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Effects of Nano- and Micro-surface Treatments on Bo  iling
Heat Transfer

Abstract — This work investigates the flow boiling heatngéer in microchannels with the
aim of developing compact cooling systems which banadapted to miniaturized power
components. Nano and micro-surface treatments weesl as innovative techniques to
improve the heat transfer performance as well adetay the intermittent dryout. Initially,
pool-boiling experiments were performed to highlighhe impact of nanocoatings on
nucleate-boiling mechanisms. It was observed that durface wettability modified by
nanoparticle deposition had significant effectsttom boiling processes. Afterwards, a second
experimental campaign was conducted to investitjdlow boiling in a microchannel with
nanocoated and microstructured samples. Theseestinghlighted the impacts of surface
wettability and of micro-patterning on two-phasewl patterns, pressure drop and heat
transfer coefficient. In particular, significantr@mcements in heat transfer coefficient and in
intermittent dryout were obtained with micro-sturetd samples.

Keywords: boiling, contact angle, heat transfer, microclemicro-patterning, nanocoating,
surface wettability.

Résumé — Ce travail concerne I'étude du transfert thermicpar ébullition dans des
microcanaux avec l'objectif de développer des syet thermiques compacts adaptés aux
composants de puissance miniaturisés. Les techsideenano- et micro-structurations de
surface ont été utilisées comme des méthodes mmsawour améliorer les performances de
transfert thermique ainsi que pour retarder I'alssg®ent intermittent qui apparait dans les
microcanaux. Dans un premier temps, des expérietiébsillition en vase ont été réalisées
afin de mettre en évidence l'impact d'un revétemant'échelle nanométrique sur les
mécanismes d’ébullition nucléée. Il a été obsemté @ mouillabilité de surface, qui est
modifiee par le dépdt de nanoparticules, a destseffggnificatifs sur les processus
d’ébullition. Dans un deuxiéme temps, une campagxgerimentale a été réalisée pour
étudier I'ébullition convective dans un microcarmlec des échantillons nano- et micro-
structurées. Ces études ont mis en évidence letsale la mouillabilité et de la micro-
structuration de surface sur les régimes d’écouténhes pertes de charge et le coefficient de
transfert thermique. En particulier, de fortes aamétions du coefficient de transfert
thermique et le retard d’assechement intermittenitésé obtenus avec des surfaces micro-
structurées.

Mots-clefs : angle de contact, ébullition, microcanal, microtify mouillabilité de surface,
nano-revétement, transfert thermique.

Thése préparée au
CEA de Grenoble, LITEN/DRT, équipeLEGI-LETh
Laboratoire des Echangeurs Thermiques (LETH)
17 rue des Martyrs, 38054 Grenoble
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Introduction

Power systems, such as electronic components brcélis, are dissipating more and more
heat due to progressively increasing power dess#gsociated with continuous advances in
their miniaturization. In order to prevent damagedheir components, this generated heat
must be efficiently removed. Various cooling modasa be applied, such as air convection or
liquid and boiling flows.

Air convection is the most widely-used method beeaof its easy implementation. However,
this mode exhibits a poor heat transfer performaamue its operational limits have been
already reached. As a consequence, cooling sydtgnliguid and boiling flows have been
increasingly developed. Flow boiling is the modice&nt mode as it provides better heat
transfer efficiencies. Indeed, for this cooling rapd part of heat is transferred into the latent
heat during liquid-vapour phase change in additioconvective effects.

In the present study, flow boiling was generatedida the systems called mini-and
microchannels, which are channels of small sizé Wwitdraulic diameters of less than 3 mm.
Over the last decade, mini- and microchannels laivacted the attention of researchers in
the field of heat and mass transfer, because thalle the development of compact cooling
systems which can be adapted to miniaturized poamponents.

However, the physics of boiling heat transfer imirand microchannels is not yet fully

understood. A number of investigations showed tit classical laws established for
macroscale could not provide good predictions faititg processes at microscale. This can
be related to the capillary effects, which wereleetgd in classical studies, but become
dominant in small-size channels. For instance,mestudies in our laboratory showed that
dryout occurs at lower vapour qualities in minidanicrochannels than in traditional macro-
channels. This phenomenon was also observed by athayresearch groups worldwide, and
is now commonly called "intermittent dryout” or ‘i@l dryout”. Therefore, when increasing

the heat transfer efficiency of flow boiling in mirand microchannels, methods to limit

intermittent dryout should be also investigated.

Potential methods to achieve the above targetsnar®- and micro-surface treatments,
inspired by the emergence of nanofluids, which fargls containing particles of sizes less
than 100 nm. These particles are referred to asdpeticles”. Recent investigations have
shown that during boiling of nanofluids, nanopdeic deposit along the heated surface,
modifying the surface properties. Particularly,stheads to a modification in the surface
wettability, which is considered as the main canfsehange in the bubble growth processes.
Another field of interest is that nanoparticle dgiion results in significant enhancements of
critical heat flux in pool boiling conditions. Hower, its effects on heat transfer coefficient
still remain complex and further works is requifed a better understanding of the involved
mechanisms.

In the present study, surface treatments at nand-naicroscales were used as innovative
techniques to improve the heat transfer performaonteflow boiling in mini- and
microchannels, as well as to delay the associatetniittent dryout. As a first step, pool-
boiling experiments were performed in order to hgitt the impact of surface wettability on
nucleate boiling processes, especially on bubbdevily mechanisms. The conclusion from
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this work enabled the development of several pseEedor sample fabrication and of an
experimental setup to study flow boiling in micracimels.

The manuscript is divided into three parts. Infirg part (Chapters 1 and 2), the state of the
art and the techniques of surface treatment andacteization will be introduced. The
second part (Chapters 3 and 4) is devoted to theripgion of the pool-boiling experiments.
The experimental setup and results for flow boillreat transfer in a microchannel will be
presented and discussed in the last part (Cha@ed %). The details of the different chapters
are given below.

In Chapter 1, boiling and wetting fundamentals will be briefiyroduced and described for a
better understanding of the concepts used throughsumanuscript. In addition, this chapter
is also devoted to the state of the art of boiliiitlh coated and structured surfaces.

Chapter 2 describes the techniques of surface treatment usélde present work. These
techniques consist of chemical and physical vaplepositions as well as laser etching. The
methods used for surface characterization will s gresented. These methods enable
determination of surface parameters such as rosghnwpography, wettability and
temperature.

Chapter 3 presents and discusses the experimental resultsodimg of nanofluids. In
particular, the mechanism of nanoparticle depasitiad its impact on nucleate boiling heat
transfer will be highlighted.

Another pool boiling experiment is presentedGhapter 4. Several samples with various
contact angles between 22° and 110° were usedidy she effects of surface wettability on
nucleate boiling.

Chapters 5 and 6are devoted to describing the experimental setdpresults of flow boiling

in a microchannel, respectively. It is shown in gt chapter that the surfaces developed in
this work allow significant improvements of two-@eaheat transfer and are able to delay the
intermittent dryout phenomenon.

This thesis has given birth to 6 patents (publistyedl accepted), 5 journal articles (published
and accepted) and 8 conference papers.



PART 1 - STATE OF THE ART

This part introduces some boiling and wetting fundatals as well as the state of the art of
boiling with coated and structured surfaces. Fayeaading, only key concepts which are
necessary to understand the present work will lesgmted. The reader should consult the
literature cited for a more complete understandifigthe specific theories or processes

discussed. This part also describes the technigtisarface treatment and characterization
used in the present work.
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Chapter 1: Introduction to heterogeneous boiling

Heterogeneous boiling is the rapid vaporisatiom difjuid associated with bubble formation
on a solid surface. Heat transfer by heterogendwnilsng occupies an important place in
engineering disciplines. Compared to single-phasegsses, this process enables exchanging
more energy with a relatively lower jump of tempara at the wall. It may be analysed under
two categories, namely: pool boiling and flow bagj where the latter is also referred to as
convective boiling in the literature. Heterogenedusling is significantly affected by
interactions at the solid-liquid interface, of wiitwo main parameters are surface wettability
and topography. This chapter begins with introductto pool boiling and flow boiling.
Classical laws of wetting are also discussed. T paragraph concerns a review of study
on boiling with enhanced surfaces at differentess@ifrom nano- to macroscale).

1.1 Pool boiling

Pool boiling is the process in which the heatedaser is submerged in a large body of
stagnant liquid. The relative motion of fluid neilue heated surface is primarily due to
buoyancy effect. If enough heat is added to th&esysthe liquid near the wall may reach and
slightly exceed the equilibrium saturation tempemat Heterogeneous nucleation occurs
when vapour embryo is formed at the heated surface.

1.1.1 Heterogeneous nucleation

In general, the shape of a vapour embryo is didthiethe contact angle and the interfacial
tension, together with the shape of the surfaadfitdssuming that the solid surface is flat,
the vapour embryo will have a profile shape like tme shown in Figure 1-1. The formation
of such an embryo occurs in a system held at conbtgid temperature and pressure.

Wy/// //%

Figure 1-1. A vapour embryo formed at the solidaste with a contact angle

Factor energy

If the embryo shape is idealized as being a porioa sphere, the geometry dictates that the
embryo volumev, is given by:
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4 R3(2+3c056?—c05'g «9] (1-1)

Vy=—1m
b~3 4
whereinR is the embryo radius argtis the contact angle.

When the embryo radius is exactly the right sizeean thermodynamic equilibriufR. with
the surrounding liquid, its formation energ¢: is calculated as [1.1]:

4 2+ -
AG, = —ﬂRQZO]V 3cosd - cos® 6 (1-2)
3 4
whereingy, is the liquid-vapour surface tension. Eg. (1-2) ba also written as:
_4 2
AG, = 7TRsay, f(6) (1-3)
where
1E(6?)=2+3c058—co§9 (1-4)

4

Here, f(6) is called “energy factor” [1.2]. Indeed, it is thatio of the energy needed to

create a bubblkaving a contact angketo that needed to create a full spherical bubkkech
has the same diameter. As shown in Eg. (1-1)féet®r is also the volume ratio of these two
bubble shapes. H is close to 180° (nhon-wetting surfacd)(é tends to 0, thus a minimum

energy is required to form an equilibrium embrym @etting surfaces d<90°), f(6)
varies from 0.5 to 1 and the maximum valueA@, can be obtained on the surface having a
contact angle close to 0°.

Critical radius

A bubble embryo of radiuBe is in an unstable equilibrium (cf. Figure 1-2).€Tloss of one
molecule from the embryo decreases its radius lmier thanR.. The embryo is likely to
collapse completely since the minimization of thibl&s free energy results in decreasing
bubble radius. Conversely, if the bubble embryodaadius greater thaR, it is expected to
spontaneously grow. HencBg is called “critical radius”. Heterogeneous nucleatioccurs
only if the heated surface contains cavities ofusdjreater tham.. Should the surface be
completely wetted by the liquidR. can be estimated as [1.1]:

_ 201, T
Hiv ov (Tw —Ty)

Re (1-5)

wherein Hy, is the vaporisation latent heat, aig and Ts are the wall and saturation
temperatures, respectively.

If the surface cavities contain entrapped gRafiecomes lower and its expression is given as:
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Re = Hy oy (Tw —Ts) op (1-6)
Ts 9

whereinPy is the pressure of the entrapped gas.

AG A

AGe

\ '
Re \ R

A Y

Figure 1-2. Variation of Gibbs free energy with bléradius

1.1.2 Bubble growth and detachment

Once nucleation is initiated, bubble spontaneogsbws and then detaches from the solid
surface. The complete process of liquid heating,leation, bubble growth and release,
collectively refers to as the boiling cycle. Threaimfeatures of this process that affect the
rate of heat transfer are the bubble departureetiendy, the bubble emission frequenicgnd
the number of active nucleation sitég. The bubble emission frequentcgt a nucleation site
is defined as:

oL
Tgt + T\t (1-7)

wherezy, called “growth time”, is the duration of the budlyrowth ands,, called “waiting
time”, is the duration between the departure offtrener bubble and the appearance of the
current bubble (cf. Figure 1-3).

Tt Tt

»
»

|
Bubble appearanc Bubble departur  Liquid rewetting Time

Figure 1-3. Time period associated with the groefteach bubble is the sum of the waiting time drelgrowth
time.
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Over the past eighty years, the bubble depart@@etier during nucleate boiling has been the
subject of numerous investigations. In experimentatlies, it is typically determined from
high-speed videos of boiling process. Based on raxpatal data, a number of correlations
were suggested to estimate the bubble departuneetika. Many correlations reflect the role
of the capillary length, which is defined as:

. :( Oy ]1/2 (1-8)
© laa -p)

whereing is the gravity, ang; andp, are the liquid and vapour densities, respectively.

Indeed, the capillary length accounts for a simipgance of surface tension force and
buoyancy. In the context of this work, we are gaittrly interested in the correlation of Fritz
[1.3] since it takes into account the effect of sheface wettability:

Dg =0,0208x9x L (1-9)

whereind is in degree. According to its definition (cf. Hd-7)), the frequency of bubble
emission depends on the waiting time, the bubbtavtir rate and the bubble departure
diameter. Several studies [1.4]-[1.7] show thas frequency is inversely proportional to the
departure diameter. Based on an analogy betweetuhble release process and natural
convection, Zuber [1.5] suggested the followingtiein:

(1-10)

2

P

}%

The density of active nucleation sites was firsingsted by Wang and Dhir [1.8]. The authors
performed experiments using copper heaters witferéiit degrees of oxidation, which
resulted in different contact angles. The corretapooposed is written as:

Nas = Nms(l_ COSH)(TW _TS)G (1-11)

whereNmysis the number of micro-cavities on the heatedasgriof interest.

These classical correlations (Egs. (1-9), (1-10) érd1)) have been widely used to as

predictive tools. However, they are based on adichquantity of experimental data and their

accuracy has not been extensively verified. Thuesy sthould be treated as being approximate
only.

1.1.3 Regimes of pool boiling

The regimes of pool boiling heat transfer are easilgerstood by referring to the pool boiling
curve which is a plot of the imposed heat flywersus the wall superheak,{Ts) for the
circumstances of interest. Nukiyama [1.9] is welbwn as the first to publish a pool boiling
curve based on results from experiment of boilireger at atmospheric pressure. The regimes
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of pool boiling encountered for a horizontal flarfeice are indicated schematically in Figure
1-4.

The discussion in this section is limited to pooilihg of wetting liquids. The boiling curve

can be conveniently analysed in four different megg, namely, the natural convection NC,
the nucleate boiling NB, the transition boiling TBdathe film boiling FB. In the present
context, only the natural convection and nucleaiény are needed to be described in detail.

NC: natural convection
ONB: onset of nucleate boiling
NB: nucleate boiling

CHF: critical heat flux

A TB: transition boiling
q FB: Film boiling
CHF
I
I
ONB
<NC—>'«NB->' '«—TB FB R
Tw—Ts

Figure 1-4. Schematic representation of the poingocurve.

Natural convection regime (NC)
Due to the temperature gradients, fluid motions aeated, removing heat from the heated
surface to the free liquid surface. The driving éoxf natural convection is the buoyancy
force, a result of gradients of fluid density.

Nucleate boiling regime (NB)

If the superheat is large enough, nucleation igaileid at some cavities on the surface. This
stage is called the “onset of nucleate boiling” @NAt low wall superheat levels, nucleate
boiling is characterized by formation of isolateabbles. With increasing surface superheat,
more and more nucleation sites become active,lstubble frequency at each site generally
increases. Eventually the active sites are spacetdlosely that bubbles from adjacent sites
merge together. Bubble coalescence can occur iticakeor horizontal directions. If the
superheat still increases, a vapour film is fornemloss the surface resulting from the
replacement of liquid by vapour adjacent to thetdwaurface. Poor thermal conductivity of
vapour phase suddenly decreases the efficiencgaiftransfer. The heat flux at this condition



10 STATE OF THE ART

is called the “critical heat flux” (CHF), which datbes the thermal limit of boiling
phenomenon. Indeed, the CHF is the maximum heattfat can be transferred by boiling
process. A higher heat flux (compared to the CH#&) ad to the burnout of the heated
surface.

In boiling condition, the local heat transfer cagéint is defined as:

h=_-1 (1-12)

For nucleate boiling, Cooper [1.10] developed thiting correlation to determine the heat
transfer coefficient:

(012-02l0gy4 R,

h — 55p* ) (_ |0910 p*) - 055q 0.67M -05 (1_13)

where p* = P/ P, is the reduced pressuf®, is the roughness as defined in German standard
DIN 4762/1,q the heat flux ant¥ the molecular weight of the fluid.

In general, the correlation of Cooper gives a gtmulency of the heat transfer coefficient
versus the heat flux. However, it should not bedusedetermine the surface roughness which
is an adjustable parameter of this correlation.

1.1.4 Heat transfer models for nucleate boiling

Due to the complexity of boiling process, the mecsims of heat transfer during nucleate
boiling have been debated over many decades, iresuit the emergence of competing,
mutually exclusive models. In many of the early misd the primary mechanism of heat
transfer was bubble agitation and micro-convectibhese models did not include phase
change, but relied to an analogy with forced cotiga¢ in which, bubbles play the role of
changing the characteristic scales of length amhatitg.

Transient conduction model

This model by Mikic and Rosenhow [1.11] assumed @t transfer from the wall during the
bubble growth. However, the departure of a bubbbaenges away the superheated liquid
layer surrounding it, allowing colder bulk liquiad tcontact the wall surface. Transient
conduction into this bulk liquid after the bubbleparture was assumed to be the dominant
mode of heat transfer.

Microlayer heat transfer model

Cooper and Lloyd [1.12] performed experiments tehowed the existence of a liquid

microlayer beneath the bubble during the bubblevtro The authors argued that bubble
gained most of its energy through evaporation ef nicrolayer. Hence, they suggested a
model that assumed a high heat transfer by mioeolawaporation and negligible heat

transfer outside the bubble footprint.

Contact line heat transfer model

Stephan and Hammer [1.13] argued that the domimade of heat transfer is due to the
evaporation of a thin liquid meniscus at the thphase contact line. The meniscus in the
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vicinity of the contact line can become very thimedo stretching of the meniscus, resulting
in high heat transfer in this region.

Superheated liquid model

Demiray and Kim [1.14] conducted experiments ttmatged the dominant mechanism of heat
transfer by isolated bubbles during boiling is thgh transient conduction and/or micro-

convection. They argued that bubble gained the ntyajof its energy through the bubble cap

and not from processes at the wall. Actually, lesatsfer through microlayer evaporation and
contact line heat transfer were shown to be natifsignt. A large heat transfer by transient

conduction was observed during the wall rewettingcpss before the bubble departs, not
only during rebuilding of the superheated liquigdaafter the bubble departure.

1.2 Flow boiling

As its name implies, flow boiling is discussed Ire tcase of circulation of a fluid by using
external means, such as a pump. In flow boilingcess, vapour and liquid are in
simultaneous motion inside channels or pipes. Bgibccurs on the wall of the channel and
the flow-patterns change due to vapour production.

1.2.1 Characteristic parameters

Before describing the processes of flow boiling,isitnecessary to first introduce some
important parameters that characterize a two-pfiase

Vapour quality
Through the channel, the total mass flow ndtds equal to the sum of the mass flow rates of
vapour m, and liquid iy :

= rh, +my (1-14)

The vapour qualitx is defined as the ratio of vapour flow to totavit

x="v (1-15)
m

This parameter is often determined by establishmgreergy balance:

= q_GCp(Ts _TI)
GH,,

(1-16)

whereinq is the heat fluxC, is the liquid specific heat), is the vaporisation latent hedt,
and T are the liquid and saturation temperatures, reés@dyg, and G is the mass velocity
defined as:

i
=" )
(1-17)

whereinA; cross-section area of the channel.
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Superficial velocities
The superficial velocities of vapour and liquid pes§, andj;, are defined respectively:

v = Gx (1-18)
Pv

. _G(1-x)

Ji P (1-19)

These velocities are equal to the velocity thathegitase would have if it circulated at its
specified mass flow rate through the channel alone.

Void fraction

The void fractiore is one of the key parameters used to characteviagohase flows. It is of
fundamental importance in models for predictingaflpattern transition, heat transfer and
pressure drop. Various geometric definitions amduer specifying the void fraction: local,
chordal, cross-sectional and volumetric. The madely used definition is the cross-sectional
void fraction, which is the ratio of the area ocedpby the vapour phas® , to the overall
area at a cross sectidg

_ A
A

&

(1-20)

From this definition, the mean velocities of liquathd vapour phases at a cross section are
given in terms of the vapour qualityas:

_ G (1-x

e o (1%‘] (t-23)
_G(x ]

N (ej (1-22)

Hence, the void fraction can be calculated as:

_ 1
141X P g (1-23)
X P
whereSis the velocity ratio (often referred to as thip satio), which is defined as:
U
s== -
U, (1-24)

For equal velocities (homogeneous modgh, . Fbr upward and horizontal flows§), is
frequently greater thad,, and thu§ > 1For vertical down flowslJ), may be smaller thad,
due to gravity effects and §x . 1
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1.2.2 Regimes of flow boiling in conventional (macro) chanels

In the context of this work, we are particularlyerested in horizontal flow boiling, of which
the flow regimes are schematically shown in Figlh® At very low vapour quality, bubbly
flow is often observed. Due to buoyancy, bubblesvfimainly in the upper portion of the
channel. Coalescence of small bubbles occurs wievapour quality increases, producing
larger plug-type bubbles. This referred to as tg flow regime.

At low flow rates and somewhat higher vapour qiesit stratified flow may be observed
when liquid and vapour are separated. In the regifhitbe stratified flow, if the flow rate is
high enough to make unstable the liquid-vapourriate, the interface becomes wavy. This
type of flow is categorized as wavy flow, which Isng vapour shear on the interface that
ejects liquid droplets in the vapour core flow. Fagher liquid flow rates, the amplitude of
the waves may grow, forming large slug-type buhbléss is referred to as the slug flow.

Bubbly flow Wavy flow
Plug flow Slug flow
Stratﬁﬁed flow Annular flow

Figure 1-5. Schematic representation of regimdbuf boiling observed in a horizontal channel.

For high velocity of vapour and moderate velocityliquid, annular flow may be observed.
This regime is characterized by a thin liquid fiim the top of the channel and a thicker liquid
film at the bottom.

1.2.3 Flow boiling in microchannels

If the flow passage size is reduced from macrosdalanicroscale, the heat transfer
phenomena of flow boiling will change. Only part tie available knowledge about
macroscale phenomena can be transferred to thesuoale.

Macro-to-microscale transition

In literature, the transition from macroscale tocroscale heat transfer was classified by
different methods based on the hydraulic diaméter threshold to confined bubble flow, or

the point at which boiling nucleation is altogettseppressed [1.15]. The transition criteria
considering the size threshold of hydraulic diam§tel6]-[1.17] have limitation since they

do not reflect the influence of channel size onghgsical mechanisms, e.g. bubble form and
flow transition. The criterion of nucleation supgsen [1.18] leads to a critical hydrodynamic
diameter on the order of 1-2 um or less, thus grabably better assigned to the micro-to-
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nanoscale transition. The threshold to confinedobaifiow [1.19]-[1.20] should be the most
convenient criterion, since the confinement numBer which is the ratio of the capillary
length to the hydrodynamic diameter, is used asterion to differentiate between macro-
and microscale flow boiling. This number is caltathas:

1/2
co=|_—_%v (1-25)

ol - o, )DF
whereinDy, is the hydrodynamic diameter.

Beyond a critical value of the confinement numleat transfer and flow characteristics will
be significantly different from those observed iraaroscale. Kew and Cornwell [1.19]

suggested the criterion 6b> 05®ut the criterion suggested by Ullmann and Braune
[1.20] isCo= 079

Flow patterns in microchannels

In microchannels, capillary effects become impdsteeducing stratification of the liquid and
hence, the channel orientation is mostly of seconoaportance. Over the past decade, flow
patterns in microchannels were observed by varresearch groups [1.19], [1.21]-[1.24].
Similar to the macroscale situation, it is oftert feasible to do a valid comparison between
independent databases, since different names wsa@ 10 describe the same pattern. In
general, two-phase flows in microchannels can liaweprincipal flow patterns as suggested
by Revellin and Thome [1.24]. The schematic viewthwdse patterns is presented in Figure
1-6.

Slug flow Annular flow
Figure 1-6. Schematic representation of princifgafpatterns in microchannels.

In bubbly flow, discrete bubbles move inside troid phase. Generally, these bubbles are
smaller in diameter than the hydrodynamic diametd@he channel. This flow pattern covers
the range of very small vapour qualities. In sliayf the bubbles have approximately the
same diameter as the channel. The bubble nosemsspigerical and the vapour phase is
separated from the wall by a thin liquid film. Thesbubbles are called “elongated bubbles”
since they become greater in length due to theimemient effect. The liquid phase is
contained mostly in the liquid slugs which sepasatecessive vapour bubbles.

Increasing the vapour quality, semi-annular flowyrba observed. This flow pattern refers to
as a continuous vapour phase at the channel cgethter with some churning liquid zones at
the wall. Indeed, the churning liquid zones arataé by deformation and coalescence of the
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previous elongated bubbles. When the churning diqudnes disappear, the flow regime is
categorized as annular flow.

Intermittent dryout in microchannels

In microchannel flow boiling, the local heat tragms€oefficient increases with heat flux up to
a critical value of the vapour quality beyond whidk deterioration occurs. Deterioration of
the heat transfer coefficient is believed to besedlby the intermittent dryout, which refers to
an unstable breakdown of the liquid film in contagth the wall. As an example of
observation of intermittent dryout, Figure 1-7 viaken from the paper of Caneyal.[1.25]
that investigated experimental study of flow bailiof HFE-7100 in 40 parallel rectangular
channels having 0.84 mm hydraulic diameter. Thécati vapour quality was shown to
decrease with an increase of the mass velocityicBlarly, irrespective of variation of heat
flux and mass velocity, the authors observed oeowe of intermittent dryout at a unique
critical value of the total superficial velocitywhich is defined as:

J=vti (1-26)

. Gx , G-x)

jE—t—— (1-27)
Pv P

Madrid et al. [1.26] conducted experiments in the same condites Canewgt al. [1.25] and
had the same observations. Moreover, their expetaheesults showed no influence of the
heat flux on the heat transfer coefficient at agivapour quality.

4500
¢ 1700 W/m2; 70 kg/m2s

4000 | = 3400 W/m2; 148 kg/m2s °
| 4 2000 W/m2; 85 kg/m?2s o0
® 2300 W/m2; 96 kg/m?s [ ®

N w w

al o a1
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o o o
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Heat transfer coefficient (W/mz2K)

00 01 02 03 04 05 06 07 08 09 10

Vapour quality

Figure 1-7. Local heat transfer coefficient vermesl quality (from Canewt al [1.25] for flow boiling of HFE-
7100 in 40 parallel rectangular channels having @& hydraulic diameter).

Callizo et al.[1.27] investigated flow boiling in a circular ‘el microchannel with internal
diameter of 64Qum using refrigerants R-134a, R-22 and R-245fa askiwg fluids. They
observed a decrease of the critical vapour qualitly increasing vapour velocity. The force
balance between gas shear and liquid surface tensi@s suggested to explain the
phenomenon of intermittent dryout.

In summary, it seems that intermittent dryout ihea due to hydrodynamical instabilities
than thermal fluctuations. High shear force can entde liquid-vapour interface wavy and
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cause intermittent dryout if the wave amplitude dmes greater than the liquid film
thickness. This approach was used by Revellin dmhie [1.28] to predict the critical heat
flux under uniform or non-uniform heat fluxes inarachannels, giving a good prediction for
a large set of experimental data.

1.3 Wetting phenomena

In heterogeneous boiling, the nature of the corttetiveen the liquid, vapour and the heated
surface can strongly impact the heat and massférarfst scales below the capillary length,
this contact is mainly dominated by surface tendmues and is referred to as the wetting
phenomena. Understanding of wetting laws is cruiciahterpreting some boiling physics,
such as bubble growth in nucleate boiling and mittent dryout in microscale flow boiling.

1.3.1 Classical laws of wetting

If a liquid drop is small enough to neglect thettBaing action of gravity, its sticking on a
solid surface is referred to as the surface wditabiAn important parameter used to
characterize the surface wettability is the contenxgjled made by the liquid on the solid. The
solid surface is said wetted & <90° (cf. Figure 1-8a) and is said unwettedditz 90° (cf.
Figure 1-8b). In the case of water, the wettedamgrfs called “hydrophilic” and the unwetted
surface is called “hydrophobic”.

Osv eff'@é’fififif:f:f:f::_ e
Solid
a) )

Figure 1-8. Liquid droplets on a) wetted surfacd Bpunwetted surface.

Young's relation

The value of the contact angle was first discusseoung [1.29]. At the base of the liquid
droplet, the three phases: solid, liquid and vammeaxist in the so-called “triple contact line”
(TCL). Each interface draws the TCL so as to miaarthe corresponding surface area. Thus,
balancing the surface tensions on the directiopoténtial motion (i.e. the horizontal) enables
determining the contact angle as:

cosd = % (1-28)
\'

where oy, 0y, 0y, are the surface tensions (i.e. energy per uniasey of the interface of
solid-vapour, solid-liquid and liquid-vapour, resfieely.
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Contact angle hysteresis

Solid surface is generally imperfect due to hetenaity of surface roughness and chemistry.
It can also be polluted by deposition of exterrahtaminants floating in air. These defects
allow the TCL to pin on the surface, generating tipld values for the observed contact

angle. This is the so-called contact angle hysteies Figure 1-9), which can be quantified

by measurement of the contact angle when varyiegltbplet volume [1.30].

Volume increasing

7

b)

Figure 1-9. Contact angle hysteresis: a) statitamtrangle),, b) advancing contact anglg c) receding contact
angled, and d) contact angles of droplet on inclined sigfa

Firstly, a droplet is deposited on the solid swefathe measured contact angle is equal to the
static contact anglé. (cf. Figure 1-9a). Afterwards, the droplet is slgwed by using a
syringe. If the contact angle is unique, the dianetf the TCL will gradually increase.
However, the TCL frequently remains pinned, and dhgle is observed to increase. If the
droplet volume stops increasing, the contact arggigins stuck at its last value, which is one
of the many possible observable angles. There gsit@gal value of the droplet volume,
beyond which the TCL suddenly widens and the candagle reaches the largest value,
called the “advancing contact anglé;’(cf. Figure 1-9b). Conversely, decreasing the aopl
volume enables observing the smallest contact amgllew which the TCL reduces: this
angle is called the “receding contact angle(cf. Figure 1-9¢). The contact angle hysteresis
is defined as the difference of the advancing auweding contact angles. This phenomenon
can also be observed on an inclined solid surfduerevthe angle is larger at the front than at
the rear of the droplet (cf. Figure 1-9d).

Adhesion energy

If the contact angle were unique, due to the gyaatdroplet would necessarily run down on
an inclined surface. However, it still sticks ore thurface for a threshold of inclined angle.
Indeed, the contact angle hysteresis generatepildapaforce that opposes the gravity. This
force reaches its maximum value at the front araat easgles of, and 6, respectively. To

characterize this adhesion of a liquid droplet osold surface, Dupré [1.31] defined the

solid-liquid adhesion energWsél‘ as:
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Wg = g, +ay, — 0y (1-29)
Combining Egs. (1-28) and (1-29), we obtain thelakiebwn Young-Dupré equation:
WS = oy, (1+cosé) (1-30)

1.3.2 Theories of solid surface tension

As presented in the previous section, the contagteais a result of minimization of the
system energy and can be determined by a balantkeo$urface tensions. The surface
tension of liquid-vapour, shortly called as liqusdirface tension, is simple and can be
measured by a variety of techniques. However, dfisgolid-vapour, shortly called as solid
surface tension, is more complicated since it cam@odirectly measured. In general, the
values of the solid surface tension are calcul&tech a set of contact angle, developed by
bringing various liquids in contact with the so#idrface, but there is no universal agreement
in the literature about its definition. The follavwg paragraphs present two of the most well-
known theories.

Zisman theory

The theory of Zisman [1.32] is probably the mostlely used definition of solid surface
tension. Zisman defines the solid surface tenssotha highest liquid-vapour surface tension
that a liquid should have to completely wet thadssurface, with a contact angle of 0°. This
comes from the fact that generally, the contacleadgcreases if the liquid surface tension
decreases. Figure 1-10a presents an example ofZmwan theory is applied. The solid
surface is a poly(ethylene) film on which, the @mttangles of various liquids were measured
[1.33]. According to Zisman definition, poly(ethyle) has a surface tension of 22.8 mN/m.

In surface science, the solid-liquid surface inteoms are categorized into polar and
dispersive types. The polar interactions accountdipole-dipole, dipole-induced dipole,
hydrogen bonding, and other site-specific intetadi The dispersive interactions account for
Van der Waals and other non-site specific inteoasti A surface is called polar if it is capable
of polar-type interactions with liquids. In generidle Zisman theory works best for non-polar
surfaces, e.g. poly(ethylene) and poly(propylert®)t it becomes inadequate for polar
surfaces, e.g. glasses, ceramics and metals. $hiedause the Zisman theory is a one-
parameter model since it only considers the overdiles of the surface tensions.

Owens/Wendt Theory

Owens and Wendt [1.34] developed a theory thatwadsdor polar-type interactions between
solids surfaces and liquids. This theory is basedhe equation of Young (1-28) and the
equation of Good and Girifalco [1.35] which defintbke solid-liquid surface tension as:

2 2
_ D D P_P )
Oy =0gy+ 0}y — 2(alv O'SV)]/ - 2(0'|V USV)I/ (1-31)

D

, and Uls are the dispersive and polar components of thediqurface tension,

wherein o

respectively, andag, and ag, are these components of the solid surface tension,
respectively.
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Owens and Wendt combined Egs. (1-28) and (1-3fjdduce the following equation:

p\Y2
oy (cosg+1) _ (Ug/)]/z{a_ll\le + (O'EV)]/Z (1-32)

5 =
2(05)]/ Iv

This equation has the linear form:

v=[oB )} x + (0B )? (1-33)
wherein:
v = v (cosg +1) .30
2 -
2(0 |\E/))]/
V2
P
x[a_j 039
Oy

Firstly, the overall liquid surface tension shollé separated into polar and dispersive
components. This can be done by measuring the acoatayle of the liquid on a standard
reference surface, which is capable of no-polae tygeractions. An example of such surface

is poly(tetrafluoroethylene) (PTFE), for whichzsvzag,z Mm&/m and JE\,: OnN/m.

According to Eg. (1-32), the dispersive componédtrihe liquid surface tension is given as:

oD = [ow (cosFpree +1))° (1-36)
v 0.072

where Gp1g is the contact angle of the liquid on the PTFEae.

Once all values of the liquid surface tensions f(aNe polar and dispersive) and the
equivalent contact angles are known, the solidasertensions can be determined by plotting
Y versusX, as shown in Figure 1-10b. Indeed, the polar aspedsive solid surface tensions
can be calculated from the slope and the interakfbte fit line to theY/X curve, respectively.
The overall tension is the sum of these two comptme

The Owens/Wendt theory is typically the most aggtlle to surfaces that have low surface
charge and are moderately polar in nature. Thigrthieas limitation since it leaves the choice
of liquids used up to the experimenter. Based eneitjuation of Owens and Wendt (1-32),
Fowkes [1.36] suggested a method to determine dhé surface tensions by using contact
angle data from two reference liquids, e.g. diioddmne and water. Diliodomethane has no
polar component to its overall surface tensionstboables calculating the dispersive solid
surface tension. Water has both dispersive and pwi#s surface tension. It is then used after
diliodomethane and enables determining the pol#t salface tension.
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Figure 1-10. Determination of the solid surfacesten: a) Zisman plot for a low density poly(ethy#mnd b)
Owens/Wendt plot for poly(methyl methacrylate) &diom KRUSS technical note [1.33]).

1.3.3 Effect of surface roughness on wetting

Wetting of a liquid on a solid surface is impacteat only by the surface chemistry, but also
by the surface topography. Two distinct models,etigyed independently by Wenzel [1.37]
and Cassie and Baxter [1.38] (named as the Casgleljnare commonly used to explain the
effect of surface roughness on the apparent coatagé of liquid drops.

Wenzel model

Wenzel [1.37] is known as the first person to aralthe effect of surface roughness on the
static contact angle. He observed that surfacehmesgs caused a wetted surface to behave as
if it were more wetted and an unwetted surfaceefoalbe as if it were more unwetted. Hence,
he suggested modifying Young’'s equation (1-28) hytiplying the numerator of the right
side of Eq. (1-28) by a roughness factoryvhich is the ratio of the actual area to the appa
area of the contact surface:

c0Sd =1 c0Ssmooth (1-37)

where 5mo0th IS the contact angle measured on a smooth suofabe same material, given
by Young’s equation (1-28) @80smooth= (Tsy = Ts1)/ Ty -

Cassie model

The Cassie model [1.38], on the other hand, passithat the hydrophobic nature of a rough
surface is caused by microscopic pockets of airameimg trapped below the liquid droplet,
leading to a composite interface (cf. Figure 1-1fl)pgis the fraction of the solid in contact

with the liquid, the Cassie equation yields:

cos = -1+ & (1+ coBsmooth) (1-38)
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In contrast to the Wenzel relation, the Cassie rhedables the possibility of > 90°, even
With Bsmooth < 90°. The transition from the Wenzel to the Castate was observed [1.39]-

[1.40] at a critical contact anghe, , which is obtained by equating Egs. (1-37) an8&}

o -1
COSGyy = r f@
S

(1-39)

The value of the critical contact angle is necalgsgreater than 90° as >1> @¢. Thus, it
may be anticipated that fof< 90°, a surface cannot exist in the Cassie statdai the
creation of highly nonwetting surface8%¥> 90°) requiresd > 6, > 90°.

a) b)

a)
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Figure 1-12. Contact angle behaviour is only deiieech by solid-liquid interactions at the TCL.: ajiithe the

hydrophobic zone, the water contact angle is efgutdat on the hydrophobic surface and b) if thé. Eceeds
the hydrophobic zone, the contact angle is equtdabon the hydrophilic surface.

However, the validation of the Wenzel and Cassiedet® was questioned by Gao and
McCarthy [1.41]. The authors used three types ab-¢@mponent surfaces that contain
“spots” in a surrounding field: a hydrophilic spota hydrophobic field, a rough spot in a
smooth field, and a smooth spot in a rough fieldeyr measured water contact angles within
the spots and with the spot confined to within &L of the droplet. The results indicated
that contact angle behaviour (advancing, recediagg hysteresis) is determined by
interactions of the liquid and the solid at the T@ily, and that the interfacial area within the
contact perimeter is irrelevant. Figure 1-12 shamsillustration to better understand the
suggestion of Gao and McCarthy [1.41].
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1.4 Boiling on enhanced surfaces

Over the years, the subject of heat transfer erdment has been developed as a serious
interest for heat exchanger applications. Investga on this subject may have three
objectives: reducing the heat exchanger size, tipgrat safety temperatures and increasing
the rate of heat transfer. In boiling, a commorhiégue for improving heat transfer is to
structure the heated surface. The so-called “erdthaarface” is the surface having a special
topography that provides higher heat transfer ieficy than the smooth surface. The
enhanced surface is expected to initiate nucleatintp at a minimal wall superheat, to
sustain it at low heat fluxes or to improve the CHieal enhanced surface should address
these three issues. In practice, some surfacespwaved to be good in one aspect but not in
the others.

The effect of surface finish on nucleate boilingsvearly investigated by Jakob and Fritz in
1931, as reported by Jakob [1.42]. Water was bditma a sandblasted surface and a surface
having a square grid of machined grooves. The dasitifig provided no more than 15%
improvement, which dissipated within a day. Theogex surface initially yielded boiling
coefficients about three times higher than those sihooth surface, but this performance also
dissipated after several days.

Nearly eighty years after the work of Jakob andzFnnuch research have been made and
brought about advances in understanding the piagifior improving heat transfer by
enhanced surfaces. Nowadays, the challenge isetiecenhanced surfaces at lower scales
(micro and nano) and to understand the physiceilihl at these scales.

1.4.1 Boiling on conventional enhanced surfaces

This section provides a general overview of boilorgenhanced surfaces. For more details,
the reader may refer to the excellent book of Wabtd Kim [1.43]. In general, enhanced
surfaces account for coated, rough and extendethcest The coated surfaces are
manufactured by depositing various materials on weking surfaces. Typical deposit
materials are, for example, Teflon-like and metalgers. A fine-scale porous coating may
lead to enhancement of nucleate boiling. Surfacghoess is usually formed by machining
or restructuring the surface. Rough surfaces corgtificial nucleation sites, which provide
higher performances than a plain surface. Extesde@ces are enhanced surfaces which are
the most widely employed in heat exchangers. Theyige an area increase and thereby
improve the heat transfer efficiency. In the preésmmtext, this work focuses on coated and
rough surfaces only. Examples of enhanced surfaeepresented in Figure 1-13. Table 1-1
presents a summary of techniques of surface trewsirthat have been used to develop
enhanced surfaces.

In the author’s opinion, the enhanced surfaces igeoenhancement of nucleate boiling
through three main concepts:

1. These surfaces have more nucleation sites thamirasirface.

2. The subsurface pores are substantially larger tihese on natural surfaces, reducing
the superheat needed to active the nucleation(sitelsq. (1-5)).

3. Gas is trapped in cavities. This improves the rat@e activation and increases the
bubble emission frequency (cf. Eq. (1-6)).
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a) b)

Figure 1-13. lllustration of cross section of: ayqus surface, b) rough surface.

However, the performance of boiling on enhancetases may fluctuate and deteriorate with
time due to the so-called “hysteresis effects”, ahiwere observed by a number of
researchers [1.44]-[1.46]. This phenomenon is deteahen the boiling curve of increasing
heat flux is different from that of decreasing hidax. Apparently, it is thought to be caused
by liquid penetration into nucleation sites. Highlyetting fluids are more susceptible to
hysteresis effects than weakly wetting fluids sitieey are more likely to flood the cavities.

Table 1-1. Techniques to fabricate enhanced sigface

Technique Description

Abrasive treatment Abrasively roughening the stefa

Chemical etching Exposing the surface to an etchath

Electroplating Using electrical current to redulee tations of a desired material from a
solution and coat the surface with a thin layethef material

Open grooves Forming parallel grooves by sharptediacriber

Painting Mixing the particles with a paint and afpd) on the surface

Sintering High-temperature method to deposit arlagenetal particles or metal fibre on
the surface

Spraying Directing the molten metal on to the stefasing a spray gun

Three-dimensional Pressing cylindrical or conical cavities into theface

cavities

Griffith and Wallis [1.47] suggested that the getnyef a cavity containing trapped gas is
directly related to nucleation process. To avoglhlgsteresis effects, the cavities should have
reentrant shape that ensures the stability of vageneration. The reentrant cavity accounts
for a cavity having a mouth smaller than its bas® hence it is expected to not become
inactive during the boiling process. Examples a@nteant cavities are presented in Figure
1-14.
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Figure 1-14. Schematic views of different intershiapes of reentrant cavities.

The gap between nucleation sites is also an impogarameter of boiling on enhanced
surfaces. Dast al.[1.48] investigated nucleate boiling of water franplain surface and from

surfaces with discrete nucleation sites. They fotivad boiling heat transfer increased with
the increase of the number of nucleation sites, tbat advantage of decreasing the gap
between nucleation sites diminished rapidly. Henitey assumed that there exists an
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optimum spacing of nucleation sites beyond whicineegffort of manufacturing is irrelevant.
Furthermore, Alanet al.[1.49] questioned about the effects of coatingkigss on nucleate
boiling. They conducted experiments of water pamlithg from mild steel tubes which were
either uncoated or coated with copper by spraygatriique. The copper coating thicknesses
were 19, 26, 33, 41 and 60 um respectively. Themdothat when the coating thickness
increased, the heat transfer coefficient enhangedoua maximal value and thereafter
decreased.

In summary, many advances have been made to ceehBnced surfaces that have better
performance of boiling heat transfer than naturafages. The two basic techniques to
fabricate enhanced surfaces are coating and stingiturhe boiling process from enhanced
surfaces is especially related to the geometrythadspacing of the nucleation sites. Today,
researches on this subject focus on creating eelaswgrfaces at small scales (micro- and
nanoscale).

1.4.2 Boiling on surfaces structured at micro- and nanosale

Recent interest of boiling with micro- and nanasstured surfaces has mainly derived from
research on nanofluid boiling. Nanofluids are fhiidontaining suspended nanoparticles,
which account for particles having sizes smallemtii00 nm. Compared to the milli- and
microfluids, nanofluids are more stable since thegergo little erosion and gravitational
deposition over long time periods. Boiling of ndnafs has become an attractive subject over
the past decade. A number of researchers obsepmakition of nanoparticles on the heated
surface. This has the effect to increase the seifagghness and wettability. The critical heat
flux was also found to be significantly improvedowever, controversial results were
obtained for the heat transfer coefficient. Mostgts reported no change of heat transfer and
even worse the presence of heat transfer detedorah few others reported heat transfer
enhancements. Summary of some studies is preseniedble 1-2.

Underlining the role of the ratio of surface roughsR, to particles sizes,, Narayanet al.
[1.50] explained the mechanism of enhancementidestion of boiling heat transfer using
nanofluids. The authors observed that the heasfeartoefficient increased by 70% in the
case of a heater with an average roughness of B24md suspensions with an average
particle size of 47 nm. But when the ratio of tlverage surface roughness to the average
particle size became close to unity, the pool bgiheat transfer deteriorated significantly due
to the decrease of the number of nucleation sites.

In any case, the build-up of a thin porous layenarfioparticles on the heated surface is within
itself an interesting finding. Boiling nanofluids ¢he desired surface can turn out to be a new
coating technique. For that, one should be abttdrol the deposition thickness. Kiet al.
[1.51] assumed that the deposition of nanopartidgsrimary due to evaporation of liquid
microlayer underneath a bubble. Hence, they sugddbke following equation to estimate the

rate of growth of the nanoparticle layer

- 3 9
§5=3_9m#4 (1-40)

2Dg py Hyy
whereindn, is the microlayer thicknessg,is the nanopatrticle volumetric concentratiqms the
heat flux, Dq is the bubble departure diametey, is the vapour density and,, is the
vaporisation latent heat.
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In addition, Kimet al. [1.62] performed flow boiling experiments with logoncentrations
(0.01% by volume) of AlO; nanoparticles in water at atmospheric pressurenaderate
subcooling (<20 °C) and relatively high mass fle2 @00 kg/m2s). They observed for the first
time that nanofluids can enhance the flow CHF s$igcgmtly (by as much as 30%). The
enhancement of CHF in pool and flow boiling of nfmds was clarified by Kimet al.
[1.51], who established the nexus between CHF anfdice wettability. According to these
authors, the deposition of nanoparticle layer oa lieated surface improves the surface
wettability. When CHF occurs, high surface wetti@pimitigates the propagation of the hot
spot, which could explain why burnout tends to bmreriocalized in the nanofluid runs than
in the water runs. Kim and Kim [1.63] conducted lpboiling experiments with Ag, Sif)
Al, O3 and TiGQ nanofluids. They demonstrated that the CHF enhmanéis a consequence
of both the increase of surface wettability and ¢agillarity of the nanoparticle deposition
layer.

Table 1-2. Summary of studies on nanofluid poolibgi

Author Year Results

Narayaret al.[1.50] 2007  Heat transfer deterioration RS, ~ 1
Heat transfer enhancement Ryof 0.524 pm an@, of 0.047 pm
Kim et al.[1.51] 2007  Surface wettability improvement
Critical heat flux enhancement (>50%)
Heat transfer deterioration
Khandekaet al.[1.52] 2007  Surface wettability improvement
Heat transfer deterioration
Kim et al.[1.53] 2007  Critical heat flux enhancement (Ui @©%)
Wanget al.[1.54] 2006 Contact angle increase by nanocoating
Heat transfer enhancement for coating of 20 andr8Qhickness
Bang and Chang [1.55] 2005 Heat transfer deterioration increases witloparticle
concentration,
Critical heat flux enhancement of 32%
Wen and Ding [1.56] 2005 Heat transfer coefficiemhancement of 40%
Tuet al.[1.57] 2004 Heat transfer coefficient enhancenaé®i4%
You et Chang [1.58] 2004  Critical heat flux enhaneat of 200%
No change of heat transfer coefficient
Bubble size increase of 30%
Significant decrease of bubble departure frequency
Vassalloet al.[1.59] 2004  Critical heat flux enhancement (uR08%)
No change of heat transfer coefficient

Witharana [1.60] 2003 Heat transfer enhancemett gotd-water nanofluids
Heat transfer deterioration with silica-water naniols
Daset al.[1.61] 2003 Increase of heat transfer deterionatvdh nanoparticle

concentration

The early works on boiling of nanofluids highlighe dominant effects of surface coating by
nanoparticle deposition on boiling heat transfdrisTsubject has been discussed by only a
few studies. For instance, Kunugfi al. [1.64] created a nanoparticle porous layer on $amp
surfaces by a chemical etching technique. Theyode®d an ultrahigh convective heat
transfer performance compared to the well-known lr@asfer correlations. The maximum
increase of heat transfer coefficient was about¥d.80sing Omegabond 200 high thermal
conductivity epoxy, Vemuri and Kim [1.65] depositachanoporous layer 70 um thick on a
plain surface, and observed a reduction of aboui BOthe incipient superheat.
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Kim et al. [1.66] used MEMS (micro-electro-mechanical systefabrication to mimic the
structure and characteristics of a surface dembdite nanoparticles. They fabricated three
surfaces with nanostructure, microstructure anastncture on microstructure, respectively.
They observed that nanostructure intensified thiéase wettability and liquid spreadability.
The enhancement of CHF was also noticed and wagedeto the enhancement of surface
wettability and liquid spreadability. The effect wificrostructure on CHF enhancement was
not explained. The greatest CHF enhancement was\azbwith the surface containing both
the micro and nanostructures. Each surface alsowesheome enhancement in boiling heat
transfer.

1.4.3 Effects of surface wettability on boiling heat trarsfer

The observations on nanofluid boiling lead to guoeshg the role of surface wettability on

nucleate boiling mechanism. Up to now, this isssidréquently understood by classical
models [1.8],[1.11]. Little experimental data abthis are available because of the difficulty
of varying the contact angle while keeping all otharameters constant.

One traditional method to modify the liquid contaaigle is the use of surfactant solutions as
Wen and Wang [1.67]. The authors found that that@wadof surfactant could enhance the
water boiling heat transfer lilye change of surface wettability, which had beeglected for

a long time and could be an important parametduenting boiling heat transfer. The
disadvantage of this method is that both the sarfaettability and the surface tension vary.
Hence, the enhancement of the boiling heat tramsfght be due to the significant decrease
of the surface tension rather than the increasieeo$urface wettability.

Oxidizing copper is another method widely appli@tle surface wettability is modified by
controlling the degree of oxidation of the surfadsing this method, Liaw and Dhir [1.68]
found that for a given heat flux, the void fractioear the heated surface increases as the
contact angle increases, whereas the maximum logadécreases with an increase in contact
angle. However, oxidizing copper may change théasartopography at microscale which is
the characteristic scale of nucleation sites.

Another method employed by Takaé&t al. [1.69] is TiQ; photocatalysis. The authors
observed a significant decrease of water contagieanhen the surface coated with Fi9
irradiated by UV light. Due to this property of TAQhey made superhydrophilic surfaces of
which the heat transfer characteristic in nucléaiéng is better than that of an uncoated one.
Though, the study of Takatt al. [1.69] is limited in contact angle range and dighithe
contact angle varied from 0° to 20° and was unstdhling experiments.

Furthermore, most experiments on boiling heat feandealt with wetted surfaces. Few
studies investigated nucleate boiling mechanisrmomwetting material as summarised in
Chapter 11 of Webb and Kim [1.43]. Griffith and W&l[1.70] performed experiments on
single conical cavities 0.08 mm in diameter, fornidpressing a needle into the boiling
surface. They found that unwetted (paraffin-coatal)ities are more stable in term of heat
transfer than wetted ones.

Gaertner [1.71] carried out further work with adiél nucleation sites, covering the inside

surface of the cavities with a nonwetting matefTdle coated cavity surface boiled at a lower
superheat and remained active for a much longez. tilowever, the heat transfer coefficient

was considerably reduced if the coating was depdsin the entire surface because of the
bubble coalescence that caused the entire suddmcbme vapour blanketed.
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Hummel [1.72] boiled water on a stainless stedias@r which had been sprayed with Teflon,
producing 30 to 60 spots/cm? with a spot diameté€r.26 mm or less. The author observed a
significant heat transfer enhancement. Gaertn@dl[land Hummel [1.72] argue against the
merits of a continuous surface coating becausenefténdency of the surface to become
vapour blanketed. Nevertheless, Vaclebral.[1.73] did not observe vapour blanketing when
boiling water on stainless steel covered by an &lpiok layer of Teflon.

In summary, the surface wettability was early redicas an important parameter of
heterogeneous boiling. A number of investigatiorsencarried out in order to determine its
impact on the boiling process. However, in thosalists, the techniques used to modify the
surface wettability still exhibited some limitat®nbecause they led to unexpected
modifications of some other parameters (micro-a@f@mpography and surface tension force)
and to the contact-angle instability. In addititime lack of experiments with a large set of
contact angles limits an overall understandinghefdurface wettability role. Therefore, in the
beginning of the present work, techniques of serftaeatments for accurately modifying the
surface wettability were developed, as describétemext chapter.
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Chapter 2: Techniques for surface treatment and
characterization

The previous chapter presents the benefits of exuasurfaces in improving boiling heat
transfer. Over the past eighty years, significatutaamces have been made in manufacturing
enhanced surfaces on the macroscale. Today, psogresicro and nano technologies enables
the fabrication of enhanced surfaces on the lowacrp and nano) scales, at which the
mechanism of boiling enhancement should be diftededeed, the wetting phenomenon can
play an important role at these scales, and hetsceffects need to be considered in the
boiling processes. Some investigations have beetiedaout to explore the influence of
surface wettability on boiling, but no accurate esments have been conducted so far
because of the lack of technology to modify thetaochangle without a large change in other
parameters.

This chapter is devoted to describing the techridae surface treatment and the methods of
surface characterization used in this study. Tmepsa surfaces were micro- or nano-treated
by chemical techniques (chemical vapour depositowrghysical techniques (physical vapour

deposition and laser etching). In general, micriessarface treatments are used to create
artificial surface patterns, while nanoscale swfaeatments are used to modify the surface
wettability. Characterization of the sample surfaees made by measurements of different
parameters, e.g. surface topography, surface rasghncontact angle and electrical

resistance. The determination of these parametarsdessary for understanding the physical
interactions at the solid-liquid interface. In thihapter, only experimental principles are

referred to and technical details are not mentiofde: reader should consult the literature

cited for a more complete understanding of theifipgrocesses discussed.

2.1 Surface treatment

Thin film technologies and patterning techniquesehbeen widely developed over the past
decades, particularly for the microelectronics #fdrelated components and systems. Their
direct implementation in the fields of heat and sntransfer is mostly recent and opens large
expectations in making new surfaces which havebeeh assessed before in heat exchange
systems. Table 2-1 summarizes the surface solutiealized in the present work. Those
surfaces mainly address heating, structuring anttingefunctions which were necessary to
operate the experimental heat-exchanger systentateResurface-treatment conditions will
be presented in the following subsections.

Table 2-1. Summary of coating processes used srstbdy.

Material Notation Technique Thickness Function
Titanium Ti PVD 3-4 um Heating & structuring layer
Diamond-like carbon DLC PECVD 0.5-1 um  Electricasilating & structuring layer

Low-carbon PDM$  SiOx PECVD <50 nm  Wetting layer
High-carbon PDMS  SiOC PECVD <50 nm  Wetting layer

Teflon-like Teflon PECVD <50nm  Wetting layer
Iron oxide FeOs MOCVD <50 nm Wetting layer
Platinum Pt MOCVD <50nm  Wetting layer

! Information Technologies
2 Polydimethylsiloxane
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2.1.1 Physical vapour deposition

Definition
Physical vapour deposition (PVD) is a vacuum ddmosiprocess used to deposit thin films
by the condensation of a vaporized form of the melt@nto various surfaces [2.1]. The
coating method involves purely physical processeshsas high temperature vacuum
evaporation or plasma sputter bombardment. Var@ai®/D include:

= Evaporative deposition: in which the material to degposited is heated to a high
vapour pressure by electrically resistive heatmgow" vacuum,

» Electron beam physical vapour deposition: in whicé material to be deposited is
heated to a high vapour pressure by electron baintent in "high" vacuum,

= Sputter deposition: in which a glow plasma disckafgsually localized around the
“"target” by a magnet) bombards the material spgatjesome away as a vapour,

» Cathodic arc deposition: in which a high power dnected at the target material
blasts away some into a vapour,

» Pulsed laser deposition: in which a high powerrlad#ates material from the target
into a vapour.

Titanium coatings by PVD

The CEA process used for titanium coatings is basethe sputter deposition variant [2.2].
Figure 2-la illustrates the PVD reactor used irs thiudy. The sputtering source is a
magnetron that uses strong electric and magnelusfto trap electrons close to the surface of
the magnetron, which is known as the target (cfufé 2-1b).

[ Substrate | -
» Pump
Ar', e
o ©
©o
CRR
\ 0% © -
<—(Ar, Oy)
[ Titanium | B

| DC or RF generator |

b)
Figure 2-1. CEA magnetron sputtering reactor: geexnental apparatus image and b) schematic diagram
The electrons following helical paths around thegnwic field lines undergo more ionizing

collisions with gaseous neutrals near the targefase than would otherwise occur. The
sputter gas is inert, typically argon in this cafke extra argon ions created as a result of
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these collisions lead to a higher deposition fat@so means that the plasma can be sustained
at a lower pressure. The sputtered atoms are Hguthearged and so are unaffected by the
magnetic trap. Table 2-2 summarizes the operatingitions of the titanium coating process.

Table 2-2. PVD process conditions for depositingdatings.

Target Sputter Working Magnetron Magnetron Process Plates Deposition
gas pressure power frequency (kHz) temperature spacing rate
(mbar) (W) /Duty time (us) (°C) (mm)  (nm/s)
Titanium
99.9% Argon  0.005 600 30/4 ~100 80 ~0.6

2.1.2 Chemical vapour deposition

Definition
Chemical vapour depositiof€VD) accounts for the deposition of a solid cogton a heated
surface from the chemical reaction of gaseous psecsi [2.3]. In a typical CVD process, the
substrate is exposed to one or more volatile psecsr(chemical compounds), which react
and/or decompose on the substrate surface, pragltlcen desired deposit and volatile by-
products (cf. Figure 2-2). An inert gas, such agaror helium, is often used to improve
transport of precursor vapour in the depositiomaber and also to remove the by-products.

Main gas flow region

|::> By-products
O
&

Gas phase
@ rections Redesorption
of film
precursors

Transport to Nucleation and
solid surfacel island growth Step growth
Surface diffusion

—— O — 000 — Ol

Figure 2-2. Diagram of CVD processes.

Plasma enhanced chemical vapour deposiiBECVD) is also known as glow discharge
chemical vapour deposition. In PECVD process, p&gmonic gases) is used to initiate
chemical reactions. Generally, the plasma is coebyeradio frequency (RF) or direct current
(DC) discharge between two electrodes, the spatveeba which is filled with the reacting

gases. The PECVD allows deposition process to oatua lower temperature than the
conventional CVD method.

Metalorganic chemical vapour depositigflOCVD) is a chemical vapour deposition process
that uses organometallic precursors, which refercampounds containing metal atoms
bonded to organic radicals. Generally, the metaloigy precursors undergo pyrolysis
reactions. Compared to the conventional CVD prqckB3CVD process requires a lower
deposition temperature and gives higher deposyiield.
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Diamond-like-carbon coatings by PECVD

CEA processes developed for diamond-like-carbonpPhpplications are based on the
PECVD technique [2.4]. A 250-mm diameter sampldsldrois connected to the live plasma
electrode which runs at low frequency (40 kHz). 204nm diameter showerhead is used to
flow uniformly the gas precursors inside the reatdahe surface of the samples to be coated.
Before operating the discharge, the reactor is mehip 2-4.18 mbar by means of a rotary, a
roots and a turbo-molecular pumping group. Duringsma deposition, the chamber is
evacuated by a rotary pump.

Figure 2-3. In-house built PECVD reactor: a) santygkeler and b) showerhead.

Several carbon precursors can be used in PECVPnthesize DLC coatings (e.g. benzene,
acetylene, cyclohexane, pentane, propane, metleang, In the present case, cyclohexane
(CeH12) is used together with a reducing mixture of hymno so to enable relatively faster

growth rate at a given plasma power. As this cgatras formerly developed on steel samples
for mechanical applications it appeared necessacpidevelop an adhesion layer to improve
the durability and toughness of the coated samflexame the hydrogenated silicon carbide
(SICH) coating as an optimized candidate to redinee overall stress within the coating

assembly and to insure good chemical bonding aintieefaces. This coating is processed in-
situ in the same reactor using tetramethylsilaneST(8i(CH),) and argon as precursor and

carrier gas, respectively. Shown in Table 2-3 summary of the operating conditions for

deposition of SICH and DLC coating.

Table 2-3. PECVD process conditions for deposi8igH and DLC coatings.

Precursors Carrier Working Power Process Plate  Deposition
Partial pressure (mbar) pressure (W) temperaturespacing rate
(mbar) (°C) (mm)  (nm/s)
SICH TMS (Si(CH),) Ar 0.10 100 120 200 ~0.3
0.05
DLC GCgHi H, 0.04 300 120 200 ~15
0.03

Polydimethylsiloxane coatings by PECVD

CEA processes developed for hydrophilic and hydobph applications are based on the
PECVD technique [2.5]-[2.6]. Plasmas are produceside a cylindrical stainless steel
vacuum chamber (diameter 30 cm) with a paralleleptanfiguration. Substrates to be coated
are positioned on the lower grounded electrode.praeursor vapour is uniformly distributed
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in the reactor by the upper showerhead electroit fMnholes diameter of 1 mm). The upper
electrode is externally connected, through a sengraated matching network, to a 13.56
MHz-RF power supplier which provides a RF voltagéhwespect to the grounded chamber.
Before operating the discharge, the reactor is mahipelow 5.10° mbar by the mean of a
rotary pump. During plasma deposition, the chambervacuated also by the mean of the
rotary pump.

Figure 2-4. In-house built PECVD reactor for silicoxide coatings.

Polydimethylsiloxane (PDMS)-based coating is arenesting solution towards tuneable
surface energy. Precursors such as hexamethyldisiéo (HMDSO), tetramethylsiloxane
(OMCTSO) or tetraethoxysilane (TEOS) mixed with dadts (O2) and/or noble gases (Ar,
He) are commonly used. In particular, HMDSO is afethe most common monomer
described in the literature concerning PECVD ddosbf silicon oxide thin films. HMDSO
is a monomer that cannot be polymerised followimg tconventional polymerisation
methodologies in liquid phase because it does &t lksyclic or double bonds in its structure.
On the contrary, HMDSO can be polymerised duriregpia treatments, by rearranging the
radicals produced by its dissociation induced Bctebn impact. Soft coatings of SIQH,
with high content of methylene and methyl groups abtained by using pure HMDSO in
plasma process yields [2.7]. As a replacement oDI¥®, OMCTSO can also be used for its
respectively higher content of methyl groups andelo density which bring the surface
energy further down.

Using either oxidizing or reducing mixtures togetlath PDMS precursors lead to low or
high carbon containing PDMS coatings that presgmrdphilic (SiOx) or hydrophobic
(SiOC) properties, respectively. Conditions of PIBMS coatings are summarized in Table
2-4 below.

Table 2-4. PVD process conditions for depositindyBcoatings.

Notation Precursors,Carrier Working Power Process Plate  Deposition

Partial pressure (W) temperature spacing rate
pressure (mbar) (°C) (mm)  (nm/s)
(mbar)

High-carbon SiOC OMCTSO, Reducing 0.25 100 80 30 ~1

PDMS 0.15 mixture

Low-carbon SiOx HMDSO, Oxidizing 0.50 800 80 15 ~10

PDMS 0.15 mixture
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Iron oxide and Platinum coatings by MOCVD

CEA processes developed for Iron oxide (B and Platinum (Pt) applications rely on the
MOCYVD technique using the same equipment as peMEE&pplications (cf. section above).
In the MOCVD configuration, the plasma source i$ ativated. A dedicated liquid injector
is used to pulse the liquid precursor mixture (hetacetylacetonate and toluene) through
the showerhead inside the vacuum chamber. A stasigphase of organometallic compounds
is thereby generated with an accurate control ef glas flowrates inside the chamber.
Conditions of these coatings are summarized inelakd below.

Table 2-5. MOCVD process conditions for depositiggOs; and Pt coatings.

Material Precursors, Carrier Working Evaporator Process Plate  Deposition
[frequency [HZ]; pressure temperaturetemperaturespacing type
impulsion No.; (mbar) (°C) (°C) (mm)
aperture [ms])

FeO; Iron O, N, 70-100 220 400 35 Nanoparticles —
acetylacetonate discontinuous
(1; 300; 1) coating

Pt Platinum O, N, 8 200 350 35 Nanoparticles —
acetylacetonate discontinuous
(2; 1200; 10) coating

2.1.3 Laser ablation

Definition
Laser ablation is a direct-approach technique whlalgs an important role in machining and
structuring materials. Applications cover high psean drilling, milling, fusion, scribing, etc.,
as well as surface preparation, texturation andPDpatterns making with complex shapes at
microscopic and submicroscopic scales [2.8]. Liké lithography, ions beam or electron
beam etching, laser ablation enables the fabricaifomicro- and nanostructured functional
surfaces with a top-down approach. Ablation caadigeved by UV, visible or IR sources in
pulsed or continuous modes. Ablation principlehiattlight, at the considered wavelength, is
quickly absorbed by the very superficial layershad target material. This absorption leads to
the breaking of chemical bonds and thus to the @aijon of the surface material (cf. Figure
2-5). This etching technique is based on light-eratiteraction [2.10].

Laser beam

Inert gas

\ LJ (N2, Ar)

°
0020
0% ©°

Substrate

Figure 2-5. Schematic view of ablation processdsgt beam.
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Micro-patterning by laser ablation

Shown in Figure 2-6 is the “Tamarack 412" equipmesed in this study. This is a

commercial laser ablation system based on maskgiion. The working stage consists of a
KrF excimer laser providing nanoseconds long pusezt8 nm with 34-473 mJ/cm? fluence
values. The laser source can further be pulsedeasetvt Hz and 50 Hz. The sample-holder
platform is x-y motorized and can receive 32x38 @ai2but rigid or foldable substrates. In

the present case, disk-shaped patterns of 40 umetka and 60 pm periods were ablated
inside the samples surface in the conditions pteden Table 2-6.

60 um 40 un|1

a) b)

Figure 2-6. a) Laser ablation tool from TamaracRk &land b) patterned mask used to ablate titaninzd C
coatings.

Table 2-6. Ablation process conditions.

Target material Fluence (mJ/cmBulse frequency (HzNumber of pulses
Titanium 450 45 100
Diamond-like carbon450 45 5

2.2 Surface characterization

This section describes the techniques of surfaeeackerization used in the present study.
Micro and nanoscale images of a sample surfacelateened by using a scanning electron
microscope (SEM). Atomic force microscope (AFMuged for accurate determination of the
surface roughness. In order to quantify the surfaegability, the contact angle is measured
by using the sessile drop technique with KRUSS Bagy systems. Furthermore, the 4-wire
technique is used for the measurement of the &lattesistance, enabling the determination
of the sample temperature.

2.2.1 Scanning electron microscope

The scanning electron microscope (SEM) is a miapsdhat uses a high-energy beam of
electrons instead of light to form an image [2.The electrons interact with the atoms of the
sample surface, producing signals that containrinédion about the surface topography,
composition and other properties such as electdoatuctivity. Since their development in

the early 1950's, scanning electron microscopee higveloped new areas of study in the
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medical and physical science communities. The 3iaklallowed researchers to examine a
much bigger variety of specimens since its magaiions can go to more than 300 000 X.

During SEM inspection, a beam of electrons is fedusn a spot volume of the sample
surface, resulting in the transfer of energy to #pet. Once the beam hits the sample,
electrons and X-rays are ejected from the samplé-{gure 2-7). The incident electrons, also
referred to as primary electrons, dislodge elestrtom the sample itself. The dislodged

electrons, named “secondary electron”, are atttdaet®d collected by a detector, and then
translated into a signal. To produce the SEM imalge,electron beam is swept across the
area being inspected, producing a lot of such #&griEhese signals are then amplified,
analyzed, and translated into images of the togdwgrabeing inspected. The principle

components of a typical SEM are shown in Figure 2-8

Incident electron beam

Primary backscattered
X-rays electrons

Auger electrons Secondary electrons

W/, —

Sample

Figure 2-7. Interactions at the sample surfacetduigection of electron beam.

Aside from secondary electrons, the primary electbeam also produces the emission of
backscattered (or reflected) electrons from theptarsurface. These electrons are often used
in analytical SEM along with the spectra made fribra characteristic X-rays. Indeed, the
intensity of signal given by the backscatteredtetgcis strongly related to the atomic number
of the sample, and thus the backscattered-eleatmages can provide information about the
distribution of different elements in the sample.

The SEM has many advantages over traditional noopss. Indeed, it has a larger depth of
field that allows focusing more specimens at oneeti It also has much higher resolution, so
closely spaced specimens can be magnified at migttemlevels. Furthermore, the SEM
enables more control in the degree of magnificaimte electromagnets rather than lenses
are used. Thanks to these advantages, the scaglectgon microscope becomes one of the
most useful instruments in research today.

To improve the resolution and quality of images enadg SEM, in the electron gun of the
SEM, a field-emission cathode is used to providelantron beam that is smaller in diameter
and higher in electron energy than conventionatnti@nic emitters such as tungsten or
lanthanum hexaboride (LgRBtipped filaments. This microscope using a filedigsion
cathode” is named “FEG-SEM”, which refers to asetéiemission gun scanning electron
microscope”. FEG-SEM produces clearer, less elestatically distorted images with spatial
resolution down to 1 nm, which is three to six taetter than conventional SEM.
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Figure 2-8. Schematic view of a typical SEM.

2.2.2 Atomic force microscopic

The atomic force microscope (AFM) is an instrumémt analysing and characterizing
samples surface, especially for imaging surfacedogphy, at micro- and nanoscale. The first
AFM was developed by Binnig, Quate and Gerber i861f2.12], to overcome a limitation of
the scanning tunneling microscope (STM) inventedBloyning and Rohrer in 1981 [2.13].
The STM only enables imaging materials that corgl@cttunnelling current, while AFM
opened the door to imaging other materials, sughogsners and biological samples.

As shown in Figure 2-9, the AFM consists of a shgygprobe) located at the free end of a
cantilever 100 to 200 um long. This tip is usualgouple of microns long and less than 10
nm in diameter. When the tip is brought into proxynof a sample surface, different forces
such as mechanical contact force, van der Waatedorcapillary forces, chemical bonding,
electrostatic forces, etc. act to either attracepeal the tip. The deflection of the cantilewger |

measured using a laser spot reflected from thestwface of the cantilever into an array of
photodiodes, giving the total contact force betwtentip and the sample.

If the tip is scanned at a constant height, it mallide with the sample surface, causing

damage. Therefore, in most cases, the tip-to-sadigtiance is adjusted to maintain a constant
force between the tip and the sample using feedbamthanism. Typically, the sample is

mounted on a piezoelectric tube that can move #mepke in thez (vertical) direction for
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maintaining a constant force, and thandy (horizontal) directions for scanning the sample.
The resulting map af as a function ofxy) represents the topography of the sample surface.

Detector an(
— feedback
electronics Laser

T Photodiode

Cantilever

\ > Tip
MAAAA sample

XY-piezo
(lateral position)

Z-piezo

— " (tip-sample distance)

Figure 2-9. Block diagram of atomic force microseop

The AFM can be operated in different modes [2.8&pending on the application, such as
contact mode, non-contact mode and tapping modielcontact mode, the tip is constantly
in contact with the surface. In the non-contact endde tip is oscillating above the surface. In
the tapping mode, the tip is oscillating with givemplitude at a fixed frequency near the
resonance of the cantilever, tapping gently théaser The vibration amplitude is reduced as
the tip enters in contact with the surface, andtihesample distance is adjusted to keep it
constant. The tapping mode will be used in thisdgtio analyse the sample surface
topography and roughness.

2.2.3 Contact angle measurement

The static contact angle is measured by the comataystem of KRUSS EasyDrop DSA10

as shown in Figure 2-10. The used technique isdélessile drop technique” that consists of
the following steps [2.15]. First, a small (1-5 |sgssile droplet is deposited by a syringe
pointed vertically down onto the sample surfacegeAfards, image of the droplet is captured
by a charge coupled device (CCD) camera (cf. Figiiel). Then, the captured image is
analysed by KRUSS software to determine the drogetour and its baseline (the contact
line between the droplet and the sample surfacenckl, the static contact angle is
determined.

For a sample surface, the static contact angleasrtean value of the static contact angles
measured at twenty distinct points uniformly disiited on the surface (five measurements
are made at each point).

The higher image size, the higher number of pixelavailable for evaluating the droplet
contour. Therefore, the size of the droplet imagaukl be adjusted to be as large as possible
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on the screen. Example of a good droplet picturedmtact angle determination is shown in
Figure 2-12. The width of the droplet is equal bmat 2/3 of the width of the whole image.

The contour of the droplet is light, without anyrgsite by light reflection from the sample

surface. Lighting was adjusted so that the areaaltioe baseline has a uniform brightness
and so that the droplet contour is not clipped. féfected image of the droplet should be
light to enable an easy determination of baselinthb image analysis software.

Syringe
Camera yring

&.—
\

Droplet holder. (

Figure 2-10. Block diagram of the KRUSS EasyDropARS system.

Contact angle

Baseline
m

Figure 2-11. Diagram of a liquid droplet and its&ie.

Figure 2-12. Example of a clear picture for detaation of the contact angle [2.15].

Contact angle hysteresis measurement

If the contact angle is measured when the volumtbetroplet is increasing, practically this
is done just before the contact line starts to adeathe so-called “advancing contact angle”
0, is obtained (cf. Figure 2-13). If the volume of th®p decreases and the contact angle is
determined just before the contact line startetede, the so-called “receding contact angle”
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0, is obtained. Usually, is significantly higher tham), and the static contact angieis
included betweefl, andd,. The difference, - 6; is the so-called contact angle hysteresis.

The KRUSS set-up enables the change of the drepleme at a controlled flow rate through
a system of pump and syringe. To measure the dosmabe hysteresis, the droplet volume is
set to increase from about 10 to 14 pl and aftedwvdo decrease from 14 to 6 pl. The
evolution of the droplet volume with time is receddby the CCD camera. Then, the images
given by the recorded video are analysed by the 8®Woftware. The contact angle and the
droplet diameter at each instant are thereby détedn A plot of these two parameters
enables the determination of the dynamic an@jaridd;) and the contact angle hysteresis, as
shown in Figure 2-14.

Droplet

AN

a) b)

Figure 2-13. Determination of the contact angleténgsis: a) increasing the droplet volume to obtfaén
advancing angle and b) decreasing the droplet vlanobtain the receding angle.

A
0a
Q
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& Or
)

- >
Droplet diameter

Figure 2-14. Theoretical curve of evolution of ttumtact angle with the droplet diameter.

Beside the sessile drop technique, some othersitpas have been used to determined the
contact angle such as: Wilhelmy plate method, eapéir bubble method, capillary rise
method and Washburn method (for porous material3g].

2.2.4 Surface temperature measurement

In this study, the surface temperature is deterchiremm measurements of the electric
resistance by using the electrical resistance/temye (R/T) curve. The following
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paragraphs describe the techniques for accuratsuresaent of the electrical resistance and
R/T calibration.

Resistance measurement by 4-wire technique

Assume that the electrical resistarRguject Of @ component is desired to be measured (cf.
Figure 2-15). If the used ohmmeter is located aigmificant distance away from this
component, the measurement could be problematicesthe ohmmeter measures all
resistances in the circuit loop, including the stmice of the wire®,ie connecting the
ohmmeter to the component. Frequently, the wirastasce is very small, but if the
connecting wires are very long, and/or the compbrienbe measured has a very low
resistance, the measurement error introduced ley/negistance will be substantial.

Rwi re

<Q> Ohmmeter Rsubject

Rwi re

Figure 2-15. Diagram of circuit for resistance mgament by 2-wire technique.

To avoid error given by wire resistance, the sdeda#t-wire technique is used. The desired
resistance is determined from measurements ofutrert (by an ammeter) and the voltage of
the component (by a voltmeter) according to the GHaw. Current is the same at all points
in the circuit as it is a series loop and the aurdless by the voltmeter is negligible. The
calculated resistance is indicative of the desiesmistance since only voltage dropped across
the component is measured. Therefore, the desaggtance can be accurately measured by
using the 4-wire technique; even thought the ammneaatd voltmeter are located far from the
component.

Ammete Ruire
@— MM
M
- Voltm eter@) Rsubject
Rwire

M

Figure 2-16. Diagram of circuit for resistance mgament by 4-wire technique.

In this study, instead of the ammeter, a shunt.01 @ is used to measure the current (cf.

Figure 2-17). The shunt is connected in series téhcomponent and the voltage dropped
across the shunt is measured by a voltmeter. Fnemeisistance and voltage of the shunt, the
current in the circuit is determined.
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Shunt Ruire
0.010 [ ANNN——
V)
— Voltmeter6/> Rsubject
|:'\>vwire

Figure 2-17. Shunt of 0.QQ is used to determine the current.

The temperature of the shunt is maintained constiartom temperature by air convection or
by using a thermostat, and thereby the resistahdbeoshunt should not change by Joule
effect even when high currents cross the circdiusl the use of the shunt enables to measure
accurately the current in a large threshold frota 20 A.

Resistance/temperature calibration

The resistivity of a metallic conductor increasathwncreasing temperature. Over a moderate
temperature range, the resistivity of a metal cangpresented by a linear relation as:

Pe(T) = pe,0[1+ ae(T _TO)] (2-1)

whereinpe(T) andpe o are the resistivity at the temperatdrand the temperature of reference
To, respectively and is the temperature coefficient of resistivity. Theolution of the
electrical resistance as a function of the tempeeas thereby given as:

Re(T) = ipe,o 1+ ae(T -To)] (2-2)

whereinRy(T) is the electrical resistance,is the length of the conductor aAdis the section
of the conductor crossed by the current at the &atpreT. The variations of. andAe with
the temperature are assumed to be negligible, ggthia following expression of the variation
of Re:

dR.(T L
R;_l(_ ) = Epe,o Qe (2-3)

Eq. (2-3) shows that the sensibility of the eleakiresistance versus the temperature will
increase with increasing/A. and/orpe pand/orae. From equation (2-2), the temperature can
be written as a function of the electrical resistaas:

T =K1 Re(T) +Kp (2-4)

whereinK; and Ky are the constants depending on the geometry otdhductor and the
temperature coefficient of resistivity as:
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K=t Fe (2-5)
Peple L
Ko = To —i (2-6)
a

e

The so-called resistance/temperature (R/T) caltmais the determination oK; and Kg
experimentally according to the following steps.eT¢onductor is put inside a thermostat
containing deionised water (cf. Figure 2-18). Adagty state, the temperature of the conductor
is equal to the temperature of water which is messibby a platinum probe of 0.1 °C
accuracy. For temperature between 20 °C and 90/°€dp of 10 °C, the electrical resistance
of the conductor is measured by using the 4-wichrigue. The temperature is then plotted as
a function of the electrical resistance. A lineagression of this curve will enable the
determination ofK; and Ko (cf. Figure 2-19). Once these constants are knotle,
temperature of the conductor can be determineddpsorements of the electrical resistance.

30 °C
@ Measurement
of resistanc

Thermoste

N Wate!
_

Conducto J

Figure 2-18. Schematic view of experimental setrg_/T calibration.

A

\\——> Slope =K;

Temperature (°C)

A
S

>
Electrical resistance))

Figure 2-19. Example of T/R curve used for tempaetetermination from measurement of resistance.
The present technique enables an accurate detéionired temperature with relatively low

uncertainties (< 0.2 °C). Therefore, it was useddtermine the sample temperatures for both
pool and flow boiling experiments as describechm following chapters.
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PART 2 - POOL BOILING EXPERIMENTS

The previous part describes an overview of the phmmon occurring during heterogeneous
boiling, as well as some basis fundamentals foetéeb understanding of the present study.
This part also provides a review of surface treatmand characterization techniques.
Currently, a number of surface treatment technicqresble close control of manufacture on
the nano- and microscales. Although these techritpase been developed highly over the
last twenty years, their applications in the fiefdoiling are still limited.

High interest in the use of micro- and nano-surfaeatments in boiling heat transfer was
inspired by the emergence of nanofluids, which fargls containing particles of sizes less
than 100 nm. Recent investigations show that dubading of nanofluids, nanoparticles

deposit along the heated surface, leading to nuadiin of the surface properties and the
boiling processes.

Therefore, pool-boiling experiments were performedorder to highlight the impact of
nanoparticle deposition on nucleate boiling proesssespecially on bubble growth
mechanisms. This work is necessary for developroeptocesses for sample fabrication and
for the design of an experimental setup to study fboiling in microchannels.

Two distinct experiments will be introduced in cteag 3 and 4, respectively. The first
experiment aims at giving a better understandinglidervations in literature concerning
nanofluid boiling. Sample surfaces were coated d&rygpming nucleate boiling of nanofluids.
This is the first step to explore the effects ohaarticle deposition on heterogeneous
boiling. The second experiment was conducted tatifyethe impacts of nanocoating on
boiling mechanism. In this experiment, coating ainple surfaces was made by various other
techniques such as MOCVD and PECVD (cf. Section22.1IThe obtained experimental
results enable the development of models that tak® account the effects of surface
wettability on pool boiling heat transfer.
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Chapter 3: Effects of surface coating by nanofluid boiling

This chapter is devoted to describing the firstegkpent which was conducted to obtain a
better understanding of recent observations abanbftuid boiling. In the first step, pool
boiling of nanofluids was performed to study thegass of nanoparticle deposition on
sample heated surfaces. Afterwards, experiments varied out to measure the heat transfer
coefficient of water boiling on an uncoated surfaceon a surface coated by nanoparticle
deposition. The obtained results give preliminargights about the effect of nano-surface
coating on the boiling heat transfer processes.

3.1 Sample-surface coating by nanofluid boiling

3.1.1 Nanofluid preparation

Three nanoparticle materials were tested, i.e.d délu), alumina (AdO3) and titanium
dioxide (TiQ) (cf. Figure 3-1). Water-based nanofluids of thiésee materials were supplied
by the LITEN/L2T laboratory with low concentratignse., 0.0003, 0.01 and 0.01% by
volume. The nanoparticle sizes were measured \ghdiynamic light scattering technique
and were found to range from 15 to 20 nm for Auailmd, 80 to 100 nm for AD;
nanofluid and 20 to 30 nm for TiManofluid.

Au Al 203 TIOz
0.0003%yv 0.01%yv 0.01%v
15-20 nm 80-100 nm 20-30 nm

Figure 3-1. Nanofluids used for sample-surfacdinga

Gold nanofluid

The Au nanofluid was prepared by reduction of agsemydrogen tetrachloroaurate hydrate
(HAuC;4.3H,0O) with sodium citrate (€HsO;Nag). This is a well-known process called
“Turkevitch method” [3.1] which allows the nanoftlio obtain colloidal stability.

Alumina nanofluid

The ALO; nanofluid was made by adding a powderoofl,O3 (Ventron; 80-100nm) to
deionised water. The milky suspension was thenreiggly stirred during 12 hours in order to
obtain a stable colloidal solution.

Titanium dioxide nanofluid

The TiQ, nanofluid was prepared by hydrolysis of titaniutkoaides in absolute ethanol
according to the following recipe. Ti(OEtfAldrich) was added at room temperature to
absolute ethanol under argon. Afterwards, an egaimguantity of dry triethanolamine
(Aldrich) versus titanium alkoxide was added to ldter solution. Then, the yellow solution
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was stirred at room temperature during two houirsalfy, an equimolar quantity of deionised

water versus titanium alkoxide was added. The swluvas again stirred during 2 hours at
room temperature. A large amount of water was adaelthe solution was dialysed against
deionised water using a regenerated cellulose aulmaémbrane (Roth, MWCO: 4000-6000)
during three days.

The obtained titanium dioxide was under rutile gh@SRD). The size of particles measured
by dynamic light scattering (Malvern Nanosizer) waghe range of 4 to 10 nm. However
this size increases with time and, after one mathi,mean diameter was 20-30nm and then
remained relatively constant.

3.1.2 Coating apparatus and procedure

The surface coating is achieved with the apparsitiosvn in Figure 3-2. The sample is a foil
heater made of stainless steel (grade 301), 100ang) 5 mm wide and 20 um thick. The
foil heater is submerged in the corresponding waykianofluid at atmospheric pressure. The
faces 100 mm x 5 mm are maintained vertically sgr@w system and heated by Joule effect
with a DC power supply of 30-V and 20-A capacithid position of the sample enables a
homogeneous deposition of nanoparticles on the sidds.

Voltage and current are measured with Agilent 3458Atimeter and a shunt of 0.@L The
sample temperature is estimated from measuremetiteoélectric resistance and using the
R/T calibration of stainless steel previously ebshled (cf. Section 2.2.4). A K-type
thermocouple of 1.1 °C accuracy is used to measeréuid bulk temperature.

[ K-type
- + _
Boiling pool thermocouple
N 50 mnr
Foil heater
F | /J F
|5 mnm

10 mn

100 mn

Figure 3-2. Diagram of nanofluid nucleate boilimgparatus.

Each nanofluid has a specific sample for latteogwpphy study. A preliminary test with pure
water showed that a 40 kW/mz2 heat flux is enougteéeh nucleate boiling conditions. Thus,
all nanofluids were heated at heat fluxes sligigilgater than 40 kW/m?2. Different boiling
durations and different nanoparticle concentratiwwase established (cf. Table 3-1) in order to
study their effects on the nanoparticle-depositiockness.
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Table 3-1. Nanofluid boiling characteristics.

Particle material ~ Particle size Concentration Heat flux Boiling duration
(nm) (%vV) (kW/m2) (s)

Au 15-20 0.0003 52 600

Al,O3 80-100 0.01 45 60

TiO, 20-30 0.01 54 250, 500

3.1.3 Coating results.

FEG-SEM images
After boiling, the sample surfaces were scannediddg-emission gun scanning electron
microscope (FEG-SEM) (cf. Section 2.2.1). The oisdiimages are shown in Figure 3-3.
Build-up of nanoparticle layer on the sample swefaare observed, which is in agreement
with observations in the literature (cf. Sectioa.2).

TR TR = e
(a) perspective view

(b) perspective view

= 1 ym

' tp view

~ (c) perspective view

Figure 3-3. FEG-SEM images of nanopatrticle depmsitayer of a) Au; b) AlOs; ) TiO..

Compared to the other nanofluids, the Fi@anofluid produces the best porous layer
thickness uniformity, reasonably due to a longihgiduration (500s) and a high nanoparticle
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concentration (0.01 %v). Because of a relativelw loconcentration (0.0003%v), the Au
nanofluid give low deposition kinetics. In additjodPS (X-ray Photoelectron Spectroscopy)
analysis showed that sodium citrate, a dispersigeenal, originally used to maintain the Au
particle size stable, is being deposed at the semeeonto the corresponding sample surface.

Nanoparticle deposition thickness

As described in Section 1.4.2, Kiet al.[3.2] assumed that the deposition of nanopartices
primary due to evaporation of liquid microlayer engeath a bubble. Thus, they suggested
the following equation to estimate the rate of gitowf the nanoparticle layer:

5.3 Onba o
2 Dg py Hyy

wherein J,, is the microlayer thicknes® is the nanoparticle volumetric concentratigns

the heat flux,Dq is the bubble departure diametgy,is the vapour density and,, is the
vaporisation latent heat.

In the present experiments, similar conditions &n Kt al. [3.2] have been selected. Along
the same lines, the same bubble departure dianeter= 2.4 mm) and the same liquid
microlayer thicknessof, = 1 um) are chosen to estimate the nanoporouknigmss. Actually,
Dy, is approximated by the correlation of Cole andddb®w [3.3] andy,, is correlated by the
equation of Collier and Thome [3.4]. Unlike the ekments of Kimet al. [3.2] where the
nanoparticle concentrations remain constant, thecextrations in this study increased
gradually with time by evaporation. Assuming thae tmass of nanoparticles lost by
deposition and evaporation is negligible compared thhat remaining in water, the
concentration is given as:

_ VI ,0
¢ (1) = 9o Vi (© (3-2)

whereint is the boiling durationpy andg(t) andV;,, andV, (t) are the concentrations and the
liquid volumes at the initial instant and at thetantt, respectively. This implies:

() = o A-kt) ™ (3-3)
whereink is a constant defined as:

___ Yeva
k=—"— 3-4
Vi, oA HY (3-4)
whereinp is the liquid density andev4 is the heat flux due to evaporation. The latter ba
approximated as:

M,o A1 H|
Qeva=—""r (3-5)
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whereint, is the time required to evaporate all liquid ire thool. This parameter can be
experimentally measured. Hence, the condtaain be determined as:

1
k= N (3-6)

By replacing Eq. (3-3) into Eg. (3-1), the followirexpression of the deposition rate is
obtained:
3(t) = 5o (L-kt) 1 (3-7)

wherein J(t) is the deposition rate at the instamtnd 50 is the initial deposition rate given
by:

3 9
o = _M (3-8)
2Dq py Hyy
Therefore, the thickness of the deposition layyean be estimated as:
5=-50InL-kt)/K (3-9)

The thicknesses of the deposition layers can aésddiermined by geometric measurement
from FEG-SEM images. A comparison of the measungzkmesses to thoses calculated by
EqQ. (3-9) is shown in Figure 3-4.

£ 2500
£ 0 Eq. (3-9) e
0 O FEG-SEM images
$ 2000
c
X
©
£
= 1500 -
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8 1000 -
©
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£ 500 -
@©
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5 o o o]
S o0 : ‘
@ (b) () (d)

Figure 3-4. Deposition layer thickness in the ctinds of: a) 0.0003%v of Au during 600 s, b) 0.0186AI,0;
during 60 s, c) 0.01%yv of Tiuring 250 s and d) 0.01%yv of Tj@uring 500 s.

It is shown that the deposition layers get inddecdker with a longer boiling stage or with a
higher initial nanoparticle concentration. The eauof deposition thickness given by Eg.
(3-9) are close to those given by geometric measené for long boiling durations (more
than 5 minutes) with a deviation of less than 541, d&re nearly twice smaller for a boiling
duration less than 1 minute. This difference islaited to uncertainties in the determination
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of the beginning of nucleation by visualization.Wver, the validation of the model of Kim
et al. [3.2] cannot be fully confirmed by the present exment. To make a clear analysis, a
parametric study should be done by varying only paeameter among the nanoparticle
concentration, the boiling duration, the heat fand the nanoparticle material. Moreover, the
characteristic of the heater material should be t&ken into account.

3.2 Pool boiling experimental setup

Sample preparation

Among all test nanofluids, only TiOnanofluid gives a homogeneous deposition layer (cf
Figure 3-3). The surfaces tested in this experimmemthereby the surface coated by boiling of
TiO, nanofluid and the uncoated surface. They are madtinless steel 301, 100 mm long,
5 mm wide and 20 um thick. The electrical resistaiof each sample was previously
calibrated, enabling the determination of the samgmperature (cf. Section 2.2.4).

Experimental setup

The experimental apparatus is shown in Figure Brg. layout is designed to study the pool
boiling heat transfer in a horizontal position. §iposition will enable to obtain high-speed
images of bubbles from the perspective view indbeond experiment described in the next
chapter.

+

[] K-type

thermocouple
F
Water ii 120 mni7 Water ou

S

&l [

Figure 3-5. Experimental setup: (1) sample he&®rsample holder; (3) boiling vessel and (4) thestat.

The layout consists of a sample heater (1) maiathimorizontally by a sample holder (2)
fixed inside a boiling vessel (3). A DC power syppf 30-V and 20-A capacity is connected
to the sample for resistance heating. A thermddiais provided for initial heating of water
and for maintenance of the water bulk temperatti@a’C. Water comes in and out of the
boiling vessel at very low flow rate to avoid didting the boiling occurrence near the sample
surfaces.
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Voltage and current are measured by Agilent 3458Atimeter and a shunt of 0.2 (cf.
Section 2.2.4). The bulk temperature is measureda big-type thermocouple of 1.1 °C
accuracy. The saturation temperature is deternfirogal the measurement of the atmospheric
pressure.

3.3 Experimental results

Data reduction
The boiling heat transfer coefficient is defined as

(3-10)

whereinT, is the wall temperaturd;s is the water saturation temperature anid the heat
flux calculated as:

q=2 (3-11)
An

whereinV is the voltage dropped across the sample hdai®the current andy, is the total
heat exchange area.

From the uncertainties in the measurements ofastefoil length, the test foil width, voltage,
current and pressure, the uncertainties in theve@riparametersq( T, Ty and h) are
estimated using the law of propagation of absoéuter (cf. Appendix), as shown in Table
3-2.

Table 3-2. Operating conditions and uncertainties.
Parameter  Operational range Systematic uncertainty

An (cm?) 10 3%

V (V) 5-20 0.008-0.011%
I (A) 5-20 0.010-0.015%
P (bar) 1 +0.01 bar

Ts (°C) 100 +0.2 °C

Tw (°C) 100 - 150 +1°C

g (kW/m2)  50-400 3%

h (W/m2 K) 3000-16000 10-20%

Voltage and current are accurately measured. Inddged maximum uncertainties in the

voltage and the current are 0.011% and 0.015% c&sply. The saturate temperature is
determined from measurement of atmospheric pres3ine maximum uncertainty is about

0.2 °C. The wall temperature is determined frontteleal resistance/temperature calibration.
The uncertainty in the wall temperature is caladato be less than 1 °C. Uncertainty in the
heat transfer coefficient is mainly attributed tacartainties in the wall temperature and the
heat exchange area.
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Heat transfer measurements

The heat transfer coefficients of the uncoateddreatd the heater coated by deposition of
TiO, nanoparticles were measured. After the boilingstedbe TiQ-coated heater underwent a
cleaning in acetone ultrasonic bath for 30 minutesrder to reduce the deposition layer
thickness. Afterwards, the heat transfer coefficaithis heater was measured for the second
time.

The boiling curve of the uncoated surface is shawrFigure 3-6a. Low heat transfer
hysteresis is observed when the heat flux increasdsdecreases. Figure 3-6b compares the
heat transfer performance of the three distinctases: uncoated surface, surface with ;IO
deposition and the same surface with J@@position cleaned in ultrasonic bath. The obthine
results show that nanoparticle deposition leadteterioration of the heat transfer coefficient.
Compared to the clean surface, the J@0ated surface shows an average heat transfer
coefficient of 27% lower. Cleaning this surfaceuitrasonic bath to remove unstable deposit
particles leads to 50% deterioration of the heatdfer coefficient.
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Figure 3-6. Boiling curves of: a) uncoated surfaith uncertainty bars and b) uncoated and coatddcms.

3.4 Discussion

In the previous sections, it was shown that duringleate boiling of nanofluids, the heated
surface is coated by nanoparticle deposition. Whencoated surface is used in water pool
boiling, deterioration of the heat transfer coeéit was observed. This section is devoted to
discussing the heat transfer coefficient detenonat

Effect of thermal conduction through the depositionlayer

The deterioration of the boiling heat transfer ficefnt may be the consequence of the poor
thermal conductivity of titanium dioxide (TH#p If this hypothesis is correct, a gradual
decrease of the heat transfer coefficient wouldobserved during the boiling of T3O
nanofluid, since the deposition layer is increalsirtbicker. However, Figure 3-7 shows no



POOL BOILING EXPERIMENTS 59

significant change in the boiling heat transferfioent of TiO, nanofluid in the course of
time. For analytical explanations, the Biot numbkthe deposition layer was determined as:

Bi = *‘75 (3-12)

whereinh is the boiling heat transfer coefficient (0* W/m2K), § is the deposition layer
thickness£ 2 um) and is the TiQ thermal conductivity5 1 W/mK). The obtained value of
the Biot number is indeed negligible compared tityufBi ~ 10?). Therefore, the conduction
through the TiQlayer has a neglected influence on the boiling treasfer.

8000

¢ TiO, nanofluid
m Pure water

7000 - ] | | | | |

6000 +

5000 -

Heat transfer coefficient (W/mz2K)
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Figure 3-7. Evolution of the heat transfer coeéfidiwith time at 100 kW/mz.

The heat transfer deterioration may be then reladeal change in interactions at the solid-
fluid interface, which is characterized by the aad wettability.

Effect of nanoparticle deposition on surface wettaltity

The water contact angles of the sample surfaces measured by the sessile-drop technique
(cf. Section 2.2.3). As shown in Figure 3-8, thenayzarticle deposition layer significantly
enhances the surface wettability, which is in agwe@ with observations in literature (cf.
Section 1.4.2).

16°

A

Uncoated TiQ deposition TiQ deposition cleaned in
ultrasonic bath

Figure 3-8. Static contact angles of 3-uL sessdéewdroplets on the sample surfaces
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The Wenzel model [3.5] can be used to explain phisnomenon (cf. Section 1.3.3). Indeed,
deposition of TiQ nanoparticles should lead to an increase of thghoess factor, which is
the ratio of the actual area to the apparent arélaeosolid-liquid surface. Hence, the contact
angle decreases as stainless steel and titaniwitediare both hydrophilic.

This increase of the roughness factor can be engdaby a qualitative analysis about the
modification of the surface topography due to nambigle deposition. The roughness of the
uncoated (clean) surface was measured by atonge faicroscope (cf. Section 2.2.2) and has
a maximum value of 0.2 um. Hence, a 2-um-thick diéjom layer of TiQ nanoparticles
should level out most of the cavities of the clesanface and create a new roughness with a
higher roughness factor (cf. Figure 3-9). WhenTil®&,-coated surface is treated in ultrasonic
bath, unstable deposited particles are removed thensurface as shown in Figure 3-10. As
the remaining nanoparticles do not fully fill theaigless steel cavities, a highest surface area

could be generated.
00003000094, 06,930 ...:::...

a) b) c)

Figure 3-9. Schematic view of the cross sectioa)afncoated surface, b) surface with Fgarticle deposition
and c) surface with Ti@deposition cleaned in ultrasonic bath.

Figure 3-10. FEG-SEM images of surface coated -hianoparticle deposition.

To obtain a full validation of the Wenzel modelethoughness factors of all the sample
surfaces should be measured. However, it was resilgle to make accurate measurements of
the roughness factor on the coated surfaces, bedhasdeposition layer is porous and the
variation threshold of the surface roughness iatikadly large (from a dozen to a few
thousand nanometers).

Effect of solid-liquid adhesion energy

A change of the surface wettability leads to a gleanf the solid-liquid adhesion energy,
which is determined as (cf. Section 1.3.1):

W3 =gy, (L+cosb) (3-13)

whereingy, is the liquid-vapour surface tension ahid the contact angle.
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For water, the adhesion energy is highly sensitvaghe variation of the contact angle,
because the liquid-vapour surface tension of wiateglatively high (72 mN/m at 25 °C). As
shown in Figure 3-11, significant enhancement & #dhesion energy is obtained with
surfaces coated by nanoparticle deposition. Therideation of the boiling heat transfer
coefficient is then related to the increase ofatiresion energy (cf. Table 3-3).

Indeed, when the adhesion energy increases, maeg\ems needed to generate bubbles
because liquid penetrates more efficiently in tindage cavities. The force acting against the
expansion of the bubble foot will also become hidghecause of higher surface tension force
in the horizontal direction. Thus, the residenceetiof bubbles on the heated surface would
become longer, decreasing the bubble emission dreqyu Furthermore, on the coated
surfaces, the number of active nucleation siteshinilgcrease, because water wets almost
completely the coating layer becoming highly pord8ssides, the size of cavities created by
nanoparticle deposition are relatively small (a lszen nanometers) compared to the critical
radius of the water at atmospheric pressure (aliewsand nanometers).
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Figure 3-11. Adhesion energy of water versus theamt angle at 25°C for: a) uncoated surface, base with
TiO,-particle deposition and c) surface with Fi@eposition cleaned in ultrasonic bath.

Table 3-3. The modified surfaces versus the clegiace.
Adhesion energy  Heat transfer coefficient

Surface increasing (%) deterioration (%)
TiO, deposition 66 30
TiO, deposition 75 50

after ultrasonic

Hypothesis for enhancement of heat transfer coeffient

As shown in Section 1.4.2, a few studies on naibflwiling reported a heat transfer
enhancement. This section aims at explaining thsevation based on the effect of adhesion
energy.

Recent researches [3.6]-[3.7] show that when theomparticle concentration increases, the
surface tension of nanofluids decreases. Therébyadhesion energy will also decrease if the
surface wettability lightly changes, leading toearhancement of the heat transfer coefficient.
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As an example, Wen and Ding [3.8] used@ water-based nanofluids with concentration of
0.32, 0.71, 0.95, and 1.25 w%, respectively. Thaceantrations are high enough to
significantly reduce the liquid surface tension@ading to Sohel Murshed and Nguyen [3.6]
and Shiet al.[3.7]. Moreover, neither nanoparticle depositi@m noticeable changes onto the
sample surface topography were observed after thiendp tests. Therefore, the adhesion
energy of the nanofluids would be smaller than pua¢er; leading to lower energy required
for bubble formation, higher bubble emission fragryeand higher number of active sites on
the heated surfaces. Hence, the heat transfeli@eatfimproves.

The results of Narayaet al.[3.9] might be explained by the same reasoning. dithors also
used AbOs; water-based nanofluids with concentration of @.5and 2 v% respectively. The
surface tension of these nanofluids should be Idinen that of pure water. When the heated
surface has low roughness (48 nm), the initial @onangle is relatively high (near 80° for
stainless steel). Thus, the deposition of the atanparticles would lead to a significant
decrease of the contact angle by increasing thghraaess factor. In this case, the decrease of
the contact angle should have a more significafécefthan that of the surface tension.
Therefore, the adhesion energy would increase amddaresult in deterioration of the heat
transfer coefficient. However, when the surfacegtmess is high (524 nm), according to
Wenzel model, the initial contact angle is reldiMew. Hence, the deposition of the particles
would slightly change the contact angle. Contraryhte previous case, the decrease of the
surface tension should have a more significantceffehe adhesion energy would decrease,
leading to the heat transfer coefficient enhanceémen

As a general tendency, most of nanofluid researcbpesrt heat transfer deterioration. The
main reason for this observation should be the siépn of nanoparticles during nucleate
boiling that increases the adhesion energy andcesdthe number of active nucleation sites.
However, beyond a range of nanoparticle concentratboth the adhesion energy and the
number of active nucleation sites can be uncharagedhe liquid surface tension highly
decreases. This accounts for the fact that sondhestueport no change of heat transfer
coefficient. If the contact angle slightly changewd the liquid surface tension significantly
changes, enhancement of heat transfer can be ebdtdure to the decrease of the adhesion
energy. In summary, the decrease of the liquidaserftension enhances the heat transfer
whereas the nanoparticle deposition tends to @e&te it. The interaction of these opposite
effects could explain the controversial resultslistied in the literature.

3.5 Conclusion

In order to understand the controversial resultsuamanofluid-boiling heat transfer, the
present work performs experiments exploring thehmrsms and impacts of surface coating
during nucleate boiling in nanofluids. The thickeed the nanoparticle layer was observed to
depend on the nanoparticle concentration and therawent duration.

Compared to a clean surface, the wettability ofshdaces with Ti@ nanoparticle layer has
been significantly improved. However, up to 50%hefat transfer coefficient deterioration
was observed with TiQcoated surfaces in water pool boiling. An explamis proposed
which involves the role of adhesion energy on tlieatsfer. Indeed, an enhancement or a
deterioration of the heat transfer coefficient vebbke due to a decrease or an increase of the
adhesion energy, respectively.
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Therefore, the important role of surface wettapilit highlighted by the present experimental
work. However, the present experiment still hasthtions because of a limited number of
samples. For a more complete understanding of tigadt of surface wettability on the
boiling processes, another pool-boiling experimeas conducted, in which various samples
having various contact angles were used. The detaithis experiment will be given in the
next chapter.
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Chapter 4. Effects of surface wettability modified by
nanocoatings

In the previous experiment, it was shown that srfeoating by nanoparticle deposition has a
significant impact on the boiling heat transfer. dfiwation of surface wettability was
highlighted as the major factor contributing tcstbbservation. However, this experiment has
limitations because of a limited number of sampldaxes. Furthermore, the effect of surface
wettability could not be accurately determinedgcsithe deposition process leads to a change
of not only the contact angle but also the numbberacleation sites.

Therefore, a second experiment was conducted tmrobht more complete understanding of
the impact of surface wettability on nucleate lgli More sample surfaces were made by
well-controlled techniques of surface coating swsh “Metal-Organic Chemical Vapour
Deposition” (MOCVD) and “Plasma Enhanced Chemicap®ur Deposition” (PECVD) (cf.
Section 2.1.2), which enable modification of thateat angle without a large change in other
parameters. For the first time, a complete setxpeemental data have been provided to
explore the role of surface wettability in hetenogeus boiling.

In order to understand the experimental observaticm new approach of nucleation
mechanisms will be established. In this approaeé,doncept of macro- and micro-contact
angles will be introduced to describe the bubbtaagin processes. Based on this concept, an
analytical model will be developed, giving an egplrelation between the bubble departure
diameter and the contact angle. This model theblesalevelopment of a new correlation of
nucleate boiling heat transfer and the criticaltifeas, which will be described in the last
sections of this chapter.

4.1 Sample preparation

Seven sample surfaces 100 mm long, 5 mm wide apth2€hick were made from a stainless
steel (grade 301) ribbon, which has a contact angfle water of about 85°. One of them,
called “S-ref”, is used as reference of the unabaerface. The others were coated by
nanoparticle deposition of different materials bbaon different water contact angles from 22°
to 112° (cf. Figure 4-1). Prior to coating, the gdensurfaces were cleaned by acetone
washing in ultrasonic bath for 15 minutes and dagadompressed air.

22° 31° 67° 104° 112°
SiOx TiO, . Fe0, SioC Teflon
deposition deposition Pt deposition deposition Uncoated deposition deposition

Figure 4-1. Static contact angles of 2-pL sessdtewdroplets on stainless steel surfaces withvatibut
nanoparticle deposition.

4.1.1 Coating process

The techniques used for nano-surface coatings temical vapour deposition (cf. Section
2.1.2) and boiling of nanofluids as described intlB@ 3.1. The latter technique is referred to
as “Nanofluid Nucleate Boiling Deposition” (NNBDIndeed, MOCVD is used for platinum
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and iron-oxide coating to produce the so-calledases “S-Pt” and “S-F©3” which have
relatively low wetting with water. Highly-hydroplal or hydrophobic samples were made by
PECVD of SiOx, SiOC and Teflon-like, giving the ¢élersample surfaces called “S-SiOx”, “S-
SIOC” and “S-Teflon”, respectively. The last sudazalled “S-TiQ” is fabricated by boiling
water-based Ti® nanofluid which contains particles with diameteo$ 10-50 nm.
Characteristics of the sample surfaces are showalite 4-1 below.

Table 4-1. Sample- surface characteristics.

Surface name Deposited-particleDeposition Deposition type
material technique

S-SiOx SiOx PECVD Continuous monolayer of 20 nm
thickness

S-Tio, TiO, NNBD Non-continuous multilayer of 100
nm thickness

S-Pt Pt MOCVD Non-continuous monolayer of 20 nm
thickness

S-FeO; FeO; MOCVD Non-continuous monolayer of 20 nm
thickness

S-ref - - -

S-SioC SioC PECVD Continuous layer of 20 nm thidee

S-Teflon Teflon-like PECVD Continuous layer of 2@ nhickness

4.1.2 Surface characterization

AFM analysis

In order to benchmark surface topography changhisced by nanoparticle deposition, AFM
(Atomic Force Microscope) scanning of the uncoa@dace was carried out in a 10 pum x 10
um representative area of the surface (cf. FiguP®. 'he scan shows surface machining
patterns in the shape of parallel micro-groove$ it average period of about 5 um and an
apparent depth of about 140 nm.

000 pw/div

i 2
2 350,000 nm/div

Figure 4-2. AFM topography of the uncoated surfaaef.
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The rough-mean-squared roughness of the uncoatddcsuis about 31 nm. It is then
expected that nanoparticle deposition with a theglenlower in scale than 100 nm will not
affect the number of cavities available for nudeat Table 4-1 shows that surface coatings
satisfy this condition in the cases of PECVD andGAMD processes.

FEG-SEM analysis

Qualitative analysis was performed by Field-Emigstdun Scanning Electron Microscopy
(FEG-SEM) as shown in Figure 4-3t.is observed that the surfaces with non-contirsuou
layer of nanoparticle deposition (S-LiCs-Pt and S-F€s) seem to be quite homogenous and
their topographies are changed in nanometric soalg. Thereby, the deposition of TiO
particles by NNBD is expected to do not affectithiero-cavities initially existed on the clean
surface. Beyond, as a result of very thin nanogartayer deposition, the topographies of the
surfaces coated by PECVD technique (S-SiOx, S-S4@€ S-Teflon) remain similar to that
of the uncoated surface.
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Figure 4-3. FEG-SEM images of the tested surfagcgdOCVD: S-Pt and S-E©3; by NNBD: S-TiQ and by
PECVD: S-SiOx, S-SiOC and S-Teflon).

Contact angle measurements

The wettability of the sample surfaces is quarditty measurements of static contact arle
at 25 °C, for which the sessile drop techniquesisdu(cf. Section 2.2.3). Figure 4-1 presents
the contact angle data window and correspondingmdrbplet images. It is noticed that the
surfaces with SiOC or Teflon deposition are hydaipb @ > 90°) and the surface with SiOx
deposition is highly hydrophilic&)(< 30°).

4.2 Experimental setup and results

4.2.1 Experimental setup

The experimental apparatus used for boiling tests leen described in Section 3.2. The
layout is designed to study boiling of sample stefain horizontal position. This position
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enables to obtain images of bubbles from the petsjgeview made by a high-speed camera
set at 6000 fps.

Before each measurement, the sample surface isch&ata temperature higher than that of
the saturate temperature to remove gasses trappiei@ its cavities. The electrical resistance
of each sample was previously calibrated, enabling determination of the sample
temperature (cf. Section 2.2.4).

4.2.2 Experimental results

Hydrophobic surfaces

Figure 4-4 presents some captured images of bgiingess on the hydrophobic surfaces (S-
SiOC and S-Teflon) of which the static contact asght 25 °C are respectively 104° and
112°. Compared to standard surfaces which are lysualtted, the bubbles appeared on
hydrophobic surfaces at very low heat flux and tremained on the surfaces. Increasing the
heat flux, the bubble size increased but the busbbtél did not detach from the wall. At
higher heat flux, the bubbles spread over the sarfeausing bubble coalescence that led to
film boiling. No bubble emission was observed omldoyphobic surfaces. This phenomenon
could be due to the effect of the surface tensmuef which will be discussed in detail in
Section 4.3. It could also be due to condensaticcuming at the bubble head by highly
subcooled liquid. Indeed, condensation reducesthmble volume and thereby reduces the
buoyancy force acting on the bubble to move it upwadowever, the bubble volume
decrease caused by vapour condensation shouldgbectezl compared to the bubble volume
increase caused by evaporation of liquid underntehbubbles. This is mainly due to the
high water liquid to vapour density ratio, whichalsout 1600 at 100°C.
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Figure 4-4. For hydrophobic surfaces, bubbles exated at low superheats but cannot detach frormaltle
There is no bubble emission and film boiling ocduesause of bubble coalescence.

At the same heat flux, the surface S-Teflon witbhler static contact angle had a greater
bubble base radius. It was also observed that litning appeared at lower heat flux on
higher contact angle surfaces: 120 kw/m? for Sdreflersus 200 kW/m? for S-SiOC. These
observations are in agreement with that of Gaerfihd] and Hummel [4.2] which showed
that a continuous hydrophobic surface tends to hecwapour blanketed during nucleate
boiling. However, no bubble departure was notiasdsing instability of the heat transfer.
The wall temperature increased during boiling teme after about fifteen minutes, local wall
destruction occurred. Thus, it was impossible tcasnee the heat transfer coefficient in
steady state regime.
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Hydrophilic surfaces

For hydrophilic surfaces, bubble emission occuid thie steady state of boiling heat transfer
can be reached after a few minutes.

= Bubblesize

The bubble departure diameter is determined byyaimg) pictures taken from video recorded

by the high-speed camera. Kolev [4.3] showed thHe bubble departure diameter

significantly depends on the heat flux. Hence, trictty determine its dependence on the
contact angle, the bubble departure diameter wassuned at a constant heat flux of 200
kw/mz2. Figure 4-5 shows that the bubble departize mcreases with the increase of the
surface wettability. For highly wetted surfac@s<(31°), the bubble grew and spread over the
wall. Contrary to the well-known correlation of &ri[4.4] where the bubble diameter is

proportional to the static contact angle, the expental results (cf. Figure 4-6) show that a
greater surface wettability yields bigger bubbletadhed from the surface.

"
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Figure 4-5. Bubble departure on hydrophilic surgace
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Figure 4-6. Bubble departure diameter (measur@®@k\W/m?) versus the static contact angle at 25Tt@
correlation of Fritz has the opposite tendency camag to the experimental values.

= Bubble emission frequency
From the videos captured by the high-speed cantieeawaiting time and the growth time
were also measured, so that the bubble emissigndrey was determined. Figure 4hYows
that the waiting time is much greater than the ghotime. This might be due to high liquid
subcooling as the bulk temperature is 15 °C belwvsaturated temperature [4.5]. Also, the
waiting time reduces more rapidly with the increaé¢he heat flux compared to the growth
time. Indeed, the change of the heat flux from 22800 kW/m?2 results in 70% mean
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decrease of the waiting time but only 23% meaneates® of the growth time. Moreover, the
waiting time and the growth time both increase with increase of the surface wettability.
When the static contact angle is below 30°, thisatfbecomes especially significant. As a
result, the bubble emission frequency deterioriea greater surface wettability (cf. Figure
4-8). Many studies [4.6]-[4.8] show that the higher thiblble emission frequency, the lower
the bubble departure diameter. For instance, Z{#hé} estimated that the produb, f is
about constant and his correlation is relativelyagreement with the experimental data as
shown in Figure 4-8.
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Figure 4-7. Evolution of growth time (a) and wagtitime (b) as a function of contact angle.

500
450 +
400 ~
350 -
300 -
250 -

200 +

150 - +

0 M
50

= o

O T T T

0 30 60 90
Water contact angle (9

— & 220 kW/m? -
m 300 kW/m?

Correlation of Zuber [4.6]
for 220 kW/m?

Bubble emission frequency (1/s)

Figure 4-8. Bubble emission frequency versus thmamt angle.

» Heat transfer coefficient
The data reduction and uncertainty analysis ofibiéng heat transfer has been described in
Section 3.3. Figure 4-9 depicts the comparisonxpegmental values and predictions given
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by Cooper [4.23] correlation for the uncoated suef&-ref. The roughness is chosen to be
0.4, 0.65, and 1 um respectively to fit the expental values. The changing tendencies of the
measured and correlated heat transfer coefficemnis function of the heat flux show a very
good coherence, therefore guarantying the reltgoli our measurements. Nevertheless, the
correlation of Cooper should not be used to prethet surface roughness. Indeed, the
roughness measured by AFM (cf. Section 4.1.2) gsisicantly lower than the best fitting
roughness to this correlation.

Figure 4-10a compares the heat transfer performaficeubcooled pool boiling on the
hydrophilic surfaces. The tendency of the presectades is relatively good and shows a
significant change of the heat transfer coefficigith the surface wettability change.
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Figure 4-9. Heat transfer coefficient of an unteelastainless steel surface.
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Figure 4-10b highlights this observation and shtived the best heat transfer coefficient can
be obtained with the surface which has a statitabrangle close to either 0° or 90°. Indeed,
the experimental data are fitted by-Brder-polynomial curves. Extensions of these csiate
0° reach relatively well the experimental data aekdtaet al. [4.10] which show enhancement
of boiling heat transfer by using superhydroplslicfaces.

4.3 Model of bubble growth

4.3.1 Dynamic contact angle approach for nucleation

The videos recorded by the high speed camera shawedgressive change of the contact
angle during the bubble growth (cf. Figure 4-113.tAe test surfaces have small deep cavities
(cf. Figure 4-2), the sample surfaces are theredsyiraed to be completely wetted during
experiment. Hence, a new mechanism of bubble foomaturing nucleate boiling has been
developed (cf. Figure 4-12) and is described inféllewing paragraphs.

Hydrophilic surfact

mERR

= Bubble departul

Hydrophobic surface

e r

6, Bubble coalescence

Figure 4-11. Contact angle change during growtle < 6, < 6,).

Hydrophilic surface

= Step 1: a convex vapour shape appears at the daasty. The contact angle is the
equilibrium angle at saturated temperatige

= Step 2: the liquid continues evaporating to forrbubble at the cavity mouth. The
contact angle is still equal &.

= Step 3: the liquid microlayer underneath the buldvaporates, expanding the triple
contact line (TCL) and the bubble diameter. Thhs, liquid recedes from the cavity
and the contact angle decreases to the recedig angaturated temperatute

= Step 4: the gravity force stretches the bubbleaadty when the liquid moves towards
the cavity. The TCL reduces and the contact anglesases to the advancing angle at
saturated temperatuég.

= Step 5: the bubble detaches from the wall.

Hydrophobic surface

= Step 1: a concave vapour shape is formed at theydaase. Its contact angle is equal
to the equilibrium anglé..

= Step 2: the bubble appears at the cavity moutthéylituid evaporation. The contact
angle remains constant but this time the vapoyreshacomes convex.
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= Step 3: the gravity force increases the bubblettgigoving the liquid backward. The
contact angle decreases to the receding afglds the latter is greater than 90°.
Hence, the bubble cannot detach from the wall.

= Step 4: the liquid moves toward the cavity, inchegsthe contact angle to the
advancing anglé,.

= Step 5: the liquid continues evaporating, expandimg TCL. Hence, the bubble
coalesces with bubbles formed at neighbouring .s@esical heat flux is reached by
low vapour conductivity.

i UL

Total liquid Bubble appearance Bubble at cavity Bubble base Bubble base
wetting 0= 6 radiusé = 6, radius increasing radius decreasing
until = 6, until 6 =0,
Step 1 Step 2 Step 3 Step 4

a) Bubble growing on hydrophilic surface

e e r )

Total liquid ~ Bubble appearance Bubble at cavity Bubble base Bubble base
wetting 0= 0e radiusd = 6 radius increasing  radius increasing
until 8 =6, until coalescence
Step 1 Step 2 Step 3 Step 4

b) Bubble growing on hydrophobic surface

Figure 4-12. Dynamic contact angle approach foteate boiling.

The effect of contact angle on bubble detachmemtgss is mainly related to modification of
the surface tension force. For hydrophobic surfattesfact that bubbles cannot detach from
the wall and rapidly coalesce is mainly due tohtbezontal component of the surface tension
force, which acts to moving the contact line awegnt the bubble axis. For hydrophilic
surfaces, the variation of the contact angle dutimggbubble growth can be explained by the
concept of macro- and micro-contact angles whidhbei described in the following section.

4.3.2 Concept of macro- and micro-contact angles

The contact angle is usually measured at the remnpeérature (25°C) by depositing a liquid
droplet on the sample surface. The surface andrhget are at the same temperature, thus
there is no heat exchange between them. This daamgte is denoted #5. However, during
the nucleate boiling, the bubble is formed by tlyitl evaporation caused by the heat
transfer from the wall to the liquid. The contactgke that followsé is different fromé°,
because the liquid is now at saturated temperdtire=igure 4-13). In general, the liquid



74 POOL BOILING EXPERIMENTS

surface tension decreases when the temperatueases. Henc#d, is lower thar® when the
saturated temperature is higher than the room teatye. In addition, in boiling conditions,
the balance of the three surface energies: sajiddj liquid-vapour and solid-vapour,
becomes unstable due to the non-zero heat fluxsegpat the solid-liquid interface. For the
hydrophilic surfaces, this heat flux causes evapmreof the liquid micro-layer underneath
the bubble. The thinner this layer is, the highexr heat flux passes through. Close to the
TCL, the heat transfer would be extremely high amdld create a liquid evaporation with a
rate that is much higher than in the surroundiregasr Therefore, the curvature of the liquid-
vapour interface would change, leading to the esrerg of another contact angle named
«micro-contact angle#,. The contact anglé is relatively at a larger scale. It is named
«macro-contact angle».

6, =

Figure 4-13. Contact angle of a liquid dropletat?5° without any heat transfer and b) at satmaemperature
on a heated surface: macro-contact afigled micro-contact angle,.

Influence of the micro-contact angle

The surface tension forde, is determined by the micro-contact angle and yathle macro-
contact angle. When the nucleation is initiatedselto the TCL, the liquid evaporation may
cause a micro-contact angle greater than 90°, asrided by Mitrovic [4.11]. Due to the
horizontal component of the surface tension fdfgg the liquid in the micro-layer moves
backward from the bubble axis and the TCL expamnas fA to B (cf. Figure 4-14). Along
with the liquid movement, the micro-contact angézmases as a result of the restoration of
the surface energies balance. At position B, therevtontact angle is equal to 90° and the
surface tension force stops displacing the TCL. e\mv, the liquid inertia and the energy
minimization of the system will result in a decliokthe micro-contact angle to a value close
to that of the macro-contact angle. The horizootahponent of the surface tension force
reappears, but this time it moves the liquid forvhy reducing the TCL radius. At position
C, the TCL disappears and the bubble detachestfierwall.

The micro-contact angle is an important parameteicleate boiling. First, it directly affects
the vertical component of the surface tension fdfgg which contributes to maintain the
bubble on the wall. Then, it creates the TCL movanaand thus affects the dynamic forces
caused by the liquid inertia and viscosity. Indesten the TCL is expanding from A to B,
the bubble becomes bigger and the inertia of tgeidi surrounding the bubble exerts a
reaction force to maintain it on the wall. But whitve TCL retracts from B to C, the liquid
goes forward to the bubble axis, enabling the beilkdlelparture. During the bubble growth, the
macro-contact angle changes according to the legsephenomenon: it decreases when the
liquid recedes and increases when the liquid acd&anc
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Figure 4-14. Movement of the contact line duringtle growth: a) the bubble growth initiates, b) toatact
line stops displacing @, = 90°, c) the contact line starts moving toware blubble axis , d) the bubble detaches
from the wall and e) hysteresis ®andé,.

Influence of the macro-contact angle

Although the surface tension force depends on tleoacontact angle, the macro-contact
angle always plays a key role. A simple way of ustéding the effects of the macro-contact
angle is to analyze its influence on the bubblenfofhe initial radius of the TCL is assumed
to be equal to that of the nucleation sites. Atsame TCL, for a simple geometric reason, the
bubble which has a lower contact angle is biggemHigure 4-15).

This might explain why the increase of the surfaegtability leads to the increase of the
energy required to activate the nucleation sité®rafore, between the departure of a bubble
and the appearance of the next one, the waiting twould be longer when the macro-contact
angle is lower. The decrease of the macro-contagteawould then intensify the phase
difference caused by the time delay between thgeanticleation sites (two nucleation sites
are said to be «in phase » if they emit the bubfilédbke same time). That might explain why,
at a given time, while increasing the contact angike observed fewer active nucleation sites,
whereas if the observation is made over a longodetthe number of active sites remained
almost independent of the macro-contact angle.

A A o F P T A AT

Figure 4-15. Two spherical bubbles are assumedie the same TCL. i, is lower thar,, the bubble having
the contact anglé; is then bigger than that having the contact adgle



76 POOL BOILING EXPERIMENTS

4.4 Model of bubble departure diameter

A number of correlations were suggested to estirttedebubble departure diameter over the
past eighty year [4.12]. Most of them indicate thigects of wall superheat, operating

pressure, gravity and fluid characteristics, bwg thle of contact angle has seldom been
reported. Before 2008, to our knowledge, the cati@h developed by Fritz [4.4] was the

only known correlation taking the wetting effectaraccount. Its expression is given as:

Pd - g0208x6 (4-1)

C

whereind is the contact angle in degrees &gds the capillary length defined as:

g
L.= |——m8M8M— -
Voo -py) (4-2)

It is important to note that in his paper [4.4]itFonly showed the existence of a maximum
volume of a vapour bubble, which can be writteradanction of contact angle and capillary
length. Eq. (4-1) does not even explicitly appeathis publication. The effect of the contact
angle is empirically taken into account. The catieh was established based on
measurements with air bubbles and not with vapabbles in boiling conditions. A complete
review on bubble departure diameter measured ilingosystems was given by Zerg al.
[4.13]. It was shown that Eq. (4-1) gives questldaaesults for well-wetting fluids, large
range of operating pressures and in microgravityddmns. Recent study of McHale and
Garimella [4.14] with FC-77, a well-wetting fluidave the same conclusion. The present data
obtained with a large set of contact angle alsowstiwat the evolution trend of departure
diameter with contact angle disagrees with thagested by Fritz (cf. Figure 4-6).

It is thereby necessary to develop new models warable reliable prediction of the impact
of contact angle on the bubble departure diamé&tas section is divided into two parts. The
first part concerns a new correlation of bubbleatepe diameter which will be developed
based on the experimental data. The second pdevisted to describing a theoretical model
that takes into account the role of contact angleubble growth process. This model will be
based on the concept of macro- and micro-contagiearand will be developed for isolated
bubbles detaching from upward-facing horizontafese.

4.4.1 New correlation of bubble departure diameter

As mentioned in Section 4.3.2, the measured cordgagte (macro-contact angle) affects
boiling process mainly through its influence on théble form, for which the energy factor
is an important parameter. This factor is not aatyenergy ratio, but also a volume ratio of
the bubble having a contact angléo the full spherical bubble having the same di@méts
expression was given by Bankoff [4.15] as:

2 +3cosf - cos’ 6 (4-3)
4

£(6) =

The energy factor reaches its maximum value atobitact angle, and then decreases with
increasing contact angle. It reaches the minimulmevat 180° contact angle. Thus, the higher
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contact angle, the lower energy required to formiainvapour shape at a cavity. This can
explain why the bubble is formed at very low heax ffor hydrophobic surfaces and why the
waiting time increases with decreasing contact endlor hydrophilic surfaces, a new
correlation is therefore etablished to estimatehthigble departure. The energy factor is taken
into account as the contribution of the wettingeet$:

Dy
I‘C

= 0.626977 L (6<90°)

2+ BCOSZ ~cos’ 0) (4-4)

Comparison with experimental data of this study aomhe studies in literature is shown in
Figure 4-16 and Figure 4-17.
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Figure 4-16. New correlation to estimate the bald®parture diameter.

2 y 57 P
- E |1 o
= +25% E | o
£ | 7 o6 = 4 +25% .
= 1.5 / g ] 2 -
2 A AAAd | £ o
’ e (_5 il ,/ ///
E b /’, O /z, g i /, //’
E /’ ,'/ . Q 2 il /I ’,’ .
o3 N X © Water, this work T 1 g ,-7 |° Water, this work
E 0.5 @ AFC-72 [4.16] g | A FC-72[4.16]
8" o FC-72 [4.17] g ] /0 o FC-72 [4.17]
2 XHFE-7100 [4.17] o T4 7 XHFE-7100 [4.17]
D 1 A Water [4.18] o e A Water [4.18]
o 17 +n-Pentane [4.19] 0] By +n-Pentane [4.19]
0 0.5 1 1.5 2 0 1 2 3 4 5

Experimental departure diameter (mm)

a) Correlation of this work

Experimental departure diameter (mm)

b) Correlation of Fr[t4]
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Figure 4-16 shows that the new correlation fits ékperimental data of this study relatively
well with a maximum deviation of only 7%. In Figu4el7a, most of the experimental points
(90%) are included within the lines of 25% deviatiof the theoretical line given by this
correlation. The correlation of Fritz gives a woeggeement as shown in Figure 4-17b.

4.4.2 New theoretical model of bubble departure diameter

Introduction to the model

In the previous section, a new correlation has begeveloped for estimating the bubble

departure diameter by taking into account the gnégtor as the contribution of the wetting

effect. It has been shown that this correlatioim igood agreement with the experimental data.
However, the physics hidden behind Eqg. (4-4) areumaerstood yet. For instance, ones
might ask why the constant in this equation is éqoed.626977. Therefore, a theoretical

model of bubble departure will be developed in thestion. This model aims at giving a

better understanding of the effect of contact angléubble growth process.

According to the concept of macro- and micro-contangles, the bubble reaches its
maximum size at point B, when the micro-contactlang equal to 90° (cf. Figure 4-14).
Furthermore, the liquid-vapour interface stops ldisipg at this moment, cancelling the
dynamic forces acting on the bubble. Hence, whersike of the bubble is maximal, the force
balance in the direction of the bubble axis gives:

Fg —Foy+Fep =0 (4-5)
whereFy is the buoyancyt, is vertical component of the surface tension foered Fcp, is

the contact pressure force, which is also callethas'corrected buoyancy force” (cf. Figure
4-18). This force is due to the existence of thatact line [4.20]-[4.21]:

Fep = ”Ré [Pv —-R ]cl (4-6)

whereR,, is the radius of the contact line amR} € P)) is the pressure difference between the
vapour and liquid phases at the contact line. @kfsrence of pressure can be determined by
using Young-Laplace relation [4.22] as:

[PV_H]CI:U(Ril"'RiZJ (4-7)

whereR; andR; are the principal radii of the bubble curvaturéhat contact line.
When the micro-contact angle is equal to 90°, thbble curvature at the contact line is

similar to that of a cylinder, which has the samis as the bubble and has the same radius as
the contact line. Therefore, the radii of the bebflirvature at the contact line can be obtained

as Ry = Ry andR, - «. Hence, the expression of the contact pressuce toecomes:

Fep =7TR 0 (4-8)
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Furthermore, for a micro-contact angle of @ig,, =1 and hence, the vertical component of
the surface tension force can be calculated as:

Fov=-2nR; 0 (4-9)

Bulle axis
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Figure 4-18. Schematic view of the base of the lublihen the micro-contact angle is equal to 90°.
Egs. (4-5), (4-8) and (4-9) give:

Fg =7TRy 0 (4-10)

9Vp (0 —py) =7TRy O (4-11)

Whereinvg is the bubble volume at a micro-contact angleG5f hich is also the maximum
bubble volume. Eq. (4-11) implies:

Vp = TRy L2 (4-12)

If the volume of air trapped inside the nucleat®te is neglected compared to that of the
bubble, the bubble volume can also be determinetdss conservation as:

Vo =2y (4-13)
\'

WhereinV|* is the volume of the evaporated liquid.

The bubble volume is mainly generated by evapanatibthe liquid microlayer beneath the
bubble, as suggested by Cooper and Lloyd [4.23jedtity, the bubble also gains a part of its
volume by evaporation of liquid around the bubbbgp d4.24]. However, for a simple

preliminary model, this part of volume is assumedé negligible in this study. The volume
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of the evaporated liquid is assumed to be equ#hdb created by rotating the triangle OBH
around the bubble axis (cf. Figure 4-18):

W =ZnREe (4-14)

where¢ is the thickness of the evaporated liquid micrefayvhich has the following relation
with the contact line radius:

J
—_=tand -
my (4-15)

Egs. (4-13), (4-14) and (4-15) implies :

x 2
Vp = gﬂﬂ Rg’l tand (4-16)

Py
Combining Egs. (4-12) and (4-16), the radius ofdbetact line is given as:
Ry = \E(ﬂj e tang~2/ 2L (4-17)
I 2\ oy C

Replacing Eq. (4-17) into Eq. (4-12), the expr@sf the bubble volume becomes:

3 -1/2
Vi = F {ﬂj tane 123 (4-18)
2\ py

This is an explicit relation that enables the maximbubble volume during nucleate boiling
from an upward-facing horizontal surface to bemeated. To determine the bubble diameter,
the bubble shape is simplified as shown in Figud94At its maximum size, the bubble is
assumed to have a spherical shape with a footh#stthe same volume as the evaporated
liquid (cf. Figure 4-19a). The maximum bubble vokim thereby given as:

* *3 *
Vb :%ﬂDb +V| (4'19)

wherein DB is the diameter of the bubble at its maximum size.

Combining Egs. (4-13) and (4-19), the volume ofékiaporated liquid is obtained as:

-1

* *3

V' = (ﬂ _ J o (4-20)
Pv 6

Egs. (4-18), (4-19) and (4-20) imply:
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3 13 -1/2 1/3
Dy, = (6 —j (ﬂj (ﬂ —1] tang~1/6L, (4-21)
2 Pv Pv

b)
Figure 4-19. Schematic view of a) the bubble atrigsimum size and b) the bubble at departure.

After reaching its maximum size, the bubble detacthem the wall due to liquid rewetting
which removes the contact line. During this stafe, mass transfer occurs weakly because
the wall temperature is close to the saturationpemature, and thus, the bubble size is
assumed to remain constant:

Dq = Dy, (4-22)

Therefore, the bubble departure diameter can bkcékpdetermined as:

3 13 -1/2 1/3
Dyq = (6 _j (ﬂj (ﬂ - 1j tang~ 6L, (0° < 6 < 90°) (4-23)
2 Pv Py

In summary, an explicit relation to determine theblble departure diameter has been
developed by using the following assumptions:

» Determination of the maximum bubble volume by fobedance (Eg. (4-12)) is based
on the concept of macro- and micro-contact angles,

» The bubble gains its volume by evaporation of tigeidi microlayer which has a
simplified geometry as shown in Figure 4-18. Theximaim volume of the bubble
can thereby be determined by using the conservationass (Eq. (4-16)). Thus, the
explicit relation to estimate the maximum bubblduwee (Eq. (4-18)) is given by
combining Egs. (4-12) and (4-16),

= A simplified geometry of the bubble at its maximsime is suggested in Figure 4-19,
leading to an explicit relation of the maximum blébbdiameter (Eq. (4-21)),

= During the stage of liquid rewetting, the mass ¢fanis assumed to be negligible and
then the bubble departure diameter can be detedneixylicitly by Eq. (4-23).
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Comparison to experimental data
Although a number of experimental studies were entd determine the bubble departure
diameter, only a few of them reported data aboet dperating contact angle. Table 4-2
represents some representative data in literatatecontains information concerning both the
contact angle and the bubble departure diameter.

Table 4-2. Experimental data of the bubble departimmeter.

Fluid Operating pressure (bar) Contact angle (°) bleideparture diameter (mm)
Water, this study 1 22 1.65
31 1.48
67 1.32
80 0.99
85 0.82
Water [4.18] 1 43 0.75
1.93 45 0.78
2.76 47 0.82
Water [4.25] 1 35 1.9
HFE-7100 [4.17] 1 25 1.1
R11 [4.26] 1 31 0.7
R113 [4.26] 1 11 0.8

It is important to note that the model of this studbes not take into account the effects of
superheat and subcooling, which may lead to diffieprocesses of bubble growth. Indeed,
high superheat frequently lead to coalescence bbles formed at neighboring sites, while
high subcooling causes condensation at the bulddd.hrherefore, the comparison is made
by choosing experimental data at low superheatlawdsubcooling only. To compare the
evolution trend of the bubble departure diameteéhwhe contact angle, a new dimensionless
number is defined as

13 1/2 ~1/3
Mi = Dd [6 E] [ﬂj [ﬂ —1j (4-24)
Le 2 Pv Pv

EqQ. (4-23) becomes

Mi = tang~¥® (4-25)

Figure 4-20a shows the evolution of the new dinmamsss number given by predicted and
experimental data as a function of the contactearigbst of the experimental points (75 %)

follow the theoretical curve t&n'® with a maximum deviation of 10 %, confirming the

evolution trend of the bubble departure diametehwhe contact angle given by the present
model. Compared to the correlation of Fritz [4the present model gives a lower sensibility
of the bubble departure diameter with the contaglea Indeed, if the contact angle changes
from 25° to 80°, this model predicts a change ie Hubble departure diameter of 35 %
whereas that of Fritz predicts a change of 320 B& [dw sensibility given by this model may

explain why there is a moderate scattering in memsent of the bubble departure diameter,
even though the effect of the contact angle wasrigghin many previous studies.

* The contact angle of HFE-7100 was measured in our laboratory under the same conditions as [4.17].
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Comparison to a larger set of experimental datasorea at different superheats is shown in
Figure 4-20b. It is noticeable that the experimerdaparture diameter increases with
increasing heat flux. This effect is not taken imtccount in the present model and thus
underestimation is obtained at high superheat. Hewemost of the experimental data (85 %
of 32 points) is included within the lines of 30éxsor, confirming the predictive ability of the
present model.
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Figure 4-20. Comparison of the predicted and expemntal values of a) dimensionless number definei34)
and b) bubble departure diameter.

If the bubble departure diameter is known, bothpgresent model and the correlation of Fritz
can be used to predict the wetting of a fluid. Rége McHale and Garimella [4.14]
measured the diameter at departure of FC-77 bulidriesd at aluminium surfaces. Based on
their data, prediction of the wetting of FC-77 iade as shown in Figure 4-21.
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Figure 4-21. Prediction of the wetting of FC-77alaminium surfaces.
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The present model predicts the wetting of FC-7igh @ < 20°), which is relatively correct
because FC-77 has low liquid surface tension (S\N/nmngiven by [4.14]). However, the
correlation of Fritz gives a worse prediction siricpredicts that FC-77 has a low wettirfgy (
> 50°).

4.5 Model of heat transfer coefficient

4.5.1 Discussion about heat transfer on hydrophobic surfees

In section 4.2.2, it was observed that the boihegt transfer on hydrophobic surfaces differs
from that on hydrophilic surfaces. Indeed, on hpthabic surfaces, the heat transfer
coefficient could not reach the steady-state regameé deteriorates after several minutes of
boiling. The three-zone model [4.27] can be useéxplain this observation. According to

this model, a hydrophilic surface has three diffiémodes of heat transfer in zone |, 1l and I

(cf. Figure 4-22a). Zone | is the dry patch regimieere no evaporation occurs. The heat
transfer in this zone is relatively poor becauséhefpoor conductivity of the vapour. Zone Il

is the conventional microlayer regime where veny tiquid layer evaporates to evacuate
most of the heat coming from the wall. Zone lllais extended microlayer to bulk regime

where the heat transfer is similar to that of ssnghase flow.

i Vapoul o

El i Vapour Liquid

S n 2 | |

z | o Liquid B 0
a) b

Figure 4-22. Heat transfer zones on: a) hydrophitid b) hydrophobic surfaces.

For a hydrophobic surface, there is no liquid meayer underneath the bubbles. The heat
transfer occurs from superheat liquid layer [4.28¢ through the dry patch zone (cf. Figure
4-22b) only. The heat transfer in the dry patchezsnpoor, causing local deterioration of the
sample surface. Furthermore, as bubbles do nothiétam the wall, the steady-state regime
of the heat transfer coefficient cannot be reached.

4.5.2 Correlation of nucleate boiling heat transfer

For hydrophilic surfaces, the experimental datawstb that the heat transfer coefficient
(HTC) can reach its maximum value if the contaaglans close to either 0° or 90°. This

observation can be explained by analysing the apgpefects of contact angle on the bubble
emission frequency and the liquid-microlayer thieks. Indeed, near 90° contact angle,
enhancement of the HTC can be reached as a rdseithancement of the bubble emission
frequency. However, near 0° contact angle, the leulgmission frequency is poor, but

significant enhancement of the HTC can also beinbth as a result of high heat transfer by
conduction through the liquid microlayer.

Based on this reasoning, an analytical approadstimate the HTC will be developed in the
following paragraphs.
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Dependence of heat transfer coefficient on contaangle

According to the theoretical model presented intiSect.4.2, the bubble departure diameter
depends on the contact angle as:

Dy O tang™ /6 (4-26)

In Section 4.2.2, Zuber [4.6] and the present erpartal data shows that the produy f is
about constant. This implies:

f O tangl/® (4-27)

The bubble emission frequency of water is in thedeorof 100 Hz. Since the HTC increases
when the bubble emission frequeringreases, from Eq. (4-27) , the variation of HTEhw
can be estimated as a function of the contact aasgle

he O (tan6?1/6) m (4-28)

whereinmis a constant.

Combining Egs. (4-15) and (4-17) in the model oblble departure diameter, the liquid
microlayer thickness at the departure of bubblelmadetermined as:

3 -1/2
5= Hﬂj L. tang /2 (4-29)
2\ py

For water at 100°¢ is in the order of 10-100 um. From Eq. (4-29), theat transfer
coefficient by conduction through the liquid miagér is assumed to be dependent on the
contact angle as:

hs O tang /2 (4-30)

Assuming that the contact angle impacts the haatter coefficient through its effects bn
ando, from Egs. (4-27) and (4-30), the dependence @fatlerage heat transfer coefficient on
the contact angle can be approximated as:

hO W) = a{(tanell 6™ + bang ! 2)”}1/ ) (4-31)

whereina, b, m andn are constants determined from experimental data.

Correlation of heat transfer coefficient

The boiling heat transfer coefficient depends andflcharacteristics, boiling conditions,
surface roughness and wettability. To take allhefse factors into account, the following
correlation is suggested:
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h=hy, xW(8), (6 <90°) (4-32)

wherein h, is independent of the contact angle. To deterntige some well-known
correlations in literature can be used such asMbstinski correlation [4.29], the Cooper
correlation [4.9], the Gorenflo correlation [4.38hd the Ribatski-Siaz Jabardo correlation
[4.31]. Comparisons between these correlations thedexperimental data are shown in
Figure 4-23. Information about the experimentablase is given in Table 4-3. Indeed, data
were selected from studies in which the contacleamgd surface roughness are precisely
reported.
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Figure 4-23. Comparison between the experimental @ad some correlations in literature.

To evaluate the predictive ability of these cottielss, the mean average error (MAE) and the
mean relative error (MRE) are determined as:



POOL BOILING EXPERIMENTS 87

N i -
Z Predictedvalue exp.valuefxlocp/0 (4-33)
1 exp.value |

1 N Predictedvalue—exp.valu
exp.value

ej x100% (4-34)

Table 4-4 shows the results of the comparison batvilee experimental data and the different
prediction methods.

Table 4-3. Experimental database of heat trangfefficient.

Fluid Number of data points Contact angle (Roughness (pm)
Water, this study 25 22,31,67,80,85 0.2

Water, Takata et al.[4.10] 5 1 6.2

Water, Wuet al.[4.32] 12 9, 57 1.55,1.41
FC-72, Wuet al.[4.32] 34 2 1.55,1.41

Table 4-4. Experimental database compared to theigion methods.
Mostinski [4.29] Cooper [4.9] Gorenflo [4.30] Rilsat & Siaz
Jabardo [4.31]
MAE MRE MAE MRE MAE MRE MAE MRE
58 -11 33 -33 56 43 26 -11

The Cooper correlation [4.9] and the Ribatski-Slabardo correlation [4.31] show the best
prediction abilities. Although the correlation ob@per is less accurate, it is more general than
the correlation of Ribatski and Siaz Jabardo whvels developed based on pool boiling data
of refrigerants only and contains empirical cont&gor wall material effects. Therefork,
would better to be determined by the correlatiorCobper, giving the following expression
of the average heat transfer coefficient:

(012-02log10 Rp) (-logyo p*) 055 q 067 - o.sw( ) (4-35)

h =55p*
wherein p* = P/ P, is the reduced pressurg, is the surface roughness,the heat flux
density andv the molecular weight of the fluid.

Fitting Eq. (4-35) to the present data gives th¥ang expression of/(6):
W) = tang /6 + %tané?_l/ 2 (4-36)

The new correlation is compared to the experimed&dh as shown in Figure 4-24. The
prediction lines fit relatively well the trend did data obtained in this study and in the study
of Takataet al. [4.10] (cf. Figure 4-24a). The predictive abilby the present correlation is
also confirmed by comparison with the recent datanfater and FC-72 of Wet al.[4.32],

in which the roughness and contact angle were measicf. Figure 4-24b). The present
correlation predicts 95% of the entire databasédiwit: 15%. The maximum deviation is

$ The roughness of samples used by Takata et al. [4.10] is taken as the same as the present sample
roughness since both studies have similar processes for sample fabrication.
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about = 20% and the MEA is about 9%. This correlais thereby the best prediction method
compared to the above presented correlations.
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Figure 4-24. Comparison with experimental datdire)s are prediction curves and points are experiate
points and b) predicted HTC vs. experimental HTC.

4.6 Model of critical heat flux

4.6.1 Introduction

Two models of critical heat flux (CHF) that accodiot the effect of wettability on CHF are
those of Theofanous and Dinh [4.33] and KandlikaB4], both based on the assumption that
CHF occurs as an irreversible expansion of a hptgot. Theofanous and Dinh derived the
following expression to predict CHF:

denr =« Y2t 2H), [U (o1 - Py )] 14 (4-37)

whereink is the surface dependent parameter, which is lBnga poor wetting surface but
small for highly wetted surface. However, Theofasiand Dinh did not provide an analytical
expression fok. Kim et al. [4.35] provided an expression ferusing elementary geometry
and Lord Rayleigh’s formula for the volume of stdtquid meniscus:

(4-38)

( sin@ 77/2—9)‘1’2
K=|1- -
2 2cosd

The above expression only applies for hydrophilifaces §<90°). Based on force balance,
Kandlikar provides the following correlation:

1/2
l+cosf| 2
devr = A PHy, [U (o1 - )M T[; +-, U+ cos) COS(”} (4-39)
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whereind is the contact angle antl is the heater orientation angle relative to hortab

In this section, a theoretical model of criticabh#ux will be developed based on the concept
of macro- and micro-contact angles. This model aahgjiving a new point of view to
interpret the pool-boiling critical heat flux.

4.6.2 Development of the model

As shown in Section 4.3.2, during a period of bebdplowth, liquid movement occurs in the
microlayer zone beneath the bubble. Assuming thatlayer is similar to a cylinder made by
the contact line of radiuR; and the thicknesé when bubble reaches its maximum size (cf.
Figure 4-25), the time-average of liquid mass fluk Figure 4-26) toward the bubble axis
can be estimated as:

m =fp R3O (4-40)

whereinf is the bubble emission frequengyijs the liquid densityR, ando are respectively
the radius of the contact line and the thicknegh®imicrolayer at maximum bubble size.

I

Figure 4-25. Schematic view of the microlayer zahenaximum bubble size.
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Figure 4-26. Schematic view of evolution of liquithss in the microlayer zone.

The bubble emission frequency can be determined fre bubble departure diameter using
the correlation of Zuber [4.6] as (cf. Section 2)2.
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2 Db

1/4
f= 059{w} xi (4-41)
P

Using the model of bubble departure diame®g,Dp, ando can be determined by Eq.(4-17),
(4-21) and (4-29), respectively. Thereby, Eq. (34€comes:

K¢ xK
M =— 2 tang /3 (4-42)
K
d

whereinKs, Kq andK, are the constants depending on the fluid propestse

“1/4
K = 059 %{/"v) (4-43)
P |
V3 ~1/2 1/3
Kq :[6 Ej (ﬂj ﬂ—lj L, (4-44)
2 Pv Pv
12 P
K, =7p E(ﬂJ L (4-45)
2\ py

The inlet temperature of the liquid flow is assuntedqual to the bulk temperature. Hence,
the energy balance implies the following expressibtine heat flux:

q:iml [Cp,I(Ts_Too)+HIV X] (4-46)

wherein,A, is the mean heat exchange a@a,is the liquid specific-heat capacifys andT,
are respectively the saturation temperature andetfimperature of the bulk liquidd,, is the
latent heat of vaporisation ards the vapour quality.

The critical heat flux occurs when all liquid ispaaized, i.ex = 1. This implies:

1 . [
dcHF ‘Em Cp, | (Ts = Te) + Hyy (4-47)
Egs. (4-42) and (4-47) imply:

dcHE = AcHF a5 X tang ™3 (4-48)

whereinqcyr 450 is the critical heat flux a = 45°, which is determined as:
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q - 1foKak (Te —T,.) +H (4-49)
CHF 45 ——( — J\Us 7l Iv -
Ay Ky P

The mean heat exchange area has the following form:

%ngf (4-50)
whereinDy corresponds to the mean diameter of heat exchaungaece between the heated
surface and the fluid. At a first approximationjdttaken a®, = Dy /232 . For a contact
angle of 45°, the model of bubble departure diamgites:

Kg
D, =——+ 4-51
x50 (4-51)
Egs. (4-49), (4-50) and (4-51) imply:
32K xK
OCHF 45 = ——3a[C pl (Ts = Too) + Hlv] (4-52)
K3

This is an analytical equation to determine the ¥Sed on the concept of macro- and
micro-contact angles, the present model of bubbfgmdure diameter and the energy balance.
The CHF predicted by the correlation of Kandlik&r34], the correlation of Kim edl. [4.35]

and the present model are compared to the expemam@F given by recent literature
studies on water and nanofluids [4.35]-[4.38]. Tinesent model shows the best agreement
with the trend of CHF evolution as a function ohtact angle with 80% of data included
within = 30% (cf. Figure 4-27).

60007 + Kimetal. [4.35]
,“\\\\\\A Kim & Kim [4.36]
5000 o Liaw & Dhir [4.37]
] = Coursey & Kim [4.38]
= 40007 This model
E
Z 3000
LL
5 ]
2000-
1000
] Kandlikar [4.34], @ = 0°
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0 30 60 90

Contact angle (9

Figure 4-27. Evolution of the CHF with the contaagle for water and water-based nanofluids.
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4.7 Conclusion

Subcooled pool boiling experiments were performeihvestigate the effects of the surface
wettability on nucleation mechanism and boilingtheansfer. Nano-surface coating was used
to vary the static contact angle from 22 to 112fe main results of this study are summarized
as follows:

1. Hydrophobic surfaces

e Bubbles appear on the heated surface at lower fheats compared to the
hydrophilic surfaces

* Bubbles cannot detach from the wall and rapidlylesize with bubbles formed
at neighbouring sites

* Local deterioration of the heated surface occulswaer heat fluxes (100-200
kW/m?2) compared to the hydrophilic surfaces

2. Hydrophilic surfaces

« Decreasing the contact angle, the bubble depadiarseter increases whereas
the bubble emission frequency decreases

* For low wetted surfaces (45° &< 90°), the heat transfer coefficient (HTC)
deteriorates with decreasing contact angle.

« However, for highly wetted surfaces< 45°), the inverse effect was observed:
the HTC improves if the contact angle decreasess,Tive believe that the
best HTC can be obtained at a contact angle cto8& or 90°

3. Dynamic contact angle approach to the nucleatiochar@sm was developed for a
better understanding of the observed phenomenoa.cbhtact angle hysteresis was
shown to play an important role in the bubble glowAfterwards, the concept of
macro- and micro-contact angle was introduced sezalee the bubble growth process.

4. Based on this concept, a theoretical model of bi¢parture diameter was
established using force and mass balances. Thielnmedt enabled development of
new models of pool boiling heat transfer and citizeat flux.

Along the same line as the present work, experismeete performed to determine the effects
of surface wettability on flow-boiling heat transfén a microchannel. For this, an
experimental setup and some processes for santpledtion were developed as described in
the next chapter.
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PART 3 - FLOW BOILING EXPERIMENTS

In the foregoing part, nanofluid boiling has beetraduced as a technique of surface coating
beside the well-known chemical vapour depositiochitéques. Sample-surfaces coated by
such techniques show different wetting properfi@sinstance, their static contact angles with
water vary from 22° to 112°. These surfaces wert s heater elements in pool boiling
experiments of water at atmospheric pressure.dmréfjime of nucleate boiling, it was shown
that the surface wettability impacts the bubblenghoand the heat transfer significantly. A
change in the contact angle causes modificatiosoofie other parameters such as bubble
departure diameter, bubble emission frequency aatitransfer coefficient.

Along the same line as the foregoing work, expenitmevere performed to determine the
effects of micro- and nano-surface coating on flusiling of water at atmospheric pressure.
The test channel was a rectangular channel 0.5 mgm & mm wide and 180 mm long. Its
dimensions were precisely determined in order tduce measurement uncertainties.
Therefore, the test hydraulic diameter is equad.@ mm and the confinement number is
equal to 2.6. The test channel is considered asontiannel according to Kew and Cornwell
theory [1.19], but as minichannel according to Kiaa and Grande [1.17] classification.The
mass flux was set at 100 and 120 kg/m? s and tke baat flux was varied from 30 to 80
kw/mz2. Water entered the test channel under subdocbnditions (90 °C). More details of
experimental setup and procedures will be introduneChapter 5. The obtained results will
be presented and discussed in Chapter 6.
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Chapter 5: Experimental setup, procedure and valida  tion

The working fluid is water, as it enables signifitachange in contact angle by surface
treatments. This is also a stable fluid with actlygknown properties. However, the range of
experimental vapour quality will be limited when tesais used since its latent heat is
relatively high. Another issue could be the heasldue to a significant difference between
the saturation temperature of water (at atmosplpeessure) and the ambient temperature.

In order to accurately control the surface pararseta reliable and repeatable method of
sample surface fabrication was developed basedhgsigal and chemical techniques of
surface treatments through a mask assembly. Ukisgdchnique, smooth surfaces having
different wettability were produced. Some of therarevused to determine the impact of
contact angle on water flow boiling. The others avstructured by laser etching for tests on
the surface treatment impact at the microscald.leve

The test section was designed for the purpose mpldying sample implementation and

visualizing flow patterns. Hence, the test chamaéhbricated by putting a glass lid including
a groove in the desired size over a Pyrex wafetanoing the sample surface. Afterwards,
these two elements are bonded by vacuum aspirdimprevent fluid leakage, their contact
area should be smooth and plane. More details dhewxperimental setup will be described
in the following sections.

5.1 Sample surface fabrication

5.1.1 Fabrication processes

Smooth surfaces

Smooth sample surface were fabricated for detetmmaf the surface wettability effects. It
is necessary that all the sample surfaces havsatine geometry with only change in contact
angle. In other words, they should have the sameemsions (length, width and thickness)
and the same topography at microscale. The sampfaces are thereby produced by
deposition of nanoparticles through patterning reasking techniques of physical and
chemical vapour depositions (cf. Section 2.1) adiogr to the following steps (cf. Figure
4-23).

= Step 1: deposition of titanium (Ti) layer.
The base substrate is a Pyrex wafer of 200 mm deamaed 1.1 mm thickness. This layer is
used as a heating element. It consists of a reglangack corresponding to the testing area
and pads for electrical connections.

= Step 2: deposition of diamond-like carbon (DLC)liay
This layer is used for electrical insulation.

= Step 3: deposition of nanoparticle layer.
This layer enables modification of the surface algtity in a larger threshold. The deposition
layers are hydrophilic PDMS (SiOx) and hydrophd®i2MS (SiOC), respectively.
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I Pyrex wafer (200), thickness: 1.1 mm

T,

ZZzz Titanium layer, thickness: 3-4 pm

DLC electrical insulation layer, thickness: 0.5-1.5 um

2% Nanoparticle layer, thickness: < 50 nm

Figure 5-1. Fabrication procedure of smooth sudaagtop view and b) perspective view.

Applying the above method, four smooth sample sedavere fabricated and characterized
such as:
= Titanium (Ti) surface made by step 1,
= Diamond-like carbon (DLC) surface made by stepd 2n
= Hydrophilic PDMS (SiOx) surface and hydrophobic PBNSIOC) surface made by
step 1, 2 and 3.

Structured surfaces

In order to determine the effects of micro-surfaceatment, two sample surfaces were
fabricated following the steps shown in Figure 5FRe first sample is called “p-Ti". To
produce this surface, a titanium layer was firstgposited by step 1, described previously.
Afterwards, micro-holes were made by laser etchilmgpugh a patterning mask which
contains holes with radius of 20 um. As shown iguFe 5-3, according to the theory of
critical radius (cf. Section 1.1.1), the holes Imgvihis size are able to generate water bubbles
at a wall superheat lower than 2°C.

The second sample is called “u-SiOx”, which is rattired surface of hydrophilic PDMS
(SiOx). At first, depositions of titanium and diantblike carbon (DLC) were made according
to steps 1 and 2 in the above section. Then, tlveoAhioles were created by laser etching of
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the DLC layer through the same patterning mask deedhe “p-Ti” surface. Finally, a
deposition of SiOx layer is made on the surfacetafrest according to step 3.

a)

B Pyrex

o

FEE Titanium ﬂ
DLC

B siox

I
b)

Figure 5-2. Side view of fabrication procedure tofistured surfaces: a) u-Ti surface and b) p-Si@fase.
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Figure 5-3. Active cavity size range for saturateding of water at atmospheric pressure.

5.1.2 Electrical connexions

The testing area is 5 mm wide and 180 mm long dtivided into eight sections called;"S
“Sy”... and “S”, respectively, as shown in Figure 5-4. Dimensiafsthese sections are
shown in Table 5-1. The testing area is heated dyjeJeffect from the metallic layer.
Electrical wires are fixed on the electrical pagsnbechanical support. Current and voltages
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of different sections are measured by Agilent 349&hd a 0.01Q shunt, which has an
accurately known resistance for determination ofesut by measurement of voltage.

Figure 5-5 shows image of a typical wafer, on whialo sample surfaces are produced.
These surfaces are identical but only one of thelimbe used for boiling test (surfa@@ and
the other one is saved as a backup copy (sulfacBurthermore, close to the wafer edge,
samples for surface characterisations are alsositegdsurfaces andd). They will be used
to determine the surface topography by field-emissgyun scanning electron microscopic
(FEG-SEM) as well as to measure the surface wiéttabi

5 mm i ; ! W Test area

Figure 5-4. Schematic view of electrical connesion

Table 5-1. Dimensions of the testing area sections.
Name 2 S S s SsSS S S
Width (mm) 5 5 5 5 5 5 5 5
Length (mm) 25 20 225 225 225 225 20 25

Pyrex wafer

Titanium

Nanoparticle:I -
on DLC layer,

Figure 5-5. Image of a typical wafer: a) test acef with electrical connexions, b) backup surfawt@ and d)
samples for surface characterisations.
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5.1.3 FEG-SEM images

Smooth surfaces

In order to estimate the thicknesses of the depadiayers, images of the sample surfaces are
taken using a field-emission gun scanning electroeroscopic (FEG-SEM). For instance,
FEG-SEM images of SIiOC surface are shown in Figbu@® Pixel analyses give the
thicknesses of titanium (Ti) and diamond-like carl§pLC) layers of about 3.5 pum and 1 pm,
respectively. These values are close to those migted by DEKTAIK- surface profile
measuring system, which gives 3.2-um thicknesdtdayer and 0.8-pum thickness for DLC
layer.

Diamond-like

Titanium

d)

Figure 5-6. FEG-SEM images of SiOC surface in thespective view: a) and b) deposition layers oreRyr
wafer, ¢) nanoparticle layer and d) interface betwstanium layer and Pyrex wafer.
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Structured surfaces

For structured surfaces, FEG-SEM images were algentin order to characterize the micro-
holes. As shown in Figure 5-7a, the “u-Ti” surfaoatains holes of about 35 pm diameter, in
a distance of about 60um between each other. YJopaw of a typical micro-hole is shown
in Figure 5-7b and Figure 5-7c. These holes hasdepsh of about 3.5 um, which corresponds
to the thickness of the titanium layer.

Shown in Figure 5-8 are FEG-SEM images of the “@&isurface. The holes on this surface
have diameters of about 40 pum. The distance betiveertonsecutive holes centres is also
near by 60 um. The side view in Figure 5-8b exhilfitat the etching depth of this surface is
close to the thickness of the DLC layer (0.8 um).

20 pm N
— Titanium 10 pm

— ©)

1 um
— C)

Figure 5-8. FEG-SEM images of the u-SiOx surfagé¢op view, b) sloping view and c) side view.
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In summary, the structured sample surfaces contammbers of spherical micro-holes having
the dimensions which are schematically presentédguare 5-9.

35 pum 20 um

a) u-Ti surface
40 pm 20 um

b) u-SiOx surface

Figure 5-9. Schematic view of topographies of tiectured sample surfaces.

5.1.4 R/T curves of titanium surface

Once a sample surface is produced, stabilizatiats afeposition layers is made by annealing
in a vacuum chamber at 300 °C for 3 hours. Aftedsait is put inside a thermostat where the
temperature is measured by a platinum probe of°Q.laccuracy. At steady state, the
temperature of the sample surface could be detednifnom the temperature of the
thermostat. For temperature between 20 °C and 9@h¥Celectrical resistances of different
sections of the sample surface are determinedhisrwtay, the local wall temperature at each
section of the sample surface can be deduced freasunements of the electric resistance by
using the Resistance/Temperature (R/T) curve. Rstance, Figure 5-10 shows the R/T
curves at different sections of the titanium susfdefined in Figure 5-4. These curves can be

accurately correlated by linear regressions witkffaments of determination greater than
0.999.

mS24S3xS4
x S5 e S6+S7
0.9 1
S
8 | |
508- - o
[%5] A
2 )
8 =LY,
< 0.7 1 n A . X X
L N 3
= 2 X%
2 . T £
o ¥
W o6 %
05 T T T T T T T T T
0 20 40 60 80 100

Temperature (C)

Figure 5-10. Electrical resistance evolution wagmperature at different sections of the titaniayer.
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5.2 Test section

5.2.1 Test section setup

The channel is defined by putting a glass lid otrex sample surface. This lid has two
rectangular grooves 180 mm long, 5 mm wide and &bdumm deep. The depth of each
groove is the average depth measured by ZEISS SRB@ITscanning at twenty different
points along the groove. Relative uncertainty inoye depth is less than 2% (cf. Table 5-2).

The glass lid is bonded to the Pyrex wafer by vat@aspiration as shown in Figure 5-11a,
giving two sample channels. However, only one ckamnll be used for boiling test and the
other one is saved as a backup copy (cf. Figurélh-1ITo prevent fluid leakage, silicone
compound is placed around the external contactdeivihe glass cap and the Pyrex wafer.
The channel is thermally insulated with foam. Vigation of the fluid flow can be made
from the top of the glass lid.

Table 5-2. Glass lid dimensions.
Length  Width Height Flatness Depth of groove Repth of groove 2

205mm 40mm 10mm +£8um 532+ 4um 521+ 6 um

5 mm 10 mm I

© oo |

O SR -

® s E |
] =]

- ¢ |

> .

Vo I

Toric joint |

St
S
S
Sy
Ss
S
S
Se

Test surface Pvrex wafer

50 mm

Symmetrical axis <—J ! Test channel
a) b)

Figure 5-11. Assembly of the test section: a) cEsgion view and b) top view without silicone caopd and
insulation foam.

5.2.2 End effects

As discussed before, the testing surface is dividéal eight distinct sections called 1"S
“Sp”...and “S” where § and S refer to sections at the inlet and outlet of cotrre
respectively. According to the electrical diagrahown in Figure 5-4, because of the end
effects, the measured electrical resistances fesethtwo sections are greater than the
corresponding resistances in the testing area. ¢j¢he local temperatures giving by the R/T
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curves for sections;&nd Swill not be used to determine the correspondingpienatures of
the wall in contact with the working fluid.

As a consequence, for sections &d S, the local heat transfer coefficients are not
determined. Only the local vapour qualities arewalked from measurements of the local
heat fluxes, since the electrical heat loss isigidxdg as shown in section 5.4.

5.3 Experimental apparatus and procedure

5.3.1 Experimental apparatus

The experimental setup is shown in Figure 5-12ottsists of a test section, a condenser with
a cooling bath, a liquid pump (ISMATEC MCP_Z), assdlowmeter (Micro Motion Elite
MVD) and a pre-heater. A reservoir is used to stbee fluid and to control the working
pressure at atmospheric pressure.

The experimental facility is instrumented with absalute pressure transducer (1 bar) to
measure the pressure at the inlet of the testose@ind a differential pressure transducer (100
mbar) to measure the pressure drop across theetetsdn. The absolute pressures at the outlet
of the condenser and at the inlet of the pre-hemteralso measured. K-type thermocouples
are inserted at different locations to measurethk fluid temperature.

Reservoir

-+ NV o
Valve Drain valve @

A —oki-
E Bath

Thermocouple
@ @ Presure sensor @
]

1 Pre-heater W\‘
i i 1
IAVAVAVAVEA
@ || Testsection || DC power supply
o o
0-90 V ol® ® o |

Figure 5-12. Schematic view of the experimentalaapfus

5.3.2 Experimental procedure

Before each test point, degassing of water is nigdkoiling at saturated temperature (100
°C) for two hours. Then, the desired flow ratestablished and the electrical power is raised
in steps lasting a few minutes each until a neadstestate is achieved. The flow rate, current,
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voltages, pressures, and bulk temperatures aretonediand recorded at each power step
with a data logger (Agilent 34970A) connected tocoaputer. The mass flux was set at 100
kg/m2 s and 120 kg/mzs, respectively and the baaéflux was varied from 30 to 80 kW/mz2.
Flow visualisation was made by a high speed casetrat 500 or 1000 fps.

5.4 Single-phase flow validation tests

Validation tests are made using titanium surface.validate the test facility and the test

section instrumentation, the first step was to grenf energy balance tests with highly-

subcooled water flow. Afterwards, measurementsre$gure loss and heat transfer in single-
phase liquid flow were performed to validate theasweement techniques and the data
reduction procedure.

5.4.1 Heat loss

Due to air convection and radiation around the $estion, the working fluid loses a part of
its energyQ°0ss Wwhen flowing along the test channel even thoughelsetrical power is
generated:

ngss = mCP[T fin -T2 } (5-1)

f,out

wherein m is the mass flowC, is the liquid specific heaf, is the fluid inlet temperature
andT% . is the fluid outlet temperature when the fluichi® heated by electrical power from
the sample surfacd@% ouc< Trin).

Now, if an electrical powe€. is generated from the sample surface, a part Qf itgoes

toward the working fluid and the other p& 0ssis dissipated by conduction through the
Pyrex wafer as shown in Figure 5-13:

Qe = Qe t +Qqd,loss (5-2)

Pyrex Iide\ ﬁ Qu,loss+ Ql‘c’)SS

Tf,out
—>

o

Heatlng layer

Figure 5-13. Schematic view of distribution of h#ak generated by Joule effect from the titaniwaydr
For the heat flux received by the flu@k;, a part contributes to recoup the initial heat loss

Q%ss another part contributes to heat the fluid up el otherQ, oss is dissipated to the
ambient:

Qe = Qlcc))ss + rth(Tf out ~Tt,in) * Qu loss (5-3)
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Egs. (5-1), (5-2) and (5-3) give the following it&da of energy balance in single-phase flow:
Qe = me[Tf ,out _T? out } +MCp (Tt out =T+ ,in) +(Qd,loss + Qu,loss) (5-4)

The overall heat loss due to generation of elesdtpower is defined as:
Qioss = Qd, loss T Qu, loss (5-5)

Egs. (5-4) and (5-5) imply:
Qloss = Qe ~ me[Tf ,out _T? out } +MCp (Tt out = T¥,in) (5-6)

Shown in Table 5-3 is a summary of the heat flypaasicipated to the energy balance.

Table 5-3. Heat fluxes balance.

Symbol  Description

Qlc())ss Heat loss before generation of electrical powertdwsr convection and radiation
Qe Electrical power

Qd,loss Electrical power loss by conduction through theeRywafer

Qe, f Electrical power towards the working fluid

Quloss PartofQg ¢ dissipated to the ambient

Qoss  Overall heat loss due to electrical power genematidoss = Qq joss + Qu loss

Experiments were performed to determine this hes$ laccording to Eq. (5-6). The inlet
temperature of water was fixed at 75°C. The mass Was set at 120 kg/m? s since the
operating mass fluxes for boiling tests are 100 a2d kg/m? s, respectively. As shown in
Figure 5-14, the heat loss from the sample surfadke fluid flow are less than 5% for base
heat fluxes greater than 10 kW/mand less than 3% for base heat fluxes greater than
20 kW/nt. The heat loss generated by electrical power eahéreby neglected.

10

N

5 10 15 20 25
Base electrical power flux (kwW/m?)

Electrical Heat loss (%)

Figure 5-14. Electrical heat loss vs. electricavpogenerated by Joule effect at 120 kg/m? s
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5.4.2 Single-phase pressure drops

In the present study, the static pressure dropgdigible because the test channel is placed in
the horizontal position (cf. Figure 5-15). Numelicaalculations and experimental
measurements show that the frictional pressure drdpe intermediate tubes between the
pressure transducer and the test channel is lass@ii mbar, which is in the order of the
measurement uncertainty. This pressure drop igllyeneglected. Indeed, in the intermediate
tubes, the fluid velocity is relatively lovx (.06 m/s on the operating conditions). Therefore,
the measured pressure drop is approximated tautiheo$ the frictional and singular pressure
drops in the test channel as:

APeyp = APyict + AFsing (5-7)

whereinApxict is the frictional pressure drop along the testndeh andApsing is the singular
pressure drop at the inlet and outlet of the teahnoel.

Water ou

T

Water in

|

6m

=

Intermediat tube

(

SRR T

l«— Test channeby = 0.96 mm—>|

Figure 5-15. Schematic view of the fluid flow iretkest section.

Frictional pressure loss
The frictional pressure loss is expressed as:

2
APyicy =41, ZG_plDLh (5-8)

whereinG is the mass fluxy, is the liquid densityl. is the test-channel lengthy, is the test-
channel hydrodynamic diameter afidis the single-phase frictional factor, which cam b
determined by the ratio of the Poiseuille numbahtoReynolds number:

_Po

f =0
P Re

(5-9)

On the operating conditions, the Reynolds numbéovger than 1000, and hence, the fluid
flow is in laminar regime. For rectangular channekhah and London [5.1] gives an
approximation of the Poiseuille number in termshaf geometry ratio as:

Po=24[-0,2537¢° + 095647 % -1,7012¢ 3 +194677 2 -1,3553( +1] (5-10)

where( is the ratio of the channel height to the chanridtiw In the present study¥,s equal
to 0.1, and therefore Eq. (5-9) gives Po = 21.
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Singular pressure loss
The singular pressure loss is expressed as:
G2

APging = fz_pl (5-11)

wherein¢ is the singular pressure loss coefficient. Thidfadent can be estimated using the
case of two 90° sharp corner elbows with suddentraction at the inlet and sudden
enlargement at the outlet. According to the themgsented in [5.2F is close to 4.5.

Experimental measurements
From (5-7), (5-8) (5-9) and (5-11), the experiméptassure drop is expressed as:

PoG? L G2
_ L £G°

APavn=4—— = 5-12
P "Re2p D " 2p (612
Hence, it is expressed as a function of the liguidcity U, as:
_ 2
AI:)exp = Ktriet Uy + KsingU| (5-13)
whereinKyic: andKsing are the constants defined as :
_ L
Kirict =244P0— (5-14)
Dp
_1
Ksing = EEIOI (5-15)

These constants can be determined experimentalipgghe experimental Poiseuille number
and the singular pressure loss coefficient:

D2
Po= Kirict —~h (5-16)
2 H L
2K i
£= sing (5-17)
P

Water entered the test section at the ambient textyye (20 °C) and at different mass fluxes
varying from 95 to 580 kg/m? s. The measured presdwp is plotted as a function of the
liquid velocity as shown in Figure 5-16a. A secamder polynomial is fitted with the
experimental data, givindKgicc = 8546.5 andKsing = 2431.7. This regression has a
determination coefficient greater than 0.9999. &fwe, using Egs. (5-16) and (5-17), Po =
22.3 and? = 4.87. The frictional and singular pressure draggsthen determined as shown in
Figure 5-16b according to Eq. (5-8) and (5-11).
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For the frictional pressure drop, the experimempi@ihts show a good agreement with the
theoretical solutions of Shah and London [5.1],hwat maximum deviation of 6%. For the
singular pressure drop, low deviation is also oilgdi between the experimental and
theoretical values of the singular-pressure-drogffment as shown in Table 5-4.

Furthermore, the singular pressure drop is sigmifiky lower than the frictional pressure drop
in the test channel. The ratio between them istleas 6% for Reynolds numbers lower than

7000 70 —— Shah & London [5.1]
—_ 60 - O Frictional pressure drop
g_“iGOOOf X Singular pressure drop
% ~—
© ,
o 5000 g
>
2 g 40
2 4000 + S
Q )
5 5 301
c 0
@ 3000 - 4
= & 20-
2
5 2000 10 - X
| a) x X b)
1000 +—+—————++— 7T O‘X‘X‘X‘HHHH‘
0.0 0.2 0.4 0.6 0.8 0 200 400 600 800
Liquid velocity (m/s) Re

Figure 5-16. Pressure drops: a) experimental prestop and b) frictional and singular pressuredro

Shown in Figure 5-17 are the overall single-phassgure drops measured for all the sample
surfaces. The same evolution of the experimentaglesiphase pressure drops with the
Reynolds number is observed, validating the repitmlity of the sample implementation
procedure.

70 * SiOx X U-SiOx

uTj = u-Ti
607 ADLC * Si0OC

) w N ol
o o o o
Il Il Il Il

-
-
[ 4

Exp. liquid pressure drop (mbar)

=

o
L
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o
=

0 100 200 300 400 500 600
Re

Figure 5-17. Total liquid pressure drop vs. Reysaidmber.
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Indeed, the average deviation of the experimerdgh dhown in Figure 5-17 is about 0.8
mbar, which is in the order of the uncertainty ieasurement of the pressure drop. Therefore,
the experimental values of Po afdiven in Table 5-4 can be used for the all sarspléaces

to estimate the single-phase pressure drops.

Table 5-4. Single-phase pressure drop constants.
Constant Theoretical value, refExperimental value Deviation (%)
Po 21, [5.1] 22.3 6
& 4.5, [5.2] 4.9 8

5.4.3 Single-phase heat transfer

Data reduction

As shown in section 5.4.1, the heat loss genelateglectrical power is negligible. Therefore,
the heat flux from the sample surface to the flaidsectioni of the sample surface can be
determined as:

_1Vi

™ (5-18)

i

wherein| is the currentyV; is the voltage and\,; is the area of section The local heat
transfer coefficient is determined from the localwo bulk temperature difference and the
heat flux as:

o]
h=—— 5-19
! Twi — Tt (5-19)

Along section of the sample surface, the fluid temperature ssiiaed to vary linearly. Thus,
the average temperature of the fluid at this seagsaletermined as:

_Teiin t Tt out

T:: = 5-20
fli 2 ( )

wherein T;;in and T;iou are the fluid temperatures at the inlet and outietsectioni,
respectively.

The fluid temperature at the inlet of a sectioalso the temperature of the fluid at the outlet
of the previous section, and hence Eq. (5-20) tsmlee expressed as:

T :Tf,i—Lout+Tf Ji,out (5-21)
’ 2

The fluid outlet temperature of each section iwalted from the inlet temperature and the
heat added to the fluid as:
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L A () —Togs)
_ ') J loss
Ttiout=Ttin* D, .

j=1 me!J

(5-22)

wherein Glgss Is the average heat loss flux before generatioel@dtrical power, which is
approximated as:

QO
qIgss = Z;S > (5-23)

wherein Ay is the overall heat exchange area between theleasugace and the fluid and
Q%0ssis the overall heat loss before generation of gtmdtpower calculated by Eq. (5-1).
When the fluid enters the test section at the antldemperature, this heat loss is negligible.

In single-phase flow, the local Nusselt numbereatisni is defined as:

h D
Nu; =1 (5-24)
Ai
wherein/; is the fluid thermal conductivity at sectian
The local reduced length is defined as:
+ _ Z
Dy, RePr (5-25)

whereinz is the length of sectionand Pr is the Prandtl number.

Thermal entrance length

The thermal entrance length, is the length until the flow temperature profike fully
developed. Its dimensionless number is defined as:

L. *=_ Lt
h b ReP
h r

(5-26)

From the numerical solution by Shah and London][SHe following correlation of the
reduced thermal entrance is obtained:

Lyt =-013207% +0,29973 - 0,290572 + 017807 +0,0115 (5-27)

where( is the ratio of the channel height to the chanridtiw In the present study¥,s equal

to 0.1, and therefore Eq. (5-26) givas = 0.027. Thus, the thermal entrance is calculated
different fluid temperatures as shown in Figure8s-IThe thermal entrance length decreases
when the fluid temperature increases. In boiliregsethe fluid temperature is near by 100 °C
and the operating Reynolds number is less than BBéreby, the single-phase liquid flow
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will be thermally fully developed after a travelabout 22 mm, which is close to the length of
the first section §
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Figure 5-18. Thermal entrance length vs. Reynoldsber at different fluid temperatures.

Comparison between theoretical and experimental dat

The numerical solution of Shah and London [5.1]sed to estimate the local Nusselt number
as:

1

NU =7 . (5-28)
Ny ~0092exp(-8862")
U,

00

wherein Nu, is the Nusselt number for thermally fully-develdptiow. In the case of a
rectangular channel with heat flux imposed at ade and fluid temperature imposed at the
other sides, Nu= 4 according to Shah and London [5.1].

For experimental measurements, water entered shadetion at the ambient temperature (20
°C). The mass flux was varied from 45 to 480 kggénathd the heat flux was varied from 8 to
60 kW/mz2. Evolution of the Nusselt number with tleeluced flow length is shown in Figure
5-19. A good agreement between the experimentatiadheoretical data is obtained, with
only a maximum deviation of 5%, even at low Reysofdimbers. This deviation is lower
than the uncertainty in measurement of the Nussettber which is about14%.
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Figure 5-19. Local Nusselt number vs. local redueadth.

5.5 Conclusion

The main remarks of this chapter are as follows:

In order to accurately control the surface pararsetereliable and repeatable method
of sample surface fabrication was developed. Itste of three steps of surface
coating and structuring which enable the sampldsetased as the heating elements as
well as the sensors of local temperature and Heat This method also enables
modification of surface topography and chemistrgaaio- and microscales

The test section was setup so that visualisatiofiogé patterns can be made and
replacement of samples is easy to implement

Single-phase validation tests were performed taatd the test facility, measurement
technigues and data reduction procedure. The ewrpatal data of single-phase
pressure drop and heat transfer coefficient showdgagreements with the data
predicted by Shah and London [5.1].

In the next chapter, the experimental results &olirg tests will be introduced and discussed.
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Chapter 6: Data reduction and experimental results

6.1 Data reduction

6.1.1 Heat flux

As shown in the previous chapter, heat losses legtrétal generation are negligible.
Therefore, the local heat flux exchanged betweenfliid and the wall at sectionof the
sample surface is calculated as:

_1V

ai = m (6-1)

whereinl is the current an®l; andA,; are the voltage and the area of sedtjoaspectively.
The average heat flux along the test channel @utakd as:

g=_Y (6-2)
An

whereinVis the overall voltage an&, is the overall heat exchange area between theimgprk
fluid and the sample surface.

However, as mentioned in Section 5.4, due to amveotion and radiation around the test

section, the working fluid loses a part of its &y ,ss When flowing along the test channel
even though no electrical power is generated:

Ql?)ss = me[T f,in -T? } (6-3)

wherein m is the mass flowC, is the liquid specific heaf, is the fluid inlet temperature
andT% . is the fluid outlet temperature when the fluichi® heated by electrical power from
the sample surface.

The average heat loss flux before generation ctretal power is approximated as:

QO
qIgss = Z;S > (6'4)

6.1.2 Subcooled conditions

Along section of the sample surface, the fluid temperature ssiaed to vary linearly. Thus,
the average temperature of the fluid at this seasaletermined as:

Ttiin Tt iout
T = >

(6-5)
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wherein T;;in and T;iou are the fluid temperatures at the inlet and outietsectioni,
respectively.

The fluid temperature at the inlet of a sectioalso the temperature of the fluid at the outlet
of the previous section, and hence Eqg. (6-5) com la¢ expressed as:

Tti-zLout ¥ Tt iout
Tf,i __fi ],ou2 1,0U (6-6)

The fluid outlet temperature of each section icwalted from the inlet temperature and the
heat added to the fluid as:

" A (dj ~Tioss)
jZ::lAh,J i~q 6-7)

Triouw=Tiin+
f ,i,out f,in meC

P

The local heat transfer coefficient is determineoht the local wall to bulk temperature
difference and the heat flux as:

g;
h =———— 6-8
! Twi — Tt (6-8)

6.1.3 Two-phase length

An iterative method is used to calculate the shmpdlase lengtlz,,, where bulk boiling starts,
i.e. where the fluid bulk temperature is equal he saturation temperature at the local
pressure.

Initial condition for the iteration is:
Zonb =L (6'9)
whereinL is the test-channel length.

At each iteration step, the absolute pressiBgg, and saturation temperatufg o, are
calculated, updating the value of the single-phasgth.

POG_2 Zonb

-0 (6-10)
Re 2,0| Dh

Ponb = Fn —

whereinPj, is the absolute pressure at the inlet of the gestion and Po is the Poiseuille

number determined by single-phase tests (cf. Seét.2). The singular pressure drop at the
inlet of the test channel is not taken into accanriq. (6-10) since it is less than 2% of the
overall single-phase pressure drop as shown indsest4.2.

The saturation temperature is determined usingcanskorder polynomial regression given
by REFPROP 7.0, developed by NIST (2002):
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Ts.onb = ~117405107°P2  +5.14761x10 2Py, + 59.8705 (6-11)

onk
whereinPgnp is in mbar ands onpiS in °C.

The energy balance from the inlet of the test chhtmthe position where bulk boiling starts
implies:

mC, (Ts,onb = Tt,in) =@~ qgss)W Zonb (6-12)
whereinW is the test channel width.
Therefore, the following expression of the singlage length is obtained:

_ MCy(Ts boil = T+,in)
Zonb = - (6-13)
(@~ Qips )W

The iteration stops when the convergence criteésabtained:

n+1

n -6
Zonb ~ Zonb| S 10 (6-14)

whereinn is the number of iteration.

Hence, the two-phase lendth is determined as:
Lip =L = Zonb (6-15)

6.1.4 Boiling conditions
The overall two-phase pressure didfy, along the test channel is calculated as:
ARy = APexp = (Bn — Fonb) (6-16)
wherein APgy, is the pressure drop measured experimentally Bad—(Pony) is the single-
phase pressure drop. The singular pressure driiye aiutlet of the test channel is not taken
into account in Eq. (6-16) since it is less than @#the overall single-phase pressure drop as

shown in Section 5.4.2.

Thus, the average gradient per unit length of weeghase pressure drop is calculated as:

dz tp Ltp

The local saturation temperatuile; is determined by taking into account the drop in
saturation temperature due to pressure drop, witergoressure drop is assumed to vary
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linearly along the test section. In other words, dections on boiling conditions, the local
absolute pressure drop is determined as:

dP
R = Ponb—(aj (Zi = Zonb) (6-18)
tp

This assumption is acceptable since it gives aremainty of less than 0.03 °C in the
determination of the saturation temperature. Indé&efd (6-18) gives un uncertainty of less
than 1 mbar in the determination of the local pressit each section of the sample surface.

The two-phase heat transfer coefficient is deteeghias:

_ O
h=—1 6-19
| Tw,i _Ts,i ( )
6.1.5 Vapour quality
The variation of the vapour quality is calculatesihg energy balance as:
_ Ani(a ~Oiossi) ~MCp,i (Tsi ~ Tt i)
mhyy

(6-20)

whereinhy; is the latent heat of vaporisation at section

The vapour quality is equal to zero when bulk Ingjlistarts. It is negative on subcooled
conditions and positive on boiling conditions.
6.1.6 Average parameters

For average analysis, the average wall and sataragmperatures are determined by the
following relation:

-FW:Z An,i XTWI/ZAhI (6-21)

% / D Ani (6-22)

whereinN is the number of sections of interest on the sarapiface.

6.1.7 Operating conditions

A Matlab program was written in order to determihe parameters of interest according to
the above equations. Thermodynamic properties aémare calculated with the computer
code REFPROP 7.0, developed by NIST (2002). Expmriad parameters and operating
conditions are summarized in Table 6-1. The measemé uncertainties are estimated using
the error propagation law suggested by Kline an€hhtock [6.1] (cf. Appendix).
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Table 6-1. Operating parameters and uncertainties.

Parameter Range Uncertainty
Dy, (mm) 0.96 +0.02 mm

G (kg/mz s) 80-120 +2%

Pin (mbar) 1000 +0.2%

Pin- Pout (mbar)  0-100 +0.3%

Ts (°C) 100 +0.2 °C

Tw (°C) 100-120 0.2 °C

g (kW/m2) 30-100 +2%

h (kW/mz K) 3-100 +4-10%

X -0.1-0.1  +#2%

6.2 Smooth surfaces

6.2.1 Contact angle

The contact angles of water on the sample surfagge measured using the sessile drop
technigue with KRUSS EasyDrop systems in a cleanrab the ambient temperature (cf.
2.2.3). Pictures of water drops on different sanspigaces are shown in Figure 6-1.

= & O ©

104°
DLC surface  SiOC surface

SiOx surface Ti surface

Figure 6-1. Static contact angles of a water-drtophethe sample surfaces at room temperature.

The SiOx surface shows a relatively high wettapilitvhereas the SiOC surface is an
unwetted (hydrophobic) surface. The Ti and DLC atet are both wetted (hydrophilic) and
have static contact angle® ©f 49° and 63°, respectively. The contact angltdrgsisAg of
each sample surface is also determined by measntemereceding and advancing contact
angles ¢, andéd,, respectively. The results of contact angle measurements are auged in

Table 6-2.

Table 6-2. Contact angle measurements.
Surface 9(°) 6,(°) 6, (°) A6 (°)

SiOx 26 38 15 23
Ti 49 82 36 46
DLC 63 94 51 43
SioC 104 108 96 12

6.2.2 Pressure drop

In the previous chapter (Section 5.4.2), it waswshdhat the surface wettability has a
negligible impact on the single-phase pressure .dipwever, in boiling conditions, the
surface wettability can play a significant role &ese of surface tension force generated at the
fluid-wall interface. This remark is highlighted Bxperimental measurements as shown in
Figure 2. For various samples with various consagles, different evolution curves of two-
phase pressure drop as functions of vapour quaigybtained.

Indeed, at the operating mass fluxes, it is notited the two-phase pressure drop decreases
with the contact angle. Especially, between SiO@rbghobic surface and SiOx highly-
hydrophilic surface, the average deviation is al#@%. The impact of contact angle on two-
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phase pressure drop can be related to its impattieosurface tension force generated at the
triple contact line. For wetted surfaces, this éoacts to reduce the dry zone perimeter, and a
decrease of the contact angle leads to an increfsleis effect. However, for unwetted
surface, as shown in Chapter 4, the surface terisror tends to maintain the bubbles at the
solid wall, increasing the frictional pressure dodghe moving fluid.

For all samples, the two-phase pressure drop iseseahen the mass flux or the vapour

guality increases. The dependence of the two-ppesssure drop on the vapour quality can
be fitted by linear or second-order regression &itegression coefficient greater than 0.999.

25 o SIOx, 26° o Ti, 49° 25 o SiOx, 26° = Ti, 49°
) ADLC, 63° o SiOC, 104° a) ) ADLC, 63° e SiOC, 104° b)
o o
c 20+ £ 20 -
g 8 "
v 15 - .° o 15 - v s
2 - LA .8 ? 2 PSP
& e g0 & » L
o J o el o J 't A,
Q 10 9’ ’/A/” /’/ s 10 s e i /”
(D] , //' Pug PR ()] L X R
g s ’A //’ re/ -CCU L4 e )i 7
o o IR~ 2P o e
g 57 Qo /A/ g r<$/’ g 57 ‘.0/1,

I D’ ’/,

= S G =100 kg/m2 s = G =120 kg/m? s

0 T T T T T T O T T T T T

0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08

Vapour quality out

Vapour quality out

Figure 6-2. Two-phase pressure drops: a) at 10@%g/and b) at 120 kg/m? s.

6.2.3 Flow patterns visualisation

Flow patterns

In order to clarify the boiling processes, imagakeh from the high speed camera were
analysed. As shown in Figure 6-3, four flow patsewere identified as:

= Confined-bubbly flow (CBF)where discrete bubbles move inside the liquidspha
These bubbles are confined because they rapidbhrdee channel height and then
homogeneously grow in the directions of the chamnéth and length.

» Slug flow (SF)when confined bubbles have the same width aschi@mnel, they
mainly grow in the direction of the channel lengilnus, they are called “elongated
bubble” or “slug”. Slugs can be also created byles@ence of confined bubbles.

» Slug-annular flow (SAF)where churning liquid zones are created at thé laa
coalescence and deformation of slugs. This typiowf pattern is also referred to as
“semi-annular flow” by Revellin and Thome [6.2].

= Churn flow (CF) where the flow is highly agitated, resulting inheghly irregular

liquid-vapour interface.
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Confinec-bubbly flow (CBF)
e EOJII X7
Slug flow (SF)

et B W

Slug- annular flow (SAF)

’*.p-w——

a) Original b) Analysed
Figure 6-3. Representative top-view images of fiiatterns in the test channel for all the samplésas.

In the following paragraphs, the impact of surfaegtability on two-phase flow patterns will
be discussed. For illustration, only representatimages at 120 kg/m2 s will be presented,
since no significant change in the flow patterns waserved when the mass flux changes
from 100 kg/m2 s to 120 kg/m? s.

Low-wetted surfaces
For Ti and DLC surfaces which are low wetted, thngees of flow patterns were identified
as: confined-bubbly flow, slug flow and slug-anmudlaw. For instance, Figure 6-4 shows the
original and analysed images of flow patterns onsdiface at different heat fluxes. It is
observed that along the test channel, differemtglpatterns coexist, e.g. confined-bubbly and
slug flows for heat flux of 42 and 44 kW/m?2, cordaibubbly, slug and slug-annular flows for
heat flux of 49 kW/m2, and confined-bubbly and sampular flows for heat flux of 53, 57,
and 61 kW/m?2.

q (KW/m?) Flow direction

42 TS e RO

A4 T R s SR .
49 TR, e SO T
53 TR ek, R, O

CBF | SF

|

SAF
57
SAF
61 T T, | . S — e,
) SAF
71 T T R e ———
a) Original b) Analysed

Figure 6-4. Representative top-view images of fiiatterns on Ti surface at different heat fluxes.
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Furthermore, the flow patterns along the test cbhhpariodically change. As an example, the
evolution of flow patterns on Ti surface at a hat of 61 kW/m? is illustrated in Figure 6-5.
It is noticed that at a relatively high heat flux $0 kW/m?), the nucleation of a bubble
followed by its rapid growth into a vapour slug uked in reverse flow, as illustrated in
Figure 6-5 from 100 to 200 ms. This is the so-chfleackflow” phenomenon which was
early observed by Kandlikat al.[6.3] and Brutiret al. [6.4], who reported this phenomenon
as a main cause for the two-phase flow instabiltythe end of a flow-pattern period, the
liquid rewets the test-channel walls as shown gufé 6-5 from 300 to 600 ms. The period of
two-phase flow-pattern in a microchannel is rekdivsimilar to the one of bubble growth in
pool boiling. Indeed, both periods contain threeimmstages such as: nucleation, bubble
growth and liquid rewetting.

Flow direction

Time (ms)

0 T .. .. JEe
100 "M e o S
200 TR e i T
30C TS e R
400 T,
500 T —

600 T il

Figure 6-5. Evolution of flow patterns on Ti suréaat 61 kW/m2.

> CBF

SAF

SAF

SAF

Similar observations are obtained with DLC surfaseshown in Figure 6-6. Compared to Ti
surface, bubbles grow more rapidly on DLC surfdeading to a shorter period of flow-
pattern (about 500 ms) and to a regime of slugHannfilow at a lower heat flux. This

observation can be related to the bubble emissegquéncy, which is higher on DLC surface
due to a higher contact angle.

Flow direction
g (kW/mz) —— Time (ms)

CBF | SF| SAF CBF SAF

42 I—— — _# = 0
SF | SAF SAF

51 1T h —— — 10C

SF SAF ) SAF

60 I *4 N = = 20C
SAF SF SAF

69 aaa— _ 30C
SAF SAF

75 s ~ 40C
a) SAF

[+ Smd ~ 50C

b)

Figure 6-6. Analysed images of flow patterns on DduEface: a) vs. heat flux and b) vs. time at 60k
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Highly-wetted surface

For highly-wetted SiOx surface, three types of flpatterns were identified, which are
confined-bubbly flow, slug flow and churn flow. Cpared to Ti and DLC surfaces, instead
of the slug-annular flow, the churn flow was obserwith SiOx surface (cf. Figure 6-7). The
appearance of this new pattern can be related dohihh superheat needed for onset of
nucleate boiling (cf. Section 6.2.4) which caussgsd evaporation rate and thus instabilities
at the liquid-vapour interface. Especially, in th@tom corners along the test channel, due to
the presence of a large liquid amount, nucleaticcuoed inside the liquid film around the
pre-existent slugs and hence agitated the two-plilase On SiOx surface, backflow
phenomenon was also observed.

Flow direction Bubble formation and growth
/ g

Figure 6-7. Representative image of churn flowmeg{CF) observed on SiOx surface.

Unwetted surface

On SiOC surface, a large amount of bubbles waslisagenerated, even though the fluid was
not in saturation conditiong{— Ts~ -1 °C) as shown in Figure 6-8a. These bubblesledsi
long time on SiOC surface, and their motions weseahtinuous and unstable. Some of them
coalesced to form confined bubbles and slugs. Thebkaviours are probably related to the
formation energy and the surface tension force e@scribed in Chapter 4. During the
movement of slugs, bubbles emission still occumetthe liquid film around them, generating
the churn flow (cf. Figure 6-11). The flow pattefsSIOC surface are thereby identified as:
confined-bubbly flow, slug flow and churn flow. Uke the other surface, on SiOC surface,
backflow phenomenon was not observed. The predesgreations are in good agreement
with those reported by Chet al.[6.5].

Figure 6-8. Representative images of flow pattenS®C surface: a) bubbles are created in 1°C-salbdo
fluid and b) churn flow regime (CF).

Intermittent dryout

For all sample surfaces, in the regime of slug-&amélow or churn flow, dryout was
observed by detection of condensation of vapouthentop wall of the test channel, as
illustrated in Figure 6-9 for DLC surface. Similanages were obtained with the other
surfaces. This dryout is intermittent because w@rliquid rewetting. The intermittent dryout
is mainly caused by coalescence and deformatisiugl, or by nucleation inside the liquid
film.
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Dry patch
Flow direction yp

Figure 6-9. Representative image intermittent dtyouDLC surface detected by condensation of vapour

Flow-pattern map

Various two-phase flow pattern maps have been gegpéor microchannels over the years. A
complete review of study on microchannel two-phgatern maps can be found in the book
of Thome [6.6]. In the present study, the map sstggeby Triplettet al. [6.7] is used for
comparison with the present experimental visuatisatsince the operating conditions of
Triplett et al. [6.7] are relatively similar to theresent operating conditions. The major
differences are: in Triplett et al. [6.7], the testere conducted with a circular channel in
adiabatic conditions; whereas the present teste wamied out in boiling condition with a
rectangular channel.

Indeed, Tripletet al.[6.7] proposed a graphical map in terms of theeslupal liquid velocity
versus the superficial vapour velocity, based airtflow pattern observations for air-water
in a 1.1 mm horizontal Pyrex channel. The flowseverade using a mixer for air and water
upstream of the observation point. They identiffac types of flow patterns which are
bubbly flow (BF), slug flow (SF), slug-annular flo{AF), churn flow (CF) and annular flow
(AF) (cf. Figure 6-10a). According to their defiom, the confined-bubbly flow observed in
the present study can also be classified as “dinge the bubbles are confined in height.

As shown in Figure 6-10a, for all the sample sw$adhe main flow patterns are slug and
slug-annular flows. This prediction shows good agrent with the present visualization on
Ti and DLC surfaces. However, for SiOx and SiOCaes, the map of Tripledt al. [6.7]
does not predict the churn flow which was obselmezlirrent experiments. This should relate
to the wetting property of the Pyrex surface testedTriplettet al. [6.7], which is relatively
similar to those of Ti and DLC surfaces but sigrafitly different from those of SiOx and
SiOC surfaces.

In order to take into account the effect of contaagle on two-phase flow patterns, a new
pattern map is suggested in terms of the contaglearersus the outlet vapour quality as
shown in Figure 6-10b. It is important to noticeatththe transition boundaries were

qualitatively determined by experimental visualisatand the present map is valid for only
water with mass flux of 100 and 120 kg/m? s. Theegiflow patterns are the dominant ones
observed in boiling period. In general, for all gdensurfaces, at low outlet vapour qualities
(< 0.3), the confined-bubbly flow and the slug flore #he two major flow patterns. At higher

outlet vapour qualities, slug-annular flow appeamnshe low-wetted surfaces, but churn flow
dominates on the highly-wetted and unwetted sustaEature work is needed to validate the
present map by comparison with a larger set of exy@atal data. The major observations of
flow pattern on smooth samples surface are sumetaiiz Table 6-3.
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Figure 6-10. Flow pattern map: a) of Triplettal.[6.7] for air-water in a 1.1 mm horizontal chanaad b)
given by the present visualization for 100 and k@0n2 s where the transition boundaries are quiiky
determined.

Table 6-3. Summary of flow-pattern visualization.
Surface Contact angle (°)Wetting property Flow patterns  Backflow occurring

SiOx 26° High CBF, SF,CF  Yes
Ti 49° Low CBF, SF, SAF Yes
DLC 67° Low CBF, SF, SAF Yes
SioC 104 Unwetted CBF,SF,CF No

6.2.4 Heat transfer

Experimental measurements

The evolution of the local heat transfer coeffi¢iaith the vapour quality on various sample
surfaces at 100 and 120 kg/m? s are presentedjurd=6-11 and Figure 6-12, respectively. In
boiling conditions, the experimental heat transfeefficient varies from 5000 W/m? K to
30000 W/mz K. At a given heat flux, when boilingcacs, it is noticed that the heat transfer
coefficient increases when the vapour quality iases. For a vapour quality between 0.005
and 0.015, the heat transfer coefficient reactesdximum value, and then decreases to a
constant value. An increase in the heat flux lesmlsan increase in this value. These
observations are in agreement with those of Sdtaees al. [6.8] who investigated flow
boiling of water in a vertical narrow rectangulaicrochannel with the hydraulic diametey
=0.48 mm.
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Figure 6-11. For 100 kg/m? s, heat transfer coiefficvs. vapour quality on a) SiOx surface; b) Oiiface; c)
DLC surface and d) SiOC surface.

However, for SiOx surface which has a relativelghhivettability, the heat transfer coefficient

slightly changes when the vapour quality or thet flea increase. This surface also shows the
lowest heat transfer performance. For SiOC sunfdaeh is hydrophobic, bubble generation

occurred even at negative vapour quality, i.e. titid temperature lower than the saturation
temperature. The two low-wetted surfaces haveivelgtthe same evolution tendency of the

heat transfer coefficient with the vapour qualityheat flux. Compared to Ti surface, the heat
transfer coefficient on DLC surface is lower with @/erage deterioration of about 10%.



FLOW BOILING EXPERIMENTS

127

- 25000 ! e alkwime 22000 : —e—42 kW/m?
< a) : —m 49 kW/m2| & b) : /\ —'—g‘i Ew;mi
N 2 N m
§ 20000 | A B kWi § 20000 | —¢—71 KW/m?
£ I € !
S 15000 : S 15000 :
U P RN
(&) 1 o
5 10000 | 5 10000 A
3 g //J
c I c |
S S
= 5000 = 5000
© @®
o o siox, 0=26° | & ] Ti, 6 = 49°
1 G = 120kg/m2 s 1 G = 120kg/m2 s
0 ! f 0 F f
-0.02 0 0.02 004 0.6 -0.02 0 0.02 004 0.6
Vapour quality (-) Vapour quality (-)
. 25000 ——32kw/m?Z 25000 ! —e— 42 KW/m2
< —=—40kwimy < C) : —=— 51 KW/m2
o —— m? 2
§ 20000 48 § 20000 | RO KW
g e S kwim? = ! /K\ —*— 75 kW/m?
c c
15000 5 15000 ! w\%
g g Im x@t
8 8 |
5 10000 - b 5 10000 SR S
B B
c I c
g I S
= 5000 I = 5000 o
£ 1 Sioc, 6=104° | £ 1 DLC, 6 = 63°
! G = 120kg/m? s I G = 120kg/m?'s
0 ! i 0 ! f
-0.02 0 0.02 004 0.6 -0.02 0 0.02 004 0.6

Vapour quality (-) Vapour quality (-)

Figure 6-12. For 120 kg/m? s, heat transfer cokefficvs. vapour quality on a) SiOx surface; b) iiface; c)
DLC surface and d) SiOC surface.

It is noticed that the mass flux has a slight dffat the heat transfer coefficient. For all the
sample surfaces, at 120 kg/m? s, the best heasféranoefficients are obtained with the
maximum operating heat fluxes, which are 73, 81ai® 56 kW/m?2 for SiOx, Ti, DLC and
SiOC surfaces, respectively. However, at 100 kggmbower heat fluxes can give higher
values of the maximum heat transfer coefficientpdeglly, for DLC surface, the heat
transfer coefficient reaches the maximum value58f® W/m2 K when the heat flux is equal
to 42 kw/mz2. This effect of mass flux may be duehe impact of nucleate boiling at low
vapour qualities, which is frequently higher fdoaer mass flux.

Discussion

Dependence of the heat transfer coefficient onvi@our quality can be explained by local
flow patterns as illustrated in Figure 6-13. Itabserved that the heat transfer coefficient
significantly increases in the confined bubbly atdg configurations. Its maximum value
would be obtained in slug flow when the liquid laykickness reaches its minimum value.
The heat transfer deterioration occurs when thg fstwv is disrupted to become slug-annular
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or churn flow. This can be explained by the preseoicthe intermittent dryout observed in
the semi-annular and churn flows, as well as tleesse of liquid film thickness in wavy
conditions.

The experimental observations are also revealemtbypreting the boiling curves shown in
Figure 6-14, where the wall and saturation tempeeatare taken as the average temperatures
defined by Egs. (6-21) and Eq. (6-22), respectivitlis shown that the superheat needed for
onset of nucleate boiling (ONB) decreases wherctimtact angle increases. This observation
can be related to the formation energy which ins@eawith increasing contact angle as
discussed in Chapter 4.
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Figure 6-13. Flow patterns on titanium surface24l kg/mz2 s with i) original image and ii) analysethge.
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Figure 6-14. Boiling curves for various sample aoefs at 100 and 120 kg/m? s.

For SiOC hydrophobic surface, bubble generatioruseven at a fluid temperature lower
than the saturation one. The main reason for tlisldvbe a large amount of pre-existing gas
on the sample surface, even though the surfaceelaively smooth. Indeed, when a
hydrophobic surface is in contact with water, itlWwe covered by nanobubbles as shown by
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Tyrell and Attard [6.10]. However, high rate of gasoduction leads to rapid bubble
coalescence, causing deterioration of the heasfeanoefficient.

For SiOx highly-wetted surface, because of higheslgpat needed for the ONB, the heat
transfer coefficient is relatively poor. Heat trisrswould be mainly generated by conduction
through the liquid layer, which is in contact withe heated surface. This layer is a result of
balance of different factors such as the shearefat the liquid-vapour interface, the

evaporation rate and the capillary effect. Since $arface is highly wetted, the capillary

effect is thought to be the dominant factor. Thhs, thickness of the liquid layer is partially

unchanged when the vapour quality or the heat iihexease. Therefore, the heat transfer
coefficient remains almost constant as shown iruf€ig6-11 and Figure 6-12. Another

explanation for this would be the dominance of heatsfer by nucleate boiling, since the
slight impact of heat flux on the heat transferffioent can be related to measurement
uncertainties.

For Ti and DLC surfaces, the heat transfer perfoicea in terms of local or average values
are relatively similar, mainly because these saddtave the same flow-pattern configuration.
However, on DLC surface, the slug-annular flow oced at a lower vapour quality and in a
shorter time compared to Ti surface. This behavisould be a consequence of the higher
bubble emission frequency of DLC surface, since thirface has a higher contact angle (cf.
Chapter 4). As a consequence, in average anafysasgiven heat flux, DLC surface shows a
lower heat transfer coefficient than Ti surface.

The delay of onset of nucleate boiling was ideatifby Kandlikar [6.9] as a major cause for
the back flow phenomenon. The author reportedttiebnset of nucleate boiling introduces a
pressure spike, which may overcome the inertid@fincoming liquid and the pressure in the
inlet manifold, and hence cause a reverse flowasfimg intensity depending on the local
conditions. To avoid this phenomenon, the authggested reducing the superheat needed
for onset of nucleate boiling. His suggestion is gnod agreement with the present
observations. Indeed, in this study, back flow el on the wetted sample surfaces which
required more than 2°C of superheat for nucleatinlgo onset, but it is completely
suppressed on unwetted surface for which bubliengrated at a superheat near by zero.

6.2.5 Analytical approaches

In this section, some analytical models will besgrged with the purpose of highlighting the
impact of the surface wettability on flow boiling microchannels. Those models give the
first insights into the role of contact angle orotphase pressure drop, backflow velocity and
boiling heat transfer coefficient. However, sinbeyt were developed based on several simple
hypotheses, those models need to be improved ifuthee works for prediction of a larger
set of experimental data.

Two-phase pressure drop

The two-phase pressure drop is classically caledlais a sum of the static pressure drop
APstaiic, the momemtum pressure drap,c and the frictional pressure drdfsic: as:

ARp = APstatic T APqc + APricy (6-23)

Eq. (6-23) implies the following equation of pressgradient per unit length:
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dRp - dPstatic + L + dPrrict

(6-24)
dz dz dz dz

In the present study, because the test channelhisrizontal position, the static pressure drop
can be neglected, leading to:

dRp _ dPyc N dPrrict

6-25
dz dz dz ( )

wherein, the gradients per unit length of the mawmenand frictional pressure drops can be
estimated using the homogeneous or separated flogels for flow inside plain tubes such
as: Lockhart and Martinelli [6.11], Mishima and kib[6.12], Friedel [6.13], Chisholm
[6.14], Bankoff [6.15], and Muller-Steinhagen anédH [6.16]. A complete review of these
models can be found in the book of Thome [6.6].

In the homogeneous modtie two-phase flow is approached by a homogengoidswhich
has a homogeneous viscogityand a homogeneous dengifydefined as:

Hip = X g + @=X) 44 (6-26)
Pip =P A—€n) +pgén (6-27)

wherein,x is the vapour qualityy andugy are the liquid and gas viscosities, respectivaly;
andpg are the liquid and gas velocities, respectivehd & is the homogenous void fraction
determined as:

1

1+ 17X Pg (6-28)

X p

&nh =

The separated flow modebnsiders the two phases to be artificially sejedranto two
streams, each flowing in its own pipe. The areatheftwo pipes are proportional to the void
fraction esz. Numerous methods are available for predictingvibie fraction. In the present
study, the correlation of Steiner [6.17] is usedem®mmended by Thome [6.6]:

(6-29)

-1
1- x]  1180-%[go(p - pg)]

GZ 05

P

£or =—| L+ 0220-x)]| =+
Pg Pg P

wherein,g is the gravityg is the liquid-vapour surface tension &ads the mass flux.

The present experimental data are then comparttetdata given by the above correlations,
as shown in Figure 6-15 and Figure 6-16. It is ingo@ to notice that for the correlation of
Lockhart and Martinelli [6.11], the case of lamifajuid flow and turbulent gas flow is
applied for the present study, since the liquid iddys number is about 400 and the vapour
Reynolds number is about 8000.
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It is shown that the method of Lockhart and Mattirj6.11] gives the best estimation for the
experimental-data evolution trend and values. Tdeoisd best method is the correlation of
Bankoff [6.15] and the third best is the correlatiof Muller-Steinhagen and Heck [6.16].
However, none of these correlations predicts thpeddence of the two-phase pressure drop
with the contact angle. For a better predictiolis necessary to take into account the pressure
drop caused by the surface tension force generdtélde triple contact line. This pressure
drop is called “wetting pressure dropy. Therefore, Eq. (6-25) is modified as:

Wo _ Py, Prrict | dPp (6-30)
dz dz dz dz

Thus, the gradient of the wetting pressure dropdsgarmined as:

(6-31)

dz dz dz dz

wherein, the two-phase pressure drop gradientteyiéned by experimental measurements,
and the gradients of the momentum and frictionalspure drops can be estimated by the
correlation of Lockhart and Martinelli [6.11] whigjive the best estimation:

dry _ (dap] _[dpac N dPrrict
exp

(6-32)
dz dz dz dz ]LockhartandMartinelli

At a first approximation, the wetting pressure diepassumed to be independent of the
vapour quality and mass flux. Hence, for a giventact angle, the wetting pressure drop is
taken as the statistical average value as:

1N (d dPyc . APrrict |
Tl Hpj (S et €33
=1 exp z z LockhartandMartinelli

wherein,N is the number of experimental points for each acidngle.

Besides, the wetting pressure drop gradient caambéytically determined by a simple model
in which, a confined bubbly (or slug) with a lendth circulates inside a circular tube of
hydraulic diameteby, as shown in Figure 6-17. At bubble head and tadél,dontact angles are
the advancing contact anglg and the receding contact angle respectively. For wetted
surfaces, the surface tension force at the buldleatts to push the bubble in the flow
direction, but this force at the bubble head aotgull the bubble backward. The wetting
pressure drop is thereby defined as the presstfezattice generated by the difference of the
surface tension forces at the bubble head andrtauls, it can be determined as:

40 (cosd, —cosb,)
Dn

APy = (6-34)

The gradient per unit length of the wetting pressinop can be thereby expressed as:
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dPy _ 40(cosh, -cosdy) 1

dz Dh Lb
In boiling conditions, the advancing and recediogtact angles of a bubble are difficult to be
measured. At a first approximation, the advanciogtact angle/, is assumed to be equal to

the static contact angkeand the receding contact angleis assumed to be equal to 0. This
hypothesis implies:

(6-35)

R _k o (1-cosd) (6-36)
dz
whereinKy is a constant defined as:

Kg=—" -
=5, L (6-37)

Eq. (6-37) shows that the gradient of the wettingspure drop has a linear relation with (1-
co¥)). In order to validate this observation, the geadliof the wetting pressure drop
determined by Eq. (6-33) is plotted as a functibfilecos)), as shown in Figure 6-18. Indeed,
it is observed that the data evolution can beditby a linear regression with a regression
coefficient greater than 0.999. The following ctati®n is thereby suggested to estimate the
wetting pressure drop:
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- Chisholm
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% 103 x[681(1- cosd) - 151] (6-38)
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Figure 6-15. Comparison between exp. and theotetata of two-phase pressure drop gradient at H0dks.
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Therefore, using Eq. (6-30) where the gradientthefmomentum and friction pressure drops
are estimated by the correlation of Lockhart andtMaelli [6.11], and the gradient of the
wetting pressure is determined by Eq. (6-38), the-phase pressure can be approximated.
Figure 6-19 shows a good agreement of the predatddmeasured two-phase pressure drop.
Indeed, about 86% of the data are included withénlines of 20% error.
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Figure 6-19. Comparison of the predicted and erpental values of the wetting pressure-drop gradient

Backflow phenomenon

As discussed in the previous sections, backflonnpheenon was observed on the wetted
sample surfaces. This observation would be relaidtie delay of onset of nucleate boiling
which generates a reverse flow by high evaporatde at the liquid-vapour interface. In the
following paragraphs, a simple model will be deye&d, giving a first insight of the backflow
phenomenon.

Assuming that a slug of volumé, is created in the test channel, the energy netatetthis
process can be expressed as:

E=pyVpHy (6-39)
whereinpy is the vapour density arl, is the liquid-vapour latent heat.
Due to the delay of onset of nucleate boiling, befine formation of this slug, liquid in the
test channel is superheated. Assuming that thedeatyre of the superheat liquid is equal to
the wall temperature, the power released by therbgat-liquid flow when its temperature
decreases to the saturation temperature can peagstl as:

. D}

E= nTch ATyt ONB (6-40)

wherein,Dy is the hydraulic diameteG is the mass fluxC, is the liquid specific heat and
ATwionslS the wall superheat for onset of nucleate boiling
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Therefore, the time needed to obtain the slug afmeV, can be approximated as:

Py Hyy

1
= Ll 6-41
G Cp ATyt oNB (6-41)

E
T=—=
E

whereinLy is the slug length which can be estimated as:

Vb
D? (6-42)

ni
4

l—b:

Assuming that the slug homogeneously grows in Isadbs of its tail and head, the average
growth velocity of this slug by evaporation in aide can be determined as:

Ly, G CpATwi,one
Ueva:_b =2 - (6-43)
2r 2 pyHy

At its tail, the slug is pushed by the liquid flewith an average velocity calculated as:

G
U =— 6-44
P (6-44)

whereinp, is the liquid density.

Therefore, the average velocity of the reverse ftaw be estimated as:

G (Ja
Upackflow ™= —[— - 1) 6-45
ackriow ,0| 2 ( )

wherein Ja is the Jakob number defined as:

_ A CpATwt,ong
Py Hy

Ja

(6-46)

Eq. (6-45) shows that the backflow occurs whlare 2. This criterion is in good agreement
with the present experimental observation. Indeethng all the sample surfaces, only SiOC
surface has a Jakob number lower than 2, as shoWwigure 6-20, and only on this surface,
the backflow was not experimentally observed.
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Figure 6-20. Jakob numbers for all smooth sampitases.

Heat transfer coefficient
The purpose of this section is to develop an amalytmodel which enables a better

understanding of the impact of flow patterns onhkat transfer coefficient. Three modes of
heat transfer are suggested as:

= Hj: conduction through the liquid layer in contactwine heated surface,

= H,: evaporation of the superheated liquid,

* Ha: nucleate boiling.

For the mode K the heat transfer coefficiett is determined as the ratio of the liquid
thermal conductivity, to the thickness, of the liquid layer at the heated surface:

hy = (6-47)

A
9
At a first approximation, because the Pyrex lidlagv wetted, liquid is assumed to be

homogeneously distributed at the top and bottotheftest channel when low-wetted sample
surfaces are used (cf. Figure 6-21a). Hence, guedlilayer thickness can be determined as:

5 =2 -e) (6-48)

whereine is the void fraction, which is calculated by Eq:2®) given by Steiner [6.17].

However, when the sample surface is highly-wetthae to high capillary effect at this
surface, the whole amount of liquid is assumeddadncentrated at the bottom of the test
channel as shown in Figure 6-21b. This implies:



FLOW BOILING EXPERIMENTS 137

g =Hx(-¢) (6-49)

Vapour H Vapour 1 *
f
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f qﬁ LLiquidfilm‘J qﬁ

b)

Figure 6-21. Schematically view of the cross sectbthe test channel for a) low-wetted surfaces @nhighly-
wetted surfaces.

For the mode K vapour is mainly formed by evaporation of the esteated liquid at the
liquid-vapour interface. If a mass fluky is generated, the energy balance gives:

- _CpATs
mg -
Hiy

(6-50)
whereinmy is the mass flux of the superheated liq@gjs the liquid specific heal,, is the
liquid-vapour latent heat amtlls is the liquid superheat.

Eq. (6-50) can be also expressed as:

(6-51)

whereinx is the vapour quality.

Moreover, the heat transfer coefficient of modgdcalculated as:

-9
h, = -
27 AT (6-52)

whereing is the heat flux.
Egs. (6-51) and (6-52) lead to:

«C
h,=1-X>P 4 (6-53)
|"Iv

For the mode Bl the correlation of Cooper [6.18] is used to eaterthe nucleate boiling heat
transfer coefficient:



138 FLOW BOILING EXPERIMENTS

It is important to notice that at a first approxiioa, the effects of surface roughness and
wettability are not considered in Eq. (6-54).

The evolution trends of the heat transfer coeffitieith the vapour quality for the three
modes are illustrated in Figure 6-22.
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Figure 6-22. Heat transfer coefficient vs. vapoualdy for the three modes;HH,, Hz at 40 kW/mz2.
It is observed that the curves fog Bind H have the opposite tendency, and farthe curve
is a horizontal line. When the flow patterns chanipe heat transfer modes should also
change. The following hypotheses are used in tegmt model:

» In confined-bubbly and slug flow:Hs the dominant heat transfer mode. The average
heat transfer coefficient is thereby determined as:

h=h (6-55)
» In slug-annular flow: heat is transferred by moHesand H together, which implies:
h=hy, +hg (6-56)

= In churn flow (on highly-wetted surface): heatrnansferred only by nucleate boiling
inside the liquid film at the wall, leading to:

h=hg (6-57)

Based on the above hypotheses and on the varta¢iods of the heat transfer coefficient for
the three heat transfer modes, the average heafdraoefficients are calculated as:

= For low-wetted surfaces:
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h=min(hy, h, +h3) (6-58)
= For highly-wetted surfaces:

h=min(hy, hg) (6-59)

The present model is validated by comparisons thehexperimental data as illustrated in
Figure 6-25. In general, the model shows a goodigtien of the experimental values with
all data included within the lines of 20% error.
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Figure 6-23. Comparison of experimental and predidteat transfer coefficient for a) SiOx surface BnTi
surface at 120 kg/m? s. For each heat flux, thdipted curve is a continuous line with the sam@waohs the
experimental dots.

The suggested model also gives a good predictiorvddation trends of the heat transfer
coefficient with vapour quality and heat flux, esipdly for low-wetted surfaces. However,
for highly-wetted surface, experimental data shbat the heat transfer coefficient remains
nearly constant with change in heat flux, but thehaviour cannot be predicted using the
present model. Further works are needed in ordsolie this issue as well as to estimate the
heat transfer coefficient on unwetted surfacesidéss the present model should be validated
by a larger set of experimental data from otheofatories worldwide.

6.3 Micro-structured surfaces

6.3.1 Contact angle

Theoretical contact angles

For both structured samples (cf. Section 5.1.hgesithe micro-hole diameter is about eight
times greater than the micro-hole depth, a watepldt is assumed to be in Wenzel state on
these surfaces.

The p-Ti sample is chemically heterogeneous. Indded is a titanium surface containing
holes with Pyrex material at the bottom (cf. FigGr24a). Therefore, a modified equation of
Wenzel model [6.19] is suggested to estimate timacd angle as:
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0S8 = Dg pyrex * COSFsmoothPyrex t (1~ Ps pyrex) C0SBsmoothTi (6-60)

wherein, ®s pyrexis the ratio of the Pyrex area to the overall ag@8l Osmooth,pyre@Nd Gsmooth,Ti
are the water contact angles on smooth surfacé&ymx and titanium, respectively. In the
present study@s pyrex= 0.3, Osmooth,pyrex= 74° andfsmootn,Ti= 49°, hence, Eq. (6-60) gives a
contact angle of about 58°.

The p-SiOx sample is chemically homogeneous sinGx $aterial covers all area of the
sample (cf. Figure 6-24b). Thus, for this surfabe, contact angle can be approximated using
Wenzel equation as:

c0S8 =1 c0SBsmooth (6-61)

wherein,r is the ratio of the actual area to the appareatajrihe contact surface afighoothiS
the contact angle of water on a smooth surfacethep-SiOx surface, = 1.03 an®Wsmooth=
26°, giving a contact angle of about 22°.

(—> Titanium, 49° r’ SIOx, 26°

o,

S oz
T Tt
AT P A

Pyrex, 74°

a) b)

Figure 6-24. Schematic view of topographies ofdtnactured sample surfaces.

Experimental measurements

The contact angles of water on the structured sssmwkre measured using the sessile drop
technique with KRUSS EasyDrop systems in a cleanr¢ef. 2.2.3). Figure 6-25 illustrates
images of water droplets on these surfaces. Thairmat contact angles are 20° and 65° for
the u-SiOx surface and the u-Ti surface, respdgtiiénese values are close to the theoretical
values determined in the above section, with aatevi of about 10%.

s

20° 65°
p-SiOx surface u-Ti surface

Figure 6-25. Water droplets on the structured samptfaces at the ambient temperature.

6.3.2 Pressure drop

The micro-patterning has a negligible impact on shmgyle-phase pressure drop as shown in
Section 5.4.2. However, in boiling conditions, iasvobserved that the micro-patterning
significantly influences the two-phase pressuregpdfigure 6-26 shows the comparisons of
the two-phase pressure drops measured on thewgdcfu-SiOx and u-Ti) surfaces with

those measured on the corresponding smooth (Si@X arsurfaces. For both mass fluxes of
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100 kg/m2 s and 120 kg/m? s, the two-phase presdumes of the structured surfaces are
significantly lower than the ones of the smootHaes, with an average reduction of 40%.

The impact of surface structuring on two-phase ques drop is related to the superheat
needed for onset of nucleate boiling (ONB). Indestording the boiling theory presented in
Chapter 1 (cf. Section 1.1), the structured sudagkich contain micro-holes require a lower
superheat for ONB compared to the smooth surfadéss remark is validated by
experimental measurements that will be presentegection 6.3.4. Hence, on the structured
surfaces, during the growth of bubbles or slugs,eiaporation rate of liquid would be lower
because liquid is superheated at a lower tempexatinis leads to a lower friction force at the
liquid-vapour interfaces, reducing the two-phasespure drop.
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Figure 6-26. Two-phase pressure drop on the sm&@x and Ti) and structured (1-Ti and u-SiOx) aoefs at
100 kg/m2 s and at 120 kg/m? s.

In Section 6.2.2, it was observed that the two-ph@sssure drop increases when the contact
angle increases. However, compared to Ti surfa€g, surface shows a lower two-phase
pressure drop even though it has a higher contagleaThis behaviour would be explained
by the fact that in the present study, the impdcthe superheat for ONB is dominant

compared to the impact of contact angle. For u-Si@%ace, a lower contact angle as well as
a lower superheat for ONB would be the main cadses lower two-phase pressure drop
compared to SiOx surface.

6.3.3 Flow patterns visualization

The two-phase flows on the structured surfaces wesee stable than those on the smooth
surfaces. The reduction of flow instabilities canrblated to the superheat needed for onset of
nucleate boiling which significantly decreases kgrorpatterning [6.9]. Unlike SiOx surface,
on P-SiOx surface, the slug-annular flow was obsgrimstead of the churn flow, but bubble
generation still occurred in the liquid film of tpee-existing slugs (cf. Figure 6-27).

The flow patterns of p-Ti surface were similar kmge of Ti surface, i.e., they were also
identified as: bubbly flow, slug flow and slug-ameauflow. However, the back-flow length on
u-Ti surface is significantly lower that the oneTrsurface as illustrated in Figure 6-28. This
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would also be a consequence of reduction of the Giierheat according to the backflow
model described in Section 6.2.5. Furthermore, nmuaeation sites were activated on the
structured surfaces compared to the smooth surfaces

Bubble formation

Figure 6-27. Representative images of flow pattebserved on u-SiOx surface: a) slug-annular flod k)
bubble generation in liquid film.

p-Ti surface

- -

.

Ti surface

b)

Figure 6-28. Back flow observation: a) on u-Ti sed with original and analysed images and b) osufface
with analysed images.

6.3.4 Heat transfer

Experimental measurements

Figure 6-29 and Figure 6-30 show comparison offibat transfer performances of p-SiOx
and pu-Ti surfaces to those of SiOx and Ti surfacespectively. For both operating mass
fluxes of 100 kg/m? s and 120 kg/m? s, the strwdtuisurfaces exhibit significant
enhancements in heat transfer coefficient comparéte smooth surfaces.

In comparison with SiOx surface, the average engraeat in heat transfer coefficient given
by SiOx surface is about 73% at 100 kgknand about 67% at 120 kd/m Improvements

are obtained with all operating heat fluxes betwé@k\W/m2 and 80 kwW/mz. Furthermore, in
average, the mass flux shows a negligible effecttlom heat transfer coefficient. It is
interesting to notice that on pu-SiOx surface, thawion trend of the heat transfer coefficient
with the vapour quality differs from the one on Si€urface, but is similar to those on Ti and
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DLC surfaces. In other words, the heat transfehligigricreases and then decreases when the
vapour quality increases.

At a given heat flux, the critical vapour qualisydefined as the vapour quality at which the
maximum heat transfer coefficient is reached. Fg6f29 shows that the critical vapour
qualities of pu-SiOx surface are from 0.02 to 0.0hven average value of 0.025. They are
significantly higher than the critical vapour qtials of the other surfaces varying between
0.005 and 0.015. Therefore, using u-SiOx surfdeejritermittent dryout is delayed.

In comparison with Ti surface, u-Ti surface showsagerage enhancement in heat transfer
coefficient of about 85% at 100 kgfrs and of about 25% at 120 kd/m. Among all the
sample surfaces, p-Ti surface exhibits the bedt thaasfer performance. Especially, its heat
transfer coefficient can reach to 50000 \W&rat a mass flux of 100 kgfrs and at heat flux

of 68 kW/nf. Furthermore, unlike the others, for u-Ti surfatee mass flux shows a
significant impact on average heat transfer coieffic
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Figure 6-29. Comparison of evolutions of the heatdfer coefficient with the vapour quality for Si@nd p-
SiOx surfaces at 100 kg/m2 s and 120 kg/m? s.
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Figure 6-30. Comparison of evolutions of the heatdfer coefficient with the vapour quality fordnd pu-Ti
surfaces at 100 kg/m2 s and 120 kg/mZ? s.

Discussion

For flow boiling in mircochannels, the main effexft micro-patterning is identified as the
reduction of the superheat for onset of nuclea(@®NB). This remark is highlighted by
comparisons of the boiling curves for the smoott stinuctured surfaces, as shown in Figure
6-31 where the wall and saturation temperaturesaien as the average temperatures defined
by Egs. (6-21) and (6-22), respectively.

In comparison with the smooth surfaces, the stradtsurfaces exhibit lower superheats for
ONB. Especially, between SiOx and p-SiOx surfaties superheat for ONB is reduced from
about 6 °C to about 2.5 °C, which is close to tingesheat for ONB of Ti and DLC surfaces.
This would be the cause for the change from chlow to slug-annular flow when SiOx
surface is replaced by u-SiOx surface. Indeed,rcfiow is related to high liquid superheat
that causes rapid evaporation at the liquid-vapoterface and generates thereby flow
instabilities.
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Figure 6-31. Boiling curves of smooth ans struadusample surfaces at a) 100 kg/m2 s and b) 120%g/m

Since the flow patterns on p-SiOx surface are sintib those of Ti and DLC surfaces, the
variation tendency of the heat transfer coefficieith the vapour quality on this surface is
also similar to the ones on Ti and DLC surfacesweleer, because u-SiOx surface is highly
wetted, the liquid rewetting rate on this surfasesignificantly higher than those of Ti and
DLC surfaces. As a result, the intermittent dryocturs on p-SiOx surface at a higher critical
vapour quality.

Among all wetted surfaces, p-Ti surface generdteddwest superheat for ONB. This would
be a reason for the best heat transfer performabtaned with this surface. The effect of
mass flux observed with this surface should beedlto the number of the active nucleation
sites. Indeed, at a lower mass flux, less numbemafro-holes are flooded by liquid
penetration and hence, more nucleation sites wilhttivated in boiling conditions, giving
higher heat transfer performance. The impact ofniln@ber of nucleation sites is significant
at low vapour qualities where nucleate boilingnis lominant heat transfer mode. For pu-SiOx
surface which is highly wetted, all the nucleatsites are nearly flooded by liquid penetration
even at low mass flux. Therefore, from 100 kg/n® <120 kg/m? s, the number of active
nucleation sites remains relatively unchanged,ihgatb the same heat transfer performance.

The differences in boiling behaviours between tihrictured and smooth surfaces are
summarized in Table 6-4 below.

Table 6-4. Comparisons between the smooth andtstegcsamples.

Structured surface versus Pressure Flow patterns Heat transfer coefficient
Smooth surface drop
H-SiOx versus SiOx Reduction SAF instead of Enhancement(+40%)
(= -40%) CF
u-Ti versus Ti Reduction Lower backflow Enhancement(+85% at 100 kg/m?

(= -40%) length and= +25% at 120 kg/m?)
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6.4 Conclusion

The flow boiling heat transfer of water on coatead amicro-structured surfaces was
determined. The main findings of the present watk lobe summarized as follows:

The two-phase pressure drop decreases when thactanigle decreases or when the
surfaces are micro-structured. This behaviour vedeted to the capillary effect and
the delay of onset of nucleate boiling. A model whesveloped to estimate the
influence of the contact angle on the two-phasequne drop.

Flow patterns were identified for all the samplefates. For low-wetted and

structured surfaces, confined-bubbly flow, slugwfland slug-annular flow were

detected. For highly-wetted and unwetted smootfasas, instead of the slug-annular
flow, the churn flow was observed. The appeararfceharn flow was related to

evaporation of highly-superheated liquid and buld@eeration around slugs which
are the main cause of flow instabilities. In slugrvalar or churn flow regimes,

intermittent dryout following by liquid rewettingag observed.

Backflow phenomenon was visualized on all the sasygixcept SiOC hydrophobic
surface. A model based on the evaporation of tperbeated liquid was suggested to
predict the appearance of backflow.

The general tendency of evolution of the heat feansoefficient with the vapour
quality is as follows: when boiling occurs, the hgansfer coefficient increases with
the vapour quality, and then decreases before rengaconstant. However, for SiOx
highly wetted surface, the heat transfer coefficigmanges slightly when the vapour
guality or the heat flux increase. For SIOC unwesearface, nucleate boiling occurs
even at a negative vapour quality, i.e. at a fleishperature lower than the saturation
one. A heat transfer model was developed basedhwme theat transfer modes:
conduction through the liquid layer, evaporatiorsoperheated liquid and nucleation
boiling. At a first approximation, this model gives good agreement with the
experimental data.

The micro-structured surfaces show significant eskenents (up to 85%) in heat
transfer compared to the smooth surfaces. Espgcialing the highly-wetted
structured surface, the intermittent dryout is ioyad, i.e. the critical vapour quality
increases.
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General conclusions and perspectives

The present study investigated the flow boilingthesnsfer in microchannels for the purpose
of developing compact cooling systems which can doapted to miniaturized power
components. Surface treatments at nano- and malesswere used as innovative techniques
to improve the heat transfer performance as weltoaslelay the associated intermittent
dryout. Before achieving these goals, pool-boilexgeriments were performed in order to
highlight the impact of nanocoatings on nucleatdirmp processes, especially on bubble
growth mechanisms.

The interest in nanocoatings was firstly inspirgdtiire emergence of nanofluids for which,
recent studies show that during nanofluid boilingnoparticles deposit on the heated surface,
leading to modifications of the surface wettabjlitye heat transfer coefficient and the critical
heat flux. However, due to controversial resultsthe literature, the role of nanoparticle
deposition on boiling heat transfer is not fullydenstood yet, and further works is required
for a better understanding of the involved mechanis

Therefore, in the first part of this work, experime were performed to explore the
mechanism of nanoparticle deposition by nanofludlifg as well as its impact on pool
boiling of a pure fluid. It was observed that theckness of the deposition layer depends on
the initial nanoparticle concentration and the ibgilduration. Furthermore, the surfaces with
nanoparticle deposition exhibit lower heat transieefficients than the uncoated surface. By
considering the role of adhesion energy on boiliegt transfer, it was possible to explain the
controversial experimental results of the litteratu

For a more complete understanding of the impacswface wettability on the boiling
processes, another pool-boiling experiment was wcted where various samples with
various contact angles from 22° to 112° were ukegdlas shown that hydrophobic (unwetted)
and hydrophilic (wetted) surfaces exhibit differdr@haviours under boiling conditions. On
hydrophobic surfaces, bubbles appear at lower fieaés than on hydrophilic surfaces.
However, these bubbles cannot detach from the avallrapidly coalesce with those formed
at neighbouring sites, leading to rapid deterioratif the heated surface.

Moreover, it was observed that the surface weitghilas significant impacts on boiling
parameters such as bubble departure diameter, d@tission frequency and heat transfer
coefficient. Indeed, by decreasing the contacteaniie bubble departure diameter increases
whereas the bubble emission frequency decreasedowavetted surfaces (45° &< 90°),

the heat transfer coefficient deteriorates when dbetact angle decreases. However, for
highly wetted surface® (< 45°), the inverse effect was observed: the haaster coefficient
improves with a decrease in the contact angle. €fbe, the best heat transfer coefficient
would be obtained at a contact angle close to @0b&r

For a better understanding of the above obsenatian approach to the bubble growth
mechanism based on dynamic contact angles wasap@eel The contact angle hysteresis was
showed to play a significant role in a boiling @cln particular, the concept of macro- and
micro-contact angle was introduced to describe lthieble growth process. Based on this
concept, a theoretical model of bubble departuaendier was established. This model next
enabled development of new models of pool boiliagthransfer and critical heat flux, which
show good agreements with a moderate set of expetahdata.
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Afterwards, experiments were performed to deterntivee effects of surface wettability on
flow-boiling heat transfer in a microchannel. Thasgliable and repeatable method of sample
surface fabrication was developed in order to ately control the surface properties. It
consists of a specific surface coating and strugjumade in three stages to enable the
samples to be used as the heating elements asasvétle sensors of local temperature and
heat flux. The test channel was a rectangular adflamith a hydrodynamic diameter of 0.96
mm and a confinement number of 2.6. Prior to bgiliests, single-phase tests were
performed to validate the test facility, measurentechniques and data reduction procedure.
The experimental data of single-phase pressure andpheat transfer coefficient show good
agreements with the data predicted by the clasisioa.

On boiling conditions, it was observed that the -piase pressure drop decreases when the
contact angle decreases or when the surfaces are-gtiuctured. For a better understanding
of the boiling processes, images taken by a higledgamera were analysed, giving the flow
patterns for all sample surfaces tested. For lowesle and micro-structured surfaces,
confined-bubbly flow, slug flow and slug-annulaowl were detected. For highly-wetted and
unwetted smooth surfaces, instead of the slug-anrfldw, the churn flow was observed.
Backflow phenomenon was visualized on all the saspkcept the unwetted surface.

As a general tendency, the heat transfer coefticremeases with the vapour quality, and then
decreases before remaining constant. However, ifgryhwetted smooth surface, the heat
transfer coefficient changes slightly when the vapguality or the heat flux increases. For
unwetted smooth surface, nucleate boiling occuen et a negative vapour quality, i.e. at a
fluid temperature lower than the saturation dmeparticular, the micro-structured surfaces
show significant enhancements (up to 85%) in heat transfer compared to the smooth
surfaces. Also, using the highly-wetted structured surface, the intermittent dryout is
improved, i.e. the critical vapour quality at which this phenomenon occurs increases.

The effects of nano- and micro-surface treatment$ailing heat transfer and particulary
their impacts on the surface tension force at tipéetcontact line and the superheat for onset
of nucleate boiling were investigated. At a firppeoximation, some models were developed
to predict the effects of surface wettability om tlwo-phase pressure drop, the heat transfer
coefficient as well as the backflow occurrence.

Future work

In the future, it will be definitely interesting tharacterize the surfaces with heterogeneous
properties of wettability, e.g., a highly-wetted rfage containing artificial unwetted
nucleation sites. Such surfaces will probably all@wignificant reduction of the superheat
needed for the onset of nucleate boiling as wellrasasy detachment of bubbles. In terms of
hydrodynamics, the flow would be more stable, thibs, two-phase pressure drop would be
decreased. In terms of heat transfer, the heasfeanoefficient would be enhanced and the
intermittent dryout would be delayed.

Furthermore, the flow-boiling experimental loop slibbe improved for testing larger ranges
of mass flux, heat flux and vapour quality. There @so possibilities to perform boiling tests
with refrigerants or fluids like HFE-7100 for indual applications. Finally, further work is
needed to optimize the models developed througtimatwork. Their predictive abilities
should be confirmed by comparison with a largen$etxperimental data.
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Appendix — Propagation of uncertainty
Giving Y a parameter depending nivariablesxs, X,... andx, as:
Y = f(X,%X0,...,Xp) (A-1)

Using the absolute-error method, the uncertaintyd@tiermination of this parameter is
calculated as:

df

Xm

df

dX2

df

dX2

AY = Dxq + DXy +...+ AV (A-2)

wherein Ax;, AX... and Ax, are the uncertainties in determinations x@f X....and X,
respectively.

Besides,AY can be also determined using the standard-dewiatiethod with a 68%
confidence interval as:

2 2 2
AY:J(iAle (o ) “3)
dxg dxo dx,

For pool boiling experiments the absolute-error method is used, leading to:

A AV Al

_q:_+_+% (A_4)
qa VvV 1 A
A_h=ﬂ+ATW+ATS

h q Tu-Ts (A-3)

For flow boiling experiments, in order to not overestimate the uncertaintieshafracteristic
parameters, the standard-deviation method is appl®r instance, the uncertainty in
determinations of the heat flux and the heat temsbefficient are calculated as:

R CRORC

2 2 2
ah_ (ﬂ} +BTw” *ATs™ (A-7)
q (TW_TS)2
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