances de la
LHP. Plusieurs phénomeénes oscillatoires sont également observés et corrélés aux observations
visuelles des écoulements dans les canalisations. Enfin, différents régimes de condensation
sont observés et les mécanismes conduisant au détachement des bulles dans le condenseur

sont décrits.

Un modele numérique a été développé, afin de simuler le comportement du banc expérimental
en se rapprochant au plus pres de ses caractéristiques géométriques et thermophysiques. La

comparaison entre les prédictions du modele et les données expérimentales montre les carences
iii
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v

des modeles de pertes de charges dans les écoulements diphasiques, pour la configuration
étudiée. Les transferts de chaleur et de masse dans I’évaporateur sont analysés, ainsi que
I'influence de I’apparition de I’ébullition dans le réservoir et celle de la conductivité thermique
de 'enveloppe de I’évaporateur. Les résultats mettent également en évidence 'importance
de la conduction thermique longitudinale dans les canalisations dans le cas d’un matériau

conducteur, tel que le cuivre.

Mots-clés : loop heat pipe, modéle numérique, modéle analytique, régime permanent,

banc expérimental, validation de modéle, analyse de sensibilité
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Abstract

Analysis of heat transfer and flow patterns in a loop heat pipe:
modelling by analytical and numerical approaches and experi-
mental observations

The increasing development of electronics leads to higher constraints regarding their ther-
mal management. Two-phase passive systems — and among these systems loop heat pipes
in particular — become more and more attractive because they offer thermal efficiency, relia-
bility and large implementation flexibility. However, a better understanding of the physical
phenomena involved within them is required in order to optimise their design and predict
accurately their operation.

An analytical model is developed to highlight the main parameters of a loop heat pipe
and their influence depending on the operating conditions. Its main originality lies in a
thorough consideration of heat transfer in the evaporator. A sensitivity analysis is conducted
to study the influence of the contact thermal resistance between the wick and the body of the
evaporator, of the effective thermal conductivity of the wick, of the accommodation coefficient
linked to the evaporation heat transfer and of the heat transfer with the ambient and with
the heat sink. This analysis shows that these parameters can be individually and separately
estimated by comparing the model to a set of well-chosen experimental data.

An experimental setup is designed and built. Numerous sensors, including intrusive tem-
peratures, pressure sensors and heat flux measurements enable an accurate characterisation of
the LHP operation. Furthermore, the system is partially transparent to observe the location
of the liquid and vapour phases inside the system in working conditions. The effects of the
heat input, non-condensable gases and of the heat sink temperature are discussed. Nucleate
boiling is observed inside the reservoir for high heat fluxes. This phenomenon impacts sig-
nificantly the behaviour of the loop heat pipe, increasing the parasitic heat flux towards the
reservoir and therefore decreasing the performance of the LHP. Several oscillating phenomena
are also observed and correlated to the flow patterns. Finally, distinct condensation regimes
are investigated and the mechanisms leading to the bubble detachment in the condenser are
discussed.

A numerical model is developed in accordance with the geometrical and thermophysical
characteristics of the experimental setup. The model is compared with the experimental
data. The comparison shows the lack of accuracy of the two-phase pressure drops models in
this configuration. Heat and mass transfer in the evaporator are discussed and the effects
of boiling in the reservoir and of the thermal conductivity inside the evaporator casing are
investigated. The results highlight the importance of the longitudinal thermal conduction

inside the tube in the case of conductive materials such as copper.

Keywords: loop heat pipe, numerical model, analytical model, steady-state, experimental

set-up, visual study, model validation, sensitivity analysis
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Nomenclature

A Fourier series coefficient -
a, ag, aq length m
Qev accommodation coefficient -
B length ratio -
b length m
C Fourier series coefficient -
¢, Co, C1 length
Cp specific heat J kg1 K1
D length ratio -
diameter m
d, dy length m
E length ratio -
e length, thickness m
f friction coefficient -
G Fourier series coefficient -
g gravitational acceleration m-s 2
H height m
h heat transfer coefficient W-m2.K!
hiy enthalpy of vaporisation J- kgt
K analytical model coefficient -
wick permeability m?
L length m
M molar mass kg - mol !
m mass kg
m mass flow rate kg - st
P absolute pressure Pa
P* partial pressure Pa
P perimeter m
Q heat transfer rate W%
R thermal resistance K-w-!
R universal gas constant J-K=! - mol!
r radius m

xiii
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xiv NOMENCLATURE

S cross-sectional area m?
Si absolute sensitivity -
S relative sensitivity -
T temperature K
T* non-dimensional temperature -
time S
U velocity m-s !
1% volume m?>
X, Y. Z non-dimensional coordinates -
T vapour quality -
axis coordinate m
Tijk sensitivity parameter -
Y, 2 axis coordinates m
Greek Symbols
€ void fraction, porosity -
A thermal conductivity W-m ! . K!
I dynamic viscosity Pa-s
%) heat density W - m2
0 density kg -m™3
o surface tension N.-m!
0 angle rad
Xtt Martinelli parameter -
Subscripts
0 constant
2¢ two-phase
316L stainless steel 316L
air air
b evaporator body
¢ condenser, contact, convection
cap capillary
cond condensation
D diameter
e evaporator
eff effective
eq equivalent
ev evaporation
f fluid
fric frictional
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Introduction

The issues concerning the thermal management have become essential in numerous industrial
fields. They particularly have an impact on the electronics industry as a consequence of
the continuous increase of the electronic components density. This densification is described
by the empirical Moore’s law [1] who predicted in 1965 that the number of transistors in a
dense integrated circuit would double approximately every two years, which has proved to
be true so far. The direct consequence of this law is an unprecedented increase of the heat
fluxes to be dissipated. They reach today several hundreds of W/cm?, corresponding to the
maximal solar irradiance on Earth concentrated more than a thousand times! Despite many
efforts made to enhance traditional cooling systems, the temperatures reached at the core
of the components are of major importance and restrict their life expectancy. In civil and
military aviation, thermal stress represents nowadays 63 % of the failure sources of on-board
electronics (Figure 0.1). For this reason, a consortium of European industrial and academic
partners launched the FP7 PRIMAE! project in 2010. The objective is to develop a new
flexible, robust and open aeronautical packaging for the next generation of electronics and
particularly to Integrated Modular Avionics (IMA). The Cethil laboratory is an academic
partner of this project, in charge of the design of an innovative cooling solution for the
thermal management of the electronic packaging (Figure 0.2). The model presented in the
chapter 4 of this manuscript was partially developed in the frame of this project.

Other industrial fields are confronted to the issues of thermal management:

e Electric energy storage in batteries that are more and more compact induces overheating
problems that may have terrible consequences, as it was proven by the recent full grounding
of the entire Boeing 787 fleet.

e The miniaturisation of fuel cells is restrained by the heating of the cell core.

e The space occupied by the engine cooling systems in the automotive industry becomes

problematic with the reduction of the available space under the hood.

Therefore, the development of more efficient and compact cooling solutions becomes a
major industrial concern. Liquid-vapour phase-change heat transfer can meet this challenge

because it enables the transfer of large amounts of heat with a small temperature difference.

'PRIMAE: Packaging of futuRe Integrated ModulAr Electronics, European Commission Grant Agreement
FP7-265416-Primae — www.primae.org
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Figure 0.1: Main avionics packaging failure sources [2]

Figure 0.2: Avionics ARINC600 packaging

This mode of heat transfer is implemented in both refrigerating machines and mechanical two-
phase thermal loops. However, these systems use mechanical components (pump, compressor)
that consume energy, necessitate preventive maintenance and occupy a non-negligible space.
These drawbacks can be avoided with the use of passive two-phase systems: the heat pipes.
The development of these devices has continuously increased since the 1960’s, encouraged by
the spatial industry which is confronted to thermal management in an environment where
heat transfer by convection is not an option. Since the first space applications, their use has

spread in many fields like consumer electronics, transport or renewable energy industries.
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Several types of heat pipes can be considered according to their application: conventional
heat pipes [3], loop heat pipes [4] or pulsating heat pipes [5].

A conventional heat pipe consists of a hermetic thin envelope, filled with a working fluid
in saturated liquid-vapour state. Liquid evaporates in a zone of the envelope in contact with
a heat source (evaporator) and vapour condenses in another zone in contact with a heat sink
(condenser). Vapour circulates in a unique channel in the centre of the envelope, whereas
the return of liquid from the condenser to the evaporator is ensured by a peripheral capillary
structure (mesh, grooves, etc.). Conventional heat pipes present operating limits induced
by the capillary structure and the flow characteristics in it. Unlike conventional heat pipes,
Loop Heat Pipes (LHPs) are characterised by vapour and liquid flows in separate channels
and by the presence of the capillary structure exclusively in the evaporator. Nowadays, this
technology is at a design stage, prototype validation stage or manufactured in limited series
for the spatial industry in particular. The key operating element of such a system is the
manufacturing of the capillary structure, much more complex than in a conventional heat
pipe. The state of the art concerning the design of these structures is scarce, the knowledge
being limited to a couple of laboratories and companies worldwide which do not share their
expertise.

The Cethil laboratory has been conducting research in the field of heat pipes for more
than 20 years. The first investigations about LHPs started in 2006 with the European project
COSEE?. Its goal was to provide a cooling solution for the seat electronic boxes in commercial
aircrafts. The Cethil was in charge of the design of the loops [6], while the manufacturing
was ensured by the Belgian company Euro Heat Pipes (EHP) and a Russian team lead by
Yuri Maydanik, the inventor of LHPs. This collaboration enabled a fast start of this activity
in the laboratory. Today, the Cethil is developing its first home made experimental LHP,
the first experimental data being presented in this manuscript. The laboratory is also part
of a project funded by the DGA (French defence agency) to promote the emergence of the
first French manufacturer of LHPs [7]. This project is coordinated by the company Atherm
(manufacturer) and includes Thales Avionics (end-user) and the Cethil (academic partner).
The system, elaborated in 4 years, provides competitive thermal performance compared to
the best LHPs that are fabricated worldwide and beneficiate of 40 years of development. The
Cethil also patented an adsorption-based antifreeze solution combined with an LHP to enable
the use of water as working fluid even if the storage conditions are below 0°C [8].

The extensive theoretical and experimental investigations from the literature highlight the
complexity of LHPs and the importance of coupled phenomena on their operation. Therefore,
despite detailed analyses, several mechanisms of LHPs are still not well understood and need
further investigations. Moreover, the diversification of the applications for LHPs sets new
constraints regarding the choice of working fluid and of materials and the design character-
istics. Hence, additional experimental data and new modelling solutions are necessary for

a better understanding of the LHP operation and are of major importance in the accurate

2COSEE: Cooling Of Seat Electronic box and cabin Equipment, European FP6-Project AST5-CT-2006—
030800
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design of LHPs.

The objective of the present study is to provide a thorough analysis of the LHP oper-
ation, through experimental, analytical and numerical investigations. Based on the works
presented in the literature, a detailed theoretical study of the entire system leads to a better
understanding of the coupled phenomena occurring in LHPs and enable to assess the ma-
jor parameters of influence of such systems. An experimental apparatus with transparent
transport lines and condenser provides experimental data for further analysis and for the
validation of the theory.

This thesis is organised as follows:

e In the first chapter, an extensive bibliographic review is conducted to identify the physical
mechanisms the LHP operation depends on as well as the function and the properties of
every component constituting this system. Then, a thorough synthesis of the steady-state
modelling works available in the literature is presented. Lastly, the potential location of

the liquid-vapour interface inside the capillary structure is discussed.

e Chapter 2 presents an analytical investigation of the LHP operation. After introducing
the theoretical model, a standard case is defined and a sensitivity analysis is conducted
in order to identify the influential input parameters of the model. A parametric study is

undertaken afterwards.

e Chapter 3 presents an experimental study on LHPs operation. First, the experimental
setup is described. Then, results in steady-state and transient operations are discussed
and a visual investigation of two-phase flow in the transport lines and in the condenser is

developed.

e Chapter 4 introduces a numerical model of the experimental setup. This model considers
accurately heat and mass transfer in the evaporator and in the transport lines. It is
described and validated with experimental results. Then, heat transfer in the evaporator
is discussed and the temperature profile along the transport lines and the condenser is

investigated.
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Chapter 1

Literature review

This chapter presents an extensive review of the operation of loop heat pipes. First, the
operating principles are described and the working limits are presented. The various compo-
nents constituting an LHP are then investigated and their influence on the LHP operation
is discussed. An emphasis is put on the study of the evaporator/reservoir and particularly
on the capillary structure since their characteristics have a major impact on the phenomena
occurring in the loop heat pipe. Afterwards, a literature review about steady-state modelling
works on LHPs is conducted. Complete numerical models, partial numerical analyses and
analytical investigations are discussed separately and a synthesis is detailed comparing the
main steady-state studies since 1999. Finally, the location of the liquid-vapour interface in-
side the capillary structure is investigated. The theoretical and experimental works about
the development of a vapour zone in the porous element are presented in order to assess this
phenomenon, its modelling potential and to discuss the relevance of its consideration in the

present study.

1.1 LHP operating principles

Over the last decades, capillary two-phase heat transfer loops have gained much interest due
to their robustness, flexibility and operating capability. They provide efficient heat transport
from one or several heat sources to a heat sink. Unlike conventional heat pipes, the vapour and
the liquid flow in separate smooth tubes between the wicked evaporator and the condenser.
As shown in Figure 1.1, these loops consist mainly of an evaporator structure and a condenser
connected to each other by two transport lines.

A heat load Qj, is supplied to the evaporator and is conducted through the evaporator
wall to the vapour grooves. There, evaporation of the liquid filling the wick occurs and the
vapour is evacuated through the vapour grooves. The vapour flows then through the vapour
line to the condenser. The vapour entering the condenser reaches its saturation temperature
and condensation takes place. Omnce all the vapour is condensed, the liquid is subcooled
in the remaining part of the condenser, before flowing back to the evaporator through the

liquid line. The liquid then enters the porous wick to replace the evaporated fluid. A hydro-
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Figure 1.1: Schematic of a capillary two-phase loop

accumulator, called reservoir or compensation chamber, is also connected to the liquid line or
embedded into the evaporator structure to compensate the displacement of the fluid charge

in the condenser as well as the expansion of the working fluid during operation.

1.1.1 Classification of capillary two-phase heat transfer loops

Loop Heat Pipes (LHPs) were originally invented in former Soviet Union in the late 1970’s.
Similar two-phase systems, known as Capillary Pumped Loops (CPLs) were patented in the
US in the 1960’s and developed later for spatial applications, mostly by the NASA!. Both
devices share a lot of similar characteristics. As shown in Figure 1.2, the basic distinction
between a traditional architecture of a CPL and a traditional LHP can be found in the
thermohydraulic link between the reservoir and the evaporator. A CPL features a reservoir
plumbed into the liquid line or the evaporator and is outside the path of fluid circulation. The
reservoir usually has no thermal link with the evaporator and it needs to be heated prior to
start-up in order to collapse any vapour bubbles in the evaporator core and to ensure that the
wick is wetted. In an LHP, the reservoir is embedded in the evaporator/reservoir structure,
making the loop more robust and auto-regulating. However, as a drawback, integrating an
LHP in its environment may prove to be more difficult because the reservoir location is not
as flexible as in a CPL. This simple difference between both systems has great impacts on all
aspects of the loop operation, including start-up, robustness, operating temperature, control
heater power requirement for the reservoir, design flexibility and operation failures. For a
further detailed analysis on the similarities and differences between LHPs and CPLs, the
reader may refer to the works of Nikitkin and Cullimore [9] and Butler et al. [10].

Following the large development of two-phase loop systems, devices that are somewhere
between the traditional designs of LHP and CPL have been studied. For instance, Lachas-
sagne et al. [11] and the company Euro Heat Pipes developed a CPLIP? with a reservoir
divided into two parts with liquid only flowing through the lower part (Figure 1.3). Such

'NASA: National Aeronautics and Space Administration
2CPLIP: Capillary Pumped Loop for Integrated Power. This system is also known as CPLTA: Capillary
Pumped Loop for Terrestrial Application
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Figure 1.2: Schematic of (a) a traditional LHP and (b) a traditional CPL [10]

a feature enhances the reservoir regulation during transient states (start-up, power steps,
etc.) since the reservoir higher part temperature is more stable. Like a standard CPL, the
operating temperature of the device can be controlled by the reservoir. However, more like
LHPs, the CPLIP design enables heat and mass transfer between the evaporator and the
reservoir. Indeed, the reservoir is located above the evaporator, thus, vapour bubbles due to
percolation in the wick can rise from the evaporator to the reservoir. Extensive experimental

and numerical investigations on this system can be found in [11-15].

reservoir
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Figure 1.3: Schematic of a CPLIP [11]
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8 CHAPTER 1 : LITERATURE REVIEW

Many different types of LHP exist, based on the application they are designed for and
their geometrical characteristics. Although LHPs and CPLs were first integrated in satellite
thermal management units, their application became diversified and designs are nowadays
available for applications as wide-ranging as cryogenic telescope cooling [16], solar water
heating [17], laptop thermal management [18] and cooling of high power electronics on board
a train [19]. Maydanik [20] suggests the classification presented in Table 1.1 to categorize the
LHP designs that can be found in the literature and in the industry.

LHP design LHP dimensions Evaporator shape Evaporator design
e Conventional e Miniature e Cylindrical e One butt-end com-
(diode) o All the rest e Flat disk-shaped pensation chamber
e Reversible e Two butt-end com-
* Flat rectangular ensation chambers
e Flexible P
. e Coaxial
e Ramified
Condenser design Number of evapora- | Temperature range Operating-
tors and condensers temperature control
e Pipe-in-pipe e One e Cryogenic e Without active con-
e Flat coil e Two or more e Low-temperature trol
e Collector e High-temperature * With active control

Table 1.1: Classification of Loop Heat Pipes [20]

Although a conventional LHP is a simple loop with a defined heat flow direction from a
unique evaporator to a unique condenser, other designs exist, with a condenser similar to the
evaporator that can act as evaporator in case of heat flow reversal, with flexible transport
lines, or even with a ramified architecture including multiple evaporators and/or condensers
(Figure 1.4).

Miniature LHPs are typically used in electronic thermal management, with transport
lines diameters smaller than 3 mm and an active zone area in the evaporator of several square
centimetres. However, LHPs of greater dimensions are also developed for other applications.
Several evaporator shapes exist, as will be further discussed in subsubsection 1.2.1.1. In
traditional LHP designs, the reservoir is usually located on one side of the evaporator, but
the reservoir may also be located on both sides to ensure a better wick wetting whatever
the orientation of the loop, or even in the core of the wick. The core diameter may then
be larger and the connections between the evaporator /reservoir and the transport lines need
to be moved (Figure 1.4c). As explained in subsection 1.2.3, several designs of condenser
can be implemented depending of the heat sink available and of the integration constraints.
According to the application and to the working fluid of the loop, the operating temperature

may vary from cryogenic temperatures to temperatures higher than 150 °C. Despite its auto-
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Figure 1.4: Various designs of LHP [20]

regulating capability, a loop heat pipe may also be actively controlled through a heater
connected to the compensation chamber [20-23]. This feature enables an accurate stability
of the loop operating temperature for a wide range of power inputs.

The present study focuses on LHPs dedicated to the thermal management of electronic

%

ZZ

%

et

o

%

frda

compensation
chamber

evaporator

wick

vapor
line

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0092/these.pdf

© [B. Siedel], [2014], INSA de Lyon, tous droits réservés



10 CHAPTER 1 : LITERATURE REVIEW

devices. As such, the following work will be limited to conventional LHPs of small dimen-
sions, with one evaporator and one condenser, without active control of the system and for

temperatures varying from 0°C to 150 °C.

1.1.2 The thermodynamic cycle of an LHP

Figure 1.5 presents the typical Pressure-Temperature diagram of the thermodynamic cycle
of an LHP in steady-state operation. The location of the characteristic points is also shown

in Figure 1.6.

APy}
AP,

AP,

AP

APy

Figure 1.5: P-T diagram of an LHP operating cycle

1 — 2 In the evaporator, the liquid evaporates at the liquid-vapour interface (1) at
temperature Ty,. It is often assumed that the evaporation takes place at the wick-groove
interface. However, several authors studied the displacement of the vapour front inside
the porous structure, as will be further discussed in section 1.4. The vapour is then

slightly superheated in the grooves before exiting the evaporator (2).

2 — 3  The vapour flows through the vapour line and exchanges heat with the ambi-
ent if the lines are not thermally insulated. The temperature decreases if the ambient
temperature is lower than the vapour temperature, as represented in the diagram. The
fluid velocity is maximal in the vapour line. Therefore, the pressure drop due to the

friction between the vapour and the walls, AP,, can be high.
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Figure 1.6: Location of the characteristic points in the LHP

3 —6 The vapour enters the condenser and is cooled down until the saturation
temperature is reached (4). Condensation then occurs between (4) and (5) and pressure
drops in the two-phase zone of the condenser can be significant due to the friction at the

liquid-vapour interface. In the last part of the condenser (5-6), the liquid is subcooled.

6 — 7 The liquid flows through the liquid line while dissipating heat to the ambient
when the latter is not insulated. The temperature increases if the ambient temperature
is higher than the liquid temperature, as shown in the figure. When it enters the

reservoir, it mixes with the fluid in the reservoir which is in a two-phase equilibrium.

7 — 8 The liquid flows through the porous structure to the groove, generating addi-
tional pressure losses AP,,. When it reaches the liquid-vapour interface (8), the liquid is
at the saturation temperature corresponding to the local pressure. As a meniscus forms
in the pores, the equilibrium curve is shifted toward the right as shown in Figure 1.5;
this equilibrium depends on the radius of curvature. In practice, a part of the liquid in

the wick is even superheated, especially near the fin.

8 =1 The pressure step AP, corresponds to the capillary pressure at the wick-
groove interface. Indeed, the meniscus creates a pressure gradient between both sides

of the liquid-vapour interface, called capillary pressure.

1.1.3 Steady-state operating performance of an LHP

To assess the operating performance of a loop heat pipe in steady-state, one generally consid-

ers the LHP temperature or its thermal resistance as a function of the heat load (Figure 1.7).
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Figure 1.7: Example of heat load dependence of the operating temperature (a) and the
thermal resistance (b) [24]

The characteristic temperature of the LHP is often defined as the vapour groove temper-
ature Ty [25-27], but one can also use the evaporator maximal temperature T [28, 29| or
even the reservoir temperature [6, 23] to describe the loop operation. In electronic cooling
applications design, the system requirement often concerns the electronic device maximal
tolerable temperature so in that case, the use of T, to describe the LHP performance has

more meaning.

The LHP operating temperature as a function of the heat load may be U-shaped, flattened,
or may increase linearly with the heat flux. Launay and Vallée [30] state that according to
experimental results, the prediction of the operating curve shape is difficult because strongly
influenced by heat transfer in the evaporator/reservoir, and therefore sensitive to the evapo-
rator design and thermal characteristics. U-shaped curves have been most often encountered
for metal wicks, with ammonia as working fluid and when the temperature difference between
the ambient and the heat sink is large. Curves with flattened shapes have been observed for

low thermal conductivity wicks with low-pressure fluids such as methanol, ethanol or acetone.

The literature reports two distinct LHP operating modes, namely the variable conduc-
tance mode (VCM) and the fixed conductance mode (FCM) (Figure 1.8). As explained by
Launay et al. [6], the LHP operates in VCM when the portion of the area of the condenser
where liquid subcooling is taking place is large enough. In that case, the liquid exits the
condenser at a temperature close to the heat sink temperature. For higher heat loads, the
LHP operates in FCM: the two-phase zone almost fills the condenser and the liquid enters
the liquid line at a temperature close to the saturation. The LHP operating temperature

increases then quasi-linearly with the heat flux.
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Figure 1.8: Typical LHP operating curves [6]

The total thermal resistance of an LHP Rppp is generally evaluated as [24]:

T, — 1T,
Qin

where T, is the condenser temperature and Q;, is the heat load. It is also possible to assess

(1.1)

Ryup =

the performance of the evaporator and of the condenser separately:

T.-T,

R, = 1.2
Qin ( )
T, —T.
R. =~ ¢ .
Qin (1 3)

where R, and R, are the thermal resistances of the evaporator and of the condenser, respec-
tively.

Such a definition may be problematic in practice. Indeed, according to Maydanik et al.
[31], the calculation of the thermal resistance usually uses the average temperature of the
evaporator active-zone surface and the average temperature of the condenser active-zone
surface. The active surface of the evaporator can generally be considered thermally homoge-
neous with some uncertainty, because the use of a very conductive material such as copper
enables to reduce drastically the temperature gradient in the evaporator. Therefore, a single
measurement is sufficient, with the insertion of a thermocouple in contact with the evapo-

rator wall. The measurement of the average temperature of the condenser is however much
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more complex. Indeed, the condenser often presents large temperature gradients between
the two-phase zone and the subcooling zone. Moreover, its geometry (fins, tube-in-tube,
etc.) complicates an accurate temperature measurement. Therefore, a substitution can be
made, using the temperature at the surface of the liquid line at the exit of the condenser
[31], the average of the temperatures at the condenser inlet and outlet [24] or the heat sink
temperature [30]. This last solution includes the external heat exchange with the heat sink
which is inherent to the efficiency of the LHP. However, an accurate measurement of the heat
sink is often available and does not present the same uncertainty as for the condenser outlet
temperature (difference between the temperature of the fluid and at the wall surface, thermal

conduction in the tube wall, invasive measurement).

1.1.4 Operating limits

As explained by Launay et al. [32], a loop heat pipe is subjected to several limitations re-
lated to the physical phenomena involved during its operation, as well as to its operating
specifications. These limitations have magnitudes and characteristics different from those of

conventional heat pipes.

1.1.4.1 Boiling limit and superheat limit

As thoroughly explained by Kaya and Goldak [33], at large heat fluxes, nucleation may start
in the porous structure of the LHP, at the wick-fin interface. Boiling can initiate at small
superheat values if vapour or gas is already trapped in the small cavities. The boiling limit is
then reached. With increasing heat loads, the vapour-liquid interface may then recede further
into the wick and lead to a dryout. The authors report that purifying the fluid and improving
the wick-fin interface prevent the entrapment of vapour embryos and non-condensable gases,
thus leading to much higher nucleation superheats, at the same order of magnitude as that
for homogeneous nucleation. In that case, the superheat limit can be reached: an explosive
nucleation scenario can be expected, destroying the capillary meniscus drying the wick out.
In practical, both the boiling and the superheat limits are very difficult to predict accurately.
Furthermore, no thorough experimental study on these phenomena during LHP operation has

ever been reported. A further analysis of this phenomenon will be discussed in section 1.4.

1.1.4.2 Capillary limit

As explained before, the capillary pressure must compensate the pressure drops in the LHP
during operation. Assuming a static interface, this capillary pressure can be expressed with

the Young-Laplace equation [34]:

20 cos 6
APeap = ——— (1.4)
where ¢ is the surface tension of the working fluid, r, is the radius of curvature of the

meniscus in the wick and 6 is the contact angle between the liquid and the wick. The radius
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of the meniscus adapts itself so that the capillary pressure compensates the pressure drops in
the LHP at all times. The minimal value of the meniscus radius is the pore radius 7, which

defines the maximum capillary pumping capability:

APeapmax = 20086 (1.5)

Tp
As the heat load increases, the mass flow rate as well as the total pressure drops in the
system increase. If pressure drops in the system exceed the capillary pressure, the liquid-
vapour interface moves into the porous wick and this may eventually lead to a loop deprime,
i.e. a failure of the system operation, due to the inability of the wick to act as a capillary

lock. This operating limit has been theoretically and experimentally observed [23, 35-37].

1.1.4.3 Overheat limit

The maximal sustainable temperature for the LHP itself or for the equipment in contact
with the evaporator can be a strong limitation in general experimental procedures and in
design analyses. In the case of electronic thermal management, the maximal specification is
often around 100°C. Such a constraint restricts the admissible heat load range, even if the
tested LHP is much capable of sustaining larger heat loads. Thus, this limit is often the most

restrictive in testing and designing an LHP [38-42].

1.1.4.4 Other limits

Aside from the previously described limitations, several authors presented other operating
limits [43, 44]. The viscous limit occurs for extremely low heat loads and in the case of high-
viscous fluids that can be found in cryogenic applications or during start-up from a frozen
state. In such a situation, the pressure gradients generated by the heat load are insufficient to
overcome the viscous forces and no increase of the fluid flow rate (for increasing heat load) is
observed. Although this situation can occur, it does not present a large interest in the present
study. Chuang [43] and Hamdan [44] also suggest the sonic limit and the entrainment limit.
The first mentioned corresponds to the occurrence of vapour choking when the sonic speed
is reached. However, to our knowledge, no experimental study ever reported such a problem.
The second limit is a major parameter of traditional heat pipes. It occurs when the vapour
shear is able to carry water droplets from the liquid stream flowing back to the condenser,
leading to a dryout of the evaporator. However, since the vapour and the liquid flow in

separate channels in a loop heat pipe, such a limitation is not relevant in most LHPs.

1.2 Components constituting an LHP

Loop heat pipes are complex systems involving many coupled phenomena. However, extensive
numerical and experimental studies have been conducted to determine the influence of specific

parameters on the global system operation. This section presents the role and the importance
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of each LHP component. For a further analysis, the reader may refer to the experimental
review of Launay and Vallée [30] and to the works of Ku [35] and Maydanik [20].

1.2.1 The evaporator-reservoir
1.2.1.1 The evaporator-reservoir shape

The evaporator-reservoir is undoubtedly the most critical and main structural element of an
LHP, since its geometrical and thermal characteristics define significantly the operation of the
entire system. The evaporator-reservoir basically consists of a metallic casing, a porous wick,
vapour grooves and a chamber constituting the reservoir. Three main evaporator shapes
exist: the cylindrical evaporator, the flat evaporator with the reservoir in the thickness, and

the flat evaporator with the reservoir in the length (Figure 1.9).
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Figure 1.9: Various evaporator shapes

The cylindrical evaporator was the first to be developed. Therefore, most of the exper-
imental studies focus on such shapes. However, in the past years, studies have shown a
larger variety of evaporator-reservoir designs. This is mainly due to a necessity of flexibil-
ity and miniaturization attributable to the expansion of LHP applications [30]. Cylindrical
evaporators provide better mechanical strength which is a decisive advantage in the use of
high-pressure working fluids like ammonia. However, the device to be cooled by the LHP is
generally flat and the evaporator needs a special “cylinder-plane” thermal interface located
at the surface of the evaporator active zone. This leads to a degradation of the LHP thermal
performances [20]. Moreover, the thickness of a cylindrical evaporator cannot be reduced as

much as the flat LHP’s one. This gave rise to the development of flat evaporators, where the
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components are stacked or where the reservoir is located next to the wick. Fore more detailed
information about LHPs with flat evaporator, the reader may refer to the recent review of
Maydanik et al. [47].

1.2.1.2 The primary capillary structure

The primary wick is at the heart of the evaporator. It has a double hydraulic purpose:
supplying liquid for the evaporation zone from the reservoir as well as ensuring a sufficient
capillary pressure to compensate for pressure losses in the LHP. Additionally, its thermal role
is to promote heat transfer from the evaporator wall to the evaporation region while avoid-
ing heat to be conducted to the reservoir [48]. These distinct needs show the necessity of a
compromise in the selection of the best suitable wick characteristics like pore size, porosity,

permeability and material.

Wick material
Experimental works show that plastic, metal, as well as ceramic are eligible materials for the
LHP porous structure. Plastic wicks, among which polypropylene [49], PTFE [50], polyethy-
lene [51] present the advantages of having a very low thermal conductivity. This characteristic
prevents heat to flow from the evaporator to the reservoir through the wick, thus improving
the LHP performances. However, the porosity of plastic wicks is quite low (about 50 %) and
the maximum operating temperature of such materials is limited, restricting their use from
low to moderate temperature ranges [49].

Several recent works reported test results with ceramic wicks [37, 52-54]. Ceramic wicks
offer a good thermal and chemical stability, compatibility with metals and a large freedom in
the choice of sizes and shapes in the microstructure. As for plastic wicks, ceramics thermal
characteristics minimise parasitic heat losses through the wick. The reported results prove
ceramics to be a reliable alternative for LHP applications.

Recently, Silk and Myre [55] conducted performance tests on LHPs using a carbon foam
as a wick structure in an effort to reduce standard LHP fabrication costs. The initial results
with compressed carbon foam wick structure indicate that they are viable materials for LHP
applications.

The majority of experimental studies show the performance of metallic porous structure
[30]: nickel wicks are widely used, but titanium, stainless steel, brass and iron oxyde are
also tested. Several manufacturing processes can be used to provide adequate metal wicks
but sintered powder is the most common process, providing high porosity and low pore size
characteristics. Recent works present the performance of sintered copper wicks associated
with water as working fluid [24, 39, 40, 56-59].

Contact with the evaporator envelope
To enable a good heat transport from the evaporator wall to the evaporation zone as well

as to prevent any vapour leak back to the compensation chamber, the proper fitting of the
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capillary wick inside the evaporator casing has to be ensured. Therefore, the machining and
assembly processes have to be closely adapted to minimize the contact resistance at the inter-
face between the wick and the evaporator wall. Metallic wick structures offer the advantage
of plastic deformation during the assembly process, providing a good contact between both
materials. However, this deformation may lead to an open porosity obstruction, degrading
the liquid flow in the porous structure [52]. Experimental tests with a conical copper wick
inserted in a brass evaporator have been conducted, where the envelope is at a high tempera-
ture prior to assembly to provide expansion and sintering necessary to the metallic connection
[60]. According to the authors, such a method enables a proper and tight wick fitting with
no clearance, even without a high-precision fabrication. Santos et al. [52] explain that ce-
ramic wicks are easier to machine without damaging the pores on the external surface. The
chosen material and the assembly process must also ensure a good thermal and mechanical
contact whatever the heat flux and the operating temperature. Indeed, differential expansion
phenomena between the envelope and the porous structure may decrease the quality of the
contact.

Choi et al. [61] investigated new techniques to enhance the thermal contact conductance
of evaporators in LHPs. Several channel designs are tested and compared (Figure 1.10). The
base plate is made of copper and sintered nickel is used for the wick. An estimation of the evap-
orator thermal resistance is given and values ranging from 7-107° to 3-10#m? - K- W~!
are obtained. The interpenetrating design improves the thermal contact between the wick

and the casing and decreases the evaporator resistance by about 25 %.
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Figure 1.10: Various channel designs to enhance the thermal contact [61]

Recently, Singh et al. [62] discussed various fabrication techniques for the capillary wick
of a loop heat pipe. Three distinct methods for the insertion of the wick inside the evaporator
containment tube are investigated, namely the direct force fit, the thermal expansion fit and
the cryogenic shrink fit. The first technique consists on applying a constant mechanical force

for the insertion and offers simplicity and flexibility. However, the tested samples show non-
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contact areas after integration. The second method consists in expanding the evaporator
tube at very high temperature prior to assembly. The main issue encountered is a high
temperature oxidization of both the tube and the wick. The third technique shows the best
results. A prior immersion of the wick in liquid nitrogen enables a correct insertion for a

good contact between both parts.

Information from the literature concerning the thermal contact between a porous struc-
ture and a solid base plate is very scarce. In addition, this parameter depends on many
geometrical and manufacturing characteristics as well as on the assembly process. It is there-
fore very difficult to assess with accuracy the value of such a parameter in the study and the
modelling of an LHP.

Wick porosity
The wick porosity, which is the ratio of the volume occupied by the wick material to the total
volume, is an important parameter of the porous structure and has a decisive influence on
its thermal and hydraulic characteristics. A higher porosity enables a higher mass flow rate
of liquid through the wick and efficient supply of liquid to the evaporation zone. However,
depending on the manufacturing process, the material chosen for the porous structure and
its mechanical characteristics, the porosity is limited. Between the years 1998 and 2010,
experimental works on LHPs were conducted with porous material porosities ranging from
32% to 86 % [30]. A higher porosity can be obtained with sintered metal than with plastic
materials [48]. Sintered wick structures have uniform porosity in all three axes. The porosity
can be customized to requirements by using powders of different sizes and changing the

sintering temperature and time during the manufacturing process [63].

Singh et al. [63] discuss in detail measurement techniques to determine the wick properties
for LHP applications. The porosity of polyethylene and copper samples is measured by two
distinct methods, namely the density method and the soaking method. The density method,
simple and straightforward, gives results very close to the values given by the manufacturer.
The soaking method seems to underestimate the porosity of the samples. However, no pro-

cedure is available to assess correctly the accuracy of each method.

Wick permeability
The permeability of the wick determines its ability to transport liquid in the presence of a
pressure gradient. In an LHP, the permeability of the wick has to be as high as possible to
provide a good liquid flow inside the porous structure without generating additional pressure
losses. The permeability is a function of the wick structural characteristics. In common
LHP applications, its value varies between 10~ ° and 2 - 1072 m?, depending on the material
chosen and the pore radius (Figure 1.11). Several methods to measure permeability have been
developed [63-65]. Most reported works use a Darcyan approach to evaluate the pressure
drop, neglecting the inertial effects of the fluid in the porous medium. Darcy’s law associates

the pressure drop dP;/dx across a porous material with the amount of fluid flowing through
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the structure dm/dt and the properties of the fluid and the solid material [64]:

AP _u_dm
de  KpSy dt

(1.6)

where p is the dynamic viscosity of the fluid, K is the permeability of the porous medium,
pr is the fluid density and Sy is the porous material cross-sectional area. Berti et al. [65]
develop a more precise method based on Forchheimer terms (a Darcyan and a non-Darcyan
permeability constants), taking into account the contribution of kinetic effects on the pressure
drop. The Forchheimer’s law provides a more realistic evaluation of the phenomena occur-
ring in the porous wick structures. According to the authors, the inertial effect is a relevant

contribution in the pressure drop prediction.
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Figure 1.11: Porous characteristics of common LHP wicks [26]
Pore size

The pore size determines the maximal capillary pressure achievable by the wick. As such,
a low pore diameter provides a better hydraulic lock and ensures the fluid flow in the loop
even for high pressure drops and against gravitational effects. However, lowering the pore
size increases the pressure losses in the porous structure and can lead to a porosity obstruc-
tion during the manufacturing process. As shown in Figure 1.11, the pore diameter generally
ranges between 1 and 20pum. However, the use of sintered copper can lead to larger pore
diameters, between 16 and 140 pm [39, 40, 57, 66]. In that case, no particular performance
degradation of the LHP operation is observed. When considering a porous structure of an
LHP, one cannot strictly measure the pore diameter. Indeed, the manufacturing process leads

to a distribution of pore diameters in a definite range, dependent on the powder size, the
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powder density, and the sintering temperature during processing [63]. Thus, some authors
clarify their data, giving the pore size range, the mean pore radius of the wick, or the maxi-
mal pore size to be expected that can be used in the calculation of the capillary limit. The
latter can be measured by the bubble point test, as explained by Singh et al. [63]. A porous
material, saturated with liquid, is in contact with liquid on one side and with gas on the
other side. The gas pressure is increased until bubbles are observed on the liquid side, thus
determining the capillary limit and the maximal pore size. Holley and Faghri [64] present
other methods: the risen meniscus test, the fallen meniscus test and the rate-of-rise method.
Xu et al. [67] states that the pore size and its distribution affects the thermal conductivity
of the wick. Figus et al. [68] studied the development of a liquid-vapour interface inside the
porous structure of a loop heat pipe. According to the author, a smooth vapour front is to be
expected in the case of an extremely narrow pore size distribution. However, some disorder
in the pore size distribution results in a very irregular interface, also known as fractal type

front. This phenomenon will be further discussed in section 1.4.

Wick effective thermal conductivity
The effective thermal conductivity of the porous wick saturated with liquid is of great interest
for the design and performance evaluation of LHPs. This parameter determines the ability
of the wick to transport heat from the evaporator envelope to the evaporation zone as well as
the amount of heat that is conducted through the porous structure and given to the reservoir
(parasitic heat flux). An experimental setup to measure the effective thermal conductivity
of a sintered copper wick is presented by Singh et al. [63]. The test sample, a copper porous
structure saturated with water, is fixed between a heater (copper block with cartridge heaters)
and a fin heat exchanger. During the tests, the conditions at the heat exchanger are kept
constant, while varying the input power. The temperature is monitored using thermocouples
at various locations. A proper care is taken to ensure a high degree of saturation of the wick
and an adequate sealing of the sample, as well as to prevent heat losses to the ambient. The
results show a quasi-constant value of the effective thermal conductivity for the entire range
of applied heat loads and demonstrate the reliability of the experimental method. However,
the authors note a number of unaccountable factors in the experiment that can result in an
inaccurate determination of the conductivity: improper thermal contact between the wick
and the copper wall, trapped vapour and incomplete saturation of the copper wick with the
water.

The large majority of experimental and modelling studies use a correlation to predict the
effective thermal conductivity of the porous material. A large number of these correlations
can be found in the literature [48, 69, 70]. This thermophysical property depends not only on
the material constituting the wick but also on geometrical parameters such as the porosity,
the mean pore diameter and the pore size distribution. The results are very different accord-
ing to the chosen correlation (see Appendix A). Presently, the only reliable method to select

a correlation is the comparison with experimental data.
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Biporous wicks
As explained by Yeh et al. [71], bidispersed and biporous wicks can be differentiated by their
manufacturing process. The first mentioned are fabricated through consolidation of clusters
of small porous particles whereas biporous wicks are generated using both metal powder

sintering and pore formers dissolving (Figure 1.12).

Bl B\
AN A

Figure 1.12: Photographs of wick structures with bimodal pore size distributions: (a) bidis-
persed wick and (b) biporous wick [71]

Despite different manufacturing processes, they share a common characteristic: a bimodal
pore size distribution (Figure 1.13). Such a feature offers the advantage of having large pores
to reduce pressure drops across the wick and to enable the evacuation of eventual vapour
bubbles forming in the capillary structure and small pores that supply the returning liquid and
increase the evaporative surface. In order to avoid the trapping of vapour inside the wick at
high heat flux, which leads to a degradation of the system performance, wick structures with
bimodal pore size distributions have been developed and first tested in LHPs by North et al.
[72]. Several experimental and numerical works show that the LHP operating performance
can be substantially improved by using a biporous wick instead of a monoporous structure
[71, 73-75].

1.2.1.3 Secondary capillary structure

Several works from the literature report the advantage of adding a secondary wick between
the reservoir and the main capillary wick [30, 35, 50, 76]. Such a feature enables to maintain
the hydraulic connection between the liquid pool in the reservoir and the base of the main
capillary wick whatever the orientation of the evaporator/reservoir. Additionally, it acts as a
thermal barrier between the reservoir and the evaporator, reducing the parasitic heat fluxes.
Vapour arteries incorporated inside the secondary wick may prevent potential vapour or gas
bubbles from accumulating inside the evaporator core. An evaporator design with a secondary
wick is presented in Figure 1.14. The required characteristics for the secondary wick are a
high permeability and a low thermal conductivity [30]. Thus, the pores are generally much

larger in the secondary wick than in the primary wick.
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Figure 1.13: Pore size distributions of monoporous and biporous wicks (sintered nickel) [73]
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Figure 1.14: Cross-sectional view of an evaporator with a secondary wick [50]

1.2.1.4 The vapour grooves

As explained by Choi et al. [77], the vapour grooves, or vapour channels, have a double
function in the LHP evaporator: to provide a thermal path for the conductive heat transfer
from the evaporator base plate to the liquid-vapour interface of the wick structure as well
as to collect and remove the vapour generated in the evaporation zone and to convey it to
the vapour transport line. As a result, the geometrical characteristics (shape, dimension,
position) of the vapour grooves are decisive parameters of the heat transfer in the evapora-
tor /reservoir structure. The evaporation rate, the contact resistance, the evaporator envelope
thermal homogeneity and the pressure drops in the vapour grooves are closely related to their
geometry.

Altman et al. [78] present various LHP groove designs. As shown in Figure 1.15, vapour

grooves can be machined either in the evaporator casing or directly in the wick. Combined
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solutions can also be considered. In experimental works from the literature, the grooves are
generally machined in the evaporator envelope for manufacturing simplicity reasons. However,
according to Zhang et al. [79], the loop heat pipe operates at lower temperature when the
vapour grooves are located inside the wick because the evaporation area is larger in that case.
Their numerical results also show that in the case of rectangular-shaped grooves, the thermal

performances are maximal when the height and width of the grooves are equal.

Figure 1.15: Design versions of LHP vapour grooves [78§]

Kiseev et al. [80] experimentally studied different shapes of grooves (rectangular, trape-
zoidal and triangular) for flat circular evaporators. They conclude that, in the case of
quadratic grooves, the optimum ratio between the total transversal area of the vapour grooves
and the total area of the heat input wall is around 0.4 —0.5. They also add concentric grooves
of different shapes (rectangular, trapezoidal, triangular) to the radial ones and compare differ-
ent vapour grooves layouts (Figure 1.16). The decrease in the size and the distance between
the concentric vapour grooves enhance heat transfer. These conclusions are in accordance
with the work of Wei et al. [81], who numerically investigated the effect of geometric param-
eters on the wick performance. They conclude that the optimal ratio between the groove
width and the fin width is close to 1.

Vlassov and Riehl [82], Riehl and dos Santos [51] and Kuroi and Nagano [83] also con-
ducted studies on the implementation of circumferential grooves in a cylindrical evaporator.
They all conclude that the presence of the additional grooves participates in providing ho-
mogeneous temperature to compensate unsymmetrical heat input from the attached saddle.
According to Riehl and dos Santos [51], in a cylindrical evaporator, the circumferential grooves
act as micro heat pipe, transporting heat from the hottest to the coldest part of the capillary

evaporator.

1.2.1.5 Parasitic heat fluxes

Parasitic heat fluxes (or heat leaks) refer to the heat that is conducted from the evaporator
to the reservoir and thus does not participate in the evaporation at the interface between the

vapour grooves and the wick. Parasitic heat losses can generally be divided into two terms
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Figure 1.16: Various layouts of vapour grooves [80]

(Figure 1.17). A part of the heat never enters the wick. It is thermally conducted through
the evaporator casing instead and reaches the reservoir bypassing the porous structure. This
heat flux is usually referred to as the “longitudinal” (for flat evaporators) or the “axial” (for
cylindrical evaporators) parasitic heat losses. Another part of the heat load reaches the reser-
voir by thermal conduction through the porous wick and is called “radial” or “transversal”

parasitic heat flux, depending on the evaporator geometry.

vapour

liquid

- - tranwsversaly — — ngitudinal

R T I
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Figure 1.17: Parasitic heat fluxes in the evaporator

Longitudinal/axial heat flux
The axial heat leak refers to the heat conducted from the evaporator metal mass to the
compensation chamber through the connection in between. Therefore, it mainly depends on
the configuration of the compensation chamber [32], the material and the thickness of the

evaporator casing and the global evaporator/reservoir design.

Radial/transversal heat flux
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The radial heat flux depends on the thermal and hydrodynamic effects in the porous medium
[32]. Parameters such as the effective thermal conductivity, the wick thickness, the heat
transfer with the reservoir, the thermal convection with the fluid flowing through the porous
medium affect the radial heat losses.

The parasitic heat fluxes have a major influence on the LHP operation. While the largest
part of the total heat load is dissipated in the evaporator through evaporation, the rest is
given to the ambient or transferred to the reservoir. In steady-state operation, this parasitic
heat flux is compensated by the subcooling of the liquid returning to the reservoir. There-
fore, parasitic heat fluxes indirectly dictate the proportion of the heat load that is actually
dissipated by evaporation as well as the subcooling of the liquid at the exit of the condenser.
High parasitic heat fluxes lead to a decrease of the mass flow rate and to an increase of the
LHP operating temperature.

Several measures can minimise parasitic heat losses [30]: The choice of a material with low
thermal conductivity for the wick (plastic, ceramic, titanium), for the evaporator-reservoir
casing (stainless steel, Inconel®) or for the reservoir alone, the reduction of the wall thickness,
the reduction of the conductive section between the evaporator and the reservoir. Singh et al.
[42] use an O-ring seal between the evaporator and the compensation chamber to prevent heat
leaks. The quality of the thermal contact between the evaporator envelope and the porous
wick also influences the total amount of parasitic heat losses as well as the proportion of both

heat fluxes.

1.2.2 The transport lines

The vapour and liquid lines connect the evaporator to the condenser. As explained by Launay

and Vallée [30], various requirements should be met in the transport lines sizing:

e The wall thickness has to be sized to accommodate the variations of the fluid pressure,

considering the mechanical properties of the tube material.

e The length of each transport line is generally defined by the position of the heat source
and the heat sink, imposed by the environment in which the loop is integrated. It varies

between a few centimetres and several metres.

e The diameter of both transport lines has to be large enough to reduce the pressure drops
along the line. However, smaller diameters allow a better integration of the LHP and lead
to a miniaturization of the reservoir. In the literature, transport lines diameters usually
range between 1 and 5mm. The number of bends and other singularities also has to be

reduced in order to minimise pressure drops along the lines.

Transport lines are generally metallic tubes in copper or stainless steel. In experimental
studies, they can be thermally insulated to reduce heat losses to the ambient that are par-
ticularly difficult to estimate accurately. Very few studies have been conducted to study the

influence of the vapour and liquid lines on the LHP operation. Riviére et al. [84] show that
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the thermal conductivity of the liquid line has an impact o the liquid subcooling entering the
reservoir. They also state that condensation already occurs in the vapour line before entering

the condenser. These conclusions are confirmed by the work of Siedel et al. [85].

1.2.3 The condenser

The function of the condenser is to dissipate the heat from the working fluid to the heat sink.
Various types of condensers can be used (Table 1.2). In the literature, the most common
modes of heat transfer are the condensation in tube with heat flux evacuation through a

liquid cooled plate, a tube-in-tube heat exchanger or a finned surface heat exchanger [30].

Condensation cross-section Thermal link Modes of external heat transfer
e circular e plate heat exchanger e air forced convection
e annular e finned heat exchanger e air natural convection

e tube-in-tube heat exchanger | e liquid forced convection

e radiative heat transfer

Table 1.2: Classification of condenser elements [30]

Although less studied in the literature, the condenser plays a decisive role in the LHP
operation, in particular in fixed conductance mode [6]. Maydanik and Vershinin [24] explain
that the main limitation for the capacity and the thermal resistance of miniature LHPs is the
conditions of cooling of the condenser. Therefore, the thermal-fluidic characteristics of the
condenser are of major interest and the design optimization of the condenser is necessary to

enhance the LHP performance [86].

1.2.3.1 Pressure drops in the condenser

The use of sophisticated condensation models in global LHP models remains challenging.
Therefore, authors generally make important assumptions on the flow regime to model the
pressure drops and the heat transfer in the condensing zone. Actually, the flow regime
depends on many parameters such as the diameter of the condenser, the void fraction and
the vapour quality of the fluid flow, the vapour and liquid densities, the capillary length of
the fluid and heat transfer with the wall. In horizontal co-current flow, the flow pattern
can either be bubbly, plug, stratified, wavy, slug or annular [87]. Various experimental and
numerical studies deal with the pressure and thermal characteristic of two-phase flow in tubes
and many correlations can be found in the literature to evaluate condensation heat transfer
and two-phase pressure drops [87, 88].

According to Thome [88], the total pressure drop of a two-phase flow Py is the sum
of the static pressure drop A Psgatic, the momentum pressure drop APyom and the frictional
pressure drop A Ppic:

APt = APstatic + APmom + APgic (1.7)
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The static pressure drop is equal to:
APytatic = pgng sin ¢ (1'8)

where H is the vertical height, 6 is the angle with respect to the horizontal and the two-phase
density pa, is:
p2e = pi(1 — &) + pve (1.9)

and p; and p, are the liquid and vapour densities, respectively. The static pressure is equal
to zero if condensation occurs in a horizontal tube. Numerous methods are available for
calculating the void fraction €. The simplest is the homogeneous model, considering a homo-
geneous pseudo-fluid that obeys the conventional equations for single-phase fluids and which
properties correspond to the averaged properties of both the liquid and the vapour phases.

Assuming the vapour and the liquid velocities are equal, the void fraction is then given by:

e = [1 41 - ° (%)]_1 (1.10)

where x is the vapour quality of the fluid. The momentum pressure drop A Pyom reflects the

change in kinetic energy of the flow and can be expressed as:

.2
APpom = A [QmA] (homogeneous model) (1.11)
Stubep2</’
mt t, 2 (1 — IE)Q IEQ
APmom = (—O) Al———=+— (separated flow model) (1.12)
Stube p(l—e)  pye

with 1ot the total mass flow rate and Siupe the cross-section area of the tube.

The frictional pressure drop is the most difficult term to calculate. In can be determined
using the homogeneous model or separate flow models. In the literature, the most used
correlations are the models of Friedel, Lockhart and Martinelli, Gronnerud, Chisholm and
Miiller-Steinhagen and Heck [88]. These models predict the two-phase frictional pressure
drop based on a two-phase multiplier for the liquid phase and in some cases for the vapour
phase. This factor depends on the thermophysical properties of both phases and on the
vapour quality of the fluid flow.

1.2.3.2 Heat transfer in the condenser

Several models are available in the literature to calculate the condensation heat transfer
coefficient in a horizontal tube. In the case of stratified flow and low velocities, the correlation

from Chato can be used to calculate the average heat transfer coefficient h; [89]:

, 0.25
g (hlv + 3Cp1 (Tsat — Ttube)) )\? - p) pl) (1'13)

h; = 0.555
( Di,u'l (Tsat - Ttube)
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where )\ is the thermal conductivity of the liquid, p is the dynamic viscosity, ¢, is the
specific heat of the liquid, D; is the internal diameter of the tube, Ay, is the latent heat of
vaporization of the fluid and T, and Tyay are the saturation and the wall temperatures,

respectively. If the flow is annular, the correlation given by Akers et al. [90] can be used:

A 1 1
if Reeq < 5-10° hy = 5.0351_Re§’qP7“13 (1.14)
if Reeq > 5 - 10 hi = 0.02657 Reéy Pry (1.15)

where the equivalent Reynolds number for two-phase flow Reeq is determined from an equiv-

Teq = Tigos [(1 ) ta (ﬂ>1/2] (1.16)

alent mass flow rate:

Py

In the previous equations, Pr) is the liquid Prandt number and 7o is the total mass flow
rate considering both the vapour and liquid flow rates.

Goncharov et al. [91] conducted a modelling and experimental investigation of conden-
sation in LHPs. The flow regime is observed inside condenser quartz glass tubes with an
internal diameter of 4 mm and water as working fluid. The formation and behaviour of liquid
slugs are particularly of interest in the last part of the condenser. The authors also conduct
a modelling analysis of the condensation flow. They conclude that pressure pulsating phe-
nomena are generated due to the liquid slug formation. These liquid slugs are a consequence
of large surface tension forces near the end of the condenser.

A fine modelling of the heat transfer associated with condensation can be found in the work
of Miscevic et al. [92]. They model separately the two phases and obtained the general shapes
of the interfaces, in the case of a capillary regime. This model takes into account the transient
behaviour of the liquid shape inside the tube due to the capillary effects. Furthermore, this
study shows the significance of the thin liquid film in the calculation of the pressure drop as
well as the estimation of the heat transfer. El Achkar et al. [93] experimentally determined
the hydraulic and thermal parameters in the isolated bubbles zone during the condensation
flow in a circular micro channel. Negligible latent heat is dissipated compared to the one
dissipated in the annular and the intermittent zones.

For further considerations on two-phase flow, the reader can refer to the extensive studies
of Collier and Thome [87] or Thome [88].

1.2.4 The working fluid

1.2.4.1 Requirements on the working fluid characteristics

In addition to the design of the LHP elements, the selection of the working fluid is determi-

nant. Indeed, it must satisfy various requirements, summarised by Soler [94] as follows:

e The operating temperature range shall correspond to limited saturation pressures, regard-

ing the mechanical integrity of the system.
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e The triple point temperature should be lower than the lowest temperature encountered in
the loop operation. The critical point temperature should not be reached during the LHP

operation.

e The latent heat of vaporization should be as high as possible to transfer a huge amount of

energy with a small flow rate. Therefore pressure drops are reduced inside the system.
e The surface tension should be as high as possible to provide a large capillary pressure.

e The vapour density should be as high as possible to restrain the vapour velocity and thus

the generated pressure losses.

e The dynamic viscosity of both the vapour and the liquid should be small to reduce the

pressure drops.

e The fluid should be chemically stable, non-corrosive and as pure as possible to prevent the

generation of non-condensable gases during the LHP operation.

Additional criteria may exist in accordance with environmental and safety constraints.

1.2.4.2 Working fluid selection criteria

The selection of the optimal working fluid is not simple. Indeed, some of the previously given
requirements are contradictory and a compromise has to be found. Various comparative
studies have been undertaken to assess the performance of several working fluids. It depends
on many parameters regarding the thermophysical properties of the fluid, the operating tem-
perature range of the LHP and the heat load range. The majority of these investigations is a
comparison of several working fluids in a given configuration. Therefore, it does not provide
a significant analysis about an appropriate selection criterion of the working fluid.

Kaya and Ku [95] compared the performance of an LHP using three different fluids:
ammonia, water and acetone. In their experiment, the evaporator is cylindrical and the heat
sink temperature is equal to 273 K. The LHP operating limits are very different depending on
the working fluid characteristics. According to the authors, the water and acetone LHPs are
limited by the absolute vapour pressure which is too low to overcome the pressure drops at
low power levels (viscous limit). The LHP working with water shows a much higher capillary
limit than the other LHPs.

Pauken and Rodriguez [96] experimentally tested an LHP with both ammonia and propy-
lene, with a heat sink temperature ranging from —10°C to 20°C. Ammonia exhibits good
heat transfer characteristics and is therefore the most used working fluid in LHP for spatial
applications. Propylene makes a good comprise, because it has a lower freezing point and
relatively good heat transfer properties.

Boo and Chung [49] tested a polypropylene wick with methanol, ethanol and acetone.
The LHP has a flat-type evaporator. The maximal operating temperature is set according to

the specification of the polypropylene wick which shape can be deformed at high temperature.
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The methanol is considered as the best candidate in this particular application, based on the
maximal reached heat load and the thermal resistance at high heat fluxes. However, for low
to moderate heat loads, the acetone LHP operates at the lowest vapour temperature.

Hsu et al. [97] tested a micro LHP with water and methanol as working fluid. Water
demonstrates a wider heat load performance range (3.3-13 W) than methanol (1.2-5.9 W)
with a condenser temperature of 17°C. Furthermore, the thermal resistance of the LHP
working with water is lower than with methanol. However, the start-up temperature and
power are lower with methanol than with water.

Vasiliev et al. [41] conducted tests with wicks made of nickel and titanium and acetone
and water as working fluids. The LHP with titanium and water transports up to 900 W for
different spatial orientations, keeping the temperature of the heated wall lower than 100 °C,
with a heat sink temperature of 20 °C. For the LHP working with acetone and a nickel wick,
the maximal heat load does not exceed 300 W.

Liu et al. [98] compared the transient and steady-state behaviours of an LHP with
methanol and acetone as working fluid. The LHP working with acetone starts up faster and
operates at a lower temperature. However, the theoretical heat transfer limitation (based on
the capillary limit) is far less for the acetone LHP than with methanol.

Apart from the previous cited works, other working fluids have been tested, including
pentane, R134a, neon, oxygene, nitrogen, ethane, propane, R152A, R11 and toluene [20, 30].

Despite interesting results for given configurations and requirements, these experimental
investigations do not provide any useful method for the selection of the working fluid in the
design of an LHP. Indeed, this choice depends on many parameters that vary from one ap-

plication to another.

Mishkinis et al. [99] conducted a dimensionless analysis to examine scaling issues in LHPs.
Several figures of merit are presented, as well as criteria based on general dimensionless
numbers. A non-dimensional study can provide means for comparison and enable the selection
of an optimal working fluid. A similar method is developed by Launay et al. [100]. The authors
obtain figures of merit for LHPs to suggest selection criteria for the working fluid. Based on
an analytical LHP model, they define several criteria, depending on the operating mode of
the LHP (variable conductance, fixed conductance, or close to the capillary limit), that lead
to an optimisation of the LHP performance (Table 1.3). In variable conductance mode, the
criterion also depends on the ratio of the parasitic heat flux through the wall @ to the
parasitic heat flux through the wick Q. When the LHP operates close to the capillary limit,
a distinction is made, according to the ratio between the pressure drops in the vapour line
AP, and the pressure drops in the capillary structure AP,. The merit numbers depend on
the thermal (cp 1, hiy, A1) and the hydraulic (p1, py, w1, ftv, o) properties of the working fluid.
The maximisation of the merit number leads to the selection of the best suitable fluid from
a performance point of view. Such a method, coupled with an analytical model, is a useful
tool for the choice and the comparison of working fluids. Furthermore, the thermophysical

properties of the fluid are explicitly expressed in the merit numbers.
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Operating mode Merit number Condition
Cp,l
Nbl = h_ Qb > Qw
1v
Variable conductance
2 1.75
VCpihyy
Nb2 = ’J;;TE{ Qb < Quw
) hA? 0.25
Fixed conductance Nb3 = (pl (= po) Iav Ay )
2
. h1.75
Nbd = p:T;; AP, > AP,
Close to the capillary limit
piohiy
Nbs = —— AP, < AP,

H1

Table 1.3: Working fluid selection criteria [100]

1.2.4.3 Chemical compatibility

Mishkinis et al. [101] performed a survey of possible solutions in the selection of working fluids
in compatibility with the LHP envelope and wick materials. Figure 1.18 shows a compatibility
table of several wick-fluid and envelope-fluid couples. The color indicates the degree of
compatibility and the numbers correspond to references listed at the end of the paper [101].
For example, the wick-fluid couple nickel-methanol is compatible according to references 1
and 13, probably compatible for reference 2 but incompatible according to reference 7. The
authors note a lot of contradictory data in the literature as well as the need to consider not
only both couples but also the combination of the three elements: wick, envelope and fluid.
They also perform several compatibility tests to assess the generation of non-condensable
gases in the system. They conclude the following: alcohols are found non compatible with
nickel wicks and steel envelopes, acetone is compatible with many materials combination at
high temperature, except nickel wicks and ammonia appeared to be compatible with the LHP

common materials.

Anderson et al. [102] performed a survey of life tests conducted with 30 different interme-
diate temperature working fluids and over 60 different working fluid/envelope combinations.
Fluids including water, organic fluids, halides, sulfur and mercury were investigated. How-
ever, the temperature range, from 150 °C to 700 °C, does not have a particular interest in the
scope of the present study.

The chemical compatibility has to be considered in the selection of the working fluid, be-
cause non-condensable gases may be generated in the system and modify the LHP operation.
However, as explained by Mishkinis et al. [101], no consensus exists in the literature and
many investigations are insufficient or contradictory. Further analyses and long-term tests

are necessary to confirm the available data.
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Figure 1.18: Compatibility table for the working fluid, the wick and the structural material
[101]

1.2.4.4 Effect of the non-condensable gases

As explained by Ku [35], non-condensable gases (NCGs) can be generated in LHPs for various
reasons, according to the manufacturing process (cleaning of the envelope and the wicks,
assembling of the LHP elements), the purity of the working fluid and chemical reactions during
the operation, due to incompatibility between the fluid and the LHP materials (envelope,
wick, transport lines, etc.). The amount of generated gases depends on the working fluid
inventory, the surface area of material in contact, the time of exposure and the operating
conditions. According to the author, several destinations are possible for the generated
NCGs:

it can accumulate at the compensation chamber where the flow is stagnant.

it can accumulate in the condenser where the temperature is the lowest.

it can be absorbed by the working fluid and circulate in the loop.

it can be adsorbed by the envelope or wick materials.

According to Ku [35], the NCGs affect the LHP performance only if they appear as gas bub-
bles. In the condenser section, a high solubility likely drives the gas into the solution. Some
of the remaining NCGs block part of the condenser while the rest flows to the compensation
chamber. The NCGs in the reservoir induce an additional partial pressure and increase the
subcooling requirement for the liquid returning from the condenser. As a result, the loop

operating temperature is higher.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0092/these.pdf
© [B. Siedel], [2014], INSA de Lyon, tous droits réservés



34 CHAPTER 1 : LITERATURE REVIEW

Nikitkin et al. [103] conducted an experimental study on NCGs effects on the LHP op-
eration, using ammonia as working fluid. Tests are performed by injecting various amounts
of hydrogen gas into the loop through the vapour line. In large quantities, NCGs increase
the start-up time and the operating temperature. The measured effects are minor because a
large amount of gas is absorbed by the working fluid and adsorbed by the envelope and the
wick.

Recently, He et al. [104] experimentally investigated the effect of NCGs on the operation of
an ammonia-stainless steel loop heat pipe with a nickel wick. The LHP is placed in a thermal-
vacuum chamber and all the components are covered with multilayer insulation materials. As
a most common composition of NCG, nitrogen does not react chemically with stainless steel
nor ammonia and is almost insoluble in liquid ammonia, so it is selected as NCG in this study.
Two inventories of nitrogen are injected into the LHP, 7. e. 2- 10 ° mol and 4 - 10 ® mol. The
results show that the NCGs extend considerably the variable conductance mode range and
that the temperature rise caused by the NCGs increases with reduced heat load. These effects
are amplified when the heat sink temperature decreases. The operating temperature rise may
also depend on the heat load cycle. The authors also observe an oscillation phenomenon that
could be associated with frequent repeated processes of generation/collapse of bubbles in the
evaporator core.

Singh et al. [45] conducted an experimental study on the influence of NCGs on the LHP
operation. The miniature loop heat pipe is made of copper and includes a flat disk-shaped
evaporator. Water is used as the working fluid. It is shown that the majority of the NCGs
are generated in the first few initial runs of the loop and accumulate in the reservoir, due to
stagnation conditions. It is estimated that approximately 0.0436 pg of NCG is stored in the
compensation chamber in cold state at the end of the test period and results in a 3.73 kPa
rise in pressure above the loop saturation pressure at room temperature. The net effect of
the NCGs is an increase of the steady-state temperature, particularly at low heat loads (up
to 10°C), and a longer start-up time (Figure 1.19). However, the effects are limited and less
pronounced than with conventional heat pipes. An enhancement of the performance could
be performed through degassing processes.

Baumann et al. [105] present a theoretical study on LHPs where the effect of NCGs on the
loop start-up is investigated. The authors assume a mass of gas trapped in the compensation
chamber, that induces an additional partial pressure. The presence of NCGs increases the
minimal start-up heat load of the system. Furthermore, the start-up time increases by about
50 %.

1.3 LHP steady-state modelling

In the last decade, with the development of the loop heat pipes and the need of design
tools, many efforts have been devoted to propose accurate LHP models, based on a better
comprehension of the phenomena occurring in the loops. These models are useful in terms of

LHP sizing, optimisation and performance prediction and provide also a better understanding
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Figure 1.19: Influence of the NCGs on the steady-state and transient operation of the LHP
[45]

of the couplings involved in the loop, in particular in the evaporator/reservoir structure.
Most of the numerical models can be divided into two categories, corresponding on one hand
to complete LHP models and on the other hand to precise evaporator descriptions. Some
authors also developed an analytical approach to describe LHPs. This section is limited to

steady-state modelling investigations.

1.3.1 Complete numerical LHP models

The majority of complete numerical LHP models are based on a volume element discretisation
or on electrical analogies and describe the whole device as a nodal network. The links between
the nodes are represented by thermal resistances or conductances and the energy balance
equation is applied to each node.

Kaya et al. [106] develop a mathematical model of a loop heat pipe based on the steady-
state energy balance equations at each component of the system. A cylindrical evaporator is

considered. The following main assumptions are used in the development of the model:

e The heat transfer through the wick is directed only towards the radial direction.

e The compensation chamber and the evaporator core contain both liquid and vapour phases.
e The LHP reaches steady-state for a given loop condition.

The total heat load to be dissipated @Qj, is equal to the sum of the heat rejected in the
two-phase portion of the condenser (latent heat) @, the parasitic heat leak @y and the heat

losses from the vapour line to the ambient Qyi_,:

Qin = Qc + Qi + Qvi-a (1.17)
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In the evaporator, the heat leak compensates the subcooling of the returning liquid Qg. and

the heat losses from the compensation chamber to the ambient Qcc.a:

th = Qsc + Qcc—a (118)

To calculate the heat leak, the authors only consider conduction through the wick, which can

be written as:
27 Aefi L

@Qu =7 (Dy.o/Dys)

ATye,w (1.19)

where Ao is the effective thermal conductivity of the wick, Ly, its length and Dy, ; and Dy, o
its inner and outer diameters, respectively. The temperature across the wick AT, is the
difference between the local saturation temperatures caused by the total system pressure

drops AP,ota1, excluding the pressure drop in the wick structure APy:

Muw = (55)  (ORua-AR) (1.20)
sat

The slope of the vapour-pressure curve (07/0P)sat can be calculated using the Clausius-

Clapeyron relation. The total pressure drops in the system consist of the frictional steady-

state pressure drops in the vapour line AP,;, the liquid line AP, the condenser AP, a

potential subcooler AP, the bayonet ARy, the porous structure AP, and the vapour

grooves AP,,,. If the LHP is not in horizontal orientation, the pressure difference associated

with the gravity effects AP,4y also needs to be taken into account:
APt = APy + APy + AP, + APy + APy + APy + APy + APgray (1.21)

The authors employ single-phase correlations to calculate all the frictional pressure drops
and take into account the flow regime (laminar or turbulent) in the calculation. The relevant
properties of the fluid are calculated with respect to the saturation temperature Tg,;. Two
distinct correlations are used to estimate the effective thermal conductivity of the wick. To
determine heat losses to the ambient, the authors test either a natural convection hypothesis

or a radiative hypothesis.

The two-phase heat removal in the condenser consists of two parts: heat rejection to the
sink and heat loss to the ambient (Figure 1.20). The length of the two-phase flow portion in

the condenser L2, is then given by:

L B Q /zout dl‘
2 ¢ T (UA/L)C,2¢ (Tsat - Tsink) + (UA/L)c,amb (Tsat - Tamb)

in

(1.22)

where (UA/L)¢24 and (UA/L)¢ ampb are the thermal conductance per unit length from the
surface of the condenser to the heat sink and to the ambient, respectively and z is the
thermodynamic quality of the flow: xiy, = 1 and z,t = 0 if the total two-phase region is

located in the condenser. The liquid temperature at the exit of the condenser is calculated
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by integration of the local heat balance on an elementary length of the tube dz:

. dT
mcp,lg = (UA/L)Qamb (T - Tamb) + (UA/L)CJ (T — Tsink) (1.23)
where the mass flow rate m is: 0
n=-- 1.24
= (1.24)
TAMB
(UA/L)c.a
Condenser tube

v

Condenser plate
Figure 1.20: Schematic of the condenser thermal resistance network [106]

The same method is applied for the potential subcooler and for the liquid line. The

subcooling of the returning liquid is thus given by:
Qsc = mcp,l (Tsat - Tl,out) (1'25)

where Tj oy is the fluid temperature at the end of the liquid line. The LHP operating tem-
perature Ty, is then a function of Qin, Tsink and Tymp. An iterative procedure is implemented
until convergence is reached.

The authors compare their model to experimental data obtained with the GLAS LHP?
and another loop developed for the Naval Research Laboratory (NRL). The predictions, for
two distinct heat sink temperatures, are very close to the experimental results (Figure 1.21).
At low powers, some discrepancies exist showing a need of a more precise consideration of
the heat losses to the ambient.

The consideration of radial mass flow in the wick was added in a later paper, and new
correlations for natural convection were also compared to better take into account heat losses
to the ambient [108]. The authors state that the mathematical modelling of the LHP per-
formance characteristics becomes more difficult as the size of the LHP decreases. Indeed,
the low mass flow rates associated with the low power levels in small LHPs induce a longer
dwelling time for the working fluid in the transport lines, despite smaller tube diameters.
Therefore, the heat exchange with the surroundings becomes more important. Additionally,
heat and mass transfer in small diameter tubes is less investigated and thus more difficult to

predict. According to the authors, the differences between the measured and the calculated

3GLAS LHP: Geoscience Laser Altimeter System Prototype Loop Heat Pipe, purchased by the NASA in
1997 from Dynatherm Corporation [107]

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0092/these.pdf
© [B. Siedel], [2014], INSA de Lyon, tous droits réservés



38 CHAPTER 1 : LITERATURE REVIEW

310 335
0Tuink = 273K
— 305 e — T <325
g Thoe = 283K A <
w300 A x 315 |
; < 5 |2
= 295 o < 0 B
~ 54 [m]
75} a2 D 295 0O j/
s 20 v = “\B /EI/E
=285 | e 285 4 S d
280 275 |
200 300 400 0 200 400 600 800
POWER (W) POWER (W)
(a) Comparison with the GLAS LHP (b) Comparison with the NRL LHP

Figure 1.21: Comparison between the mathematical model and experimental results [106]

LHP operating temperatures are mainly attributed to the inability to predict the overall
effective thermal conductance across the wick.

The 1-D steady-state model of Chuang [43] is based on the energy balance equation,
thermodynamic relationships and detailed heat transfer and pressure drop calculations in the
liquid, vapour and condenser lines. The model includes the pressure drops induced by the
bends in both the transport lines and the condenser, the convective heat transfer between
the fluid and the wall in the vapour groove and both axial and radial heat fluxes in the
wick. In a horizontal configuration, pressure drops in the vapour line, in the condenser, and
through the wick are found to be in the same order of magnitude, except at low heat loads
for which the pressure drops due to the fluid flow in the porous structure are dominant.
Moreover, heat transfer in the vapour channels induces a slight superheat (several Kelvins)
at the entrance of the vapour line. This study describes extensively the LHP operation in
gravity-assisted conditions. When the LHP is operated at a positive elevation (condenser
located above the evaporator/reservoir, evaporator /reservoir in horizontal configuration), it
can operate in capillary-controlled mode or gravity-controlled mode. When the operation is
controlled by the capillary forces, the vapour grooves are only filled with vapour and the total

mass flow rate can directly be calculated using the heat flux dissipated by evaporation:

. : Q
Mtotal = My = ;;vap (1.26)
v

In the gravity-controlled mode, the fluid flow in the channel becomes two-phase. The mass

flow rate is therefore calculated by:

+ 1y (1.27)

where i) denotes the liquid mass flow rate forced into the vapour groove. Additionally, the

pressure gain has to be taken into account in the pressure balance equation. In the gravity-
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controlled mode, the pressure gain from the liquid head compensates the system total pressure
drops. According to the authors’ results, when the heat load is low, the LHP operates in
gravity-controlled mode and the total mass flow rate in the system does not change much with
the heat input. The operation is then similar to that of a thermosyphon. However, for higher
heat loads, evaporation across the menisci at the outer surface of the primary wick takes
place and provides the additional pressure gain required by the system (capillary-controlled
mode). The elevation has a great impact on the LHP operation when the heat load is low and
modifies significantly the shape of the characteristic curve. Despite interesting results, heat
transfer in the evaporator and the reservoir are not precisely described and the authors stress
the need of a better radial heat leak model based on heat load, temperature distribution
in the primary wick, orientation, properties of the primary wick and vapour quality in the

evaporator core.

Adoni et al. [109] developed a mathematical model to predict thermal and hydraulic per-
formance of an LHP, based on conservation of mass and energy in the system. The presented
model is valid for several geometries (cylindrical or flat-plate evaporator, LHP or CPL). The
same general method as the one previously described is implemented. Additionally, the pres-
sure drops across the wick are calculated using the Darcyan theory and specific correlations
from the works of El Hajal et al. [110] and Thome et al. [111] as well as the Friedel correlation

[112] are used to calculate the two-phase heat transfer and pressure drops in the condenser.

Their model includes the consideration of hard-filling, corresponding to a reservoir full
of liquid, thus not allowing a two-phase saturation equilibrium in this loop element. In that
case, the energy balance equation in the LHP core (Equation (1.18)) is solved simultaneously
for the reservoir temperature and the liquid density in the reservoir. Indeed, the reservoir
temperature determines both the subcooling of the liquid entering the condenser and the
liquid density inside the reservoir. Thus, knowing the exact mass of working fluid in the
system, it is possible to determine a reservoir temperature that provides at the same time

enough subcooling and a two-phase length that is consistent with a flooded reservoir.

The authors conclude that hard-filling leads to an early fixed conductance mode, an
increase of heat leaks and a reduction of the condensation length due to the expansion of the

liquid.

A later study adds the consideration of the bayonet and presents the effect of the mass
of working fluid on the LHP performance [113]. To take into account the presence of the

bayonet, the authors add several nodes to the model (Figure 1.22).

In the evaporator core, there is a heat balance between the radial heat leak Qy1, the heat

from the core to the reservoir ()., and the subcooling of the returning liquid:

Qni = mcp 5ae(Ts5 — Tae) + Qe (1.28)
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Figure 1.22: Schematic of an LHP with a cylindrical evaporator and a bayonet [113]

where ¢p, 54¢ is the mean specific heat of the working fluid between the outlet of the bayonet

(5) and the inlet of the core in the bayonet (4e). In the reservoir, the energy balance is:

QY,OO = ng‘ + qu + QevapJ (129)

where @« is the heat loss to the ambient, @y, , is the heat exchange between the fluid and
the bayonet in the reservoir and Qevap,r is the axial parasitic heat flux. The authors describe
two distinct states of the reservoir. Indeed, the thermal coupling between the reservoir and
the core strongly depends on the volume of working fluid inside the loop. If the height of
liquid in the reservoir is such that vapour can exist in the reservoir tube and the core, then
the reservoir has a good thermal and hydraulic coupling with the core. Otherwise, a bad
thermal link exists. When a bayonet is present in the core, as cold liquid exits from it, the
temperature of the reservoir is higher than that of the core which is subcooled. In case of a
good thermal link, the vapour generated in the reservoir travels to the colder core where it

condenses.

The authors also further studied the hard-filling phenomena and the influence of the
bayonet on a hard-filled reservoir [114]. Their results show that the mass of working fluid
and the bayonet have a significant influence on the LHP operation (Figure 1.23). With larger
masses, the heat load at which hard filling occurs reduces, thus inducing a steep rise in the
operating temperature. When a bayonet exists and the ambient temperature is higher than
that of the heat sink, the superheat of the reservoir may lead to a deprime of the loop. Indeed,

in such a case, the hard-filling leads to a steep rise of the liquid temperature in the reservoir
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compared to the core temperature. If the superheat is high enough, boiling incipience could

occur and induce a major degradation or even the failure of the loop operation.
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Figure 1.23: Effect of the mass of working fluid on the operating temperature (with hard-
filling) [114]

Bai et al. [115] also model an LHP (with cylindrical evaporator) based on energy con-
servation laws. Their work shows the influence of a two-layer compound wick (Figure 1.24)
and takes into consideration the liquid-vapour shear stresses in the condenser, based on an
annular flow regime and considering both phases independently. The description of the two-
phase region in the condenser (and in the transport lines if the two-phase zone exceeds the
condenser boundaries) is obtained by finite difference solutions. The vapour quality and the
pressure drops are thus obtained. The transport lines are divided into several nodes, each
of which representing a certain control volume, and the calculations are conducted at each
node. However, longitudinal conduction in the transport lines is neglected and the thermal
conductance between the evaporator wall and the liquid-vapour interface is set in accordance
with experimental results. The study also describes the behaviour of a loop with a flooded
reservoir (hard-filling). Under this situation, the volume expansion of the working fluid in
the reservoir results in the filling of an increasing length of the condenser when the applied
heat load and the operating temperature increase. The conclusions are the same as in the
work of Adoni et al. [109]. The authors also conducted a parametric analysis of a cryogenic
LHP based on the same model, with the addition of secondary condenser, evaporator and
compensation chamber [116].

Singh et al. [117] present a steady-state model of an LHP with a flat disk-shaped evap-
orator on the basis of mass and energy conservation principles for several control volumes.
Single-phase flow correlations are used in the condenser and heat losses to the ambient are
neglected. A condenser model is developed to take into account the fin-and-tube geometry of
the condenser. A global description is presented, defining an overall surface efficiency of the

fin array and a log mean temperature difference from the fin surface to the ambient air. The
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Figure 1.24: Schematic of the cross-section of a two-layer compound wick [115]

surface temperature of the fin array is considered uniform and equal to the temperature of the
condenser tube. An acceptable agreement with the experimental data is found with a nickel
wick. However, a rather large difference is observed between the calculated performance for
a copper wick and the experimental results. According to the authors, this is probably due
to the shortcoming of the model to consider accurately the heat and mass transfer inside the
evaporation zone.

Riviere et al. [84] present a complete numerical model of LHP in order to study the
influence of the fluid mass distribution in a loop with a flat evaporator. The model is based
on a classic nodal network for the consideration of heat transfer in the evaporator/reservoir.
However, the vapour grooves, the transport lines and the condenser are discretized into small
elements and two energy balance equations are applied on each element, one for the solid
wall and one for the fluid. Such a distinction between the wall and the fluid temperatures
is the main original feature of this model (Figure 1.25). It enables to take into account the
temperature variation in the vapour grooves and in the vapour line, as well as the longitudinal
conduction through the transport line walls. Furthermore, the possible occurrence of fluid
condensation in the vapour line as well as a vapour desuperheating zone in the condenser
are considered. The authors show that vapour starts to condensate in the vapour line, due
to heat losses to the ambient. They also investigate the influence of the transport line wall
thermal conductivity and the fluid mass distribution in the LHP during operation.

Hodot et al. [118] developed a global LHP model, combining a fine three-dimensional
description of the evaporator/reservoir and a monodimensional thermo-hydraulic model of
the transport lines and the condenser. The 3D heat transfer equation is solved using the
OpenFOAM software and results are presented for a cylindrical geometry. Convective heat
transfer is taken into account inside the reservoir, in the grooves, as well as in the porous
medium. The 1D nodal model of the transport lines is based on the work of Riviere et al. [84],

enabling the consideration of the longitudinal conduction in the transport lines. The authors
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Figure 1.25: Fluid and wall temperatures along the LHP [84]

use the simulations to optimise the saddle shape design (Figure 1.26) and the vapour grooves
number and location. Such a complete model associates a thorough modelling of heat and
mass transfer in the transport lines and the condenser with a fine 3D thermal description of

the evaporator/reservoir, thus enabling an accurate consideration of the parasitic heat losses
during operation.

325 327.5 330 3325 335 324 326 328 330
336.5 323 331

Figure 1.26: Optimisation of the saddle shape [118]

Several other global numerical steady-state models can be found in the literature [25, 27,

119-123]. They are summarised in subsection 1.3.4.

1.3.2 Numerical evaporator models

Many numerical LHP models can be found in the literature and are useful tools for the design
and optimization of LHPs as well as for a better understanding of the coupled phenomena
involved in the LHP operation. However, these models are limited and their major restric-
tion lies in an inaccurate modelling of the phenomena occurring in the evaporator/reservoir.

Indeed, heat transfer inside the evaporator as well as heat losses to the ambient have a
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decisive influence on the loop operation, particularly at low heat loads. As explained in
subsection 1.2.1, heat and mass transfer between the components constituting the evapora-
tor reservoir (the evaporator casing, the wick, the reservoir wall, the liquid pool inside the
reservoir and the vapour grooves) must be evaluated accurately. These heat fluxes depend
on numerous parameters: groove design, effective thermal conductivity of the wick, evapora-
tion heat transfer, thermal conductivity of the evaporator envelope material, thermohydraulic
properties of the fluid, etc. As a consequence, thorough studies have been undertaken to model
heat transfer in the evaporating region, in the wick, or in the entire evaporator /reservoir.

Several theoretical analyses specifically investigate the development of a vapour zone
inside the porous medium [33, 68, 124-127]. These studies, based on continuum models or
pore-network simulations, focus on heat and mass transfer inside the wick in order to evaluate
the size and the shape of a potential liquid-vapour interface inside the porous structure. This
topic will be further detailed in the next section.

Li and Peterson [128] developed a three-dimensional steady-state model of a square flat
evaporator with a fully saturated wick structure. The computational domain includes the
liquid bulk of the reservoir, the wick, a groove and a metallic substrate where the heat
input is imposed (Figure 1.27). The 3D governing equations for the heat and mass transfer
(continuity, Darcy and energy) are developed. A temperature boundary condition is adopted
at the liquid-vapour interface, assuming a perfect evaporation rate. Furthermore, no thermal
resistance is taken into account for the contact between the envelope and the wick. In order
to expedite the convergence of the calculations, a line-by-line iteration and a Tridiagonal
Matrix Algorithm along with a Thomas algorithm solver, and successive under-relaxation
iterative methods are used to obtained the three-dimensional temperature distribution. The
temperature and pressure distributions in the wick are discussed and the velocity field is
investigated. The highest heat flux occurs in the wick-fin-groove corner, confirming the
results of Demidov and Yatsenko [129]. Furthermore, the results show that the temperature
difference is not significant along the axial direction of the groove. Thus, a two-dimensional
assumption is acceptable in the modelling of the evaporator.

Zhang et al. [79] also developed a 3D model of a flat evaporator of an LHP. However, in
that case, the reservoir is adjacent to the wick (Figure 1.9¢). Thus, the liquid flow entering
the wick is perpendicular to the heat flux imposed at the evaporator wall. The computational
domain is approximately the same as in the work of Li and Peterson [128] (Figure 1.28). The
wick is considered to be fully saturated with liquid. The fluid flow in the wick and in the
groove are determined based on the equations of continuity, energy, momentum and Darcy.
Heat conduction is also computed in the wall region. No heat losses to the ambient nor from
the wall to the reservoir are considered. The boundary conditions for the wick region are the
reservoir temperature on one side and the saturation temperature of the vapour groove at
the liquid-vapour interface. The thermal contact between the wall and the wick is considered
perfect. A finite volume method is introduced to solve the problem.

The flow and temperature fields in the wick and the structural optimisation of the evapo-

rator (location and shape of the grooves) are discussed (Figure 1.29). The results show that
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the temperature at the top of the wall increases smoothly in the axial direction of the groove.
Due to the effect of evaporation, the temperature is higher in the wick than at the interface
between the wick and the vapour groove. The liquid flowing through the wick is superheated
before reaching the evaporation zone. The pressure drop induced by the flow in the wick
is only of 129 Pa when the heat load is equal to 8OW (10 W -cm ™ 2). An investigation is

also made about the location and the geometrical characteristics of the vapour grooves. Two
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types of evaporators are compared: one with the vapour grooves machined inside the wick
(Figure 1.29b) and another with the grooves inside the wall (Figure 1.29¢). When the groove
is located inside the wall, the evaporating interface is only located at the bottom of the
vapour groove, which results in larger temperature gradients in the wick, a higher superheat
of the liquid inside the capillary structure and a higher temperature of the evaporator heating
wall. The authors also conclude that the best results are achieved with square grooves (ratio

height-width equal to 1) and with a width ratio fin-groove ranging from 0.5 to 1.
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Figure 1.29: Temperature field in the flat evaporator [79]

Chernysheva and Maydanik [130] present a 3D mathematical model of a complete flat
LHP evaporator with the reservoir adjacent to the porous structure. All the main structural
elements of the evaporator /reservoir are included in the model: body, wick, vapour grooves,
barrier layer and compensation chamber (Figure 1.30). The three-dimensional heat equation
is solved for the entire evaporator. The authors consider a finite evaporation heat transfer,

thermal contact resistance between the wick and the body and the drying of the wick surface,
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based on the nucleation theory. If the local liquid superheat in the pores is larger than a
calculated nucleation superheat, the wick surface is considered dry and no evaporation occurs
at this particular spot. Due to the agitation ensured by the liquid that arrives from the liquid
line, the fluid inside the compensation chamber is considered at a uniform temperature. A
finite difference method is computed to solve numerically the problem. The model adequately
describes thermal processes in the evaporator and the specific character of a one-sided heat
load supply. The authors obtain the 3D temperature field in the entire evaporator as well
as the velocity fields in the grooves (Figure 1.30). The results show a nonuniformity of the
evaporation rate in the entire active zone. Indeed, there are low-evaporation zones owing
to the insufficient heating of the peripheral sections of the evaporator. The vapour grooves
located in the centre of the active zone contribute mainly to the evaporation process. However,
at high heat fluxes, large superheats and a potential drying of the wick may lead to a larger
activation of the evaporation processes in the peripheral sections. About 90 % of the total
heat load is dissipated through evaporation.

Chernysheva and Maydanik [46] further discuss the temperature distribution in the evap-
orator and different phases of the wick drying process for uniform and concentrated heating,
based on the same model. A uniform heating means that the whole active zone is heated
whereas in the case of concentrated heating, the heater occupies a small part of the active
zone. Another paper presents calculations for the heat and mass transfer in the compensation
chamber of the same evaporator and the intensity of internal heat exchange in the reservoir
depending on its orientation [131]. The authors model heat and mass transfer processes in
the entire evaporator /reservoir using the software EFD.Lab*. They obtain the temperature
field in the evaporator and the velocity field in the compensation chamber. The latter is con-
sidered completely filled with liquid. A constant heat transfer coefficient with the ambient is
assumed. A constant mass flow rate is taken into account for the entrance into the bayonet
as well as for the interface between the wick and the liquid bulk. Furthermore, the surface
of the vapour grooves is set at a constant temperature. The results show that the influence
of the gravity is significant on the heat and mass transfer in the reservoir. The local heat
transfer coefficient in the liquid pool of the reservoir can reach 600 W - m—2 - K—! close to the
wick at high heat loads (Figure 1.31). The value of the mean heat exchange coefficient in the
compensation chamber is about 140 W - m 2 - K~ ! at high heat flux (Qi, = 500 W).

All the previous described numerical analyses give a better understanding of the phenom-
ena involved in the evaporator of a loop heat pipe. Parasitic heat transfer, heat exchange
between the evaporator wall and the grooves, heat and mass transfer in the wick, in the
vapour grooves and in the compensation chamber as well as the characterisation of the evap-
oration zone are investigated. These numerical studies show the complexity of heat and mass
transfer in a loop evaporator and are a useful tool for improving the design and the man-
ufacturing of LHPs. However, the operating parameters of the model (temperature of the

liquid returning to the condenser, pressure difference between the groove and the reservoir)

‘EFD.Lab: a computational fluid dynamics formerly distributed by NIKA GmbH. The latest version,
called FIoEFD™, is distributed by Mentor Graphics®
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are either arbitrarily set or coupled with a very simplified loop model. Therefore, there is a
lack of knowledge concerning the influence of the phenomena occurring in the evaporator on

the entire system operation.

1.3.3 Analytical studies on LHPs

Following increasing computational resources, the major part of the modelling efforts focus on

developing models using various numerical methods. Few research works present analytical
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models of LHPs, in which the operating parameters (temperature, pressure drops, mass flow
rate, etc.) can be explicitly determined, without the need of any numerical scheme. However
the analytical approach does not necessitate large numerical resources and can be easily
implemented in a simple software. Therefore, it can be a powerful tool for the design and

optimisation of loop heat pipes.

According to Launay et al. [6], Maydanik et al. [132] developed an analytical model with
a closed-form solution based on an energy balance in the reservoir and the pressure balance
in the overall loop. The radial parasitic heat transfer through the cylindrical wick was taken
into account, but the axial heat flux and the heat losses to the ambient were neglected.
Assuming low heat losses from the liquid line and a heat load equal to the heat dissipated by

evaporation, the following simplified expression was given:

Qincp,l
Dw,o) 27 Aot L Pty

1.30
Do (1.30)

Tv - Tc,o + (Tr - Tc,o) <
where T, T, and Tt , are the temperatures in the vapour grooves, in the reservoir and at
the end of the condenser, respectively. Dy, and Dy, ; are the outer and inner diameters of
the wick, respectively and Ly, its length. In this closed-form solution, predicting the vapour

temperature requires the knowledge of the temperatures at the condenser outlet and in the
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reservoir. Therefore, this expression cannot be directly used to express the LHP thermal

operation based on its geometrical characteristics.

Cao and Faghri [133] present an analytical work for the heat and mass transfer in a
rectangular capillary porous structure with partial heating and evaporation on the upper
surface (Figure 1.32a). This geometry can be directly related to the evaporator of a CPL
or an LHP. Based on symmetry assumptions, the authors use the method of separation of
variables to determine solutions in the form of Fourier series. The sides of the computational
domain are considered adiabatic, the bottom boundary condition is a set temperature and
the upper boundary condition is a heat input on one side and a heat output on the other
side. Therefore, analytical solutions for the liquid pressure, velocity and temperature fields

in the porous structure are obtained (Figure 1.32).

The results show the maximum temperature at the upper left-hand corner, under the fin.
High temperature gradients are expected near the upper limit, whereas the temperature field
is more uniform at the bottom. Concerning mass transfer, the liquid flows vertically into the
porous structure and remains nearly one-dimensional until reaching the middle section of the

wick.

Furukawa [134] present a design-oriented analytical description of an LHP. His approach
is very original and aims at optimising the design of the LHP in given operating conditions.
The initial hypothesis is the knowledge of a design-specified operating temperature. The au-
thor solves the heat and mass transfer equations in the cylindrical evaporator. Pressure losses
in the loop and heat transfer in the condenser are calculated as a function of the geometrical
properties of the system. Several performance indices are defined (number of transfer units,
temperature effectiveness, critical Bond number, pump efficiency) in order to improve the
design of the LHP. Based on the operating temperature and on the geometrical and thermo-
hydraulic characteristics of the loop, all the design parameters (wick thickness, transport lines
diameter, wick pore radius and porosity, reservoir volume, condenser length) are evaluated.
The paper presents several charts to optimise the design characteristics of the LHP. This
study is a useful tool in the sizing of the LHP components based on temperature constraints.
However, in many cases, the operating temperature is not necessarily the operating limit and
is, as such, not a prior: known.

Chernysheva et al. [27] present an analytical investigation of two compensation chamber
operating modes, either the hard-filling or the two-phase state. Based on the thermodynamic
relationship between the liquid-vapour interfaces in the groove and in the condenser or in the
reservoir, the authors develop an analytical expression of the operating temperature Te,. In

case of hard-filling, the evaporator temperature is equal to:

1 1
+ Rcond,body +

1
Tev = Tsink+ ( + Z WiFn; + —S> Qload
)

QeyOq
(1.31)

where Tk is the heat sink temperature and acond,ext, Qcond,int and ey are the heat transfer

Qcond,ext S cond,ext Qcond,int Scond ,int

coefficient at the external side of the condenser, at the internal side of the condenser and
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Figure 1.32: Analytical heat and mass transfer in the wick [133]

in the evaporation zone, respectively. Scond,ext and Scond,int correspond to the external and
internal surface areas of the condenser, respectively and Sy is the evaporator surface area
where heat is supplied. Qoaq is the total heat load to be dissipated by the loop, Reond,body 18
the thermal resistance of the condenser wall and W; and F'n; are the coefficients taking into
account the geometrical and thermophysical parameters in the calculation of pressure drops
in the vapour line. In the case of an existing liquid-vapour interface inside the compensation
chamber, the equation is modified to:

dr Qload

Tev = Tee + (AP, + AP+ A g)@ +a 5
T eviq

(1.32)
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where T¢. is the temperature in the compensation chamber, and AP,, AR and AP, are
the pressure drops in the vapour line, in the liquid line, and due to the gravity, respectively.
Despite providing a simple expression of the evaporator temperature, this development shows
two main limitations. Firstly, in the case of a saturated reservoir, the operating temperature is
a function of the compensation chamber temperature, which is a priori not known. Secondly,
several major assumptions are made: heat losses to the ambient, parasitic heat transfer, two-
phase pressure drops and heat transfer in the transport lines are neglected. Such hypotheses

may lead to a large inaccuracy in the operation prediction.

Launay et al. [6] develop closed-form solutions linking the LHP operating temperature
to various fluid properties and geometrical parameters. Based on an energy balance on each
LHP component and on thermodynamic equations (Figure 1.33), the reservoir temperature

T, can be predicted for both the variable and the fixed conductance modes:

h R T Dy L1 K1,h
Tsink + l I:R E I A :| + (TA o Tsink) I:l —exp <_M>:|
VoM T — Cpl | Rwan AQin QinCp,1
r 1 1 1 1 hiy }
1— — 4+ AP, + AP, — AP,) —
Qin |:pvcp,l <RW Rwall> ( v : g) CP,IRA
(1.33)
R K,
o 1+ 2 = <
FCM T, =Ty, e wall 72 sub 1.34
r sink + 7TDC iLCKC 1 RE ( )
] + [ —
Ryan

In these expressions, K¢, Kgp and Ky, are global conductances defined in Figure 1.33 and
RE, Ry and Ry, are evaporator resistances defined in the same figure. L, and L¢ are
the lengths of the liquid line and of the condenser, respectively, and Dy, and Dc; their
respective diameters. Ry is the thermal resistance that represents heat losses of the reservoir
to the ambient at temperature Tx. Additionally, simple analytical solutions of the heat
load corresponding to the transition between both modes are expressed. The effect of the
geometrical parameters and fluid thermophysical properties on the LHP operation are clearly
highlighted. However, the identification of the evaporator thermal resistance needs to be

adjusted to experimental data or may require an additional evaporator accurate model.

Boo and Jung [135] conduct a theoretical modelling of a loop heat pipe with a flat evap-
orator. Based on a nodal network of the evaporator and of energy balance at each node of
the system, the authors predict the temperatures of each component. The profile and the
temperature of the liquid-vapour interface in the pores were expressed using the thin-film
theory. The evaporation heat transfer coefficient is then dependent on the accommodation
coefficient and on the heat conduction through the liquid film to the vapour. Transversal heat
losses are also taken into account and a heat exchanger classical NTU method is used for the
modelling of the condenser. However, no closed-form solution of the operating temperature
is given in the paper. Furthermore, longitudinal parasitic heat losses are not considered and

the reservoir is assumed to be filled with liquid during operation, which does not necessarily
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Figure 1.33: LHP thermal resistance network [6]

correspond to an actual LHP operation.

1.3.4 LHP modelling synthesis

Table 1.4 and Table 1.5 summarize the main steady-state modelling works of LHPs published
in the past years. This survey considers both the complete models and the partial evaporator
models. However, transient analyses were omitted, since they are not in the scope of the
present study.

As presented in this section, many theoretical works about LHPs have been undertaken in
the past 15 years. Most of them are numerical analyses, based on nodal networks or on finite
difference methods, whereas few analytical studies are developed. Specific codes for LHPs
have been extensively developed in the past years, including more features and considering
more accurately the physical phenomena involved in the loops. However, there are still only
few studies that show a complete description of the LHP with a precise consideration of
heat and mass transfer in the evaporator/reservoir structure, despite its major significance
on the loop operation. This conclusion is a consequence of the complexity of the phenomena
occurring in loop heat pipes.

This summary also shows the development of three-dimensional models in the recent
years, following the availability of larger computational resources. Flat evaporators have also
been more investigated in the last years and show the gain of interest for this geometry of
evaporator. The partial drying of the wick and the hard-filling are phenomena that have
been seldom considered. However, most of the models investigate intensively heat and mass

transfer in the transport lines and the condenser.
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Table 1.4: Summary of the LHP steady-state models between 1999 and 2008
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Complete LHP

Partial modelling

3D analysis

2D analysis

1D analysis

Nodal network

Analytical solution

Cylindrical geometry

Flat (reservoir in the thickness)

Flat (reservoir adjacent to the evaporator)
Axial/longitudinal parasitic heat flux
Radial/transversal parasitic heat losses
Contact resistance body-wick
Concentrated heat flux

Convection in the wick

Drying of the wick

Secondary /biporous wick

Bayonet

Heat transfer reservoir-casing
Hard-filling

Finite evaporation coefficient

Infinite evaporation coeflicient (set temperature)
Pressure drop in the vapour grooves
Heat transfer in the vapour grooves
Longitudinal conduction in the tubes
Single-phase pressure drops

Two-phase pressure drops

Flow regime

Condensation regime

Homogeneous model
Separated phases model

Condensation in the transport lines
Gravity effects

Non-condensable gases
Evaporator heat losses

Transport lines heat losses

Multiple evaporator/condenser

Summary of the LHP steady-state models between 2009 and 2014
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1.4 Location of the liquid-vapour interface

The location of the liquid-vapour interface in the evaporator can have a significant influence
on the heat transfer inside the wick and is mostly of interest when investigating the deprime
of the loop following the drying out of the porous structure. Indeed, the growth of vapour
zones inside the wick leads to a different thermal profile in the wick, to a change of the
evaporation interface shape and, in case of a penetration across the entire porous structure,
to a failure of the entire loop operation.

A majority of the LHP models from the literature assume a complete liquid saturation of
the wick and a static liquid-vapour interface at the surface of the wick in contact with the
groove (Table 1.4 and 1.5). In that case, the menisci providing the capillary pressure are all
located in the pores at the surface of the porous structure in contact with the grooves and
the wick is full of liquid.

Considering heat and mass transfer and evaporation processes in conventional heat pipes,
Demidov and Yatsenko [129] theoretically investigate the growth of a vapour zone inside the
capillary structure. The authors postulate the existence of a vapour bubble between the wick

and the fin, growing in size and eventually communicating with the groove (Figure 1.34).

cs cs'

vapoir zone

vapour gone

liquid
MENnIScuUs

Figure 1.34: Growth of (a) a "large” vapour zone and (b) a "small” vapour zone inside the
capillary structure [129]

This phenomenon is further studied by Figus et al. [68], who also develop a pore network
model to consider a pore size distribution inside the porous structure. In this type of model,
the pore space is modelled by a network of sites (pores) and bonds (throats), as presented
in Figure 1.35. A complementary network is considered to take into account conductive heat
transfer.

At the beginning of the numerical procedure, the network is saturated with liquid except
the first series of bonds underneath the fin which are saturated with vapour. Mass, momen-
tum and energy balance equations for each element of the networks enable the calculation of
the temperature and the pressure fields. If the pressure difference across the liquid-vapour
interface is higher than the maximal capillary pressure, the bond associated with that differ-
ence is invaded by the vapour. Once the network phase distribution has been updated, the

overall procedure is repeated until a stationary solution is found.
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Figure 1.35: Sketch of a pore network model [68]

The authors compare the standard continuum model (based on continuous equations)
with the pore network one (Figure 1.36a), for a constant pore size in the entire wick. To
locate the liquid-vapour interface inside the wick, the continuum model assumes the wick to
be filled with vapour if its temperature is greater than the saturation temperature. Both
methods give similar results characterised by a smooth vapour zone under the fin. When
the wick does not have a homogeneous porosity, a fractal vapour zone extension is observed
(Figure 1.36b). They obtain vapour breakthrough for heat flux equal to about 20 W - cm 2.
As in the previously cited work, the authors assume the presence of an initial vapour zone in
the wick, initiating the vapour invasion process.

Other modelling works have been more recently published on this topic, further developing
a pore network model. Coquard [124] improves the model of Figus et al. [68], considering
convection in both the liquid and the vapour phases and taking into account the variation of
the vapour density. Heat transfer in the grooves is calculated and the energy balance is also
computed in the evaporator wall. Moreover, no symmetry is assumed for the vapour region.
The author develops a dual model: the pressure and temperature fields are calculated using
homogeneous equations whereas the capillarity and hence the location of the interface are
considered using the pore network. To determine the incipience of the vapour development
inside the porous structure, the author arbitrarily assumes a nucleation superheat of 3 K. This
assumption also implies the existence of vapour or gas embryos under the fin that facilitates
the nucleation. According to the author, the presence of the vapour region inside the wick has
a major influence on the evaporator operation. It induces an additional thermal resistance,
leading to a large superheat of the fin and to an increase of the parasitic heat losses.

The model was further developed by Louriou [125] to take into account transient phenomena.
Furthermore, the evaporator model is coupled with a nodal description of a complete LHP and

takes into account the imbibition of the pores after vapour invasion (recession of the vapour
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AT (K)

14

(a) (b)

Figure 1.36: Pore-network simulations of the vapour front inside the porous wick [68]: (a)
homogeneous porosity (¢ = 5kW - m~2): continuum model (black) and pore-network model
(white); (b) inhomogeneous porosity (¢ = 90kW - m~2)

region). This imbibition, governed by the capillary forces, enables the vapour-filled pores
to be invaded by the liquid if the pressure difference across the meniscus is lower than the
maximal capillary pressure generated in the pore. The study shows the various growth modes
(driven by the capillary forces alone or by the association of both the capillary and the viscous
forces) of the vapour region as a function of the heat load. It also shows that imbibition can
induce oscillating phenomena in the porous medium. Despite interesting conclusions, the
authors mention the need of further studies concerning the nucleation in porous media and
the initiation of the vapour region under the fin. Indeed, like the previous described models,

this study assumes an initial vapour nucleus in the wick under the fin.

Kaya and Goldak [33] numerically analyse heat and mass transfer in the porous structure
of a loop heat pipe using a finite element method. They study the existence of a vapour region
inside the wick to assess the boiling limit of LHPs. The authors expect nucleation to start
in the microscopic cavities at the wick-fin interface for small superheat values as a result of
trapped gas in these cavities. According to the authors, the boiling incipient superheat value
is difficult to predict, since it depends on several parameters in a complex manner. Therefore,
they arbitrarily assume the incipience of the vapour zone would occur if a superheat of 4 K
of the liquid is reached. However, if the contact between the fin and the wick is improved
and the working fluid is purified to the greatest possible extent, thus preventing the presence
of vapour embryos trapped at the wick-fin interface, the boiling incipience can be delayed to
higher superheats, at the same order of magnitude as that for homogeneous nucleation in a
pure liquid. The authors investigate such a scenario, calculating the superheat limit using
the cluster nucleation theory. Their experimental results indicate no strong transient effects

that could be the expected consequence of an explosive evaporation at the wick-fin interface,
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even when the applied heat load is higher that the calculated boiling limit. They conclude
that a vapour region must exist under the fin and provide an escape path for the bubbles to
the groove, thus preventing a flash-like vapour expansion. However, the absence of strong
transient effects does not necessarily confirms the partial drying of the capillary structure.

All of these numerical works assume initial clusters of non-condensable gases trapped
between the wick and the fin. These clusters would enable the expansion of a vapour zone
in the porous structure, requiring only a low superheat. In the case of a good mechanical
contact between the wick and the evaporator body and if the purity of the working fluid is
high, it can be assumed that no vapour nor gas would initially exist in the porous structure.
The conditions of boiling initiation are then given by the homogeneous nucleation theory.
In such a case, the boiling condition would be achieved at a very high superheat. As was
explained by Mishkinis and Ochterbeck [142] and later confirmed by Kaya and Goldak [33],
if the LHP is fabricated and filled with a high degree of carefulness, particularly for the
degasing of the liquid and the elimination of non-condensable gases in the system, practically
no boiling phenomenon is to be expected during operation.

Owing to the geometrical characteristics of the wick (pore radii in the order of several
micrometres, total thickness of several millimetres), its location in the core of the evaporator
as well as the use of opaque materials for its structure, a visual investigation of the wetting of
the wick during operation proves to be extremely difficult. Therefore, experimental informa-
tion about the location of the two-phase interface inside the wick is extremely scarce. Some
authors experimentally studied two-phase heat transfer inside a porous structure heated on
one side in order to reproduce the phenomena involved in a capillary structure of an LHP
[124-126].

Zhao and Liao [126] report an experimental study of a capillary porous structure heated
with a grooved source at the top. The test section is packed with glass beads, essentially
spherical in shape, with an average particle diameter of 1.09 mm. A finned copper block with
an embedded heater is placed at the top of the test section and the latter is filled with water.
At low to moderate heat fluxes, evaporation takes place uniformly at the heated surface of
the porous structure. However, at high heat fluxes, a vapour blanket forms below the heated
surface (Figure 1.37).

Coquard [124] investigates the development of a vapour pocket in a heated porous medium.
The porous medium consists on stainless steel spherical beads, with a diameter of 1mm. A
brass fin is located at the top and provides heating to the porous medium. Two grooves enable
the vapour to escape (Figure 1.38a). The tests are conducted using Fluorinert™ FC-3284 as
working fluid. As the brass fin is heated, the author observes the growth of a vapour zone
inside the porous structure (Figure 1.38b), eventually leading to a complete breakthrough of
the vapour. In all the tests, the grooves are filled with liquid prior to the start-up, which is a
potential start-up configuration of an LHP. However, this initial condition does not represent
adequately the condition of a vapour groove in a normal steady-state loop heat pipe operation.

Coquard also observes the incipience of the vapour pocket. As shown in Figure 1.39, the

boiling first takes place along the groove-fin interface and the small bubbles gather at the
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Figure 1.37: Phase-change behaviour at different heat loads [126]: (left) at small and mod-

erate heat fluxes; (right) at high heat fluxes

(a) Test sample

(b) Photograph of the vapour region

Figure 1.38: Experimental study of a vapour zone development inside a porous structure

[124]

fin-porous structure corner, in the groove filled with liquid. The bubble then grows until

complete invasion of the groove and the meniscus at the fin-groove-porous structure interface

is broken, letting the vapour enter the porous medium. The vapour then migrates to the

centre of the fin. Therefore, it seems that in that case, the incipience of the vapour is located

in the groove and not inside the porous medium.

Louriou [125] develop an experimental setup to study the growth of a vapour region

inside a porous medium (Figure 1.40). The porous medium consists of machined grooves in

an aluminium or in a silicon plate. The porous structure is filled with ethanol and heated
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brass fin capillary structure

groove

(a) (c) (d)

Figure 1.39: Growth of the first vapour zone in the groove [124]

on one side. Despite giving interesting qualitative results concerning the growth pattern of
a vapour zone in a porous medium, the experimental setup does not provide any vapour
grooves or channels for the evacuation of the vapour and forces therefore the development of

a vapour region in the porous medium.

heat load

vapour
grooved silicon plate et " P walls

liquid

outlet

Figure 1.40: Study of the growth of a vapour region inside a porous medium [125]

In all of these investigations, the pore size of the tested capillary material is not of the
same order of magnitude as in the capillary wicks used in LHPs. In practice, the diameter
of the pores in a wick is equal to several micrometres. This induces a significant capillary
pressure at the location of the menisci, particularly when the surface tension of the working
fluid is large. It is therefore difficult to assess if the same phenomenon would occur in a
practical application of LHP.

Launay and Mekni [143] developed a test bench for the infrared visualization of the liquid-
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vapour interface in the wick of a complete loop heat pipe experimental setup. As shown in
Figure 1.41a, an aluminium heat spreader and a capillary wick (made of 1-2 pm sintered glass
powder) are clamped and may be regarded as a slice 3 mm-thick. The aluminium plate with
2 mm-width fins is covered with black paint to increase its emissivity. The capillary wick is
plunged into an ethanol reservoir to provide initial saturation of the wick and a heat input
is set on the top of the heat spreader. The authors observe the liquid-vapour interface with
the IR camera. They report that with the increase of the heat input, the evaporation front
slightly moves into the capillary wick, generating a significant increase of the fin temperature
(Figure 1.41b). This study tends towards the partial drying of the capillary structure below
the fin during LHP operation.

Thermal
insulation\i

cartridge heater

T=119°C

| |

conductive Q
evap
heat spreader
capillary
wick

fluid
|
reservoir

(b) IR visualization results
IR visualization

(a) Experimental setup

Figure 1.41: IR study of a liquid-vapour front in a capillary structure [143]

This literature survey shows the complexity of the potential expansion of a vapour zone
in the wick and its influence on the LHP operation. Many theoretical and numerical studies
investigate the potential development of such a vapour region and its consequences on the
wick behaviour. However, information concerning the effect of this drying on the LHP global
operation is very scarce. There exists few experimental works proving the presence of a
two-phase interface inside the capillary structure. This phenomenon needs to be further
investigated prior to any conclusion, particularly the incipience of the vapour in the wick and
the nucleation theory associated to it. Furthermore, the consideration of a partial drying of
the wick, particularly in the case of a pore network, in a complete LHP model would induce
much additional complexity and the need of larger computational resources. Therefore, the
models developed in this thesis assume a careful manufacturing, assembling and filling of the

LHP and consider the wick to be completely saturated with liquid.

1.5 Conclusion

As presented in this chapter, loop heat pipes are complex systems involving many coupled

phenomena at different scales. The major challenge remains the understanding and the mod-
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elling of the evaporator /reservoir, with an accurate consideration of heat and mass transfer
in the porous structure, a precise determination of the parasitic heat fluxes and a good
characterisation of the evaporation zone. Several thermophysical parameters are difficult to
determine accurately because they depend on manufacturing and assembling processes or
because they involve complex physical phenomena. This uncertainty concerns particularly
the effective thermal conductivity of the wick, the thermal contact between the wick and the
evaporator body, heat transfer between the wick and the reservoir, the local evaporation heat
transfer in the evaporator and heat transfer and pressure drops in the two-phase flow.

Many theoretical studies have been undertaken to investigate the steady-state operation
of LHPs, at a global level, or considering only the evaporator or a part of it. These analyses
give a better understanding of the parameters influencing the LHP operating temperature
and of the strong thermal couplings between the elements constituting the device.

In order to predict adequately the operation of a complete LHP, a global model that
includes all the components is necessary. Therefore, a compromise has to be found in order
to model the system globally with an accurate consideration of the heat and mass transfer

in the evaporator /reservoir.
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Chapter 2

LHP analytical model and

parametric study

This chapter presents the development and the results of an analytical model of a complete
loop heat pipe with either a flat or cylindrical evaporator. An analytical model provides a
solution without excessive computing times and that can be easily implemented for LHP de-
sign analysis. The first section presents the equations of the model. Then, a standard LHP is
defined in order to conduct a sensitivity analysis to show the influence of the main parameters
on the LHP operating principles. Some results are also presented to show the complexity
of this system and to help the reader to apprehend the coupled phenomena occurring in an
LHP.

2.1 LHP analytical model establishment

The present model is an extension of the analytical study of Launay et al. [6]. However, in
order to accurately take into account heat and mass transfer in the evaporator structure,
the present study rests upon two analytical solutions describing the temperature field in the
wick and the evaporator casing, based on Fourier series expansions. Both solutions enable
to determine parasitic heat losses through the wick and the evaporator body, the sensible
heat given to the liquid flowing though the porous structure as well as the heat dissipated by
evaporation at the wick-groove interface. A similar approach was implemented in the case
of conventional heat pipes by Lefevre and Lallemand [144] and later extended by Lips and
Lefevre [145]. These features, coupled with energy balances and thermodynamic relationships

in the rest of the LHP, give a simple solution for the operating temperature.

2.1.1 Energy balance and thermodynamic relationships

The thermal state of the complete LHP can be determined using energy balance equations
and thermodynamic relationships. Figure 2.1 presents the operating principle of the LHP

and the links between its components.

65
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Figure 2.1: LHP schematic nodal network

The total heat load to be dissipated by the evaporator Qi is conducted through the wick
or through the evaporator body so that:

Qin = Quw + Qs (2.1)

The wick is assumed to be fully saturated with liquid. The thermal heat flux @ is transver-
sally conducted through the evaporator wall, the wall-wick interface and then divides up: a
part Qe is evaporated at the wick-groove interface whereas the rest is dissipated by conduc-
tion and convection with the liquid flowing through the porous structure and with the liquid

in the reservoir. @y, is conducted longitudinally through the evaporator wall to the reservoir
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2.1. LHP ANALYTICAL MODEL ESTABLISHMENT 67

and a part of it, Qext,e, is given by convection to the ambient. Both the heat flux through
the wick @ and the heat flux conducted through the evaporator casing @}, are functions of
the reservoir, the groove, the wick and the evaporator temperatures 1Ty, Ty, Twe and T,. The

same dependence applies for Qey and Qexg.e:

Qw = (T}, Ty, Te) (2.2)

Qev = 1ihyy = f(T1, Ty, Tiye) (2.3)
Qv = (T3, T¢) (2.4)

Qexte = f(Tr, Te) (2.5)

Qext,e is also a function of Ty, which is a given data of our model. As a result, the heat load

Qin can also be expressed as a function of these four temperatures:
Qin = f(Tra TV) Twe, Te) (2.6)

An analytical expression of Qi will be derived in subsection 2.1.2 and 2.1.3. The part of
Qv that is not dissipated by evaporation is the transversal parasitic heat flux. Part of this
flux is conducted through the wick and released to the reservoir whereas the rest is dissipated
by convection due to the liquid flow inside the porous structure. At the interface between
the wick and the evaporator envelope, there is a temperature gap Te-Twe due to a contact
resistance R. defined as:

Te - TWG

= Goewe .
R 0. (2.7)

where S. is the contact surface between the wick and the evaporator body and T, and Ty
are the temperatures on the envelope side and on the wick side, respectively.

A global heat balance on the evaporator/reservoir gives the following equation:

Qin = Qev + Qsen + qub + Qext,e + Qext,r (28)

where Qe is the sensible heat given to the liquid, Qgyp, is the subcooling due to the liquid
entering the reservoir and Qextr is the heat flux dissipated to the ambient by the reservoir.

The determination of Qgen and Qg1 leads to:

Qsen = mlcp,l (Tv - Tr) (2.9)
qub = mlcp,l (Tr - Tr,i) (210)

where T} ; is the temperature of the liquid coming from the condenser and flowing back to
the reservoir.

To evaluate the heat transfer given by the reservoir to the ambient, it is assumed that
its surface is at a uniform temperature equal to 7;. Heat transfer with the ambient Qext,r is
then approximated by:

Qext,r = hext Sy (Tr — Text) (2.11)
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where S is the total external surface of the reservoir. A single expression of @iy can be
derived by combining equations (2.3), (2.5) and (2.7) to (2.11):

Qin = f(Tr’TVaTweaTe’ml,Tr,i) (212)

In some cases, the reservoir can be full of liquid. This phenomenon has been extensively
studied by Adoni et al.[114]. In the present model, the existence of a two-phase equilibrium
in the reservoir is assumed. As shown by Launay et al. [6], a thermodynamic relationship
exists between the saturation temperature inside the grooves and the one at the liquid-vapour

interface in the reservoir:

oT
AT =T, -1, = (8_P) (AP, + AP, — pgAH) (2.13)
where p; is the liquid density and AH is the elevation of the condenser compared to the
evaporator. The slope of the pressure-temperature saturation curve is given by the Clausius-

Clapeyron equation:
or _T{/py —1/m)
oP hiy

(2.14)

The model can also cope with non-condensable gases (NCG), which can be generated for
various reasons in the LHP and accumulate in the reservoir, as explained by Singh et al. [45].
We assume that in operating conditions, these NCG are drained to the reservoir. In order to
take into account the overpressure generated by the NCG P, equation (2.13) is modified:

oT

AT =T, T, = (a—P> (AP, + AP — pgAH + Picg) (2.15)

The vapour line is considered adiabatic so that the vapour enters the condenser with a
temperature equal to T5y,. Furthermore, the condensation temperature 7. and the vapour
temperature Ty are linked with the thermodynamic relationship (2.14). Since the pressure
drops in the vapour line are low and pigAH is also small, it is assumed that condensation

occurs at temperature Ty (T¢ = Ty).

In the part of the condenser where liquid subcooling occurs, heat transfer with the heat
sink and with the ambient are calculated considering a convective heat transfer hg, and

hext, respectively:

Tc,o = Tsink + (Tv - Tsink) (216)

X exp ( —mDei (Le — Lay) >
mlcp,l (1/h1 + Dc,i/(hsinch,o))

where T¢ , is the temperature of the liquid at the condenser outlet, L. and La, are the lengths
of the condenser and of the two-phase region respectively. D.; and D., are the inner and

outer condenser diameters and hy is the heat transfer coefficient between the liquid flow and
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the tube wall. In a similar way, the liquid line heat balance is:

Tr,i — Lext + (Tc,o - Text) (2'17)

% ( —7TD171L1 )
exp =
mucp1 (1/h + Dyi/(hext Dio))

where D;; and D), are the inner and outer diameters of the liquid line and L, its length.
Additionally, in the condenser, the heat exchange with the heat sink in the two-phase zone

is equal to the latent heat of the condensing vapour:

) 1
m1h1V = 1 1 7TL2¢ (Tv - Tsink) (218)

+
hcond Dc,i hsinch,o

with Acong the condensation heat transfer.

Equations (2.3), (2.7), (2.8), (2.12), (2.15) to (2.17) and (2.18) form a set of 8 independent
equations with 8 unknowns: Tye, Te, Ty, Tvj, Tto, Ty, 1 and La,. Their solution leads to
the determination of the complete thermal state of the LHP. The values of @, Qw and
Qev (equations 2.2-2.4) can be calculated using several methods. In the large majority of
LHP models from the literature, heat transfer in the evaporator is simply described using
equivalent thermal resistances based on the geometrical characteristics, the thermophysical
properties of the evaporator and the operating conditions. However, such a method does
not take into account adequately the heat flux in the wick and the evaporator body since
the determination of the thermal resistances requires a 2D or 3D approach. Thus, in the
present study, an accurate thermal analysis of the evaporator has been conducted, based on

an analytical approach.

2.1.2 Heat and mass transfer in the wick

The first part of the analytical model of the evaporator deals with heat and mass transfer
inside the porous structure. As shown in Figure 2.2, a part of the porous wick is modelled,
bordered on one side by the liquid bulk of the reservoir and by half of a fin and half of a

groove on the other side.

The 2-D stationary heat equation in the wick without heat source is expressed as:

?T,  O*T,,
5 % =0 (2.19)

where Ty, is the temperature of the porous structure and x and y are the axis coordinates

(Fig. 2.3). A non-dimensional temperature is defined as:

)\eff (Tw - Tr)

T =
©ob

w

(2.20)
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Figure 2.2: Evaporator cross-section

and leads to:
82T; 1 62T;

— = 2.21
0X? + B2 9Y? 0 ( )

with "
x=% yv=Y and B=" (2.22)

a b a

where a and b are the lengths of the modelled region in the x and y directions respectively,

Aeft is the wick effective thermal conductivity and g is an arbitrary heat flux.

Y

b &
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Figure 2.3: Schematic of the wick model

A general expression of the non-dimensional temperature field expanded in 2-D Fourier series

is given by:
oo
THX,Y) = An(Y)cos(mmX) + Buy(Y)sin(mmX) (2.23)
m=0
For X =0 and X = 1, an adiabatic boundary condition is considered based on a symmetry
hypothesis:
oty oty
z = 7 =0 (2.24)
0X |x_y 0X |x_,4
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Thus equation (2.23) becomes:

TH(X,Y) = i An(Y)cos(mnX) (2.25)

m=0

Combining equations (2.21) and (2.25) yields:

0?An(Y)

2 m

Solving the previous differential equation leads to:
A()(Y) = AnY + Ago if m=0 (227)
An(Y) = Ay €™ BY 4 A pem T BY otherwise (2.28)

The boundary condition for Y = 0 is a set temperature profile corresponding to the evaporator
temperature Ty, for one side (x < ag) and to the groove temperature 7T\, for the other side
(x = a1). At the junction between the wall and the groove, a singularity exists. This
particular point corresponds to the microregion where intensive evaporation occurs. This
temperature singularity is treated by considering a linear variation of the temperature between
two fictive points ag and aq. The slope of the temperature gradient and thus the position
of these points depend on the maximum evaporation rate at the liquid-vapour interface that

can be calculated using the kinetic gas theory, which gives a heat transfer coefficient he, [34]:

-, —0.5

B — 200y th12v 27 RTat 1 Pyt

oy = — - (2.29)
2 — ey Tiat M 2pvhlv

where aey, is the accommodation coefficient, Ty, is the saturation temperature of the fluid,
R is the universal gas constant and M is the molar mass of the fluid. In the case of the
evaporation of a thin liquid film, the accommodation coefficient is defined as the ratio of the
actual evaporation rate to a theoretical maximal phase change rate. A coefficient equal to
unity describes perfect evaporation while a lower value represents incomplete evaporation.
In the case of water, values varying from 0.01 to 1 are suggested in the literature [146]. We

assume the following relationship between he, and the position of ag and aq:

hey = (2.30)
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The boundary condition for Y = 0 is then defined as:

(ot (Twe =T1) 4 x < @
a

©ob
A —aX
eflf) <(Tv - Tr) + (Twe - Tv) u)
Ti(X,0) = ¥0 a 31 —ao (2.31)
if 2 < x <=2
a a
Aeg (Ty — T .
% if % <X <1
0
For Y =1, the reservoir temperature is set:
T.(X,1)=0 (2.32)
The non-dimensional temperature field is then:
T5(X,Y) = AnY + Ap2
0 2.33
+ Z (AmlemfrBY + AerfmﬂBY) COS(mTFX) ( )
m=1
with
Aeff ap+a
Agy = _<pr <Tv — T+ (T