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

 
Abstract – This work investigates the flow boiling heat transfer in microchannels with the 
aim of developing compact cooling systems which can be adapted to miniaturized power 
components. Nano and micro-surface treatments were used as innovative techniques to 
improve the heat transfer performance as well as to delay the intermittent dryout. Initially, 
pool-boiling experiments were performed to highlight the impact of nanocoatings on 
nucleate-boiling mechanisms. It was observed that the surface wettability modified by 
nanoparticle deposition had significant effects on the boiling processes. Afterwards, a second 
experimental campaign was conducted to investigate the flow boiling in a microchannel with 
nanocoated and microstructured samples. These studies highlighted the impacts of surface 
wettability and of micro-patterning on two-phase flow patterns, pressure drop and heat 
transfer coefficient. In particular, significant enhancements in heat transfer coefficient and in 
intermittent dryout were obtained with micro-structured samples. 
  
 
Keywords: boiling, contact angle, heat transfer, microchannel, micro-patterning, nanocoating, 
surface wettability. 
 
 
Résumé – Ce travail concerne l’étude du transfert thermique par ébullition dans des 
microcanaux avec l’objectif de développer des systèmes thermiques compacts adaptés aux 
composants de puissance miniaturisés. Les techniques de nano- et micro-structurations de 
surface ont été utilisées comme des méthodes novatrices pour améliorer les performances de 
transfert thermique ainsi que pour retarder l’assèchement intermittent qui apparaît dans les 
microcanaux. Dans un premier temps, des expériences d’ébullition en vase ont été réalisées 
afin de mettre en évidence l’impact d’un revêtement à l’échelle nanométrique sur les 
mécanismes d’ébullition nucléée. Il a été observé que la mouillabilité de surface, qui est 
modifiée par le dépôt de nanoparticules, a des effets significatifs sur les processus 
d’ébullition. Dans un deuxième temps, une campagne expérimentale a été réalisée pour 
étudier l’ébullition convective dans un microcanal avec des échantillons nano- et micro-
structurées. Ces études ont mis en évidence les effets de la mouillabilité et de la micro-
structuration de surface sur les régimes d’écoulement, les pertes de charge et le coefficient de 
transfert thermique. En particulier, de fortes améliorations du coefficient de transfert 
thermique et le retard d’assèchement intermittent ont été obtenus avec des surfaces micro-
structurées. 
 
 
Mots-clefs : angle de contact, ébullition, microcanal, micro-motif, mouillabilité de surface, 
nano-revêtement, transfert thermique. 
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1 

Introduction 

Power systems, such as electronic components or fuel cells, are dissipating more and more 
heat due to progressively increasing power densities associated with continuous advances in 
their miniaturization. In order to prevent damages to their components, this generated heat 
must be efficiently removed. Various cooling modes can be applied, such as air convection or 
liquid and boiling flows.  
 
Air convection is the most widely-used method because of its easy implementation. However, 
this mode exhibits a poor heat transfer performance and its operational limits have been 
already reached. As a consequence, cooling systems by liquid and boiling flows have been 
increasingly developed. Flow boiling is the most efficient mode as it provides better heat 
transfer efficiencies. Indeed, for this cooling mode, a part of heat is transferred into the latent 
heat during liquid-vapour phase change in addition to convective effects. 
 
In the present study, flow boiling was generated inside the systems called mini-and 
microchannels, which are channels of small size with hydraulic diameters of less than 3 mm. 
Over the last decade, mini- and microchannels have attracted the attention of researchers in 
the field of heat and mass transfer, because they enable the development of compact cooling 
systems which can be adapted to miniaturized power components. 
 
However, the physics of boiling heat transfer in mini-and microchannels is not yet fully 
understood. A number of investigations showed that the classical laws established for 
macroscale could not provide good predictions for boiling processes at microscale. This can 
be related to the capillary effects, which were neglected in classical studies, but become 
dominant in small-size channels. For instance, recent studies in our laboratory showed that 
dryout occurs at lower vapour qualities in mini- and microchannels than in traditional macro-
channels. This phenomenon was also observed by many other research groups worldwide, and 
is now commonly called "intermittent dryout” or “partial dryout”. Therefore, when increasing 
the heat transfer efficiency of flow boiling in mini- and microchannels, methods to limit 
intermittent dryout should be also investigated. 
 
Potential methods to achieve the above targets are nano- and micro-surface treatments, 
inspired by the emergence of nanofluids, which are fluids containing particles of sizes less 
than 100 nm. These particles are referred to as “nanoparticles”. Recent investigations have 
shown that during boiling of nanofluids, nanoparticles deposit along the heated surface, 
modifying the surface properties. Particularly, this leads to a modification in the surface 
wettability, which is considered as the main cause of change in the bubble growth processes. 
Another field of interest is that nanoparticle deposition results in significant enhancements of 
critical heat flux in pool boiling conditions. However, its effects on heat transfer coefficient 
still remain complex and further works is required for a better understanding of the involved 
mechanisms. 
 
In the present study, surface treatments at nano- and microscales were used as innovative 
techniques to improve the heat transfer performance of flow boiling in mini- and 
microchannels, as well as to delay the associated intermittent dryout. As a first step, pool-
boiling experiments were performed in order to highlight the impact of surface wettability on 
nucleate boiling processes, especially on bubble growth mechanisms. The conclusion from 



2     INTRODUCTION 

this work enabled the development of several processes for sample fabrication and of an 
experimental setup to study flow boiling in microchannels. 
 
The manuscript is divided into three parts. In the first part (Chapters 1 and 2), the state of the 
art and the techniques of surface treatment and characterization will be introduced. The 
second part (Chapters 3 and 4) is devoted to the description of the pool-boiling experiments. 
The experimental setup and results for flow boiling heat transfer in a microchannel will be 
presented and discussed in the last part (Chapter 5 and 6). The details of the different chapters 
are given below. 
 
In Chapter 1, boiling and wetting fundamentals will be briefly introduced and described for a 
better understanding of the concepts used throughout this manuscript. In addition, this chapter 
is also devoted to the state of the art of boiling with coated and structured surfaces. 
 
Chapter 2 describes the techniques of surface treatment used in the present work. These 
techniques consist of chemical and physical vapour depositions as well as laser etching. The 
methods used for surface characterization will be also presented. These methods enable 
determination of surface parameters such as roughness, topography, wettability and 
temperature. 
 
Chapter 3 presents and discusses the experimental results on boiling of nanofluids. In 
particular, the mechanism of nanoparticle deposition and its impact on nucleate boiling heat 
transfer will be highlighted.  
 
Another pool boiling experiment is presented in Chapter 4. Several samples with various 
contact angles between 22° and 110° were used to study the effects of surface wettability on 
nucleate boiling.   
 
Chapters 5 and 6 are devoted to describing the experimental setup and results of flow boiling 
in a microchannel, respectively. It is shown in the last chapter that the surfaces developed in 
this work allow significant improvements of two-phase heat transfer and are able to delay the 
intermittent dryout phenomenon. 
 
This thesis has given birth to 6 patents (published and accepted), 5 journal articles (published 
and accepted) and 8 conference papers. 
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PART 1 - STATE OF THE ART  

This part introduces some boiling and wetting fundamentals as well as the state of the art of 
boiling with coated and structured surfaces. For easy reading, only key concepts which are 
necessary to understand the present work will be presented. The reader should consult the 
literature cited for a more complete understanding of the specific theories or processes 
discussed. This part also describes the techniques of surface treatment and characterization 
used in the present work.  
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Chapter 1: Introduction to heterogeneous boiling 

Heterogeneous boiling is the rapid vaporisation of a liquid associated with bubble formation 
on a solid surface. Heat transfer by heterogeneous boiling occupies an important place in 
engineering disciplines. Compared to single-phase processes, this process enables exchanging 
more energy with a relatively lower jump of temperature at the wall. It may be analysed under 
two categories, namely: pool boiling and flow boiling, where the latter is also referred to as 
convective boiling in the literature. Heterogeneous boiling is significantly affected by 
interactions at the solid-liquid interface, of which two main parameters are surface wettability 
and topography. This chapter begins with introduction to pool boiling and flow boiling. 
Classical laws of wetting are also discussed. The final paragraph concerns a review of study 
on boiling with enhanced surfaces at different scales (from nano- to macroscale).  

1.1 Pool boiling 

Pool boiling is the process in which the heated surface is submerged in a large body of 
stagnant liquid. The relative motion of fluid near the heated surface is primarily due to 
buoyancy effect. If enough heat is added to the system, the liquid near the wall may reach and 
slightly exceed the equilibrium saturation temperature. 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 dictated by the contact angle and the interfacial 
tension, together with the shape of the surface itself. Assuming that the solid surface is flat, 
the vapour embryo will have a profile shape like the one shown in Figure 1-1. The formation 
of such an embryo occurs in a system held at constant liquid temperature and pressure.  
 

 
 

Figure 1-1. A vapour embryo formed at the solid surface with a contact angle θ. 

Factor energy 
If the embryo shape is idealized as being a portion of a sphere, the geometry dictates that the 
embryo volume Vb is given by: 
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wherein R is the embryo radius and θ is  the contact angle. 
 
When the embryo radius is exactly the right size to be in thermodynamic equilibrium Re with 
the surrounding liquid, its formation energy ∆Ge is calculated as [1.1]: 
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wherein σlv is the liquid-vapour surface tension. Eq. (1-2) can be also written as: 
 

)(
3

4 2 θσπ fRG lvee =∆  (1-3) 

 
where  
 

4

coscos32
)(

3θθθ −+=f  (1-4) 

 
Here, )(θf  is called “energy factor” [1.2]. Indeed, it is the ratio of the energy needed to 
create a bubble having a contact angle θ to that needed to create a full spherical bubble, which 
has the same diameter. As shown in Eq. (1-1), this factor is also the volume ratio of these two 
bubble shapes. If θ is close to 180° (non-wetting surface), )(θf  tends to 0, thus a minimum 
energy is required to form an equilibrium embryo. On wetting surfaces ( °< 90θ ), )(θf  

varies from 0.5 to 1 and the maximum value of eG∆  can be obtained on the surface having a 

contact angle close to 0°. 

Critical radius 
A bubble embryo of radius Re is in an unstable equilibrium (cf. Figure 1-2). The loss of one 
molecule from the embryo decreases its radius into lower than Re. The embryo is likely to 
collapse completely since the minimization of the Gibbs free energy results in decreasing 
bubble radius. Conversely, if the bubble embryo has a radius greater than Re, it is expected to 
spontaneously grow. Hence, Re is called “critical radius”. Heterogeneous nucleation occurs 
only if the heated surface contains cavities of radius greater than Re. Should the surface be 
completely wetted by the liquid, Re can be estimated as [1.1]: 
 

)(

2

swvlv

slv
e TTH

T
R

−
=

ρ
σ

 (1-5) 

 
wherein Hlv is the vaporisation latent heat, and Tw and Ts are the wall and saturation 
temperatures, respectively. 
 
If the surface cavities contain entrapped gas, Re becomes lower and its expression is given as: 
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wherein Pg is the pressure of the entrapped gas. 
 

 
 

Figure 1-2. Variation of Gibbs free energy with bubble radius 

1.1.2 Bubble growth and detachment 
Once nucleation is initiated, bubble spontaneously grows and then detaches from the solid 
surface. The complete process of liquid heating, nucleation, bubble growth and release, 
collectively refers to as the boiling cycle. Three main features of this process that affect the 
rate of heat transfer are the bubble departure diameter Dd, the bubble emission frequency f and 
the number of active nucleation sites Nas. The bubble emission frequency f at a nucleation site 
is defined as: 
 

wtgt
f

ττ +
= 1

 
(1-7) 

 
where τgt, called “growth time”, is the duration of the bubble growth and τwt, called “waiting 
time”, is the duration between the departure of the former bubble and the appearance of the 
current bubble (cf. Figure 1-3).  
 

 
 
Figure 1-3. Time period associated with the growth of each bubble is the sum of the waiting time and the growth 

time. 
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Over the past eighty years, the bubble departure diameter during nucleate boiling has been the 
subject of numerous investigations. In experimental studies, it is typically determined from 
high-speed videos of boiling process. Based on experimental data, a number of correlations 
were suggested to estimate the bubble departure diameter. Many correlations reflect the role 
of the capillary lengthcL , which is defined as: 

 
2/1

)( 
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−
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lv
c g

L
ρρ

σ
 (1-8) 

 
wherein g is the gravity, and ρl and ρv are the liquid and vapour densities, respectively. 
 
Indeed, the capillary length accounts for a simple balance of surface tension force and 
buoyancy. In the context of this work, we are particularly interested in the correlation of Fritz 
[1.3] since it takes into account the effect of the surface wettability: 
 

cd LD ××= θ0208,0  (1-9) 
 
wherein θ is in degree. According to its definition (cf. Eq. (1-7)), the frequency of bubble 
emission depends on the waiting time, the bubble growth rate and the bubble departure 
diameter. Several studies [1.4]-[1.7] show that this frequency is inversely proportional to the 
departure diameter. Based on an analogy between the bubble release process and natural 
convection, Zuber [1.5] suggested the following relation: 
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The density of active nucleation sites was first estimated by Wang and Dhir [1.8]. The authors 
performed experiments using copper heaters with different degrees of oxidation, which 
resulted in different contact angles. The correlation proposed is written as: 
 

( )( )6cos1 swmsas TTNN −−= θ  (1-11) 

 
where Nms is the number of micro-cavities on the heated surface of interest.  
 
These classical correlations (Eqs. (1-9), (1-10) and (1-11)) have been widely used to as 
predictive tools. However, they are based on a limited quantity of experimental data and their 
accuracy has not been extensively verified. Thus, they should be treated as being approximate 
only. 

1.1.3 Regimes of pool boiling 
The regimes of pool boiling heat transfer are easily understood by referring to the pool boiling 
curve which is a plot of the imposed heat flux q versus the wall superheat (Tw-Ts) for the 
circumstances of interest. Nukiyama [1.9] is well known as the first to publish a pool boiling 
curve based on results from experiment of boiling water at atmospheric pressure. The regimes 
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of pool boiling encountered for a horizontal flat surface are indicated schematically in Figure 
1-4.  
 
The discussion in this section is limited to pool boiling of wetting liquids. The boiling curve 
can be conveniently analysed in four different regimes, namely, the natural convection NC, 
the nucleate boiling NB, the transition boiling TB and the film boiling FB. In the present 
context, only the natural convection and nucleate boiling are needed to be described in detail. 
 

 
 

Figure 1-4. Schematic representation of the pool boiling curve. 

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

Nucleate boiling regime (NB) 
If the superheat is large enough, nucleation is initiated at some cavities on the surface. This 
stage is called the “onset of nucleate boiling” (ONB). At low wall superheat levels, nucleate 
boiling is characterized by formation of isolated bubbles. With increasing surface superheat, 
more and more nucleation sites become active, and the bubble frequency at each site generally 
increases. Eventually the active sites are spaced so closely that bubbles from adjacent sites 
merge together. Bubble coalescence can occur in vertical or horizontal directions. If the 
superheat still increases, a vapour film is formed across the surface resulting from the 
replacement of liquid by vapour adjacent to the heated surface. Poor thermal conductivity of 
vapour phase suddenly decreases the efficiency of heat transfer. The heat flux at this condition 

q 
CHF 

ONB 

sw TT −  

NC NB TB FB 

NC: natural convection 
ONB: onset of nucleate boiling 
NB: nucleate boiling 
CHF: critical heat flux 
TB: transition boiling 
FB: Film boiling 
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is called the “critical heat flux” (CHF), which describes the thermal limit of boiling 
phenomenon. Indeed, the CHF is the maximum heat flux that can be transferred by boiling 
process. A higher heat flux (compared to the CHF) can lead to the burnout of the heated 
surface. 
 
In boiling condition, the local heat transfer coefficient is defined as: 
 

sw TT

q
h

−
=  (1-12) 

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

5.067.055.0log2.012.0
*)(

)(
*55 10log10 −−−

−= Mqpph pR

 
(1-13) 

 
where crPPp /* =  is the reduced pressure, Rp is the roughness as defined in German standard 

DIN 4762/1, q the heat flux and M the molecular weight of the fluid.  
 
In general, the correlation of Cooper gives a good tendency of the heat transfer coefficient 
versus the heat flux. However, it should not be used to determine 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 mechanisms of heat transfer during nucleate 
boiling have been debated over many decades, resulting in the emergence of competing, 
mutually exclusive models. In many of the early models, the primary mechanism of heat 
transfer was bubble agitation and micro-convection. These models did not include phase 
change, but relied to an analogy with forced convection, in which, bubbles play the role of 
changing the characteristic scales of length and velocity. 

Transient conduction model 
This model by Mikic and Rosenhow [1.11] assumed no heat transfer from the wall during the 
bubble growth. However, the departure of a bubble scavenges away the superheated liquid 
layer surrounding it, allowing colder bulk liquid to contact the wall surface. Transient 
conduction into this bulk liquid after the bubble departure was assumed to be the dominant 
mode of heat transfer. 

Microlayer heat transfer model 
Cooper and Lloyd [1.12] performed experiments that showed the existence of a liquid 
microlayer beneath the bubble during the bubble growth. The authors argued that bubble 
gained most of its energy through evaporation of the microlayer. Hence, they suggested a 
model that assumed a high heat transfer by microlayer evaporation and negligible heat 
transfer outside the bubble footprint.  

Contact line heat transfer model 
Stephan and Hammer [1.13] argued that the dominant mode of heat transfer is due to the 
evaporation of a thin liquid meniscus at the three-phase contact line. The meniscus in the 
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vicinity of the contact line can become very thin due to stretching of the meniscus, resulting 
in high heat transfer in this region. 

Superheated liquid model 
Demiray and Kim [1.14] conducted experiments that showed the dominant mechanism of heat 
transfer by isolated bubbles during boiling is through transient conduction and/or micro-
convection. They argued that bubble gained the majority of its energy through the bubble cap 
and not from processes at the wall. Actually, heat transfer through microlayer evaporation and 
contact line heat transfer were shown to be not significant. A large heat transfer by transient 
conduction was observed during the wall rewetting process before the bubble departs, not 
only during rebuilding of the superheated liquid layer after the bubble departure. 

1.2 Flow boiling  

As its name implies, flow boiling is discussed in the case of circulation of a fluid by using 
external means, such as a pump. In flow boiling process, vapour and liquid are in 
simultaneous motion inside channels or pipes. Boiling occurs 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, it is necessary to first introduce some 
important parameters that characterize a two-phase flow.  

Vapour quality 
Through the channel, the total mass flow rate m&  is equal to the sum of the mass flow rates of 
vapour vm&  and liquid lm& : 

 

lv mmm &&& +=  (1-14) 
 
The vapour quality x is defined as the ratio of vapour flow to total flow: 
 

m

m
x v

&

&
=  (1-15) 

 
This parameter is often determined by establishing an energy balance: 
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TTCGq
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−−
=  (1-16) 

 
wherein q is the heat flux, Cp is the liquid specific heat, Hlv is the vaporisation latent heat, Tl 
and Ts are the liquid and saturation temperatures, respectively, and G is the mass velocity 
defined as: 
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m
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&
=  (1-17) 

 
wherein Ac cross-section area of the channel. 
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Superficial velocities 
The superficial velocities of vapour and liquid phases, jv and j l, are defined respectively: 
 

v
v

xG
j

ρ
=  (1-18) 
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j

ρ
−= 1

 (1-19) 

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

Void fraction 
The void fraction ε is one of the key parameters used to characterize two-phase flows. It is of 
fundamental importance in models for predicting flow pattern transition, heat transfer and 
pressure drop. Various geometric definitions are used for specifying the void fraction: local, 
chordal, cross-sectional and volumetric. The most widely used definition is the cross-sectional 
void fraction, which is the ratio of the area occupied by the vapour phase Ac,v to the overall 
area at a cross section Ac: 
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From this definition, the mean velocities of liquid and vapour phases at a cross section are 
given in terms of the vapour quality x as: 
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Hence, the void fraction can be calculated as: 
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where S is the velocity ratio (often referred to as the slip ratio), which is defined as: 
 

l

v

U

U
S =  (1-24) 

  
For equal velocities (homogeneous model), 1=S . For upward and horizontal flows, Uv is 
frequently greater than Ul, and thus 1≥S . For vertical down flows, Uv may be smaller than Ul 
due to gravity effects and so 1≤S .  
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1.2.2 Regimes of flow boiling in conventional (macro) channels 
In the context of this work, we are particularly interested in horizontal flow boiling, of which 
the flow regimes are schematically shown in Figure 1-5. At very low vapour quality, bubbly 
flow is often observed. Due to buoyancy, bubbles flow mainly in the upper portion of the 
channel. Coalescence of small bubbles occurs when the vapour quality increases, producing 
larger plug-type bubbles. This referred to as the plug flow regime.  
 
At low flow rates and somewhat higher vapour qualities, stratified flow may be observed 
when liquid and vapour are separated. In the regime of the stratified flow, if the flow rate is 
high enough to make unstable the liquid-vapour interface, the interface becomes wavy. This 
type of flow is categorized as wavy flow, which has strong vapour shear on the interface that 
ejects liquid droplets in the vapour core flow. For higher liquid flow rates, the amplitude of 
the waves may grow, forming large slug-type bubbles. This is referred to as the slug flow.  
 

 
 

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

For high velocity of vapour and moderate velocity of liquid, annular flow may be observed.  
This regime is characterized by a thin liquid film on 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 macroscale to microscale, the heat transfer 
phenomena of flow boiling will change. Only part of the available knowledge about 
macroscale phenomena can be transferred to the microscale. 

Macro-to-microscale transition 
In literature, the transition from macroscale to microscale heat transfer was classified by 
different methods based on the hydraulic diameter, the threshold to confined bubble flow, or 
the point at which boiling nucleation is altogether suppressed [1.15]. The transition criteria 
considering the size threshold of hydraulic diameter [1.16]-[1.17] have limitation since they 
do not reflect the influence of channel size on the physical mechanisms, e.g. bubble form and 
flow transition. The criterion of nucleation suppression [1.18] leads to a critical hydrodynamic 
diameter on the order of 1-2 µm or less, thus it is probably better assigned to the micro-to-
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nanoscale transition. The threshold to confined bubble flow [1.19]-[1.20] should be the most 
convenient criterion, since the confinement number Co, which is the ratio of the capillary 
length to the hydrodynamic diameter, is used as a criterion to differentiate between macro- 
and microscale flow boiling. This number is calculated as: 
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wherein Dh is the hydrodynamic diameter. 
 
Beyond a critical value of the confinement number, heat transfer and flow characteristics will 
be significantly different from those observed in macroscale. Kew and Cornwell [1.19] 
suggested the criterion of 50.0Co ≥ , but the criterion suggested by Ullmann and Brauner 
[1.20] is 79.0Co ≥ .  

Flow patterns in microchannels 
In microchannels, capillary effects become important, reducing stratification of the liquid and 
hence, the channel orientation is mostly of secondary importance. Over the past decade, flow 
patterns in microchannels were observed by various research groups [1.19], [1.21]-[1.24]. 
Similar to the macroscale situation, it is often not feasible to do a valid comparison between 
independent databases, since different names were used to describe the same pattern. In 
general, two-phase flows in microchannels can have four principal flow patterns as suggested 
by Revellin and Thome [1.24]. The schematic view of these patterns is presented in Figure 
1-6. 
 

 
 

Figure 1-6. Schematic representation of principal flow patterns in microchannels. 
 
In bubbly flow, discrete bubbles move inside the liquid phase. Generally, these bubbles are 
smaller in diameter than the hydrodynamic diameter of the channel. This flow pattern covers 
the range of very small vapour qualities. In slug flow, the bubbles have approximately the 
same diameter as the channel. The bubble nose is hemispherical and the vapour phase is 
separated from the wall by a thin liquid film. Theses bubbles are called “elongated bubbles” 
since they become greater in length due to the confinement effect. The liquid phase is 
contained mostly in the liquid slugs which separate successive vapour bubbles.  
 
Increasing the vapour quality, semi-annular flow may be observed. This flow pattern refers to 
as a continuous vapour phase at the channel core together with some churning liquid zones at 
the wall. Indeed, the churning liquid zones are created by deformation and coalescence of the 
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previous elongated bubbles. When the churning liquid zones disappear, the flow regime is 
categorized as annular flow.  

Intermittent dryout in microchannels 
In microchannel flow boiling, the local heat transfer coefficient increases with heat flux up to 
a critical value of the vapour quality beyond which, its deterioration occurs. Deterioration of 
the heat transfer coefficient is believed to be caused by the intermittent dryout, which refers to 
an unstable breakdown of the liquid film in contact with the wall. As an example of 
observation of intermittent dryout, Figure 1-7 was taken from the paper of Caney et al. [1.25] 
that investigated experimental study of flow boiling of HFE-7100 in 40 parallel rectangular 
channels having 0.84 mm hydraulic diameter. The critical vapour quality was shown to 
decrease with an increase of the mass velocity. Particularly, irrespective of variation of heat 
flux and mass velocity, the authors observed occurrence of intermittent dryout at a unique 
critical value of the total superficial velocity j, which is defined as: 
 

lv jjj +=  (1-26) 
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 (1-27) 

 
Madrid et al. [1.26] conducted experiments in the same conditions as Caney et al. [1.25] and 
had the same observations. Moreover, their experimental results showed no influence of the 
heat flux on the heat transfer coefficient at a given vapour quality. 

 

 
 
Figure 1-7. Local heat transfer coefficient versus local quality (from Caney et al. [1.25] for flow boiling of HFE-

7100 in 40 parallel rectangular channels having 0.84 mm hydraulic diameter). 
 

Callizo et al. [1.27] investigated flow boiling in a circular vertical microchannel with internal 
diameter of 640 µm using refrigerants R-134a, R-22 and R-245fa as working fluids. They 
observed a decrease of the critical vapour quality with increasing vapour velocity. The force 
balance between gas shear and liquid surface tension was suggested to explain the 
phenomenon of intermittent dryout. 
 
In summary, it seems that intermittent dryout is rather due to hydrodynamical instabilities 
than thermal fluctuations. High shear force can make the liquid-vapour interface wavy and 
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cause intermittent dryout if the wave amplitude becomes greater than the liquid film 
thickness. This approach was used by Revellin and Thome [1.28] to predict the critical heat 
flux under uniform or non-uniform heat fluxes in microchannels, giving a good prediction for 
a large set of experimental data. 

1.3 Wetting phenomena 

In heterogeneous boiling, the nature of the contact between the liquid, vapour and the heated 
surface can strongly impact the heat and mass transfer. At scales below the capillary length, 
this contact is mainly dominated by surface tension forces and is referred to as the wetting 
phenomena. Understanding of wetting laws is crucial in interpreting some boiling physics, 
such as bubble growth in nucleate boiling and intermittent dryout in microscale flow boiling.  

1.3.1 Classical laws of wetting 
If a liquid drop is small enough to neglect the flattening action of gravity, its sticking on a 
solid surface is referred to as the surface wettability. An important parameter used to 
characterize the surface wettability is the contact angle θ made by the liquid on the solid. The 
solid surface is said wetted if °< 90θ  (cf. Figure 1-8a) and is said unwetted if °≥ 90θ  (cf. 
Figure 1-8b). In the case of water, the wetted surface is called “hydrophilic” and the unwetted 
surface is called “hydrophobic”. 

 

 
 

Figure 1-8. Liquid droplets on a) wetted surface and b) unwetted surface. 

Young’s relation 
The value of the contact angle was first discussed by Young [1.29]. At the base of the liquid 
droplet, the three phases: solid, liquid and vapour coexist in the so-called “triple contact line” 
(TCL). Each interface draws the TCL so as to minimize the corresponding surface area. Thus, 
balancing the surface tensions on the direction of potential motion (i.e. the horizontal) enables 
determining the contact angle as: 
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where svσ , slσ , lvσ  are the surface tensions (i.e. energy per unit surface) of the interface of 

solid-vapour, solid-liquid and liquid-vapour, respectively. 
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Contact angle hysteresis 
Solid surface is generally imperfect due to heterogeneity of surface roughness and chemistry. 
It can also be polluted by deposition of external contaminants floating in air. These defects 
allow the TCL to pin on the surface, generating multiple values for the observed contact 
angle. This is the so-called contact angle hysteresis (cf. Figure 1-9), which can be quantified 
by measurement of the contact angle when varying the droplet volume [1.30].  
 

 
 
Figure 1-9. Contact angle hysteresis: a) static contact angle θe, b) advancing contact angle θa, c) receding contact 

angle θr and d) contact angles of droplet on inclined surface. 
 
Firstly, a droplet is deposited on the solid surface. The measured contact angle is equal to the 
static contact angle θe (cf. Figure 1-9a). Afterwards, the droplet is slowly fed by using a 
syringe. If the contact angle is unique, the diameter of the TCL will gradually increase. 
However, the TCL frequently remains pinned, and the angle is observed to increase. If the 
droplet volume stops increasing, the contact angle remains stuck at its last value, which is one 
of the many possible observable angles. There is a critical value of the droplet volume, 
beyond which the TCL suddenly widens and the contact angle reaches the largest value, 
called the “advancing contact angle” θa (cf. Figure 1-9b). Conversely, decreasing the droplet 
volume enables observing the smallest contact angle, below which the TCL reduces: this 
angle is called the “receding contact angle” θr (cf. Figure 1-9c). The contact angle hysteresis 
is defined as the difference of the advancing and receding contact angles. This phenomenon 
can also be observed on an inclined solid surface where the 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 gravity, a droplet would necessarily run down on 
an inclined surface. However, it still sticks on the surface for a threshold of inclined angle. 
Indeed, the contact angle hysteresis generates a capillary force that opposes the gravity. This 
force reaches its maximum value at the front and rear angles of θa and θr respectively. To 
characterize this adhesion of a liquid droplet on a solid surface, Dupré [1.31] defined the 

solid-liquid adhesion energy a
slW  as: 
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sllvsv
a
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Combining Eqs. (1-28) and (1-29), we obtain the well-known Young-Dupré equation: 
 

)cos1( θσ += lv
a
slW  (1-30) 

1.3.2 Theories of solid surface tension 
As presented in the previous section, the contact angle is a result of minimization of the 
system energy and can be determined by a balance of the surface tensions. The surface 
tension of liquid-vapour, shortly called as liquid surface tension, is simple and can be 
measured by a variety of techniques. However, that of solid-vapour, shortly called as solid 
surface tension, is more complicated since it cannot be directly measured. In general, the 
values of the solid surface tension are calculated from a set of contact angle, developed by 
bringing various liquids in contact with the solid surface, but there is no universal agreement 
in the literature about its definition. The following paragraphs present two of the most well-
known theories. 

Zisman theory 
The theory of Zisman [1.32] is probably the most widely used definition of solid surface 
tension. Zisman defines the solid surface tension as the highest liquid-vapour surface tension 
that a liquid should have to completely wet the solid surface, with a contact angle of 0°. This 
comes from the fact that generally, the contact angle decreases if the liquid surface tension 
decreases. Figure 1-10a presents an example of how Zisman theory is applied. The solid 
surface is a poly(ethylene) film on which, the contact angles of various liquids were measured 
[1.33]. According to Zisman definition, poly(ethylene) has a surface tension of 22.8 mN/m.  
 
In surface science, the solid-liquid surface interactions are categorized into polar and 
dispersive types. The polar interactions account for dipole-dipole, dipole-induced dipole, 
hydrogen bonding, and other site-specific interactions. The dispersive interactions account for 
Van der Waals and other non-site specific interactions. A surface is called polar if it is capable 
of polar-type interactions with liquids. In general, the Zisman theory works best for non-polar 
surfaces, e.g. poly(ethylene) and poly(propylene), but it becomes inadequate for polar 
surfaces, e.g. glasses, ceramics and metals. This is because the Zisman theory is a one-
parameter model since it only considers the overall values of the surface tensions.  

Owens/Wendt Theory 
Owens and Wendt [1.34] developed a theory that accounts for polar-type interactions between 
solids surfaces and liquids. This theory is based on the equation of Young (1-28) and the 
equation of Good and Girifalco [1.35] which defines the solid-liquid surface tension as: 
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wherein D
lvσ  and P

lvσ  are the dispersive and polar components of the liquid surface tension, 

respectively, and D
svσ  and P

svσ  are these components of the solid surface tension, 

respectively.  
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Owens and Wendt combined Eqs. (1-28) and (1-31) to produce the following equation: 
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This equation has the linear form: 
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wherein: 
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Firstly, the overall liquid surface tension should be separated into polar and dispersive 
components. This can be done by measuring the contact angle of the liquid on a standard 
reference surface, which is capable of no-polar type interactions. An example of such surface 

is poly(tetrafluoroethylene) (PTFE), for which, 18== D
svsv σσ mN/m and 0=P

svσ mN/m. 

According to Eq. (1-32), the dispersive component of the liquid surface tension is given as: 
 

( )[ ]
072.0

1cos 2+
= PTFElvD

sv
θσσ  (1-36) 

 
where PTFEθ  is the contact angle of the liquid on the PTFE surface.  
 
Once all values of the liquid surface tensions (overall, polar and dispersive) and the 
equivalent contact angles are known, the solid surface tensions can be determined by plotting 
Y versus X, as shown in Figure 1-10b. Indeed, the polar and dispersive solid surface tensions 
can be calculated from the slope and the intercept of the fit line to the Y/X curve, respectively. 
The overall tension is the sum of these two components.  
 
The Owens/Wendt theory is typically the most applicable to surfaces that have low surface 
charge and are moderately polar in nature. This theory has limitation since it leaves the choice 
of liquids used up to the experimenter. Based on the equation of Owens and Wendt (1-32), 
Fowkes [1.36] suggested a method to determine the solid surface tensions by using contact 
angle data from two reference liquids, e.g. diiodomethane and water. Diiodomethane has no 
polar component to its overall surface tension, thus enables calculating the dispersive solid 
surface tension. Water has both dispersive and polar to its surface tension. It is then used after 
diiodomethane and enables determining the polar solid surface tension. 
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a) b) 
 

Figure 1-10. Determination of the solid surface tension: a) Zisman plot for a low density poly(ethylene) and b) 
Owens/Wendt plot for poly(methyl methacrylate) (data from KRÜSS technical note [1.33]). 

1.3.3 Effect of surface roughness on wetting 
Wetting of a liquid on a solid surface is impacted not only by the surface chemistry, but also 
by the surface topography. Two distinct models, developed independently by Wenzel [1.37] 
and Cassie and Baxter [1.38] (named as the Cassie model), are commonly used to explain the 
effect of surface roughness on the apparent contact angle of liquid drops. 

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

smoothr θθ coscos =  (1-37) 
 
where smoothθ  is the contact angle measured on a smooth surface of the same material, given 

by Young’s equation (1-28) as ( ) lvslsvsmooth σσσθ −=cos . 

Cassie model 
The Cassie model [1.38], on the other hand, postulates that the hydrophobic nature of a rough 
surface is caused by microscopic pockets of air remaining trapped below the liquid droplet, 
leading to a composite interface (cf. Figure 1-11). If sΦ is the fraction of the solid in contact 

with the liquid, the Cassie equation yields: 
 

( )smoothsΦ θθ cos11cos ++−=  (1-38) 
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In contrast to the Wenzel relation, the Cassie model enables the possibility of θ > 90°, even 
with smoothθ  < 90°. The transition from the Wenzel to the Cassie state was observed [1.39]-

[1.40] at a critical contact anglecrθ  , which is obtained by equating Eqs. (1-37) and (1-38): 

 

s

s
cr

Φr

Φ

−
−

=
1

cosθ  (1-39) 

 
The value of the critical contact angle is necessarily greater than 90° as sΦr >> 1 . Thus, it 

may be anticipated that for θ < 90°, a surface cannot exist in the Cassie state or that the 
creation of highly nonwetting surfaces (θ >> 90°) requires crθθ > > 90°. 

 

 
 

Figure 1-11. On a hydrophobic surface, schematic view of a water droplet in a) Wenzel state and b) Cassie state. 
 

 
 

Figure 1-12. Contact angle behaviour is only determined by solid-liquid interactions at the TCL: a) inside the 
hydrophobic zone, the water contact angle is equal to that on the hydrophobic surface and b) if the TCL exceeds 

the hydrophobic zone, the contact angle is equal to that on the hydrophilic surface. 
 

However, the validation of the Wenzel and Cassie models was questioned by Gao and 
McCarthy [1.41]. The authors used three types of two-component surfaces that contain 
“spots” in a surrounding field: a hydrophilic spot in a hydrophobic field, a rough spot in a 
smooth field, and a smooth spot in a rough field. They measured water contact angles within 
the spots and with the spot confined to within the TCL of the droplet. The results indicated 
that contact angle behaviour (advancing, receding, and hysteresis) is determined by 
interactions of the liquid and the solid at the TCL only, and that the interfacial area within the 
contact perimeter is irrelevant. Figure 1-12 shows an illustration to better understand the 
suggestion of Gao and McCarthy [1.41].  

θ 

a) 

θ 

θ θ 

b) 

Hydrophilic  
Hydrophobic  

Air  
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1.4 Boiling on enhanced surfaces 

Over the years, the subject of heat transfer enhancement has been developed as a serious 
interest for heat exchanger applications. Investigations on this subject may have three 
objectives: reducing the heat exchanger size, operating at safety temperatures and increasing 
the rate of heat transfer. In boiling, a common technique for improving heat transfer is to 
structure the heated surface. The so-called “enhanced surface” is the surface having a special 
topography that provides higher heat transfer efficiency than the smooth surface. The 
enhanced surface is expected to initiate nucleate boiling at a minimal wall superheat, to 
sustain it at low heat fluxes or to improve the CHF. Ideal enhanced surface should address 
these three issues. In practice, some surfaces were proved to be good in one aspect but not in 
the others.  
 
The effect of surface finish on nucleate boiling was early investigated by Jakob and Fritz in 
1931, as reported by Jakob [1.42]. Water was boiled from a sandblasted surface and a surface 
having a square grid of machined grooves. The sandblasting provided no more than 15% 
improvement, which dissipated within a day. The grooved surface initially yielded boiling 
coefficients about three times higher than those of a smooth surface, but this performance also 
dissipated after several days.  
 
Nearly eighty years after the work of Jakob and Fritz, much research have been made and 
brought about advances in understanding the principles for improving heat transfer by 
enhanced surfaces. Nowadays, the challenge is to create enhanced surfaces at lower scales 
(micro and nano) and to understand the physics of boiling at these scales. 

1.4.1 Boiling on conventional enhanced surfaces 
This section provides a general overview of boiling on enhanced surfaces. For more details, 
the reader may refer to the excellent book of Webb and Kim [1.43]. In general, enhanced 
surfaces account for coated, rough and extended surfaces. The coated surfaces are 
manufactured by depositing various materials on the working surfaces. Typical deposit 
materials are, for example, Teflon-like and metal powders. A fine-scale porous coating may 
lead to enhancement of nucleate boiling. Surface roughness is usually formed by machining 
or restructuring the surface. Rough surfaces contain artificial nucleation sites, which provide 
higher performances than a plain surface. Extended surfaces are enhanced surfaces which are 
the most widely employed in heat exchangers. They provide an area increase and thereby 
improve the heat transfer efficiency. In the present context, this work focuses on coated and 
rough surfaces only. Examples of enhanced surfaces are presented in Figure 1-13. Table 1-1 
presents a summary of techniques of surface treatments that have been used to develop 
enhanced surfaces.   
 
In the author’s opinion, the enhanced surfaces provide enhancement of nucleate boiling 
through three main concepts: 
 

1. These surfaces have more nucleation sites than a plain surface. 
2. The subsurface pores are substantially larger than those on natural surfaces, reducing 

the superheat needed to active the nucleation sites (cf. Eq. (1-5)). 
3. Gas is trapped in cavities. This improves the nucleation activation and increases the 

bubble emission frequency (cf. Eq. (1-6)). 
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Figure 1-13. Illustration of cross section of: a) porous surface, b) rough surface. 
 

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

Table 1-1. Techniques to fabricate enhanced surfaces. 
Technique Description 
Abrasive treatment Abrasively roughening  the surface 
Chemical etching Exposing the surface to an etching bath 
Electroplating Using electrical current to reduce the cations of a desired material from a 

solution and coat the surface with a thin layer of the material 
Open grooves Forming parallel grooves by sharp pointed scriber 
Painting Mixing the particles with a paint and applying on the surface 
Sintering High-temperature method to deposit a layer of metal particles or metal fibre on 

the surface 
Spraying Directing the molten metal on to the surface using a spray gun 
Three-dimensional 
cavities 

Pressing cylindrical or conical cavities into the surface 

 
Griffith and Wallis [1.47] suggested that the geometry of a cavity containing trapped gas is 
directly related to nucleation process. To avoid the hysteresis effects, the cavities should have 
reentrant shape that ensures the stability of vapour generation. The reentrant cavity accounts 
for a cavity having a mouth smaller than its base, and hence it is expected to not become 
inactive during the boiling process. Examples of reentrant cavities are presented in Figure 
1-14. 
 

 
 

Figure 1-14. Schematic views of different interior shapes of reentrant cavities. 
 
The gap between nucleation sites is also an important parameter of boiling on enhanced 
surfaces. Das et al. [1.48] investigated nucleate boiling of water from a plain surface and from 
surfaces with discrete nucleation sites. They found that boiling heat transfer increased with 
the increase of the number of nucleation sites, but the advantage of decreasing the gap 
between nucleation sites diminished rapidly. Hence, they assumed that there exists an 

a) b) 
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optimum spacing of nucleation sites beyond which extra effort of manufacturing is irrelevant. 
Furthermore, Alam et al. [1.49] questioned about the effects of coating thickness on nucleate 
boiling. They conducted experiments of water pool boiling from mild steel tubes which were 
either uncoated or coated with copper by spraying technique. The copper coating thicknesses 
were 19, 26, 33, 41 and 60 µm respectively. They found that when the coating thickness 
increased, the heat transfer coefficient enhanced up to a maximal value and thereafter 
decreased.  
 
In summary, many advances have been made to create enhanced surfaces that have better 
performance of boiling heat transfer than natural surfaces. The two basic techniques to 
fabricate enhanced surfaces are coating and structuring. The boiling process from enhanced 
surfaces is especially related to the geometry and the spacing of the nucleation sites. Today, 
researches on this subject focus on creating enhanced surfaces at small scales (micro- and 
nanoscale). 

1.4.2 Boiling on surfaces structured at micro- and nanoscale 
Recent interest of boiling with micro- and nano-structured surfaces has mainly derived from 
research on nanofluid boiling. Nanofluids are fluids containing suspended nanoparticles, 
which account for particles having sizes smaller than 100 nm. Compared to the milli- and 
microfluids, nanofluids are more stable since they undergo little erosion and gravitational 
deposition over long time periods. Boiling of nanofluids has become an attractive subject over 
the past decade. A number of researchers observed deposition of nanoparticles on the heated 
surface. This has the effect to increase the surface roughness and wettability. The critical heat 
flux was also found to be significantly improved. However, controversial results were 
obtained for the heat transfer coefficient. Most studies reported no change of heat transfer and 
even worse the presence of heat transfer deterioration. A few others reported heat transfer 
enhancements. Summary of some studies is presented in Table 1-2.  
 
Underlining the role of the ratio of surface roughness Ra to particles size Sp, Narayan et al. 
[1.50] explained the mechanism of enhancement/deterioration of boiling heat transfer using 
nanofluids. The authors observed that the heat transfer coefficient increased by 70% in the 
case of a heater with an average roughness of 524 nm and suspensions with an average 
particle size of 47 nm. But when the ratio of the average surface roughness to the average 
particle size became close to unity, the pool boiling heat transfer deteriorated significantly due 
to the decrease of the number of nucleation sites.  
 
In any case, the build-up of a thin porous layer of nanoparticles on the heated surface is within 
itself an interesting finding. Boiling nanofluids on the desired surface can turn out to be a new 
coating technique. For that, one should be able to control the deposition thickness. Kim et al. 
[1.51] assumed that the deposition of nanoparticles is primary due to evaporation of liquid 
microlayer underneath a bubble. Hence, they suggested the following equation to estimate the 
rate of growth of the nanoparticle layerδ& :  
 

lvvd

m

HD

q

ρ
ϕδδ

2

3=&  (1-40) 

 
wherein δm is the microlayer thickness, φ is the nanoparticle volumetric concentration, q is the 
heat flux, Dd is the bubble departure diameter, ρv is the vapour density and Hlv is the 
vaporisation latent heat.  
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In addition, Kim et al. [1.62] performed flow boiling experiments with low concentrations 
(0.01% by volume) of Al2O3 nanoparticles in water at atmospheric pressure, at moderate 
subcooling (<20 °C) and relatively high mass flux (≥1000 kg/m²s). They observed for the first 
time that nanofluids can enhance the flow CHF significantly (by as much as 30%). The 
enhancement of CHF in pool and flow boiling of nanofluids was clarified by Kim et al. 
[1.51], who established the nexus between CHF and surface wettability. According to these 
authors, the deposition of nanoparticle layer on the heated surface improves the surface 
wettability. When CHF occurs, high surface wettability mitigates the propagation of the hot 
spot, which could explain why burnout tends to be more localized in the nanofluid runs than 
in the water runs. Kim and Kim [1.63] conducted pool boiling experiments with Ag, SiO2, 
Al 2O3 and TiO2 nanofluids. They demonstrated that the CHF enhancement is a consequence 
of both the increase of surface wettability and the capillarity of the nanoparticle deposition 
layer. 
 

Table 1-2. Summary of studies on nanofluid pool boiling. 
Author  Year Results 
Narayan et al. [1.50] 2007 Heat transfer deterioration for Ra/Sp ~ 1 

Heat transfer enhancement for Ra of 0.524 µm and Sp of 0.047 µm 
Kim et al. [1.51] 2007 Surface wettability improvement 

Critical heat flux enhancement (>50%) 
Heat transfer deterioration 

Khandekar et al. [1.52] 2007 Surface wettability improvement 
Heat transfer deterioration 

Kim et al. [1.53] 2007 Critical heat flux enhancement (up to 100%) 
Wang et al. [1.54] 2006 Contact angle increase by nanocoating 

Heat transfer enhancement for coating of 20 and 80 µm thickness  
Bang and Chang [1.55]  2005 Heat transfer deterioration increases with nanoparticle 

concentration, 
Critical heat flux enhancement of 32% 

Wen and Ding [1.56] 2005 Heat transfer coefficient enhancement of 40% 
Tu et al. [1.57] 2004 Heat transfer coefficient enhancement of 64% 
You et Chang [1.58] 2004 Critical heat flux enhancement of 200% 

No change of heat transfer coefficient 
Bubble size increase of 30% 
Significant decrease of bubble departure frequency  

Vassallo et al. [1.59] 2004 Critical heat flux enhancement (up to 200%) 
No change of heat transfer coefficient 

Witharana [1.60] 2003 Heat transfer enhancement with gold-water nanofluids 
Heat transfer deterioration with silica-water nanofluids 

Das et al. [1.61] 2003 Increase of heat transfer deterioration with nanoparticle 
concentration 

 
The early works on boiling of nanofluids highlight the dominant effects of surface coating by 
nanoparticle deposition on boiling heat transfer. This subject has been discussed by only a 
few studies. For instance, Kunugi et al. [1.64] created a nanoparticle porous layer on sample 
surfaces by a chemical etching technique. They discovered an ultrahigh convective heat 
transfer performance compared to the well-known heat transfer correlations. The maximum 
increase of heat transfer coefficient was about 180%. Using Omegabond 200 high thermal 
conductivity epoxy, Vemuri and Kim [1.65] deposited a nanoporous layer 70 µm thick on a 
plain surface, and observed a reduction of about 30% in the incipient superheat.  
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Kim et al. [1.66] used MEMS (micro-electro-mechanical systems) fabrication to mimic the 
structure and characteristics of a surface deposited by nanoparticles. They fabricated three 
surfaces with nanostructure, microstructure and nanostructure on microstructure, respectively. 
They observed that nanostructure intensified the surface wettability and liquid spreadability. 
The enhancement of CHF was also noticed and was related to the enhancement of surface 
wettability and liquid spreadability. The effect of microstructure on CHF enhancement was 
not explained. The greatest CHF enhancement was observed with the surface containing both 
the micro and nanostructures. Each surface also showed some enhancement in boiling heat 
transfer. 

1.4.3 Effects of surface wettability on boiling heat transfer 
The observations on nanofluid boiling lead to questioning the role of surface wettability on 
nucleate boiling mechanism. Up to now, this issue is frequently understood by classical 
models [1.8],[1.11]. Little experimental data about this are available because of the difficulty 
of varying the contact angle while keeping all other parameters constant.  
 
One traditional method to modify the liquid contact angle is the use of surfactant solutions as 
Wen and Wang [1.67]. The authors found that the addition of surfactant could enhance the 
water boiling heat transfer by the change of surface wettability, which had been neglected for 
a long time and could be an important parameter influencing boiling heat transfer. The 
disadvantage of this method is that both the surface wettability and the surface tension vary. 
Hence, the enhancement of the boiling heat transfer might be due to the significant decrease 
of the surface tension rather than the increase of the surface wettability.  
 
Oxidizing copper is another method widely applied. The surface wettability is modified by 
controlling the degree of oxidation of the surface. Using this method, Liaw and Dhir [1.68] 
found that for a given heat flux, the void fraction near the heated surface increases as the 
contact angle increases, whereas the maximum heat flux decreases with an increase in contact 
angle. However, oxidizing copper may change the surface topography at microscale which is 
the characteristic scale of nucleation sites.  
 
Another method employed by Takata et al. [1.69] is TiO2 photocatalysis. The authors 
observed a significant decrease of water contact angle when the surface coated with TiO2 is 
irradiated by UV light. Due to this property of TiO2, they made superhydrophilic surfaces of 
which the heat transfer characteristic in nucleate boiling is better than that of an uncoated one. 
Though, the study of Takata et al. [1.69] is limited in contact angle range and stability: the 
contact angle varied from 0° to 20° and was unstable during experiments. 
 
Furthermore, most experiments on boiling heat transfer dealt with wetted surfaces. Few 
studies investigated nucleate boiling mechanism on nonwetting material as summarised in 
Chapter 11 of Webb and Kim [1.43]. Griffith and Wallis [1.70] performed experiments on 
single conical cavities 0.08 mm in diameter, formed by pressing a needle into the boiling 
surface. They found that unwetted (paraffin-coated) cavities are more stable in term of heat 
transfer than wetted ones.  
 
Gaertner [1.71] carried out further work with artificial nucleation sites, covering the inside 
surface of the cavities with a nonwetting material. The coated cavity surface boiled at a lower 
superheat and remained active for a much longer time. However, the heat transfer coefficient 
was considerably reduced if the coating was deposited on the entire surface because of the 
bubble coalescence that caused the entire surface to become vapour blanketed.  
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Hummel [1.72] boiled water on a stainless steel surface which had been sprayed with Teflon, 
producing 30 to 60 spots/cm² with a spot diameter of 0.25 mm or less. The author observed a 
significant heat transfer enhancement. Gaertner [1.71] and Hummel [1.72] argue against the 
merits of a continuous surface coating because of the tendency of the surface to become 
vapour blanketed. Nevertheless, Vachon et al. [1.73] did not observe vapour blanketing when 
boiling water on stainless steel covered by an 8 µm thick layer of Teflon. 
 
In summary, the surface wettability was early noticed as an important parameter of 
heterogeneous boiling. A number of investigations were carried out in order to determine its 
impact on the boiling process. However, in those studies, the techniques used to modify the 
surface wettability still exhibited some limitations because they led to unexpected 
modifications of some other parameters (micro-surface topography and surface tension force) 
and to the contact-angle instability. In addition, the lack of experiments with a large set of 
contact angles limits an overall understanding of the surface wettability role. Therefore, in the 
beginning of the present work, techniques of surface treatments for accurately modifying the 
surface wettability were developed, as described in the next chapter. 
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Chapter 2: Techniques for surface treatment and 
characterization 

The previous chapter presents the benefits of enhanced surfaces in improving boiling heat 
transfer. Over the past eighty years, significant advances have been made in manufacturing 
enhanced surfaces on the macroscale. Today, progress in micro and nano technologies enables 
the fabrication of enhanced surfaces on the lower (micro and nano) scales, at which the 
mechanism of boiling enhancement should be different. Indeed, the wetting phenomenon can 
play an important role at these scales, and hence its effects need to be considered in the 
boiling processes. Some investigations have been carried out to explore the influence of 
surface wettability on boiling, but no accurate experiments have been conducted so far 
because of the lack of technology to modify the contact angle without a large change in other 
parameters. 
 
This chapter is devoted to describing the techniques for surface treatment and the methods of 
surface characterization used in this study. The sample surfaces were micro- or nano-treated 
by chemical techniques (chemical vapour deposition) or physical techniques (physical vapour 
deposition and laser etching). In general, microscale surface treatments are used to create 
artificial surface patterns, while nanoscale surface treatments are used to modify the surface 
wettability. Characterization of the sample surfaces was made by measurements of different 
parameters, e.g. surface topography, surface roughness, contact angle and electrical 
resistance. The determination of these parameters is necessary for understanding the physical 
interactions at the solid-liquid interface. In this chapter, only experimental principles are 
referred to and technical details are not mentioned. The reader should consult the literature 
cited for a more complete understanding of the specific processes discussed. 

2.1 Surface treatment 

Thin film technologies and patterning techniques have been widely developed over the past 
decades, particularly for the microelectronics and IT1-related components and systems. Their 
direct implementation in the fields of heat and mass transfer is mostly recent and opens large 
expectations in making new surfaces which have not been assessed before in heat exchange 
systems. Table 2-1 summarizes the surface solutions realized in the present work. Those 
surfaces mainly address heating, structuring and wetting functions which were necessary to 
operate the experimental heat-exchanger systems. Related surface-treatment conditions will 
be presented in the following subsections. 
 

Table 2-1. Summary of coating processes used in this study. 
Material Notation Technique Thickness Function 
Titanium Ti PVD 3-4 µm Heating & structuring layer 
Diamond-like carbon DLC PECVD 0.5-1 µm Electrical-insulating & structuring layer 
Low-carbon PDMS2 SiOx PECVD < 50 nm Wetting layer 
High-carbon PDMS SiOC PECVD < 50 nm Wetting layer 
Teflon-like Teflon PECVD < 50 nm Wetting layer 
Iron oxide Fe2O3 MOCVD < 50 nm Wetting layer 
Platinum Pt MOCVD < 50 nm Wetting layer 

                                                 
1 Information Technologies 
2 Polydimethylsiloxane 
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2.1.1 Physical vapour deposition 

Definition 
Physical vapour deposition (PVD) is a vacuum deposition process used to deposit thin films 
by the condensation of a vaporized form of the material onto various surfaces [2.1]. The 
coating method involves purely physical processes such as high temperature vacuum 
evaporation or plasma sputter bombardment. Variants of PVD include: 
 

� Evaporative deposition: in which the material to be deposited is heated to a high 
vapour pressure by electrically resistive heating in "low" vacuum, 

 
� Electron beam physical vapour deposition: in which the material to be deposited is 

heated to a high vapour pressure by electron bombardment in "high" vacuum, 
 

� Sputter deposition: in which a glow plasma discharge (usually localized around the 
"target" by a magnet) bombards the material sputtering some away as a vapour, 

 
� Cathodic arc deposition: in which a high power arc directed at the target material 

blasts away some into a vapour, 
 

� Pulsed laser deposition: in which a high power laser ablates material from the target 
into a vapour. 

Titanium coatings by PVD 
The CEA process used for titanium coatings is based on the sputter deposition variant [2.2]. 
Figure 2-1a illustrates the PVD reactor used in this study. The sputtering source is a 
magnetron that uses strong electric and magnetic fields to trap electrons close to the surface of 
the magnetron, which is known as the target (cf. Figure 2-1b).  
 

 
 

Figure 2-1. CEA magnetron sputtering reactor: a) experimental apparatus image and b) schematic diagram. 
 
The electrons following helical paths around the magnetic field lines undergo more ionizing 
collisions with gaseous neutrals near the target surface than would otherwise occur. The 
sputter gas is inert, typically argon in this case. The extra argon ions created as a result of 

Pump 

 (Ar, O2)

Substrate  

 DC or RF generator  

Titanium 
magnetron 

Ar+, e- 

a) 

b) 
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these collisions lead to a higher deposition rate. It also means that the plasma can be sustained 
at a lower pressure. The sputtered atoms are neutrally charged and so are unaffected by the 
magnetic trap. Table 2-2 summarizes the operating conditions of the titanium coating process. 

 
Table 2-2. PVD process conditions for depositing Ti coatings. 

Target Sputter 
gas 

Working 
pressure  
(mbar) 

Magnetron 
power 
(W) 

Magnetron 
frequency (kHz) 
/Duty time (µs) 

Process 
temperature 
(°C) 

Plates 
spacing 
(mm) 

Deposition 
rate 
(nm/s) 

Titanium 
99.9% 

Argon 0.005  600 30 /4  ~100  80 ~ 0.6  

2.1.2 Chemical vapour deposition 

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

 
 

Figure 2-2. Diagram of CVD processes. 
 
Plasma enhanced chemical vapour deposition (PECVD) is also known as glow discharge 
chemical vapour deposition. In PECVD process, plasma (ionic gases) is used to initiate 
chemical reactions. Generally, the plasma is created by radio frequency (RF) or direct current 
(DC) discharge between two electrodes, the space between which is filled with the reacting 
gases. The PECVD allows deposition process to occur at a lower temperature than the 
conventional CVD method.  
 
Metalorganic chemical vapour deposition (MOCVD) is a chemical vapour deposition process 
that uses organometallic precursors, which refer to compounds containing metal atoms 
bonded to organic radicals. Generally, the metalorganic precursors undergo pyrolysis 
reactions. Compared to the conventional CVD process, MOCVD process requires a lower 
deposition temperature and gives higher deposition yield. 
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Diamond-like-carbon coatings by PECVD 
CEA processes developed for diamond-like-carbon (DLC) applications are based on the 
PECVD technique [2.4]. A 250-mm diameter samples holder is connected to the live plasma 
electrode which runs at low frequency (40 kHz). A 250-mm diameter showerhead is used to 
flow uniformly the gas precursors inside the reactor to the surface of the samples to be coated. 
Before operating the discharge, the reactor is pumped to 2-4.10-6 mbar by means of a rotary, a 
roots and a turbo-molecular pumping group. During plasma deposition, the chamber is 
evacuated by a rotary pump. 

 

 
 

Figure 2-3. In-house built PECVD reactor: a) sample holder and b) showerhead. 
 
Several carbon precursors can be used in PECVD to synthesize DLC coatings (e.g. benzene, 
acetylene, cyclohexane, pentane, propane, methane, etc.). In the present case, cyclohexane 
(C6H12) is used together with a reducing mixture of hydrogen so to enable relatively faster 
growth rate at a given plasma power. As this coating was formerly developed on steel samples 
for mechanical applications it appeared necessary to co-develop an adhesion layer to improve 
the durability and toughness of the coated samples. So came the hydrogenated silicon carbide 
(SiCH) coating as an optimized candidate to reduce the overall stress within the coating 
assembly and to insure good chemical bonding at the interfaces. This coating is processed in-
situ in the same reactor using tetramethylsilane TMS (Si(CH3)4) and argon as precursor and 
carrier gas, respectively. Shown in Table 2-3 is a summary of the operating conditions for 
deposition of SiCH and DLC coating. 
 

Table 2-3. PECVD process conditions for depositing SiCH and DLC coatings. 
 Precursors 

Partial pressure (mbar) 
Carrier Working  

pressure 
(mbar) 

Power 
(W) 

Process 
temperature 
(°C) 

Plate 
spacing  
(mm) 

Deposition  
rate 
(nm/s) 

SiCH 
 

TMS (Si(CH3)4) 
0.05 

Ar 0.10  100 120  200 ~ 0.3  

DLC C6H12  
0.03 

H2 0.04 300 120  200 ~ 1.5  

Polydimethylsiloxane coatings by PECVD 
CEA processes developed for hydrophilic and hydrophobic applications are based on the 
PECVD technique [2.5]-[2.6]. Plasmas are produced inside a cylindrical stainless steel 
vacuum chamber (diameter 30 cm) with a parallel plate configuration. Substrates to be coated 
are positioned on the lower grounded electrode. The precursor vapour is uniformly distributed 

a) b) 

Polarized sample holder (250 mm-diameter) 
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in the reactor by the upper showerhead electrode (with pinholes diameter of 1 mm). The upper 
electrode is externally connected, through a semi-automated matching network, to a 13.56 
MHz-RF power supplier which provides a RF voltage with respect to the grounded chamber. 
Before operating the discharge, the reactor is pumped below 5.10−3 mbar by the mean of a 
rotary pump. During plasma deposition, the chamber is evacuated also by the mean of the 
rotary pump. 
 

 
 

Figure 2-4. In-house built PECVD reactor for silicon oxide coatings. 
 
Polydimethylsiloxane (PDMS)-based coating is an interesting solution towards tuneable 
surface energy. Precursors such as hexamethyldisiloxane (HMDSO), tetramethylsiloxane 
(OMCTSO) or tetraethoxysilane (TEOS) mixed with oxidants (O2) and/or noble gases (Ar, 
He) are commonly used. In particular, HMDSO is one of the most common monomer 
described in the literature concerning PECVD deposition of silicon oxide thin films. HMDSO 
is a monomer that cannot be polymerised following the conventional polymerisation 
methodologies in liquid phase because it does not have cyclic or double bonds in its structure. 
On the contrary, HMDSO can be polymerised during plasma treatments, by rearranging the 
radicals produced by its dissociation induced by electron impact. Soft coatings of SiOxCyHz 
with high content of methylene and methyl groups are obtained by using pure HMDSO in 
plasma process yields [2.7]. As a replacement of HMDSO, OMCTSO can also be used for its 
respectively higher content of methyl groups and lower density which bring the surface 
energy further down. 
 
Using either oxidizing or reducing mixtures together with PDMS precursors lead to low or 
high carbon containing PDMS coatings that present hydrophilic (SiOx) or hydrophobic 
(SiOC) properties, respectively. Conditions of the PDMS coatings are summarized in Table 
2-4 below. 
 

Table 2-4. PVD process conditions for depositing PDMS coatings. 
 Notation Precursors, 

Partial 
pressure 
(mbar) 

Carrier Working  
pressure 
(mbar) 

Power 
(W) 

Process 
temperature 
(°C) 

Plate 
spacing  
(mm) 

Deposition  
rate 
(nm/s) 

High-carbon 
PDMS 

SiOC OMCTSO, 
0.15 

Reducing 
mixture 

0.25  100  80 30 ~ 1 

Low-carbon 
PDMS  

SiOx HMDSO, 
0.15 

Oxidizing 
mixture 

0.50  800  80 15 ~ 10  
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Iron oxide and Platinum coatings by MOCVD 
CEA processes developed for Iron oxide (Fe2O3) and Platinum (Pt) applications rely on the 
MOCVD technique using the same equipment as per PECVD applications (cf. section above). 
In the MOCVD configuration, the plasma source is not activated. A dedicated liquid injector 
is used to pulse the liquid precursor mixture (metallic acetylacetonate and toluene) through 
the showerhead inside the vacuum chamber. A stable gas phase of organometallic compounds 
is thereby generated with an accurate control of the gas flowrates inside the chamber. 
Conditions of these coatings are summarized in Table 2-5 below. 
 

Table 2-5. MOCVD process conditions for depositing Fe2O3 and Pt coatings. 
Material Precursors, 

[frequency [Hz]; 
impulsion No.; 
aperture [ms]) 

Carrier Working  
pressure 
(mbar) 

Evaporator 
temperature 
(°C) 

Process 
temperature 
(°C) 

Plate 
spacing  
(mm) 

Deposition  
type 

Fe2O3 
 

Iron 
acetylacetonate 
(1; 300; 1) 

O2, N2 70-100  220  400  35 Nanoparticles – 
discontinuous 
coating 
 

Pt Platinum 
acetylacetonate 
(2; 1200; 10) 

O2, N2 8 200 350 35 Nanoparticles – 
discontinuous 
coating 

2.1.3 Laser ablation  

Definition 
Laser ablation is a direct-approach technique which plays an important role in machining and 
structuring materials. Applications cover high precision drilling, milling, fusion, scribing, etc., 
as well as surface preparation, texturation and 2D-3D patterns making with complex shapes at 
microscopic and submicroscopic scales [2.8]. Like UV lithography, ions beam or electron 
beam etching, laser ablation enables the fabrication of micro- and nanostructured functional 
surfaces with a top-down approach. Ablation can be achieved by UV, visible or IR sources in 
pulsed or continuous modes. Ablation principle is that light, at the considered wavelength, is 
quickly absorbed by the very superficial layers of the target material. This absorption leads to 
the breaking of chemical bonds and thus to the evaporation of the surface material (cf. Figure 
2-5). This etching technique is based on light-matter interaction [2.10]. 
 

 
 

Figure 2-5. Schematic view of ablation process by laser beam. 
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Micro-patterning by laser ablation 
Shown in Figure 2-6 is the “Tamarack 412” equipment used in this study. This is a 
commercial laser ablation system based on mask projection. The working stage consists of a 
KrF excimer laser providing nanoseconds long pulses at 248 nm with 34-473 mJ/cm² fluence 
values. The laser source can further be pulsed between 1 Hz and 50 Hz. The sample-holder 
platform is x-y motorized and can receive 32x38 cm² flat but rigid or foldable substrates. In 
the present case, disk-shaped patterns of 40 µm diameter and 60 µm periods were ablated 
inside the samples surface in the conditions presented in Table 2-6. 
 

 
 

Figure 2-6. a) Laser ablation tool from Tamarack 412 ® and b) patterned mask used to ablate titanium and DLC 
coatings. 

 
Table 2-6. Ablation process conditions. 

Target material Fluence (mJ/cm²) Pulse frequency (Hz) Number of pulses 
Titanium 450  45 100 
Diamond-like carbon 450  45 5 

2.2 Surface characterization 

This section describes the techniques of surface characterization used in the present study. 
Micro and nanoscale images of a sample surface are obtained by using a scanning electron 
microscope (SEM). Atomic force microscope (AFM) is used for accurate determination of the 
surface roughness. In order to quantify the surface wettability, the contact angle is measured 
by using the sessile drop technique with KRUSS EasyDrop systems. Furthermore, the 4-wire 
technique is used for the measurement of the electrical resistance, enabling the determination 
of the sample temperature. 

2.2.1 Scanning electron microscope 
The scanning electron microscope (SEM) is a microscope that uses a high-energy beam of 
electrons instead of light to form an image [2.7].  The electrons interact with the atoms of the 
sample surface, producing signals that contain information about the surface topography, 
composition and other properties such as electrical conductivity. Since their development in 
the early 1950's, scanning electron microscopes have developed new areas of study in the 

60 µm 40 µm 

a) b) 
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medical and physical science communities.  The SEM has allowed researchers to examine a 
much bigger variety of specimens since its magnifications can go to more than 300 000 X. 
 
During SEM inspection, a beam of electrons is focused on a spot volume of the sample 
surface, resulting in the transfer of energy to the spot. Once the beam hits the sample, 
electrons and X-rays are ejected from the sample (cf. Figure 2-7). The incident electrons, also 
referred to as primary electrons, dislodge electrons from the sample itself. The dislodged 
electrons, named “secondary electron”, are attracted and collected by a detector, and then 
translated into a signal. To produce the SEM image, the electron beam is swept across the 
area being inspected, producing a lot of such signals. These signals are then amplified, 
analyzed, and translated into images of the topography being inspected. The principle 
components of a typical SEM are shown in Figure 2-8. 
 

 Incident electron beam 

Primary backscattered 
electrons 

Secondary electrons Auger electrons 

X-rays 

Sample 
 

 
Figure 2-7. Interactions at the sample surface due to injection of electron beam.  

 
Aside from secondary electrons, the primary electron beam also produces the emission of 
backscattered (or reflected) electrons from the sample surface. These electrons are often used 
in analytical SEM along with the spectra made from the characteristic X-rays. Indeed, the 
intensity of signal given by the backscattered electron is strongly related to the atomic number 
of the sample, and thus the backscattered-electron images can provide information about the 
distribution of different elements in the sample.  
 
The SEM has many advantages over traditional microscopes.  Indeed, it has a larger depth of 
field that allows focusing more specimens at one time.  It also has much higher resolution, so 
closely spaced specimens can be magnified at much higher levels.  Furthermore, the SEM 
enables more control in the degree of magnification since electromagnets rather than lenses 
are used.  Thanks to these advantages, the scanning electron microscope becomes one of the 
most useful instruments in research today.  
 
To improve the resolution and quality of images made by SEM, in the electron gun of the 
SEM, a field-emission cathode is used to provide an electron beam that is smaller in diameter 
and higher in electron energy than conventional thermionic emitters such as tungsten or 
lanthanum hexaboride (LaB6)-tipped filaments. This microscope using a filed-emission 
cathode” is named “FEG-SEM”, which refers to as “Field-emission gun scanning electron 
microscope”. FEG-SEM produces clearer, less electro-statically distorted images with spatial 
resolution down to 1 nm, which is three to six times better 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 instrument for analysing and characterizing 
samples surface, especially for imaging surface topography, at micro- and nanoscale. The first 
AFM was developed by Binnig, Quate and Gerber in 1986 [2.12], to overcome a limitation of 
the scanning tunneling microscope (STM) invented by Binning and Rohrer in 1981 [2.13]. 
The STM only enables imaging materials that conducts a tunnelling current, while AFM 
opened the door to imaging other materials, such as polymers and biological samples. 
 
As shown in Figure 2-9, the AFM consists of a sharp tip (probe) located at the free end of a 
cantilever 100 to 200 µm long. This tip is usually a couple of microns long and less than 10 
nm in diameter. When the tip is brought into proximity of a sample surface, different forces 
such as mechanical contact force, van der Waals forces, capillary forces, chemical bonding, 
electrostatic forces, etc. act to either attract or repeal the tip. The deflection of the cantilever is 
measured using a laser spot reflected from the top surface of the cantilever into an array of 
photodiodes, giving the total contact force between the tip and the sample.  
 
If the tip is scanned at a constant height, it may collide with the sample surface, causing 
damage. Therefore, in most cases, the tip-to-sample distance is adjusted to maintain a constant 
force between the tip and the sample using feedback mechanism. Typically, the sample is 
mounted on a piezoelectric tube that can move the sample in the z (vertical) direction for 
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maintaining a constant force, and the x and y (horizontal) directions for scanning the sample. 
The resulting map of z as a function of (x,y) represents the topography of the sample surface. 
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Figure 2-9. Block diagram of atomic force microscope. 
 

The AFM can be operated in different modes [2.14], depending on the application, such as 
contact mode, non-contact mode and tapping mode. In the contact mode, the tip is constantly 
in contact with the surface. In the non-contact mode, the tip is oscillating above the surface. In 
the tapping mode, the tip is oscillating with given amplitude at a fixed frequency near the 
resonance of the cantilever, tapping gently the surface. The vibration amplitude is reduced as 
the tip enters in contact with the surface, and the tip sample distance is adjusted to keep it 
constant. The tapping mode will be used in this study to analyse the sample surface 
topography and roughness. 

2.2.3 Contact angle measurement 
The static contact angle is measured by the commercial system of KRÜSS EasyDrop DSA10 
as shown in Figure 2-10. The used technique is called “sessile drop technique” that consists of 
the following steps [2.15]. First, a small (1-5 µl) sessile droplet is deposited by a syringe 
pointed vertically down onto the sample surface. Afterwards, image of the droplet is captured 
by a charge coupled device (CCD) camera (cf. Figure 2-11). Then, the captured image is 
analysed by KRÜSS software to determine the droplet contour and its baseline (the contact 
line between the droplet and the sample surface). Hence, the static contact angle is 
determined.  
 
For a sample surface, the static contact angle is the mean value of the static contact angles 
measured at twenty distinct points uniformly distributed on the surface (five measurements 
are made at each point). 
 
The higher image size, the higher number of pixels is available for evaluating the droplet 
contour. Therefore, the size of the droplet image should be adjusted to be as large as possible 



STATE OF THE ART     43 

on the screen. Example of a good droplet picture for contact angle determination is shown in 
Figure 2-12. The width of the droplet is equal to about 2/3 of the width of the whole image. 
The contour of the droplet is light, without any parasite by light reflection from the sample 
surface. Lighting was adjusted so that the area above the baseline has a uniform brightness 
and so that the droplet contour is not clipped. The reflected image of the droplet should be 
light to enable an easy determination of baseline by the image analysis software. 
 

 
Camera 

Light 

Syringe 

Droplet 

Droplet holder 

 
 

Figure 2-10. Block diagram of the KRÜSS EasyDrop DSA10 system. 
 

 

θ 

Contact angle 
Baseline 

 
 

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

 
 

Figure 2-12. Example of a clear picture for determination of the contact angle [2.15]. 
  
 Contact angle hysteresis measurement 
If the contact angle is measured when the volume of the droplet is increasing, practically this 
is done just before the contact line starts to advance; the so-called “advancing contact angle” 
θa is obtained (cf. Figure 2-13). If the volume of the drop decreases and the contact angle is 
determined just before the contact line starts to recede, the so-called “receding contact angle” 
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θr is obtained. Usually θa is significantly higher than θr and the static contact angle θ is 
included between θr and θa. The difference θa - θr is the so-called contact angle hysteresis. 
 
The KRÜSS set-up enables the change of the droplet volume at a controlled flow rate through 
a system of pump and syringe. To measure the contact angle hysteresis, the droplet volume is 
set to increase from about 10 to 14 µl and afterwards to decrease from 14 to 6 µl. The 
evolution of the droplet volume with time is recorded by the CCD camera. Then, the images 
given by the recorded video are analysed by the KRÜSS software. The contact angle and the 
droplet diameter at each instant are thereby determined. A plot of these two parameters 
enables the determination of the dynamic angle (θa and θr) and the contact angle hysteresis, as 
shown in Figure 2-14. 
 

 

θa 

Droplet 

θr 

a) b)  
 

Figure 2-13. Determination of the contact angle hysteresis: a) increasing the droplet volume to obtain the 
advancing angle and b) decreasing the droplet volume to obtain the receding angle. 
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Figure 2-14. Theoretical curve of evolution of the contact angle with the droplet diameter. 
 
Beside the sessile drop technique, some others techniques have been used to determined the 
contact angle such as: Wilhelmy plate method, captive air bubble method, capillary rise 
method and Washburn method (for porous materials) [2.16].  

2.2.4 Surface temperature measurement 
In this study, the surface temperature is determined from measurements of the electric 
resistance by using the electrical resistance/temperature (R/T) curve. The following 
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paragraphs describe the techniques for accurate measurement of the electrical resistance and 
R/T calibration.   

Resistance measurement by 4-wire technique 
Assume that the electrical resistance Rsubject of a component is desired to be measured (cf. 
Figure 2-15). If the used ohmmeter is located at a significant distance away from this 
component, the measurement could be problematic since the ohmmeter measures all 
resistances in the circuit loop, including the resistance of the wires Rwire connecting the 
ohmmeter to the component. Frequently, the wire resistance is very small, but if the 
connecting wires are very long, and/or the component to be measured has a very low 
resistance, the measurement error introduced by wire resistance will be substantial. 

 
 

Ω 

Rwire 

Rwire 

Rsubject Ohmmeter 

 
 

Figure 2-15. Diagram of circuit for resistance measurement by 2-wire technique. 
 
To avoid error given by wire resistance, the so-called 4-wire technique is used. The desired 
resistance is determined from measurements of the current (by an ammeter) and the voltage of 
the component (by a voltmeter) according to the Ohm’s law. Current is the same at all points 
in the circuit as it is a series loop and the current loss by the voltmeter is negligible. The 
calculated resistance is indicative of the desired resistance since only voltage dropped across 
the component is measured. Therefore, the desired resistance can be accurately measured by 
using the 4-wire technique; even thought the ammeter and voltmeter are located far from the 
component. 

 Rwire 

Rwire 

Rsubject 

A 

V Voltmeter 

Ammeter 

 
 

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

In this study, instead of the ammeter, a shunt of 0.01 Ω is used to measure the current (cf. 
Figure 2-17). The shunt is connected in series with the component and the voltage dropped 
across the shunt is measured by a voltmeter. From the resistance and voltage of the shunt, the 
current in the circuit is determined.  
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Figure 2-17. Shunt of 0.01 Ω is used to determine the current. 
 
The temperature of the shunt is maintained constant at room temperature by air convection or 
by using a thermostat, and thereby the resistance of the shunt should not change by Joule 
effect even when high currents cross the circuit. Thus, the use of the shunt enables to measure 
accurately the current in a large threshold from 0 to 20 A.  

Resistance/temperature calibration 
The resistivity of a metallic conductor increases with increasing temperature. Over a moderate 
temperature range, the resistivity of a metal can be represented by a linear relation as: 
 

[ ])(1)( 00, TTT eee −+= αρρ  (2-1) 
 
wherein ρe(T) and ρe,0 are the resistivity at the temperature T and the temperature of reference 
T0, respectively and αe is the temperature coefficient of resistivity. The evolution of the 
electrical resistance as a function of the temperature is thereby given as: 
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wherein Re(T) is the electrical resistance, L is the length of the conductor and Ae is the section 
of the conductor crossed by the current at the temperature T. The variations of L and Ae with 
the temperature are assumed to be negligible, giving the following expression of the variation 
of Re: 
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Eq. (2-3) shows that the sensibility of the electrical resistance versus the temperature will 
increase with increasing L/Ae and/or ρe,0 and/or αe. From equation (2-2), the temperature can 
be written as a function of the electrical resistance as: 
 

01 )( KTRKT e +=  (2-4) 
  
wherein K1 and K0 are the constants depending on the geometry of the conductor and the 
temperature coefficient of resistivity as: 
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The so-called resistance/temperature (R/T) calibration is the determination of K1 and K0 
experimentally according to the following steps. The conductor is put inside a thermostat 
containing deionised water (cf. Figure 2-18). At steady state, the temperature of the conductor 
is equal to the temperature of water which is measured by a platinum probe of 0.1 °C 
accuracy. For temperature between 20 °C and 90 °C by step of 10 °C, the electrical resistance 
of the conductor is measured by using the 4-wire technique. The temperature is then plotted as 
a function of the electrical resistance. A linear regression of this curve will enable the 
determination of K1 and K0 (cf. Figure 2-19). Once these constants are known, the 
temperature of the conductor can be determined by measurements of the electrical resistance. 
 

 
 

Figure 2-18. Schematic view of experimental setup for R/T calibration. 
 

 
 

Figure 2-19. Example of T/R curve used for temperature determination from measurement of resistance. 
 
The present technique enables an accurate determination of temperature with relatively low 
uncertainties (< 0.2 °C). Therefore, it was used to determine the sample temperatures for both 
pool and flow boiling experiments as described in the following chapters. 
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PART 2 - POOL BOILING EXPERIMENTS  

The previous part describes an overview of the phenomenon occurring during heterogeneous 
boiling, as well as some basis fundamentals for a better understanding of the present study. 
This part also provides a review of surface treatment and characterization techniques. 
Currently, a number of surface treatment techniques enable close control of manufacture on 
the nano- and microscales. Although these techniques have been developed highly over the 
last twenty years, their applications in the field of boiling are still limited.  
 
High interest in the use of micro- and nano-surface treatments in boiling heat transfer was 
inspired by the emergence of nanofluids, which are fluids containing particles of sizes less 
than 100 nm. Recent investigations show that during boiling of nanofluids, nanoparticles 
deposit along the heated surface, leading to modification of the surface properties and the 
boiling processes. 
 
Therefore, pool-boiling experiments were performed in order to highlight the impact of 
nanoparticle deposition on nucleate boiling processes, especially on bubble growth 
mechanisms. This work is necessary for development of processes for sample fabrication and 
for the design of an experimental setup to study flow boiling in microchannels.   
 
Two distinct experiments will be introduced in chapters 3 and 4, respectively. The first 
experiment aims at giving a better understanding of observations in literature concerning 
nanofluid boiling. Sample surfaces were coated by performing nucleate boiling of nanofluids. 
This is the first step to explore the effects of nanoparticle deposition on heterogeneous 
boiling. The second experiment was conducted to identify the impacts of nanocoating on 
boiling mechanism. In this experiment, coating of sample surfaces was made by various other 
techniques such as MOCVD and PECVD (cf. Section 2.1.2). The obtained experimental 
results enable the development of models that take into 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 first experiment which was conducted to obtain a 
better understanding of recent observations about nanofluid boiling. In the first step, pool 
boiling of nanofluids was performed to study the process of nanoparticle deposition on 
sample heated surfaces. Afterwards, experiments were carried out to measure the heat transfer 
coefficient of water boiling on an uncoated surface or on a surface coated by nanoparticle 
deposition. The obtained results give preliminary insights 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., gold (Au), alumina (Al2O3) and titanium 
dioxide (TiO2) (cf. Figure 3-1). Water-based nanofluids of these three materials were supplied 
by the LITEN/L2T laboratory with low concentrations, i.e., 0.0003, 0.01 and 0.01% by 
volume. The nanoparticle sizes were measured with the dynamic light scattering technique 
and were found to range from 15 to 20 nm for Au nanofluid, 80 to 100 nm for Al2O3 
nanofluid and 20 to 30 nm for TiO2 nanofluid.  
 

 
 

Figure 3-1.  Nanofluids used for sample-surface coating. 

Gold nanofluid 
The Au nanofluid was prepared by reduction of aqueous hydrogen tetrachloroaurate hydrate 
(HAuCl4.3H2O) with sodium citrate (C6H5O7Na3). This is a well-known process called 
“Turkevitch method” [3.1] which allows the nanofluid to obtain colloidal stability.  

Alumina nanofluid 
The Al2O3 nanofluid was made by adding a powder of α Al2O3 (Ventron; 80-100nm) to 
deionised water. The milky suspension was then vigorously stirred during 12 hours in order to 
obtain a stable colloidal solution.  

Titanium dioxide nanofluid 
The TiO2 nanofluid was prepared by hydrolysis of titanium alkoxides in absolute ethanol 
according to the following recipe. Ti(OEt)4 (Aldrich) was added at room temperature to 
absolute ethanol under argon. Afterwards, an equimolar quantity of dry triethanolamine 
(Aldrich) versus titanium alkoxide was added to the latter solution. Then, the yellow solution 
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was stirred at room temperature during two hours. Finally, an equimolar quantity of deionised 
water versus titanium alkoxide was added. The solution was again stirred during 2 hours at 
room temperature. A large amount of water was added and the solution was dialysed against 
deionised water using a regenerated cellulose tubular membrane (Roth, MWCO: 4000-6000) 
during three days.  
 
The obtained titanium dioxide was under rutile phase (XRD). The size of particles measured 
by dynamic light scattering (Malvern Nanosizer) was in the range of 4 to 10 nm. However 
this size increases with time and, after one month, the mean diameter was 20-30nm and then 
remained relatively constant. 

3.1.2 Coating apparatus and procedure 
The surface coating is achieved with the apparatus shown in Figure 3-2. The sample is a foil 
heater made of stainless steel (grade 301), 100 mm long, 5 mm wide and 20 µm thick. The 
foil heater is submerged in the corresponding working nanofluid at atmospheric pressure. The 
faces 100 mm x 5 mm are maintained vertically by a screw system and heated by Joule effect 
with a DC power supply of 30-V and 20-A capacity. This position of the sample enables a 
homogeneous deposition of nanoparticles on the both sides.  
 
Voltage and current are measured with Agilent 3458A multimeter and a shunt of 0.01 Ω. The 
sample temperature is estimated from measurement of the electric resistance and using the 
R/T calibration of stainless steel previously established (cf. Section 2.2.4). A K-type 
thermocouple of 1.1 °C accuracy is used to measure the fluid bulk temperature. 

 

 
 

Figure 3-2. Diagram of nanofluid nucleate boiling apparatus. 
 

Each nanofluid has a specific sample for latter topography study. A preliminary test with pure 
water showed that a 40 kW/m² heat flux is enough to reach nucleate boiling conditions. Thus, 
all nanofluids were heated at heat fluxes slightly greater than 40 kW/m². Different boiling 
durations and different nanoparticle concentrations were established (cf. Table 3-1) in order to 
study their effects on the nanoparticle-deposition thickness.  
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Table 3-1. Nanofluid boiling characteristics. 
Particle material Particle size    

(nm) 
Concentration 
(%v) 

Heat flux 
(kW/m²) 

Boiling duration 
(s) 

Au 15-20 0.0003 52 600 
Al 2O3 80-100 0.01 45 60 
TiO2 20-30 0.01 54 250, 500 

3.1.3 Coating results.  

FEG-SEM images 
After boiling, the sample surfaces were scanned by field-emission gun scanning electron 
microscope (FEG-SEM) (cf. Section 2.2.1). The obtained images are shown in Figure 3-3. 
Build-up of nanoparticle layer on the sample surfaces are observed, which is in agreement 
with observations in the literature (cf. Section 1.4.2).  
 

 
(a) top view 

 
 (a) perspective view 

 
 (b) top view 

 
 (b) perspective view 

 
 (c) top view 

 
 (c) perspective view 

 
Figure 3-3. FEG-SEM images of nanoparticle deposition layer of a) Au; b) Al2O3; c) TiO2. 

 
Compared to the other nanofluids, the TiO2 nanofluid produces the best porous layer 
thickness uniformity, reasonably due to a long boiling duration (500s) and a high nanoparticle 

Gold 
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concentration (0.01 %v). Because of a relatively low concentration (0.0003%v), the Au 
nanofluid give low deposition kinetics. In addition, XPS (X-ray Photoelectron Spectroscopy) 
analysis showed that sodium citrate, a dispersive material, originally used to maintain the Au 
particle size stable, is being deposed at the same time onto the corresponding sample surface.  

Nanoparticle deposition thickness 
As described in Section 1.4.2, Kim et al. [3.2] assumed that the deposition of nanoparticles is 
primary due to evaporation of liquid microlayer underneath a bubble. Thus, they suggested 
the following equation to estimate the rate of growth of the nanoparticle layer:  
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wherein mδ  is the microlayer thickness, ϕ  is the nanoparticle volumetric concentration, q is 

the heat flux, Dd is the bubble departure diameter, ρv is the vapour density and Hlv is the 
vaporisation latent heat.  
 
In the present experiments, similar conditions as Kim et al. [3.2] have been selected. Along 
the same lines, the same bubble departure diameter (Db = 2.4 mm) and the same liquid 
microlayer thickness (δm = 1 µm) are chosen to estimate the nanoporous thickness. Actually, 
Db is approximated by the correlation of Cole and Rosenhow [3.3] and δm is correlated by the 
equation of Collier and Thome [3.4]. Unlike the experiments of Kim et al. [3.2] where the 
nanoparticle concentrations remain constant, the concentrations in this study increased 
gradually with time by evaporation. Assuming that the mass of nanoparticles lost by 
deposition and evaporation is negligible compared to that remaining in water, the 
concentration is given as: 
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wherein t is the boiling duration, φ0 and φ(t) and Vl,o and Vl (t) are the concentrations and the 
liquid volumes at the initial instant and at the instant t, respectively. This implies: 
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wherein k is a constant defined as: 
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wherein ρl is the liquid density and qeva is the heat flux due to evaporation. The latter can be 
approximated as: 
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wherein t∞ is the time required to evaporate all liquid in the pool. This parameter can be 
experimentally measured. Hence, the constant k can be determined as: 
 

∞
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t
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By replacing Eq. (3-3) into Eq. (3-1), the following expression of the deposition rate is 
obtained: 
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Therefore, the thickness of the deposition layer δ can be estimated as: 
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The thicknesses of the deposition layers can also be determined by geometric measurement 
from FEG-SEM images. A comparison of the measured thicknesses to thoses calculated by 
Eq. (3-9) is shown in Figure 3-4.  
 

 
 

Figure 3-4. Deposition layer thickness in the conditions of: a) 0.0003%v of Au during 600 s, b) 0.01%v of Al2O3 
during 60 s, c) 0.01%v of TiO2 during 250 s and d) 0.01%v of TiO2 during 500 s.  

 
It is shown that the deposition layers get indeed thicker with a longer boiling stage or with a 
higher initial nanoparticle concentration. The values of deposition thickness given by Eq. 
(3-9) are close to those given by geometric measurement for long boiling durations (more 
than 5 minutes) with a deviation of less than 5%, but are nearly twice smaller for a boiling 
duration less than 1 minute. This difference is attributed to uncertainties in the determination 
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of the beginning of nucleation by visualization. However, the validation of the model of Kim 
et al. [3.2] cannot be fully confirmed by the present experiment. To make a clear analysis, a 
parametric study should be done by varying only one parameter among the nanoparticle 
concentration, the boiling duration, the heat flux and the nanoparticle material. Moreover, the 
characteristic of the heater material should be also taken into account. 

3.2 Pool boiling experimental setup 

Sample preparation 
Among all test nanofluids, only TiO2 nanofluid gives a homogeneous deposition layer (cf. 
Figure 3-3). The surfaces tested in this experiment are thereby the surface coated by boiling of 
TiO2 nanofluid and the uncoated surface. They are made of stainless steel 301, 100 mm long, 
5 mm wide and 20 µm thick. The electrical resistance of each sample was previously 
calibrated, enabling the determination of the sample temperature (cf. Section 2.2.4).  

Experimental setup 
The experimental apparatus is shown in Figure 3-5. The layout is designed to study the pool 
boiling heat transfer in a horizontal position. This position will enable to obtain high-speed 
images of bubbles from the perspective view in the second experiment described in the next 
chapter.  

 
 

Figure 3-5. Experimental setup: (1) sample heater; (2) sample holder; (3) boiling vessel and (4) thermostat.   
 

The layout consists of a sample heater (1) maintained horizontally by a sample holder (2) 
fixed inside a boiling vessel (3). A DC power supply of 30-V and 20-A capacity is connected 
to the sample for resistance heating. A thermostat (4) is provided for initial heating of water 
and for maintenance of the water bulk temperature at 85 °C. Water comes in and out of the 
boiling vessel at very low flow rate to avoid disturbing the boiling occurrence near the sample 
surfaces. 
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Voltage and current are measured by Agilent 3458A multimeter and a shunt of 0.01 Ω (cf. 
Section 2.2.4). The bulk temperature is measured by a K-type thermocouple of 1.1 °C 
accuracy. The saturation temperature is determined from the measurement of the atmospheric 
pressure. 

3.3 Experimental results 

Data reduction 
The boiling heat transfer coefficient is defined as: 
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wherein Tw is the wall temperature, Ts is the water saturation temperature and q is the heat 
flux calculated as: 
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wherein V is the voltage dropped across the sample heater, I is the current and Ah is the total 
heat exchange area. 
 
From the uncertainties in the measurements of the test foil length, the test foil width, voltage, 
current and pressure, the uncertainties in the derived parameters (q, Ts, Tw and h) are 
estimated using the law of propagation of absolute error (cf. Appendix), as shown in Table 
3-2.  
 

Table 3-2. Operating conditions and uncertainties. 
Parameter Operational range Systematic uncertainty 
Ah (cm²) 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 
q (kW/m²) 50-400 3% 
h (W/m² K)  3000-16000 10-20% 

 
Voltage and current are accurately measured. Indeed, the maximum uncertainties in the 
voltage and the current are 0.011% and 0.015% respectively. The saturate temperature is 
determined from measurement of atmospheric pressure. The maximum uncertainty is about 
0.2 °C. The wall temperature is determined from electrical resistance/temperature calibration. 
The uncertainty in the wall temperature is calculated to be less than 1 °C. Uncertainty in the 
heat transfer coefficient is mainly attributed to uncertainties in the wall temperature and the 
heat exchange area. 
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Heat transfer measurements 
The heat transfer coefficients of the uncoated heater and the heater coated by deposition of 
TiO2 nanoparticles were measured. After the boiling tests, the TiO2-coated heater underwent a 
cleaning in acetone ultrasonic bath for 30 minutes in order to reduce the deposition layer 
thickness. Afterwards, the heat transfer coefficient of this heater was measured for the second 
time.  
 
The boiling curve of the uncoated surface is shown in Figure 3-6a. Low heat transfer 
hysteresis is observed when the heat flux increases and decreases. Figure 3-6b compares the 
heat transfer performance of the three distinct surfaces: uncoated surface, surface with TiO2 
deposition and the same surface with TiO2 deposition cleaned in ultrasonic bath. The obtained 
results show that nanoparticle deposition leads to deterioration of the heat transfer coefficient. 
Compared to the clean surface, the TiO2-coated surface shows an average heat transfer 
coefficient of 27% lower. Cleaning this surface in ultrasonic bath to remove unstable deposit 
particles leads to 50% deterioration of the heat transfer coefficient. 
 

 
 

a) b) 
 

Figure 3-6. Boiling curves of: a) uncoated surface with uncertainty bars and b) uncoated and coated surfaces. 

3.4 Discussion 

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

Effect of thermal conduction through the deposition layer 
The deterioration of the boiling heat transfer coefficient may be the consequence of the poor 
thermal conductivity of titanium dioxide (TiO2). If this hypothesis is correct, a gradual 
decrease of the heat transfer coefficient would be observed during the boiling of TiO2 
nanofluid, since the deposition layer is increasingly thicker. However, Figure 3-7 shows no 
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significant change in the boiling heat transfer coefficient of TiO2 nanofluid in the course of 
time. For analytical explanations, the Biot number of the deposition layer was determined as: 
 

λ
δh=Bi  (3-12) 

 
wherein h is the boiling heat transfer coefficient (≈ 104 W/m²K), δ is the deposition layer 
thickness (≈ 2 µm) and λ is the TiO2 thermal conductivity (≈ 1 W/mK). The obtained value of 
the Biot number is indeed negligible compared to unity (Bi ≈ 10-2). Therefore, the conduction 
through the TiO2 layer has a neglected influence on the boiling heat transfer.  
 

 
 

Figure 3-7. Evolution of the heat transfer coefficient with time at 100 kW/m². 
 
The heat transfer deterioration may be then related to a change in interactions at the solid-
fluid interface, which is characterized by the surface wettability. 

Effect of nanoparticle deposition on surface wettability  
The water contact angles of the sample surfaces were measured by the sessile-drop technique 
(cf. Section 2.2.3). As shown in Figure 3-8, the nanoparticle deposition layer significantly 
enhances the surface wettability, which is in agreement with observations in literature (cf. 
Section 1.4.2).  
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Figure 3-8. Static contact angles of 3-µL sessile water-droplets on the sample surfaces. 
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The Wenzel model [3.5] can be used to explain this phenomenon (cf. Section 1.3.3). Indeed, 
deposition of TiO2 nanoparticles should lead to an increase of the roughness factor, which is 
the ratio of the actual area to the apparent area of the solid-liquid surface. Hence, the contact 
angle decreases as stainless steel and titanium dioxide are both hydrophilic.  
 
This increase of the roughness factor can be explained by a qualitative analysis about the 
modification of the surface topography due to nanoparticle deposition. The roughness of the 
uncoated (clean) surface was measured by atomic force microscope (cf. Section 2.2.2) and has 
a maximum value of 0.2 µm. Hence, a 2-µm-thick deposition layer of TiO2 nanoparticles 
should level out most of the cavities of the clean surface and create a new roughness with a 
higher roughness factor (cf. Figure 3-9). When the TiO2-coated surface is treated in ultrasonic 
bath, unstable deposited particles are removed from the surface as shown in Figure 3-10. As 
the remaining nanoparticles do not fully fill the stainless steel cavities, a highest surface area 
could be generated. 

 
 

Figure 3-9. Schematic view of the cross section of a) uncoated surface, b) surface with TiO2-particle deposition 
and c) surface with TiO2-deposition cleaned in ultrasonic bath. 

 

  
 Before ultrasonic cleaning After ultrasonic cleaning 

 
Figure 3-10. FEG-SEM images of surface coated by TiO2-nanoparticle deposition. 

 
To obtain a full validation of the Wenzel model, the roughness factors of all the sample 
surfaces should be measured. However, it was not possible to make accurate measurements of 
the roughness factor on the coated surfaces, because the deposition layer is porous and the 
variation threshold of the surface roughness is relatively large (from a dozen to a few 
thousand nanometers).   

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

)cos1( θσ += lv
a
slW  (3-13) 

 
wherein σlv is the liquid-vapour surface tension  and θ is the contact angle. 

a) b) c) 
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For water, the adhesion energy is highly sensitive to the variation of the contact angle, 
because the liquid-vapour surface tension of water is relatively high (72 mN/m at 25 °C). As 
shown in Figure 3-11, significant enhancement of the adhesion energy is obtained with 
surfaces coated by nanoparticle deposition. The deterioration of the boiling heat transfer 
coefficient is then related to the increase of the adhesion energy (cf. Table 3-3).  
 
Indeed, when the adhesion energy increases, more energy is needed to generate bubbles 
because liquid penetrates more efficiently in the surface cavities. The force acting against the 
expansion of the bubble foot will also become higher because of higher surface tension force 
in the horizontal direction. Thus, the residence time of bubbles on the heated surface would 
become longer, decreasing the bubble emission frequency. Furthermore, on the coated 
surfaces, the number of active nucleation sites might decrease, because water wets almost 
completely the coating layer becoming highly porous. Besides, the size of cavities created by 
nanoparticle deposition are relatively small (a few dozen nanometers) compared to the critical 
radius of the water at atmospheric pressure (a few thousand nanometers).  
 

 
 
Figure 3-11. Adhesion energy of water versus the contact angle at 25°C for: a) uncoated surface, b) surface with 

TiO2-particle deposition and c) surface with TiO2-deposition cleaned in ultrasonic bath. 
 

Table 3-3. The modified surfaces versus the clean surface. 

Surface 
Adhesion energy 
increasing (%) 

Heat transfer coefficient 
deterioration (%) 

TiO2 deposition 66 30 
TiO2 deposition 
after  ultrasonic 

75 50 

Hypothesis for enhancement of heat transfer coefficient  
As shown in Section 1.4.2, a few studies on nanofluid boiling reported a heat transfer 
enhancement. This section aims at explaining this observation based on the effect of adhesion 
energy.  
 
Recent researches [3.6]-[3.7] show that when the nanoparticle concentration increases, the 
surface tension of nanofluids decreases. Thereby, the adhesion energy will also decrease if the 
surface wettability lightly changes, leading to an enhancement of the heat transfer coefficient.  
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As an example, Wen and Ding [3.8] used Al2O3 water-based nanofluids with concentration of 
0.32, 0.71, 0.95, and 1.25 w%, respectively. The concentrations are high enough to 
significantly reduce the liquid surface tension according to Sohel Murshed and Nguyen [3.6] 
and Shi et al. [3.7]. Moreover, neither nanoparticle deposition nor noticeable changes onto the 
sample surface topography were observed after the boiling tests. Therefore, the adhesion 
energy of the nanofluids would be smaller than pure water; leading to lower energy required 
for bubble formation, higher bubble emission frequency and higher number of active sites on 
the heated surfaces. Hence, the heat transfer coefficient improves. 
 
The results of Narayan et al. [3.9] might be explained by the same reasoning. The authors also 
used Al2O3 water-based nanofluids with concentration of 0.5, 1, and 2 v% respectively. The 
surface tension of these nanofluids should be lower than that of pure water. When the heated 
surface has low roughness (48 nm), the initial contact angle is relatively high (near 80° for 
stainless steel). Thus, the deposition of the alumina particles would lead to a significant 
decrease of the contact angle by increasing the roughness factor. In this case, the decrease of 
the contact angle should have a more significant effect than that of the surface tension. 
Therefore, the adhesion energy would increase and would result in deterioration of the heat 
transfer coefficient. However, when the surface roughness is high (524 nm), according to 
Wenzel model, the initial contact angle is relatively low. Hence, the deposition of the particles 
would slightly change the contact angle. Contrary to the previous case, the decrease of the 
surface tension should have a more significant effect. The adhesion energy would decrease, 
leading to the heat transfer coefficient enhancement.  
 
As a general tendency, most of nanofluid researches report heat transfer deterioration. The 
main reason for this observation should be the deposition of nanoparticles during nucleate 
boiling that increases the adhesion energy and reduces the number of active nucleation sites. 
However, beyond a range of nanoparticle concentration, both the adhesion energy and the 
number of active nucleation sites can be unchanged as the liquid surface tension highly 
decreases. This accounts for the fact that some studies report no change of heat transfer 
coefficient. If the contact angle slightly changes and the liquid surface tension significantly 
changes, enhancement of heat transfer can be obtained due to the decrease of the adhesion 
energy. In summary, the decrease of the liquid surface tension enhances the heat transfer 
whereas the nanoparticle deposition tends to deteriorate it. The interaction of these opposite 
effects could explain the controversial results published in the literature.   

3.5 Conclusion  

In order to understand the controversial results about nanofluid-boiling heat transfer, the 
present work performs experiments exploring the mechanisms and impacts of surface coating 
during nucleate boiling in nanofluids. The thickness of the nanoparticle layer was observed to 
depend on the nanoparticle concentration and the experiment duration.  
 
Compared to a clean surface, the wettability of the surfaces with TiO2 nanoparticle layer has 
been significantly improved. However, up to 50% of heat transfer coefficient deterioration 
was observed with TiO2 coated surfaces in water pool boiling. An explanation is proposed 
which involves the role of adhesion energy on heat transfer. Indeed, an enhancement or a 
deterioration of the heat transfer coefficient would be due to a decrease or an increase of the 
adhesion energy, respectively. 
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Therefore, the important role of surface wettability is highlighted by the present experimental 
work. However, the present experiment still has limitations because of a limited number of 
samples. For a more complete understanding of the impact of surface wettability on the 
boiling processes, another pool-boiling experiment was conducted, in which various samples 
having various contact angles were used. The details of this 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 surface coating by nanoparticle deposition has a 
significant impact on the boiling heat transfer. Modification of surface wettability was 
highlighted as the major factor contributing to this observation. However, this experiment has 
limitations because of a limited number of sample surfaces. Furthermore, the effect of surface 
wettability could not be accurately determined, since the deposition process leads to a change 
of not only the contact angle but also the number of nucleation sites.  
 
Therefore, a second experiment was conducted to obtain a more complete understanding of 
the impact of surface wettability on nucleate boiling. More sample surfaces were made by 
well-controlled techniques of surface coating such as “Metal-Organic Chemical Vapour 
Deposition” (MOCVD) and “Plasma Enhanced Chemical Vapour Deposition” (PECVD) (cf. 
Section 2.1.2), which enable modification of the contact angle without a large change in other 
parameters. For the first time, a complete set of experimental data have been provided to 
explore the role of surface wettability in heterogeneous boiling.  
 
In order to understand the experimental observations, a new approach of nucleation 
mechanisms will be established. In this approach, the concept of macro- and micro-contact 
angles will be introduced to describe the bubble growth processes. Based on this concept, an 
analytical model will be developed, giving an explicit relation between the bubble departure 
diameter and the contact angle. This model then enables development of a new correlation of 
nucleate boiling heat transfer and the critical heat flux, which will be described in the last 
sections of this chapter.    

4.1 Sample preparation  

Seven sample surfaces 100 mm long, 5 mm wide and 20 µm thick were made from a stainless 
steel (grade 301) ribbon, which has a contact angle with water of about 85°. One of them, 
called “S-ref”, is used as reference of the uncoated surface. The others were coated by 
nanoparticle deposition of different materials to obtain different water contact angles from 22° 
to 112° (cf. Figure 4-1). Prior to coating, the sample surfaces were cleaned by acetone 
washing in ultrasonic bath for 15 minutes and dried by compressed air.  
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Figure 4-1. Static contact angles of 2-µL sessile water-droplets on stainless steel surfaces with and without 

nanoparticle deposition. 

4.1.1 Coating process 
The techniques used for nano-surface coatings are chemical vapour deposition (cf. Section 
2.1.2) and boiling of nanofluids as described in Section 3.1. The latter technique is referred to 
as “Nanofluid Nucleate Boiling Deposition” (NNBD). Indeed, MOCVD is used for platinum 
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and iron-oxide coating to produce the so-called surfaces “S-Pt” and “S-Fe2O3” which have 
relatively low wetting with water. Highly-hydrophilic or hydrophobic samples were made by 
PECVD of SiOx, SiOC and Teflon-like, giving the three sample surfaces called “S-SiOx”, “S-
SiOC” and “S-Teflon”, respectively. The last surface called “S-TiO2” is fabricated by boiling 
water-based TiO2 nanofluid which contains particles with diameters of 10-50 nm. 
Characteristics of the sample surfaces are shown in Table 4-1 below.  
 

Table 4-1. Sample- surface characteristics. 
Surface name Deposited-particle 

material 
Deposition 
technique 

Deposition type 

S-SiOx SiOx  PECVD Continuous monolayer of 20 nm 
thickness 

S-TiO2 TiO2 NNBD Non-continuous multilayer of 100 
nm thickness 

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

S-Fe2O3 Fe2O3 MOCVD Non-continuous monolayer of 20 nm 
thickness 

S-ref - - - 
S-SiOC SiOC PECVD Continuous layer of 20 nm thickness 
S-Teflon Teflon-like PECVD Continuous layer of 20 nm thickness 

4.1.2 Surface characterization  

AFM analysis 
In order to benchmark surface topography changes induced by nanoparticle deposition, AFM 
(Atomic Force Microscope) scanning of the uncoated surface was carried out in a 10 µm × 10 
µm representative area of the surface (cf. Figure 4-2). The scan shows surface machining 
patterns in the shape of parallel micro-grooves with an average period of about 5 µm and an 
apparent depth of about 140 nm.  
 

 

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

FEG-SEM analysis 
Qualitative analysis was performed by Field-Emission Gun Scanning Electron Microscopy 
(FEG-SEM) as shown in Figure 4-3 . It is observed that the surfaces with non-continuous 
layer of nanoparticle deposition (S-TiO2, S-Pt and S-Fe2O3) seem to be quite homogenous and 
their topographies are changed in nanometric scale only. Thereby, the deposition of TiO2 
particles by NNBD is expected to do not affect the micro-cavities initially existed on the clean 
surface. Beyond, as a result of very thin nanoparticle layer deposition, the topographies of the 
surfaces coated by PECVD technique (S-SiOx, S-SiOC and S-Teflon) remain similar to that 
of the uncoated surface. 
 

 
 
Figure 4-3. FEG-SEM images of the tested surfaces (by MOCVD: S-Pt and S-Fe2O3; by NNBD: S-TiO2 and by 

PECVD: S-SiOx, S-SiOC and S-Teflon). 

Contact angle measurements 
The wettability of the sample surfaces is quantified by measurements of static contact angle θ 
at 25 °C, for which the sessile drop technique is used (cf. Section 2.2.3). Figure 4-1 presents 
the contact angle data window and corresponding water droplet images. It is noticed that the 
surfaces with SiOC or Teflon deposition are hydrophobic (θ > 90°) and the surface with SiOx 
deposition is highly hydrophilic (θ < 30°).  

4.2 Experimental setup and results 

4.2.1 Experimental setup 
The experimental apparatus used for boiling tests has been described in Section 3.2. The 
layout is designed to study boiling of sample surfaces in horizontal position. This position 
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enables to obtain images of bubbles from the perspective view made by a high-speed camera 
set at 6000 fps.  
 
Before each measurement, the sample surface is heated to a temperature higher than that of 
the saturate temperature to remove gasses trapped inside its cavities. The electrical resistance 
of each sample was previously calibrated, enabling the 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 boiling process on the hydrophobic surfaces (S-
SiOC and S-Teflon) of which the static contact angles at 25 °C are respectively 104° and 
112°. Compared to standard surfaces which are usually wetted, the bubbles appeared on 
hydrophobic surfaces at very low heat flux and then remained on the surfaces. Increasing the 
heat flux, the bubble size increased but the bubbles still did not detach from the wall. At 
higher heat flux, the bubbles spread over the surface, causing bubble coalescence that led to 
film boiling. No bubble emission was observed on hydrophobic surfaces. This phenomenon 
could be due to the effect of the surface tension force which will be discussed in detail in 
Section 4.3. It could also be due to condensation occurring at the bubble head by highly 
subcooled liquid. Indeed, condensation reduces the bubble volume and thereby reduces the 
buoyancy force acting on the bubble to move it upward. However, the bubble volume 
decrease caused by vapour condensation should be neglected compared to the bubble volume 
increase caused by evaporation of liquid underneath the bubbles. This is mainly due to the 
high water liquid to vapour density ratio, which is about 1600 at 100°C. 
 

 
 

Figure 4-4. For hydrophobic surfaces, bubbles are created at low superheats but cannot detach from the wall. 
There is no bubble emission and film boiling occurs because of bubble coalescence. 

 
At the same heat flux, the surface S-Teflon with higher static contact angle had a greater 
bubble base radius. It was also observed that film boiling appeared at lower heat flux on 
higher contact angle surfaces: 120 kW/m² for S-Teflon versus 200 kW/m² for S-SiOC. These 
observations are in agreement with that of Gaertner [4.1] and Hummel [4.2] which showed 
that a continuous hydrophobic surface tends to become vapour blanketed during nucleate 
boiling. However, no bubble departure was noticed, causing instability of the heat transfer. 
The wall temperature increased during boiling time and after about fifteen minutes, local wall 
destruction occurred. Thus, it was impossible to measure the heat transfer coefficient in 
steady state regime.  

θ = 104°, q = 80 kW/m² 

θ = 104°, q = 120 kW/m² 

θ = 112°, q = 80 kW/m² 

θ = 112°, q = 120 kW/m² 
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Hydrophilic surfaces 
For hydrophilic surfaces, bubble emission occurs and the steady state of boiling heat transfer 
can be reached after a few minutes.  
 

� Bubble size 
The bubble departure diameter is determined by analysing pictures taken from video recorded 
by the high-speed camera. Kolev [4.3] showed that the bubble departure diameter 
significantly depends on the heat flux. Hence, to strictly determine its dependence on the 
contact angle, the bubble departure diameter was measured at a constant heat flux of 200 
kW/m². Figure 4-5 shows that the bubble departure size increases with the increase of the 
surface wettability. For highly wetted surfaces (θ ≤ 31°), the bubble grew and spread over the 
wall. Contrary to the well-known correlation of Fritz [4.4] where the bubble diameter is 
proportional to the static contact angle, the experimental results (cf. Figure 4-6) show that a 
greater surface wettability yields bigger bubbles detached from the surface.  
 

 
Figure 4-5. Bubble departure on hydrophilic surfaces. 

 

 
 

Figure 4-6. Bubble departure diameter (measured at 200 kW/m²) versus the static contact angle at 25 °C. The 
correlation of Fritz has the opposite tendency compared to the experimental values. 

 
� Bubble emission frequency 

From the videos captured by the high-speed camera, the waiting time and the growth time 
were also measured, so that the bubble emission frequency was determined. Figure 4-7 shows 
that the waiting time is much greater than the growth time. This might be due to high liquid 
subcooling as the bulk temperature is 15 °C below the saturated temperature [4.5]. Also, the 
waiting time reduces more rapidly with the increase of the heat flux compared to the growth 
time. Indeed, the change of the heat flux from 220 to 300 kW/m² results in 70% mean 
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decrease of the waiting time but only 23% mean decrease of the growth time. Moreover, the 
waiting time and the growth time both increase with the increase of the surface wettability. 
When the static contact angle is below 30°, this effect becomes especially significant. As a 
result, the bubble emission frequency deteriorates for a greater surface wettability (cf. Figure 
4-8). Many studies [4.6]-[4.8] show that the higher the bubble emission frequency, the lower 
the bubble departure diameter. For instance, Zuber [4.6] estimated that the product Db f is 
about constant and his correlation is relatively in agreement with the experimental data as 
shown in Figure 4-8. 
 

  
a) b) 

 
Figure 4-7. Evolution of growth time (a) and waiting time (b) as a function of contact angle. 

 

 
Figure 4-8. Bubble emission frequency versus the contact angle. 

 
� Heat transfer coefficient 

The data reduction and uncertainty analysis of the boiling heat transfer has been described in 
Section 3.3. Figure 4-9 depicts the comparison of experimental values and predictions given 
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by Cooper [4.23] correlation for the uncoated surface S-ref. The roughness is chosen to be 
0.4, 0.65, and 1 µm respectively to fit the experimental values. The changing tendencies of the 
measured and correlated heat transfer coefficients as a function of the heat flux show a very 
good coherence, therefore guarantying the reliability of our measurements. Nevertheless, the 
correlation of Cooper should not be used to predict the surface roughness. Indeed, the 
roughness measured by AFM (cf. Section 4.1.2) is significantly lower than the best fitting 
roughness to this correlation.   
 
Figure 4-10a compares the heat transfer performance of subcooled pool boiling on the 
hydrophilic surfaces. The tendency of the presented curves is relatively good and shows a 
significant change of the heat transfer coefficient with the surface wettability change.  
 

 
Figure 4-9. Heat transfer coefficient of an untreated stainless steel surface. 

 

   
a) b) 

 
Figure 4-10. Effects of the surface wettability on the heat transfer coefficient. In b), the same colour indicates the 

same heat flux. 
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Figure 4-10b highlights this observation and shows that the best heat transfer coefficient can 
be obtained with the surface which has a static contact angle close to either 0° or 90°. Indeed, 
the experimental data are fitted by 2nd-order-polynomial curves. Extensions of these curves at 
0° reach relatively well the experimental data of Takata et al. [4.10] which show enhancement 
of boiling heat transfer by using superhydrophilic surfaces. 

4.3 Model of bubble growth 

4.3.1 Dynamic contact angle approach for nucleation 
The videos recorded by the high speed camera showed a progressive change of the contact 
angle during the bubble growth (cf. Figure 4-11). As the test surfaces have small deep cavities 
(cf. Figure 4-2), the sample surfaces are thereby assumed to be completely wetted during 
experiment. Hence, a new mechanism of bubble formation during nucleate boiling has been 
developed (cf. Figure 4-12) and is described in the following paragraphs. 
 

 
 

Figure 4-11. Contact angle change during growth time (θr ≤ θe ≤ θa). 

Hydrophilic surface  
� Step 1: a convex vapour shape appears at the cavity base. The contact angle is the 

equilibrium angle at saturated temperature θe.  
� Step 2: the liquid continues evaporating to form a bubble at the cavity mouth. The 

contact angle is still equal to θe.  
� Step 3: the liquid microlayer underneath the bubble evaporates, expanding the triple 

contact line (TCL) and the bubble diameter. Thus, the liquid recedes from the cavity 
and the contact angle decreases to the receding angle at saturated temperature θr. 

� Step 4: the gravity force stretches the bubble vertically when the liquid moves towards 
the cavity. The TCL reduces and the contact angle increases to the advancing angle at 
saturated temperature θa. 

� Step 5: the bubble detaches from the wall.  

 Hydrophobic surface  
� Step 1: a concave vapour shape is formed at the cavity base. Its contact angle is equal 

to the equilibrium angle θe.  
� Step 2: the bubble appears at the cavity mouth by the liquid evaporation. The contact 

angle remains constant but this time the vapour shape becomes convex.  

Hydrophilic surface 

Hydrophobic surface 

eθθ =  rθθ =  aθθ =  Bubble departure 

eθθ =  rθθ =  aθθ =  Bubble coalescence 
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� Step 3: the gravity force increases the bubble height, moving the liquid backward. The 
contact angle decreases to the receding angle θr. As the latter is greater than 90°. 
Hence, the bubble cannot detach from the wall. 

� Step 4: the liquid moves toward the cavity, increasing the contact angle to the 
advancing angle θa. 

� Step 5: the liquid continues evaporating, expanding the TCL. Hence, the bubble 
coalesces with bubbles formed at neighbouring sites. Critical heat flux is reached by 
low vapour conductivity.  

 

 
 

Figure 4-12. Dynamic contact angle approach for nucleate boiling. 
 
The effect of contact angle on bubble detachment process is mainly related to modification of 
the surface tension force. For hydrophobic surfaces, the fact that bubbles cannot detach from 
the wall and rapidly coalesce is mainly due to the horizontal component of the surface tension 
force, which acts to moving the contact line away from the bubble axis. For hydrophilic 
surfaces, the variation of the contact angle during the bubble growth can be explained by the 
concept of macro- and micro-contact angles which will be described in the following section.  

4.3.2 Concept of macro- and micro-contact angles 
The contact angle is usually measured at the room temperature (25°C) by depositing a liquid 
droplet on the sample surface. The surface and the droplet are at the same temperature, thus 
there is no heat exchange between them. This contact angle is denoted as θ°. However, during 
the nucleate boiling, the bubble is formed by the liquid evaporation caused by the heat 
transfer from the wall to the liquid. The contact angle that follows θ is different from θ°, 
because the liquid is now at saturated temperature (cf. Figure 4-13). In general, the liquid 
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surface tension decreases when the temperature increases. Hence, θ is lower than θ° when the 
saturated temperature is higher than the room temperature. In addition, in boiling conditions, 
the balance of the three surface energies: solid-liquid, liquid-vapour and solid-vapour, 
becomes unstable due to the non-zero heat flux imposed at the solid-liquid interface. For the 
hydrophilic surfaces, this heat flux causes evaporation of the liquid micro-layer underneath 
the bubble. The thinner this layer is, the higher the heat flux passes through. Close to the 
TCL, the heat transfer would be extremely high and would create a liquid evaporation with a 
rate that is much higher than in the surrounding areas. Therefore, the curvature of the liquid-
vapour interface would change, leading to the emergence of another contact angle named 
«micro-contact angle» θµ. The contact angle θ is relatively at a larger scale. It is named 
«macro-contact angle». 
 

 
 
Figure 4-13. Contact angle of a liquid droplet: a) at 25° without any heat transfer and b) at saturation temperature 

on a heated surface: macro-contact angle θ
 and micro-contact angle θµ.  

Influence of the micro-contact angle 
The surface tension force Fσ is determined by the micro-contact angle and not by the macro-
contact angle. When the nucleation is initiated, close to the TCL, the liquid evaporation may 
cause a micro-contact angle greater than 90°, as described by Mitrovic [4.11]. Due to the 
horizontal component of the surface tension force Fσ,h, the liquid in the micro-layer moves 
backward from the bubble axis and the TCL expands from A to B (cf. Figure 4-14). Along 
with the liquid movement, the micro-contact angle decreases as a result of the restoration of 
the surface energies balance. At position B, the micro-contact angle is equal to 90° and the 
surface tension force stops displacing the TCL. However, the liquid inertia and the energy 
minimization of the system will result in a decline of the micro-contact angle to a value close 
to that of the macro-contact angle. The horizontal component of the surface tension force 
reappears, but this time it moves the liquid forward by reducing the TCL radius. At position 
C, the TCL disappears and the bubble detaches from the wall.  
 
The micro-contact angle is an important parameter in nucleate boiling. First, it directly affects 
the vertical component of the surface tension force Fσ,v, which contributes to maintain the 
bubble on the wall. Then, it creates the TCL movement and thus affects the dynamic forces 
caused by the liquid inertia and viscosity. Indeed, when the TCL is expanding from A to B, 
the bubble becomes bigger and the inertia of the liquid surrounding the bubble exerts a 
reaction force to maintain it on the wall. But when the TCL retracts from B to C, the liquid 
goes forward to the bubble axis, enabling the bubble departure. During the bubble growth, the 
macro-contact angle changes according to the hysteresis phenomenon: it decreases when the 
liquid recedes and increases when the liquid advances. 
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Figure 4-14. Movement of the contact line during bubble growth: a) the bubble growth initiates, b) the contact 
line stops displacing at θµ = 90°, c) the contact line starts moving toward the bubble axis , d) the bubble detaches 

from the wall and e) hysteresis of θ and θµ. 

Influence of the macro-contact angle 
Although the surface tension force depends on the micro-contact angle, the macro-contact 
angle always plays a key role. A simple way of understanding the effects of the macro-contact 
angle is to analyze its influence on the bubble form. The initial radius of the TCL is assumed 
to be equal to that of the nucleation sites. At the same TCL, for a simple geometric reason, the 
bubble which has a lower contact angle is bigger (cf. Figure 4-15).  
 
This might explain why the increase of the surface wettability leads to the increase of the 
energy required to activate the nucleation sites. Therefore, between the departure of a bubble 
and the appearance of the next one, the waiting time would be longer when the macro-contact 
angle is lower. The decrease of the macro-contact angle would then intensify the phase 
difference caused by the time delay between the active nucleation sites (two nucleation sites 
are said to be «in phase » if they emit the bubbles at the same time). That might explain why, 
at a given time, while increasing the contact angle, we observed fewer active nucleation sites, 
whereas if the observation is made over a long period, the number of active sites remained 
almost independent of the macro-contact angle.  
 

 
Figure 4-15. Two spherical bubbles are assumed to have the same TCL. If θ2  is lower than θ1, the bubble having 

the contact angle θ2 is then bigger than that having the contact angle θ1. 
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4.4 Model of bubble departure diameter 

A number of correlations were suggested to estimate the bubble departure diameter over the 
past eighty year [4.12]. Most of them indicate the effects of wall superheat, operating 
pressure, gravity and fluid characteristics, but the role of contact angle has seldom been 
reported. Before 2008, to our knowledge, the correlation developed by Fritz [4.4] was the 
only known correlation taking the wetting effect into account. Its expression is given as: 
 

θ×= 0208,0
c

d

L

D
 (4-1) 

 
wherein θ is the contact angle in degrees and Lc is the capillary length defined as: 
 

)( vl
c g

L
ρρ

σ
−

=  (4-2) 

 
It is important to note that in his paper [4.4], Fritz only showed the existence of a maximum 
volume of a vapour bubble, which can be written as a function of contact angle and capillary 
length. Eq. (4-1) does not even explicitly appear in this publication. The effect of the contact 
angle is empirically taken into account. The correlation was established based on 
measurements with air bubbles and not with vapour bubbles in boiling conditions. A complete 
review on bubble departure diameter measured in boiling systems was given by Zeng et al. 
[4.13]. It was shown that Eq. (4-1) gives questionable results for well-wetting fluids, large 
range of operating pressures and in microgravity conditions. Recent study of McHale and 
Garimella [4.14] with FC-77, a well-wetting fluid, gave the same conclusion. The present data 
obtained with a large set of contact angle also show that the evolution trend of departure 
diameter with contact angle disagrees with that suggested by Fritz (cf. Figure 4-6). 
 
It is thereby necessary to develop new models which enable reliable prediction of the impact 
of contact angle on the bubble departure diameter. This section is divided into two parts. The 
first part concerns a new correlation of bubble departure diameter which will be developed 
based on the experimental data. The second part is devoted to describing a theoretical model 
that takes into account the role of contact angle in bubble growth process. This model will be 
based on the concept of macro- and micro-contact angles and will be developed for isolated 
bubbles detaching from upward-facing horizontal surface.  

4.4.1 New correlation of bubble departure diameter 
As mentioned in Section 4.3.2, the measured contact angle (macro-contact angle) affects 
boiling process mainly through its influence on the bubble form, for which the energy factor 
is an important parameter. This factor is not only an energy ratio, but also a volume ratio of 
the bubble having a contact angle θ to the full spherical bubble having the same diameter. Its 
expression was given by Bankoff [4.15] as: 
 

4

coscos32
)(

3θθθ −+=f  (4-3) 

 
The energy factor reaches its maximum value at 0° contact angle, and then decreases with 
increasing contact angle. It reaches the minimum value at 180° contact angle. Thus, the higher 
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contact angle, the lower energy required to form initial vapour shape at a cavity. This can 
explain why the bubble is formed at very low heat flux for hydrophobic surfaces and why the 
waiting time increases with decreasing contact angle. For hydrophilic surfaces, a new 
correlation is therefore etablished to estimate the bubble departure. The energy factor is taken 
into account as the contribution of the wetting effects: 
 

4

)coscos32(
626977.0

3θθ −+×=
c

b

L

D
 , ( °< 90θ ) (4-4) 

 
Comparison with experimental data of this study and some studies in literature is shown in 
Figure 4-16 and Figure 4-17.  

 
 

Figure 4-16.  New correlation to estimate the bubble departure diameter. 
 

 
 

 

a) Correlation of this work b) Correlation of Fritz [4.4] 
 

Figure 4-17. Comparison of predicted and measured vapour bubble departure diameters. 
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Figure 4-16 shows that the new correlation fits the experimental data of this study relatively 
well with a maximum deviation of only 7%. In Figure 4-17a, most of the experimental points 
(90%) are included within the lines of 25% deviation of the theoretical line given by this 
correlation. The correlation of Fritz gives a worse agreement 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 been developed for estimating the bubble 
departure diameter by taking into account the energy factor as the contribution of the wetting 
effect. It has been shown that this correlation is in good agreement with the experimental data. 
However, the physics hidden behind Eq. (4-4) are not understood yet. For instance, ones 
might ask why the constant in this equation is equal to 0.626977. Therefore, a theoretical 
model of bubble departure will be developed in this section. This model aims at giving a 
better understanding of the effect of contact angle on bubble growth process. 
 
According to the concept of macro- and micro-contact angles, the bubble reaches its 
maximum size at point B, when the micro-contact angle is equal to 90° (cf. Figure 4-14). 
Furthermore, the liquid-vapour interface stops displacing at this moment, cancelling the 
dynamic forces acting on the bubble. Hence, when the size of the bubble is maximal, the force 
balance in the direction of the bubble axis gives: 
 

0, =+− cpvg FFF σ  (4-5) 

 
where Fg is the buoyancy, Fσ,v is vertical component of the surface tension force, and Fcp is 
the contact pressure force, which is also called as the “corrected buoyancy force” (cf. Figure 
4-18). This force is due to the existence of the contact line [4.20]-[4.21]: 
 

[ ]cllvclcp PPRF −= 2π  (4-6) 

 
where Rcl is the radius of the contact line and (Pv − Pl)cl is the pressure difference between the 
vapour and liquid phases at the contact line. This difference of pressure can be determined by 
using Young-Laplace relation [4.22] as: 
 

[ ] 







+=−

21

11

RR
PP cllv σ  (4-7) 

 
where R1 and R2 are the principal radii of the bubble curvature at the contact line. 
 
When the micro-contact angle is equal to 90°, the bubble curvature at the contact line is 
similar to that of a cylinder, which has the same axis as the bubble and has the same radius as 
the contact line. Therefore, the radii of the bubble curvature at the contact line can be obtained 
as clRR =1  and ∞→2R . Hence, the expression of the contact pressure force becomes: 

 
σπ clcp RF =  (4-8) 
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Furthermore, for a micro-contact angle of 90°, 1sin =µθ  and hence, the vertical component of 

the surface tension force can be calculated as: 
 

σπσ clv RF 2, −=  (4-9) 
 

 
 

Figure 4-18. Schematic view of the base of the bubble when the micro-contact angle is equal to 90°. 
 
Eqs. (4-5), (4-8) and (4-9) give: 
 

σπ clg RF =  (4-10) 

 

σπρρ clvlb RVg =− )(*  (4-11) 

 

wherein *
bV  is the bubble volume at a micro-contact angle of 90°, which is also the maximum 

bubble volume. Eq. (4-11) implies: 
 

2*
cclb LRV π=  (4-12) 

 
If the volume of air trapped inside the nucleation site is neglected compared to that of the 
bubble, the bubble volume can also be determined by mass conservation as: 
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wherein *
lV  is the volume of the evaporated liquid.  

 
The bubble volume is mainly generated by evaporation of the liquid microlayer beneath the 
bubble, as suggested by Cooper and Lloyd [4.23]. In reality, the bubble also gains a part of its 
volume by evaporation of liquid around the bubble cap [4.24]. However, for a simple 
preliminary model, this part of volume is assumed to be negligible in this study. The volume 
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of the evaporated liquid is assumed to be equal to that created by rotating the triangle OBH 
around the bubble axis (cf. Figure 4-18): 
 

δπ 2*

3

2
cll RV =  (4-14) 

 
where δ is the thickness of the evaporated liquid microlayer, which has the following relation 
with the contact line radius: 
 

θδ
tan=

clR
 (4-15) 

 
Eqs. (4-13), (4-14) and (4-15) implies : 
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Combining Eqs. (4-12) and (4-16), the radius of the contact line is given as: 
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Replacing Eq. (4-17)  into Eq. (4-12), the expression of the bubble volume becomes: 
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This is an explicit relation that enables the maximum bubble volume during nucleate boiling 
from an upward-facing horizontal surface to be estimated. To determine the bubble diameter, 
the bubble shape is simplified as shown in Figure 4-19. At its maximum size, the bubble is 
assumed to have a spherical shape with a foot that has the same volume as the evaporated 
liquid (cf. Figure 4-19a). The maximum bubble volume is thereby given as: 
 

*3**

6

1
lbb VDV += π  (4-19) 

 

wherein *
bD  is the diameter of the bubble at its maximum size. 

 
Combining Eqs. (4-13) and (4-19), the volume of the evaporated liquid is obtained as: 
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Eqs. (4-18), (4-19) and (4-20) imply: 
 



POOL BOILING EXPERIMENTS     81 

c
v

l

v

l
b LD 6/1

3/12/131
* tan1

2

3
6 −

−









−


















= θ

ρ
ρ

ρ
ρ

 (4-21) 

 

 
 

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

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

*
bd DD ≈  (4-22) 

 
Therefore, the bubble departure diameter can be explicitly determined as: 
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In summary, an explicit relation to determine the bubble departure diameter has been 
developed by using the following assumptions: 
 

� Determination of the maximum bubble volume by force balance (Eq. (4-12)) is based 
on the concept of macro- and micro-contact angles, 

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

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

� During the stage of liquid rewetting, the mass transfer is assumed to be negligible and 
then the bubble departure diameter can be determined explicitly by Eq. (4-23).  

D* Dd
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Comparison to experimental data 
 Although a number of experimental studies were made to determine the bubble departure 
diameter, only a few of them reported data about the operating contact angle. Table 4-2 
represents some representative data in literature that contains information concerning both the 
contact angle and the bubble departure diameter.  
 

Table 4-2. Experimental data of the bubble departure diameter. 
Fluid Operating pressure (bar) Contact angle (°) Bubble departure 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 study does not take into account the effects of 
superheat and subcooling, which may lead to different processes of bubble growth. Indeed, 
high superheat frequently lead to coalescence of bubbles formed at neighboring sites, while 
high subcooling causes condensation at the bubble head. Therefore, the comparison is made 
by choosing experimental data at low superheat and low subcooling only. To compare the 
evolution trend of the bubble departure diameter with the contact angle, a new dimensionless 
number is defined as 
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Eq. (4-23) becomes 
 

61tanMi −= θ  (4-25) 
 
Figure 4-20a shows the evolution of the new dimensionless number given by predicted and 
experimental data as a function of the contact angle. Most of the experimental points (75 %) 
follow the theoretical curve tanθ.-1/6 with a maximum deviation of 10 %, confirming the 
evolution trend of the bubble departure diameter with the contact angle given by the present 
model. Compared to the correlation of Fritz [4.4], the present model gives a lower sensibility 
of the bubble departure diameter with the contact angle. Indeed, if the contact angle changes 
from 25° to 80°, this model predicts a change in the bubble departure diameter of 35 % 
whereas that of Fritz predicts a change of 320 %. The low sensibility given by this model may 
explain why there is a moderate scattering in measurement of the bubble departure diameter, 
even though the effect of the contact angle was ignored in 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 data measured at different superheats is shown in 
Figure 4-20b. It is noticeable that the experimental departure diameter increases with 
increasing heat flux. This effect is not taken into account in the present model and thus 
underestimation is obtained at high superheat. However, most of the experimental data (85 % 
of 32 points) is included within the lines of 30 % error, confirming the predictive ability of the 
present model. 
 

  
a) b) 

 
Figure 4-20. Comparison of the predicted and experimental values of a) dimensionless number defined by (4-24) 

and b) bubble departure diameter. 
 
If the bubble departure diameter is known, both the present model and the correlation of Fritz 
can be used to predict the wetting of a fluid. Recently, McHale and Garimella [4.14] 
measured the diameter at departure of FC-77 bubbles formed at aluminium surfaces. Based on 
their data, prediction of the wetting of FC-77 is made as shown in Figure 4-21. 
  

 
 

Figure 4-21. Prediction of the wetting of FC-77 on aluminium surfaces. 
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The present model predicts the wetting of FC-77 is high (θ < 20°), which is relatively correct 
because FC-77 has low liquid surface tension (5.7 mN/m given by [4.14]). However, the 
correlation of Fritz gives a worse prediction since it predicts that FC-77 has a low wetting (θ 
> 50°).  

4.5 Model of heat transfer coefficient 

4.5.1 Discussion about heat transfer on hydrophobic surfaces 
In section 4.2.2, it was observed that the boiling heat transfer on hydrophobic surfaces differs 
from that on hydrophilic surfaces. Indeed, on hydrophobic surfaces, the heat transfer 
coefficient could not reach the steady-state regime and deteriorates after several minutes of 
boiling. The three-zone model [4.27] can be used to explain this observation. According to 
this model, a hydrophilic surface has three different modes of heat transfer in zone I, II and III 
(cf. Figure 4-22a). Zone I is the dry patch regime where no evaporation occurs. The heat 
transfer in this zone is relatively poor because of the poor conductivity of the vapour. Zone II 
is the conventional microlayer regime where very thin liquid layer evaporates to evacuate 
most of the heat coming from the wall. Zone III is an extended microlayer to bulk regime 
where the heat transfer is similar to that of single phase flow.  
 

 
 

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

For a hydrophobic surface, there is no liquid microlayer underneath the bubbles. The heat 
transfer occurs from superheat liquid layer [4.28] and through the dry patch zone (cf. Figure 
4-22b) only. The heat transfer in the dry patch zone is poor, causing local deterioration of the 
sample surface. Furthermore, as bubbles do not detach from 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 data showed that the heat transfer coefficient 
(HTC) can reach its maximum value if the contact angle is close to either 0° or 90°. This 
observation can be explained by analysing the opposite effects of contact angle on the bubble 
emission frequency and the liquid-microlayer thickness. Indeed, near 90° contact angle, 
enhancement of the HTC can be reached as a result of enhancement of the bubble emission 
frequency. However, near 0° contact angle, the bubble emission frequency is poor, but 
significant enhancement of the HTC can also be obtained, as a result of high heat transfer by 
conduction through the liquid microlayer.  
 
Based on this reasoning, an analytical approach to estimate the HTC will be developed in the 
following paragraphs. 
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Dependence of heat transfer coefficient on contact angle 
According to the theoretical model presented in Section 4.4.2, the bubble departure diameter 
depends on the contact angle as: 
 

6/1tan −∝ θdD  (4-26) 

 
In Section 4.2.2, Zuber [4.6] and the present experimental data shows that the product fDd is 

about constant. This implies: 
 

6/1tanθ∝f  (4-27) 

 
The bubble emission frequency of water is in the order of 100 Hz. Since the HTC increases 
when the bubble emission frequency increases, from Eq. (4-27) , the variation of HTC with f 
can be estimated as a function of the contact angle as: 
 

( )m
fh 6/1tanθ∝  (4-28) 

 
wherein m is a constant. 
 
Combining Eqs. (4-15) and (4-17) in the model of bubble departure diameter, the liquid 
microlayer thickness at the departure of bubble can be determined as: 
 

2/1
2/1

tan
2

3 θ
ρ
ρδ c
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l L
−





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


=  (4-29) 

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

2/1tan −∝ θδh  (4-30) 

 
Assuming that the contact angle impacts the heat transfer coefficient through its effects on f 
and δ, from Eqs. (4-27) and (4-30), the dependence of the average heat transfer coefficient on 
the contact angle can be approximated as: 
 

( ) ( ) nnnm
bah

/1
2/16/1 tantan)( 







 +=Ψ∝ −×
θθθ  (4-31) 

 
wherein a, b, m and n are constants determined from experimental data.  

Correlation of heat transfer coefficient 
The boiling heat transfer coefficient depends on fluid characteristics, boiling conditions, 
surface roughness and wettability. To take all of these factors into account, the following 
correlation is suggested: 
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)(θΨ×= ohh , ( °< 90θ ) (4-32) 
 
wherein ho is independent of the contact angle. To determine ho, some well-known 
correlations in literature can be used such as the Mostinski correlation [4.29], the Cooper 
correlation [4.9], the Gorenflo correlation [4.30] and the Ribatski-Siaz Jabardo correlation 
[4.31]. Comparisons between these correlations and the experimental data are shown in 
Figure 4-23. Information about the experimental database is given in Table 4-3. Indeed, data 
were selected from studies in which the contact angle and surface roughness are precisely 
reported. 
 

  
a) Mostinski correlation (1963) [4.29] 

 
b) Cooper correlation (1984) [4.9] 

 

  
c) Gorenflo correlation (1993) [4.30] d) Ribatski & Siaz Jabardo correlation (2003) [4.31] 

 
Figure 4-23. Comparison between the experimental data and some correlations in literature. 

 
To evaluate the predictive ability of these correlations, the mean average error (MAE) and the 
mean relative error (MRE) are determined as: 
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Table 4-4 shows the results of the comparison between the experimental data and the different 
prediction methods.  
 

Table 4-3. Experimental database of heat transfer coefficient. 
Fluid Number of data points Contact angle (°) Roughness (µm) 
Water, this study  25 22, 31,67, 80, 85 0.2 
Water, Takata et al.[4.10] 5 1 0.2§ 
Water, Wu et al. [4.32] 12 9, 57 1.55, 1.41 
FC-72, Wu et al. [4.32] 34 2 1.55, 1.41 

 
Table 4-4. Experimental database compared to the prediction methods. 

Mostinski [4.29] Cooper [4.9] Gorenflo [4.30] Ribatski & 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-Siaz Jabardo correlation [4.31] show the best 
prediction abilities. Although the correlation of Cooper is less accurate, it is more general than 
the correlation of Ribatski and Siaz Jabardo which was developed based on pool boiling data 
of refrigerants only and contains empirical constants for wall material effects. Therefore, ho 
would better to be determined by the correlation of Cooper, giving the following expression 
of the average heat transfer coefficient: 
 

)(*)log(*55 5.067.055.0
10

)10log2.012.0( θΨ−= −−−
Mqpph pR

 (4-35) 

 
wherein crPPp /* =  is the reduced pressure, Rp is the surface roughness, q the heat flux 

density and M the molecular weight of the fluid.  
 

Fitting Eq. (4-35) to the present data gives the following expression of Ψ(θ): 
 

2/16/1 tan
4

1
tan)( −+=Ψ θθθ  (4-36) 

 
The new correlation is compared to the experimental data as shown in Figure 4-24. The 
prediction lines fit relatively well the trend of the data obtained in this study and in the study 
of Takata et al. [4.10] (cf. Figure 4-24a). The predictive ability of the present correlation is 
also confirmed by comparison with the recent data for water  and FC-72 of Wu et al. [4.32], 
in which the roughness and contact angle were measured (cf. Figure 4-24b). The present 
correlation predicts 95% of the entire database within ± 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 correlation is thereby the best prediction method 
compared to the above presented correlations. 
 

  
a) b) 

 
Figure 4-24. Comparison with experimental data: a) lines are prediction curves and points are experimental 

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 account for the effect of wettability on CHF are 
those of Theofanous and Dinh [4.33] and Kandlikar [4.34], both based on the assumption that 
CHF occurs as an irreversible expansion of a hot/dry spot. Theofanous and Dinh derived the 
following expression to predict CHF: 
 

[ ] 4/12/12/1
CHF )( gllvv Hq ρρσρκ −= −  (4-37) 

 
wherein κ is the surface dependent parameter, which is large for a poor wetting surface but 
small for highly wetted surface. However, Theofanous and Dinh did not provide an analytical 
expression for κ. Kim et al. [4.35] provided an expression for κ using elementary geometry 
and Lord Rayleigh’s formula for the volume of static liquid meniscus: 
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The above expression only applies for hydrophilic surfaces (θ<90°). Based on force balance, 
Kandlikar provides the following correlation: 
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wherein θ is the contact angle and φ is the heater orientation angle relative to horizontal. 
 
In this section, a theoretical model of critical heat flux will be developed based on the concept 
of macro- and micro-contact angles. This model aims at giving 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 bubble growth, liquid movement occurs in the 
microlayer zone beneath the bubble. Assuming that this layer is similar to a cylinder made by 
the contact line of radius Rcl and the thickness δ when bubble reaches its maximum size (cf. 
Figure 4-25), the time-average of liquid mass flux (cf. Figure 4-26) toward the bubble axis 
can be estimated as: 
 

δπρ 2
clll Rfm =&  (4-40) 

 
wherein f is the bubble emission frequency, ρl is the liquid density; Rcl and δ are respectively 
the radius of the contact line and the thickness of the microlayer at maximum bubble size. 
 

 
 

Figure 4-25. Schematic view of the microlayer zone at maximum bubble size. 
 

 
 

Figure 4-26. Schematic view of evolution of liquid mass in the microlayer zone. 
 

The bubble emission frequency can be determined from the bubble departure diameter using 
the correlation of Zuber [4.6] as (cf. Section 4.2.2): 
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Using the model of bubble departure diameter, Rcl, Db and δ can be determined by Eq.(4-17), 
(4-21) and (4-29), respectively. Thereby, Eq. (4-40) becomes: 
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wherein Kf, Kd and Ka are the constants depending on the fluid properties as: 
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The inlet temperature of the liquid flow is assumed to equal to the bulk temperature. Hence, 
the energy balance implies the following expression of the heat flux: 
 

[ ]xHTTCm
A

q lvslpl
h

+−= ∞ )(
1

,&  (4-46) 

 
wherein, Ah is the mean heat exchange area, Cp,l is the liquid specific-heat capacity, Ts and T∞ 
are respectively the saturation temperature and the temperature of the bulk liquid, Hlv is the 
latent heat of vaporisation and x is the vapour quality.  
 
The critical heat flux occurs when all liquid is vaporized, i.e. x = 1. This implies: 
 

[ ]lvslpl
h

CHF HTTCm
A

q +−= ∞ )(
1

,&  (4-47) 

 
Eqs. (4-42) and (4-47) imply: 
 

3/1
45, tan −

° ×= θCHFCHF qq  (4-48) 

 
wherein °45,CHFq is the critical heat flux at θ = 45°, which is determined as: 
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The mean heat exchange area has the following form: 
 

2

4 xh DA
π=  (4-50) 

 
wherein Dx corresponds to the mean diameter of heat exchange surface between the heated 

surface and the fluid. At a first approximation, it is taken as 22/dx DD = . For a contact 

angle of 45°, the model of bubble departure diameter gives: 
 

22
d

x
K

D =  (4-51) 

 
Eqs. (4-49), (4-50) and (4-51) imply: 
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 (4-52) 

 
This is an analytical equation to determine the CHF based on the concept of macro- and 
micro-contact angles, the present model of bubble departure diameter and the energy balance. 
The CHF predicted by the correlation of Kandlikar [4.34], the correlation of Kim et al. [4.35] 
and the present model are compared to the experimental CHF given by recent literature 
studies on water and nanofluids [4.35]-[4.38]. The present model shows the best agreement 
with the trend of CHF evolution as a function of contact angle with 80% of data included 
within ± 30% (cf. Figure 4-27).  
 

 
 

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

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

1. Hydrophobic surfaces  

• Bubbles appear on the heated surface at lower heat fluxes compared to the 
hydrophilic surfaces 

• Bubbles cannot detach from the wall and rapidly coalesce with bubbles formed 
at neighbouring sites 

• Local deterioration of the heated surface occurs at lower heat fluxes (100-200 
kW/m²) compared to the hydrophilic surfaces 

 
2. Hydrophilic surfaces 

• Decreasing the contact angle, the bubble departure diameter increases whereas 
the bubble emission frequency decreases 

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

• However, for highly wetted surfaces (θ ≤ 45°), the inverse effect was observed: 
the HTC improves if the contact angle decreases. Thus, we believe that the 
best HTC can be obtained at a contact angle close to 0° or 90° 

 
3. Dynamic contact angle approach to the nucleation mechanism was developed for a 

better understanding of the observed phenomenon. The contact angle hysteresis was 
shown to play an important role in the bubble growth. Afterwards, the concept of 
macro- and micro-contact angle was introduced to describe the bubble growth process. 

 
4. Based on this concept, a theoretical model of bubble departure diameter was 

established using force and mass balances. This model next enabled development of 
new models of pool boiling heat transfer and critical heat flux. 

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

 
In the foregoing part, nanofluid boiling has been introduced as a technique of surface coating 
beside the well-known chemical vapour deposition techniques. Sample-surfaces coated by 
such techniques show different wetting properties, for instance, their static contact angles with 
water vary from 22° to 112°. These surfaces were used as heater elements in pool boiling 
experiments of water at atmospheric pressure. In the regime of nucleate boiling, it was shown 
that the surface wettability impacts the bubble growth and the heat transfer significantly. A 
change in the contact angle causes modification of some other parameters such as bubble 
departure diameter, bubble emission frequency and heat transfer coefficient.   
 
Along the same line as the foregoing work, experiments were performed to determine the 
effects of micro- and nano-surface coating on flow boiling of water at atmospheric pressure. 
The test channel was a rectangular channel 0.5 mm high, 5 mm wide and 180 mm long. Its 
dimensions were precisely determined in order to reduce measurement uncertainties. 
Therefore, the test hydraulic diameter is equal to 0.96 mm and the confinement number is 
equal to 2.6. The test channel is considered as microchannel according to Kew and Cornwell 
theory [1.19], but as minichannel according to Kandlikar and Grande [1.17] classification.The 
mass flux was set at 100 and 120 kg/m² s and the base heat flux was varied from 30 to 80 
kW/m². Water entered the test channel under subcooled conditions (90 °C). More details of 
experimental setup and procedures will be introduced in Chapter 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 significant change in contact angle by surface 
treatments. This is also a stable fluid with accurately known properties. However, the range of 
experimental vapour quality will be limited when water is used since its latent heat is 
relatively high. Another issue could be the heat loss due to a significant difference between 
the saturation temperature of water (at atmospheric pressure) and the ambient temperature. 
 
In order to accurately control the surface parameters, a reliable and repeatable method of 
sample surface fabrication was developed based on physical and chemical techniques of 
surface treatments through a mask assembly. Using this technique, smooth surfaces having 
different wettability were produced. Some of them were used to determine the impact of 
contact angle on water flow boiling. The others were structured by laser etching for tests on 
the surface treatment impact at the microscale level. 
 
The test section was designed for the purpose of simplifying sample implementation and 
visualizing flow patterns. Hence, the test channel is fabricated by putting a glass lid including 
a groove in the desired size over a Pyrex wafer containing the sample surface. Afterwards, 
these two elements are bonded by vacuum aspiration. To prevent fluid leakage, their contact 
area should be smooth and plane. More details about the experimental 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 determination of the surface wettability effects. It 
is necessary that all the sample surfaces have the same geometry with only change in contact 
angle. In other words, they should have the same dimensions (length, width and thickness) 
and the same topography at microscale. The sample surfaces are thereby produced by 
deposition of nanoparticles through patterning masks using techniques of physical and 
chemical vapour depositions (cf. Section 2.1) according 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 diameter and 1.1 mm thickness. This layer is 
used as a heating element. It consists of a rectangular track corresponding to the testing area 
and pads for electrical connections.  
 

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

� Step 3: deposition of nanoparticle layer.  
This layer enables modification of the surface wettability in a larger threshold. The deposition 
layers are hydrophilic PDMS (SiOx) and hydrophobic PDMS (SiOC), respectively. 
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Figure 5-1. Fabrication procedure of smooth surfaces: a) top view and b) perspective view. 
 
Applying the above method, four smooth sample surfaces were fabricated and characterized 
such as: 

� Titanium (Ti) surface made by step 1, 
� Diamond-like carbon (DLC) surface made by step 1 and 2, 
� Hydrophilic PDMS (SiOx) surface and hydrophobic PDMS (SiOC) surface made by 

step 1, 2 and 3. 

Structured surfaces 
In order to determine the effects of micro-surface treatment, two sample surfaces were 
fabricated following the steps shown in Figure 5-2. The first sample is called “µ-Ti”. To 
produce this surface, a titanium layer was firstly deposited by step 1, described previously. 
Afterwards, micro-holes were made by laser etching through a patterning mask which 
contains holes with radius of 20 µm. As shown in Figure 5-3, according to the theory of 
critical radius (cf. Section 1.1.1), the holes having this size are able to generate water bubbles 
at a wall superheat lower than 2°C.  
 
The second sample is called “µ-SiOx”, which is a structured surface of hydrophilic PDMS 
(SiOx). At first, depositions of titanium and diamond-like carbon (DLC) were made according 
to steps 1 and 2 in the above section. Then, the micro-holes were created by laser etching of 
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the DLC layer through the same patterning mask used for the “µ-Ti” surface. Finally, a 
deposition of SiOx layer is made on the surface of interest according to step 3. 
 

 
 

Figure 5-2. Side view of fabrication procedure of structured surfaces: a) µ-Ti surface and b) µ-SiOx surface. 
 

 
 

Figure 5-3. Active cavity size range for saturated boiling of water at atmospheric pressure. 
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of different sections are measured by Agilent 34970A and a 0.01-Ω shunt, which has an 
accurately known resistance for determination of current by measurement of voltage. 
 
Figure 5-5 shows image of a typical wafer, on which two sample surfaces are produced. 
These surfaces are identical but only one of them will be used for boiling test (surface a) and 
the other one is saved as a backup copy (surface b). Furthermore, close to the wafer edge, 
samples for surface characterisations are also deposited (surfaces c and d). They will be used 
to determine the surface topography by field-emission gun scanning electron microscopic 
(FEG-SEM) as well as to measure the surface wettability. 
 

 
 

Figure 5-4.  Schematic view of electrical connexions.  
 

Table 5-1. Dimensions of the testing area sections. 
Name S1 S2 S3 S4 S5 S6 S7 S8 
Width (mm) 5 5 5 5 5 5 5 5 
Length (mm) 25 20 22.5 22.5 22.5 22.5 20 25 

 

 
 
Figure 5-5.  Image of a typical wafer: a) test surface with electrical connexions, b) backup surface and c) 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 deposition layers, images of the sample surfaces are 
taken using a field-emission gun scanning electron microscopic (FEG-SEM). For instance, 
FEG-SEM images of SiOC surface are shown in Figure 5-6. Pixel analyses give the 
thicknesses of titanium (Ti) and diamond-like carbon (DLC) layers of about 3.5 µm and 1 µm, 
respectively. These values are close to those determined by DEKTAK3- surface profile 
measuring system, which gives 3.2-µm thickness for Ti layer and 0.8-µm thickness for DLC 
layer. 
 

 
 

Figure 5-6. FEG-SEM images of SiOC surface in the perspective view: a) and b) deposition layers on Pyrex 
wafer, c) nanoparticle layer and d) interface between titanium layer and Pyrex wafer. 
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Structured surfaces 
For structured surfaces, FEG-SEM images were also taken in order to characterize the micro-
holes. As shown in Figure 5-7a, the “µ-Ti” surface contains holes of about 35 µm diameter, in 
a distance of about 60µm between each other. Sloping view of a typical micro-hole is shown 
in Figure 5-7b and Figure 5-7c. These holes have a depth of about 3.5 µm, which corresponds 
to the thickness of the titanium layer.  
 
Shown in Figure 5-8 are FEG-SEM images of the “µ-SiOx” surface. The holes on this surface 
have diameters of about 40 µm. The distance between two consecutive holes centres is also 
near by 60 µm. The side view in Figure 5-8b exhibits that the etching depth of this surface is 
close to the thickness of the DLC layer (0.8 µm). 
 

 
 

Figure 5-7. FEG-SEM images of the µ-Ti surface: a) top view, b) sloping view and c) side view. 
 

 
 

Figure 5-8. FEG-SEM images of the µ-SiOx surface: a) top view, b) sloping view and c) side view. 

20 µm 

10 µm 

1 µm 

60 µm 40 µm 

0.8 µm 

a) 

b) 

c) 

10 µm 

10 µm 

3.5 µm 
b) 

c) 
20 µm 

60 µm 35 µm 

Pyrex  

Titanium  



FLOW BOILING EXPERIMENTS     103 

In summary, the structured sample surfaces contain numbers of spherical micro-holes having 
the dimensions which are schematically presented in Figure 5-9. 
 

 
 

Figure 5-9. Schematic view of topographies of the structured sample surfaces. 

5.1.4 R/T curves of titanium surface 
Once a sample surface is produced, stabilization of its deposition layers is made by annealing 
in a vacuum chamber at 300 °C for 3 hours. Afterwards, it is put inside a thermostat where the 
temperature is measured by a platinum probe of 0.1 °C accuracy. At steady state, the 
temperature of the sample surface could be determined from the temperature of the 
thermostat. For temperature between 20 °C and 90 °C, the electrical resistances of different 
sections of the sample surface are determined. In this way, the local wall temperature at each 
section of the sample surface can be deduced from measurements of the electric resistance by 
using the Resistance/Temperature (R/T) curve. For instance, Figure 5-10 shows the R/T 
curves at different sections of the titanium surface defined in Figure 5-4. These curves can be 
accurately correlated by linear regressions with coefficients of determination greater than 
0.999. 
 

 
 

Figure 5-10.  Electrical resistance evolution with temperature at different sections of the titanium layer.  

0.5 

0.6 

0.7 

0.8 

0.9 

1 

0 20 40 60 80 100 

Temperature (°C)  

E
le

ct
ric

al
 r

es
is

ta
nc

e 
(Ω

) 

S2 S3 S4 

S5 S6 S7 

40 µm 20 µm 

0.8 µm 

a) µ-Ti surface 

b) µ-SiOx surface 

DLC  
SiOx 

Ti  
Pyrex 

35 µm 20 µm 

3.5 µm 



104     FLOW BOILING EXPERIMENTS 

5.2 Test section 

5.2.1 Test section setup 
The channel is defined by putting a glass lid over the sample surface. This lid has two 
rectangular grooves 180 mm long, 5 mm wide and about 0.5 mm deep. The depth of each 
groove is the average depth measured by ZEISS SPECTRUM scanning at twenty different 
points along the groove. Relative uncertainty in groove depth is less than 2% (cf. Table 5-2). 
 
The glass lid is bonded to the Pyrex wafer by vacuum aspiration as shown in Figure 5-11a, 
giving two sample channels. However, only one channel will be used for boiling test and the 
other one is saved as a backup copy (cf. Figure 5-11b). To prevent fluid leakage, silicone 
compound is placed around the external contact between the glass cap and the Pyrex wafer. 
The channel is thermally insulated with foam. Visualisation 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 1  Depth of groove 2 
205 mm 40 mm 10 mm ± 8 µm 532 ±  4 µm 521 ±  6 µm 

 

 
 
Figure 5-11. Assembly of the test section: a) cross-section view and b) top view without silicone compound and 

insulation foam. 
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respectively. According to the electrical diagram shown in Figure 5-4, because of the end 
effects, the measured electrical resistances for these two sections are greater than the 
corresponding resistances in the testing area. Hence, the local temperatures giving by the R/T 
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curves for sections S1 and S8 will not be used to determine the corresponding temperatures of 
the wall in contact with the working fluid.  
 
As a consequence, for sections S1 and S8, the local heat transfer coefficients are not 
determined. Only the local vapour qualities are calculated from measurements of the local 
heat fluxes, since the electrical heat loss is negligible as shown in section 5.4. 

5.3 Experimental apparatus and procedure 

5.3.1 Experimental apparatus 
The experimental setup is shown in Figure 5-12. It consists of a test section, a condenser with 
a cooling bath, a liquid pump (ISMATEC MCP_Z), a mass flowmeter (Micro Motion Elite 
MVD) and a pre-heater. A reservoir is used to store the fluid and to control the working 
pressure at atmospheric pressure.   
 
The experimental facility is instrumented with an absolute pressure transducer (1 bar) to 
measure the pressure at the inlet of the test section, and a differential pressure transducer (100 
mbar) to measure the pressure drop across the test section. The absolute pressures at the outlet 
of the condenser and at the inlet of the pre-heater are also measured. K-type thermocouples 
are inserted at different locations to measure the bulk fluid temperature. 
 

 
 

Figure 5-12. Schematic view of the experimental apparatus. 
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voltages, pressures, and bulk temperatures are monitored and recorded at each power step 
with a data logger (Agilent 34970A) connected to a computer. The mass flux was set at 100 
kg/m² s and 120 kg/m²s, respectively and the base heat flux was varied from 30 to 80 kW/m². 
Flow visualisation was made by a high speed camera set at 500 or 1000 fps. 

5.4 Single-phase flow validation tests 

Validation tests are made using titanium surface. To validate the test facility and the test 
section instrumentation, the first step was to perform energy balance tests with highly-
subcooled water flow. Afterwards, measurements of pressure loss and heat transfer in single-
phase liquid flow were performed to validate the measurement techniques and the data 
reduction procedure. 

5.4.1 Heat loss 
Due to air convection and radiation around the test section, the working fluid loses a part of 
its energy Qo

loss when flowing along the test channel even though no electrical power is 
generated: 
 






 −= o
outfinfp

o
loss TTCmQ

,,
&  (5-1) 

 
wherein m&  is the mass flow, Cp is the liquid specific heat, Tf,in is the fluid inlet temperature 
and To

f,out is the fluid outlet temperature when the fluid is not heated by electrical power from 
the sample surface (To

f,out ≤ Tf,in).  
 
Now, if an electrical power Qe is generated from the sample surface, a part of it Qe,f  goes 
toward the working fluid and the other part Qd,loss is dissipated by conduction through the 
Pyrex wafer as shown in Figure 5-13: 
 

lossdfee QQQ ,, +=  (5-2) 

 

 
 

Figure 5-13. Schematic view of distribution of heat flux generated by Joule effect from the titanium layer. 
 
For the heat flux received by the fluid Qe,f ,  a part contributes to recoup the initial heat loss 
Qo

loss, another part contributes to heat the fluid up and the other Qu,loss is dissipated to the 
ambient: 
 

lossuinfoutfp
o
lossfe QTTCmQQ ,,,, )( +−+= &  (5-3) 

 

Qe,f 

Qd,loss 

Qu,loss + 
o
lossQ  

Water 

Heating layer 

Pyrex lid 

Tf,in Tf,out 



FLOW BOILING EXPERIMENTS     107 

Eqs. (5-1), (5-2) and (5-3) give the following relation of energy balance in single-phase flow: 
 

)()( ,,,,,, lossulossdinfoutfp
o

outfoutfpe QQTTCmTTCmQ ++−+




 −= &&  (5-4) 

 
The overall heat loss due to generation of electrical power is defined as: 
 

lossulossdloss QQQ ,, +=  (5-5) 
 
Eqs. (5-4) and (5-5) imply: 
 

)( ,,,, infoutfp
o

outfoutfpeloss TTCmTTCmQQ −+




 −−= &&  (5-6) 

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

Table 5-3. Heat fluxes balance. 
Symbol  Description 

o
lossQ  Heat loss before generation of electrical power due to air convection and radiation 

eQ  Electrical power 

lossdQ ,  Electrical power loss by conduction through the Pyrex wafer 

feQ ,  Electrical power towards the working fluid 

lossuQ ,  Part of feQ ,  dissipated to the ambient 

lossQ  Overall heat loss due to electrical power generation, lossulossdloss QQQ ,, +=  

 
Experiments were performed to determine this heat loss according to Eq. (5-6). The inlet 
temperature of water was fixed at 75°C. The mass flux was set at 120 kg/m² s since the 
operating mass fluxes for boiling tests are 100 and 120 kg/m² s, respectively. As shown in 
Figure 5-14, the heat loss from the sample surface to the fluid flow are less than 5% for base 
heat fluxes greater than 10 kW/m2 and less than 3% for base heat fluxes greater than 
20 kW/m2. The heat loss generated by electrical power can be thereby neglected.  
 

 
 

Figure 5-14. Electrical heat loss vs. electrical power generated by Joule effect at 120 kg/m² s. 
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5.4.2 Single-phase pressure drops 
In the present study, the static pressure drop is negligible because the test channel is placed in 
the horizontal position (cf. Figure 5-15). Numerical calculations and experimental 
measurements show that the frictional pressure drop in the intermediate tubes between the 
pressure transducer and the test channel is less than 0.1 mbar, which is in the order of the 
measurement uncertainty. This pressure drop is thereby neglected. Indeed, in the intermediate 
tubes, the fluid velocity is relatively low (≤ 0.06 m/s on the operating conditions). Therefore, 
the measured pressure drop is approximated to the sum of the frictional and singular pressure 
drops in the test channel as: 
 

singfrictexp PPP ∆+∆=∆  (5-7) 

 
wherein ∆pfrict is the frictional pressure drop along the test channel and ∆psing is the singular 
pressure drop at the inlet and outlet of the test channel. 
 

 
 

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

Frictional pressure loss 
The frictional pressure loss is expressed as: 
 

hl
p D

LG
fP

ρ2
4

2

frict =∆  (5-8) 

 
wherein G is the mass flux, ρl is the liquid density, L is the test-channel length, Dh is the test-
channel hydrodynamic diameter and fp is the single-phase frictional factor, which can be 
determined by the ratio of the Poiseuille number to the Reynolds number: 
 

Re

Po=pf  (5-9) 

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

]13553,19467,17012,19564,02537,0[24Po 2345 +−+−+−= ζζζζζ  (5-10) 

 
where ζ is the ratio of the channel height to the channel width. In the present study, ζ is 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: 
 

l

G
P

ρ
ξ

2

2

sing =∆  (5-11) 

 
wherein ξ is the singular pressure loss coefficient. This coefficient can be estimated using the 
case of two 90° sharp corner elbows with sudden contraction at the inlet and sudden 
enlargement at the outlet. According to the theory presented in [5.2], ξ is close to 4.5. 

Experimental measurements 
From (5-7), (5-8) (5-9) and (5-11), the experimental pressure drop is expressed as: 
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Hence, it is expressed as a function of the liquid velocity Ul as: 

2
singfrictexp ll UKUKP +=∆  (5-13) 

 
wherein Kfrict and Ksing are the constants defined as : 
 

2frict Po2
h

l
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L
K µ=  (5-14) 
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sing =  (5-15) 

 
These constants can be determined experimentally, giving the experimental Poiseuille number 
and the singular pressure loss coefficient: 
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=  (5-17) 

 
Water entered the test section at the ambient temperature (20 °C) and at different mass fluxes 
varying from 95 to 580 kg/m² s. The measured pressure drop is plotted as a function of the 
liquid velocity as shown in Figure 5-16a. A second-order polynomial is fitted with the 
experimental data, giving Kfrict = 8546.5 and Ksing = 2431.7. This regression has a 
determination coefficient greater than 0.9999. Therefore, using Eqs. (5-16) and (5-17), Po = 
22.3 and ξ = 4.87. The frictional and singular pressure drops are then 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 experimental points show a good agreement with the 
theoretical solutions of Shah and London [5.1], with a maximum deviation of 6%. For the 
singular pressure drop, low deviation is also obtained between the experimental and 
theoretical values of the singular-pressure-drop coefficient as shown in Table 5-4. 
Furthermore, the singular pressure drop is significantly lower than the frictional pressure drop 
in the test channel. The ratio between them is less than 6% for Reynolds numbers lower than 
200. 
 

 
 

Figure 5-16. Pressure drops: a) experimental pressure drop and b) frictional and singular pressure drops. 
 
Shown in Figure 5-17 are the overall single-phase pressure drops measured for all the sample 
surfaces. The same evolution of the experimental single-phase pressure drops with the 
Reynolds number is observed, validating the reproducibility of the sample implementation 
procedure.  

 
 

Figure 5-17. Total liquid pressure drop vs. Reynolds number. 

0 

10 

20 

30 

40 

50 

60 

70 

0 100 200 300 400 500 600 

Re 

E
xp

. l
iq

ui
d 

pr
es

su
re

 d
ro

p 
(m

ba
r)

SiOx µ-SiOx 
Ti µ-Ti
DLC SiOC 

1000 

2000 

3000 

4000 

5000 

6000 

7000 

0.0 0.2 0.4 0.6 0.8 

Liquid velocity (m/s)

E
xp

er
im

en
ta

l p
re

ss
ur

e 
dr

op
 (

P
a)

 

b) 
0 

10 

20 

30 

40 

50 

60 

70 

0 200 400 600 800 

Re 

P
re

ss
ur

e 
dr

op
 (

m
ba

r)
 

Shah & London [5.1] 
Frictional pressure drop 
Singular pressure drop 

a) 



FLOW BOILING EXPERIMENTS     111 

Indeed, the average deviation of the experimental data shown in Figure 5-17 is about 0.8 
mbar, which is in the order of the uncertainty in measurement of the pressure drop. Therefore, 
the experimental values of Po and ξ given in Table 5-4 can be used for the all sample surfaces 
to estimate the single-phase pressure drops. 
 

Table 5-4. Single-phase pressure drop constants. 
Constant Theoretical value, ref.  Experimental value Deviation (%) 
Po 21, [5.1] 22.3 6 
ξ 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 generated by electrical power is negligible. Therefore, 
the heat flux from the sample surface to the fluid at section i of the sample surface can be 
determined as: 
 

ih

i
i A

VI
q

,
=  (5-18) 

 
wherein I is the current, Vi is the voltage and Ah,i is the area of  section i. The local heat 
transfer coefficient is determined from the local wall to bulk temperature difference and the 
heat flux as: 
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Along section i of the sample surface, the fluid temperature is assumed to vary linearly. Thus, 
the average temperature of the fluid at this section is determined as: 
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wherein Tf,i,in and Tf,i,out are the fluid temperatures at the inlet and outlet of section i, 
respectively.  
 
The fluid temperature at the inlet of a section is also the temperature of the fluid at the outlet 
of the previous section, and hence Eq. (5-20) can also be expressed as: 
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The fluid outlet temperature of each section is calculated from the inlet temperature and the 
heat added to the fluid as:  
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wherein o
lossq  is the average heat loss flux before generation of electrical power, which is 

approximated as:  
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wherein Ah is the overall heat exchange area between the sample surface and the fluid and 
Qo

loss is the overall heat loss before generation of electrical power calculated by Eq. (5-1). 
When the fluid enters the test section at the ambient temperature, this heat loss is negligible. 
 
In single-phase flow, the local Nusselt number at section i is defined as: 
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wherein λi is the fluid thermal conductivity at section i.  
 
The local reduced length is defined as: 
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wherein zi is the length of section i and Pr is the Prandtl number. 

Thermal entrance length 
The thermal entrance length Lth is the length until the flow temperature profile is fully 
developed. Its dimensionless number is defined as: 
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From the numerical solution by Shah and London [5.1], the following correlation of the 
reduced thermal entrance is obtained:  
 

0115,01780,02905,0299,01320,0 234 ++−+−=+ ζζζζthL  (5-27) 

 
where ζ is the ratio of the channel height to the channel width. In the present study, ζ is equal 
to 0.1, and therefore Eq. (5-26) gives Lth

+ = 0.027. Thus, the thermal entrance is calculated at 
different fluid temperatures as shown in Figure 5-18. The thermal entrance length decreases 
when the fluid temperature increases. In boiling tests, the fluid temperature is near by 100 °C 
and the operating Reynolds number is less than 500. Thereby, the single-phase liquid flow 
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will be thermally fully developed after a travel of about 22 mm, which is close to the length of 
the first section S1. 

 

 
 

Figure 5-18. Thermal entrance length vs. Reynolds number at different fluid temperatures. 

Comparison between theoretical and experimental data 
The numerical solution of Shah and London [5.1] is used to estimate the local Nusselt number 
as: 
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wherein Nu∞ is the Nusselt number for thermally fully-developed flow. In the case of a 
rectangular channel with heat flux imposed at one side and fluid temperature imposed at the 
other sides, Nu∞ = 4 according to Shah and London [5.1]. 
 
For experimental measurements, water entered the test section at the ambient temperature (20 
°C). The mass flux was varied from 45 to 480 kg/m² s and the heat flux was varied from 8 to 
60 kW/m². Evolution of the Nusselt number with the reduced flow length is shown in Figure 
5-19. A good agreement between the experimental and the theoretical data is obtained, with 
only a maximum deviation of 5%, even at low Reynolds numbers. This deviation is lower 
than the uncertainty in measurement of the Nusselt number which is about14%. 
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Figure 5-19. Local Nusselt number vs. local reduced length. 

5.5 Conclusion 

The main remarks of this chapter are as follows: 
 

� In order to accurately control the surface parameters, a reliable and repeatable method 
of sample surface fabrication was developed. It consists of three steps of surface 
coating and structuring which enable the samples to be used as the heating elements as 
well as the sensors of local temperature and heat flux. This method also enables 
modification of surface topography and chemistry at nano- and microscales 

 
� The test section was setup so that visualisation of flow patterns can be made and 

replacement of samples is easy to implement 
 

� Single-phase validation tests were performed to validate the test facility, measurement 
techniques and data reduction procedure. The experimental data of single-phase 
pressure drop and heat transfer coefficient show good agreements with the data 
predicted by Shah and London [5.1]. 

 
In the next chapter, the experimental results for boiling 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 by electrical generation are negligible. 
Therefore, the local heat flux exchanged between the fluid and the wall at section i of the 
sample surface is calculated as: 
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=  (6-1) 

 
wherein I is the current and Vi and Ah,i are the voltage and the area of  section i, respectively.  
 
The average heat flux along the test channel is calculated as: 
 

hA
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wherein V is the overall voltage and Ah is the overall heat exchange area between the working 
fluid and the sample surface. 
 
However, as mentioned in Section 5.4, due to air convection and radiation around the test 
section, the working fluid loses a part of its energy Q°loss when flowing along the test channel 
even though no electrical power is generated: 
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wherein m&  is the mass flow, Cp is the liquid specific heat, Tf,in is the fluid inlet temperature 
and To

f,out is the fluid outlet temperature when the fluid is not heated by electrical power from 
the sample surface. 
 
The average heat loss flux before generation of electrical power is approximated as:  
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6.1.2 Subcooled conditions 
Along section i of the sample surface, the fluid temperature is assumed to vary linearly. Thus, 
the average temperature of the fluid at this section is determined as: 
 

2
,,,,

,
outifinif

if
TT

T
+

=  (6-5) 



116     FLOW BOILING EXPERIMENTS 

wherein Tf,i,in and Tf,i,out are the fluid temperatures at the inlet and outlet of section i, 
respectively.  
 
The fluid temperature at the inlet of a section is also the temperature of the fluid at the outlet 
of the previous section, and hence Eq. (6-5) can also be expressed as: 
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The fluid outlet temperature of each section is calculated from the inlet temperature and the 
heat added to the fluid as:  
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The local heat transfer coefficient is determined from the local wall to bulk temperature 
difference and the heat flux as: 
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6.1.3 Two-phase length 
An iterative method is used to calculate the single-phase length zonb where bulk boiling starts, 
i.e. where the fluid bulk temperature is equal to the saturation temperature at the local 
pressure.  
 
Initial condition for the iteration is: 
 

Lzonb =  (6-9) 
 
wherein L is the test-channel length.  
 
At each iteration step, the absolute pressure Ponb and saturation temperature Ts,onb are 
calculated, updating the value of the single-phase length. 
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wherein Pin is the absolute pressure at the inlet of the test section and Po is the Poiseuille 
number determined by single-phase tests (cf. Section 5.4.2). The singular pressure drop at the 
inlet of the test channel is not taken into account in Eq. (6-10) since it is less than 2% of the 
overall single-phase pressure drop as shown in Section 5.4.2.  
 
The saturation temperature is determined using a second-order polynomial regression given 
by REFPROP 7.0, developed by NIST (2002): 
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wherein Ponb is in mbar and Ts,onb is in °C. 
 
The energy balance from the inlet of the test channel to the position where bulk boiling starts 
implies: 
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wherein W is the test channel width.  
 
Therefore, the following expression of the single-phase length is obtained: 
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The iteration stops when the convergence criterion is obtained: 
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wherein n is the number of iteration.  
 
Hence, the two-phase length Ltp is determined as: 
 

onbtp zLL −=  (6-15) 

6.1.4 Boiling conditions 
The overall two-phase pressure drop ∆Ptp along the test channel is calculated as: 
 

)(exp onbintp PPPP −−∆=∆  (6-16) 

 
wherein ∆Pexp is the pressure drop measured experimentally and (Pin – Ponb) is the single-
phase pressure drop. The singular pressure drop at the outlet of the test channel is not taken 
into account in Eq. (6-16) since it is less than 3% of the overall single-phase pressure drop as 
shown in Section 5.4.2. 
 
Thus, the average gradient per unit length of the two-phase pressure drop is calculated as: 
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The local saturation temperature Ts,i is determined by taking into account the drop in 
saturation temperature due to pressure drop, where the pressure drop is assumed to vary 
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linearly along the test section. In other words, for sections i on boiling conditions, the local 
absolute pressure drop is determined as: 
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This assumption is acceptable since it gives an uncertainty of less than 0.03 °C in the 
determination of the saturation temperature. Indeed, Eq. (6-18) gives un uncertainty of less 
than 1 mbar in the determination of the local pressure at each section of the sample surface. 
 
The two-phase heat transfer coefficient is determined as: 
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6.1.5 Vapour quality 
The variation of the vapour quality is calculated using energy balance as: 
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wherein hlv,i is the latent heat of vaporisation at section i.  
 
The vapour quality is equal to zero when bulk boiling starts. It is negative on subcooled 
conditions and positive on boiling conditions. 

6.1.6 Average parameters 
For average analysis, the average wall and saturation temperatures are determined by the 
following relation: 
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wherein N is the number of sections of interest on the sample surface. 

6.1.7 Operating conditions 
A Matlab program was written in order to determine the parameters of interest according to 
the above equations. Thermodynamic properties of water are calculated with the computer 
code REFPROP 7.0, developed by NIST (2002). Experimental parameters and operating 
conditions are summarized in Table 6-1. The measurement uncertainties are estimated using 
the error propagation law suggested by Kline and McClintock [6.1] (cf. Appendix). 
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Table 6-1. Operating parameters and uncertainties. 
Parameter Range Uncertainty 
Dh (mm) 0.96 ±0.02 mm 
G (kg/m² 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 
q (kW/m²) 30-100 ±2% 
h (kW/m² 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 surfaces were measured using the sessile drop 
technique with KRÜSS EasyDrop systems in a cleanroom at the ambient temperature (cf. 
2.2.3). Pictures of water drops on different sample surfaces are shown in Figure 6-1.  
 

 
 

Figure 6-1. Static contact angles of a water-droplet on the sample surfaces at room temperature. 
 
The SiOx surface shows a relatively high wettability; whereas the SiOC surface is an 
unwetted (hydrophobic) surface. The Ti and DLC surfaces are both wetted (hydrophilic) and 
have static contact angles (θ) of 49° and 63°, respectively. The contact angle hysteresis ∆θ of 
each sample surface is also determined by measurements of receding and advancing contact 
angles (θa and θr, respectively). The results of contact angle measurements are summarized in 
Table 6-2. 

Table 6-2. Contact angle measurements. 
Surface θ (°) θa (°) θr (°) ∆θ (°) 
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 was shown that the surface wettability has a 
negligible impact on the single-phase pressure drop. However, in boiling conditions, the 
surface wettability can play a significant role because of surface tension force generated at the 
fluid-wall interface. This remark is highlighted by experimental measurements as shown in 
Figure 2. For various samples with various contact angles, different evolution curves of two-
phase pressure drop as functions of vapour quality are obtained. 
 
Indeed, at the operating mass fluxes, it is noticed that the two-phase pressure drop decreases 
with the contact angle. Especially, between SiOC hydrophobic surface and SiOx highly-
hydrophilic surface, the average deviation is about 270%. The impact of contact angle on two-

49° 
Ti surface 

63° 
DLC surface 

104° 
SiOC surface 

26° 
SiOx surface 
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phase pressure drop can be related to its impact on the surface tension force generated at the 
triple contact line. For wetted surfaces, this force acts to reduce the dry zone perimeter, and a 
decrease of the contact angle leads to an increase of this effect. However, for unwetted 
surface, as shown in Chapter 4, the surface tension force tends to maintain the bubbles at the 
solid wall, increasing the frictional pressure drop of the moving fluid.  
 
For all samples, the two-phase pressure drop increases when the mass flux or the vapour 
quality increases. The dependence of the two-phase pressure drop on the vapour quality can 
be fitted by linear or second-order regression with a regression coefficient greater than 0.999.  
 

 
 

Figure 6-2. Two-phase pressure drops: a) at 100 kg/m² s and b) at 120 kg/m² s. 

6.2.3 Flow patterns visualisation 

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

� Confined-bubbly flow (CBF): where discrete bubbles move inside the liquid phase. 
These bubbles are confined because they rapidly reach the channel height and then 
homogeneously grow in the directions of the channel width and length. 

 
� Slug flow (SF): when confined bubbles have the same width as the channel, they 

mainly grow in the direction of the channel length. Thus, they are called “elongated 
bubble” or “slug”. Slugs can be also created by coalescence of confined bubbles. 

 
� Slug-annular flow (SAF): where churning liquid zones are created at the wall by 

coalescence and deformation of slugs. This type of flow 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 in a highly irregular 

liquid-vapour interface. 
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Figure 6-3. Representative top-view images of flow patterns in the test channel for all the sample surfaces. 
 
In the following paragraphs, the impact of surface wettability on two-phase flow patterns will 
be discussed. For illustration, only representative images at 120 kg/m² s will be presented, 
since no significant change in the flow patterns was observed when the mass flux changes 
from 100 kg/m² s to 120 kg/m² s.  

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

 
 

Figure 6-4. Representative top-view images of flow patterns on Ti surface at different heat fluxes. 
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Furthermore, the flow patterns along the test channel periodically change. As an example, the 
evolution of flow patterns on Ti surface at a heat flux of 61 kW/m² is illustrated in Figure 6-5. 
It is noticed that at a relatively high heat flux (≥ 50 kW/m²), the nucleation of a bubble 
followed by its rapid growth into a vapour slug resulted in reverse flow, as illustrated in 
Figure 6-5 from 100 to 200 ms. This is the so-called “backflow” phenomenon which was 
early observed by Kandlikar et al. [6.3] and Brutin et al. [6.4], who reported this phenomenon 
as a main cause for the two-phase flow instability. At the end of a flow-pattern period, the 
liquid rewets the test-channel walls as shown in Figure 6-5 from 300 to 600 ms. The period of 
two-phase flow-pattern in a microchannel is relatively similar to the one of bubble growth in 
pool boiling. Indeed, both periods contain three main stages such as: nucleation, bubble 
growth and liquid rewetting. 

 
 

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

Similar observations are obtained with DLC surface as shown in Figure 6-6. Compared to Ti 
surface, bubbles grow more rapidly on DLC surface, leading to a shorter period of flow-
pattern (about 500 ms) and to a regime of slug-annular flow at a lower heat flux. This 
observation can be related to the bubble emission frequency, which is higher on DLC surface 
due to a higher contact angle. 

 
 

Figure 6-6. Analysed images of flow patterns on DLC surface: a) vs. heat flux and b) vs. time at 60 kW/m². 
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Highly-wetted surface 
For highly-wetted SiOx surface, three types of flow patterns were identified, which are 
confined-bubbly flow, slug flow and churn flow. Compared to Ti and DLC surfaces, instead 
of the slug-annular flow, the churn flow was observed with SiOx surface (cf. Figure 6-7). The 
appearance of this new pattern can be related to the high superheat needed for onset of 
nucleate boiling (cf. Section 6.2.4) which causes rapid evaporation rate and thus instabilities 
at the liquid-vapour interface. Especially, in the bottom corners along the test channel, due to 
the presence of a large liquid amount, nucleation occurred inside the liquid film around the 
pre-existent slugs and hence agitated the two-phase flow. On SiOx surface, backflow 
phenomenon was also observed. 
 

 
 

Figure 6-7. Representative image of churn flow regime (CF) observed on SiOx surface. 

Unwetted surface 
On SiOC surface, a large amount of bubbles was rapidly generated, even though the fluid was 
not in saturation conditions (Tf – Ts ≈ -1 °C) as shown in Figure 6-8a. These bubbles resided 
long time on SiOC surface, and their motions were discontinuous and unstable. Some of them 
coalesced to form confined bubbles and slugs. These behaviours are probably related to the 
formation energy and the surface tension force as described in Chapter 4. During the 
movement of slugs, bubbles emission still occurred in the liquid film around them, generating 
the churn flow (cf. Figure 6-11). The flow patterns of SiOC surface are thereby identified as: 
confined-bubbly flow, slug flow and churn flow. Unlike the other surface, on SiOC surface, 
backflow phenomenon was not observed. The present observations are in good agreement 
with those reported by Choi et al. [6.5].  

 
 

Figure 6-8. Representative images of flow pattern on SiOC surface: a) bubbles are created in 1°C-subcooled 
fluid and b) churn flow regime (CF). 

Intermittent dryout 
For all sample surfaces, in the regime of slug-annular flow or churn flow, dryout was 
observed by detection of condensation of vapour on the top wall of the test channel, as 
illustrated in Figure 6-9 for DLC surface. Similar images were obtained with the other 
surfaces. This dryout is intermittent because of later liquid rewetting. The intermittent dryout 
is mainly caused by coalescence and deformation of slugs, or by nucleation inside the liquid 
film.  

Bubble formation and growth Flow direction 
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Figure 6-9. Representative image intermittent dryout on DLC surface detected by condensation of vapour. 

Flow-pattern map 
Various two-phase flow pattern maps have been proposed for microchannels over the years. A 
complete review of study on microchannel two-phase pattern maps can be found in the book 
of Thome [6.6]. In the present study, the map suggested by Triplett et al. [6.7] is used for 
comparison with the present experimental visualisation, since the operating conditions of 
Triplett et al. [6.7] are relatively similar to the present operating conditions. The major 
differences are: in Triplett et al. [6.7], the tests were conducted with a circular channel in 
adiabatic conditions; whereas the present tests were carried out in boiling condition with a 
rectangular channel. 
 
Indeed, Triplett et al. [6.7] proposed a graphical map in terms of the superficial liquid velocity 
versus the superficial vapour velocity, based on their flow pattern observations for air-water 
in a 1.1 mm horizontal Pyrex channel. The flows were made using a mixer for air and water 
upstream of the observation point. They identified five types of flow patterns which are 
bubbly flow (BF), slug flow (SF), slug-annular flow (SAF), churn flow (CF) and annular flow 
(AF) (cf. Figure 6-10a). According to their definition, the confined-bubbly flow observed in 
the present study can also be classified as “slug” since the bubbles are confined in height. 
 
As shown in Figure 6-10a, for all the sample surfaces, the main flow patterns are slug and 
slug-annular flows. This prediction shows good agreement with the present visualization on 
Ti and DLC surfaces. However, for SiOx and SiOC surfaces, the map of Triplett et al. [6.7] 
does not predict the churn flow which was observed in current experiments. This should relate 
to the wetting property of the Pyrex surface tested by Triplett et al. [6.7], which is relatively 
similar to those of Ti and DLC surfaces but significantly different from those of SiOx and 
SiOC surfaces.  
 
In order to take into account the effect of contact angle on two-phase flow patterns, a new 
pattern map is suggested in terms of the contact angle versus the outlet vapour quality as 
shown in Figure 6-10b. It is important to notice that the transition boundaries were 
qualitatively determined by experimental visualisation and the present map is valid for only 
water with mass flux of 100 and 120 kg/m² s. The given flow patterns are the dominant ones 
observed in boiling period. In general, for all sample surfaces, at low outlet vapour qualities 
(≤ 0.3), the confined-bubbly flow and the slug flow are the two major flow patterns. At higher 
outlet vapour qualities, slug-annular flow appears on the low-wetted surfaces, but churn flow 
dominates on the highly-wetted and unwetted surfaces. Future work is needed to validate the 
present map by comparison with a larger set of experimental data. The major observations of 
flow pattern on smooth samples surface are summarized in Table 6-3. 
 

Dry patch 
Flow direction 
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Figure 6-10. Flow pattern map: a) of Triplett et al. [6.7] for air-water in a 1.1 mm horizontal channel and b) 
given by the present visualization for 100 and 120 kg/m² s where the transition boundaries are qualitatively 

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 coefficient with the vapour quality on various sample 
surfaces at 100 and 120 kg/m² s are presented in Figure 6-11 and Figure 6-12, respectively. In 
boiling conditions, the experimental heat transfer coefficient varies from 5000 W/m² K to 
30000 W/m² K. At a given heat flux, when boiling occurs, it is noticed that the heat transfer 
coefficient increases when the vapour quality increases. For a vapour quality between 0.005 
and 0.015, the heat transfer coefficient reaches its maximum value, and then decreases to a 
constant value. An increase in the heat flux leads to an increase in this value. These 
observations are in agreement with those of Sobierska et al. [6.8] who investigated flow 
boiling of water in a vertical narrow rectangular microchannel with the hydraulic diameter Dh 
= 0.48 mm. 
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Figure 6-11. For 100 kg/m² s, heat transfer coefficient vs. vapour quality on a) SiOx surface; b) Ti surface; c) 
DLC surface and d) SiOC surface. 

 
However, for SiOx surface which has a relatively high wettability, the heat transfer coefficient 
slightly changes when the vapour quality or the heat flux increase. This surface also shows the 
lowest heat transfer performance. For SiOC surface which is hydrophobic, bubble generation 
occurred even at negative vapour quality, i.e. at a fluid temperature lower than the saturation 
temperature. The two low-wetted surfaces have relatively the same evolution tendency of the 
heat transfer coefficient with the vapour quality or heat flux. Compared to Ti surface, the heat 
transfer coefficient on DLC surface is lower with an average deterioration of about 10%.  
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Figure 6-12. For 120 kg/m² s, heat transfer coefficient vs. vapour quality on a) SiOx surface; b) Ti surface; c) 
DLC surface and d) SiOC surface. 

 
It is noticed that the mass flux has a slight effect on the heat transfer coefficient. For all the 
sample surfaces, at 120 kg/m² s, the best heat transfer coefficients are obtained with the 
maximum operating heat fluxes, which are 73, 81, 75 and 56 kW/m² for SiOx, Ti, DLC and 
SiOC surfaces, respectively. However, at 100 kg/m² s, lower heat fluxes can give higher 
values of the maximum heat transfer coefficient. Especially, for DLC surface, the heat 
transfer coefficient reaches the maximum value of 25000 W/m² K when the heat flux is equal 
to 42 kW/m². This effect of mass flux may be due to the impact of nucleate boiling at low 
vapour qualities, which is frequently higher for a lower mass flux. 

Discussion 
Dependence of the heat transfer coefficient on the vapour quality can be explained by local 
flow patterns as illustrated in Figure 6-13. It is observed that the heat transfer coefficient 
significantly increases in the confined bubbly and slug configurations. Its maximum value 
would be obtained in slug flow when the liquid layer thickness reaches its minimum value. 
The heat transfer deterioration occurs when the slug flow is disrupted to become slug-annular 
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or churn flow. This can be explained by the presence of the intermittent dryout observed in 
the semi-annular and churn flows, as well as the increase of liquid film thickness in wavy 
conditions.  
 
The experimental observations are also revealed by interpreting the boiling curves shown in 
Figure 6-14, where the wall and saturation temperatures are taken as the average temperatures 
defined by Eqs. (6-21) and Eq. (6-22), respectively. It is shown that the superheat needed for 
onset of nucleate boiling (ONB) decreases when the contact angle increases. This observation 
can be related to the formation energy which increases with increasing contact angle as 
discussed in Chapter 4. 
 

 
 

Figure 6-13. Flow patterns on titanium surface at 120 kg/m² s with i) original image and ii) analysed image. 
 

 
 

Figure 6-14. Boiling curves for various sample surfaces at 100 and 120 kg/m² s. 
 
For SiOC hydrophobic surface, bubble generation occurs even at a fluid temperature lower 
than the saturation one. The main reason for this would be a large amount of pre-existing gas 
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Tyrell and Attard [6.10]. However, high rate of gas production leads to rapid bubble 
coalescence, causing deterioration of the heat transfer coefficient. 
 
For SiOx highly-wetted surface, because of high superheat needed for the ONB, the heat 
transfer coefficient is relatively poor. Heat transfer would be mainly generated by conduction 
through the liquid layer, which is in contact with the heated surface. This layer is a result of 
balance of different factors such as the shear force at the liquid-vapour interface, the 
evaporation rate and the capillary effect. Since the surface is highly wetted, the capillary 
effect is thought to be the dominant factor. Thus, the thickness of the liquid layer is partially 
unchanged when the vapour quality or the heat flux increase. Therefore, the heat transfer 
coefficient remains almost constant as shown in Figure 6-11 and Figure 6-12. Another 
explanation for this would be the dominance of heat transfer by nucleate boiling, since the 
slight impact of heat flux on the heat transfer coefficient can be related to measurement 
uncertainties. 
 
For Ti and DLC surfaces, the heat transfer performances in terms of local or average values 
are relatively similar, mainly because these surfaces have the same flow-pattern configuration. 
However, on DLC surface, the slug-annular flow occurred at a lower vapour quality and in a 
shorter time compared to Ti surface. This behaviour would be a consequence of the higher 
bubble emission frequency of DLC surface, since this surface has a higher contact angle (cf. 
Chapter 4). As a consequence, in average analysis, at a given heat flux, DLC surface shows a 
lower heat transfer coefficient than Ti surface.  
 
The delay of onset of nucleate boiling was identified by Kandlikar [6.9] as a major cause for 
the back flow phenomenon. The author reported that the onset of nucleate boiling introduces a 
pressure spike, which may overcome the inertia of the incoming liquid and the pressure in the 
inlet manifold, and hence cause a reverse flow of varying intensity depending on the local 
conditions. To avoid this phenomenon, the author suggested reducing the superheat needed 
for onset of nucleate boiling. His suggestion is in good agreement with the present 
observations. Indeed, in this study, back flow occurred on the wetted sample surfaces which 
required more than 2°C of superheat for nucleate-boiling onset, but it is completely 
suppressed on unwetted surface for which bubble is generated at a superheat near by zero. 

6.2.5 Analytical approaches 
In this section, some analytical models will be presented with the purpose of highlighting the 
impact of the surface wettability on flow boiling in microchannels. Those models give the 
first insights into the role of contact angle on two-phase pressure drop, backflow velocity and 
boiling heat transfer coefficient. However, since they were developed based on several simple 
hypotheses, those models need to be improved in the future works for prediction of a larger 
set of experimental data. 

Two-phase pressure drop 
The two-phase pressure drop is classically calculated as a sum of the static pressure drop 
∆Pstatic, the momemtum pressure drop ∆Pac and the frictional pressure drop ∆Pfrict as: 
 

frictacstatictp PPPP ∆+∆+∆=∆  (6-23) 

 
Eq. (6-23) implies the following equation of pressure gradient per unit length: 
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dz

dP

dz

dP

dz

dP

dz

dP frictacstatictp ++=  (6-24) 

  
In the present study, because the test channel is in horizontal position, the static pressure drop 
can be neglected, leading to: 
 

dz

dP

dz

dP

dz

dP frictactp +=  (6-25) 

 
wherein, the gradients per unit length of the momentum and frictional pressure drops can be 
estimated using the homogeneous or separated flow models for flow inside plain tubes such 
as: Lockhart and Martinelli [6.11], Mishima and Hibiki [6.12], Friedel [6.13], Chisholm 
[6.14], Bankoff [6.15], and Muller-Steinhagen and Heck [6.16]. A complete review of these 
models can be found in the book of Thome [6.6]. 
 
In the homogeneous model, the two-phase flow is approached by a homogeneous fluid which 
has a homogeneous viscosity µtp and a homogeneous density ρtp defined as: 
 

lgtp xx µµµ )1( −+=  (6-26) 

 

hghltp ερερρ +−= )1(  (6-27) 

 
wherein, x is the vapour quality; µl and µg are the liquid and gas viscosities, respectively; ρl 
and ρg are the liquid and gas velocities, respectively; and εh is the homogenous void fraction 
determined as: 
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(6-28) 

 
The separated flow model considers the two phases to be artificially separated into two 
streams, each flowing in its own pipe. The areas of the two pipes are proportional to the void 
fraction εsf. Numerous methods are available for predicting the void fraction. In the present 
study, the correlation of Steiner [6.17] is used as recommended by Thome [6.6]: 
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wherein, g is the gravity, σ is the liquid-vapour surface tension and G is the mass flux. 
 
The present experimental data are then compared to the data given by the above correlations, 
as shown in Figure 6-15 and Figure 6-16. It is important to notice that for the correlation of 
Lockhart and Martinelli [6.11], the case of laminar liquid flow and turbulent gas flow is 
applied for the present study, since the liquid Reynolds 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 Martinelli [6.11] gives the best estimation for the 
experimental-data evolution trend and values. The second best method is the correlation of 
Bankoff [6.15] and the third best is the correlation of Muller-Steinhagen and Heck [6.16]. 
However, none of these correlations predicts the dependence of the two-phase pressure drop 
with the contact angle. For a better prediction, it is necessary to take into account the pressure 
drop caused by the surface tension force generated at the triple contact line. This pressure 
drop is called “wetting pressure drop” Pθ. Therefore, Eq. (6-25) is modified as: 
 

dz

dP

dz

dP

dz

dP

dz

dP frictactp θ++=  (6-30) 

 
Thus, the gradient of the wetting pressure drop can determined as: 
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wherein, the two-phase pressure drop gradient is determined by experimental measurements, 
and the gradients of the momentum and frictional pressure drops can be estimated by the 
correlation of Lockhart and Martinelli [6.11] which give the best estimation: 
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At a first approximation, the wetting pressure drop is assumed to be independent of the 
vapour quality and mass flux. Hence, for a given contact angle, the wetting pressure drop is 
taken as the statistical average value as: 
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wherein, N is the number of experimental points for each contact angle. 
 
Besides, the wetting pressure drop gradient can be analytically determined by a simple model 
in which, a confined bubbly (or slug) with a length Lb circulates inside a circular tube of 
hydraulic diameter Dh as shown in Figure 6-17. At bubble head and tail, the contact angles are 
the advancing contact angle θa and the receding contact angle θr, respectively. For wetted 
surfaces, the surface tension force at the bubble tail acts to push the bubble in the flow 
direction, but this force at the bubble head acts to pull the bubble backward. The wetting 
pressure drop is thereby defined as the pressure difference generated by the difference of the 
surface tension forces at the bubble head and tail. Thus, it can be determined as: 
 

( )
h

ar

D
P

θθσ
θ

coscos4 −
=∆  (6-34) 

 
The gradient per unit length of the wetting pressure drop can be thereby expressed as: 
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( )
bh

ar

LDdz

dP 1coscos4 θθσθ −
=  (6-35) 

In boiling conditions, the advancing and receding contact angles of a bubble are difficult to be 
measured. At a first approximation, the advancing contact angle θa is assumed to be equal to 
the static contact angle θ and the receding contact angle θr is assumed to be equal to 0. This 
hypothesis implies: 
 

( )θθ
θ cos1−= K

dz

dP
 (6-36) 

 
wherein Kθ is a constant defined as: 
 

bh LD
K

14σ
θ =  (6-37) 

  
Eq. (6-37) shows that the gradient of the wetting pressure drop has a linear relation with (1-
cosθ). In order to validate this observation, the gradient of the wetting pressure drop 
determined by Eq. (6-33) is plotted as a function of (1-cosθ), as shown in Figure 6-18. Indeed, 
it is observed that the data evolution can be fitted by a linear regression with a regression 
coefficient greater than 0.999. The following correlation is thereby suggested to estimate the 
wetting pressure drop: 
 

[ ]51.1)cos1(81.6103 −−×= θθ
dz

dP
 (6-38) 

 

 
 

Figure 6-15. Comparison between exp. and theoretical data of two-phase pressure drop gradient at 100 kg/m² s. 
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Figure 6-16. Comparison between exp. and theoretical data of two-phase pressure drop gradient at 120 kg/m² s. 

 
 

Figure 6-17. Schematically view of a confined bubble or slug inside a circular tube. 
 

 
 

Figure 6-18. Gradient of the wetting pressure drop vs. (1-cosθ). 
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Therefore, using Eq. (6-30) where the gradients of the momentum and friction pressure drops 
are estimated by the correlation of Lockhart and Martinelli [6.11], and the gradient of the 
wetting pressure is determined by Eq. (6-38), the two-phase pressure can be approximated. 
Figure 6-19 shows a good agreement of the predicted and measured two-phase pressure drop. 
Indeed, about 86% of the data are included within the lines of 20% error.  

 

 
 

Figure 6-19. Comparison of the predicted and experimental values of the wetting pressure-drop gradient. 

Backflow phenomenon 
As discussed in the previous sections, backflow phenomenon was observed on the wetted 
sample surfaces. This observation would be related to the delay of onset of nucleate boiling 
which generates a reverse flow by high evaporation rate at the liquid-vapour interface. In the 
following paragraphs, a simple model will be developed, giving a first insight of the backflow 
phenomenon. 
 
Assuming that a slug of volume Vb is created in the test channel, the energy needed for this 
process can be expressed as: 
 

lvbv HVE ρ=  (6-39) 
 
wherein ρv is the vapour density and Hlv is the liquid-vapour latent heat. 
 
Due to the delay of onset of nucleate boiling, before the formation of this slug, liquid in the 
test channel is superheated. Assuming that the temperature of the superheat liquid is equal to 
the wall temperature, the power released by the superheat-liquid flow when its temperature 
decreases to the saturation temperature can be estimated as: 
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wherein, Dh is the hydraulic diameter, G is the mass flux, Cp is the liquid specific heat and 
∆Twf,ONB is the wall superheat for onset of nucleate boiling. 

0 

4 

8 

12 

16 

20 

0 4 8 12 16 18 

P
re

di
ct

ed
 d

P
tp

 / 
dz

 (
kP

a/
m

) 

100 kg/m² s 

120 kg/m² s
+20% 

-20% 

Experimental dPtp / dz (kPa/m) 
 



FLOW BOILING EXPERIMENTS     135 

Therefore, the time needed to obtain the slug of volume Vg can be approximated as: 
 

b
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&

 (6-41) 

 
wherein Lb is the slug length which can be estimated as: 
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Assuming that the slug homogeneously grows in both sides of its tail and head, the average 
growth velocity of this slug by evaporation in one side can be determined as: 
 

lvv

ONBwfpb
eva H

TCGL
U

ρτ
,

22

∆
==  (6-43) 

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

l
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=  (6-44) 

 
wherein ρl is the liquid density. 
 
Therefore, the average velocity of the reverse flow can be estimated as: 
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wherein Ja is the Jakob number defined as: 
 

lvv

ONBwfpl
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=  (6-46) 

 
Eq. (6-45) shows that the backflow occurs when Ja ≥ 2. This criterion is in good agreement 
with the present experimental observation. Indeed, among all the sample surfaces, only SiOC 
surface has a Jakob number lower than 2, as shown in Figure 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 sample surfaces. 

Heat transfer coefficient 
The purpose of this section is to develop an analytical model which enables a better 
understanding of the impact of flow patterns on the heat transfer coefficient. Three modes of 
heat transfer are suggested as: 
 

� H1: conduction through the liquid layer in contact with the heated surface, 
 
� H2: evaporation of the superheated liquid, 

 
� H3: nucleate boiling. 

 
For the mode H1, the heat transfer coefficient h1 is determined as the ratio of the liquid 
thermal conductivity λl to the thickness δl of the liquid layer at the heated surface: 
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lh
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=1  (6-47) 

 
At a first approximation, because the Pyrex lid is low wetted, liquid is assumed to be 
homogeneously distributed at the top and bottom of the test channel when low-wetted sample 
surfaces are used (cf. Figure 6-21a). Hence, the liquid layer thickness can be determined as: 
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wherein ε is the void fraction, which is calculated by Eq. (6-29) given by Steiner [6.17]. 
 
However, when the sample surface is highly-wetted, due to high capillary effect at this 
surface, the whole amount of liquid is assumed to be concentrated at the bottom of the test 
channel as shown in Figure 6-21b. This implies: 
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)1( εδ −×= Hl  (6-49) 
 

 
 
Figure 6-21. Schematically view of the cross section of the test channel for a) low-wetted surfaces and b) highly-

wetted surfaces. 
 

For the mode H2, vapour is mainly formed by evaporation of the superheated liquid at the 
liquid-vapour interface. If a mass flux gm&  is generated, the energy balance gives: 

 

l
lv

lsp
g m

H

TC
m &&

∆
=  (6-50) 

 
wherein lm&  is the mass flux of the superheated liquid, Cp is the liquid specific heat, Hlv is the 

liquid-vapour latent heat and ∆Tls is the liquid superheat. 
 
Eq. (6-50) can be also expressed as: 
 

lv

lsp

H

TC

x

x ∆
=

−1
 (6-51) 

 
wherein x is the vapour quality. 
 
Moreover, the heat transfer coefficient of mode H2 is calculated as: 
 

lsT

q
h

∆
=2  (6-52) 

 
wherein q is the heat flux. 
 
Eqs. (6-51) and (6-52) lead to: 
 

q
H

C

x

x
h

lv

p−= 1
2  (6-53) 

 
For the mode H3, the correlation of Cooper [6.18] is used to estimate the nucleate boiling heat 
transfer coefficient: 
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5.067.055.0
10log12.0

3 *)(*55 −−−= Mqpph  (6-54) 

 
It is important to notice that at a first approximation, the effects of surface roughness and 
wettability are not considered in Eq. (6-54). 
 
The evolution trends of the heat transfer coefficient with the vapour quality for the three 
modes are illustrated in Figure 6-22.  
 

 
 

Figure 6-22. Heat transfer coefficient vs. vapour quality for the three modes H1, H2, H3 at 40 kW/m². 
 

It is observed that the curves for H1 and H2 have the opposite tendency, and for H3 the curve 
is a horizontal line. When the flow patterns change, the heat transfer modes should also 
change. The following hypotheses are used in the present model: 
 

� In confined-bubbly and slug flow: H1 is the dominant heat transfer mode. The average 
heat transfer coefficient is thereby determined as: 

 

1hh =  (6-55) 
 

� In slug-annular flow: heat is transferred by modes H2 and H3 together, which implies: 
 

32 hhh +=  (6-56) 
 

� In churn flow (on highly-wetted surface): heat is transferred only by nucleate boiling 
inside the liquid film at the wall, leading to: 

 

3hh =  (6-57) 
 
Based on the above hypotheses and on the variation trends of the heat transfer coefficient for 
the three heat transfer modes, the average heat transfer coefficients are calculated as: 
 

� For low-wetted surfaces:  
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),(min 321 hhhh +=  (6-58) 
 

� For highly-wetted surfaces:  
 

),(min 31 hhh=  (6-59) 
 
 

The present model is validated by comparisons with the experimental data as illustrated in 
Figure 6-25. In general, the model shows a good prediction of the experimental values with 
all data included within the lines of 20% error.  

 

 
Figure 6-23. Comparison of experimental and predicted heat transfer coefficient for a) SiOx surface and b) Ti 
surface at 120 kg/m² s. For each heat flux, the predicted curve is a continuous line with the same colour as the 

experimental dots. 
 
The suggested model also gives a good prediction for variation trends of the heat transfer 
coefficient with vapour quality and heat flux, especially for low-wetted surfaces. However, 
for highly-wetted surface, experimental data show that the heat transfer coefficient remains 
nearly constant with change in heat flux, but this behaviour cannot be predicted using the 
present model. Further works are needed in order to solve this issue as well as to estimate the 
heat transfer coefficient on unwetted surfaces. Besides, the present model should be validated 
by a larger set of experimental data from other laboratories worldwide. 

6.3 Micro-structured surfaces 

6.3.1 Contact angle 

Theoretical contact angles 
For both structured samples (cf. Section 5.1.1), since the micro-hole diameter is about eight 
times greater than the micro-hole depth, a water droplet is assumed to be in Wenzel state on 
these surfaces. 
 
The µ-Ti sample is chemically heterogeneous. Indeed, this is a titanium surface containing 
holes with Pyrex material at the bottom (cf. Figure 6-24a). Therefore, a modified equation of 
Wenzel model [6.19] is suggested to estimate the contact angle as: 
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TismoothPyrexsPyrexsmoothPyrexs ΦΦ ,,,, cos)1(coscos θθθ −+×=  (6-60) 

 
wherein, Φs,Pyrex is the ratio of the Pyrex area to the overall area, and θsmooth,Pyrex and θsmooth,Ti 

are the water contact angles on smooth surfaces of Pyrex and titanium, respectively. In the 
present study, Φs,Pyrex = 0.3, θsmooth,Pyrex = 74° and θsmooth,Ti = 49°, hence, Eq. (6-60) gives a 
contact angle of about 58°. 
 
The µ-SiOx sample is chemically homogeneous since SiOx material covers all area of the 
sample (cf. Figure 6-24b). Thus, for this surface, the contact angle can be approximated using 
Wenzel equation as: 
 

smoothr θθ coscos =  (6-61) 
 
wherein, r is the ratio of the actual area to the apparent one of the contact surface and θsmooth is 
the contact angle of water on a smooth surface. For the µ-SiOx surface, r = 1.03 and θsmooth = 
26°, giving a contact angle of about 22°. 
 

 
 

Figure 6-24. Schematic view of topographies of the structured sample surfaces. 

Experimental measurements 
The contact angles of water on the structured samples were measured using the sessile drop 
technique with KRÜSS EasyDrop systems in a cleanroom (cf. 2.2.3). Figure 6-25 illustrates 
images of water droplets on these surfaces. The obtained contact angles are 20° and 65° for 
the µ-SiOx surface and the µ-Ti surface, respectively. These values are close to the theoretical 
values determined in the above section, with a deviation of about 10%. 
 

 
 

Figure 6-25. Water droplets on the structured sample surfaces at the ambient temperature. 

6.3.2 Pressure drop 
The micro-patterning has a negligible impact on the single-phase pressure drop as shown in 
Section 5.4.2. However, in boiling conditions, it was observed that the micro-patterning 
significantly influences the two-phase pressure drop. Figure 6-26 shows the comparisons of 
the two-phase pressure drops measured on the structured (µ-SiOx and µ-Ti) surfaces with 
those measured on the corresponding smooth (SiOx and Ti) surfaces. For both mass fluxes of 
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100 kg/m² s and 120 kg/m² s, the two-phase pressure drops of the structured surfaces are 
significantly lower than the ones of the smooth surfaces, with an average reduction of 40%. 
 
The impact of surface structuring on two-phase pressure drop is related to the superheat 
needed for onset of nucleate boiling (ONB). Indeed, according the boiling theory presented in 
Chapter 1 (cf. Section 1.1), the structured surfaces which contain micro-holes require a lower 
superheat for ONB compared to the smooth surfaces. This remark is validated by 
experimental measurements that will be presented in Section 6.3.4. Hence, on the structured 
surfaces, during the growth of bubbles or slugs, the evaporation rate of liquid would be lower 
because liquid is superheated at a lower temperature. This leads to a lower friction force at the 
liquid-vapour interfaces, reducing the two-phase pressure drop. 
 

 
 

Figure 6-26. Two-phase pressure drop on the smooth (SiOx and Ti) and structured (µ-Ti and µ-SiOx) surfaces at 
100 kg/m² s and at 120 kg/m² s. 

 
In Section 6.2.2, it was observed that the two-phase pressure drop increases when the contact 
angle increases. However, compared to Ti surface, µ-Ti surface shows a lower two-phase 
pressure drop even though it has a higher contact angle. This behaviour would be explained 
by the fact that in the present study, the impact of the superheat for ONB is dominant 
compared to the impact of contact angle. For µ-SiOx surface, a lower contact angle as well as 
a lower superheat for ONB would be the main causes for a lower two-phase pressure drop 
compared to SiOx surface. 

6.3.3 Flow patterns visualization 
The two-phase flows on the structured surfaces were more stable than those on the smooth 
surfaces. The reduction of flow instabilities can be related to the superheat needed for onset of 
nucleate boiling which significantly decreases by micro-patterning [6.9]. Unlike SiOx surface, 
on µ-SiOx surface, the slug-annular flow was observed instead of the churn flow, but bubble 
generation still occurred in the liquid film of the pre-existing slugs (cf. Figure 6-27). 
 
The flow patterns of µ-Ti surface were similar to those of Ti surface, i.e., they were also 
identified as: bubbly flow, slug flow and slug-annular flow. However, the back-flow length on 
µ-Ti surface is significantly lower that the one on Ti surface as illustrated in Figure 6-28. This 
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would also be a consequence of reduction of the ONB superheat according to the backflow 
model described in Section 6.2.5. Furthermore, more nucleation sites were activated on the 
structured surfaces compared to the smooth surfaces.  
 

 
 

Figure 6-27. Representative images of flow patterns observed on µ-SiOx surface: a) slug-annular flow and b) 
bubble generation in liquid film. 

 

 
 

Figure 6-28. Back flow observation: a) on µ-Ti surface with original and analysed images and b) on Ti-surface 
with analysed images. 

6.3.4 Heat transfer 

Experimental measurements 
Figure 6-29 and Figure 6-30 show comparison of the heat transfer performances of µ-SiOx 
and µ-Ti surfaces to those of SiOx and Ti surfaces, respectively. For both operating mass 
fluxes of 100 kg/m² s and 120 kg/m² s, the structured surfaces exhibit significant 
enhancements in heat transfer coefficient compared to the smooth surfaces.  
 
In comparison with SiOx surface, the average enhancement in heat transfer coefficient given 
by SiOx surface is about 73% at 100 kg/m2 s and about 67% at 120 kg/m2 s. Improvements 
are obtained with all operating heat fluxes between 40 kW/m² and 80 kW/m². Furthermore, in 
average, the mass flux shows a negligible effect on the heat transfer coefficient. It is 
interesting to notice that on µ-SiOx surface, the evolution trend of the heat transfer coefficient 
with the vapour quality differs from the one on SiOx surface, but is similar to those on Ti and 

a) 
Bubble formation 

b) 

µ-Ti surface 

Ti surface 

a) 

b) 



FLOW BOILING EXPERIMENTS     143 

DLC surfaces. In other words, the heat transfer highly increases and then decreases when the 
vapour quality increases.  
 
At a given heat flux, the critical vapour quality is defined as the vapour quality at which the 
maximum heat transfer coefficient is reached. Figure 6-29 shows that the critical vapour 
qualities of µ-SiOx surface are from 0.02 to 0.03 with an average value of 0.025. They are 
significantly higher than the critical vapour qualities of the other surfaces varying between 
0.005 and 0.015. Therefore, using µ-SiOx surface, the intermittent dryout is delayed. 
 
In comparison with Ti surface, µ-Ti surface shows an average enhancement in heat transfer 
coefficient of about 85% at 100 kg/m2 s and of about 25% at 120 kg/m2 s. Among all the 
sample surfaces, µ-Ti surface exhibits the best heat transfer performance. Especially, its heat 
transfer coefficient can reach to 50000 W/m2 s at a mass flux of 100 kg/m2 s and at heat flux 
of 68 kW/m2. Furthermore, unlike the others, for µ-Ti surface, the mass flux shows a 
significant impact on average heat transfer coefficient. 
 

 
 

Figure 6-29. Comparison of evolutions of the heat transfer coefficient with the vapour quality for SiOx and µ-
SiOx surfaces at 100 kg/m² s and 120 kg/m² s. 
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Figure 6-30. Comparison of evolutions of the heat transfer coefficient with the vapour quality for Ti and µ-Ti 
surfaces at 100 kg/m² s and 120 kg/m² s. 

Discussion 
For flow boiling in mircochannels, the main effect of micro-patterning is identified as the 
reduction of the superheat for onset of nucleation (ONB). This remark is highlighted by 
comparisons of the boiling curves for the smooth and structured surfaces, as shown in Figure 
6-31 where the wall and saturation temperatures are taken as the average temperatures defined 
by Eqs. (6-21) and (6-22), respectively.  
 
In comparison with the smooth surfaces, the structured surfaces exhibit lower superheats for 
ONB. Especially, between SiOx and µ-SiOx surfaces, the superheat for ONB is reduced from 
about 6 °C to about 2.5 °C, which is close to the superheat for ONB of Ti and DLC surfaces. 
This would be the cause for the change from churn flow to slug-annular flow when SiOx 
surface is replaced by µ-SiOx surface. Indeed, churn flow is related to high liquid superheat 
that causes rapid evaporation at the liquid-vapour interface and generates thereby flow 
instabilities.  
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Figure 6-31. Boiling curves of smooth ans structured sample surfaces at a) 100 kg/m² s and b) 120 kg/m² s. 
 
Since the flow patterns on µ-SiOx surface are similar to those of Ti and DLC surfaces, the 
variation tendency of the heat transfer coefficient with the vapour quality on this surface is 
also similar to the ones on Ti and DLC surfaces. However, because µ-SiOx surface is highly 
wetted, the liquid rewetting rate on this surface is significantly higher than those of Ti and 
DLC surfaces. As a result, the intermittent dryout occurs on µ-SiOx surface at a higher critical 
vapour quality.  
 
Among all wetted surfaces, µ-Ti surface generates the lowest superheat for ONB. This would 
be a reason for the best heat transfer performance obtained with this surface. The effect of 
mass flux observed with this surface should be related to the number of the active nucleation 
sites. Indeed, at a lower mass flux, less number of micro-holes are flooded by liquid 
penetration and hence, more nucleation sites will be activated in boiling conditions, giving 
higher heat transfer performance. The impact of the number of nucleation sites is significant 
at low vapour qualities where nucleate boiling is the dominant heat transfer mode. For µ-SiOx 
surface which is highly wetted, all the nucleation sites are nearly flooded by liquid penetration 
even at low mass flux. Therefore, from 100 kg/m² s to 120 kg/m² s, the number of active 
nucleation sites remains relatively unchanged, leading to the same heat transfer performance. 
 
The differences in boiling behaviours between the structured and smooth surfaces are 
summarized in Table 6-4 below. 
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6.4 Conclusion 

The flow boiling heat transfer of water on coated and micro-structured surfaces was 
determined. The main findings of the present work can be summarized as follows: 
 

� The two-phase pressure drop decreases when the contact angle decreases or when the 
surfaces are micro-structured. This behaviour was related to the capillary effect and 
the delay of onset of nucleate boiling. A model was developed to estimate the 
influence of the contact angle on the two-phase pressure drop. 

 
� Flow patterns were identified for all the sample surfaces. For low-wetted and 

structured surfaces, confined-bubbly flow, slug flow and slug-annular flow were 
detected. For highly-wetted and unwetted smooth surfaces, instead of the slug-annular 
flow, the churn flow was observed. The appearance of churn flow was related to 
evaporation of highly-superheated liquid and bubble generation around slugs which 
are the main cause of flow instabilities. In slug-annular or churn flow regimes, 
intermittent dryout following by liquid rewetting was observed.  

 
� Backflow phenomenon was visualized on all the samples except SiOC hydrophobic 

surface. A model based on the evaporation of the superheated liquid was suggested to 
predict the appearance of backflow. 

 
� The general tendency of evolution of the heat transfer coefficient with the vapour 

quality is as follows: when boiling occurs, the heat transfer coefficient increases with 
the vapour quality, and then decreases before remaining constant. However, for SiOx 
highly wetted surface, the heat transfer coefficient changes slightly when the vapour 
quality or the heat flux increase. For SiOC unwetted surface, nucleate boiling occurs 
even at a negative vapour quality, i.e. at a fluid temperature lower than the saturation 
one. A heat transfer model was developed based on three heat transfer modes: 
conduction through the liquid layer, evaporation of superheated liquid and nucleation 
boiling. At a first approximation, this model gives a good agreement with the 
experimental data.  

 
� The micro-structured surfaces show significant enhancements (up to 85%) in heat 

transfer compared to the smooth surfaces. Especially, using the highly-wetted 
structured surface, the intermittent dryout is improved, i.e. the critical vapour quality 
increases. 
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General conclusions and perspectives 

The present study investigated the flow boiling heat transfer in microchannels for the purpose 
of developing compact cooling systems which can be adapted to miniaturized power 
components. Surface treatments at nano- and microscales were used as innovative techniques 
to improve the heat transfer performance as well as to delay the associated intermittent 
dryout. Before achieving these goals, pool-boiling experiments were performed in order to 
highlight the impact of nanocoatings on nucleate boiling processes, especially on bubble 
growth mechanisms. 
 
The interest in nanocoatings was firstly inspired by the emergence of nanofluids for which, 
recent studies show that during nanofluid boiling, nanoparticles deposit on the heated surface, 
leading to modifications of the surface wettability, the heat transfer coefficient and the critical 
heat flux. However, due to controversial results in the literature, the role of nanoparticle 
deposition on boiling heat transfer is not fully understood yet, and further works is required 
for a better understanding of the involved mechanisms. 
 
Therefore, in the first part of this work, experiments were performed to explore the 
mechanism of nanoparticle deposition by nanofluid boiling as well as its impact on pool 
boiling of a pure fluid. It was observed that the thickness of the deposition layer depends on 
the initial nanoparticle concentration and the boiling duration. Furthermore, the surfaces with 
nanoparticle deposition exhibit lower heat transfer coefficients than the uncoated surface. By 
considering the role of adhesion energy on boiling heat transfer, it was possible to explain the 
controversial experimental results of the litterature.  
 
For a more complete understanding of the impact of surface wettability on the boiling 
processes, another pool-boiling experiment was conducted where various samples with 
various contact angles from 22° to 112° were used. It was shown that hydrophobic (unwetted) 
and hydrophilic (wetted) surfaces exhibit different behaviours under boiling conditions. On 
hydrophobic surfaces, bubbles appear at lower heat fluxes than on hydrophilic surfaces. 
However, these bubbles cannot detach from the wall and rapidly coalesce with those formed 
at neighbouring sites, leading to rapid deterioration of the heated surface. 
 
Moreover, it was observed that the surface wettability has significant impacts on boiling 
parameters such as bubble departure diameter, bubble emission frequency and heat transfer 
coefficient. Indeed, by decreasing the contact angle, the bubble departure diameter increases 
whereas the bubble emission frequency decreases. For low wetted surfaces (45° < θ < 90°), 
the heat transfer coefficient deteriorates when the contact angle decreases. However, for 
highly wetted surfaces (θ ≤ 45°), the inverse effect was observed: the heat transfer coefficient 
improves with a decrease in the contact angle. Therefore, the best heat transfer coefficient 
would be obtained at a contact angle close to 0° or 90°. 
 
For a better understanding of the above observations, an approach to the bubble growth 
mechanism based on dynamic contact angles was developed. The contact angle hysteresis was 
showed to play a significant role in a boiling cycle. In particular, the concept of macro- and 
micro-contact angle was introduced to describe the bubble growth process. Based on this 
concept, a theoretical model of bubble departure diameter was established. This model next 
enabled development of new models of pool boiling heat transfer and critical heat flux, which 
show good agreements with a moderate set of experimental data. 
 



150     GENERAL CONCLUSIONS 

Afterwards, experiments were performed to determine the effects of surface wettability on 
flow-boiling heat transfer in a microchannel. Thus, a reliable and repeatable method of sample 
surface fabrication was developed in order to accurately control the surface properties. It 
consists of a specific surface coating and structuring made in three stages to enable the 
samples to be used as the heating elements as well as the sensors of local temperature and 
heat flux. The test channel was a rectangular channel with a hydrodynamic diameter of 0.96 
mm and a confinement number of 2.6. Prior to boiling tests, single-phase tests were 
performed to validate the test facility, measurement techniques and data reduction procedure. 
The experimental data of single-phase pressure drop and heat transfer coefficient show good 
agreements with the data predicted by the classical laws. 
 
On boiling conditions, it was observed that the two-phase pressure drop decreases when the 
contact angle decreases or when the surfaces are micro-structured. For a better understanding 
of the boiling processes, images taken by a high-speed camera were analysed, giving the flow 
patterns for all sample surfaces tested. For low-wetted and micro-structured surfaces, 
confined-bubbly flow, slug flow and slug-annular flow were detected. For highly-wetted and 
unwetted smooth surfaces, instead of the slug-annular flow, the churn flow was observed. 
Backflow phenomenon was visualized on all the samples except the unwetted surface.  
 
As a general tendency, the heat transfer coefficient increases with the vapour quality, and then 
decreases before remaining constant. However, for highly-wetted smooth surface, the heat 
transfer coefficient changes slightly when the vapour quality or the heat flux increases. For 
unwetted smooth surface, nucleate boiling occurs even at a negative vapour quality, i.e. at a 
fluid temperature lower than the saturation one. In particular, 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 treatments on boiling heat transfer and particulary 
their impacts on the surface tension force at the triple contact line and the superheat for onset 
of nucleate boiling were investigated. At a first approximation, some models were developed 
to predict the effects of surface wettability on the two-phase pressure drop, the heat transfer 
coefficient as well as the backflow occurrence.    

Future work 
In the future, it will be definitely interesting to characterize the surfaces with heterogeneous 
properties of wettability, e.g., a highly-wetted surface containing artificial unwetted 
nucleation sites. Such surfaces will probably allow a significant reduction of the superheat 
needed for the onset of nucleate boiling as well as an easy detachment of bubbles. In terms of 
hydrodynamics, the flow would be more stable, thus, the two-phase pressure drop would be 
decreased. In terms of heat transfer, the heat transfer coefficient would be enhanced and the 
intermittent dryout would be delayed. 
  
Furthermore, the flow-boiling experimental loop should be improved for testing larger ranges 
of mass flux, heat flux and vapour quality. There are also possibilities to perform boiling tests 
with refrigerants or fluids like HFE-7100 for industrial applications. Finally, further work is 
needed to optimize the models developed throughout this work. Their predictive abilities 
should be confirmed by comparison with a larger set of experimental data. 
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 Appendix – Propagation of uncertainty 

Giving Y a parameter depending on n variables x1, x2… and xn as: 
 

),...,,( 21 nxxxfY =  (A-1) 
 
Using the absolute-error method, the uncertainty in determination of this parameter is 
calculated as: 
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wherein ∆x1, ∆x2… and ∆xn are the uncertainties in determinations of x1, x2…and  xn, 
respectively. 
 
Besides, ∆Y can be also determined using the standard-deviation method with a 68% 
confidence interval as: 
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For pool boiling experiments, the absolute-error method is used, leading to: 
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For flow boiling experiments, in order to not overestimate the uncertainties of characteristic 
parameters, the standard-deviation method is applied. For instance, the uncertainty in 
determinations of the heat flux and the heat transfer coefficient are calculated as: 
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Index 

A 

Adhesion energy 17, 60 
Annular flow 15 

B 

Backflow 134 
Bubbly flow 14 

C 

Cassie 20 
Chemical Vapour Deposition 35 
Coating 65 
Conduction 10, 58 
Confinement number 14 
Contact angle 42, 65, 72, 119, 139 
Cooper 10, 87, 137 
Critical heat flux 88 

D 

Departure diameter 69, 76 
Deposition 97 

E 

Emission frequency 69 
Enhanced surfaces 22 
Enhancement 61, 142 

F 

Flow boiling 11 
Flow patterns 13, 14, 120, 141 
Fritz 8, 22, 69, 76 

G 

Gao 21 

H 

Heat transfer 58, 84, 125, 136, 142 
Heat transfer coefficient 70 
Hydrophilic 69, 72 
Hydrophobic 68, 72 
Hysteresis 17, 43 

I 

Intermittent dryout 15, 123 

L 

Laser ablation 38 

M 

Macro-contact angle 75 
McCarthy 21 
Microchannel 95 
Micro-contact angle 73, 74 
Microlayer heat transfer 10 

N 

Nanofluid 24, 51 
Nanoparticles 25, 54 
Nucleate boiling 9, 29 

O 

Owens 18 

P 

Patterning 39, 98 
Physical Vapour Deposition 34 

S 

Semi-annular flow 14 
Slug flow 14 
Superficial velocities 12 
Superheated liquid 11 
Surface treatment 33 
Surface wettability 26, 59, 65 

T 

Takata 26, 87 

V 

Vapour quality 11 
Void fraction 12 

W 

Wendt 18 
Wenzel 20 
Wetting pressure 131 

Y 

Young 16 

Z 

Zisman 18 
Zuber 8, 85 

 


