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Abstracts

Abstract

Boiling is an efficient heat transfer mode used in a number of thermal or energy systems. In
some systems — such as evaporators for sorption chillers or some thermosyphons — boiling takes
place under low pressure conditions. In such a case, the static head induced by the liquid column
over the wall where bubbles nucleate is not negligible with respect to the saturation pressure
prevailing at the level of the free surface. The local pressure in the liquid is thus equal to the
sum of the saturation pressure and of the static head. The pressure and the subcooling degree
induced by the static head therefore cannot be considered as homogeneous around growing bub-
bles, which results in non-homogeneous thermophysical properties in the fluid. Consequently,
the relative influence of the forces acting on a growing bubble differs from what is encountered
under normal or higher pressure conditions, which leads to specific bubble dynamics features,
e.g. different size, shape or bubble frequency. These particular conditions also affect the heat
transfer.

In order to analyze the effect of the pressure on pool boiling from a fundamental point of view,
an experimental study of boiling from a single activated nucleation site during the isolated
bubbles regime was carried out. From a practical point of view, this regime was set — in hori-
zontal upward orientation — on a mirror-polished copper surface at the center of which a conical
cavity was created. Once this artificial nucleation site activated, the imposed heat flux was
decreased until only this site remained active. Experiments were first conducted with water
at constant imposed heat flux and liquid level for a range of pressure starting from the atmo-
spheric pressure (P, = 101.4 kPa (7, = 100 °C)) down to P, = 4.2 kPa (7, = 30 °C)). Four
distinct bubble dynamics behaviors were identified through high-speed camera visualizations.
The bubble shape is thus changing as the imposed pressure decreases: near-spherical close to
the atmospheric pressure, then mushroom and column shaped, mushroom shaped and finally
oblate spheroid shaped at the lowest investigated pressure levels. For some of these regimes,
a home-made image processing tool (developed under MATLAB environment) applied on the
recordings enabled the measurement of several bubble dynamics characteristics (growth time,
departure frequency, instantaneous volume, etc.). The dependence of these parameters on the
working pressure (evaluated at the level of the heated wall in order to take into consideration
the effect of the static head induced by the liquid column) was then analyzed. In order to
generalize the concept of pool boiling at "low pressure" and to get a better understanding of the
related fundamental phenomena, new experiments were performed with a second fluid, namely
cyclohexane, that was chosen from original thermodynamic similarity criteria with reference
to water boiling at pressures lower than atmospheric pressure. The operating conditions used
during the cyclohexane test campaign were determined according to both the thermodynamic
similarity criteria previously mentioned and the limits of the experimental facility. Some be-
haviors already noticed with water were then also observed in cyclohexane. The comparative
analysis of fluids’ behaviors made afterwards possible the identification of some of parameters
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governing the specific phenomena that occur during boiling at low pressure.

Beyond these results, the experimental facility was improved to provide it new functionalities. In
particular, two new test samples were used as heaters. The first one, provided with a multizone
heat flux sensor employed as the heated surface, enables to perform — synchronously with the
high-speed video recording — the measurement of the local heat flux transferred under any grow-
ing bubble. The triple line motion occurring during a bubble growth can therefore be monitored
both visually and thermally. The second test sample enables the study of boiling on enhanced
surfaces. Several geometries of enhanced surfaces such as narrow perforated tunnel structures
were then studied. These are indeed supposed to be closer to real systems’ heated walls than
the mirror-polished surface provided with a unique artificial cavity that was previously tested.
An analysis of the influence of those geometries on the low pressure boiling phenomenology was
then performed. All these results display promising perspectives for a better understanding of
the specific behaviors of boiling at low pressure and for a future exploitation of them in practical
applications.

Keywords: Pool boiling, low pressure, experiments, visualization, bubble dynamics, comparison
of fluids, thermodynamic similarity.
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Résumé

L’ébullition est un mode de transfert de chaleur intervenant dans de nombreux systéemes ther-
miques ou énergétiques en raison de son efficacité. Dans certains systémes — par exemple les
évaporateurs des machines frigorifiques a sorption ou certains thermosiphons — 1’ébullition se
produit sous de faibles pressions. Dans ces conditions, la pression statique induite par la colonne
de liquide au-dessus de la surface ou les bulles de vapeur se forment n’est pas négligeable devant
la pression de saturation prévalant au niveau de la surface libre, la pression locale dans le liquide
étant alors la somme de la pression de saturation et de la pression statique. Des lors, la pression
et le sous-refroidissement induit par la pression ne peuvent plus étre considérés comme homo-
genes autour des bulles, ce qui conduit & des inhomogénéités des propriétés thermophysiques
dans le fluide. En conséquence, les influences relatives des différentes forces s’exercant sur une
bulle lors de sa croissance ne sont plus les mémes que dans des conditions de pressions normales
ou hautes, ce qui implique une dynamique de bulles différente : la taille, la forme ou encore la
fréquence des bulles sont modifiées. Les transferts thermiques sont également affectés par ces
conditions particulieres.

Afin d’observer l'influence de la pression sur ’ébullition en vase d’un point de vue fondamental,
ce travail s’est restreint a I’étude expérimentale de 1’ébullition en site unique en régime de bulles
isolées. D’un point de vue pratique, ce régime est atteint — en orientation horizontale vers le
haut — sur une surface en cuivre polie miroir au centre de laquelle une cavité conique a été créée.
Une fois ce site de nucléation artificiel activé, le flux imposé est ajusté de sorte a ce que seul ce
site reste actif. L’eau a d’abord été testée a flux imposé et hauteur de liquide constants pour une
gamme de pression s’étendant de la pression atmosphérique (P, = 101,4 kPa (7T, = 100 °C))
jusqu’a P, = 4,2 kPa (T, = 30 °C). En termes de dynamique de bulles, quatre comportements
ont pu étre identifiés grace a la visualisation par caméra rapide. Ainsi, selon la pression impo-
sée, la forme des bulles change : quasi-sphériques a proximité de la pression atmosphérique, elles
prennent la forme de champignon et/ou de colonne de vapeur puis uniquement de champignon et
enfin de sphéroide aplati au fur et & mesure que la pression décroit. Pour certains de ces régimes,
I’emploi d’un outil de traitement d’images adapté — développé sous ’environnement MATLAB
dans le cadre de cette these — a alors permis la quantification de plusieurs parametres de la
dynamique (temps de croissance, fréquence de détachement, volume instantané, etc.) a partir de
I’exploitation des séquences vidéo enregistrées. Les évolutions de ces parameétres en fonction de
la pression de travail (évaluée au niveau de la surface chauffée pour tenir compte de la pression
induite par la colonne de liquide) ont donc pu étre étudiées. Afin de généraliser le concept d’ébul-
lition en vase a « basse pression » et de mieux en appréhender les phénomenes fondamentaux,
de nouveaux essais ont été ensuite réalisés avec un second fluide, le cyclohexane, choisi en res-
pectant des criteres de similitude thermodynamique vis-a-vis de I’eau bouillant a des pressions
inférieures a la pression atmosphérique. Les conditions opératoires des tests en cyclohexane ont
été déterminées en considérant a la fois les criteres de similitude thermodynamique mention-
nés précédemment et les limites expérimentales du banc d’essais. Certains comportements déja
observés avec ’eau ont été retrouvés avec le cyclohexane. Par la suite, ’étude comparative des
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comportements des deux fluides a permis d’identifier un certain nombre de parametres respon-
sables des phénomeénes spécifiques de I’ébullition a basse pression.

Au-dela de ces résultats, le dispositif expérimental a été amélioré afin de lui conférer de nou-
velles fonctionnalités. En particulier, deux nouveaux échantillons ont été utilisés comme éléments
chauffants. Le premier, muni d’un fluxmetre thermique multizone utilisé comme surface d’ébul-
lition, permet la mesure — synchrone avec ’acquisition par caméra rapide — de la densité de flux
transférée localement sous une bulle au cours de sa croissance. Le déplacement de la ligne triple
lors de la croissance d’une bulle a alors pu étre suivi tant visuellement que thermiquement. Le se-
cond échantillon permet quant & lui I’étude de surfaces structurées. Ainsi, plusieurs géométries de
surface chauffée telles que des agencements de tunnels perforés ont été étudiées. Ces géométries
sont en effet supposées plus proches de celles rencontrées dans les systémes réels que la surface
plane polie avec site artificiel précédemment testée. L’influence de ces structurations de surface
sur la phénoménologie de I’ébullition & basse pression a alors pu étre analysée. Les résultats
obtenus ouvrent des perspectives encourageantes pour mieux analyser les comportements spéci-
fiques de I’ébullition a basse pression afin de pouvoir les exploiter dans des applications pratiques.

Mots-clefs : Ebullition en vase, basse pression, essais expérimentaux, visualisation, dynamique
de bulles, comparaison de fluides, similitude thermodynamique.
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Nomenclature

Latin
A Area of the cross section of the heater m?
A, Area of the nt" zone of the heat flux sensor m?
C A constant
Cp Constant-pressure specific heat capacity J kg™t - K!
D Bubble diameter m
d Distance between two thermocouples m
f Bubble departure frequency Hz
g Gravitational acceleration m-s 2
H Height m
h Heat transfer coefficient W-m2.K!
H Hypothesis
HF,, Heat flux measured for the n* zone of the heat flux sensor W - m™2
HP Heating power W
1 Intensity of a pixel
i Electrical current A
L Length m
m Mass kg
Mz Number of points for which the altitude is measured along the
Z-axis
M Number of points for which the altitude is measured along the
J-axis
N Number of recorded bubbles on a video
n An exponent
P Pressure Pa
P Spatial step of the confocal microscope m
R Bubble radius m
r Cavity radius m
s Radius of the dry area m
Sn Sensitivity of the n'* zone of the heat flux sensor V- (W-m™2) !
Sy Root mean square roughness m
SAT Sensitivity of the temperature difference AT of the heat flux V.-K!
sensor
T Temperature °C
t Time S
U Voltage A%
U Velocity m-s!
%4 Instantaneous volume of a bubble m3
vV Volume of liquid m3
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v Volume of the system

x Horizontal distance from the border of the ROI

T First direction of the horizontal plane of the microscope

] Second direction of the horizontal plane of the microscope
A Vertical distance to the heated surface (upwardly oriented axis)
z Vertical distance to the free surface (downwardly oriented axis)
z Surface altitude measured with the confocal microscope
Greek

« Thermal diffusivity

B Cavity angle

Ahy, Latent heat of vaporization

AP Pressure difference

AT Temperature difference

At Time step between two successive measurements

At; Non dimensional characteristic time of the conduction problem
€ Small variation of time

A Thermal conductivity

7 Dynamic viscosity

[ Mean value of the altitude Z on a given area

v Specific volume

© Heat flux

v A function

p Density

o Surface tension

T Duration

0 Contact angle

£ A function

¢ A function

Subscripts

atm Atmospheric

automatic From automatic treatment

BL Boundary layer

bubble Bubble

bulk Bulk

cav Artificial nucleation site

center Center of the heat flux sensor and/or of the heated surface
co Connection ribbon cable of the heat flux sensor

cond Conduction

Cu Copper

departure Bubble detachment

eff Effective

eq Equivalent

growth Growth

input Imposed

l Liquid

left Left hand side

m
pixel

m

m

m

m

m
m?.s7!
rad

J- kgt
Pa

K

S

S
W-m™!.
Pa-s

m

mS - kg_l
W .-m2
kg-m™3
N-m™!

S

rad

Ll thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf
© [S. Michaie], [2018], INSA Lyon, tous droits réservés



LH Latent heat
localized ~ Automatically found interface

manual From manual treatment
max Maximum
meas Measured
min Minimum

nucleation Bubble nucleation

right Right hand side
sat Saturation

sub Subcooling

t Triple point

v Vapor

wait Waiting

wall Heated surface
Superscripts

* Dimensionless value
crit Critical

delay Delay

exp Experimental
relative Relative value
static Static head

sYs System

Dimensionless numbers

Ir Robinson and Judd criterion Ip = (2%) (p;ﬁ) @LT;
1 a

Ja Jacob number Ja = p;:gﬁ;

Pe Péclet number Pe = RePr

Pr Prandt]l number Pr = %

Re Reynolds number Re = 2YL

Acronyms and abbreviations

EC Empirical Criterion

IMG,, n" picture of the sequence
NI National Instruments

NTS Narrow Tunnel Structure
PC Personal Computer

PDF Probability Density Function
PFV Photron Fastcam Viewer
RMSE Root Mean Square Error
ROI Region Of Interest

TS Tunnel Structure
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Introduction

Boiling is an efficient heat transfer mode involved in various practical applications. To cite a
few examples, this phenomenon is used in steam turbine power plants, refrigeration units, heat
pumps or microelectronics cooling systems. Whatever the scale, all the concerned applications
require either high heat transfer rates, homogeneous temperature fields or a high compactness
of thermal components. In all these technologies, a proper design should ensure the effective-
ness, the reliability and the efficiency but also the safety of use of the systems. Boiling heat
transfer must thus be sufficiently understood to become predictable. Boiling has therefore been
extensively studied (experimentally, analytically and — more recently — numerically) in numer-
ous configurations by thermal scientists for several decades. However, the complexity of the
various and multiscaled fundamental phenomena taking part in boiling heat transfer makes its
understanding still challenging. This is particularly true under unconventional conditions. In
such a case, the boiling phenomenon may indeed be even more complex than under more usual
conditions while relevant data tend to remain scarce in the literature.

In the 1960’s and 1970’s, the first few experimental studies interested in pool boiling at low
imposed pressure — which constitutes such an unusual condition for boiling — reported some
specific characteristics. It was thus demonstrated that pool boiling exhibits very different be-
haviors at low pressure than at normal or higher pressure levels. Yet, no further investigation
was performed on this topic until recently. A renewal of interest for analyzing and understanding
low pressure pool boiling has indeed arisen in the last ten years as a consequence of both the
increased need of efficient low temperature systems for electronics cooling and the implementa-
tion of new environmental regulations for refrigeration units and air-conditioning applications.
In this context, passive thermal management systems and environmentally friendly fluids have
to be promoted, so that in some systems — such as evaporators for sorption chillers or some
thermosyphons — boiling takes place under low pressure conditions. The design of such systems
is however strongly limited by the poor knowledge and understanding of the fundamental phe-
nomena involved in boiling under this particular condition. As a result, the optimization of the
design of these systems requires new pieces of information about low pressure pool boiling that
can be obtained only through new and various experimental studies.

The present thesis is therefore aimed at bringing a new contribution to knowledge on the fun-
damentals of low pressure pool boiling. Experimental test campaigns were thus carried out to
analyze the influence of the pressure on both the bubble dynamics and the heat transfer at the
bubble scale. In that goal, the experiments focused on the growth of bubbles formed from a
smooth copper heated surface provided with a unique artificial nucleation site during the iso-
lated bubbles regime. In addition, as it appears from the comparative review of the existing
literature that the definition of what is "low pressure' in boiling still remains to be extended
properly to other working fluids than water (for which low pressure boiling commonly means
boiling at a subatmospheric pressure), a new specification of this particular operating condition
was attempted through the development of the concept of "mock-up fluids".
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Introduction

This thesis is divided into five chapters (with several appendixes) as follows:

Chapter 1: This chapter constitutes an introduction to both the fundamental concepts of boil-
ing from a general point of view and the main characteristics of low pressure pool boiling
that are already reported in the literature. The limits of the existing literature dealing
with low pressure pool boiling are also discussed.

Chapter 2: This chapter is aimed at describing the experimental facility used in this study.
The experimental procedures as well as the measurement and post-processing methods
and the related uncertainties are also detailed.

Chapter 3: Results obtained during a test session performed with water boiling in a wide range
of subatmospheric pressures are presented and discussed.

Chapter 4: A generalization of the "low pressure' boiling concept to other fluids than water
was attempted according to a mocking up method. A mock-up fluid, namely the cyclo-
hexane, was indeed selected for a new series of experiments whose results are presented in
this chapter. Finally, the behaviors of the two fluids are compared to make possible the
identification of some of parameters governing the specific phenomena that occur during
boiling at low pressure.

Chapter 5: An original improvement of the experimental facility — aiming at getting a better
understanding of the correlation that exists between the heat transfer and the bubble
dynamics — was designed and implemented. This chapter demonstrates how the associated
results display promising perspectives for further investigations.
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Chapter

Literature review: boiling at low pressure

Boiling enables the dissipation of high heat fluxes with low driving temperature differences,
which makes it a highly efficient heat transfer mode. It is therefore implemented in many
technologies or industries where either high heat transfer rates, homogeneous temperature
fields or high compactness of thermal components are critical features. Boiling is thus in-
volved in various fields at different scales: from power plants to refrigeration units or micro-
electronics cooling.

Boiling has therefore been a major topic of research in thermal sciences for several decades.
However, the complexity of the various fundamental phenomena involved in boiling heat
transfer makes its understanding still challenging. This is especially the case under un-
usual conditions such as low imposed pressure, which is precisely the subject of this work.
As a complete state-of-the-art of boiling heat transfer is not possible here while numerous
books have already been written on the topic, this chapter only aims at giving the neces-
sary background to understand the results presented in this manuscript and their relevance.
Some fundamental concepts of boiling are first described in Section 1.1 before some of the
already-reported characteristics of low pressure pool boiling are introduced in Section 1.2.
Additional pieces of literature will be provided later on along the document, each time the
specific subjects investigated will make it necessary.

1.1 Introduction to fundamental concepts of boiling

Fundamental concepts of boiling will be succinctly presented hereafter at once from a macro-
scopic point of view (Section 1.1.1), at the scale of the nucleation phenomenon (Section 1.1.2)
and at the growing bubble scale (Section 1.1.3).

1.1.1 Pool boiling curve

Pool boiling corresponds to the boiling process taking place from a heated surface immersed
in a large bulk of stagnant liquid. It is named "saturated pool boiling" when the bulk liquid
is at the saturation temperature (7} py = Tsqt) or "subcooled pool boiling" if the liquid is
cooler (17, puw < Tsqt). From a macroscopic point of view, the heat transfer occurring during
this phenomenon is usually described according to "boiling curves" plotting the instantaneous
wall heat flux @,q; as a function of the instantaneous wall superheat Tyu; — Tsqt- Such a
representation was first proposed by Nukiyama in 1934 [85,86], who observed that — in steady
state boiling — two boiling curves shapes can be obtained depending on whether the temperature
or the heat flux is imposed at the heated surface. These curves are schematically sketched on
Fig. 1.1. A short description of each of the specific boiling regime associated with every part of
these curves is hereafter given.
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1.1 Introduction to fundamental concepts of boiling CHAPTER 1. Literature review: boiling at low pressure

(a) (b)

Pwall
Pwall
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Figure 1.1 — Saturated boiling curves at (a) imposed heat flux; (b) imposed temperature.

Natural convection (AB): The heated surface is heating the surrounding liquid: a thermal
boundary layer is thus formed above the wall. Heat is transferred by natural convection
in the bulk liquid while vaporization occurs at the free surface.

Onset of boiling (BB’): The wall superheat is then high enough to enable the generation of
vapor bubbles. A part of the heat being dissipated by phase change, the heat transfer is
enhanced. At imposed heat flux, this results in a wall superheat drop whereas at imposed
temperature, this results is a sudden increase of the wall heat flux.

Isolated bubble regime (B’C): Bubbles are nucleating from isolated sites of the heated sur-
face. The wall temperature increases slowly with the heat flux, which results in a very
efficient heat transfer. More and more nucleation sites become active on the heated sur-
face so that the dissipation of heat raises both by phase change (increasing number of
bubbles) and by convection (enhanced through the liquid agitation induced by the growth
and departure of bubbles).

Fully developed nucleate boiling regime (CD): Active nucleation sites are numerous and
sufficiently close to each other to make possible the coalescence of bubbles growing from
neighboring cavities ('lateral coalescence"). The heat flux being increased, the bubble
frequency becomes higher as well. As a consequence, successive bubbles from the same
site can also merge ("vertical coalescence"). There may come a situation at which the large
masses of vapor limit the liquid motion close to the wall yielding a slight decrease of the
heat transfer coefficient.

Critical heat flux (DD’): At this point, the heat flux reaches a critical value because of the
vapor masses which prevent a sufficient re-wetting of the surface by the liquid. A film of
vapor of high thermal resistance is then formed on the wall leading to a sudden rise of the
wall temperature that can damage the system ("burn out" phenomenon).

Film boiling regime (E£F): The vapor film created on the surface becomes stable. The heat
is transferred from the surface to the vapor layer by conduction and convection while phase
change takes place at the liquid-vapor interface. The vapor detaches periodically from the
wall with regularly spaced bubble columns shape. The temperature increasing with the
heat flux, radiative heat transfer through the vapor film can become a predominant process.
Once the stable film boiling regime established, it remains observable even if the heat flux
(and consequently the temperature) is decreased below the critical heat flux value (and
temperature). In this regime, the burn out phenomenon can still be a strong limitation
which can damage the heated surface if an excessive surface temperature is reached.

Leidenfrost point (££’): The heat flux is then low enough to make the vapor film broken.
Liquid is again able to re-wet the heated wall: heat transfer is enhanced (a sudden tem-
perature drop occurs) and the isolated bubble regime is back. This point corresponds thus
to the minimum heat flux reachable in the film boiling regime.
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CHAPTER 1. Literature review: boiling at low pressure 1.1 Introduction to fundamental concepts of boiling

The analysis of such pool boiling curves clearly demonstrates which regimes are interesting for
thermal management systems. Isolated bubble and fully developed boiling regimes (gathered
together under the name of "nucleate boiling regime") are indeed of major interest through
their ability to release high heat fluxes to the fluid with relatively low wall superheats. This
representation of the boiling phenomenon is yet not sufficient to understand its lower scale
phenomenology. The fundamental phenomena involved in boiling are indeed numerous and are
related to many parameters such as the fluid nature, the working pressure and temperature or
the geometry of the heated surface and its roughness. The different mechanisms governing the
boiling process have therefore to be studied at the microscopic scale as well.

1.1.2 Bubble nucleation

1.1.2.1 Thermodynamic considerations

From the thermodynamic point of view, liquid-vapor phase change can occur only under certain
conditions. The Clapeyron diagram of a pure substance (schematically represented on Fig. 1.2)
shows indeed domains where such a substance can be in a liquid or vapor state or where these
two phases can coexist. The binodal curve (black line on Fig. 1.2) delimits the liquid-vapor
region.

P A
A% Saturated liquid
Critical point
Saturated vapor
Liquid Vapor
Psut (Tl ) :
P (To)
B
P
Metastable Vapor spinodal\ Metastable
superheated subcooled
liquid S~ Liquid spinodal vapor

v
Figure 1.2 — Schematic Clapeyron diagram of a pure substance.

Along the isotherm curve T' = Ty, the fluid is in a stable liquid state (subcooled liquid) from A
to B and in a stable vapor state (superheated vapor) between C and D. Along the segment BC,
liquid and vapor phases coexist in a stable thermodynamic equilibrium at a uniform pressure
with a flat interface.

Liquid and vapor phases can also exist in other states, namely the "metastable states", in which
they are not in a stable thermodynamic equilibrium. For instance, while keeping the same
temperature Ty, the saturated liquid phase can have its volume increased from B to B’ (inducing
a pressure reduction) without the occurrence of any phase change. The same phenomenon
appears for the vapor phase' between C and C’. These metastable states are bordered by the
spinodal curve (blue line on Fig. 1.2). Spinodal points correspond actually the local minimum
and maximum of each isotherm. They represent the ultimate limits where single liquid phase
and single vapor phase (at the left hand side and at the right hand side respectively) can exist
at a given temperature. %—Ij > 0 (with v representing here the volume of the system) between
B’ and C" which is indeed not representative of any physical reality.

At a constant bulk pressure P = Psq(Tp), liquid can be heated up to the saturation tempera-
ture Ty and above in the superheated liquid domain. At a moment, a vapor nucleus will appear

1No phase change takes place as the volume of the saturated vapor is decreased from C to C’ (leading to an
increase of the pressure).
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1.1 Introduction to fundamental concepts of boiling CHAPTER 1. Literature review: boiling at low pressure

and the two phases will then coexist at a same temperature 77 > Tp. They will yet be at
different pressures since the liquid will be at Py, (7)) while the vapor will be at the saturation
pressure corresponding to its temperature that is Ps,.(77). This pressure difference between the
two phases will induce mechanical forces acting on the liquid-vapor interface whose balance will
make this interface curved towards the nucleus.

Let a spherical bubble of radius R at a given temperature T, pyppie and pressure P, pyuppie being
immersed in an extended liquid bulk uniformly superheated whose temperature 7} 4, and
pressure Pj 4,y are imposed by external means. Such a bubble can be in equilibrium with its
environment only if the variation of the Helmholtz free energy of formation of the bubble is
equal to zero. This requires thus the system to be, at once:

e In a chemical equilibrium (equality of the vapor and liquid chemical potentials);

e In a thermal equilibrium (equality of the temperatures of liquid 7}, p, and of the vapor
Ty, bubble);

e In a mechanical equilibrium.

For a system of constant temperature and volume, the expression of the variation of the
Helmholtz free energy simplifies to the Laplace equation which holds for the mechanical equi-
librium*: 5
o
Py vuvbie — P, vui = = (1.1)

The Helmholtz free energy can thus be expressed as a function of the bubble radius R. It is then
shown [89] that this quantity reaches its maximal value for a given bubble radius value called
"critical radius" R corresponding to an unstable equilibrium. Contrary to any bubble embryo
smaller than this critical size which will spontaneously collapse, every vapor nucleus larger than
Rem will grow. The critical radius value could be predicted through the Young-Laplace equation:

20

Rcm‘t —
Pyoir(T3, butc) — P, vuik

(1.2)

1.1.2.2 Nucleation theory

Thermal fluctuations can make a spontaneous apparition of a vapor embryo in a superheated
(metastable) liquid possible through the gathering of several vapor-like molecules. This phe-
nomenon — which can lead to a bubble growth if the nucleus is larger than the equilibrium
radius R — is referred as "homogeneous nucleation". The temperature required to onset ho-
mogeneous nucleation can be analytically estimated [13,99]. However, forming a vapor embryo
able to grow with this process is generally related to a very low probability [28,108] and re-
quires much higher wall superheats than experienced in real systems®. In such systems, the
boiling process is actually initiated by "heterogeneous nucleation", i.e. through the apparition
of vapor nucleus in contact with foreign bodies that can be impurities in the liquid, entrapped
incondensable gases or a solid surface such as a heated wall.

Figure 1.3 — Schematic of a bubble nucleating on a flat smooth solid surface with the related contact angle 6.

n such a system, both the chemical and the thermal equilibria are assumed to be reached.

2Wall superheats required to onset homogeneous nucleation is typically of the order of magintude of a hundred
kelvins [28,57,99,108] (more than 200 K for water at atmospheric pressure for example) whereas the superheat
usually encountered in experiments is of the order of magnitude of ten kelvins.
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CHAPTER 1. Literature review: boiling at low pressure 1.1 Introduction to fundamental concepts of boiling

Due to the presence of a triple interface between the liquid, the vapor and the solid or particles
acting as a foreign body, the bubble energy of formation — calculated analytically as in homoge-
neous nucleation — is reduced by a factor () depending on the triple line contact angle! §. In
the case — depicted on Fig. 1.3 — of a bubble nucleating on an idealized (i.e. flat and smooth)
solid surface, this function can be written as [5]:

COS - C083
(o) = 253 (94) () L3)

so that:

o If the liquid totally wets the surface (i.e. § =0 °), ((f) = 1 and the energy of formation
of a bubble nucleus is not reduced compared to the homogeneous nucleation case.

e If the liquid does not wet at all the surface, i.e. if § = 180 ° (which is possible only
in theory?), ¢(f) = 0 and no superheat is required to initiate the apparition of a vapor
embryo.

Actually, the boiling process on real surfaces is initiated with even lower superheats because
of the presence of cavities which tends to reduce even further the superheat necessary to the
nucleation since:

e The apparent contact angle is increased when the triple line is located inside a cavity
(Fig. 1.4).

Figure 1.4 — Apparent contact angle 6 in conical cavities of decreasing cavity angle 8 (extracted from [28]).

e The presence of cavities on raw surfaces promotes a gas or vapor entrapment during
the filling of the boiling system [6]: depending on the fluid surface tension o and of
the geometry of a the considered cavity (see Fig. 1.5), the liquid is indeed able to fill it
entirely or not. This mechanism tends thus to "pre-activate' some nucleation sites. The
first bubbles detaching from these locations progressively evacuate the entrapped gases so
that, after a while, these sites contain only vapor and remain active.

(a) Before (b) Wetting (c) Re-entrant (d) Non-wetling (e) Non-wetling
tilling cavity cavity inclusion deposit

Figure 1.5 — Formation of an active nucleation site by gas or vapor entrapment in real cavities (extracted
from [28]).

1 This parameter characterizes the wettability of the fluid on the surface and therefore depends mainly on the
fluid /surface pair.
2Contact angles are usually ranging between almost 0 ° and ca. 100 °.
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1.1 Introduction to fundamental concepts of boiling CHAPTER 1. Literature review: boiling at low pressure

In addition to its geometrical shape, experimental and theoretical works demonstrated that the
ability of a cavity to be activated is significantly affected by its size. For instance, only cavities
of a given range of radius (i.e. such as 7¢ € [Tcav, min, Tcav, maz]) can become active [52,56] on a
raw surface with conical sites. The minimal 7.4y min and maximal 7 ¢4y, mas Sizes that enable the
activation of such a cavity can be estimated analytically as a function of the thermal boundary
layer thickness, of the wall superheat and of some thermophysical properties of the working
fluid.

1.1.3 Bubble dynamics
1.1.3.1 Bubble growth cycle

Once a large enough vapor embryo created on a surface (when all the required conditions for it
— in terms of wall imposed heat flux and temperature, fluid thermodynamic state and surface
condition — are reached), the bubble will grow, depart and rise in the liquid bulk.

(a) (b) (© (d (e)

T’l. bulk 7
/

edge of thermal boundary layer 7 Tmt, m m
0, bk T0, bk L Q
A Vo A v Ay Ve AV e AR
t=0 t = Tuwait t =11 > Twait t =1y > 11 > Tuwair t > taeparture

Figure 1.6 — Schematic cycle of a bubble formed at an active cavity site (adapted from [13]).

A typical bubble cycle is described in five successive steps on Fig. 1.6:

1. At t =0 (Fig. 1.6a), the thermal boundary layer is broken because a previous bubble has
just departed from the heated surface. As a consequence, cold liquid from the far bulk (at
T, puii;) re-wets the wall and is heated by transient conduction from the surface so that the
thermal boundary layer starts to grow again.

2. The thermal boundary layer keeps growing during a period of time called "waiting period"
Twait during which no bubble growth takes place (Fig. 1.6b).

3. Then, the bubble begins to expand with a rather hemispherical shape (Fig. 1.6¢). As
the bubble grows radially, a thin liquid film — the "microlayer' — remains between it and
the wall and contributes to the bubble expansion. Heat is indeed transferred from the
wall to the interface across the microlayer, which results in some liquid vaporization at
the bubble base. Consequently to the contact with the superheated liquid, vaporization
occurs also along the rest of the liquid-vapor interface (i.e. in the so-called "macroregion”
area). During this initial stage of bubble growth, the liquid close to the bubble edges is
highly superheated so that the heat transfer across the interface is not limiting, contrary
to the inertia of the liquid which tends to slow the expansion of the vapor volume: the
growth is thus said "inertia-controlled".

4. After this first stage of rapid growth, the bubble expansion continues slower since the vapor-
ization has reduced the superheat of the surrounding liquid. The bubble growth becomes
therefore "heat-transfer-controlled" (or "diffusion-controlled") and the surface tension tends
to give the bubble a more spherical shape (Fig. 1.6d).

5. Later (at t = tdeparture, Fig. 1.6€), the bubble finally detaches from the heated wall, carrying
with it a part of the thermal boundary layer. The cycle can then restart.

This classical description of a bubble growth may be discussed since — for instance — the case a
bubble becoming large enough to emerge from the thermal boundary layer before its departure is
not considered. Moreover, depending on the conditions under which boiling is taking place, only
one of the two introduced mechanisms of growth (inertia-controlled and heat-transfer-controlled)
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may be observed. Carey [13] listed some parameters which are likely to promote one or the other

bubble growth regime; they are reported in Table 1.1.

Table 1.1 — Boiling conditions depending on the bubble growth regime that they are supposed to promote [13].

Surface condition

e Highly-polished

e Only very small cavities

Parameter Inertia-controlled growth Diffusion-controlled growth
Wall superheat High Low
Imposed heat flux High Low
e Rough

e Many large and moderate-
sized cavities

Contact angle
(corresponding wettability)

Very low (high)

Moderate (moderate)

Latent heat of vaporization

Low

High

System pressure

Low!

Moderate to high

Carey [13] highlighted that the combination of a high wall superheat, a low latent heat of
vaporization and of a low pressure system to promote inertia-controlled bubble growth implies
that this regime is more likely to occur for large Jacob number values. The Jacob number Ja
is indeed a dimensionless number commonly used in phase change heat transfer to characterize
the ratio of the sensible heat to the latent heat which is defined as:

Ja = plcp;ATwall (14)

vahl'u

It is then not surprising that the Jacob number appears in the Ir number developed by Robinson
and Judd [98] to determine if a bubble growth is mostly governed by inertia or by heat transfer
diffusion. Based on a ratio of the squares of the characteristic velocities related to inertia and
heat transfer, this criterion is defined according to Eq. 1.5:

4 o Rcrit
In=(=)|—7)—5 1.5
r (27> (pza?> Ja? (1.5)
According to the authors, inertia controls the bubble growth if Ir <« 1 whereas diffusion is
predominant if Ip > 1.

Starting from the work of Lord Rayleigh [72] who modeled the growth and collapse of an inertia-
controlled spherical bubble in 1917, numerous analytical models for bubble growth were devel-
oped in the last century. Inertia-controlled bubble growth is then usually described through the
Rayleigh equation [72] or its extended version [40,93,103]. In this case, the bubble radius is
generally considered as a linear function of the time [80,98,112]:

R~t (1.6)

The case of a bubble whose growth is governed by thermal diffusion was first modeled by a
thermal balance at the bubble interface according to the work of Bosnjakovi¢ [11] in 1930. This
approach was afterwards extended for example by Zuber [133] or Van Stralen [118]. These
models generally lead to an evolution of the bubble radius proportional to the square root of
the time [33,42,80,93,98,112,133]:

R~ t%% (1.7)

Predicting the bubble growth is actually much more complex since many parameters and pro-
cesses are involved at different scales:

L This results generally in low vapor density and thus in a rapid volumetric growth of the bubble.
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e The bubble is rarely spherical®.
e The temperature field of the surrounding liquid is not homogeneous.

e The thermal exchanges between a bubble growing on a heated wall and its environment
are of diverse nature:

— Evaporation both in the microlayer and in the macroregion;
— Convection between the liquid and the liquid-vapor interface in the macroregion;

— Conduction between the heated wall and the dry area under the bubble.

e Additional effects related to convective motion occurring in the liquid may have also to be
taken into account:

— The natural convection between the activated nucleation sites;
— The "micro-convection" induced by the expansion and rise of a bubble;

— The "Marangoni effect" which corresponds to a liquid motion along the liquid-vapor
interface induced by a surface tension gradient?.

Numerous analytical models considering some of the cited parameters and phenomena were
therefore developed. For instance, in Zuber’s model [133], only the evaporation in the macrore-
gion is considered (the microlayer evaporation is thus neglected) but the temperature field is
assumed non-uniform. On the contrary, the model developed by Cooper [29] — based on the
microlayer formation theory proposed by Cooper and Lloyd [32] — stands that hemispherical
bubbles grow under the influence of the microlayer evaporation only®. On their side, Buye-
vich and Webbon [12] took into account the heat and mass transfer occurring both from the
microlayer and the macroregion in the simplified case of a truncated spherical shaped bubble
separated from the heated wall by a thin microlayer.

More recently, Dhir [37] highlighted that — because of the complex interaction between the
multiple subprocesses involved in boiling at different scales — a prediction of nucleate boiling
based on the analytical study of all the involved mechanisms might be not possible. The author
then reviewed some results obtained in the literature with an alternative approach consisting
in the complete numerical simulation of boiling. This approach appears as promising but faces
specific issues. 3D-simulation remains indeed costly, while, for example:

e A proper meshing of the geometry is made difficult by the multi-scale phenomena to
simulate.

e The bubble nucleation as well as the bubble interaction with the surface at the triple line,
that is a physical discontinuity, needs to be well understood before it can be modeled

correctly.

e Some experimental results are often required in order to validate the simulation outputs.

1 The common use of the bubble radius R as the relevant parameter to describe the bubble growth is thus not
always justified or fully satisfying. The notion of "equivalent radius" R, corresponding to the radius of a sphere
of identical volume is therefore often introduced.

2There exist three types of Marangoni effect depending on the cause of the surface tension gradient along
the interface [7]. When a temperature gradient is responsible for the surface tension gradient, one deals with
the "thermal Marangoni effect" or "thermocapillary effect". In the case of mixtures or when using surfactants, a
concentration difference can engender a surface tension gradient inducing a "solutal Marangoni effect". Finally,
a gradient of electrical potential can lead to an "electrocapillary effect"; this might occur in a boiling process
enhanced by electrohydrodynamics.

3This hypothesis should hold for bubbles large in comparison with the thickness of the thermal boundary layer.
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1.1.3.2 Forces acting on a growing bubble

During its growth, the shape of a bubble varies with the balance of the forces acting on it.
These forces are also responsible for the departure of the bubble from the heated surface: while
the resultant of the forces is oriented towards the wall, the bubble remains attached and con-
tinues to grow but, as soon as the forces tending to detach the bubble become predominant,
the bubble departs. The forces acting on a growing bubble are usually sorted into two groups:
the so-called "static forces" which are related to the stresses applied on the motionless bub-
ble and the "dynamic forces" which are the consequence of the bubble motion (expansion and
rise). Hereafter, the most commonly invoked forces of each kind are listed and shortly described.

Four distinct static forces are generally cited:

Buoyancy force: This force corresponds to the resultant of the hydrostatic pressure forces
applied on the bubble surface. It results from the vertical pressure gradient caused by
gravity.

Contact pressure force: This contact pressure force is the consequence of two combined phe-
nomena:

e As the bubble is attached to the wall and not totally immersed in the liquid, its
buoyancy is actually increased' due to the contact area with the surface.

e The pressure applied on the contact area by the vapor bubble is higher than the
pressure of the liquid so that the wall reaction on the bubble has to be considered.

One should note that this force is sometimes included as an additional term in the buoyancy
force.

Surface tension force: Also known under the names of "triple line surface tension" or "triple
line adhesion forces", this force represents the effect of the molecular interactions occurring
between the different phases. Governed by both the liquid-vapor surface tension and the
wettability of the liquid/surface pair, this force generally tends to maintain the bubble
attached to the wall. It has however been shown [12,31] that, in some cases (in particular
when the bubble is vertically elongated), this force can act on the bubble shape in such a
way that it can promote the bubble departure from the wall.

Marangoni force: This is the force induced by a surface tension gradient which makes the
liquid moving along the liquid-vapor interface. In the case of a vapor bubble growing from
a heated surface facing upwards in a pure and degassed fluid without any electrical field,
such a surface tension gradient can be caused only by a temperature difference?, so that it
is rather named as "thermocapillary force". The liquid flows from the base of the bubble
towards its top which is cooler. This motion results in the creation of a shear viscous stress
at the interface which is commonly assumed to be mostly applied on the liquid side of the
interface since the liquid viscosity is generally much larger than that of the vapor.

Three dynamic forces are also usually listed:

Inertia and added mass forces: The inertia and added mass forces correspond to the reac-
tion of the liquid to its acceleration caused by the motion of the liquid-vapor interface as
the bubble expands and pushes the surrounding liquid away.

Drag force: The drag force corresponds to the viscous stress that acts opposite to the direction
of the bubble rise.

Lift force: This force characterizes the influence of the wake of a preceding bubble on the next
growing one: if two successive bubbles are sufficiently close to each other (i.e. if the waiting
period Ty, is small enough), the liquid flow caused by the first one acts as a rising force
on the next one.

In comparison with the case of a vapor bubble entirely immersed in the liquid.
In this case, no concentration nor electrical potential gradient is supposed to exist.
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Several analytical expressions related to all these forces can be found in the literature [19,23,
24,43, 65,68,104,106,107,132]. Using bubble growth models in the momentum balance, Buye-
vich and Webbon [12] also obtained an enhanced determination of the dynamic forces. Yet, as
highlighted by Siedel et al. [107], those expressions are most of the time limited by a strong
assumption made on the bubble shape: bubble geometry is indeed generally idealized to a
(truncated) sphere both for the analytical determination of the forces and in the growth models
included in the momentum balance performed by Buyevich and Webbon [12].

Despite this limitation, all the cited studies were able to demonstrate that the relative contri-
butions of the forces acting on a growing bubble depend on:

e The fluid and its thermophysical properties;

e The wall characteristics (material thermophysical properties as well as its geometry or
roughness);

e The operating conditions of boiling (e.g. saturated or subcooled boiling, wall superheat
and heat flux, normal or reduced gravity, pressure level);

e The time.

Conducting the analysis of momentum balance on a growing bubble whose characteristics were
experimentally measured in a controlled environment, some authors [23,24,106,107] were able to
determine the time evolution of the contribution of each force during a bubble growth. It should
however be highlighted that the results obtained with such an approach are strongly dependent
on the chosen hypotheses to take into account or neglect some of the forces. The full resolution of
the most general momentum balance (7.e. without any term a priori neglected) requires indeed
the accurate knowledge of data which are still not experimentally accessible (such as the local
rate of heat transfer or the instantaneous temperature and velocity fields). It is then commonly
accepted that:

e For a bubble growing with a rather low rate of growth (which is generally the case under
usual boiling conditions), the predominant forces that govern the force balance of the
bubble are the buoyancy, the contact pressure and the surface tension forces.

e For a bubble growing with a relatively high rate of growth (this occurs preferentially with
a high wall superheat, a high liquid subcooling degree or at low pressure), the dynamic
forces (in particular the inertia) become non negligible.

The same simplification is commonly made when writing a force balance at the instant of the
bubble detachment to predict the bubble departure diameter®.

1.2 Low pressure pool boiling features

Low pressure constitutes an unconventional condition under which pool boiling can occur. Only
scarce experimental studies were therefore conducted under this particular condition. However,
the first few ones — mostly performed in the 1960’s — reported some specific characteristics which
demonstrate the challenging interest of analyzing boiling under this unusual condition. More
recently, the increased need of efficient low temperature systems for electronics cooling as well as
the new environmental regulations for refrigeration units and air-conditioning applications led
to a renewal of interest for investigating low pressure pool boiling. The use of passive thermal
management systems and of environmentally friendly fluids have indeed to be promoted in this
context. As a consequence, water becomes an increasingly used refrigerant and is — for instance
— the working fluid the most commonly used in sorption systems developed for air-conditioning
applications. In such systems, the operating conditions in the evaporator part are characterized

"Refer to Ginet [43] for a detailed state-of-the-art of the usual criteria of departure and of the derivated
departure diameter expressions.
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by a saturation temperature of the order of 2 — 10 °C corresponding to a pressure of only
a few hectopascals. The poor knowledge and understanding of the fundamental phenomena
involved in boiling under such specific conditions have then made necessary new and various
experimental studies on this topic. Hereafter, the already-reported features of low pressure pool
boiling concerning the bubble dynamics (Section 1.2.1), the heat transfer (Section 1.2.2) and
the boiling environment (Section 1.2.3) will be introduced. Finally, the difficulty to analyze and
compare results from the existing literature will be discussed in Section 1.2.4.

1.2.1 Bubble dynamics observations

The bubble shape — rather hemispherical during almost all the growth — tends to prove that
inertia and other dynamic effects are non negligible at low pressure. In 1966, Cole and Shul-
man [27] thus reported that water bubbles growing on a horizontal upward-facing plate surface
at subatmospheric pressures are relatively "ellipsoidal in shape" with the longest axis in the
horizontal direction. According to them, the discrepancies existing in this case between theo-
retical models of growth and experimental measurements bring to light the need to determine
the relative importance of the dynamic effects at high Jacob numbers, a condition that can in
particular be achieved at low pressure according to Carey [13] (refer to Section 1.1.3.1).

According to various experimental studies [1,4,76,77,100,102,117,119,124-126], the main char-
acteristics of nucleate pool boiling at low pressure in terms of bubble dynamics are:

e A reduced density of active nucleation sites;

e High bubble growth rates', which results in large bubble volumes at departure;

e Long waiting periods between successive bubbles (then low bubble departure frequencies).

By way of illustration, for water, Van Stralen et al. [119] reported departure diameters up to
15.39 cm at 2.04 kPa and waiting times of the order of 10 to 100 s for bubbles whose growths
lasted less than 200 ms at pressures ranging from 2.0 to 4.0 kPa.

Additional phenomena were also often mentioned:

e As illustrated on Fig. 1.7, a high-velocity liquid jet immediately following the departure
of a large bubble can penetrate into its flattened base [44,81,87,100,119,122].

Figure 1.7 — High-velocity liquid jet penetrating into a large departed bubble (water boiling from an artificial
nucleation site made on a smooth copper surface at 13.21 kPa; adapted from [119]).

e An "elongated vapor filament" [90] (Fig. 1.8a), or a "secondary vapor column" [44,100,119,
122] (Fig. 1.8b) may grow between a departing bubble and the next bubble nucleating from
the same site?. Depending on the boiling environment conditions (in particular depending
on the heat flux and the subcooling degree), this secondary elongated vapor mass may
reach the departed bubble prior recondensing or not. In case of contact between the
departed bubble and the secondary vapor mass, the latter confers the bubble a so-called
"mushroom shape" which is typical of the low pressure boiling.

'Bubble growth rates are so high that some authors dealt with "violent ebullition" [1] or "explosive bubbles"
[125,126).

2This secondary vapor column may actually grow between the occurrence of the liquid jet and the nucleation
of the next bubble.
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(a)
Departed bubble

Elongated vapor filament between the
departed bubble and the heated surface

Figure 1.8 — (a) Elongated vapor filament connecting the heated surface and the departed bubble (water boiling
from a nickel-chrome wire at 6.45 kPa; adapted from [90]); (b) High-velocity liquid jet followed by a vapor column
(water boiling from an artificial nucleation site made on a smooth copper surface at 7.88 kPa; adapted from [119]).

Moreover, according to Labuntsov et al. [69] and Wu et al. [123], pool boiling at low pressure is
known to be of an irregular and unsteady nature, especially in the very low pressure and heat flux
ranges. Recently, Giraud et al. [46] confirmed this observation by demonstrating experimentally
the existence of a new regime for boiling of water at subatmospheric pressure. From the bubble
dynamics point of view, this so-called "cyclic boiling regime" is defined by the three following
stages:

(A) Waiting time: as previously, the heat is transferred only by single phase convection
(no bubble growth takes place) and the thermal boundary layer is growing by transient
conduction in the vicinity of the heated wall.

(B) Growth and departure of a large bubble: as in nucleate boiling, a nucleation site is
activated so that a bubble grows. Due to the low pressure condition, it reaches a large
volume before detaching.

(C) Bubble crisis: many bubbles of different sizes and frequencies are created everywhere on
the heated surface. The cycle can restart as soon as this nucleation crisis stops.

Pictures of this new regime in the case of water boiling at 1.2 kPa with an imposed heat flux of
12.2 W - cm~2 are shown on Fig. 1.9.

Figure 1.9 — Pictures obtained during (A) the waiting time, (B) the growth and departure of a large bubble
and (C) the bubble crisis (water boiling from an artificial nucleation site made on a smooth copper surface at
1.2 kPa; adapted from [46]).

However, as emphasized by Giraud et al. [46], the conditions under which this cyclic boiling
regime appears as well as the fundamental phenomena responsible for this behavior have still to
be identified.
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1.2.2 Heat transfer characteristics

Heat transfer in low pressure pool boiling is generally [1,76-78,100,102,117,119,125,126,129,131]
characterized by — in comparison with more usual boiling conditions:

e A higher minimum wall superheat for a bubble nucleation from a given cavity;

e Large wall temperature fluctuations with time in the "intermittent boiling regime"!;

e A lowered heat transfer coefficient;

e A lowered critical heat flux value.

These heat transfer characteristics can interact with each other and/or be related to the ones
associated with the bubble dynamics. During the intermittent boiling regime, Van Stralen et
al. [119] and Giraud [44] thus synchronized the heated surface temperature fluctuations to the
bubble visualization and noticed that the wall temperature drops suddenly during the bubble
growth whereas it increases slowly during the waiting time. As for the long duration of this
waiting period, it can be explained by two phenomena, both connected to the low vapor density

at low pressure?:

(i) The large bubble size: Just after a bubble detachment, cold liquid comes to re-wet the
heated wall; the larger the departed bubble, the larger the involved amount of cold liquid
and consequently the longer the time required to sufficiently heat it before a new bubble
growth can be initiated.

(ii) The high minimal wall superheat required to onset the nucleation at a given
cavity: A bubble growth is supposed to occur as soon as the liquid close to the wall
reaches a critical superheat. A theoretical analysis can show that the lower vapor density,
the larger the minimal superheat. This quantity can be indeed estimated according to the
Clausius-Clapeyron equation (Eq. 1.8):

~ AfrIYsat

AT ~ ———
vahlﬂ

(1.8)

where the pressure difference AP can be evaluated through the relation for the mechanical
equilibrium of a bubble (Eq. 1.1) with the bubble radius taken equal — in first approxima-
tion — to the considered cavity radius.

Most of the authors invoke the reduced density of active nucleation sites (supposed to be re-
lated to an increase of the bubble critical radius R as the pressure is decreased) to explain
the degraded heat transfer encountered at low pressure. As less cavities are active — and as
a long waiting time is required for the few ones which are active, phase change is indeed not
as significant in nucleate boiling at low pressure as under more conventional pressure levels.
Usual correlations for heat transfer coefficient in nucleate boiling are consequently shown to
be not valid for this particular condition [131]. Based on this observation, numerous stud-
ies [2-4,17,21,76,77,88,102, 128, 129] were performed on various enhanced surfaces in order
to increase the active nucleation sites density and subsequently improve the heat transfer.
Some of them also aimed at investigating the effect of the heated surface orientation (hori-
zontal or vertical), of the confinement or of a system-like configuration within a more applied
approach [18,45,48,49,79,100].

Regarding the cyclic boiling regime, Giraud et al. [46] observed that, in water, it never occurs:

McGillis et al. [77] defined this regime as a part of the isolated bubble regime such as the waiting time last
longer than the bubble growth. The authors then determined a criteria to predict the transition to the "continuous
boiling regime" (the regime in which the waiting time is equal or lower than the growth duration, i.e. the regime
corresponding to both the end of the isolated bubble and the fully developed nucleate boiling regimes). They
finally observed experimentally that continuous boiling can be reached as soon as a sufficiently high heat flux is
imposed to maintain a large enough bubble frequency. Steady wall temperatures can then be obtained.

?In the case of water, the vapor density drops for instance from p, = 0.5982 kg - m ™~ at atmospheric pressure
(101.4 kPa (100 °C)) to p, = 0.0656 kg - m~> at 9.6 kPa (45 °C), which corresponds to a variation of —89.0 %.
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e At atmospheric pressure;
e At very low imposed heat flux values: this indeed leads to single phase convection;
o At sufficiently high imposed heat fluxes: this yields the continuous boiling regime.

When this regime takes place (i.e. in water at subatmospheric pressure for an intermediate
range of imposed heat fluxes), the authors noticed the presence of similar wall temperature
fluctuations as in the intermittent boiling regime (Fig. 1.10a). They conducted a parametric
analysis and concluded that an increase of the imposed heat flux has no significant influence on
the amplitude of the thermal variations. On the contrary, increasing the heat flux considerably
affects the duration of the cycle (especially of the bubble crisis phase (C)'), so that the time-
averaged wall temperature on the cycle time is lowered.

(a) A o R | (b) A 4 Single phase convection
(A (BYC) (A) (BYC)A) = Continuous boiling
o o e Cyclic boiling
] : I : I
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- - - o0 0'. °
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Figure 1.10 — Schematic representation of (a) the thermal fluctuations at the wall; (b) the instantaneous
boiling curves during the cyclic boiling regime (and comparison with single phase convection and continuous
boiling regimes; based on [46]).

Representing their experimental measurements by means of instantaneous boiling curves (illus-
trated on Fig. 1.10b), Giraud et al. [46] were able to compare visually the cyclic boiling regime
with the single phase convection and continuous boiling regimes. Contrary to those two usual
regimes characterized by a relatively high stability (inducing almost no scattering of the data
points), measurements related to this new boiling regime display a specific cyclic scattering?. It
appears from their parametric study that the lower the pressure, the more strongly this cyclic
scattering is marked: the wall temperature fluctuations are indeed larger, and subsequently, the
cycles visible on the boiling curves are of increased amplitude.

According to Giraud [44], the heater characteristics (material, geometry, size and surface finish)
should also influence this cyclic regime through an effect on the amplitude and period of the
thermal fluctuations. The author mentioned thus that a heater with a high thermal inertia
would induce larger variations than a heater with a lower thermal inertia.

1.2.3 Remarks on the boiling environment

As first mentioned by Ponter and Haigh in 1969 [94,95], as confirmed by Schnabel et al. [102]
in 2008 and as again highlighted by Giraud et al. [45-47] in the 2010’s, the height of liquid H;
over the heated surface is a parameter of major importance for the heat transfer performance
in low pressure pool boiling.

L According to the authors, the waiting period (A) can last more than 100 s while the large bubble growth (B)
is always shorter than 200 ms; at low heat fluxes, the waiting time can be more than 40 times longer than the
bubble crisis (C) whereas the latter phase can — on the contrary — be longer than the waiting time at high heat
fluxes.

2Tn her thesis, Giraud [44] added that the shape of the boiling curves observed in cyclic boiling tends to confirm
that there may exist some analogy between cyclic boiling and transient boiling.
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Giraud [44] and Giraud et al. [46] demonstrated indeed that — as the pressure imposed at the
level of the free surface is low — the static head induced by the liquid column can be of the same
order of magnitude as the system pressure, so that the static pressure cannot be neglected in the
analysis as it is of common practice for higher pressures. The local pressure P(z) is consequently
equal to the sum of the saturation pressure P, prevailing at the level of the free surface and of
the local static head P*'%(z). It thus varies (quasi-)linearly with the local depth z in the bulk
(with z = 0 corresponding to the free surface level). The local saturation temperature Tsq(2)
also depends on the depth, but this variation is especially significant in the very low pressure
region because of the logarithmic relationship existing between the saturation temperature T,
and the saturation pressure P,,;. Considering that the saturation state prevails at the level of
the free surface (T}, = Tsat(Py) = Tsat(z = 0)) and assuming that the bulk liquid is homogeneous
in temperature (77, pu(2) = T3, puir), one can suppose the vapor and bulk temperatures to be
equal (T, = T}, pui)- The local subcooling degree AT,(%), defined as:

ACrsub(z) = Tsat(z) - Tl, bulk (19)

is consequently dependent on the depth too. The pressure and the subcooling degree finally
cannot be considered as homogeneous around a bubble formed under low pressure conditions,
which results in non-homogeneous thermophysical properties in the boiling environment.

Table 1.2 — Influence of the pressure imposed at the free surface level and of the liquid height on both the local
pressure and subcooling degree in water (liquid density evaluated from REFPROP [71] database).

P, (kPa) | T, (°C) | H; (cm) | P (H,) (kPa) | P(H,) (kPa) | Tou(H;) (°C) | ATw(H;) (K)
10 1.0 2.2 19.1 9.1
1.2 10 20 2.0 3.2 25.1 15.1
30 2.9 4.2 29.7 19.7
10 1.0 13.3 51.5 1.5
12.4 50 20 1.9 14.3 53.0 2.0
30 2.9 153 54.3 13
10 0.9 102.4 100.3 0.3
101.4 100 20 1.9 103.3 100.5 0.5
30 2.8 104.2 100.8 0.8

Some values illustrating the dependence of the local pressure and subcooling degree on both the
liquid level H; and the imposed pressure P, are given in Table 1.2. From those data one can
remark that the local pressure can be set by acting on the vapor saturation pressure and/or on
the liquid height. However, each action yields different effects:

(i) If the vapor pressure P, is kept constant while the liquid level H; is increased, the local
pressure as well as the subcooling degree augments.

(ii) On the contrary, if the vapor pressure P, is increased while the liquid level H; is kept
constant, the subcooling degree decreases.

Investigating the influence of an increase of the water height on the heat transfer — at constant
imposed pressure P,, so that the local pressure at the level of the heated wall is increased —
Giraud et al. [45] observed:

e An improvement of the heat transfer coefficient in horizontal orientation;
e A degradation of the performance in vertical orientation.

Giraud et al. [47] also investigated the effect of a thin layer of water on low pressure pool boiling.
Two new bubble dynamics behaviors were then observed depending on the occurrence or not of
a bubble bursting at the vapor-liquid-vapor interface as the growing bubble passes through the
free surface. Moreover, the cyclic boiling regime was found to be less and less apparent as the
liquid layer was reduced. The authors explained this result by both a less subcooled liquid and
an increased difficulty for the liquid to re-wet the heated surface.
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The characteristic non-homogeneity of the boiling environment at low pressure as well as its
complexity is supposed to be responsible for the specific features encountered in low pressure
pool boiling. For instance, the local subcooling degree that can reach relatively high values
may explain the early recondensation (before departure) and/or even the quick collapse (just
after the detachment from the heated wall) of bubbles obtained at low pressure. The mush-
room shape of these bubbles may be due to this subcooling degree as well since this particular
shape is generally reported in subcooled boiling [110]. In addition, a modified relative influ-
ence of the forces acting on a growing bubble — compared to what is commonly accepted under
more conventional conditions — seems to appear’, leading to original bubble dynamics behaviors.

Another feature of the boiling environment at low pressure is related to the particular noise
which is associated with this operating condition. According to the literature review section
of the article published in 1969 by Ponter and Haigh [95], boiling is indeed often accompanied
by audible sounds caused by the propagation of pressure waves within the boiling liquid during
the formation, growth and all the more the collapse of the vapor bubbles. The collapse of
a bubble thus engenders a local pressure variation that can be the source of such pressure
waves. In addition, the condensation of a bubble provoking a void in the liquid, an inrush
of liquid occurs to fill this void. Sound emission can then constitute a way to dissipate the
related kinetic energy. The authors explained then that acoustic studies previously conducted on
boiling demonstrated a connection between variations of the sound intensity and/or its frequency
spectrum and changes in boiling regimes and/or heat transfer rates. For example, in water
nucleate boiling at atmospheric pressure, a reduction of the sound intensity results from a
decrease of the heat flux. Ponter and Haigh finally carried out an experimental campaign with
water boiling at various subatmospheric pressures from the outer surface of a stainless steel
tube immersed under 61.0 cm of liquid?. In their experiments, they applied a supposed uniform
subcooling degree (up to 60 K) to the liquid and observed that:

e Whatever the pressure or the subcooling degree, the onset of boiling can be detected by
an increase of the sound intensity.

e Low pressure nucleate boiling is mainly characterized by intermittent sounds of high in-
tensity emitted at low heat fluxes.

1.2.4 A difficult analysis of the existing literature

Although the unconventional nature of the low pressure pool boiling — which has long limited the
interest of investigating this topic, the number of experimental studies reported in the literature
about this phenomenon becomes to be relatively important. As for an illustration, most of them
are summarized Table 1.3 (horizontal orientation) and Table 1.4 (vertical orientation). As a
consequence, one could expect that a comparative analysis of the existing literature would enable
the identification of more specified fundamental phenomena and of their governing processes and
parameters than those described previously in this section. However, reading Tables 1.3 and
1.4 tends to demonstrate that such a synthesis may be not possible. Operating conditions are
indeed generally hardly comparable from one study to the other:

Various heated surfaces and configurations: Heated surfaces used in the literature result
from various combinations of types (plain or finned surfaces, wires, outer side of tubes,
foam...), materials (copper, stainless steel, nickel, platinum, aluminum...), surface finishes
(various roughnesses, presence or not of artificial cavities, coatings or hydrophobic spots...)
and sizes. As all those surface properties are known to have a non negligible influence
on the bubble nucleation and on the boiling heat transfer performance (especially at low
pressure [92] since the number of potential vapor generating centers is then limited), deter-
mining one or few dominant parameter(s) explaining any difference between the reported
experimental results is almost impossible.

' The influence of the thermal Marangoni force is for example clearly not negligible anymore when boiling in
the very low pressure region with a thin layer of liquid (refer to Giraud et al. [47]).
2This height corresponds in fact to 2 ft.
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Moreover, when a similar heated surface is used in several studies, the boiling configuration
may differ from one to the other, so that the comparison is made difficult as well. For
instance, Rulliere et al. [100] and Giraud et al. [45-48] used similar surfaces to investigate

the effect of the horizontal and vertical orientations as well as of the confinement.

Table 1.3 — Low pressure pool boiling experimental studies in horizontal orientation.

Study Fluid Heated surface P, (kPa) H; (cm)
Van Stralen [117] Water, aqueous Platinum wire 13.3 - 101.4 Unknown
binary mixtures
Patten [90] Water Nickel-chromium wire 3.4-101.4 Unknown
Water, n-pentane,
Cole and Shulma}n [27] methanol, carbon Polished zirconium ribbon 6.7 - 101.4 Unknown
and Cole [26] -
tetrachloride, acetone
Ponter and Outer surface of a stainless steel
Haigh [94,95] Water tube 12.0 - 101.4 61.0
. Water, ethanol, Outer surface of a stainless steel B
Akiyama et al. [1] carbon tetrachloride tube 5.0 — 1520.0 | Unknown
Nickel disks (rough or smooth with
Yagov et al. [125,126] Water, ethanol, .NaCI artificial cavities or addition of 3.6 — 100.0 Unknown
aqueous solution .
hydrophobic spots or screens)
Stewart and Cole [109] Water Mirror-polished copper disk 4.9 Unknown
Van Stralen et Water, aqueous Smooth copper disk with a centered B
al. [119,120,122] binary mixtures artificial cylindrical nucleation site 2.0 -26.7 Unknown
Smooth nickel disk and outer
Labuntsov et al. [69] Water, ethanol surface of copper, nickel and 1.6 — 100.0 Unknown
stainless steel tubes
Rectangular copper surfaces
Wu et al. [123] Water, methanol (uncoated, nickel coated or with 6.0 — 100.0 Unknown
sintered copper screens)
Water with and
Tewari et al. [111] without polymeric Smooth and rough aluminum disks 8.0 — 100.0 Unknown
additive
McGillis et al. [76] Water Rectangular smooth and 4.0; 9.0 Unknown
rectangular finned copper surfaces
McGillis et al. [77] Water Rectangular and circular smooth 2.0 — 110.0 Unknown
copper surfaces
Water/methanol and
McGillis et al. [78] water/2-propanol Rectangular smooth copper surfaces 7.0 - 83.0 Unknown
mixtures
Mitrovic [81] R113 Smooth stainless steel disk with 37.0 Unknown
artificial cavities
Ohue et al. [87] Water Smooth stainless steel disk 2.7 Unknown
Smooth nickel disk and outer
Yagov [124] Water, ethanol surface of copper, nickel and 1.0 - 40.0 Unknown
stainless steel tubes
Bhaumik et al. [8] Watif)’lf;?ezene’ Outer surface of stainless steel tube 20.0 — 97.4 Unknown
Pal and Joshi [88] Water Copper enhanced structures made 9.7 - 21.0 3.9
of multiple layers
Choon et al. [21] Water Rectangular copper foam 1.8 Unknown
Schnabel et al. [102] Water Copper disks of different 1.0; 2.0 1.0 - 2.2
roughnesses or with fins
Water, methanol and Outer surface of plain and copper
Alam et al. [2,3] water /methanol v v P PP 23.0 - 97.7 Unknown
. coated stainless steel tubes
mixtures
Chan et al. [17] Water Plain and finned copper disks 2.0 -9.0 6.0
Smooth or rough copper disks with
s a centered artificial conical
Rulliére et al. [100] Water nucleation site, with or without 0.9-4.38 12.0
confinement
Giraud et al. [45] Water Smooth copper disk with a centered 1.2-1.8 7.4~ 20.0
artificial conical nucleation site
McNeil et al. [79] Water Tube bundle 5.0 - 85.0 80.0; 200.0
Giraud et al. [47] Water Smooth copper disk with a centered 1.2~ 3.0 0.3 - 20.0
artificial conical nucleation site
Giraud et al. [46) Water Smooth copper disk with a centered | o ) o 20.0
artificial conical nucleation site
Arya et al. [4] Water Plain or nano-porous alumina 73-19.9 | 20-25
structured aluminum micro wires
Zajaczkowski et al. [131] Water Copper disk 1.0 - 10.0 Unknown
Yamada et al. [128,129] Water Copper d‘SkSS‘g:t}; hydrophobic 6.8 —101.4 12.0
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Table 1.4 — Low pressure pool boiling experimental studies in vertical orientation.

Study Fluid Heated surface P, (kPa) H; (cm)

Giraud et al. [45] Water Smooth copper disk with a centered

artificial conical nucleation site 1.2-18 74-200

Smooth copper disk with a centered
Giraud et al. [48] Water artificial conical nucleation site, 1.2-5.0 15.0
with confinement

Stainless steel plate, with

0.8 - 16.0 5.0 — 25.0
confinement

Giraud et al. [49] Water

A liquid height scarcely taken into account: As visible in Tables 1.3 and 1.4, except in
the Ponter and Haigh works published in 1969 [94,95] and in most of the investigations
performed in the last ten years [4,17,45-49,79,88,100,102,128,129], the liquid height is
never mentioned by the authors. The importance of this parameter on low pressure pool
boiling was indeed demonstrated only recently. As the low pressure boiling environment
is complex and can be totally modified by changing the value of this parameter (while
keeping the same working fluid, heated surface, vapor pressure and heat flux values), the
absence of this information prevents any subtle comparison or analysis of all the results
available in the literature.

Different investigated fluids: Most of the reported experiments were performed with water
as the working fluid. However, in order to observe the influence of the fluid thermophysical
properties on low pressure pool boiling and/or within a preliminary study for a specific
application (such as desalination), some other fluids — including mixtures — were tested.
In these cases — as in tests conducted with pure water — only subatmospheric pressures
were considered, i.e., for all the authors, "low pressure" in boiling means boiling under a
pressure lower than the atmospheric pressure. This simple approach, that may be valuable
for a given fluid, may be not justified for another since the variations of the numerous fluid
thermophysical properties involved in phase change heat transfer are then not taken into

account at all along the liquid-vapor saturation curve that is specific to each individual
fluid.

In the case of mixtures, the already complex boiling environment is made even more
complex due to concentration gradients. A solutal Marangoni effect could consequently
take place in addition to the thermocapillary effect, so that the bubble dynamics and then
the heat transfer would differ even more from what is usually encountered under normal
pressure conditions.

All the points discussed just above finally tend to show that defining properly what is "low
pressure" in boiling and using well-defined operating conditions are necessary conditions to get
a better understanding of the phenomenon and to identify its fundamental subprocesses and
governing parameters.

In this chapter, the fundamental concepts regarding pool boiling were briefly introduced as a
necessary background of the results produced in this thesis.

The low pressure pool boiling was then reviewed more accurately. The main features of this
unconventional boiling condition that are already reported in the literature were presented:

o A complex boiling environment;
e A bubble dynamics characterized by:

— A long waiting time between two successive bubbles;
— A wvery large bubble volume at departure;

— The occurrence of mushroom shaped bubbles.
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e Degraded heat transfer performances with:

— Wall temperature fluctuations;

— Low heat transfer coefficients that cannot be evaluated through the usual boiling
correlations.

An analysis of the existing literature finally revealed that a better understanding of the
fundamental phenomena involved in low pressure pool boiling and the identification of their
governing parameters require:

o A precise definition of what "low pressure” means in pool boiling;

o New experimental results obtained with "well-defined" operating conditions.
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Chapter

Experimental setup and methods

The purpose of this chapter is to provide sufficient information about the test facility and
the methods used to study experimentally the pool boiling phenomenon at low pressure. The
boiling vessel and the test sample are therefore detailed in Section 2.1, the adapted procedure
of use in Section 2.2 and the measurement and processing techniques which are implemented
to obtain original and reliable results about low pressure boiling in Section 2.3.

2.1 Experimental setup

The test bench designed by Giraud during her thesis [44] constitutes the starting point of this
work.

2.1.1 Overall view

Vessel

_  \

Vapor

Liquid C
Viewport LED lighting

- }eated surface

High-speed camera

Test sample

Figure 2.1 — Experimental apparatus.

The experimental facility, schematically depicted on Fig. 2.1, is mainly composed of a cylindrical
vessel in which the working fluid is filled and set to the desired temperature and pressure
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conditions to conduct tests. A test sample inserted at the base of the pool enables to impose an
adapted heat flux to create bubble nucleation on its top surface. Four circular viewports located
on the side surface of the vessel make the observation of the boiling phenomenon possible. In
particular, one is used to illuminate the boiling area while a high-speed camera is placed in front
of the opposite one for image recording.

2.1.2 Boiling pool

The experimental pool (Fig. 2.2) is a cylindrical stainless steel tank of 200 mm inner diameter
and of 420 mm height. A 100 mm diameter borehole located at the vessel’s base is used to insert
the test sample (described in Section 2.1.3) into the chamber with a sufficient tightness. The
copper heated surface is then horizontally centered inside the tank. Four circular viewports of
the same size (100 mm diameter) are arranged on the side surface of the pool for observation,
high-speed visualization and lighting of the boiling phenomenon.

Pressure transducers
K-type thermocouples o~

— Evacuation with vacuum pump

Liquid level indicat
iquid level indicator Heat exchanger

~ Vapor
Liquid
Viewport 420 mm
200 mm
-
100 mm Heated surface

\

Test sample 2 Filling and emptying with working fluid

Electrical power

Figure 2.2 - Boiling pool.

The working fluid is filled and emptied through a valve situated at the bottom of the tank. A
flexible hose connected both to the top and to the bottom of the vessel is used as a liquid level
indicator. Depending on chemical resistance to the working fluid, this hose is either a flexible
transparent hose made of PVC either a flexible hose made of stainless steel equipped with a
small viewport. Another valve, at the top of the vessel, can be linked to a vacuum pump to
evacuate gas from the chamber.

A heat exchanger, jacketed inside the pool wall and connected to a thermostatic bath, is used
to set the temperature and the pressure in the chamber during the tests (which are measured
with thermocouples and pressure transducers).

The whole facility is made in vacuum technology (ISO-K) to ensure a high level of tightness.
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2.1.3 Test sample
2.1.3.1 Geometry of the heater

The main component of the test sample (Fig. 2.3a) is a cylindrical copper block (diameter:
40 mm, height: 78 mm) ended with a thin fin (diameter: 50 mm, thickness: 1.2 mm). Two
cartridge heaters of 400 W (maximum power) each are inserted at the bottom of the copper
part to impose the heat flux to the block. Two rows of four K-type thermocouples are placed
along the copper cylinder to evaluate the thermal heat flux passing through it and the wall
temperature.

(a) (b)

Liquid

Heated surface

Heated surface

Toric seal

1.2 mm} = A Copper cylinder
K-type thermocouples
yp P \‘E a PTFE
Copper cylinder > o = Cartridge heater
Plate seal
78 mm
Cartridge heater
/
40 mm
50 mm

Electrical power

Figure 2.3 — Detail of the heater: (a) the copper block; (b) the whole test sample.

The copper block is thermally insulated with a PTFE part and the copper/PTFE block is
associated with a stainless steel flange to make the connection with the vessel possible (Fig. 2.3b).
The tightness of the test heater is ensured by an O-ring seal between the copper fin and the
PTFE part and by a flat seal between the copper/PTFE block and the flange.

2.1.3.2 Heated surface

The heated surface corresponds to the top of the heater’s fin. Its area is consequently of 19.6 cm?.
This fin is aimed at avoiding peripheral boiling and then at promoting bubble nucleation from
an artificial cavity made at the center of the surface. The surface was indeed carefully prepared
as follows: it was entirely mirror-polished with diamond paste and then a conical nucleation site
was created with a punch at its center (Fig. 2.4). The surface’s root mean square roughness Sy
(lower than 0.4 pm) and the size of the cavity (110 pm diameter and 70 pm deep) were measured
with a confocal microscope (refer to Appendix A.1). The outer edge of the heated surface is
sealed to the PTFE insulant with glue to prevent any air leakage into the vessel.

2.1.4 Instrumentation and acquisition system

2.1.4.1 Boiling environment and thermal measurements

Operating conditions are controlled by measuring the pressure and the temperature inside the
chamber. Two K-type thermocouples are indeed located in the fluid: one above the free surface
(i.e. in the vapor phase) whereas the other one is placed at a distance of 100 mm from the
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Sq=0.4 um

=110 pm

Figure 2.4 — Heated surface condition.

heated surface (i.e. in the liquid phase). At the top of the vessel, two pressure transducers
Kobold type SEN are used to measure the vapor pressure P,. Their working pressure ranges
are 0—100 kPa and 016 kPa respectively and they are accurate to + 0.25 % of their full scale
range (7.e. = 250 Pa and + 40 Pa respectively).

Two rows of four K-type thermocouples are located along the copper part of the heater with
an angle of 90° between them. Vertical positions of the bottom of the fin and of thermocouples
are defined by the distance to the heated surface (Z = 0 at the top of the fin) along a verti-
cal upward-oriented axis as shown on Fig. 2.5a. The fin thickness (Fig. 2.5b) and locations of
thermocouples for Row A (Fig. 2.5¢) and Row B (Fig. 2.5d) — given in Table 2.1 — were accu-
rately determined by measuring variations of altitude along the rod with the confocal microscope.

b Fin
(a) (b) o5
z 0.25 Top of the fin (heated surface)
Row A Row B Depthy 0 R
“0 _ 025}
g
A\ & -05 i
\ N 1.2 mm
\ —0.75¢
Depthp
-1
-1.25F T~
\Bottom of the fin
—_ l .5 1
0 20
Depth 2 (mm)
(©) Row A (d) Row B
0f ' 1 0
\Bottom of the fin Bottom of the fin
=5t 7.50 mm- -5t ) 7.38 mm
Location g thermocouple 4; ILocation thermocouple B,
= - — - - N e e e e _—— e T e e e e e e e e e e o L]
— —10r 1 __—1of ) ]
E Locatiori@ thermocouple 4,  |3.21 mm E Locatl\or: thermocouple £B, 471 mm
N e —_ ) I N e e S

15 1 15} _ ( 1
Locationi thermocouple 4; |5.10 mm Locatl\m} thermocouple B; | 3.06 mm

—20F - 1 =20} 1
Location -@m-o;coum_e Ay 14.26 mm Locatio@ouple B, 5.10 mm

Depth y (pm) Depth B (pm)

Figure 2.5 — Measurements made with the confocal microscope: (a) geometry of reference; (b) fin thickness;
(c) positions of Row A thermocouples and (d) positions of Row B thermocouples.
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Table 2.1 - Positions of thermocouples in the copper block for the two rows.

Row A Row B
Zheated sur face (mm) 0.000 Zheated sur face (mm) 0.000
Zbottom of the fin (mm) —1.200 Zbottom of the fin (mm) —1.200
ZA1 (mm) —8.700 ZBl (mm) —8.575
Z 4, (mm) —13.905 Zp, (mm) —13.285
Z 4, (mm) —19.000 Zp, (mm) —18.345
Z 4, (mm) —23.260 Zp, (mm) —23.445

All the cold junctions of the ten thermocouples (two in the fluid and eight in the sample) are
embedded in a well-insulated compensation box in which the temperature is measured with
a platinum resistance temperature detector Pt100. Measurements are then performed by a
KEITHLEY 2701 acquisition unit controlled by a home-made LabVIEW program. Thermo-
couples were calibrated with their whole acquisition line before any experiment. They were
then immersed in a thermostatic bath with a reference temperature probe (another platinum
resistance thermometer Pt100) and their voltages were measured for several temperature steps
between 0 °C and 100 °C to obtain their calibration curves. The uncertainty on the temperature
measurements was thus estimated to £+ 0.10 K.

The signals from the pressure transducers are also acquired through the KEITHLEY multimeter
and the LabVIEW program. At the end of a test, all the measurements are saved in a spread-
sheet file for a subsequent analysis.

As highlighted in Section 1.2.3, the liquid height H; over the heated surface is a parameter of
importance in low pressure pool boiling. This height has therefore to be estimated. This is
done with an uncertainty of only £+ 0.1 cm by means of a cathetometer. The vertical position
H; of the liquid level as well as the position Hy of the heated surface are read as illustrated on
Fig. 2.6a and Fig. 2.6b respectively. The liquid height H; is then defined as:

H, = Hy — H, (2.1)

2.1.4.2 Visualization

The sample being located in the vessel, the heated surface is clearly visible through the view-
ports and, as a consequence, the boiling phenomenon is easy to observe. A high-speed camera
(Photron Fastcam 1024 PCI, standard memory size — 2 GB) is then placed close to a viewport
while a square white LED backlight device (Phlox SLLUB white led Backlight 100 x 100) il-
luminates the imaging area through the opposite viewport. The LED device produces a very
intense and homogeneous light (luminance: 53000 cd - m~2, uniformity: 98.77 %) which leads
to an excellent contrast on the recorded pictures.

The high-speed camera is controlled by the Photron Fastcam Viewer (PFV) software and the
following settings are chosen to record videos: the maximum image size, i.e. 1024 x 1024 pixels,
and the highest acquisition frequency allowed with that image size, 7.e. 1000 frames per second.
Those parameters lead to the best trade-off between acquisition speed (or time resolution) and
image size (or spatial resolution). However, the duration of a video file obtained with those
settings is short (about 1.54 s). When necessary, experiments are carried out at a lower acquisi-
tion frequency in order to adapt the recording time to the duration of the phenomenon. As the
bubble frequency can be low at low pressure (refer to Section 1.2.1), the trigger mode "END"
is set for pictures acquisition: the instant when the experimenter clicks to trigger the camera
(after having seen a bubble nucleating) corresponds then to the last recorded image.
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(a) Cathetometer
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Figure 2.6 — Liquid height H; measurement: reading of (a) the liquid level height Hi; (b) the heated surface
height Hs.

2.2 Experimental procedure

2.2.1 Filling and degassing the working fluid

Once the sample assembled, it is installed into the vessel and the tank is filled with as pure as
possible working fluid. The chamber is then connected to a vacuum pump to be emptied with
air and non condensable gas. The fluid can thus be set to its saturation state. The pool is
maintained at the vapor saturation pressure for at least two full days with periodic evacuations
before starting any experiment. This step is required to ensure that the fluid is sufficiently
degassed and with an appropriate liquid-vapor equilibrium which is controlled by checking if the
vapor temperature T, measured in the vapor phase corresponds to the saturation temperature
of the measured vapor pressure Tsq(P,). After that degassing process, the liquid height H; is
measured according to the method described in Section 2.1.4 and experiments can be performed.

2.2.2 Setting the operating conditions

The desired vapor pressure is then set in the boiling pool by adjusting the temperature of the
fluid that circulates in the vessel’s jacket. As nucleation sites activation and deactivation as
well as boiling regime transitions often induce hysteresis phenomena in boiling, it was decided
to conduct experiments only by decreasing the imposed heat flux. From a practical point of
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view, the electrical power imposed to the cartridge heaters is first progressively increased up to
reach the highest heat flux to be tested. Then, in order to study the steady state condition, a
one-hour waiting time is necessary before recording data. After acquisition, the electrical input
is decreased step by step to repeat the experiment with lower imposed heat fluxes until reaching
the lowest heat flux value of interest. During the whole process, the operating conditions (fluid
temperature and pressure) are monitored with the LabVIEW acquisition software.

2.2.3 Acquiring measurements and images

Each test corresponds to the study of the steady state of one operating point in terms of working
fluid, liquid height H;, vapor pressure P, and imposed heat flux @;npu. For each experiment,
all the signals associated with the pressure transducers and with the thermocouples are collected
every three seconds during the full duration of the test (i.e. about ten minutes). Meanwhile,
several videos are recorded with the high-speed camera in order to be able to analyze the bubble
dynamics.

2.3 Measurement and processing techniques

2.3.1 Heat flux and heated wall temperature determination

At any instant when the signal of the thermocouples is acquired, the heat flux ©,,¢.s released to
the fluid through the heated surface as well as the wall temperature T'..;, are estimated using
the eight thermocouples located in the copper block under the following assumptions:

e Steady state conditions: all the parameters are supposed to be independent from t;

e Axisymmetric system with uniform radial heat losses through the PTFE along the rod;
e Uniform heat flux across a section of the cylinder;

e Negligible effect of the fin;

e Constant thermal conductivity A, of copper within the investigated range of temperature.

With the previous hypotheses, the temperature profile along the Z-axis of the heater is described
as follows:

T(Z)=aZ*>+bZ +c (2.2)
where the coefficients a, b, and ¢ can be determined by a second order polynomial datafit of the
thermal measurements of a row of thermocouples. The heated surface temperature 7.7, and the
heat flux at the surface @eqs can then be deduced from it. In this case, the wall temperature
is indeed given by:

T =T(Z =0)=c (2.3)

wall —

and with the Fourier’s law applied at the heated surface level:

dT
dz
it is demonstrated that the identified coefficient b is directly proportional to the heat flux dissi-
pated to the fluid by the wall:

Pmeas = SO(Z = 0) = _)\Cu (24)

Z=0

Pmeas = _)\C’u(QCLZ + b)‘ = —bAcy (25)

Taking the second derivative of Eq. 2.2 in relation with the Fourier’s law gives:

de

= = 2a)\¢ 2.6

dz v (26)
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meaning that the rate of heat dissipation along the rod g—g is proportional to the coefficient a.

The value of a being low, heat losses along the rod can be neglected. This is in agreement with
the criterion cited by Héas [53] on the non dimensional characteristic time At; of the conduction
problem, defined as:

ooy At

At = =%

(2.7)

with a ¢, the copper thermal diffusivity, At the time step between two successive measurements
and d the distance between two thermocouples. Héas’ criterion stands that if At; is higher
than the unity (At; > 1), a linear extrapolation of the thermal measurements is sufficient to
estimate the wall temperature as well as the heat flux. As this criterion is satisfied in this work,
the computation of those data is realized under that assumption. Satisfying this criterion also
validates the stationary state condition hypothesis.

For each row of four thermocouples, a linear fitting of the temperature depending on the depth
Z is made. The wall temperature 7.7, is then obtained by extending the datafit to the point
Z = 0 while the heat flux s is equal to the additive inverse of the slope of this fit multi-
plied by the copper thermal conductivity (Fig. 2.7). As the calculation of the heated surface
temperature and of the heat flux is made for Row A and Row B, the retained values for T

wall
and QYpeqs are finally the average of the results obtained from the two rows'.
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Figure 2.7 — Example of temperatures measured by a row of thermocouples of the test sample.

Concerning the uncertainties on the measured heat flux @meqs, the logarithmic method applied
on the Fourier’s law gives:

A@meas _ A)\C’u + A(dT) + A(dZ) (28)
Pmeas Acu T az

where the error done on the copper thermal conductivity can be removed from the calculation
since it has no effect on the temperature computation and is a systematic error which does not
influence the differences in the observed trends on the heat flux (it results in an offset on the
evaluation of this physical quantity). The uncertainties on the temperature and thermocouples
positions measurements are estimated to + 0.10 K and £+ 0.4 mm respectively. Finally, the
measured heat flux uncertainty is estimated to more than 50 % for low imposed heat fluxes and
to 15 % for high imposed heat fluxes.

1For some tests, some thermocouples were found to be out of operation. In such case, only the values computed
from the row with all working thermocouples were kept.
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Alternatively, a Monte Carlo technique introduced by Kempers et al. [63] for the uncertainty
estimation related to heated cylinders can be implemented. According to this method, each
thermocouple measurement is assumed to be associated with both temperature and position
uncertainty distributions:

e The temperature uncertainty is supposed to present a normal distribution centered on
the measured value and such as the uncertainty on the temperature measurement (i.e.
+ 0.10 K in the present case) is equal to twice the standard deviation.

e The uncertainty on the thermocouple’s position is modeled by a flat distribution centered
on the measured position and bounded by the difference between the radius of the hole in
which the sensor is inserted and the radius of the thermocouple itself.

A set of values for the slope is then calculated by performing a large number (e.g. 2000) of
randomized curve fits to fictive data constrained by the position and temperature uncertainty
distributions at each point (as illustrated on Fig. 2.8 for the measurements displayed on Fig. 2.7).
The uncertainty on the slope is then taken as twice the standard deviation of the obtained data
set.

Thermocouples measurements
64 Linear fit

Fictive distributed measurements
Linear fits of the fictive distributed measurements ||

°

[

2

54

&

8

H
STy slope = ,%
561
55 ; . : ‘
-25 -20 P = ~ )

Z (mm)

Figure 2.8 — Illustration of the uncertainty estimation through the Monte Carlo technique introduced by
Kempers et al. [63] on the set of measurements displayed on Fig. 2.7.

When implemented on the present configuration, this Monte Carlo technique leads to an uncer-
tainty on the measured heat flux ranging between 20 % and 25 % even for low imposed heat
fluxes. This result finally means that the heat flux measurement is even more accurate than
previously expected through the uncertainty estimation made with the logarithmic method.

2.3.2 Image processing

In order to reap the full benefits of the high-speed visualization, it is necessary to extract quanti-
tative data from the video files. Therefore an adapted tool was developed to process the pictures
and extract objectively and efficiently the data of interest to study the bubble dynamics. Among
them, one can cite the number of bubbles recorded on an acquisition file, their volumes, growth
times and frequencies for example. The large number of caught bubbles as well as the high time
and space resolutions obtained during the experiments lead to such an amount of data to treat
so that such a tool associated to a procedure of quality is required.

Adapted to the features of the digital pictures recorded in this work, that tool is a home-made
image processing code developed under MATLAB environment. It is mainly aimed at detect-
ing the presence of bubbles, their nucleation and detachment from the wall and at identifying
their edges. Once this is done, some parameters characterizing the bubble dynamics (bubble
departure frequency, instantaneous volume, etc.) can indeed be easily calculated. Basically, this
program applies a frame-by-frame treatment based on the principle that strong gradients in gray
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levels occur on the images at the interface between the two phases (liquid and vapor). However,
due to some pictures features (caused by the setup and/or the boiling phenomenon), the image
processing is not that simple.

In order to establish the quality of this image processing and to be able quantify the uncertainties
on the bubble dynamics properties calculated with it (which are analyzed in the next chapters),
a detailed description of it is given hereafter. Features of the processed pictures are listed in
Section 2.3.2.1, then the algorithm is depicted in Section 2.3.2.2 before the methods to calculate
some bubble dynamics parameters are explained in Section 2.3.2.3.

2.3.2.1 Pictures characteristics to be taken into account

On the grayscale images recorded, a bubble appears almost black (pixel intensity: 0) whereas
the surrounding liquid appears almost white (pixel intensity: 255). This high contrast obtained
with the white LED lighting is an advantage for an accurate automatic detection of the bubble
interfaces. However, pictures exhibit other features (refer to Fig. 2.9) which limit this detection:

Shadow zone: As mentioned in Section 2.1.3.2, adding a glue seal at the junction between the
heated surface and the PTFE insulant was necessary to reach the full air-tightness required
to conduct experiments. The presence of this glue seal engenders a shadow zone just above
the heated surface which results in a poor visibility of the bubble in this area and to a
delay (of two or three images maximum, 7.e. 2 or 3 ms maximum) in the detection of the
bubble inception and detachment. These events of the bubble life can indeed be caught
only when the bubble crosses a detection line located just over the shadow zone. This
delay between the real event and the apparent (or detected) one is identical for bubble
nucleation and departure and is generally small in comparison with the bubble growth
time.

The presence of this glue seal hides the mirage effect which takes place in this region.
Described by Cooper [30], this phenomenon occurs when light rays are refracted by passing
through a medium of non constant optical index of refraction. It occurs in boiling since
the temperature gradient close to the heated wall creates such a gradient of optical index.
The liquid-vapor interface is then distorted which constitutes a classical source of error
when observing boiling. As the shadow zone masks this effect, the mirage phenomenon is
not taken into account in this work.

Viewport

Detection Tine for bubble
1nucleation and departure

Shadow zone

L

Figure 2.9 — Features of the pictures limiting the detection of bubble nucleation and departure and the local-
ization of its edges (illustrated on an image of bubble obtained with water at P, = 5.6 kPa (Ts: = 35 °C) with
H; =173 cm and @input = 2.7 W -cm™2).,

Viewport’s shadow: As bubbles formed in low pressure boiling are a few centimeters wide,
the imaging area used for the experiments corresponds to the full size of the viewports
(i.e. 100 mm wide). As a consequence, the shadow of the viewport used for lighting is
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visible in dark gray on the recordings. This induces a poor contrast between the viewport
and bubbles which makes the identification of liquid-vapor interface with the automatic
algorithm difficult. However, this does not happen for the smallest bubbles recorded.
Pictures are indeed always cropped to an adapted region of interest (ROI) before any
further image processing to optimize the computation time while observing the whole
phenomenon which has to be analyzed. Bubbles small enough not to reach the viewport’s
shadow are thus not impacted by this problem.

Reflections on the bubble surface: Actually several reflections occuring on the bubble’s
surface make the bubble appearing not only dark on a picture: for instance, its center
is always light. Those reflections results thus in strong gradients in gray levels on the bub-
ble interface that should not be chosen when looking for the real bubble edges. Selecting
automatically the gradient related to the real liquid-vapor interface rather than one of those
corresponding to reflections is challenging from the point of view of the computer-code.

As demonstrated hereafter (Section 2.3.2.2), solutions were found and implemented to overcome
these three major difficulties.

2.3.2.2 Image processing to detect the bubbles and locate their contours

In this section, a detailed description will be given for the algorithm developed to detect when a
bubble is nucleating, growing on the surface and finally departing from it and where its border
is located. First the preparatory work to the computation is depicted (Section 2.3.2.2.1). The
main treatment is then explained for a single picture (Sections 2.3.2.2.2 and 2.3.2.2.3), followed
by the solution to the viewport problem (Section 2.3.2.2.4). Lastly, some remaining limits of
the tool are recalled (Section 2.3.2.2.5).

2.8.2.2.1 Preparation of the image processing

Before any treatment under MATLAB, the video file to process is open with the high-speed
camera viewer (PFV) to extract some input parameters for the image processing. This is nec-
essary in particular to define the ROI and to determine the position of the borders between the
different domains of analysis of the pictures which will be kept for the whole recording.

Definition of the ROI: The ROI is a high and wide enough rectangular window to see all the
bubbles recorded on the considered video file (from nucleation to early rise and even to the
beginning of recondensation in the subcooled liquid). Coordinates of two specific points
are identified through PFV to define this rectangle:

e The nucleation site: its abscissa corresponds to the center of the ROI in the horizontal
direction while its ordinate defines the bottom boundary of the ROL.

e The top-left point of the ROI: its abscissa delimits the ROI’s width and its ordinate
constitutes the top boundary of the window.

Division of the picture into domains of analysis and research: Once the picture cropped
to the ROI, it is vertically divided into domains of research of the bubbles interfaces (refer
to Fig. 2.10):

e Domain A: over the shadow zone induced by the glue seal, i.e. above the detection
line;
e Domain B: corresponding to the shadow zone and subdivided into two regions:

— Region B1: located at the top of domain B, this region is directly related to the
presence of the glue seal itself. Bubble edges are there visible to the naked eye
but hardly discernible automatically.
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— Region B2: at the bottom of domain B, this region is associated to the shadow
of the seal over the copper heated surface. Even with the eye, the bubble cannot
be here distinguished from its environment.

Delimitations between those regions and domains are likened to horizontal lines whose
heights are determined visually with PFV.

Area of research
of
the "left interface" ithe "right interface"

<
g
<
g
o
[a)
Xright
m
g
£
a2
—IRegion B2 A

Figure 2.10 - Vertical division of a picture into domains A and B, subdivision of domain B into regions Bl
and B2 and horizontal division into areas of research of the left and right interfaces (with the chosen orientation
of the pixels profiles in those areas).

Horizontally, as also mentioned on Fig. 2.10, the picture is separated into two areas of
research: one for the "left interface' on the left hand side of the image and the other
for the "right interface" on its right hand side. Those areas cover 75 % of the left (and
right respectively) hand side of the cropped picture so that they overlap each other in
the middle. This arbitrary decision ensure that the bubble edges can be caught by the
MATLAB program even if the bubble is not perfectly centered on the image.

Location of the viewport shadow (if applicable): If the viewport is still visible after crop-
ping the picture according to the ROI, the locations of the concerned zones have to be
given as input parameters to the algorithm in order to implement the proper way to local-
ize the bubble interfaces. Those zones are matched to two right-angled triangles shaped
regions whose right-angles are situated at the crossing point of the detection line and of
the left (or right) border of the cropped image (as shown on Fig. 2.9). Their widths and
heights are visually determined using PFV.

Measurement of the size of a pixel: The pixel size is evaluated by measuring a known length
through the PFV software. This is required in order to estimate the bubble size or volume
in real units.

2.3.2.2.2  Localization of bubbles interfaces in domain A

According to the horizontal division depicted previously, the bubble’s interface — if it exists —
is localized separately in the left hand side ("left interface") and in the right hand side ("right
interface") of the cropped picture. For each side of domain A, the interface identification is
made line of pixels by line of pixels, starting from the detection line at the bottom up to the
top of the area of research. Each slice of one pixel is oriented as shown on Fig. 2.10: from left
to right when working on the left hand side and from right to left when working on the right
hand side. The procedure implemented to localized a bubble contour is described below for a
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Figure 2.11 — Example of an oriented line of pixels (stretched vertically), intensity of pixels along the profile

I(z) and its gradient 9X when (a) there is a bubble but no reflection effect; (b) there is only liquid and (c) there

is a bubble and a reflection.
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single oriented profile.

As a bubble is dark (low gray level) while the bulk liquid appears in light (high gray level)
in domain A, the liquid-vapor interface is characterized by a sudden drop of intensity on the
oriented profile. The bubble contour is then located by finding the minimum of the intensity
gradient on the oriented profile and by taking the darkest pixel associated with that minimum.
Figure 2.11a illustrates this situation.

Actually bubble interfaces should not be found on profiles where only liquid is visible (above a
growing bubble or between two successive bubbles for example). An empirical criterion (EC1,
given in Eq. 2.9) on the intensity I of the pre-selected pixel (at Zjpeqlized) 1S therefore used to
determine if this pixel is dark enough to correspond to a liquid-vapor interface or if, on the
contrary, it is too light for that. In the latter case, that pixel is considered as belonging to the
liquid phase, meaning that there is only liquid at the considered height (as shown on Fig. 2.11b).
The interface is then arbitrarily set to jocatized = 0.

EC - I(xlocalized) < I (29)

Another empirical criterion (ECs9, given in Eq. 2.10) on the mean value of pixels along the
oriented profile from the side border (z = 0) of the image to the identified interface (z = Zjpcatized)
is defined to avoid the selection of a strong gradient in gray levels induced by a reflection. If
the mean value of the pixels crossed along the profile upstream to the current position of the
interface is too low, it means that quite dark pixels (i.e. belonging to the vapor phase) have
been encountered on the profile in front of the detected interface. The current position of the
contour Tjcqrized 1S then wrong since the detected interface is related to a reflection rather than
to a bubble edge.

ECQ : I(.%' S xlocalized) > Imm (210)

In this case, the calculation of the minimum gradient of gray level is reiterated considering then
only the beginning of the oriented profile: from x = 0 to the current position x;,cqrzeq €xcluded.
This operation can be done several times until the selected pixel satisfies both EC; and EC5 (i.e.
the real liquid-vapor interface is supposed to be well detected) or is found at the picture’s border
(i.e. no liquid-vapor interface is identified: there is only liquid on that profile). Figure 2.11c,
shows an example where the calculation was made twice because of a strong reflection.

For a given height (a pixel slice), a last iteration of the calculation can be required both for
the left and the right oriented profiles in case of inconsistency between the left and the right
detected interfaces. This occurs if the "left interface" Tlocalizedyep, 1 found on the right hand side

of the "right interface" Tlocalized, iy, 6 the scale of the full picture.

2.8.2.2.83 Localization of bubbles interfaces in domain B

To reduce the computation time, image processing is implemented in domain B only on pictures
on which a bubble is growing (i.e. if reliable interfaces are found on the detection line).

In this case, the first step of the treatment consists in running a similar research for left and
right interfaces as in domain A in region B1. In this restricted area of domain B, the eye is
able to discriminate the bubble (almost black) from its environment (glue seal in gray). As
a consequence, adapting the I,,; value of criterion ECy (by lowering it) for the processing of
this region can lead to the localization of some points of the bubble contour. However, seeking
interfaces in region Bl is not as efficient as in domain A. Two cases can thus occur:
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(i) Several points of the left (respectively right) interface are identified but not for all pixel
slices;

(ii) Identified points of the left (respectively right) interface are too scarce and/or appear not
reliable.

In situation (i), the left (respectively right) interface in the full domain B (i.e. the union of
regions Bl and B2) is approximated through a linear fitting based on the localized points as
illustrated on the left hand side of Fig. 2.12. In situation (ii), interfaces are arbitrarily approached
in the full domain B by vertical lines positioned at the same abscissa as the interfaces found on
the detection line (as schematically shown on the right hand side of Fig. 2.12).

9OCESIOC >
/7"{’&“2 Legend:

Region B1
B Region B2

Contour of the bubble
o Automatically detected interface point

Bubble's interface detected by default
Bubble's interface after correction

pees00000,
N
\

Figure 2.12 — Schematic representation of implemented solutions to the shadow zone problem: case (i) on the
left hand side and case (ii) on the right hand side.

Making those approximations obviously induces errors on the identification of the bubbles edges
(and hence on the volume calculation). Nevertheless, this effect is much less important than
neglecting totally the presence of vapor inside the shadow zone. At the beginning of a bubble
growth, most of the vapor volume is indeed included in domain B: this volume cannot be
neglected and the error induced by considering vertical interface rather than following the real
limits of the bubble seems acceptable. The part of the volume of vapor located in domain
B decreases progressively as the bubble is growing: considering linear fittings or vertical lines
instead of the real shape of the bubble in this region is then no more of major importance.

2.8.2.2.4 Specific treatment: viewport problem

The aim of the two previous sections was to explain how the bubble interface is automatically
detected in both domains A and B. However, the problem related to the presence of the view-
port shadow still has to be solved for some videos. On pictures where this issue arises, pixels
belonging to the right-angled triangles shaped regions identified as viewport’s shadow (during
the preparatory work, Section 2.3.2.2.1) were beforehand changed to white. Under these con-
ditions, the image processing algorithm depicted up to there would give the following result
(refer to Fig. 2.13): starting from the top of the bubble, bubble’s contour is well detected to
the top of the viewport’s areas, then the identified edges follow the borders of the viewport’s
regions (pixels belonging to a bubble being still dark whereas those belonging to the viewport
are now white) and finally linear fittings (based on reliable interfaces found in B1) or vertical
lines (aligned with the extremity of the viewport on the detection line) delimit the bubble in
the shadow zone. The error induced here cannot be neglected especially considering the bubble
volume. The image processing has to be improved regarding this problem.
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Figure 2.13 - Schematic representation of implemented solutions to the viewport problem depending on the
situation encountered in domain B: case (i) on the left hand side and case (ii) on the right hand side.

The implemented solution consists in making (on both left and right hand sides of the picture)
a linear fitting between the closest reliable point of the interface detected over the viewport area
in domain A and the first reliable point of the interface defined in B1 (as illustrated on the left
hand side of Fig. 2.13). If no reliable interface is found in B1 (situation (ii): the liquid-vapor
boundary is approximated by a vertical line at the abscissa of the extremity point of the viewport
on the detection line), this linear fitting is replaced by a vertical line from the last reliable point
of the interface identified in domain A down to the low border of the picture (as shown on the
right hand side of Fig. 2.13). This solution yields an error whose effect is much lower than when
the viewport problem is omitted: the error on the bubble volume then remains tolerable.

2.8.2.2.5 Limits of the automatic detection of bubbles contours

Solutions were finally implemented to circumvent the main pictures’ features which could have
limited the interest of an automatic tool for identification of bubbles interfaces. However, this
algorithm cannot be used when:

e There are interactions between two (or more) successive bubbles. In such case, the program
treatment is performed as if there were a unique bubble.

e Several masses of vapor are visible at the same height as it often happens when a bubble
collapses: these masses of vapor cannot be well defined only by the two left and right
interfaces.

As a consequence, this image processing program can be used only for individual bubbles before
their recondensation.

Depending on the situation, a manual identification of the bubbles contours can also be per-
formed by — for each picture of a video file — displaying the cropped current picture, clicking
on a large number of points belonging to the left interface (respectively to the right interface)
and calculating a linear interpolation between successive clicked points. As shown on Fig. 2.14,
automatic and manual treatments give very close results while the automatic determination of
bubbles borders presents the advantages to be highly time-saving and repeatable compared to
the manual identification of interfaces.
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(a) (b) (c)

= 2\

Figure 2.14 — Results of image processing (illustrated on an image of bubble obtained with water at
P, = 9.6 kPa (Tsat = 45 °C) with H; = 17.3 cm and @inpur = 2.7 W - cm72): (a) original picture; (b) auto-
matic treatment and (c¢) manual treatment.

2.3.2.83 Calculation of some characteristics of the bubble dynamics

Once the research of bubbles contours is done — automatically or manually — other MATLAB
codes are used to quantify some bubble dynamics characteristics. Methods used for that and
estimations of the associated uncertainties are given in this section. Those new calculations
require the localization of the bubbles edges as input parameters: the importance of a good
determination of bubbles borders is again highlighted as the first and essential step for this
work.

2.5.2.3.1 Bubble growth time Tgrouth

For a given bubble whose entire growth is recorded, the bubble growth duration corresponds
simply to the time difference between the detected instants of its nucleation and its detachment:

Tgrowth = tdeparture — thucleation (211)

Due to the presence of the glue seal, the detection of those events is delayed by 2 to 3 ms, which
yields an uncertainty of £ 1to 2 ms on 7yuih-

2.8.2.8.2 Waiting time Ty between successive bubbles

The waiting time between two successive bubbles can be measured only when at least two
bubbles are recorded on the same acquisition video file (number of bubble recorded on a video
N > 2). . This property of the bubble dynamics is then evaluated between every bubble whose
full growth is observed. That duration is given by the difference between the times of the next
bubble nucleation and of the current bubble departure (Eq. 2.12). The uncertainty on this
physical quantity is — as for the growth time — of £+ 1 to 2 ms.

Twait = tnucleation(i + 1) - tdeparture (Z) (212)

2.8.2.8.3 Bubble departure frequency f

The bubble departure frequency is calculated only if at least two bubbles are entirely recorded
on a video (N > 2) as well. Its value for a given recording is then obtained according to Eq. 2.13:

o N

= 2.13
tdeparture(N) - tdeparture(l) ( )
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The error made on the bubble frequency is negligible since, considering the uncertainty on the
instant of bubble departure of bubbles, it is evaluated to less than 4 %.

2.8.2.3.4 Instantaneous volume V

The instaneous volume V' of a bubble is evaluated at each moment of its growth (i.e. for each
picture where a growing bubble can be seen). As an image only gives a description of a bubble
in two dimensions, the calculation of this volume is done by discretizing the growing bubble into
slices of one-pixel height and by assuming an axial symmetry for each slice (i.e. each slice is
considered as a cylinder). This method of calculation — which is the same as that used by Siedel
et al. [104,105] — presents the advantage of taking into account the whole bubble contour rather
than a mathematical modeling of it (simplifying the bubble shape to a full or truncated speroid
or ellipsoid) as it can be encountered in the literature (in [43] for instance). Such a mathematical
simplification of bubble shape is not adapted to the present study due to the particular shapes
taken by bubbles at low pressure. This method also limits the error on the volume of tilting
bubbles which are not purely axisymmetric along the vertical axis.

Two sources of uncertainties can be listed on the calculated instantaneous volume:

The use of the automatic detection of the bubbles interfaces: The error induced by the
use of the automatic tool itself may be estimated by comparison between the automatic
and the manual treatment on few videos. Even if this method is not perfect to evaluate
the effect of the MATLAB program on the calculation of bubbles volumes, at least it con-
stitutes an attempt to take the effect of the approximations made in the shadow zone and
in the viewport’s areas into consideration.

A comparison between the volume Vi tomatic calculated from the automatic detection of
liquid-vapor interface and the volume Vj,4nuq Obtained after a manual treatment was
performed for a few videos and bubbles.
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Figure 2.15 — (a) Absolute and (b) relative error between volume calculated through automatic treat-
ment and volume estimated through manual processing (illustrated on a video file obtained with water at
P, = 9.6 kPa (Tsut = 45 °C) with H; = 17.3 cm and @inpu = 2.7 W - cm™?).

As shown on Fig. 2.15a, during bubble growth, the absolute error thus estimated is low
(less than 3 cm? for bubbles that reach a maximum volume of about 50 cm?). The sudden
and significant rise of this deviation just before the bubble departure is due to the fact
that, at low pressure, the bubble foot diameter decreases very quickly at those instants.
This phenomenon taking place in the neighborhood of the shadow zone is not well-caught
by the image processing software: the volume calculated through the automatic treatment
Vautomatic Overestimates then slightly the manual estimation Vi,anuai-
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CHAPTER 2. Experimental setup and methods 2.3 Measurement and processing techniques

The relative error on the volume which is defined as the ratio of the deviation between
automatic and manual estimation of the volume to the volume calculated from the manual
detection is displayed on Fig. 2.15b. A large underestimation of the volume by the auto-
matic treatment occurs at the very early stages of the bubble growth due to the delay of
detection in the image processing software. Later on, Vyutomatic differs only from + 12 %
from the volume evaluated from the manual treatment V,,4nuq1- At the end of the growth,
the bubble presents a very large volume, which explains that the relative error remains
low whereas the deviation is maximum.

Considering the importance of the error made on the volume calculation by using the
automatic detection of bubbles contours and the advantages of using it (time-save, re-
peatability...), we believe that this treatment is a good tool to analyze efficiently and
objectively the visualization recordings.

The random error on the selection of the interface’s pixel: Assuming that a liquid-vapor
interface (on each side) is automatically located within an uncertainty of + 3 pixels at each
height, the error on the volume Vyyomatic is equal to about 20 % at the very early stages
of bubble growth (small volume of vapor) and to 5 % at the end of the growth (large
volume), which seems to remain acceptable.

The experimental setup combined with its measurement and acquisition systems, the proce-
dures of use and the methods of analysis facilitate:

e the production of isolated bubbles from a single artificial nucleation site under con-
trolled low vapor pressure conditions;

o the estimation of the wall temperature, the wall superheat and the heat flux dissipated
by the heated surface to the working fluid;

o the visualization and the analysis of the bubble dynamics experienced in pool boiling at
low pressure.

In particular, the image processing method developed here enabled us to produce original,
quantitative and reliable results on the bubble dynamics that were not available in the lit-
erature and are necessary to get a better understanding of the fundamental phenomenon of
boiling under such conditions.
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Chapter

Water boiling at subatmospheric pressures

In this chapter, results of a pool boiling test campaign conducted with water in a wide range
of subatmospheric pressures are presented and discussed. The motivations of this experi-
mental study as well as its operating conditions are given in Section 3.1 while qualitative and
quantitative analyses of the experiments are carried out in Sections 3.2 and 3.3 respectively.

3.1 Introduction

3.1.1 Background and motivations

As detailed in Section 1.2, several authors reported some characteristics specific to pool boiling
at low pressure [44,46,76,77,87,100,102,119,122-126,131]. Among them, as compared to normal
pressure conditions, one can in particular cite:

e A long waiting time between two successive bubbles;

A very large bubble volume at departure;

e The occurrence of mushroom shaped bubbles;

Temperature fluctuations on the heated wall;

A low heat transfer coefficient that cannot be evaluated through the classical correlations
used in boiling.

These observations were most of the time made with water boiling at subatmospheric pressures.
As a consequence, water is first selected as the fluid to be tested in the present study. In order
to study only the effect of the vapor pressure P, when it varies from the atmospheric pressure
(P, = Pun) down to some lower values, the other parameters of influence (the liquid height
H; whose non negligible effect was demonstrated by Giraud [44] and Giraud et al. [46] and the
imposed heat flux cpmput) are kept constant for the whole test campaign.

3.1.2 Operating conditions

Each experiment is related to the study of the steady state of an operating point defined by
four parameters: the working fluid, the imposed heat flux ,put, the vapor pressure P, and the
liquid height H; over the heated surface. The chosen set of parameters for this test campaign is
detailed hereafter.

Working fluid: As mentioned above, all the tests were carried out with pure, distilled and
degassed water.

Heat flux input @g,pys: During the whole experiment session, the imposed heat flux was set
constant at the value of piput = 2.7 W - cm ™2, so that the nucleation of bubbles would

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI040/these.pdf 43
© [S. Michaie], [2018], INSA Lyon, tous droits réservés



3.1 Introduction CHAPTER 3. Water boiling at subatmospheric pressures

always take place from the activated artificial nucleation site on the heated wall. A regime
of isolated bubbles could then be observed.

Vapor pressure P, range: Fifteen values of vapor pressure corresponding to increments of
5 K in saturated vapor temperature T, from 30 °C up to 100 °C according to Table 3.1
were investigated.

Table 3.1 — Imposed vapor pressures and temperatures of water during the test campaign.

T, (°C) | P, (kPa)
30 4.2
35 5.6
40 7.4
15 9.6
50 124
55 158
60 20.0
65 25.1
70 31.2
75 38.6
80 47.4
85 57.9
90 70.2
95 84.6
100 101.4

The lowest tested vapor pressure (P, = 4.2 kPa (T, = 30 °C)) corresponds to the lowest
level of pressure for which no air-leakage appears. Despite the presence of the glue seal,
the tightness of the sample is indeed made possible only with a sufficient expansion of the
heated copper block. In the present case, decreasing further the pressure while keeping
the same imposed heat flux makes the copper part of the heater not expanded enough to
avoid the penetration of air inside the vessel. As a consequence, the water is not pure
anymore and the present study of water pool boiling at subatmospheric pressures cannot
be performed at lower pressures.

Liquid height H;: For all the tests, the liquid height was set constant at the arbitrary value
of Hy =17.3 cm.

251 1

(kPa)

1.5 1

H;=17.3 cm

Pstatic

0.5r 1

0 20 40 60 80 100
P, (kPa)

Figure 3.1 — Static head in water Pﬁ}fﬁfrg «m depending on the vapor pressure P, (H; = 17.3 cm).

As the liquid density p; is almost constant all over the investigated range of saturation
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CHAPTER 3. Water boiling at subatmospheric pressures 3.2 Qualitative description of the bubble dynamics

pressures, the static head induced by the column of liquid is considered as constant (refer
to Fig. 3.1):

Plfltz(lztlf7.3 cm — Pl(Tl, vulk)gH; = 1.7 kPa (3.1)

Assuming that the saturation conditions prevail at the liquid-vapor interface, the bulk
liquid temperature T} 4, — supposed homogeneous — is equal both to the temperature at
the free surface Tsq(z = 0) and to the vapor temperature 7;. The local subcooling degree
ATyyp(2) defined as:

ACrsub(z) = Tsat(z) - Tl, bulk (32)
is then given by:

ATy (2) = Tsar(Py + P (2)) — T}, ik = Tsat(Po + pr(Ty, buik)92) — T0, butk (3.3)

The local subcooling degrees are calculated (using the database REFPROP [71]) and
reported on Fig. 3.2 for all the investigated vapor pressure values. According to this
graph (and in agreement with Section 1.2.3), for a given liquid height Hj, the effect of the
subcooling is lowered as the vapor pressure increases. At the level of the heated surface,
the subcooling is indeed lower than 0.5 K for P, = P,;,, whereas it is equal to almost 6 K
for P, = 4.2 kPa. Through its subcooling degree, the boiling environment is thus highly
sensitive to the vapor pressure P, especially when this parameter takes low values. As
demonstrated here, this observation is valid even for a constant liquid height Hj.

10 T " " . T
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——— P, =4.2 kPa
9r P, =5.6kPa |
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Figure 3.2 - Local subcooling AT, depending on the depth z in the water for the different investigated vapor
pressures P, (H; = 17.3 cm).

3.2 Qualitative description of the bubble dynamics

The boiling regime observed during all the experiments is characterized by the departure of
a single bubble after a waiting time which lasts longer than the bubble growth. This regime
— the "intermittent boiling regime" or "isolated bubbles regime" — appears to be quite regular
and steady: for a given vapor pressure P,, bubbles appear to detach with a regular size and
frequency. However, depending on the imposed vapor pressure P,, four distinct behaviors in
terms of bubble shape, size and frequency were observed and identified. They are detailed in
the four following subsections (3.2.1 to 3.2.4).
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3.2.1 Oblate spheroid shaped bubbles
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Figure 3.3 — Images of video recordings showing the time evolution of selected bubbles under the lowest inves-
tigated vapor pressures (water, H; = 17.3 cm, Qinput = 2.7 W - cm72):

(a) P, = 4.2 kPa (T, = 30 °C); (b) P, = 5.6 kPa (T, = 35 °C); (¢) P, = 7.4 kPa (T, = 40 °C);
(d) P, = 9.6 kPa (T, = 45 °C); (e) P, = 12.4 kPa (T, = 50 °C); (f) P, = 15.8 kPa (T, = 55 °C).
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CHAPTER 3. Water boiling at subatmospheric pressures 3.2 Qualitative description of the bubble dynamics

As it can be seen on Fig. 3.3, the bubble dynamics of water boiling — with these particular
imposed heat flux g,y and liquid height H; — can be described in the lowest range of vapor
pressure (i.e. for 4.2 kPa < P, < 15.8 kPa (30 °C < T, < 55 °C)) by seven successive stages as
follows:

1. A bubble nucleates.

2. Then, the bubble starts to grow with a hemispherical shape until it turns to an oblate
spheroid shape. The bubble’s top indeed starts to be flattened as the bubble is reaching a
size of a few centimeters.

3. Suddenly, the bubble foot diameter decreases quickly.
4. As a consequence, the bubble departs from the wall.

5. During its early rise, a liquid jet penetrates into the volume of the detached bubble from
its bottom.

6. The bubble collapses due to the subcooling of the surrounding liquid.

7. Afterwards, a long waiting time begins before the cycle starts again with the inception of
a new bubble.

On the same figure, one can also observe that, as the vapor pressure P, increases (i.e. from
Fig. 3.3a to Fig. 3.3f), the volume V and the growth time 7y, decrease significantly. The wait-
ing time Ty, also seems to be lowered (and subsequently the departure frequency f increased)
as the pressure is increasing, but no direct interaction between successive bubbles occurs.

3.2.2 Mushroom shaped bubbles
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Figure 3.4 — Images of video recordings showing the time evolution of selected bubbles at P, = 20.0 kPa
(T, = 60 °C) (water, H; = 17.3 cm, Qinpur = 2.7 W - cm ™ ?).

At P, = 20.0 kPa (T, = 60 °C), some interaction between bubbles occurs: they are indeed
associated by pairs. As shown on Fig. 3.4, just after the departure of a first bubble (very similar
to those observed at lower pressures), a second bubble nucleates and is sucked into the preceding
bubble’s wake. Because of the influence of the primary bubble’s wake which sucks the secondary
bubble, the latter grows faster and is more elongated in the vertical direction. The liquid jet that
has penetrated into the primary bubble (as already observed in the lower pressure case) enables
the secondary bubble to penetrate into the primary one without merging with it. The second
bubble passes then through the first one giving to the pair of bubbles an apparent mushroom
shape.

The trends reported previously concerning the variations with the vapor pressure P, of the vol-
ume V', the growth time 7g,4¢, the waiting time 7,4 and consequently the departure frequency
f seem to be still true for this pressure level.
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3.2.3 Mushroom and column shaped bubbles
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Figure 3.5 — Images of video recordings showing the time evolution of selected bubbles under the intermediate
range of vapor pressure (water, H; = 17.3 cm, Qinput = 2.7 W - cm72):

(a) P, = 25.1 kPa (T, = 65 °C); (b) P, = 31.2 kPa (T, = 70 °C); (¢) P, = 38.6 kPa (T, = 75 °C);
(d) P, = 47.4 kPa (T, = 80 °C); (e) P, = 57.9 kPa (T, = 85 °C); (f) P, = 70.2 kPa (T, = 90 °C).
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CHAPTER 3. Water boiling at subatmospheric pressures 3.2 Qualitative description of the bubble dynamics

In the intermediate range of pressure (i.e. for 25.1 kPa < P, < 70.2 kPa (65 °C < T, < 90 °C)),
a transitional behavior is observed between the mushroom shaped bubbles and the individual
near-spherical ones which are expected at atmospheric pressure. As shown on Fig. 3.5, a lot of
interactions between bubbles are then visible: successive mushroom shaped vapor masses and/or
vapor columns are indeed formed by the contact of several bubbles. As the pressure increases,
the number of bubbles involved in the formation of such vapor structures seems to increase while
the bubble size keeps decreasing. In addition, the bubble frequency seems to be much higher
than at lower pressure and to be still rising as the pressure is increased.

One can also see on Fig. 3.5¢c to Fig. 3.5f that some peripheral boiling starts. This is directly
linked with the fact that more and more nucleation sites can be activated as the pressure increases
(since the critical radius of nucleation is then decreasing). The heated surface being mirror-
polished, the artificial cavity and the (supposed smaller) cavities engendered by the addition of
the glue seal are actually favorable sites for the inception of bubbles.

3.2.4 Near-spherical bubbles
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Figure 3.6 — Images of video recordings showing the time evolution of selected bubbles at (a) P, = 84.6 kPa
(T, = 95 °C); (b) Py = Putyn = 101.4 kPa (T, = 100 °C) (water, H; = 17.3 cm, @input = 2.7 W - cm™?).

No more interaction between successive bubbles takes place close to atmospheric pressure (i.e.
for 84.6 kPa < P, < 101.4 kPa = Py, (95 °C < T, < 100 °C)). As visible on Fig. 3.6,
near-spherical bubbles are indeed separated by a very low waiting time but there is no contact
between bubbles. The bubble size is still decreasing and is now of the order of a few millimeters
in diameter.

3.2.5 Outcome and discussion

All the data presented in this section finally show that — for water boiling in the regime of
isolated bubbles at subatmospheric pressures (with H; = 17.3 cm and @gppy = 2.7 W - cm™2) —
as the vapor pressure P, increases:

e The bubble size decreases: from a few centimeters to a few millimeters in diameter.

e The waiting time 7,4 decreases and subsequently the bubble departure frequency f in-
creases.

e The bubble shape changes:

— An oblate spheroid shape without any bubble interaction at low pressures (i.e. for
P, <15.8 kPa (T3, <55 °C));

— A mushroom shape due to the interaction between paired bubbles at 20.0 kPa
(T, = 60 °C);
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3.2 Qualitative description of the bubble dynamics CHAPTER 3. Water boiling at subatmospheric pressures

— A mushroom and column shape with two or more interacting bubbles in the interme-
diate range of pressure (25.1 kPa < P, < 70.2 kPa (65 °C < T, < 90 °C));

— A near-spherical shape without any contact between successive bubbles close to the
atmospheric pressure (P, > 70.2 kPa (7, > 90 °C)).

These results are in overall agreement with the literature and especially with the observations
made by Van Stralen et al. [119]. Some reported characteristics of the bubble dynamics are
discussed hereafter.

The oblate spheroid shape: According to Madejski [73], an active bubble nucleus tends to
be flattened if there is a non negligible temperature gradient in the thermal boundary
layer. This result illustrates how a non homogeneous temperature field in the liquid can
affect the bubble shape, even at the stage of the initial nucleus.

Contrary to the classical literature (among which [34, 36, 39, 70]), whatever the imposed
vapor pressure P,, the actual configuration do not involve a uniformly superheated liquid
around the bubble. As a consequence, like in the case considered by Madejski [73], every
observed bubble may have a flattened nucleus. The shape of the nucleus may have an
influence on the bubble shape. Actually, this seems to be the case especially for bubbles
whose departure size is not very large (in comparison with the cavity size). Close to
atmospheric pressure, the near-spherical bubbles are indeed slightly flattened (Fig. 3.6)
whereas the local subcooling ATy,;(z) is negligible.

As visible on Fig. 3.3 to 3.5, some bubbles present a hemispherical shape during their very
early stages of growth but take afterwards an actual oblate spheroid shape. According to
those figures, the concerned bubbles are:

e The bubbles recorded in the lowest range of pressure (4.2 kPa < P, < 15.8 kPa
(30 °C < T, <55 °Q));

e The primary bubbles (i.e. the first bubble of pairs or groups of bubbles) recorded up
to P, = 70.2 kPa (T, = 90 °C).

In fact, the bubble top seems to be more and more flattened as the pressure P, is low and
the local subcooling ATs,;(z) high. A local recondensation taking place at the bubble’s
top because of the surrounding subcooled liquid may consequently be responsible for this
oblate spheroid shape.

The liquid jet: Studying experimentally the convective flow around a single bubble of water
at 2.7 kPa by means of a tracer method, Ohue et al. [87] were able to monitor the liquid
jet. They indeed observed the morphological change of the bubble in relation with the
surrounding liquid flow and saw in particular the recirculating liquid that follows imme-
diately the detachment, comes to push the bubble base upward and even penetrates into
it.

Van Leeuwen [116] (cited by Van Stralen et al. [119]) explained this thin and high-speed
liquid jet by a large depression in the detached bubble’s wake that may be compared to
what can occur in cavitation.

Hermans [55] described indeed such a high-velocity liquid jet created at the rear of a
collapsing cavity in the case of cavitation with a translational motion while — more recently
— Caupin and Herbert [16] explained that such a jet is formed as soon as a cavitation bubble
loses its spherical shape.

Mitrovic developed a basic view of the bubble detachment process involving such a liquid
jet in the 1970’s and confirmed it by means of series of experiments conducted — over a
period of about 10 years — on isolated bubbles generated from artificial cavities made on
upward-facing heating surfaces for different fluids, boiling temperatures and wall super-
heats. Several years later, he summarized [81] his observations and illustrated them in the
case of an experiment carried out with refrigerant R113 containing 1 % (mass) of oil at a
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pressure of 37 kPa and a wall superheat of 39 K. Although the detachment process of a
bubble is resulting from the action of several parameters (gravity, inertia, viscosity, surface
tension), he focused on the effect of the surface tension which — according to him — is play-
ing a role of major importance in the liquid jet formation through the Laplace pressure.
He observed indeed that at the break-off instant, the bubble shape is very different from
the equilibrium shape, which means that there is an energy excess. This excess of energy
is used to make the bubble shape closer to the equilibrium shape (through a shape change
which mainly takes place in the region of the former bubble neck) and can thus be related
to the Laplace pressure. In the break-off region, the concave radius is very small so that
the Laplace pressure is very high and the associated vapor — compressed by this pressure —
is finally accelerated toward the center of the bubble!. For the same reasons, some liquid
can be accelerated from the wall towards the bubble center. The author added that this
first motion of the liquid leads to different behaviors depending on the bubble size and
on the fluid thermosphyical properties. For example, this motion yields capillary waves
on the bubble interface and oscillations of the bubble shape for small bubbles whereas it
engenders more or less pronounced liquid jet at the base of large bubbles. As for orders
of magnitude, in the specific case discussed in [81], the rear end of the bubble reached a
maximum velocity of approximately 6 m -s~! just after the bubble break-off whereas the
tip of liquid jet reached quickly a constant final velocity equal to about 1.65 m - s~! (higher
velocity was observed during the very early stages of jet formation).

The presence of a secondary bubble: As mentioned in Section 1.2.1, the presence of a sec-
ondary bubble conferring to the pair (or group) of bubbles a mushroom shape was already
reported by several authors studying water low pressure boiling.

Clark and Merte [22] (cited by Van Stralen et al. [119]) observed such a behavior in
subcooled boiling. They attributed the rapid growth and motion of this secondary elon-
gated bubble to the high-momentum liquid jet formed by the first bubble’s wake. Van
Leeuwen [116] (also cited by Van Stralen et al. [119]) analyzed the high-speed videos made
by Van Stralen et al. [119]. He stated that this secondary bubble is the consequence of
the local depression engendered by the liquid jet on some remaining superheated vapor
trapped in the nucleation site after the detachment of the primary bubble.

The presence of a secondary bubble was reported only for vapor pressures lower than 13 kPa
by Van Stralen et al. [119] and for vapor pressures lower than 15 kPa by Giraud [44] and
Giraud et al. [46]. Giraud [44] explained the different values of the upper pressure limit for
which a secondary bubble is visible by the fact that the liquid height H; may be different
in the two studies. She investigated indeed a liquid level equal to H; = 200 mm whereas
the liquid height tested by Van Stralen et al. [119] was not mentioned by the authors.
Van Leeuwen [116] and Van Stralen et al. [119] noticed that the size of the contact area
between the secondary bubble and the heated wall does not exceed the size 7 of the dry
spot left on the surface by the primary bubble. They therefore attributed the absence of
a secondary bubble at higher pressures to the combined effects (as the imposed pressure
increases) of:

e A decrease of the relative depression in the wake of the primary bubble;

e The diminishing radius 7 of the dry area left by a departed bubble. Assuming that
the radius 7 of the dry area around the nucleation site is characterized by a complete
local evaporation of the microlayer, Van Stralen et al. [121] were able to calculate
this parameter. They thus highlighted that — for water — the dry spot is larger at
subatmospheric pressures than at atmospheric pressure. They finally concluded that
due to the small value of 7, it should be difficult to keep such a dry area after the
departure of a bubble in water boiling close to atmospheric pressure. A schematic
description of this phenomenon is given in Table 3.2 considering a "low" subatmo-
spheric pressure and a higher pressure just before (¢ = tgeparture — €) and just after

!The same phenomenon occurs on the vapor remaining on the wall for symmetry reasons.
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(t = tdeparture + €) the detachment of a bubble of equivalent radius Req.

Table 3.2 — Schematic interpretation of the result obtained by Van Stralen et al. [121] about the size variation
of the dry area left on the heated wall by a departed bubble.

"Low" subatmospheric pressure Close to atmospheric pressure

— @—/ Microlayer

_ ‘ /Departed

t= tdepu,rture — £ - -

t= tdeparture +e

~ Remaining
vapor

On the contrary, in the present study, a secondary bubble is observed only for vapor
pressures ranging from P, = 20.0 kPa (73, = 60 °C) up to P, = 70.2 kPa (7, = 90 °C)
(i.e. on cases associated with Fig. 3.4 and Fig. 3.5). This difference may be related to the
different operating conditions imposed in the different studies (Table 3.3):

Table 3.3 — Imposed vapor pressures P, liquid heights H; and heat fluxes @input depending on the study.

Van Stralen et al. [119] | Giraud et al. [46] | The present study

P, (kPa) From 2.0 up to 26.7 From 0.85 up to 100.0 | From 4.2 up to 101.4
H; (cm) Unknown 20.0 17.3
Ginput (W - cm™?) Unknown From 3.1 up to 29.0 2.7

The reasons given by Van Leeuwen [116] and Van Stralen et al. [119] can still explain the
absence of a secondary bubble for vapor pressures higher than 70.2 kPa (P, > 70.2 kPa,
see Fig. 3.6). On the other hand, the absence of a secondary bubble after the departure
of the primary bubble and the high-velocity jet of (highly) subcooled liquid for the lowest
vapor pressures (P, < 20.0 kPa, refer to Fig. 3.3) may be due to the low imposed heat
flux value. The value of Yipus = 2.7 W - cm ™2 may indeed be too low to retain the dry
spot on the surface during the whole long waiting time that occurs at such low pressures.

3.3 Quantitative results and discussion

3.3.1 Thermal measurements

The study of the heat transfer at the heated wall is made possible through the thermocouples
located inside the heater (see Section 2.1.4.1). The wall temperature 7.7, wall superheat AT a1

wall’
and heat transfer coefficient h are then discussed depending on the pressure in the next sections.

3.3.1.1 Wall temperature Tyq

Large wall temperature fluctuations (up to 25 K according to Giraud [44]) constitute a typical
characteristic of water pool boiling at subatmospheric pressures: Yavov et al. [125,126], Van
Stralen et al. [119,121], McGillis et al. [76,77], Giraud [44] and Giraud et al. [46] reported them.
Making the link between the visualization of the bubble dynamics and the monitoring of the
wall temperature, Van Stralen et al. [119] as well as Giraud [44] noticed that the increase of

Btte thése est accessible a l'adresse : hitp://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf
© [S. Michaie], [2018], INSA Lyon, tous droits réservés



CHAPTER 3. Water boiling at subatmospheric pressures 3.3 Quantitative results and discussion

the wall temperature T, slowly takes place during the waiting time whereas its sudden drop
occurs during the bubble growth.

However, there are some conditions for which such thermal oscillations do not occur. McGillis
et al. [76] reported that at heat fluxes higher than 60.0 W - cm™2 (pinput > 60.0 W - cm™2), the
bubble departure frequency is high enough to get a stable wall temperature. According to Giraud
[44], wall temperature fluctuations does not exist for imposed heat fluxes @inpyr = 27.4 W - cm ™2
or higher as well as for heat fluxes lower than 6.3 W - cmn ™2 (Pinput < 6.3 W - Cm_Q). The author
explains the absence of such cyclic variations at low heat fluxes by the fact that under those
latter conditions the heat is mainly transferred by single phase natural convection rather than
by phase change.

120 T T T T T ; ;
—— P,=42KkPa
+ o
» =1T. a [
1ok ' S B B—96kPa N
[ B, =12.4kPa
300 1ps [
% = 20. a
100 / P,=25.1kPa |
l —— PB,=312kPa
m— by Sy
—~ y = A47. a
O 90r Z —— P,=57.9kPa |]
S —— P,=170.2 kPa
3 ——— B, =84.6 kPa
is gk — P,=101.4 kPa [
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Figure 3.7 — Time evolution of the wall temperature T..;, for the different investigated vapor pressures P,
(water, H; = 17.3 cm, Qinput = 2.7 W - cm72).

In agreement with the conclusions from Giraud [44], the time evolution of the wall temperature
T — calculated according to the method described in Section 2.3.1 and displayed on Fig. 3.7
— does not show any cyclic oscillations for the fifteen investigated vapor pressures P, in the

present study (where @inpue = 2.7 W - cm™2).

3.3.1.2 Wall superheat ATy

3.8.1.2.1 Minimal wall superheat models: definition and discussion

Various models are available to determine the minimal wall superheat AT "% required to initiate
bubble nucleation (i.e. to obtain a vapor nucleus larger than the critical equilibrium radius R°"®).
Some simple ones are of analytical nature. This critical wall superheat AT "l is generally defined
as the difference between the critical wall temperature qugltl and the saturation temperature T,
according to Eq. 3.4. Several relations aimed at representing this quantity are hereafter given.
ATi(tz)Zzltl = Tcztl - Tsat (34)

W

Combining the Clausius-Clapeyron equation:

~ ATvahlv

AP
Tsat

(3.5)
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and the equation of the static equilibrium of a vapor nucleus (i.e. the Young-Laplace equation):

20

AP = Rcrit

(3.6)
and assuming that the relation postulated by Hsu [56] between the effective cavity size reﬁl and
the radius of equilibrium of a vapor nucleus R is valid:

e = 0.8R"™ (3.7)
one formulation of this minimal wall superheat is [77]:

1 -GUTsat

ATcrit, 1 —
wall Teﬁvahlv

(3.8)
According to Rohsenow et al. [99], in the case of heterogeneous nucleation (i.e. when a bubble

nucleates on a heated surface), the critical radius R can be evaluated depending on the fluid
thermophysical properties and on the heat flux:

o [20Tev)
R — ,/7“%";:” ’ (3.9)

Rohsenow et al. [99] then give several correlations to estimate the critical wall superheat AT

depending on the case:

e If only a temperature gradient localized in the vicinity of the heated surface is considered,
the critical wall superheat can be evaluated through Eq. 3.10:

; 180T stV
ATcmt, 2 _ 1
wall Ahlv)\l (3 O)

e If the distortion of the temperature profile that may be induced by the presence of the
bubble is taken into account, assuming that the temperature in the undisturbed boundary
layer that should be matched with the critical wall temperature Ti’;ﬁ is reached at a certain
distance of the surface, the following relation is proposed (Eq. 3.11):

; 80T sqt VP
AT = |22 p 11
wall AhlvAl Tl (3 )

e If the critical radius R (calculated through Eq. 3.9) is larger than the largest cavity
(radius r,4;) present on the heated surface, the following correlation is given (Eq. 3.12):

crit, 4 20T a1y PTmaz

AT =
wall Tmaz ARy Al

(3.12)

The thermophysical properties have to be evaluated at the properly chosen state points to
estimate the predictions of those analytical models and to compare them with experimental
measurements. Those analytical models were however developed in a configuration where the
subcooling of the fluid can be neglected so that care must be taken when using them in the
present situation where a non negligible subcooling is induced by the static head P ¢ As a
consequence, the starting hypotheses of those models as well as the considered configuration are
identified and discussed below.

All the cited critical wall superheat models were developed considering that:

L The effective surface cavity size 7. is a constant supposed to be dependent only on the surface characteristics.
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(H1) The bulk liquid is homogeneous in temperature at T}y = Ty-

(Hz2) Inside the boundary layer which is located above the heated surface and in which the
bubble is nucleating, the liquid ig superheated at a temperature Tl‘f%tL supposed equal to
the critical wall temperature T

(H3) The vapor inside the nucleating bubble is both in thermal equilibrium with the liquid of the

crit — qerit ; : crit — crit
boundary layer (7,7}, = T)75;,) and in the saturation state (P75, . = Poat (T3 uppie))-

v v,

The two configurations — without and with subcooling respectively — are detailed and compared
hereafter®.

Configuration without subcooling: In this case (depicted on Fig. 3.8), the static head is
negligible compared to the vapor pressure (P%¢ = p/(T} p,u)gH; < P,?), so that:

e The liquid bulk pressure P} 4,y is approximately equal to the vapor pressure F,.
Combined with hypothesis (#1), this implies that the bulk liquid is in the saturation
state at T pyr = Ty and Pj pu = Py = Psa(Ty). On the pressure-temperature
diagram schematically given on Fig. 3.8b, the bulk liquid is thus located at the state
point labeled A.

e The pressure at the level of the boundary layer is also taken equal to the vapor
pressure: P, p;, =~ P,. In addition to hypothesis (#H2), this means that the liquid
inside the boundary layer, even though being superheated, can be represented at the
state point named B on the phase diagram (Fig. 3.8b).

e According to (Hs), the vapor inside the nucleating bubble is at the state point C of
the phase diagram (Fig. 3.8b).

(@) (b)
z T, | Saturation curve ,
Pv —~ Psat(Tv) Pyt (T ‘ 777777777777777 G
Hl \ vatl
:*:*:*:*:*:*:*:*:*:*:*:*:*:* Psat(Tiziltz) = Psat(Tf,Tzfibbze) = Pi,rlfftbble_ ---4
S T T T T T T |
- Tow=T, - 6|3 '
L B g |
|~ Prvun(Z) = P+ pg(Hi — Z) = P, |
/
______________ Q_‘ -Pl BL Pv A BéBO
T T s T T |

it
bubble

)
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crit
l,BL —

i

- - - - - - - - - - — - - —| Heated surface

crit crit
n, BL — Twall

P, gL~ P,

crit
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w

T,

|

T ATerit

wall

D Vapor EI Liquid :] Boundary layer

Figure 3.8 — Configuration at nucleation in absence of subcooling: (a) geometry; (b) schematic phase diagram.

1For the sake of readability and simplicity, the effect — mentioned and used by Rohsenow et al. [99] — of the
curvature of the liquid-vapor interface is not reported here. This does not affect the general trends, even at low
pressure.

2The liquid is assumed to be incompressible: its density only slightly depends on the temperature.
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The critical wall superheat is then defined as:

P,
ATcrit __ merit T P, __ merit T 3.13
wall — Lwall — sat( [ BL) — Lawall — L1, bulk ( . )
—_———
Tv=T, bulk

and can be estimated through equations Eq. 3.8, Eq. 3.10, Eq. 3.11 or Eq. 3.12 where:

e T, is taken as the saturation temperature that would have the liquid in the bound-
ary layer if it would have been in the saturation state (point A) instead of being
superheated (point B):

Tsat - Tsat(Pl, BL) - Tv - jjl7 bulk (314)

e The properties related to the liquid phase (\;, Pr;) should match the state of the
superheated liquid located inside the boundary layer and therefore be evaluated at

point B: .
A = N(Tgnh, Pupr = Py) (3.15)
Pry = Pri(T&L Py pr, = P,) (3.16)

As the concerned properties vary more with the temperature than with the pres-
sure, they would commonly be taken at point C (which is simpler since this point
is at the same temperature but is on the saturation curve): A ~ X (T¢7) and
Pry = Pry(T4).

W

e The properties related to the vapor phase (p,, v,,) should correspond to the state of
the vapor of the nucleating bubble, that is point C:

pv = po(Tinss Peat(Toni)) (3.17)
Uy = Vv(Tzf;ZZﬁ, Psat(Tz%%)) (3.18)

e The properties related to the liquid-vapor interface (o, Ahy,) should be estimated in
the saturation state associated with the interface temperature, i.e at point C:

o = o(Tgns, Peat(Tinii)) (3.19)
Ahy = Ahlv(Tzf)ﬁtla Psat(Tin%)) (3‘20)

Finally, except for T, which depends on T}, = T pyu, all the involved properties depend
from the unique unknown T In fact, authors [99] assume usually that the variations

w .
crit are small so that they can use the

of the thermophysical properties between T, and 15"
critical wall superheat models with all the parameters evaluated at Tsq; (i.e. at point A).

By definition of the critical wall temperature Tg’;’fl, a higher value 7./, — corresponding

to state points B’ and C’ for the superheated liquid of the boundary layer and for the

vapor phase respectively — should be observed experimentally. The difference between this

measured temperature and Ty, defines the experimental wall superheat AT;;Z)I:

PU
—~
exp __ rpexp _ rexp
ATy = Toan — Tsat(Pr, BL) = Toayy — T, bulk (3.21)
———
To=T}, pulk

Configuration with a subcooling induced by the static head: In this case (represented
on Fig. 3.9), the static head cannot be neglected compared to the vapor pressure, so that:
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e The liquid bulk pressure P p,y, varies linearly with the depth (z = H; — Z) between
the vapor pressure P, and the pressure at the wall P,,;; defined as:

Pyai = Py + pi(T7, yur) 9 H, (3.22)
—_—

Pstatic

In association with hypothesis (Hi), this means that the bulk liquid is subcooled
along the segment A;.A2 shown on the phase diagram given on Fig. 3.9b.

e The pressure at the level of the boundary layer is in this case equal to the pressure at
the heated surface level: P pj, = Pyq. Combined with hypothesis (#2), this implies
that the liquid inside the boundary layer is at the state point named B on the phase
diagram (Fig. 3.9b).

e According to (H3), the vapor inside the nucleating bubble is at the state point C of
the phase diagram (Fig. 3.9b).
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Figure 3.9 — Configuration at nucleation in presence of subcooling: (a) geometry; (b) schematic phase diagram.

The critical wall superheat is then defined as:

Pwall
ATy = Tiait — Toat (P, 52) = Tt — Tsat(Puwant) (3.23)

and can be estimated through equations Eq. 3.8, Eq. 3.10, Eq. 3.11 or Eq. 3.12 with:
e T, defined at state point A:

Tsat = ]jsat(Pl7 BL) = Tsat(Pwall) (324)
e The properties related to the liquid phase evaluated at state point B:
N = N(T5elhs Py pr = Puant) (3.25)

PT’Z = PT’[( ;letl, Pl, BL — Pwall) (326)

e The properties related to the vapor phase and to the liquid-vapor interface evaluated
at state point C:

crit crit
Pv = pU(Twall’ Psat(Twall)) (327)
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Vy = VU(T;;%’ Psat(TziZZétl)) (3.28)
o = o(Tgnss Peat(Tonii)) (3.29)
Ahy = Ahlv(TziZtla Psat(TchZtl)) (3-30)

The critical wall temperature 77 is finally (again) the unique unknown to be determined
to be able to use those analytical models of minimal wall superheat. In the present case,

this is done by means of the iterative process schematically described on Fig. 3.10:

INITIALIZATION
At state point A:
Tcnt = Tsat (P'Luall)

wall
|

Evaluation of the properties
according to Eq. 3.24 to Eq. 3.30

Evaluation of R°™

according to Eq. 3.9

s crit .
Calculation of Py, boibble:

crit — 20
Pu, bubble — 4 wall + Rerit

3 crit,
Evaluation of T)S7%:

crit crit
T, Tsat (pv bubble)

wall —

@ CONVERGENCE ?

END OF PROCESS
Tcm't

wall

crit

Figure 3.10 - Tterative process used for the determination of T

The determination of this critical wall temperature enables the definition of another critical

wall superheat AT iglltl 0 as:
Pwall
AT = Temth — Toar (P, pr) = Tomiy — Tear(P 3.31
wall — Twall sat( [3 BL) — Lwall sat( wall) ( . )
to be compared to the models AT (Eq. 3.8), AT # (Eq. 3.10), AT (Bq. 3.11)
and AT 152%4 (Eq. 3.12) as well as to the experimental value ATV, = Tol — Toqi(Pyair)-

The difference between the wall temperature T4 and the bulk temperature T}y = Ty
then corresponds to the sum of the subcooling degree at the level of the heated surface
ATyp, wan and of the wall superheat AT),q;. This quantity represents the superheat that
exists between the heated wall and the fluid far from the heated surface (i.e. the rest of
the system):

AT = Tywar — T1, bute = AT waii + AT sup, wali (3.32)

In absence of subcooling, the wall superheat AT,,,; and the system wall superheat AT Z‘ZZ
are obviously coinciding. Otherwise, the distinction has to be made between those two
characteristics. The wall superheat AT, indeed characterizes the local superheat that
occurs between the wall and the boundary layer and that is high enough or not to enable
the nucleation of a bubble. On the contrary, the system wall superheat AT.Y) is a global
characteristic parameter of the system and is the relevant parameter for the calculation of

the heat transfer coefficient h observed at the wall.
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3.8.1.2.2  Comparison between models and measurements

In the present case, as demonstrated on Fig. 3.2, the level of subcooling has to be considered (at
least for the lowest investigated pressure levels). As a consequence, the iterative process from
Fig. 3.10 was implemented for each pressure level before to evaluate the various parameters
and/or thermophysical properties according to Eq. 3.24 to Eq. 3.30 with the database REF-
PROP [71].

The critical radius R™ is then estimated according to Eq. 3.9 and compared to the radius of the
largest cavity located on the heated surface. As the heated wall is mirror-polished, the largest
cavity corresponds to the artificial nucleation site so that 7,,4; = Tcqo = 55 pm.
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Figure 3.11 - Comparison of the critical equilibrium radius R“* and the radius of the artificial nucleation site
T depending on the vapor pressure P, .

According to Fig. 3.11, Eq. 3.12 seems to be adapted to the calculation of the minimal superheat
only for vapor pressures lower than 19.1 kPa since the critical radius exceeds then the radius of
the cavity (R > 74).
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Figure 3.12 - Measured wall superheat AT vs the vapor pressure P, and comparison with the theoret-
ical minimal wall superheats required to activate boiling AT 0 AT ATE%’Z, AT and AT

obtained through Eq. 3.31, Eq. 3.8, Eq. 3.10, Eq. 3.11 and Eq. 3.12 respectively (water, H; = 17.3 cm,
Pinput = 2.7TW - cm_2).
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Critical wall superheats AT;Z? 0, ATSZ@’ r AT&Z’Z’ 2, AT;}%’ ¥ and AT;ZZ’4 (calculated! through
Eq. 3.31, Eq. 3.8, Eq. 3.10, Eq. 3.11 and Eq. 3.12 respectively) are reported as a function of the
vapor pressure P, on Fig. 3.12. The measured wall temperature 7.7, being steady (with a minor
dispersion around its mean value) for each test done at a given vapor pressure, time-averaged
values are considered to evaluate the experimental® wall superheat AT .7, values which are also

displayed on Fig. 3.12.

Several observations can be made from this graph:

e The five curves associated with the correlations for the critical wall superheat ATC"i

present the same decreasing shape with the pressure and are relatively close to each other.

o Curves related to Eq. 3.31, Eq. 3.10 and Eq. 3.12 (i.e. AT AT and AT 4) are
very close to each other: they are almost superimposed even in the range of pressure where
Eq. 3.12 should a priori be not valid because of size of the critical equilibrium radius R
(compared to the cavity size r..,y). Since the Prandtl number Pr; of the liquid decreases,
the curve obtained through Eq. 3.11 becomes closer to the three others as the pressure
increases. The curve corresponding to the simplest model (i.e. related to AT;Z?I T and
Eq. 3.8) is always slightly below the curves of the other models.

e The evolution of the measured wall superheat AT}, with the vapor pressure can be
divided into three domains:

(A) P, <15.8 kPa (T, < 55 °C): In agreement with the evolution of the theoretical
minimal values, the measured wall superheat decreases rapidly with the pressure. As
ATJJZZ 0 AT&ZZ r ATiZﬁ ® and AT;ZZ’4 are smaller than the experimental values,
relations given in Eq. 3.31, Eq. 3.8, Eq. 3.10 and Eq. 3.12 still seem valid in this range
of pressure. On the contrary, the superheat AT, 5}%3 calculated through Eq. 3.11 is
larger than AT ;ffl’l: this correlation may be not adapted to water boiling at such low

pressure levels and heat flux.

(B) 20.0 kPa < P, < 70.2 kPa (60 °C < T, < 90 °C): Contrary to the decreasing
evolution of the correlations, the wall superheat experimentally measured AT o7
slowly increases with the vapor pressure P,.

(C) P, > 70.2 kPa (T, > 90 °C): The measured wall superheat decreases slowly as
the pressure P, increases.

Table 3.4 — Correspondence between the vapor pressure range, the observed bubble shape and the evolution of
the experimental wall superheat T°7, (water, H; = 17.3 cm, Qinput = 2.7 W - cmfz).

a

Evolution of the
Domain Vapor pressure range Bubble shape wall superheat
AT@ﬁp

wall

— Oblate spheroid

(A) P, <15.8 kPa (T, < 55 °C) — No bubble interaction Rapid decrease
— Mushroom or
20.0 kPa < P, < 70.2 kPa mushroom and column .
(B) Slow increase

(60 °C < T, <90 °C) — Bubble interaction

— Near-spherical

(©) P, > 70.2 kPa (T, > 90 °C) Slow decrease

— No bubble interaction

1 As the centered artificial nucleation site is the only active cavity in this study, the effective surface cavity size
reg is here taken as its radius: 7eg = Tcap = 55 pm.

2The uncertainty on the experimentally evaluated wall superheats is of = 0.3 K and is consequently too small
to be reported with error bars on Fig. 3.12.
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CHAPTER 3. Water boiling at subatmospheric pressures 3.3 Quantitative results and discussion

As shown in Table 3.4, a relationship can be established between the domains (A), (B)
and (C) and the vapor pressure ranges where the different bubble shapes are encountered.
The slow increase of the wall superheat in domain (B) can therefore be attributed to the
interaction between successive bubbles that occurs in this pressure range. More precisely,
the increase of the wall superheat may be caused by the presence of the remaining dry area
(on the heated wall after a bubble departure), which locally augments the wall temperature.
This local increase of the wall temperature seems to be important enough to counterbalance
the decrease of this parameter (and thus of the wall superheat) that is expected to occur
since the bubble departure frequency increases’.

3.3.1.3 Heat transfer coefficient h

The thermal measurements also enable the evaluation of the heat transfer coefficient h at the
heated surface according to Eq. 3.33. The calculation and the related uncertainties are detailed
in Appendix B.

P

wall

Whatever the vapor pressure P, imposed during this experimental campaign, the heat transfer
coefficient h is relatively low: it ranges from h = 1000 to 2100 W -m~2-K~!. In agreement
with the literature [102,125,131], this result highlights that the heat transfer is degraded at
low pressure since natural convection has a larger effect than phase change. However, close to
atmospheric pressure (P, ~ Py, = 101.4 kPa) the heat transfer coefficient could have been
expected to be higher. Actually, the low surface roughness also affects the heat transfer: during
the present experiments, at higher pressure, even though a few cavities were activated besides
the artificial nucleation site at this imposed heat flux, the wall superheat at nucleation remained
relatively high. Several authors [62,66,76] showed indeed that — for a given imposed heat flux
— the higher the roughness of the heated wall, the higher the heat transfer coefficient. They
attributed this to larger active cavity sizes (on rougher surfaces). According to this observation,
it appears that — at this heat flux — the heat transfer at the wall might be more affected by the
heated surface condition than by the pressure or the bubbles sizes and shapes.

Having a smooth surface with an artificial cavity is thus not neutral on the heat transfer despite
the fact it is a widely used technique for the study of the bubble dynamics and — in a more general
way — of the boiling phenomenon at the scale of single bubbles [82-84, 96, 105]. Actually this
questions the physical meaning of the heat transfer coefficient h in such a situation. On a natural
surface (i.e. a surface with a given roughness and no artificial site), less and less cavities are
activated as the pressure decreases [44,76,77,102,131]. At low pressure, the present configuration
(a smooth surface with a single active cavity) yields thus a distritution of activated nucleation
sites not so different from the one occurring on a raw surface, so that the heat transfer coefficient
is making sense as a classical engineering tool. The experimental values of h determined during
this study for the lowest pressures are of the same order of magnitude as those given in the
literature for low pressure pool boiling on natural surfaces [102,131]. On the contrary, close
to the atmospheric pressure — i.e. in the region where numerous nucleation sites should be
active — the present surface leads to the occurrence of boiling mostly at the artificial cavity. The
calculated heat transfer coefficient is then more representative of a heat transfer for single phase
natural convection than for phase change.

3.3.2 Bubble dynamics

Some characteristics of the bubble dynamics can be calculated from the video recordings using
the in-house image processing tool described in Section 2.3.2. The evolution of those character-

1One should however keep in mind that some features of the setup (in particular the ones inherent to the
quality of the artificial nucleation site such as its geometry or its purity) may also disturb the analysis and thus
explain some discrepancies between experimental and theoretical results and trends.
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istics depend on the pressure as analyzed and discussed hereafter.

However, not all the video files were processed due to the limitations of the automatic detection
of bubbles contours. As a consequence, the results presented here correspond only to the analysis
of the recordings made for vapor pressures lower than 20.0 kPa (P, < 20.0 kPa (7, < 60 °C)):

e For P, < 15.8 kPa (T, < 55 °C), there is no interaction between successive bubbles (oblate
spheroid bubbles) and an automatic treatment of the pictures could be implemented to
localize the interfaces of the growing bubbles (Fig. 3.13a).

e At P, = 20.0 kPa (T, = 60 °C), successive bubbles are interacting by pairs (mushroom
shaped bubbles) but the edges of individual growing bubbles can be easily identified with
the naked eye. A manual treatment was then performed (Fig. 3.13b and Fig. 3.13c).

(a) (b) (c)

Figure 3.13 — Representative processed images after (a) an automatic treatment for a bubble of water obtained
at P, = 9.6 kPa (Tt = 45 °C) or after a manual treatment for (b) a primary or (c) a secondary bubble of water
obtained at P, = 20.0 kPa (Ts. = 60 °C) (H; = 17.3 cm and @inpus = 2.7 W - cm™2).

e For 20.0 < P, < 70.2 kPa (60 °C < T, < 90 °C), successive bubbles are interacting and the
edges of individual growing bubbles cannot be clearly seen with the naked eye (mushroom
and column shaped bubbles). The recordings were not image-processed.

e For P, > 70.2 kPa (T, > 90 °C), there is no bubble interaction (near-spherical bubbles)
but the bubbles are small (size of a few millimeter) and depart from the wall after a very
short growth time. Despite the high-speed camera acquisition frequency, only one or two
pictures show(s) a bubble during its growth. In addition, it is difficult to discern such a
growing bubble from the shadow zone caused by the glue seal (even with the naked eye).
The recordings were not image-processed either.

3.3.2.1 Effect of the pressure on the bubble growth duration Tgowin

The growth duration 7.4, Was calculated for any bubble whose entire growth had been recorded
and processed (i.e. 102 bubbles in total) according to Eq. 2.11. Results depending on the vapor
pressure P, are displayed on Fig. 3.14'. As noticed in Section 3.2, the lower the pressure, the
larger the bubble growth time.

' The uncertainty on the growth time (£1 to 2 ms) is too low to be represented with error bars on this graph.
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Figure 3.14 — Dependence of bubble growth duration Tgrowi, on the vapor pressure P, (water, H; = 17.3 cm,
Ginput = 2.7 W - cm™?).

Based on the experimental data obtained by Van Stralen et al. [119], McGillis et al. [77] de-
termined an empirical correlation between the bubble growth duration and the saturated vapor
pressure in water subatmospheric pressure pool boiling:

Tome O™ = 0.266.P, 7% (3.34)
where Té‘fjﬁ’}fﬁs is in seconds and P, in kilopascals. This correlation is plotted on Fig. 3.14.

Beyond the scattering of the experimental points caused by the random character of the boiling
phenomenon, this correlation seems to over-estimate the experimental data of the present study.
Although the operating conditions are different in [119] from those of the current work, it may
reinforce the idea that the approach where the static head pressure P is neglected is not
valid for the study of pool boiling at low pressure. As a consequence, the pressure P, at the
heated surface level is now considered:

Pwall = Pv + Pstatic (335)

i.e. in the present case:

P = P, + Pﬁ}f“ﬁ 3em ™ Py + 1.7 (3.36)

where all the terms are in kilopascals.

Figure 3.15' then shows the experimental data depending on the pressure considering either the
vapor pressure P, or the pressure at the wall level P,,,;;. McGillis correlation is reported as well
as a new one. The latter is actually a fit made on our experimental points which has the same
model as the relation given by McGillis but considers the pressure at the wall P,,,; instead of
the vapor pressure P,:

Tgrowth = 0‘33313“}(?”708 (337)

where Ty o, is still in seconds and P, in kilopascals.

The root mean square error (RMSE) of the new fit remains relatively high (RMSE = 7.34 ms
while 7yrou, varies from 21 ms to 92 ms in the dataset). As a consequence, it would have
been interesting to test this relationship on the experimental points collected by Van Stralen et

' The uncertainty on the growth time (&1 to 2 ms) is still too low to be represented with error bars on this
graph.
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al. [119] to strengthen the current approach. This is yet not possible since the authors did not
mention the height of liquid they used during their test campaign.
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Figure 3.15 — Dependence of bubble growth duration 7grwen on the pressure, including or not the static head
(Wa‘celr7 H; =173 cm, @input = 2.7 W - cm*2).

3.3.2.2 Dependence of the waiting time T4 on the pressure

The waiting time 7,4 that separates the departure of a bubble from the wall and the nucleation
of a subsequent bubble was evaluated according to Eq. 2.12 each time it was possible. In other
words, this characteristic parameter of the bubble dynamics was measured when at least two
bubbles were recorded on the same video file (N > 2) and then between every bubble whose
entire growth was observed. As it was impossible to catch two bubbles during a unique image
acquisition for vapor pressure lower than 7.4 kPa (T, = 40 °C) even when reducing the acquisi-
tion frequency, measurement of the waiting time was performed only for pressures ranging from

P, = 7.4 kPa (T, = 40 °C) to P, = 20.0 kPa (T, = 60 °C)*.

Results, depending on the vapor pressure P,, are reported on Fig. 3.16%. In agreement with
the observations made in Section 3.2, the waiting time increases significantly as the pressure
decreases: it is thus equal to about 10 ms at P, = 20.0 kPa (7, = 60 °C) whereas it is of the
order of 1000 ms at P, = 7.4 kPa (T, = 40 °C). The very large size of bubbles obtained at
low pressure amplifies the (already intense) liquid movements caused by their departure from
the wall. Those flows combined to the high subcooling of the liquid can therefore explain that
a long time is required to get a new bubble subsequently to the detachment of a former one
under such condition. The liquid close to the wall indeed has to be re-heated enough to trigger
a new nucleation event. The evolution of the waiting time 7,4 with the the subcooling degree
evaluated at the level of the heated wall ATy,p we can also be analyzed from Fig. 3.16. In
agreement with the literature, one can then remark that the waiting time increases with the
level of subcooling at the wall. In particular, a study of the effect of a uniform subcooling on
bubble waiting and growth times for water boiling at atmospheric pressure on a copper surface
conducted by Ibrahim and Judd [58] deserves to be considered. Investigating experimentally a
subcooling degree varying from 0 K to 15 K for different values of imposed heat flux, the authors
observed that the waiting period duration increases as the liquid subcooling increases until the
latter reaches a value of about 6 K. Then, the waiting time decreases as the subcooling is further
increased. They therefore questioned the ability of the conventional nucleation theory to predict

1 As a reminder, at higher vapor pressures, contacts between successive bubbles make the analysis of individual
growing bubbles not possible.

2Here again, the uncertainty on the waiting period (£1 to 2 ms) is too low to be represented with error bars
on this graph.
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the bubble waiting time at high degrees of subcooling. In such a case, they indeed suggested
that — in addition to the one-dimensional transient conduction mechanism generally assumed
— some convective mechanism may contribute to transfer heat from the heated surface to the
liquid bulk, so that the waiting period can be reduced. In the present work, only an increase of
the waiting time with the subcooling is observed (Fig. 3.16). This result is in agreement with
Ibrahim and Judd [58] since the level of subcooling ATy wau at the wall does not exceed 6 K
for our experimental dataset.

ATop, wan (K)
3.1 2.2

3000 333 L7 1.4
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Figure 3.16 — Dependence of waiting period between successive bubbles Tyt on the vapor pressure P, and on the
subcooling degree evaluated at the level of the heated wall ATyup, wan (Water, H; = 17.3 cm, @inpur = 2.7 W - cm ™ 2).

On this graph (Fig. 3.16), each point corresponds to an actual waiting time between two suc-
cessive bubbles but several points can actually be superimposed:

e At the highest considered pressures, experimental points are numerous with almost no
scattering of the values: many bubbles are recorded on the same video even with a high
acquisition frequency while the bubble production is repeatable and stable.

e On the contrary, at the lowest regarded pressures, bubbles recorded on a unique video
become scarce even when the acquisition frequency of the camera is decreased. In addition,
the waiting time values corresponding to those few bubbles are largely scattered (values
varying from about 1 s to 3 s). This large scattering could be explained by the stochastic
nature of the liquid flows that are engendered by the departure and collapse of a former
bubble. The nucleation as well as the dynamics of a given bubble is thus strongly influenced
by the history of the previous one and its consequences on the boiling environment (liquid
motion in particular).

A curve corresponding to a correlation for the waiting period developed by McGillis et al. [77]
is also displayed on Fig. 3.16. The approach implemented by McGillis et al. [77] to predict
the waiting time that takes place between the departure of a bubble from the surface and the
nucleation of a new bubble followed the subsequent stages:

Choice of the model for the determination of the temperature distribution of the
fluid in the vicinity of the heated wall: As the no-slip boundary condition imposed at
the solid surface reduces considerably the intensity of the convection close to the wall, the
authors consider a transient conduction model to determine the local temperature field (in
agreement with Han and Griffith [52]). They then refer to the solution for the temperature
distribution during transient conduction of heat into a semi-infinite medium (solid or quasi-
static fluid) with the boundary condition of uniform temperature and constant heat flux
given by Carslaw and Jaeger [14]:
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AToona(Z,1) = 2790 [(O:)M exp CMZ:) - gerfc (2(05)05)] (3.38)

Choice of the boundary condition: They assume that at the end of the waiting period (i.e.
at t = Tyait), the whole bubble nucleus is superheated by the critical superheat ATUCJZ%
required to onset the nucleation. This condition is even strengthen [56] by imposing that

this minimal superheat is reached at (Z = rqp, t = Tyast):

AT ond(Z = reg, t = Twair) = AT (3.39)

W

Analytical resolution of the problem:

The authors choose to consider the minimal superheat correlation that derives both from
the Clausius-Clapeyron equation and from the equation of the static equilibrium of a vapor
nucleus (demonstrated in Section 3.3.1.2 and recalled below):

crit, 1 __ 1.60Tsqt

AT _ 4
wall Teﬁvahlv (3 O)

They then perform a linearization of Eq. 3.38 (valid within short times or small penetration

depths):
(‘j“f)o'5 _ ﬂ (3.41)

Substituting those two quantities in Eq. 3.39, they finally obtain the following relation for

2
AT ona(Z,t) ~ 7()0

Twait-

2
_ ey
Twait = 2

1.60T 54+ +reﬁga
4o

(3.42)

Teff Pv Ahlv )\l
—_—
ATm"L't, 1

wall

Comparison to experimental data: In order to compare their predicted and experimental
values of waiting time, McGillis et al. needed to estimate the effective surface cavity size
reg. As they conducted tests on a copper surface finished with emery paper which did
not present any artificial cavity, they evaluated this parameter by fitting Eq. 3.42 to the
measured waiting time for a given operating point'. They afterwards obtained a good
agreement between experimental and theoretical waiting periods over the full range of
operating conditions they investigated.

The waiting period is strongly related to the configuration at the instant of nucleation since it
corresponds to the time required, after the detachment of a bubble, to re-heat sufficiently the
liquid contained in the boundary layer to trigger a new bubble inception event. As a consequence
the correlation proposed by McGillis et al. [77] is here evaluated by estimating the thermophys-
ical properties (using REFPROP [71]) in the state conditions defined in Section 3.3.1.2 in the
case with subcooling. The effective cavity size r.p is again taken as the radius of the artificial
nucleation site 7., since this site constitutes the only active cavity.

1One should note that this method of determination of the effective cavity size may lead to different values of
ref depending on the experimental point taken as reference for the fit. In such a case, the assumption made by
McGillis et al. [77] according to which the effective cavity size is "a constant which is presumed to be a function
of surface characteristics alone" is no longer valid.
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As visible on Fig. 3.16, there is a good agreement between this correlation and the experimental
data for vapor pressures higher than 12.4 kPa (P, > 12.4 kPa). At lower vapor pressure levels,
the correlation from McGillis does not predict properly the experimental waiting time. This is
most likely due to the linearization of the transient conduction model (i.e. of Eq. 3.38 given in
Eq. 3.41). This simplification is indeed valid only for short times or small penetration depths
but the measured waiting time does not reach this condition for pressures lower than 12.4 kPa
since — considering mean values for each pressure level — 74 (P, < 12.4 kPa) > 0.1 s (i.e.
Twait(Py < 12.4 kPa) &1 s).

Some extensions of the approach developed by McGillis et al. [77] are presented and discussed
in comparison with the current experimental results in Appendix C. As no satisfying agreement
between this approach and our experimental data is found, a fit of our experimental measure-
ments of T4 is performed in function of the pressure at the heated wall P, on Fig. 3.17 in a
similar way as what was done in the previous section.
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Figure 3.17 — Dependence of waiting period between successive bubbles T4t on the pressure at the heated
surface level P,y (water, H; = 17.3 cm, Qinput = 2.7 W - cm™2).

3.3.2.3 Bubble departure frequency f

The bubble departure frequency f was estimated according to Eq. 2.13 — within an uncertainty
of 4 % — for the same files as for the calculation of the waiting time. Measured values are then
reported on Fig. 3.18%.

As the bubble frequency is generally defined as the inverse of the sum of the growth time and
the waiting time [26,52, 134]:
1
f=——m—7— (3.43)
Tgrowth + Twait

values of departure frequency obtained from experimental mean values of growth and waiting
time as well as from the data fits of those two characteristics are also displayed on Fig. 3.18 for
comparison. A good agreement between these three ways of evaluating the bubble departure
frequency is thus noticed (in spite of the scattering observed on Tgrpuim and Tyai).

Consequently to Eq. 3.43, one can conclude from the two previous sections (Sections 3.3.2.1 and
3.3.2.2) that the increase of the bubble departure frequency with the pressure is more related
to the decrease of the waiting period than to the decrease of the bubble growth duration: while

ISeveral frequencies are visible for a given pressure since several videos were treated for each pressure.
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the waiting time 74 is divided by 100 in the studied range of rising pressure, the growth time
Tgrowth is only divided by a factor 2.

30 T T T T
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Figure 3.18 — Dependence of the bubble departure frequency f on the pressure at the heated surface level Py
(water, H; = 17.3 cm, Qinpur = 2.7 W - cm*2).

3.3.2.4 Bubble growth curves

Contrary to other studies [26,40,43,70,80,93] where bubble growths were investigated in terms
of time variations of the bubble radius/diameter (or equivalent radius/diameter, i.e. the ra-
dius/diameter of a sphere of the same volume), the volume V' is here — as in [104,105] — chosen
as the main parameter of bubble growth since the observed bubbles clearly do not present a
spherical or truncated spherical shape.

3.8.2.4.1 Dimensional growth curves

The time evolution of the instantaneous volume V' can be measured and plotted for each bubble
between its nucleation and departure according to the calculation method described in Sec-
tion 2.3.2.3.

0 20 40 60 80
t — tnucleation (10_3 S)

Figure 3.19 — Typical dimensional growth curve of a bubble (water, P, = 5.6 kPa (T, = 35 °C), H, = 17.3 cm,
Pinput = 2.7TW . cm_Q).
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The growth curve of a bubble obtained for P, = 5.6 kPa (T, = 35 °C) is displayed on Fig. 3.19.
This curve presents a small peak between ¢ = 60 ms and t = 70 ms which is in fact caused
by the limitations of the image processing program. As visible with the pictures corresponding
to these two instants also shown on Fig. 3.19, the size of the dry area under the bubble (i.e.
the size of the bubble foot) is quickly and significantly reduced during this short lapse of time.
The image processing software is then limited by two simultaneous problems that occur at the
bottom of the bubble: the presence of the shadow zone (due to the glue seal) and the presence of
the viewport. The combination of those two issues leads to a poor detection of the liquid-vapor
interfaces in this region, resulting in an overestimation of the volume during a few milliseconds.
Despite this peak, one can see on Fig 3.19 that the instantaneous volume V' increases almost
linearly with time during a large portion of the growth. An additional result is that the volume
slightly decreases just before the bubble departure: the bubble starts already to condense be-
cause of the subcooling degree of the surrounding liquid.

The error bars shown on Fig. 3.19 correspond to the uncertainty related to the random error
made while selecting automatically the liquid-vapor interfaces’ pixels. Considering a deviation
of +3 pixels on the detection of the bubble edges (both of left and right sides), the error is
estimated to 18 % during the first stages of the bubble growth (small volume of vapor) and to
5 % at the end of the growth (large volume). This error calculation thus does not take into
account the limits of the automatic image processing (shadow zone, viewport) that can also
affect the measurement of the instantaneous volume V' but this is not a big defect since it was
demonstrated in Section 2.3.2.3 that the error made on the volume calculation through the au-
tomatic treatment remains low with respect to the other sources of error.

A similar growth curve profile was obtained for all the investigated vapor pressure levels and for
all the 102 processed bubbles.
3.3.2.4.2 Non dimensional growth curves

In order to compare the bubble growth for several operating conditions, growth curves were
normalized by dividing the instantaneous volume V by its maximum value V,,; and the time
by the growth duration 7y, according to the following equations:

V= o (3.44)
mazx
= t — thucleation _ t — tnucleation (3 45)
tdeparture — tnucleation Tgrowth,

The non dimensional growth curves of five bubbles representative of four vapor pressures
(P, = 5.6 kPa (T, = 35 °C), P, = 7.4 kPa(T, = 40 °C), P, = 124 kPa (T, = 50 °C) and
P, =20.0 kPa (T, = 60 °C)) are plotted on Fig. 3.20".

Interestingly, the curves are very close to each other though the corresponding bubbles clearly
present shape and size differences: the shape and the size of the bubbles seem to have no effect
on the bubble growth rate. This result is particularly striking at P, = 20.0 kPa (7, = 60 °C)
where the growth curves of the two kinds of bubbles (primary spheroidal bubble and secondary
elongated bubble) are plotted and superimpose well.

1For the sake of readability, errors bars are not reported on Fig. 3.20. The deviation on the dimensionless
volume V™ is yet supposed to be acceptable since the accuracy on the instantaneous volume V is quite good.
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Figure 3.20 — Non dimensional growth curves of selected bubbles obtained at P, = 5.6 kPa (T, = 35 °C),
P, = 7.4 kPa (T, = 40 °C), P, = 12.4 kPa (T, = 50 °C) and P, = 20.0 kPa (T, = 60 °C) (water, H; = 17.3 cm,
Ginput = 2.7 W - cm™2).

Bubble growth is usually modeled by a power law of the form:

VE o~ (3.46)

where n is a fitting parameter. As partly mentioned in Section 1.1.3.1:
e For a bubble growth controlled by inertia, models [80,98,112] generally lead to' n = 3.

e For a bubble growth governed by thermal diffusion, the classical therory [33,42,80,93,98,
112,133] yields? n = 1.5.

e Fitting his non dimensional volume measurements obtained with pentane at atmopsheric
pressure, Siedel [104] found n =1 for 0 < t* < 0.2 and n = 0.6 for 0.2 < t* < 1.

e Studying the bubble growth rate for water and ethanol down to P, = 1 kPa, Yagov [124]
determined a bubble growth law® where n = 2.25 in case of high Jacob number values
(Ja > 600). In such a case, he stated that the bubble growth is predominantly governed
by liquid inertia but this does not mean that the thermal diffusion can be neglected. The
value taken by the parameter n is indeed an intermediate one between inertia and thermal
diffusion controlled bubble growth.

e Recently, Giraud [44] attempted to compare her experimental results (obtained with water
at subatmospheric pressures) to the classical theory related to a bubble growth controlled
by heat transfer diffusion and to the law proposed by Yagov [124]. For vapor pressure
lower than 15 kPa, her data were in good agreement with Yagov’s model for ¢* < 0.2 and
with the thermally controlled bubble growth law for 0.2 < ¢* < 0.5. However, none of
those models was able to predict the evolution of the dimensionless volume for ¢* > 0.5.

The entire data set from the present study (i.e. related to the 102 recorded and image processed
bubbles) is considered and compared to the previously cited laws of growth on Fig. 3.21. Ac-
cording to this graph, except the linear model that could be accepted for ¢* < 0.1, none of these
models fits our experimental points. They are in particular unable to represent the inflection
point visible at t* = 0.1 nor the slow decrease of the dimensionless volume that occurs starting
from t* =~ 0.8.

! Actually, these models generally correspond a function of the (equivalent) radius of the form: Regy ~ t.
2 Actually, these models generally correspond a function of the (equivalent) radius of the form: Rieqy ~ 105,
*Yagov [124] expressed in fact a law of the form: R ~ t* 7.
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Figure 3.21 — Comparison of usual laws of growth with the experimental measurements associated with the
102 recorded and processed bubbles (water, H; = 17.3 cm, @input = 2.7 W-cm_Q, 4.2 kPa < P, < 20.0 kPa
(30 °C < T, <60 °Q)).

Similarities and differences between Giraud [44] and the present work should however be high-
lighted. These two test campaigns were indeed conducted with the same experimental apparatus
and similar conditions:

Table 3.5 — Comparison of the operating conditions between Giraud’s study [44] and the current one.

Giraud [44] The present study
Working fluid Water Water

From 0.85 up to 100 kPa
with a special focus on the

P, (kPa) From 4.2 up to 101.4
very low pressure range
(from 0.85 to 15 kPa)
H; (cm) 15.0 and 20.0 17.3
Oinput (W - cm™?) From 3.1 up to 29.0 2.7

Giraud [44] observed also an inflection point in the first part of the non dimensional growth
curves (at t* ~ 0.2) but it was then much more visible than in the present study. In addition,
she noticed that — for a liquid height of 20.0 cm — the increase of the dimensionless volume
V* was slower (and the inflection point occurring for a higher dimensionless time ¢*) for vapor
pressure of 15 kPa and higher (P, > 15 kPa) than for lower pressures: this seems not to be
the case here. Giraud highlighted the beginning of the bubbles recondensation before the end
of their growths: at t* ~ 0.7 for the very low vapor pressures and at t* ~ 0.9 for P, > 15 kPa.
In a complementary way, according to the present study, the bubbles are found to start their
recondensation at t* ~ 0.8 whatever the vapor pressure. Yet, she observed a much more intense
recondensation at the very low pressures (up to 80 to 90 % of the maximum volume V,,,,) than
at pressures higher than 15 kPa (only about 10 % of the maximum volume V,,,;). According
to Fig. 3.21, whatever the vapor pressure, only the second case (with a recondensation of only
10 % of the maximum volume V4, of the bubbles) is observed from the present test campaign.
The local subcooling ATy,;(z) is very probably responsible for this recondensation. This char-
acteristic parameter is however strongly related to the bulk liquid temperature 7j p,;; whose
homogeneity is still assumed but not confirmed (neither in Giraud’s work [44] nor in the present
study).

New models finally have to be found to correlate our experimental results. The ratio 1;1]&((‘;:)) is
thus plotted against the non dimensional time t* on Fig. 3.22. As visible on this figure, this
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ratio decreases linearly for 0 < t* < 0.8 before increasing significantly for! ¢* > 0.8.

Experimental data
10+ Linear fit based on the data measured for 0 < t* < 0.8 E
8 4
6 ]
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4}t J
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0 |.\\ ]
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Figure 3.22 - Time evolution of the ratio % associated with the 102 recorded and processed bubbles (water,

H; =17.3 cm, Qinput = 2.7 W - cm™2, 4.2 kPa < P, < 20.0 kPa (30 °C < T, <60 °Q)).

A linear fit based on the first part of the time evolution of this ratio then leads to:

In(V*)
In(t*)

=n(t") = —1.069t* +1.079 for 0<t¢*<0.8 (3.47)

Using Eq. 3.47, the following relation is suggested for the growth law:

#n(t™) . 4—1.069t*+1.079

V=t =t for 0<t*<0.8 (3.48)
1 L
7 i By
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Figure 3.23 — Comparison of new models of growth with the experimental measurements associated with the
102 recorded and processed bubbles (water, H; = 17.3 cm, @input = 2.7 W-cm™2, 4.2 kPa < P, < 20.0 kPa
(30 °C < T, <60 °Q)).

As shown on Fig. 3.23, this model fits well the experimental data for 0 < t* < 0.8. The fact
that the fitting parameter n varies (and more precisely decreases) with the time is consistent
with the idea of a growth law modeled by parts as described by Giraud [44] and Siedel [104].
Moreover, this parameter ranging from n ~ 1 down to n ~ 0.01, there are instants for which it

'In addition, points are more scattered for t* = 1 since both In(V*) and In(t*) tend to 0.
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takes the values determined by Siedel [104].

As expected because of the method used to define it, this model (Eq. 3.48) is yet unable to
follow the decrease of the volume for ¢* > 0.8. Unfortunately, other satisfying fits' of the ratio
llnn((‘t/:)) (t*) lead to more or less pronounced oscillations of V* in function of ¢t* (over the full range
of t*) which reduce the quality of the deduced model?. As a consequence, a simple polynomial
fit of the experimental data is calculated and displayed on Fig. 3.23:

V* = —1.7369t"" + 1.6150t* + 1.0035t* for t* € [0, 1] (3.49)

3.3.2.5 Mazimum volume Vyu, and volume at departure Vieparture

Values of maximum volume V,q, and volume at the detachment Vgeperiure are reported as a
function of the growth duration 7., for all the bubbles observed for a vapor pressure ranging
from P, = 4.2 kPa (T, = 30 °C) to P, = 20.0 kPa (73, = 60 °C) on Fig. 3.24a and 3.24b respec-
tively.

(a) (b)
1604 20.0 kPa (60°C) — 30 bubbles 1 16074 20.0 kPa (60°C) — 30 bubbles
> 15.8 kPa (55°C) — 36 bubbles > 15.8 kPa (55°C) — 36 bubbles
140t < 124 kPa (50°C) — 18 bubbles . 140t <« 124 kPa (50°C) — 18 bubbles
v 9.6 kPa (45°C) — 6 bubbles v 9.6 kPa (45°C) — 6 bubbles
120H ¢ 7.4 kPa (40°C) — 8 bubbles | — 1201 ¢ 7.4 kPa (40°C) — 8 bubbles
. = 5.6 kPa (35°C) — 2 bubbles @ = 5.6 kPa (35°C) — 2 bubbles
% e 42KkPa (30°C) — 2 bubbles = o 42XkPa (30°C) — 2 bubbles
© 100} Vinas = 16.06574828 $_ 1007 Vi =17.24474891 _,
| ‘maz growth 2 eparture “rowth
= A
= 80 ®
& 60f g
=
401
201
O L L L
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Torowth, (1072 ) Torowth, (1073 )

Figure 3.24 — Dependence of the bubble volume on its growth duration: (a) Maximum volume V425 (b) Volume
at departure Vieparture (Water, Hy = 17.3 cm, Qinput = 2.7 W - cm72).

In agreement with the qualitative observations made in Section 3.2, both the growth time and
the bubble volume (maximum or at departure®) increase significantly as the pressure decreases.
Four phenomena may explain this result:

(i) The variations of the liquid and vapor densities: In the investigated range of sat-
urated pressures P,, the liquid density p; of water decreases by around 1 % whereas its
vapor density noticeably varies with an increase by about 330 % (see Table 3.6). As a
consequence, vaporizing a given mass of liquid results in a much larger vapor volume at
low pressure than at higher pressure.

(ii) The variation of the surface tension: Still along the investigated portion of the
saturation curve of water, the surface tension o increases by about 7 % as the pressure
(and temperature) decreases (Table 3.6). According to Ginet [43] and to Siedel et al. [107],
the contact pressure as well as the resultant of the triple line forces (also called the surface
tension force) are proportional to the surface tension. The increase of the surface tension o

1For instance, higher order polynomial fits or exponential fits based on the measurements for either the full
range of t* (i.e. t* € [0,1]) or for ¢* € [0.8, 1] only.

2The increased number of empirical coefficients also depreciates the interest of such a model.

3 As shown previously, the maximum volume is always larger than the volume at departure since condensation
starts before detachment. In average, the volume at departure corresponds indeed approximately to 90 % of the
maximum volume reached by a bubble during its growth: Vieparture = 0.9Vinaz.
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as the saturation pressure decreases therefore makes the bubble detachment more difficult.
This induces then longer bubble growth duration 7 .y, and larger volume (maximum
volume V4, or departure volume Viyepariure) at low pressure than at higher pressure.

Table 3.6 — Variations of liquid and vapor densities and of surface tension of water between P, = 4.2 kPa
(T, =30 °C) and P, = 20.0 kPa (T, = 60 °C).

p (kg-m=®)[p, (kg:m=®) [0 (N-m™T)
P, = 4.2 kPa (T, = 30 °C) 995.60 0.030432 0.071193
P, = 20.0 kPa (T, = 60 °C) 983.16 0.13048 0.066237
Variation (%) ~1.25 +328.76 ~6.96

(iii) The effect of the contact angle of the heated surface: The contact angle of the
wall could also have an influence on the size at detachment and on the growth time.
Several studies on single bubble dynamics on hydrophobic or hydrophilic surfaces [83,84]
have indeed shown that the departure diameter tends to decrease as the contact angle
decreases. However, the effect of the contact angle on the maximum or departure volume
of a bubble and on the growth duration cannot be established in this study. Even if it
can be inferred from Fig. 3.3 to Fig. 3.6 that the heated surface used in this study is
hydrophilic, it was indeed not possible to measure properly the contact angle from our
recordings because of the presence of the shadow zones due to the glue seal and to the
viewport.

Other effects: Some other effects — poorly known nor understood for now — such as the
dependence of the contact angle of a couple surface/fluid or of the liquid viscosity u; (and
its gradient) on the pressure may also have an influence on the liquid inertia by competing
the bubble expansion and thus making the bubble growth slower.

The two following relationships between a bubble growth time 74,4 and its volume are finally
determined from our experimental points:

Vinaz = 16.0657 520, (3.50)
Vdeparture = 172447_!?7‘?2,}5}1 (351)

3.3.2.6 Relationship between the bubble frequency f and its diameter at departure
Ddeparture

Interested in the weight of the latent heat transport contribution to the heat transfer in nucleate
boiling, many authors found relationships linking the bubble departure frequency f and diameter
D geparture- Such relations are generally of the form:

fDn e,

departure

(3.52)

where C' is most of the time a constant whose dimension depends on the value of the exponent
n.

e Jakob and Linke [60], Fritz and Ende [41], Perkins and Westwater [91] as well as Yamagata
et al. [130] (all of them cited by Rallis and Jawurek [97]) determined experimentally (with
different fluids and conditions) that n = 1 with C' a constant. Zuber [134] agreed with
these authors and expressed this constant C' in terms of the fluid physical properties®:

QU(,OZ o Pv) 0.25
000

Pi
LAs a consequence, C is a constant only at constant pressure. However, for water, the quantity defined
through Eq. 3.53 decreases only of less than 5 % as the pressure increases from the triple point to the atmospheric
pressure (with the thermophysical properties evaluated on the saturation curve). In this range of pressure,
C ~0.0937 m-s .

(3.53)
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e Deissler [35] (cited by Rallis and Jawurek [97] and Cole [25]) first proposed n to be equal
to 0.5 with C' = constant. Cole [25] and McFadden [75] came later to the same conclusion.

e Rallis and Jawurek [97] observed that the product fViepariure Was constant whatever the
imposed heat flux for water boiling at saturation from a horizontal wire. In other words,
they determined n = 3 and C' = constant.

e Hatton and Hall [54] (cited by Ivey [59]) observed that n = 2 and C is a constant which
depends on the cavity diameter.

e Ivey [59] made a review of numerous studies aiming at determining the relationship be-
tween the bubble frequency and its diameter. He thus identified that, depending on the
experimental results and analytic models (and their assumptions), n varies between 0.5
and 3 while C can be either a constant or a function of various parameters (thermophysical
properties of fluid, gravitational acceleration and particular system parameters such as the
imposed heat flux or heated surface area). He wanted then to extend the data from the
literature and on small and large bubbles by performing experiments with water boiling
from the outside of tubes at atmospheric and at subatmospheric pressures. He obtained
different values of n depending on the major forces acting on a bubble:

— In the hydrodynamic region: buoyancy and drag are the predominant forces acting
on a bubble and n is found equal to 0.5;

— In the transition region: buoyancy, drag and surface tension are comparable, n is
equal to 0.75;

— In the thermodynamic region: the bubble growth is governed by thermodynamic
conditions and n is estimated to 2.

He finally concluded that a single expression may not properly describe the dependence of
the bubble frequency with its diameter for all bubble sizes in nucleate boiling.

e Malenkov [74] answered to Ivey [59] by demonstrating that the relationship between the
bubble departure frequency and diameter can theoretically be expressed in a general way
that covers the various cases cited in the literature. Some specific properties of the system
must be introduced for that sake, in particular the vapor content and the bubble rise
velocity that are dependent on the imposed heat flux. Malenkov however acknowledged
the problem of the reliable determination of those parameters as a major limit to his
solution.

To verify if a relation of the form given in Eq. 3.52 holds with the experimental data of the
present study, the dependence of the inverse of the bubble departure frequency % on its equivalent
diameter at departure Dgeparture,, 18 Teported in logarithmic scale on Fig. 3.25. On this figure,
each reported point corresponds to the data taken from one recording' with:

e The frequency directly obtained from the image processing (through Eq. 2.13);

e The equivalent diameter at bubble departure D geparture,, defined as the diameter of the
sphere whose volume is equal to the mean value of the volumes at detachment of the
bubbles recorded on the video file:

[ P
Ddepartureeq =\ ;Vdeparture (354)

!Several points can then represent the same operating conditions.
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Figure 3.25 — Relationship between bubble frequency f and equivalent diameter at departure D ieparture,, -

As visible on this graph, experimental results can be described by the following relation:

fD34 =C*? =22x107° (3.55)

departureeq

where C®P is here in m3% s~ 1,

As for visual comparison, the previously evoked relationships are also displayed on Fig. 3.25 with
the same value taken for C'. One should be aware that as this constant have a different dimension
depending on the values taken by n (C'is in m™ - s7!), this does not have a real physical meaning.
However, this enables us to compare the slopes of the curves to our experimental data, i.e. to
compare the effect of the exponent n of Eq. 3.52. From this point of view, it appears that:

e The relation found by Rallis and Jawurek [97] with n = 3 is rather close to our experimental
results.

e The relationships proposed by Ivey [59] are all the three far from experimental results de-
spite this author conducted some tests with water at subatmospheric pressures to establish
them.

e Such relationships linking the bubble departure frequency and diameter are actually ques-
tionable — at least in the particular case of the low pressure boiling — due to their simplic-
ity. They are indeed most of the time obtained with the assumption that the inertia has
a weak influence and/or from experiments conducted at or close to the atmospheric pres-
sure. At low pressure, the subcooling degree makes this usual description of the physical
phenomenon probably even less valid than at higher pressures.

Pool boiling of water in the regime of isolated bubbles was investigated for:
e a large range of subatmospheric vapor pressures;
e a unique height of liquid Hy;
e a constant imposed heat flur Yinpus-

The influence of the pressure on the bubble dynamics was qualitatively observed for vapor
pressures ranging from P, = 4.2 kPa (T, = 30 °C) to P, = 101.4 kPa (7 = 100 °C)
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through the visualization made with a high-speed camera.

The effect of the pressure on the boiling phenomena was afterwards quantitatively analyzed
both in terms of heat transfer (considering all the experiments) and in terms of bubble
dynamics (considering only experiments for which the image processing detailed in Chapter 2
was possible, i.e. for 4.2 kPa < P, < 20.0 kPa (30 °C < T, <60 °C)).

o Four different regimes of bubble dynamics were identified depending on the pressure:

Oblate spheroid shaped bubbles without any bubble interaction;

Mushroom shaped bubbles with interaction between paired bubbles;

— Mushroom and column shaped bubbles with interaction between two or more suc-
cessive bubbles;

— Near-spherical shaped bubbles without any contact between successive bubbles.

o The physical meaning of the wall superheat as well as the state conditions at which the
thermophysical properties involved in several wall superheat models should be evaluated
were discussed in order to properly analyze the evolution (with the vapor pressure) of
this parameter in presence of a subcooling degree induced by a non mnegligible static
pressure.

e A correspondence between the bubble dynamics regime (more precisely the presence or
the absence of bubbles interactions) and the evolution of the wall superheat with the
vapor pressure was found.

e The strong influence of the specific implemented surface condition (low roughness and
a unique artificial cavity) on the heat transfer was also highlighted, in particular close
to the atmospheric pressure.

e Some properties of the bubble dynamics such as the growth duration, the waiting time,
the bubble frequency or the instantaneous volume were measured (for a reduced range
of vapor pressures) resulting especially in:

— the confirmation of some characteristics of the bubble dynamics of subatmospheric
water pool boiling that were already described in the literature, such as an increase
of the size and of the waiting time as the pressure decreases;

— the highlighting of the need to take into account the effect of the static pressure
to properly conduct such analyses of pool boiling for low pressure conditions;

— the establishment of an experimental law of bubble growth which raises questions
about the involved mechanisms, since it differs from the classical theories that
were mostly established for higher pressures;

— the determination of a new relationship between the bubble frequency and the
bubble size which contradicts some related results of the literature and questions
about the physical meaning of such dependence and of associated models and
theories.
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Chapter

Low pressure boiling: the concept of
"mock-up fluids"

Since — as mentioned in Chapter 1 and Chapter 8 — most of the studies on pool boiling
at low pressure were carried out with water as the working fluid, it appears interesting to
conduct experiments with other fluids to get a better and more general understanding of the
phenomenon. The choice of the fluids (and the related operating conditions) to be tested is
a key point. These new fluids should indeed be studied in a "similar state” as water at "low
pressure”. Otherwise, the similarities and differences observed in the behavior of the fluids
may be not related to the same phenomenon (i.e not necessary to "low pressure pool boiling").

This chapter is thus aimed at introducing a more general definition of "low pressure” in
boiling and a series of criteria to choose mock-up fluids for water (Section 4.1). Once such
a fluid selected, a test campaign with it was conducted (Section 4.2) before a comparison
could be performed between the behavior of this fluid and the one of water in low pressure
pool boiling (Section 4.3). This comparison was carried out with the idea of identifying some
driving parameters or dimensionless numbers shared by the two fluids when they present the
same behavior.

4.1 The concept of "mock-up fluids"

To make the comparison of low pressure boiling characteristics of different fluids possible, the
considered fluids have to be in a "similar state" of "low pressure'. As a consequence, the concepts
of "low pressure" and of "similar state" have beforehand to be well defined. Like it is usual to
build correlations in the fields of fluid mechanics or of thermal sciences from reasonings based
on similarities (i.e. using mock-ups with same dimensionless numbers), a similar approach is
followed in this section to propose such a new definition of "low pressure boiling" (Section 4.1.1),
a methodology with a series of criteria to select mock-up fluids (Section 4.1.2) and a design of
experiments adapted to the chosen fluid (Section 4.1.3).

4.1.1 A generalized definition of boiling at "low pressure"

Pool boiling at "low pressure" is commonly defined for water [46,77,119,131] as boiling at pres-
sures below the atmospheric pressure (P, = 101.4 kPa, T,, = 100 °C). As briefly discussed in
Section 1.2.4, extending the concept of "low pressure" with the same definition to other working
fluids would lead to wrong interpretation of the boiling characteristics because the fluids prop-
erties would then not been taken into account.

As explained in Section 1.2.3 and as reminded in Chapter 3, Giraud et al. [46] demonstrated
that one of the major features of the low pressure boiling is that the static head P induced
by the liquid height H; over the heated wall can be of the same order of magnitude as the vapor
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pressure P,. The static head cannot then be disregarded compared to the pressure imposed at
the free surface. Considering the pressure Py at the level of the heated surface which is still
defined as:

Puanr = Py + pi(T0, bur) 9 Hi (4.1)

Pstatic

seems thus be more meaningful as the reference pressure than regarding only the vapor pressure.

Besides, in any case, boiling can only take place if the system pressure is greater than the
pressure at the triple point. Consequently, an idea of a general definition of "low pressure’ in
pool boiling could be to have the pressure at the wall close to the triple point pressure P; of the
fluid:

Pwall =~ Pt (42)

Yet,

so that, satisfying Eq. 4.2 means having simultaneously:
P,=P (4.4)

and _
P = o)(Ty, pui) 9H; < P, (4.5)

which is possible if the liquid density p; and/or the liquid height H; are low and/or if the triple
point pressure P, is high. This brings to a possible paradox in that sense that it was discovered
previously that under low pressure, the bubbles tend to exhibit large diameters (possibly greater
than 10 cm with water [44,46,100] for example), so that in the case of low liquid height, the
bubbles are likely to emerge from the liquid (i.e. to cross the free surface and finally burst) —
which is not comparable to pool boiling'. The present study of pool boiling at low pressure is
therefore focused on the situation where bubbles have enough space to grow, detach and start
to collapse in the liquid column in order to gain more insight into the related phenomena. Here-
after, the liquid level H; will thus be kept relatively high even if the condition defined in Eq. 4.5
may be not satisfied.

Another way to define the "low pressure boiling" may be to observe from which low pressure value
the bubble dynamics behavior deviates from the behavior usually encountered under normal or
higher pressures. For instance in the case of water, referring to Section 3.2 one can see that the
"low pressure" effect is visible for vapor pressures equal or lower than P, = 70.2 kPa (7, = 90 °C).

4.1.2 A methodology to choose mock-up fluids in "similar states"

As numerous experimental studies on low pressure boiling were conducted using water as the
working fluid, water is here taken as the fluid of reference. In this section, a series of criteria
is thus developed to choose a mock-up fluid to be compared with water during a low pressure
boiling test campaign.

4.1.2.1 Criterion on the triple point (T;, P;)

In order to carry out experiments with the facility described in Chapter 2 while satisfying Eq. 4.4,
the triple point pressure P; of the mock-up fluid should not be too low so that this pressure could
be reached in the boiling pool with the vacuum pump. In the same vein, the triple point pressure
of the fluid should be obtained in a convenient saturation temperature range with regards to

!This configuration of boiling at low pressure with only a thin layer of liquid was observed by Giraud et
al. [47] and may present some interest. However this seems too complex to study and analyze for now since
simpler configuration (without interaction of the bubble with the free surface during its growth) is not sufficiently
understood yet.
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the limits of the cooling system of the test setup. The thermostatic bath connected to the heat
exchanger jacketed inside the pool wall working with a given coolant fluid can indeed control
and set the temperature of the pool only in a certain range. As the thermostatic bath available®
for this new test campaign is limited to [0 °C, 40 °C], the triple point temperature T} of the
mock-up fluid must be in this range:

0°C < T, <40 °C (4.6)

Table 4.1 — Triple point temperature T; and pressure P; of different fluids [71].

Fluid T: (°C) P, (kPa)
Water 0.01 0.6117
Cyclohexane 6.32 5.2402
Benzene 5.52 4.7848
Ethanol —114.15 | 7.0319 x 10~ 7
Methanol —97.54 | 1.8634 x 104
Pentane —129.68 | 7.6322 x 107
Ammonia —77.66 6.0912
Acetone —94.65 0.0023
Toluene —95.15 3.9393 x 10~°

The triple point data of several fluids (including water for comparison) are listed in Table 4.1.
According to this table, cyclohexane, benzene, ammonia and acetone have a sufficiently high
triple point pressure P, that can be set in the boiling pool with the vacuum pump. How-
ever, among those fluids, only cyclohexane and benzene have also a triple point temperature T
adapted to the conditions reachable with the experimental apparatus. Considering Eq. 4.5, it is
interesting to notice that these two fluids present a higher triple point pressure than water:

P, > P (4.7)

water

4.1.2.2  Criterion on the dimensionless ratio %’

In order to compare the mock-up fluid to water, it is desirable to conduct experiments with this
fluid and with water in the same ranges of saturation temperatures:

T, = T,| (4.8)

water

and pressures:
Pv = Psat(Tv) ~ Pv|water = Psat(Tv‘ (49)

within the limits of the test bench (T, € [0 °C, 40 °C]). Combined with Eq. 4.4 and Eq. 4.7,
these conditions yields a new criterion defined as:

water)

P, P,
il < (4.10)

Py Py
T,€[0 °C, 40 °C] water, T, €[0 °C, 40 °C]
A comparison of several fluids is performed on Fig. 4.1 considering this pressure ratio. According

to this graph, the criterion given as Eq. 4.10 suggests the use of cyclohexane or benzene rather
than of acetone or ammonia as the mock-up fluid for water to study low pressure boiling.

1The cited thermostatic bath is a LAUDA WK class WK 4600 circulation chiller working with the Kryo 30
coolant in the temperature range [0 °C, 40 °C]. The cooling power of this system is high (4.6 kW at 20 °C)
which suits well to the study of low pressure boiling with the current vessel where the amount of fluid to cool is
important while the pressures of interest can yield temperatures close to 0 °C. For the test campaign conducted
with water up to the atmospheric pressure (i.e up to (P, = 101.4 kPa, T, .. = 100 °C), see Chapter 3),
this thermostatic bath was temporarily substituted by a LAUDA ECO SILVER RE 1050 S recirculating chiller
working with the Kryo 51 coolant in the temperature range [—50 °C, 120 °C]. The relatively low cooling power
of this second chiller (0.7 kW at 20 °C) is an additional cause of the restriction of the test session of Chapter 3

to (Pvmm = 4.2 kPa, Ty, = 30 OC)'
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Figure 4.1 — Ratio %’: depending on the saturation temperature T, for different fluids [71]. — The zone colored
in green corresponds to the temperature range permitted by the experimental facility.

4.1.2.3 Criterion on liquid and vapor densities p; and p,

As mentioned in Section 4.1.1, a low liquid density p; is a desirable advantage for a suitable
mock-up fluid since this is one of the conditions to satisfy Eq. 4.5. As a matter of fact, a low
liquid density combined with a high triple point pressure leads to a pressure at the level of the
wall Py, close to that of the vapor P,, and therefore (Eq. 4.4) close to the triple point pressure
P;.

In addition, due to the large size (few centimeters in diameter) of the bubbles observed at
low pressure with water [119,124] — sometimes larger than the viewports of the experimental
setup! [44,46,100] — it would be appreciable that the selected fluid leads to bubbles slightly
smaller than water:

V <V| (4.11)

water

Considering the case in which — at a given instant — the same volume of liquid V is vaporized
for both the mock-up fluid and water:

m
V=—= " oer (4.12)
pL pl’water

The conservation of mass gives the following relation between the instantaneous volumes of
bubbles obtained in each fluid:

So that Eq. 4.11 is satisfied if:
o Peluaer 4 (4.14)
Pl pater P
That is:
2 Pllyer (4.15)

Po pv‘water

This defines thus an additional criterion to choose a mock-up fluid.

! As a reminder, the viewports are 10.0 cm in diameter.
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Few fluids are therefore compared from this point of view on Fig. 4.2, all of them satisfy Eq. 4.15.
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Figure 4.2 — Ratio ;% depending on the saturation temperature 7;, for different fluids [71]. — The green zone
still corresponds to the temperature range permitted by the experimental facility.

4.1.2.4 Other criteria to take into account and choice of a mock-up fluid

Other criteria should be taken into account for the choice of a mock-up fluid. Among them,
variations of other thermophysical properties or of some dimensionless numbers along the satu-
ration curve could be considered in order to compare and properly explain the similarities and
differences between water and another fluid in the boiling behavior at low pressure. One can
think — for instance — to the surface tension ¢ or to the latent heat of vaporization Ahj, and to
the Jacob number Ja or to the Iy criterion on inertia or diffusion controlled bubble growth from
Robinson and Judd [98]. However, — to the author’s knowledge — such an approach of mocking
up fluids has never been tried before in the field of boiling and the parameters or dimensionless
numbers that govern the low pressure boiling phenomenon are not identified yet. As a first trial,
it was thus decided to consider only the previously cited criteria.

Yet, from a practical point of view, chemical resistance of the different parts of the experimental
setup to the fluids as well as the toxicity and the precautions of use of those fluids have abso-
lutely to be taken into account.

Considering all the criteria cited above, cyclohexane was finally selected as the first mock-up
fluid to be tested and compared with water®.

4.1.3 Design of experiments

Previously (in Chapter 3), an experiment was related to the study of the steady state of an
operating point defined by four parameters: the working fluid, the imposed heat flux @i,put, the
vapor pressure P, and the liquid height H; over the heated surface. Those parameters should
henceforth be rethought and properly chosen to enable a relevant comparison of experimental
observations between several fluids.

Choice of the working fluids: As discussed in Section 4.1.2, tests should be carried out with
pure and degassed water and cyclohexane.

L Considering the criteria on the triple point (Eq. 4.6 and Eq. 4.7), on the ratio % (Eq. 4.10) and on the liquid
and vapor densities (Eq. 4.15), benzene is very close to cyclohexane. Reading the related safety datasheets [9,10]
revealed that benzene is much more dangerous and subsequently complicated to use (due to precautions of
manipulation) than cyclohexane so that the choice of the latter fluid became obvious.
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Choice of the imposed heat flux @;npyus: This parameter has to be chosen in a similar way
for the two fluids. Three options were considered:

(i)

(i)

Taking an arbitrary value of imposed heat flux identical for the two fluids.

This solution presents the major advantage of its simplicity of implementation. How-
ever, there would then be no guarantee that the boiling phenomena related to the
two fluids would be comparable. It is indeed possible that — for similar operating
conditions and with the same heat flux — one fluid is boiling in the isolated bubbles
regime whereas the other one is in a regime of fully developed nucleate boiling (i.e.
with bubbles growing from multiple activated sites) or in a natural convection regime.
It would then be difficult to compare those behaviors even if they would have been
obtained by setting the same imposed heat flux value.

Determining experimentally the lowest imposed heat flux which leads to a boiling
regime characterized by isolated bubbles growing only — or at least mostly — from the
centered artificial cavity.

This is in fact the method used for the experimental session realized with water on a
wide range of subatmospheric pressures (detailed in Chapter 3). Starting from a high
heat flux which yields the activation of several nucleation sites, the imposed heat flux
is decreased progressively down to the lowest value which enables the nucleation of
bubbles only from the artificial cavity. This value is afterwards kept for the obser-
vation and analysis of the steady state. The choice of the imposed heat flux value
with this method will probably lead to one value per fluid (and possibly per operating
condition). However, it will be sure that the same regime (of isolated bubbles) will be
observed for the two fluids which makes the comparison of the bubble dynamics (and
more generally of the boiling behavior) more meaningful than if the fluids present
different regimes.

Defining theoretically an imposed heat flux value through the use of an adapted
dimensionless number.

One idea could be to consider the relative contribution of the latent heat transport
to the total heat transfer defined as the following ratio:

9Ozelrlj;ziil've _ YLH (416)
Pinput

and then to choose the imposed heat flux value g,y so that this relative contribution
gozﬁl{ame would be the same for the two fluids. The contribution of the phase change
wrg on the heat transfer must thus be properly expressed. However — as in the
work of Rallis and Jawurek [97] — in addition to some fluid thermophysical properties
(in particular the vapor density and thermal conductivity), the evaluation of this
contribution involves some bubble dynamics parameters that can be estimated only
from the analysis of the corresponding experiment. Among those parameters one can
cite the number of active nucleation sites, the typical bubble departure frequency or
the mean bubble volume at departure related to each active source.

Despite its obvious theoretical interest, this method cannot be used for the choice of
the imposed heat flux.

Solution (ii) was finally adopted for the test campaign.

Choice of the liquid height H; and of the vapor pressure P,: At low pressure, the lig-
uid height H; has a huge influence on the static head Pﬁl“ti‘:: depending on this parameter,
the static head can become of the same order of magnitude as the vapor pressure P, im-
posed at the free surface. The liquid height has consequently a non negligible effect on the
pressure at the level of the heated surface P,q;; and more generally on the local hydrostatic
pressure P(z).
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The local subcooling degree of the liquid corresponds to the local deviation of the liquid
from the saturation state. Considering that the saturation state prevails at the level
of the free surface (z = 0, point A on Fig. 4.3) and assuming that the bulk liquid is
homogeneous in temperature (17, pui(2) = 17, bue = Tv), at a given altitude z (point B on
Fig. 4.3), the liquid is at a pressure P(z) higher than P, but at a temperature lower than
the temperature corresponding to the saturation state associated with the local pressure

(point B on Fig. 4.3).

(@) (b)
P
0 I A IFree surface 1
S P(2) B, B
By s | |
R L | 1
""""""" A |
T | Heated surface L ATL(P ) |
,,,,,,,,, ] _—
H T pur =T, Tt (P(2)) T

Figure 4.3 — Schematical identification of the local subcooling degree on the saturation curve: (a) geometry;

(b) schematic phase diagram.

As a consequence, — for a given fluid — the local subcooling degree derives from both the
pressure conditions and the vertical distance to the free surface!. It can be written as:

ATy (Py, 2) = Tyar(Py + P51%(2)) — Tyor(P,) (4.17)

As the subcooling degree appears actually as a parameter of major importance of the
boiling environment at low pressure and thus of the related boiling phenomena, it would

have been interesting to choose pairs of liquid levels (H;| . H ) and of vapor
cyclohexane water

pressures (P’U|cyclohe:mne’ Pv|water) so that this key parameter would be similar for the two

fluids in the vicinity of the heated wall (7.e. in the region where bubbles should be formed):

Z%Hl|

wate'r)

(4.18)

A1—1‘9“6‘cyclohezane (Pv|cyclohezane’ A Hl|cyclohezane) ~ AT5“b|u)ate1"(P”|wate'r’

Or - equivalently — after the variable change? Z = H;—z (refer to the geometry represented
on Fig. 4.4):

~ O) ~ ATSUb|wate7“('Pv|water’ Z|water ~ O)
(4.19)

ATup | cyclohezane (Pv | cyclohexane’ 4 ’ cyclohezane

More precisely, it depends on both the difference of pressure existing between the local position z and the
free surface position z = 0 (i.e. the local static head P***"°(z) = P(z) — P,) and the pressure P, imposed at the
free surface level. The saturation curve being not linear, depending on P,, a given pressure difference will not

induce a constant subcooling degree.
2In the case of different liquid levels, — contrary to the variable z (i.e. the altitude) — the variable Z (which

corresponds also to the altitude) presents the interest of covering the same range of values (Z = 0) close to the
heated surface (i.e. in the region where bubbles are growing).
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Figure 4.4 — Geometry: distinction between the vertical axes z and Z.

For a given fluid, the local static head P5%%¢(Z) can be expressed according to two distinct
relations:

1. Through the hydrostatic law:

PstatiC(Z) =P(Z)—P(Z=H)=P(Z)—P,=pyg(H — Z) (4.20)

2. Through the Clausius-Clapeyron relation:

~ ATsubvahlv

Pstatic(z) —_ P(Z) _ Pv
T,

(4.21)

Equating Eq. 4.20 and Eq. 4.21 yields a direct estimation of the local subcooling degree
as a function of the fluid thermophysical properties (evaluated in the saturation state at
P,), the liquid height H; and the position Z:

Tvprg
AT ~ H -Z 4.22
’ vahlv( : ) (422)

that can be rewritten as:

ATsub ~ \IJ(Fhlld, (Pva Tv = Tl7 bulk)a Hl, Za pl(Pva T’U)a p’U(va TU)) Ahlv(va Tv)) (423)

The fact that ¥ depends on both the vapor pressure P, and the liquid height H; shows
that — if the criterion of a similar local subcooling degree in the vicinity of the heated wall
is retained to define the operating conditions to reach a "similar state" in different fluids —
those two parameters are no longer independent. A second relation between them should
then be found so that this issue could be solved analytically.

Let therefore assume that a couple of vapor pressures (Pv‘ is determined

v ’water)

cyclohexane’
and consider a given altitude Zy = Z {cyclohezane =7 ]wateT at which the subcooling degree

The use of this relation is a valuable approach within the condition that the variation of the slope of the
saturation curve remains small between P, and P(Z) (i.e. between points A and B’ from Fig. 4.3), that is if
those points are relatively close, i.e. for z = 0 or equivalently Z ~ H;. This reasoning — being interesting in the
domain where Z = 0 — is thus valuable within relatively small liquid levels H;.
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should be equal in both fluids:

AT"Wb|cyclohemzme(PU|cyclohe:v(me’ ZO) = AT5“b|u)aife7"(P'U|wate'r’ ZO) (424)
That is:
To! v ctonesancPl| cvetonesaned To! paterP| waterd
| cyclohezane hcy‘co ezane ( l’cydOhezane_ 0) _ ‘ water hm’zter ( ‘water_ZO) (4'25)
Pv cyclohexane b cyclohexane Pv water Wlyater
The two liquid heights are then linked according to Eq. 4.26:
Hl’cyclohexane = (1 - g)ZO + €}Il|wazter (426)

where ¢ is a function of the thermophysical properties of the two fluids (depending on their
own saturation state):

. Tv’wateTpl|waterpv|cyclohexane hl”|

water)) _ cyclohexane (427)

lv|

(P, Th) | (Po, To)|

cyclohexane’

v ’ cyclohexanepl ‘ cyclohewane’ov | water water

For an arbitrary value of water! liquid height Hl|wate7"’ Eq. 4.26 means that the liquid
level Hl‘cyclohea}ane for cyclohexane can be adjusted so that a same subcooling degree can
be obtained in the two fluids at an arbitrarily chosen position Zy. Yet, it is not desired
to obtain the same subcooling degree only at a given position Zy but on a given range

of altitude (Z € [0, min(H;| ., Hl!cyclohexane)])' This is possible only if corresponding
saturation states such as:
5((P”’ Tv)|cycl0hezane’ (PU’ Tv)|water)) =1 (428)

are set in the fluids?. With this condition, Eq. 4.26 becomes:

(4.29)

! } cyclohexane = Hl | water

110 T T T T T
—0O— Water

l00H —&— Cyclohexane A ]
@® Triple point of water
90 ® Triple point of cyclohexane
d
80} . . . : //r d

P, (kPa)
\ \

i

0 20 40 60 80 100
T, (°C)

Figure 4.5 — Correspondence between saturation states of water and cyclohexane according to Eq. 4.28. — The
green zone still corresponds to the temperature range permitted by the experimental facility.

An iterative process using [71] was implemented to determine — if it exists — cyclohexane

Water is still taken as the reference fluid.
2This condition is equivalent to say that the gradient of subcooling along Z have to be identical in the two
fluids (see Eq. 4.22 and 4.27).
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saturation states associated with some water saturation states according to Eq. 4.28. Those
corresponding points can be visualized on Fig. 4.5. The matching local subcooling degrees
obtained in water and cyclohexane in the case of the conditions related to the couple of
working points linked with the red arrow on Fig. 4.5 are compared on Fig. 4.6 for different
liquid levels (identical for both fluids, Eq. 4.29).

18 : :
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—— Wafger - g; = ggg cm
+ ater — = .U cm -
1 —w— Water - H; =100.0 cm
—o— Cyclohexane — H; =20.0 cm
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12
)
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8 L\
8
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24 Z168
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H,
Figure 4.6 — Example of matching local subcooling obtained in water and cyclohexane and comparison depending
on the liquid height — (P,| =74 kPa, T,|  =40°C), (P, cyctonesane = 6:0 1Pa, Tv‘cyczohmne =9.0 °Q).

This graph confirms that such couples of working points lead to similar local subcooling
degrees in the two fluids. As expected, because of the use of the Clausius-Clapeyron re-
lation for the determination of the working points pairs, the subcooling degree difference
between the fluids increases as the distance to the heated wall decreases (i.e. as Z tends to
zero). This deviation becomes thus greater as the liquid height H; is increased. However,
this deviation seems to remain acceptable for a relatively large range of liquid level (up to
H; =1 m in the case presented on Fig. 4.6).

It appears on Fig. 4.5 that such saturation states of cyclohexane cannot be found for wa-
ter at a saturation temperature strictly lower than 40 °C. Studying pool boiling of water
and cyclohexane at low pressure with an identical local subcooling degree is therefore not
possible with the experimental facility®.

cyclohexane’ P”|water) and of

are chosen as independent parameters.

As a consequence, the couples of vapor pressure conditions (Pv]
liquid levels (H;| H)|

cyclohexane’ water)

(i) The criterion on the pressure ratio % (Eq. 4.10) appears finally as a good summary of
the constraints imposed by both the new definition of the "low pressure boiling" and
the experimental facility. The imposed values of vapor pressure P, are subsequently

L As a reminder, the available thermostatic bath limits the vapor temperature T}, to the range [0 °C, 40 °C].
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chosen so that the same values of the ratio %’: are tested for the two selected working
fluids:

P P,
— = — (4.30)
Py
cyclohexane water
Vapor pressures P, set for cyclohexane and water are thus proportional:
. Pt’cyclohezwnep ~ 8.57P 4.31
U|cyclohexzme - Pt| v{water ~ e “‘water ( : )

water

Once the pairs of vapor pressure conditions chosen, it might have been of some interest
to adjust the couples of liquid heights in order to obtain the same subcooling degree
at the level of the heated surface (despite the gradients would be different and thus
the subcooling degrees at the others levels too). However, as illustrated on Fig. 4.7
in the case where % = 3, this idea yields liquid levels for cyclohexane larger than the
total height of the vessel.

T — — — — —
I — — — Position of the heated surface
— — — Upper limit of the vessel

) —=— Water— H;=15.0 cm

| —&— Water — H; =20.0 cm
I

|

—w— Water — H; = 25.0 cm

—— Cyclohexane — H; = 101.8 cm
—O— Cyclohexane — H; = 129.5 cm
—s7/— Cyclohexane — H; = 156.1 cm

AT (2) (K)
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Z (cm)

Figure 4.7 — Local subcooling degrees in water and cyclohexane with liquid heights adapted to get identical

subcooling degrees at the level of the heated wall — Example at %: =3 (P, |wam = 1.8 kPa (T,

and P,

cyclohezane

_=15.9°C)

wate

= 15.7 kPa (T,

=29.3 °C)).

cyclohezane

Finally, because of the number of constraints that could not be solved in the time
frame of this PhD work with the experimental means available, it is decided to choose
arbitrary values of liquid level identical for the two fluids:

(4.32)

H| H,|

~
=~
cyclohexane water

Nevertheless, recommendations will be formulated to take into account the criteria
developed in this chapter in future works.

4.2 Experiments with cyclohexane

In order to take the benefit of the concept of "mock-up fluids" described in the previous section
(Section 4.1) to help identify the driving parameters leading to the specific characteristics of "low
pressure pool boiling", experiments were carried out with cyclohexane. The related operating
conditions are given in Section 4.2.1 while the results concerning the bubble dynamics and the
heat transfer are presented in Sections 4.2.2 and 4.2.3 respectively.
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4.2.1 Operating conditions

In agreement with the above discussions, the operating conditions detailed hereafter are set for
the test campaign with the new fluid.

Working fluid: This experimental session is conducted with pure and degassed cyclohexane
as the working fluid.

Heat flux input @g,pys: For all the tests, the lowest imposed heat flux which enabled the
observation of a regime of isolated bubbles growing from the artificial cavity was found to
be equal to 2.0 W - cm™2.

Vapor pressures P,: Twelve values of vapor pressure were investigated. As shown in Ta-
ble 4.2, those pressure levels are actually corresponding to twelve values of the pres-

sure ratio % covering the range of temperature reachable with the experimental facility

(T, € [0 °C, 40 °C)).

Table 4.2 — Imposed pressure ratios and corresponding vapor pressures and temperatures of cyclohexane during
the test campaign.

% Pv (kPa) Tv = T’l7 bulk (OC)
1.50 7.9 14.3
1.75 9.2 17.5
2.00 10.5 20.3
2.25 11.8 22.8
2.50 13.1 25.1
2.75 14.4 27.3
3.00 15.7 29.3
3.25 17.0 31.1
3.50 18.3 32.8
3.75 19.7 34.5
4.00 21.0 36.0
4.25 22.3 37.5

Pressure ratios lower than %’ = 1.50 were not tested. As a matter of fact, the air-tightness

of the sample was not satisfied in such conditions: the glue seal alone was no longer effective
enough to avoid the penetration of air inside the vessel while the very low imposed heat
flux made the copper part of the heater not expanded enough to overcome the deficiency
of the seal.

Liquid height Hj: For all the tests, the liquid height was set constant at the arbitrary value
of Hy =17.8 cm.

According to Fig. 4.8, as the liquid density p; is almost constant over the investigated
range of saturation pressures and temperatures, the static head induced by the column of
liquid can be considered as constant:

Pt s em = pu(Ty, vur)gHi ~ 1.4 kPa (4.33)

The local subcooling degrees AT,;(2) are evaluated [71] and reported on Fig. 4.9 for all
the investigated vapor pressure values. As already noticed for water in Section 3.1.2, the
effect of the subcooling is lowered as the vapor pressure is increased since the local pressure
moves away from the triple point pressure leading to a degradation of the "low pressure"
conditions.
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Figure 4.8 — Static head in cyclohexane Pi™{; g ., depending on the vapor pressure P, (bottom x-axis) and
on the pressure ratio %’j (top x-axis) (H; = 17.8 c¢cm).
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Figure 4.9 - Local subcooling ATy, depending on the depth z in the cyclohexane for the different investigated
vapor pressures P, and pressure ratios % (H; =17.8 cm).

4.2.2 Bubble dynamics

As expected when selecting the imposed heat flux, the boiling regime observed during all the
experiments is the isolated bubble regime characterized by the growth and departure of single
bubbles separated by a waiting time.

Contrary to what was noticed with water, this regime appears here to be not very regular or
steady: for a given working point, bubbles seem to vary in size and frequency. This might be
related to the wettability of cyclohexane. As a solvent commonly used in the chemical industry
(in the production process of nylon for example [15]), this fluid presents a higher wettability than
water! (i.e. a smaller contact angle §), which was verified on several substrates [38]. Tong et
al. [115] highlighted that — for highly-wetting liquids — the velocity of the liquid-vapor interface
of the vapor nucleus inside the cavity changes in direction and magnitude during the bubble

n the current case, the presence of the glue seal makes the measurement of the contact angle during bubble
growth not possible for the two fluids. As a consequence, the actual effects induced by the higher wettability of
cyclohexane compared to water on the heated surface cannot be assessed here.
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embryo formation. Such a deformation of the interface leads to wide variations of the contact
angle (the contact angle being low, a small distortion of the interface yields a large variation
of the apparent contact angle) to which authors attributed the relatively large variations in the
local wall superheat at boiling incipience reported for such fluids.

As with water, several behaviors in terms of bubble shape were observed. They are described
in the following subsections.

4.2.2.1 Mushroom shaped bubbles

In the lowest range of investigated pressure, the bubble dynamics of cyclohexane boiling — with
these specific liquid level H; and imposed heat flux g,y — is characterized by mushroom shaped
bubbles. For 7.9 kPa < P, < 10.5 kPa (14.3 °C < T, < 20.5 °C, 1.50 < % < 2.00), bubbles are
indeed interacting by pairs. In a similar manner as in water (refer to Section 3.2.2), the depar-
ture of a primary oblate spheroid bubble is rapidly followed by a secondary elongated bubble
which is sucked into the wake of the primary one and of its associated liquid jet. The pair of bub-
bles displays an apparent mushroom shape when the second bubble penetrates into the first one.

The case where P, = 7.9 kPa (T, = 14.3 °C, % = 1.50) — representative of the bubble dynamics
behavior of cyclohexane in this range of pressure — is shown on Fig. 4.10.
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Figure 4.10 — Images of a video recording showing the time evolution of selected bubbles at P, = 7.9 kPa
(T, = 14.3 °C, %’: = 1.50) (cyclohexane, H; = 17.8 cm, @inpur = 2.0 W - cm_2).
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In this range of pressure, as illustrated on Fig. 4.10, the bubble size is varying from one pair to
another: there are alternatively quite large bubbles (about 16 mm in diameter) and relatively
small bubbles (about 8 mm in diameter). As explained in introduction of Section 4.2.2, this may
be related to the wettability of cyclohexane which causes a poor stability of the bubble embryo
leading to variations of both the contact angle and the local wall superheat from one bubble to
another.

It appears here that the direct observation of the recordings does not enable the observer to
conclude about any trends concerning the evolution of the bubble size, growth duration 7gguh,
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waiting time Ty,q; or bubble departure frequency f with the pressure. Bubbles are indeed
numerous on a given video and the fact they vary in size for the same operating conditions
makes the direct comparison of several files difficult. However, in this case, a manual treatment
of the video files was performed® since — as for the mushroom shaped bubbles observed in water
— the contours of individual growing bubbles can be identified with the naked eye. Yet, it should
be noticed that the accuracy of this image processing is here degraded compared to the situation
with water because:

e The bubble frequency is clearly higher: both the growth time 7y, and waiting period
Twait are shorter while the absolute error on these characteristic properties is still the same
(£ 1to2 ms) since the acquisition frequency of the camera is identical (1000 Hz).

e Bubbles are smaller while the imaging area used for the experiments still corresponds to
the full size of the viewports (i.e. 100 mm wide): an error of a few pixels in the localization
of the bubble edges leads to a larger relative error on the volume than for larger bubbles.

This quantitative analysis of the recordings confirmed that the variations of bubble growth time,
waiting period or frequency of detachment with the pressure in this domain of interest (i.e for
7.9 kPa < P, < 10.5 kPa (14.3 °C < T, < 20.5 °C, 1.50 < % < 2.00)) are small:

(i) In average, for all the three pressure levels, the growth duration 7w, is almost constant
and equal to about 20 ms. However, a large standard deviation (approximately 8.5 ms) is
associated with this quantity. This scattering can be explained — in addition to the random
character of the boiling phenomenon — by the alternation of large and small bubbles: as
observed with water (refer to Section 3.3.2.5), the longer the bubble growth, the larger the
bubble volume (maximum or at departure). The probability density functions (PDF) of
the growth time related to each treated recording are then plotted on Fig. 4.11 to confirm
this hypothesis.

- - =P, =79LkPa— % =150 - 54 bubbles
P, =9.2 kPa— % =1.75 — 58 bubbles
- - =P, =105 kPa - £ =2.00 - 61 bubbles
P, € [7.9 kPa, 10.5 kPa] - & € [1.50,2.00] — 173 bubbles
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Figure 4.11 - Probability density function (PDF) of the growth duration 7gown for
79 kPa < P, < 10.5 kPa (143 °C < T, < 20.5 °C, 1.50 < %’ < 2.00) (cyclohexane, H; = 17.8 cm,
Ginput = 2.0 W - cm™2).

For each processed file (i.e. for each of the three considered pressure levels), the PDF
actually displays two peaks: one around Ty, = 14.9 ms and a smaller one at about
Tgrowth = 29.2 ms. Those two peaks can be related to the two series of bubbles: to the

Due to the number of bubbles visible on a video, the time required to process manually such a file is long
(about 9 h of continuous work). Only one recording per operating condition was therefore treated. The large
number of bubbles is however believed to make the extracted data representative of the behavior associated with
the considered operating conditions.
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group of small bubbles and to the group of the larger bubbles respectively'. As the pressure
increases, those peaks are slightly translated to the left meaning that, statistically, the
growth duration of a given bubble (small or larger) is shorter as the pressure augments?.
This is in agreement with previous results obtained with water in Chapter 3.

The waiting time 7,4 which separates two successive bubbles slightly decreases when the
pressure increases: its mean value varies from 6.9 ms at P, = 7.9 kPa (T, = 14.3 °C,
% = 1.50) to 4.9 ms at P, = 10.5 kPa (7}, = 20.3 °C, % = 2.00). Those small measured
waiting times should be read with care since the associated relative uncertainty is then
relatively high. According to the graph displayed on Fig. 4.12 which represents the PDF
of the waiting time for the three pressure levels, in their huge majority, the waiting periods
last between 0 and 10 ms. It happens yet that from time to time a waiting time lasts much
longer (up to 55 ms). These outliers can be related to the random nature of boiling which
is possibly reinforced by the instability of the vapor embryo caused by the high wettability
of cyclohexane on the heated wall. Restricting the analysis to the data included in the
major peak of the waiting time PDF yields a mean value of about 4.7 ms with a standard
deviation of 1.3 ms which seems to be acceptable even though being of the same order of
magnitude as the mean value.

- - -P,=79kPa— £ =150 - 54 bubbles
P, =9.2 kPa — £ = 1.75 — 58 bubbles
- - -P, =105 kPa - £ =2.00 - 61 bubbles
P, € [7.9 kPa, 10.5 kPa] — £ € [1.50,2.00] — 173 bubbles

0.25 7 1 b

20 30 40 50 60
Twait (10_3 S)

Figure 4.12 — Probability density function (PDF) of the waiting period Tu.: for
79 kPa < P, < 10.5 kPa (143 °C < T, < 20.5 °C, 1.50 < %’ < 2.00) (cyclohexane, H; = 17.8 cm,

Ginput = 2.0 W - cm™2).

(iii)

The bubble departure frequency f slightly increases from 36.6 Hz up to 39.8 Hz as the vapor
pressure augments. The number of bubble growths fully recorded on a file? changed indeed
from 54 at P, = 7.9 kPa (T, = 14.3 °C, % = 1.50) to 61 at P, = 10.5 kPa (T, = 20.3 °C,
% = 2.00). Consequently to (i) and (ii) and to the relationship that exists between the
frequency and the growth and waiting times which is recalled as Eq. 4.34:

1
f=——-— (4.34)
Tgrowth + Twait
the increase of the bubble departure frequency with the pressure is more influenced by
the evolution of the waiting period with the pressure rather than by the variation of the

1The fact that the second peak is smaller means that bubbles of small size are more numerous than bubbles
of large size.

2This reduction of the growth time is however so low in the considered range of pressure that it is almost not
visible on averaged values.

3As a reminder of Section 2.1.4.2, all the experiments were recorded with the acquisition frequency of the
camera set to 1000 Hz so that all the videos last the same duration (approximately 1.54 s).

Qétte thése est accessible a l'adresse : hitp://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf
© [S. Michaie], [2018], INSA Lyon, tous droits réservés



CHAPTER 4. Low pressure boiling: the concept of "mock-up fluids" 4.2 Experiments with cyclohexane

growth time.

The image processing of the recordings enabled also the quantitative analysis of the bubbles
volumes.

The PDF of the bubble maximum (and at the detachment) volumes Vi, (and Vieparture) —
plotted on Fig. 4.13 — confirm that for all the three considered pressures, most of the bubbles
are small (with a maximum volume V,,,, lower than 0.7 cm3). Moreover, these plots reveal that
the group of larger bubbles is actually not homogeneous in size even at a given operating vapor
pressure. A PDF associated to a given pressure condition presents indeed several (up to three)
secondary peaks which correspond to the different greater volume values that are reached by a
non negligible number of bubbles.

(@) (b)
- - -P, =79 kPa— % =150 - 54 bubbles - - -P,=79KkPa— £ =150 - 54 bubbles
P, =9.2 kPa— % = 1.75 - 58 bubbles P, =9.2 kPa— % = 1.75 — 58 bubbles
- - =P, =10.5kPa - £ =2.00 - 61 bubbles - - -P,=105kPa - £ =2.00 - 61 bubbles
P, € [7.9 kPa, 10.5 kPa] - & € [1.50,2.00] — 173 bubbles P, € [7.9 kPa, 10.5 kPa] - £ € [1.50,2.00] — 173 bubbles
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Figure 4.13 — Probability density function (PDF) of (a) the bubble maximum volume V., and of
(b) the volume at departure Vieparture for 7.9 kPa < P, < 10.5 kPa (143 °C < T, < 20.5 °C,
1.50 < £ <2.00) (cyclohexane, H; = 17.8 cm, @inpu = 2.0 W - cm™?).

In a similar manner as it was done for water in Chapter 3, dimensional and non dimensional
growth curves can be plotted for each recorded bubble. Hereafter, only the results concerning
the dependence of the non dimensional volume V* on the non dimensional time t* are detailed.

Figure 4.14 — Comparison of usual laws of growth with the experimental measurements associated with the
173 recorded and processed bubbles (cyclohexane, H; = 17.8 cm, @inpus = 2.0 W -cm ™2, 7.9 kPa < P, < 10.5 kPa
(143 °C < T, <203 °C, 1.50 < £ < 2.00)).
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On Fig. 4.14, the experimental measurements associated with the 173 recorded and processed
bubbles are compared with the same usual laws of growth already listed and presented in Sec-
tion 3.3.2.4.

According to this graph, the non dimensional volume V* of cyclohexane bubbles observed under
the considered conditions increases almost linearly before reaching its maximal value at t* =~ 0.65.
At t* > 0.65, the volume decreases down to approximately 70 % of its maximal value at t* = 1.
One can also remark from this plot that the experimental data are relatively noisy. This may
still be explained by the combination of:

e The small size of bubbles which increases the relative uncertainty on the volume evaluation;
e The scattering of the size of the bubbles associated with a given working point.

As none of the usual models fits our experimental points, the same procedure as previously is
implemented to determine new models correlating the measurements. The ratio 11nn((x;'*)) is thus
plotted against the non dimensional time ¢* on Fig. 4.15. As visible on this figure, this ratio

decreases linearly for 0 < t* < 0.65 before increasing significantly for! t* > 0.65.
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Figure 4.15 — Time evolution of the ratio VD) agsociated with the 173 recorded and processed bubbles

In(t*)
(cyclohexane, H; = 17.8 cm, @inpur = 2.0 W-cm™2, 7.9 kPa < P, < 10.5 kPa (14.3 °C < T, < 20.3 °C,
1.50 < % < 2.00)).

A linear fit based on the first part of the time evolution of this ratio then leads to:

In(V*)
In(t*)

= n(t*) = —0.8915t* + 0.6827 for 0<t* <0.65 (4.35)

The growth law can consequently be approached by:

() t*—OA8915t*+OA6827

V=t for 0<t*<0.65 (4.36)
As shown on Fig. 4.16, this model fits quite well the experimental data for 0 < ¢* < 0.65.
However — as expected because of the restricted range of time t* used to determine it — this
model (Eq. 4.36) is unable to follow the decrease of the volume for t* > 0.65. A simple polynomial
fit of the experimental data is therefore also calculated and displayed on Fig. 4.16:

V* = —0.3056t"" — 1.6422t" + 2.6226t* for t* € [0, 1] (4.37)

'In addition, points are more scattered for t* = 1 since both In(V*) and In(t*) tend to 0.
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Figure 4.16 — Comparison of new models of growth with the experimental measurements associated with the
173 recorded and processed bubbles (cyclohexane, H; = 17.8 cm, @inpur = 2.0 W - cm_Q, 7.9 kPa < P, < 10.5 kPa
(143 °C < T, <203 °C, 1.50 < £ < 2.00)).

4.2.2.2 Mushroom and column shaped bubbles

An alternation of pairs of bubbles displaying an apparent mushroom shape and of groups of
several successive bubbles forming vapor columns characterizes the bubble dynamics associ-
ated with the pressure levels belonging to the intermediate range of investigation (i.e. for
11.8 kPa < P, < 15.7 kPa (22.8 °C < T, < 29.3 °C, 2.25 < % < 3.00)).

A representative case of this regime — corresponding to the pressure P, = 11.8 kPa (T, = 22.8 °C,
%’ = 2.25) — is shown on Fig. 4.17.

t=0ms t=5ms t=10ms t=15ms t=20ms t=25ms t=30ms t=35ms t=40ms t=45ms t=50ms t=55m
3.9 mm . . T 7o Z 7. e

e | (4] |

t=60ms t=65ms t=70 m t=75m t=80ms t=85ms t=90ms =95 m t=lQO ms t=105ms t=110 ms t=115ms

] N . v R S Y
5 * P °
é (&3 © il il b - ° D) 4 il
=120 ms t=125 ms t=130 ms t=135 ms t=140 ms t=145 ms t=150 ms t=155 ms t=160 ms t=165 ms t=170 ms t=175 ms
‘ L J

i) LAl LAl Lal el 2 &) la) Lal

|
t=180 ms t=185 ms t=190 ms t=195 ms t=200 ms t=205 ms t=210 ms t=215 ms t=220 ms t=225 ms t=230 ms t=235 ms
N
Lo bl

° .

$ 3 ) -
=240 ms t=245 ms t=250 ms t=255 ms t=2_60 ms t=265 ms =270 ms t=275 ms t=280 ms t=285 ms t=290 ms t=295 ms

. ; : ‘ . § . ‘ ‘f.

t=300 ms t=305ms t=310 ms t=315 ms t=320 ms t=325 ms t=330ms t=335 ms t=340 ms t=345 ms t=350 ms t=355 ms
. . . . DY S "o.“ . % ] 5 . e &9 ] ]

P
i

Figure 4.17 — Images of a video recording showing the time evolution of selected bubbles at P, = 11.8 kPa
(T, =228 °C, %’ = 2.25) (cyclohexane, H; = 17.8 cm, Qinput = 2.0 W - cm_2).
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As visible on Fig. 4.17, the bubbles which form column shaped vapor masses are smaller than
the bubbles which form mushroom shaped vapor masses. The bubble size still seems to decrease
as the pressure is increased: for instance the diameter of the larger bubbles is of about 15 mm
at P, = 11.8 kPa (T, = 22.8 °C, % = 2.25) and of approximately of 10 mm at P, = 15.7 kPa

(T, = 29.3 °C, %’ = 3.00) whereas it was of about 16 mm at P, = 7.9 kPa (7, = 14.3 °C,

£ =1.50) and of about 15.3 mm at P, = 10.5 kPa (T, = 20.3 °C, £ = 2.00). The apparition
of column shaped vapor masses might therefore result from the new size reduction of the smallest
bubbles seen in the lower range of pressure. Such a bubble seems indeed to be so small that
the depression locally induced by its detachment from the wall is too low to cause a liquid jet
and to suck the subsequent bubble into its wake. Meanwhile, the number of bubbles involved in
such columns of vapor seems to increase. Despite it cannot be quantified (since the numerous
contacts between bubbles make the localization of individual growing bubbles edges not possible
even with the naked eye), the bubble departure frequency f probably increases with the vapor
pressure P,.

4.2.2.83 Near-spherical bubbles

No more alternation of larger and smaller bubbles occurs at higher pressure (i.e. for
17.0 kPa < P, < 22.3 kPa (31.1 °C < T, < 37.5 °C, 3.25 < % < 4.25)). In this case,
bubbles are even smaller than previously, near-spherical and separated by a very short waiting
time. As illustrated on Fig. 4.18 for P, = 17.0 kPa (T;, = 31.1 °C, % = 3.25), successive bubbles

are no more interacting despite a high detachment frequency.
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Figure 4.18 — Images of a video recording showing the time evolution of selected bubbles at P, = 17.0 kPa
(T, =31.1 °C, & =3.25) (cyclohexane, H; = 17.8 cm, @input = 2.0 W - cm™?).

4.2.2.4 Summary

Results presented in this section finally highlight some trends concerning the bubble dynamics
of cyclohexane during pool boiling in the regime of isolated bubbles at 'low pressure' (with
H; =17.8 cm and @ipye = 2.0 W - cm_2). As the vapor pressure P, is increased:

e The bubble size decreases: from around 15 mm (i.e. almost 9 times the capillary length
of cyclohexane) to approximately 1.5 mm in diameter.

e The waiting time 7,4+ decreases, yielding an increase of the bubble departure frequency

f.
e The bubble shape changes:
— An apparent mushroom shape caused by the contact between paired bubbles for
7.9 kPa < P, < 10.5 kPa (14.3 °C < T, < 20.5 °C, 1.50 < % < 2.00);

— A mushroom and column shape obtained from the interaction between two or more
successive bubbles in the intermediate range of pressure (11.8 kPa < P, < 15.7 kPa
(22.8°C < T, <29.3°C, 2.25 < £ < 3.00));

— A near-spherical shape without any contact between successive bubbles at higher

pressure (17.0 kPa < P, < 22.3 kPa (31.1 °C < T, < 37.5 °C, 3.25 < %’ < 4.25)).

Interestingly, these observations are relatively close to the ones made in Chapter 3 when studying
water pool boiling at subatmospheric pressures.
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4.2.3 Thermal measurements
4.2.3.1 Wall superheat AT,

As during the test campaign conducted with water in Chapter 3, the imposed heat flux is here
so low [44] that no fluctuation is observed on the time evolution of the wall temperature T'.7).
However — contrary to the case of water — it was here expected to monitor some local variations
of the wall temperature with time because of the alternation of small and larger bubbles which
is possibly induced by the high wettability of cyclohexane (refer to the introductory paragraph
of Section 4.2.2 and to [115] for details). The test sample instrumentation and its associated
acquisition system make actually such an observation not possible: the acquisition frequency
is too low compared to the growth time of a bubble 7gyu. For a given thermocouple, one
measurement is indeed acquired every 3 s whereas the bubble growth duration is of the order of
magnitude of only a few tens milliseconds.

Despite this huge limitation of the instrumentation, the measured values are used and time-
averaged to evaluate the experimental wall superheat AT, to be compared with the models of
critical wall superheat AT ﬁglltl O AT ;Zzltl L AT ;Zi 2 ATquletl ¥ and AT;ZZ 4 calculated using [71],
following the method detailed in Section 3.3.1.2 in the configuration where a subcooling degree

is induced by the static pressure.

First, the critical radius R is calculated (through Eq. 3.9) and compared to the radius of
the artificial nucleation site (which still constitutes the largest cavity on the heated surface,
Tmaz = Teay = 55 pm). According to Fig. 4.19, the critical superheat ATHC}% 4 (Eq. 3.12) seems
not to be adapted to the present situation since the critical radius is never exceeding the radius
of the cavity. However, as this model was not so different from the others for water (refer to
Fig. 3.12), this model is kept in the following comparison.
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Figure 4.19 — Comparison of the critical equilibrium radius R“* and the radius of the artificial nucleation site

T depending on the vapor pressure P, and on the pressure ratio %’:.

The five critical wall superheat models as well as the experimental wall superheat are finally
reported as a function of the vapor pressure P, and of the pressure ratio % on Fig. 4.20.

Contrary to what was observed with water (see Fig. 3.12), the curve corresponding to one of
the five correlations for the critical wall superheat ATCZ% is clearly far from the others and from
experimental values. The concerned model is AT ;)ztl which corresponds in fact to the model
AT 2 corrected by a factor taken equal to the Prandtl number of the liquid Pr;. According

wall

to Kenning and Cooper [64] (cited by Rohsenow et al. [99] when introducing the different usual
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Figure 4.20 — Measured wall superheat AT " vs the vapor pressure P, and the pressure ratio %’ and com-

parison with the theoretical minimal wall superheats required to activate boiling AT " o, AT AT 2

AT:;Zthl ? and AT 4 obtained through Eq. 3.31, Eq. 3.8, Eq. 3.10, Eq. 3.11 and Eq. 3.12 respectively (cyclohex-

wall

ane, H; = 17.8 cm, @inpur = 2.0 W - cm_Q).

models of critical wall superheat), the Prandtl number appears to play a role in the transitional
situation occurring between the two limiting cases defined such as — in the layer of liquid where
the bubble is nucleating:

1. The heat is essentially transferred from the wall to the fluid by single phase convection
(i.e. the conduction process is negligible);

2. Most of the heat is transferred from the wall to the fluid by conduction (i.e. the convection
process is negligible).

The authors justified this by the fact that the heat convection equation contains the product
of the Reynolds Re and of the Prandtl Pr numbers'. According to Fig. 4.20, this corrected
model is not adapted to the boiling of cyclohexane at such low pressures since the corresponding
Prandt]l number is high (decreasing from 14.6 down to 11.7 over the range of investigated working
points?).

No specific conclusion can be made about the four other models: they only present a relatively

1This product defines actually the Péclet number Pe = RePr which quantifies the ratio of the transfer by
convection (advection) to the transfer by conduction (diffusion).

?In agreement with Section 3.3.1.2, these Prandtl number values are calculated for the superheated liquid at
the critical wall temperature and the pressure at the level of the wall (Pr; = Pri(T%%, Pi. 5, = Puan)).
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CHAPTER 4. Low pressure boiling: the concept of "mock-up fluids" 4.2 Experiments with cyclohexane

flat shape which seems to be consistent with the evolution of the experimental measurements
with the pressure, especially for P, > 18.3 kPa (T, > 32.8 °C, % > 3.50).

4.2.3.2 Heat transfer coefficient h

The heat transfer coefficient h at the heated wall is estimated as previously with reference to
sYs

the system wall superheat AT.”) (equal to the sum of the wall superheat AT.7 and of the
local subcooling degree evaluated at the level of the wall ATy wair):

¥
h=—%%
ATS'yS

wall

(4.38)

The related uncertainties are calculated as it was done for Chapter 3 in Appendix B. As the
imposed heat flux @;ppys is lowered compared to the test campaign conducted with water, the
uncertainties are higher here than previously. For instance, the heat transfer coefficient is
calculated within 5.8 % when considering the imposed heat flux value @input (hyy,y,,) and within
60.6 % when considering the heat flux value @meas (he,..,) Obtained through the thermocouples
measurements. As explained in Appendix B for the results given in Chapter 3, the uncertainty
on the heat transfer coefficient hy,, , considering the imposed heat flux value pippyt is low
but — contrary to the heat transfer coefficient h,,,.,, considering the measured heat flux value
Ymeas— this does not take into account the heat losses along the copper block at all. As the
heat transfer coefficient hy,,,,, based on the imposed heat flux @iy is always included in the
uncertainty range of the heat transfer coefficient h,,,,, calculated from the measured heat flux
©meas (Fig. 4.21), one can choose to consider either the first or the latter estimation of the heat
transfer coefficient for further analysis.
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Figure 4.21 — Heat transfer coefficient based of the measured (hg,,,.) and imposed heat flux (he,,..)
for the different investigated vapor pressures P, and pressure ratios % (cyclohexane, H; = 17.8 cm,
Ginput = 2.0 W - cm™?).

According to Fig. 4.21, during this experimental session, the heat transfer coefficient h is rel-
atively low since it ranges from h = 500 to 1200 W-m™2-K~!. The remarks — made in
Section 3.3.1.3 — which question the physical meaning of this quantity according to the current
surface treatment (mirror-polished with a unique artificial cavity) still hold true with cyclohex-
ane. One can however notice that the heat transfer coefficient is almost divided by 2 between the
tests conducted with water and those carried out with cyclohexane while the same experimental
apparatus — in particular the same heater and thus the same heated surface — was used. This
can be explained by the combination of three facts:

e The imposed heat flux @i,pus is slightly lowered from 2.7 W - cm ™2 in water down to
2.0 W - cm™? in cyclohexane;
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4.3 Comparison of the two fluids CHAPTER 4. Low pressure boiling: the concept of "mock-up fluids"

e The bubbles of cyclohexane are in average much smaller than the bubbles of water while
the latent heat of vaporization Ahy, of cyclohexane is about five times lower than the one
of water: as a consequence, despite of a higher bubble departure frequency, the amount of
heat transferred by phase change may be lower in cyclohexane than in water;

e As most of the heat seems to be transferred by single phase convection (rather than by
phase change), the liquid thermal conductivity A; may also play a role in the heat transfer
coefficient difference that exists between the two fluids: this property is indeed about six
times larger in water than in cyclohexane.

4.3 Comparison of the two fluids

4.3.1 Similarities and differences in terms of bubble dynamics

According to Chapter 3 and Section 4.2, the two test sessions conducted with water and cyclo-

hexane during this work — with close liquid levels: Hj| =17.3 cm = H| =178 cm
water cyclohexane

and imposed heat flux values @ippys determined following an identical procedure (refer to Sec-

tion 4.1.3) — exhibit similarities in terms of bubble dynamics.
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Figure 4.22 - Schematic comparison of the bubble dynamics observed in water and cyclohexane.

As schematically summarized on Fig. 4.22, three of the four behaviors identified in water are
indeed also observed in cyclohexane:

e Mushroom shaped bubbles;

e Mushroom and column shaped bubbles;
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CHAPTER 4. Low pressure boiling: the concept of "mock-up fluids" 4.3 Comparison of the two fluids

e Near-spherical bubbles.

The fact that oblate spheroid shaped bubbles are not observed in cyclohexane may be related to
the high wettability of this fluid on the heated surface. As illustrated in Table 4.3, in a "highly-
wetting" fluid, the liquid always tends to re-wet the heated wall. The triple line is therefore
still pushed towards the cavity by the liquid so that its motion on the surface during a bubble
growth is small (7.e. the triple line tends to remain attached at the mouth of the cavity or close
to it). This effect does not promote the formation of oblate spheroid shaped bubbles. On the
contrary, in a "poorly-wetting" fluid, the wetting power of the liquid is small: as a bubble is
growing, the triple line can move significantly away from the cavity’s mouth, which may foster
the apparition of bubbles of such a shape.

Table 4.3 — Schematic illustration of the possible effect of the wettability of the fluid on the bubble shape.

"Poorly-wetting" fluid "Highly-wetting" fluid

t+e — — - - - -

Although there exist conditions for which water and cyclohexane present a same regime of paired
"mushroom shaped" bubbles, some differences in the realization of this particular pattern can
be highlighted between the two fluids:

e An alternation of small and larger bubbles is visible in cyclohexane but not in water.
This may be explained by the difference of wettability that exists between these two fluids
(Section 4.2.2 and Tong et al. [115]).

e In average, bubbles are larger' and both the waiting and the growth times last longer? in
water than in cyclohexane. These facts can be explained by, at once:

— A lower liquid-vapor density ratio % in cyclohexane than in water (this was actually
one of the criteria of selection of cyclohexane in Section 4.1.2.3);

— A higher contact angle (i.e. a lower wettability) in water than in cyclohexane: this
is indeed known [61, 83,84, 101] to slow the departure of bubbles from the surface
(leading to larger sizes and longer growth periods) since it increases the downward
surface tension force along the triple line.

e As shown on Fig. 4.23 where the experimental data points as well as the fits calculated for
water® and cyclohexane — in Sections 3.3.2.4 and 4.2.2.1 respectively — are plotted, non

IRestricted to the measurements associated with bubbles displaying an apparent mushroom shape, the aver-
aged maximum volume Vi,q, (averaged volume at departure Vieperture respectively) is indeed of about 2.95 cm®
(2.82 cm?) in water and approximately of 0.59 cm® (0.43 cm®) in cyclohexane.

2 Averaged growth duration Tyows, is indeed equal to about 35.9 ms in water and to 20.0 ms in cyclohexane
while the mean waiting time Tyq: is of 14.7 ms in water and of 4.7 ms in cyclohexane.

31n fact, the models obtained for water were based on both the data associated with the oblate spheroid shaped
bubbles and the mushroom shaped bubbles. As no significant difference was noticed between the experimental
curves corresponding to these two behaviors, the data and models plotted on Fig. 4.23 are not restricted only to
the mushroom shaped bubbles.
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dimensional curves differ depending on the considered fluid. In particular:

— The maximum volume (V* = 1) is reached at t* ~ 0.8 in water whereas it is reached
at t* = 0.65 in cyclohexane;

— The non dimensional departure volume (at t* = 1) is lower in cyclohexane than in

. * ~ * ~
water: Vdeparture|cyclghegmne ~0.70 < Vdeparture|water ~ 0.90.
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Figure 4.23 — Non dimensional growth measurements and models between water and cyclohexane.

The fact that — for experiments yielding mushroom shaped bubbles — the boiling environ-
ment where bubbles are formed and grow is more subcooled in cyclohexane than in water
(refer to Fig. 4.24) may explain the more pronounced recondensation of bubbles (before
their detachment from the heated surface) in the first fluid than in the latter. This higher
subcooling degree combined to the higher wettability of cyclohexane might also contribute
to the lower time t* at which the maximum volume is reached. While the top of a growing
bubble encounters a more subcooled liquid which fosters its recondensation, the vaporiza-
tion may indeed be lowered at its base because of the small contact area of the bubble with
the heated wall (i.e. since the microlayer is small because of the limited motion permitted
to the triple line on the surface).

— — — Position of the heated surface
—a— Water — P, =20.0 kPa (T, = 60 °C)

4 —o— Cyclohexane — P, = 7.9 kPa (T, = 14.3 °C, %’ =1.50) |]
—v— Cyclohexane — P, =9.2 kPa (T, = 17.5 °C, & =1.75)
—#— Cyclohexane — P, = 10.5 kPa (T}, = 20.3 °C, %’ =2.00)

Figure 4.24 — Comparison between the local subcooling degrees ATy,,(Z) in water and cyclohexane for the
experiments leading to mushroom shaped bubbles.
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CHAPTER 4. Low pressure boiling: the concept of "mock-up fluids" 4.3 Comparison of the two fluids

Using the experimental data collected by Cole and Shulman [27], Van Stralen et al.
[119] and Han and Griffith [52] for water, n-pentane and methanol at different subat-
mospheric and atmospheric pressures, Kim et al. [67] showed that a well-chosen non-
dimensionalization of the instantaneous bubble radius and growth time may lead to a kind
of universal law of growth (i.e. independent on the bubble dynamics behavior, the working
fluid and pressure level'). The non-dimensional characteristic radius and time the authors
used were then based on a classical bubble growth model proposed by Mikic et al. [80] and
on relationships involving several fluid thermophysical properties and the derived dimen-
sionless Jacob number Ja. However, the implementation of this non-dimensionalization on
our experimental data? related to water and cyclohexane proved to be unsuccessful.

Although similar bubble dynamics regimes were observed in water and cyclohexane, it is however
clear from Fig. 4.22 that neither the vapor pressure P, (varying from 4.2 kPa to 101.4 kPa in
water and from 7.9 kPa to 22.3 kPa in cyclohexane) nor the pressure ratio % (varying from 6.94
to 165.81 in water and from 1.50 to 4.25 in cyclohexane) is the governing parameter for this.
An attempt to identify such driving parameters is thus presented in the following subsection
(Section 4.3.2).

4.3.2 Research of driving parameters for "low pressure boiling"

4.3.2.1 Local subcooling degree ATy

A subcooling degree induced by the weight of the liquid column is a major characteristic of boiling
at "low pressure". It was demonstrated in Section 4.1.3 that it is possible to find "corresponding
saturation states" so that a same subcooling degree can be set in water and cyclohexane, it may
be interesting to observe if transitions between the different bubbles dynamics behaviors occur
at such corresponding points of the related saturation curves. As a reminder, those associated
points are defined such as the function ¢ (Eq. 4.27) is equal to the unity (Eq. 4.28) for an
identical liquid height® in the two fluids (Eq. 4.29).
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Figure 4.25 — Comparison of the transition points between bubble dynamics regimes and the associated "cor-
responding saturation states" in terms of local subcooling degree according to Eq. 4.28.

Saturation curves of water and cyclohexane are thus plotted on Fig. 4.25. On these curves,
points experimentally tested are reported with markers while the visual distinction between the

1But also independent on the heated surface characteristics and liquid height since — with reference to Table 1.3
— those parameters were either different or unknown (and then supposed different) in the works of Cole and
Shulman [27] and of Van Stralen et al. [119].

2For that, the equivalent radius of each bubble was derived from the instantaneous bubble volume.

3In the present case, the liquid heights in water and cyclohexane are not strictly equal but their difference is
believed to be sufficiently small to have only a negligible influence on this analysis.
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4.3 Comparison of the two fluids CHAPTER 4. Low pressure boiling: the concept of "mock-up fluids"

different bubble dynamics regimes is made possible with a color code. The three double-arrows
also visible on this graph connect the saturation state points of transition between two successive
bubble dynamics patterns in water and their associated points in cyclohexane according to
Eq. 4.28. Although the subcooling degree clearly has to be taken into account at low pressure,
this parameter alone does not appear to be sufficient to explain the apparition of similar boiling
behaviors in the two fluids since the transition points in water do not correspond — through this
criterion — to the transition points in cyclohexane.

4.83.2.2 Jacob number Ja

As mentioned in Section 1.1.3.1, the Jacob number Ja is a dimensionless number commonly
used in phase change heat transfer as it characterizes the ratio of the sensible heat to the latent
heat. The interest of this number seems here to be even reinforced by the large values it can
reach at low pressure because of the high wall superheats and low vapor densities encountered.
The Jacob number is hereafter calculated for water and cyclohexane according to Eq. 4.39:

Prep AT
Jo = ———44 4.39
¢ vahlv ( )

so that the temperature difference considered is equal to:

AT = Toatr = 10, butks = AT sub, wair + AT 0y (4.40)
and the properties related to the liquid are evaluated at (P,, T, = T}, puir) and these associated
to the vapor and to the interface at (Psu(T5r)), T2). The subcooling degree but also the effect

wall wall

of the non negligible variation of the density ratio ,% along the saturation curve (see Fig. 4.2)

are thus taken into account.

Results are reported on Fig. 4.26 as a function of the pressure ratio % (in logarithmic scale
for a better visualization of the data related to cyclohexane which cover only a narrow range of
pressure ratio). On this graph, the same color code as previously is used to demarcate the four
identified bubble dynamics regimes.
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Figure 4.26 — Jacob number Ja as a function of the pressure ratio %’: depending on the considered fluid and
on the bubble dynamics behavior.

According to Fig. 4.26, a map depending on bubble dynamics pattern might be drawn according
to the Jacob number. A first mapping is here attempted though more experimental data —
obtained with other fluids and/or with other liquid heights (this would make vary the Jacob
number even for a given fluid and a given operating pressure P,) — are required to confirm or
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refute such an approach. The four regimes (oblate spheroid shaped bubbles, mushroom shaped
bubbles, mushroom and column shaped bubbles and near-spherical bubbles) could then be
associated to four domains (delimited by dashed-lines on Fig. 4.26): the higher the Jacob number
Ja, the more the bubble dynamics behavior deviates from the behavior usually encountered at
normal or higher pressures. In addition to the lack of data to conclude about the validity of
such trends, the fact that the dashed-lines plotted on the graph are not horizontal tends to show
that the Jacob number cannot be the unique governing parameter of the "low pressure' boiling
behaviors.

4.3.2.3 Robinson and Judd criterion Ip

At "low pressure", the bubble dynamics deviates strongly from the behavior usually seen at
normal or higher pressures. In agreement with Carey [13] (see Section 1.1.3.1), Giraud [44]
suggested that viscous effects and thus liquid inertia (i.e. dynamic forces) come into play in
addition to the influence of the surface tension and buoyancy forces.

As mentioned in Section 1.1.3.1, by simulating growth of spherical bubbles in uniformly su-
perheated infinite pools of liquid for a wide range of Jacob numbers, Robinson and Judd [98]
developed a criterion to determine if a bubble expansion is mainly controlled by inertia or

diffusion: A perit
o CT?

In=—=)|—=|—5 4.41

r (27) <plal2> Ja? (4.41)

According to the authors, the bubble growth is governed by inertia if /g <« 1 whereas it is
controlled by diffusion if Iz > 1.

Values of Ir reported on Fig. 4.27 are calculated through Eq. 4.41 for each experimental point
with R taken equal — in first approximation — to the radius of the artificial cavity radius:
R = 7,4, = 55 pm.
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Figure 4.27 — Robinson and Judd criterion I as a function of the pressure ratio %’: depending on the considered
fluid and on the bubble dynamics behavior.

This graph appears actually as another way to present the dependence of water and cyclohexane
regimes on the Jacob number since, for a given fluid, the involved properties (o, p; and «;) do
not vary significantly on the considered part of the saturation curve: I is then approximately
equal to the product of a constant (of the fluid) and of the inverse of the squared Jacob number.
This figure provides however an additional piece of information concerning the governing process
of the growth depending on the pattern:

e Near-spherical bubbles seems clearly to be controlled by heat transfer diffusion (I > 1);
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e Inertia tends to govern mostly the growth of oblate spheroid shaped bubbles (Ir < 1);

e Inertia and diffusion may play equivalent roles during the growth of mushroom shaped
and of mushroom and column shaped bubbles since the Ir values related to those bubbles
are of the order of magnitude of the unity.

These observations tend finally to confirm the idea according to which the influence on the bub-
ble growth of inertia becomes non negligible under low pressure conditions.

As curves present an exponential-like shape on Fig. 4.27, I as a function of the pressure ratio
is re-plotted on Fig. 4.28 in a log-log plot.
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Figure 4.28 — Robinson and Judd criterion g as a function of the pressure ratio %’

fluid and on the bubble dynamics behavior in a log-log scale.

depending on the considered

As inferred from Fig. 4.27, in logarithmic scale, curves become linear meaning that Iz and the
pressure ratio % are linked according to a law of the form:

PA\"
Ir=C|—= 4.42
" (R) (142)
Interestingly, the two curves are almost parallel so that the fits for water and cyclohexane yield
relatively close values of the exponent n: n]wa 1o — 1.525 and n’cyclohmne = 1.869. Those results

must however be considered with all the possible care since they are based on tests carried out
with only two fluids (and more precisely with only one liquid height H; per fluid for only two
fluids).

Despite this approach may, to a certain extent, lack of reliability due to the limited amount of
available data, it could give another indication concerning the absence of the regime of the oblate
spheroid shaped bubbles in cyclohexane during this experimental work. In Section 4.3.1, one
hypothesis related to the high wettability of cyclohexane was developed. Another assumption
can be made from Fig. 4.28: this regime may not exist at all for this fluid under the tested
conditions of liquid level and imposed heat flux. The data obtained for cyclohexane correspond
indeed already to vapor pressures close to the triple point pressure which is the lower physical
limit for the study of any boiling or vaporization phenomenon. The pressure range where the
regime of oblate spheroid shaped bubbles could exist is therefore very narrow. In addition, the
intercept! of the linear fit for cyclohexane plotted on Fig. 4.28 is close but slightly higher than
the unity. According to the possible correspondence between the pattern of oblate spheroid

1 This should correspond to the value of the Ir criterion at the triple point pressure.
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shaped bubbles and the Robinson and Judd criterion highlighted above®, this would mean that
inertia cannot be the predominant force governing the growth of vapor bubbles in cyclohexane
(i.e. that — within the settled liquid height and imposed heat flux — cyclohexane bubbles cannot
take an oblate spheroid shape).

4.3.2.4 Concluding remarks

Collecting numerous additional experimental data is required to strengthen the analysis initiated
in this section: other liquid levels and other fluids should be tested. However, some parameters
seem to be unavoidable according to this first attempt to understand what is "low pressure'
boiling from a general point of view. Among them, one can cite:

e The fluid wettability on the heated surface and its unknown dependence on the operating
conditions among which the imposed pressure;

e The local subcooling degree induced by the weight of the liquid column;
e The Jacob number, which can also be a way to non-dimensionalize the subcooling degree;

e The inertia whose influence was highlighted here through the Robinson and Judd criterion
Ip.

Asinertia and dynamic forces appears to play a major role in the bubble growth at "low pressure",
one can expect that both the fluid viscosity © and the bubble velocity U (at its center of gravity
or at its liquid-vapor interface) should also be taken into account in further studies.

Conducting experiments at "low pressure" with another fluid than water (under "well-defined"
operating conditions) appeared as a promising track to get a better understanding of the "low
pressure” pool boiling phenomenon. In this chapter, giving a more general definition of what
s "low pressure” in boiling than "boiling at subatmospheric pressure in water" was therefore
attempted. Several ideas were cited:

e Boiling close to the triple point pressure: Pyq = Py, + pigH; =~ P;;

e Boiling under conditions such as the liquid height induces a non negligible local sub-
cooling degree ATgyp;

e Boiling at such low pressures that the bubble shape deviates from the usual shape (small
size and near-spherical shape) encountered at normal or higher pressures.

Considering simultaneously thermophysical properties of fluids and the limits of the experi-
mental facility, cyclohexane was selected to be tested and compared with water and a design
of experiments was determined.

Ezperiments were afterwards carried out with cyclohexane. Interestingly, three of the four
bubble dynamics behaviors already identified in water (Chapter 3) were observed:

e Mushroom shaped bubbles;
e Mushroom and column shaped bubbles;
e Near-spherical bubbles.

Differences were quantified between the two fluids for the regime of mushroom shaped bubbles
owing to the image processing tool.

Finally, a comparison of water and cyclohexane was conducted so that some driving param-
eters of boiling at "low pressure” could be identified. It appears from this analysis that:

Bubbles of such a shape seem to be mostly controlled by inertia: Iz < 1
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o The local subcooling degree must definitely be taken into account, but it is alone not a
sufficient governing parameter.

e The Jacob number seems to present some interest.

e The Robinson and Judd criterion demonstrates that inertia becomes non negligible at
low pressure and may then be responsible for the deviation of bubble dynamics from
higher pressures.

o The wettability of the fluid/wall pair also seems to have a non negligible influence.

In the future, such an analysis certainly deserves to be continued. It however requires to
collect a larger amount of experimental results. Various liquid levels and fluids should thus
be tested at "low pressure’. In addition, some parameters — not quantified during this work
— should be estimated since they appear as to be considered. This is the case of, for instance:

o The bubble velocity and the bubble interface velocity;

o The contact angle of the bubble on the heated surface depending on the fluid, vapor
pressure, liquid height and imposed heat flux;

The study of the fluid viscosity may also be of interest. At low pressure, bubbles are indeed
likely to emerge from the thermal boundary layer since they reach large dimensions. As
a consequence, such a bubble faces a large temperature difference between its base and its
top. The encountered liquid viscosity could then be moticeably lower in the region of the
bubble foot (higher temperature) than close to the bubble’s top (lower temperature), because
the viscosity varies relatively strongly with temperature in the vicinity of the triple point
temperature. In link with the liquid inertia, this liquid viscosity variation along the bubble
interface may finally result in specific bubble shape. As for a first approach, only the effect
of the normal component of the fluid viscosity could be studied.
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Chapter

An improved setup to study low pressure
boiling

of pool boiling at low pressure.

system in boiling studies from a fundamental point of view is discussed in Section 5.3.

Previous results presented in Chapter 8 and Chapter 4 were mainly focused on the bubble
dynamics at low pressure. In this chapter, some improvements are suggested, implemented
and tested on the experimental facility in order to correlate the bubble dynamics with the
heat transfer observed just under the bubble foot. This should help obtain a better knowledge

Section 5.1 deals with the changes made on the experimental facility, then Section 5.2 shows
which issues were faced while testing the modified test bench as well as some promising
preliminary results. Finally, the interest of this kind of instrumentation and acquisition

5.1 Modifications of the test bench

5.1.1 Motivations

Despite the large number of experiments conducted and despite interesting results were obtained
with the setup detailed in Chapter 2, several drawbacks were identified. They are listed and

described below.

A poorly known boiling environment: Asdemonstrated by Giraud et al. [46] and explained

in Section 1.2.3, the boiling environment at low pressure is highly non-homogeneous. De-
pending on the distance z to the free surface, a non constant profile of local pressure
P(z), saturation temperature T, (2z) and subcooling AT,;(z) settles up because of the
importance of the weight of the liquid (in comparison to the vapor pressure P,).

Presently, saturated conditions are assumed to be predominant in the vessel so that the
temperature of the liquid far away from the bubbles Tj . is supposed homogeneous and
equal to the temperature at the free surface T, (z = 0) and also to the saturation tem-
perature of the vapor pressure (77 pu = Tsat(2 = 0) = Tsat(Py) = Ty). Experimentally
this assumption on the bulk liquid temperature 7} 4, cannot be validated as the temper-
ature of the liquid is measured for only one value of z. This lack had to be remedied by
measuring the temperature of the bulk liquid for several heights in the improved version
of the test bench.

A difficult tightness of the heater: The air-tightness is not very easy to realize with the

sample described in Chapter 2 (Fig. 2.3). Adding a glue seal at the junction between the
heated surface and the insulant is indeed necessary for that (inducing accordingly other
problems especially for the visualization). Most of the time, a small heat flux input is
also kept between experiments, during the night between two successive days of tests for
example. This is done to maintain the copper expanded enough to ensure a high level
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of tightness. The tightness being a critical problem for the study of pool boiling at low
pressure, the design of the heater needed to be improved in this regard.

Thermal measurements inside the sample not always reliable: Several points can make
the temperature measurements in the heater not fully reliable or accurate.

e Some thermocouples can be broken during the mounting procedure of the test sample
to the stainless steel flange. This failure can occur even if the assembly is done with
all the possible care: this issue is linked to the design of the sample itself.

e The thermal contact between the tip of the thermocouples and the copper block is
ensured by a conductive silver lacquer deposit whose application is actually delicate.
A good thermal contact can then be difficult to obtain.

e The estimations of the wall temperature 7,7, and of the heat flux @meqs are actually

only overall measurements of those parameters. They are indeed based on only two
(even sometimes one) row(s) of four thermocouples (Section 2.1.4). In addition,
holes in the copper block cannot be made deep enough to enable the insertion of
the thermocouples just below the centered artificial nucleation site: the diameter of
these holes being not larger than 1 mm, their depth cannot be made greater than
10 mm with conventional mechanical fabrication. As a consequence, the local effect
of a growing bubble — depending on the position of the bubble on the heated surface
— on the wall temperature and heat flux is difficult to observe and to quantify. This
is particularly pronounced for small and centered bubbles since the thermocouples
are then relatively far from the location where the nucleation and growth of bubbles
take place.

e Compared to the bubble duration 7y, the acquisition frequency is low: for a given
sensor, a measurement is collected every 3 s whereas the order of magnitude for a
bubble growth duration at low pressure is of 100 ms maximum. It can be therefore
difficult to catch the effect of the growth of a bubble on the heat transfer at the wall.

e Acquisition from the different thermocouples are made successively with a delay of
about 110 ms between each which corresponds to the order of magnitude of the
bubble growth duration. To minimize the error made while calculating the wall
temperature or the measured heat flux, linear time-interpolations between successive
measurements from the same sensor are made. The calculation of 7.7, and Ppeqs is
then computed using values of temperatures taken at the same instant. It would be

better to have directly synchronous measurements from the different thermocouples.

All those reasons made necessary a deep modification of the test sample and of its instru-
mentation concerning the heat transfer monitoring.

No direct correlation between visualization and thermal measurements: The acquisi-
tion system used with the facility presented in Chapter 2 does not enable the synchroniza-
tion between the high-speed camera and the thermal measurements. In fact, these two
distinct aspects of the instrumentation are parts of two acquisition lines without any con-
nection. Moreover, the ranges of acquisition frequencies possible for the visualization and
for the thermal analysis are not compatible.

These four observations constituted strong motivations for a massive overhaul of the experimen-

tal facility.

5.1.2 Overall view of the improved setup

As shown on Fig. 5.1, the improved version of the setup keeps the same structure as the original
one by including the same vessel, high-speed camera and lighting device. Changes concern only
three elements:

1. A new thermal probe was added to measure the liquid temperature in different locations;
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2. A new test sample was designed to enhance the tightness and to receive a new sensor for
the thermal measurements;

3. A new acquisition system was designed and implemented in order to fit the use of the new
sensors and to enable the synchronization of those acquisitions with the video recordings.

New thermal probe: K-type thermocouple multipoints probe Pressure transducers
K-type thermocouples

v

Vapor
Liquid level indicator

~a

Heat exchanger

d
Viewport

\ Liquid
- ;eated surface
High-speed camera E é

New test sample

LED lighting

——— Electrical power

Figure 5.1 — Improved experimental apparatus.

5.1.3 A new thermal probe

In order to know the environment where bubbles are created and grow better, the bulk liquid
temperature has to be measured for several heights. A new thermal sensor which consists of
a 500 mm-long and 6 mm-diameter vertical multipoints probe along which the temperature is
measured with ten distinct K-type thermocouples was hence added to the boiling pool.

The arrangement of the ten thermocouples (labeled from T} to Ty, starting from the probe’s tip)
is customized by the manufacturer (PROSENSOR) according to the diagram given in Fig. 5.2b
so that they occupy the last 15 cm of the probe. The probe is settled to the chamber so as
its tip (i.e. thermocouple T7) is located at the same level as the heated surface. As the two
other K-type thermocouples Ty, and Tj;, aimed at being placed in the vapor and liquid phase
respectively are not removed when adding the multipoints probe, twelve thermocouples are fi-
nally used to measure the working fluid temperature distribution. One is always located in the
vapor phase (T,qp), while the others can be either in the liquid or in the vapor phase depending
on the liquid height H; over the heated surface. The positions (with their uncertainties) of all
the twelve thermocouples in terms of distance to the heated wall (along the Z-axis!) are given
in Table 5.1.

Horizontally, this probe is (as well as the two other thermocouples by the way) placed far
enough from both the boiling area and the vessel’s wall so that it can measure the bulk fluid
temperature without being too much influenced by the presence of bubbles nor by the cold wall
whose temperature depends on the circulation of the cooling fluid inside the vessel jacket.

' As a reminder: the Z-axis is oriented upward with reference (Z = 0) taken at the heated surface level.
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Figure 5.2 — New thermal probe: (a) Photograph; (b) Schematic diagram.

Table 5.1 — Positions of thermocouples in the fluid in terms of distance to the heated wall Z.

Thermocouple | Z (cm)
Ty 0.0+0.1
Ts 1.0£0.1
T3 2.0£0.1
Ty 3.0+0.1
Ts 40+0.1
Ts 5.0+0.1
T 7.5+0.1
Ts 10.0+0.1
To 125401
Tio 150401
Triq 113402
Toap 32.4+0.2

5.1.4 A new sample equipped with a new sensor

A new sample was designed in order to reach a higher air-tightness. This new test heater was
afterwards equipped with an original sensor to improve the thermal measurements’ quality. The
heater’s geometry is detailed in Section 5.1.4.1, followed by the description of the new sensor
in Section 5.1.4.2. Consequences of the use of this new sample on the whole facility are finally
exposed in Section 5.1.4.3.

5.1.4.1 Geometry of the new test heater

As it can be seen on Fig. 5.3 and similar to the previous sample, the main part of the new test
heater is a copper cylinder. Two cartridge heaters (450 W maximum power) are inserted at the
bottom of this cylinder to impose the heat flux to the block whereas a thin fin is machined at
its top to limit peripheral boiling and to promote nucleation of bubbles on the surface. The
dimensions and geometry of the copper block are different than in the previous sample. The
copper cylinder is now indeed 50 mm in diameter and 80 mm high while the fin is larger (78 mm
diameter instead of 50 mm). The size of the fin is increased in order to extend the surface
on which boiling takes place with the aim of solving two problems observed with the previous
sample:
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CHAPTER 5. An improved setup to study low pressure boiling 5.1 Modifications of the test bench

e Some bubbles are so large that their feet are almost in contact with the boundary of the
heated wall.

e The contact between the fin and the insulation part of the sample is not good enough to
get a sufficient tightness.

However, enlarging the fin requires to increase its thickness to resist to mechanical stresses dur-
ing machining but also when the sample is assembled. This may intensify heat losses through
the fin and subsequently engender more undesired peripheral boiling. To prevent this unwanted
effect, the fin is manufactured with a variable thickness (between 2.45 mm and 4 mm) within
the limits of mechanical resistance as shown on Fig. 5.3).

39 mm

35 mm
29 mm

2.45 mm
1.55 mm
76 mm

25 mm

Copper block —

Cartridge heater —

PEEK ——>

Clamping screw —

O-ring —
PEEK flange —

Flat seal—
Stainless steel flange

Figure 5.3 — Schematic diagram of the new test sample.

Insulation of the copper block is provided by a PEEK part and the copper/PEEK block is
associated with a PEEK flange through a clamping screw to make the test heater tight. The
obtained set is afterwards linked to a stainless steel flange to make the connection with the vessel
possible. Seals between its different parts ensure a high tightness to the heater.

5.1.4.2 The new sensor

As bubbles show specific shapes and large size at low pressure, the bubble foot diameter is
constantly varying. The local heat transfer at the wall is therefore an essential parameter to
study to be able to make the link between thermal conditions, bubble dynamics and forces
acting on a growing bubble under such pressure conditions. Based on the concept of the heat
flux sensor used by Barthes [7], the new test sample was equipped with a thin customized heat
flux transducer.

5.1.4.2.1 Principle of a heat flux sensor

The aim of using a heat flux sensor is to measure the local heat flux on a surface. In this
study, the surface of interest is the heated wall on which boiling occurs and the considered heat
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flux sensor uses the tangential gradient method of measurement. This method, used from few
decades now [113,114], is based on the Fourier’s conduction law according to which the heat flux
is proportional to both the thermal conductivity and the temperature gradient. In such a heat
flux transducer (also called "Théry-type heat flux sensor"), series of multiple junctions between
metals having different thermoelectric powers (usually copper and constantan) are deposited on
a thin insulant layer (generally made of Kapton). An asymmetry of the deposits of the two
metals (illustrated on Fig. 5.4) then induces a distortion of heat flux streamlines, which engen-
ders a tangential gradient of temperature. The presence of this temperature gradient induces
afterwards a electromotive force between each terminal of each junction which is proportional to
the heat flux crossing the sensor. Measuring this electromotive force and knowing the transducer
sensitivity finally enable the measurement of the local heat flux crossing the sensor.

Kapton

THITEEITETIIIINNER AL FEIETEITIISIRIIIIITIIES

Kapton

Legend:

Cu: copper

Cn: constantan

A: asymmetry due to the presence of an engraved borehole in the coppered constantan

Figure 5.4 — Cross-sectional view of a Théry-type heat flux sensor (adapted from [114]).

Details of the principle of working of that type of heat flux sensors are available — for instance
—in [113,114] and [127]. Yala-Aithammouda [127] focuses in particular on the design of the
sensors sold by the company CAPTEC which produced the sensor used in this work.

5.1.4.2.2 Design of the heat flux sensor used as the heated surface

The customized heat flux sensor is aimed at being glued on the top of the heater and at being
used as the heated wall. As a consequence, this sensor is circular and has the same size as the
fin of the copper block (i.e. of 78 mm in diameter). In order to estimate the local heat flux
under a (supposed) centered bubble and to follow the evolution of this variable as the bubble
is growing (i.e. as the bubble foot is moving on the wall), the heat flux sensor is discretized
into several concentrical zones of measurement. Seven areas of measurement — each one being
matched to an independent heat flux sensor — are thus created inside the transducer according to
the diagram shown on Fig. 5.5a. As clearly visible on Fig. 5.5b, a portion of the sensor’s border
is occupied by a ribbon cable containing two pins per measurement zone. Wires are soldered
on those pins to take the signals out of the sensor. Fourteen wires (yellow and blue) are then
associated with the seven measured heat fluxes. In addition, another pair of wires is used to
measure the temperature difference AT which exists between the connection ribbon cable and
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the center of the sensor. The temperature T,, on the connection cable being measured with
a T-type thermocouple, the temperature Teenzer at the center of the heated wall is evaluated
according to Eq. 5.1:

Tcenter - Tco + AT (51)

Acrylic varnish layer
- Insulation: PEEK part

TCO

Figure 5.5 — (a) Diagram of the heat flux sensor; (b) Picture of the heat flux sensor glued on the test sample.

In addition to the customization in terms of number of zones and temperature measurement,
the sensor is adapted to its peculiar conditions of use:

A heated surface structure: To be used as a heated wall, the sensor’s top surface had to
be prepared similarly as the heated surface of the previous experimental setup (limited
roughness, creation of an artificial and centered nucleation site). For that, it had to be
thick enough to allow — without any deterioration of the measuring parts — a mechanical
polishing of its top surface as well as a mechanical indentation (of about 100 pm deep) at
its center. This is why the copper coating usually put on the top surface of such a sensor
by CAPTEC (about 0.1 mm thick) was here replaced by a copper foil of 0.3 mm. The
thickness of the transducer is finally of 0.5 mm.

A liquid medium: Most of the time, heat flux transducers are used between two solid parts
or between a solid part and the air. In the case of this work, it is used between a solid
part and a liquid (and vapor) environment. To avoid any degradation of the sensor due to
penetration of liquid inside it, its gluing on the copper block was provided by CAPTEC
before the manufacturer added an additional layer of an acrylic clearcoat on the side
surface of the fin. The same varnish was used on the ribbon connection cable in order to
(electrically) insulate the wires welds from the working fluid but also to prevent any air
from penetrating into the vessel through the small space that exists between the wires and
their PTFE-sheaths.

A subatmospheric pressure environment: The sensor has to be used at low pressure. Un-
der this condition, the air usually present inside such a sensor can induce deformations of
the heated surface. To prevent this phenomenon, the transducer was filled with an epoxy
resin.

5.1.4.2.83 Sensitivities of the sensor, temperature and heat fluzes determination

The sensor was calibrated properly by CAPTEC after having been glued on the copper block
(the copper part shape and the glue layer have indeed an influence on the measurements that
can be made with the sensor). Sensitivities of heat fluxes measurements are given for each zone
in Table 5.2.
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Table 5.2 — Sensitivities of the heat flux transducer depending on the zone.

Sensor | Sensitivity s (nV - (W - m_2)_1)
Zone # 1 0.50
Zone # 2 1.86
Zone # 3 3.37
Zone # 4 6.10
Zone # 5 7.70
Zone # 6 9.06
Zone # 7 7.95

Based on those sensitivities values, heat fluxes are calculated as follows:

For a given zone: The heat flux of the n” zone HF,, is obtained by dividing the corresponding
voltage output u, by the associated sensitivity s,:

HF, =" (5.2)

Sn

For an association of zones: The heat flux ¢;; associated with the set of zones # j to #k is
simply the average of the individual heat fluxes weighted by the areas A, of the concerned
zones:

. Yor_; HF, Ay
.
’ s An

The overall heat flux ;eqs can subsequently be estimated by taking into account all the
seven zones in Eq. 5.3.

where j and k € [1,7] with j <k (5.3)

Regarding the sensitivity of the temperature difference AT between the connection zone and
the center of the heated wall, it is estimated to sa7 = 32 pV - K~1. The temperature difference
is then calculated by dividing the corresponding signal output uar by this sensitivity:

AT = UAT (5.4)
SAT

5.1.4.2.4 Preparation of the heated surface and surface condition

As the heated wall of the first version of the experimental facility, the new heated surface is
mirror-polished with diamond paste before a mechanical indentation is operated at its center to
create an artificial nucleation site.

During the preparation of the surface, two critical features have to be taken into account in
order not to degrade the sensor and its measurements:

e The acrylic clearcoat put on the side surface of the fin which is a little extended on the
periphery of the sensor should not be removed during polishing. Otherwise, the transducer
may be no more tight to the working fluid.

e The artificial nucleation site should not be deeper than the thickness of the copper foil.

The surface condition of the sensor is afterwards carefully analyzed using the confocal micro-
scope. This analysis is required to verify that the new heated wall is comparable (in terms of
roughness and cavity’s size) to the heated surface of the previous test sample. The study of the
surface condition is carried out in three steps:

(i) The full sensor is analyzed with a quite low spatial resolution in order to check the large-
scale uniformity of the whole surface. The spatial step p is chosen to obtain a relatively
good trade-off between the measurement time and the spatial resolution.
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(ii) Several zones of the surface of different sizes are randomly analyzed with the microscope
using an intermediate spatial step value. This is aimed at verifying — with a better spatial
resolution — if the surface looks uniform or not.

(iii) A central zone is accurately (low spatial step) analyzed to evaluate the surface roughness
and the size of the artificial nucleation site.

Hereafter, only the main results of this surface condition investigation are given (more details
are available in Appendix A.2):

e The heated surface constituted of the heat flux sensor is homogeneous and smooth. Its
root mean square roughness S; is indeed lower than 0.4 pm which is comparable to the
roughness of the heated wall of the first test sample (refer to Section 2.1.3.2).

e The artificial nucleation site is characterized in terms of position, shape and size. With
a diameter of 100 pm, a depth of 110 pm, a conical shape and a centered position, this
cavity is similar to the one of the first test heater.

5.1.4.3 Consequences of the use of the new test sample on the setup

As it can be inferred from Fig. 5.5b, seventeen wires (7 pairs for heat fluxes, 1 pair for tempera-
ture difference and 1 T-type thermocouple) have to be taken from the sensor to the acquisition
system. Contrary to what happened with the previous test heater, these wires cannot cross
through the vessel’s enclosure through the bottom of the sample itself. As a consequence, a
viewport which is used neither for lighting nor for video recording was changed to a home-made
feedthrough. This borehole is subsequently not available anymore for any kind of visualization
(naked-eyed or with a camera). In order to prevent the wires from being visible in the imag-
ing field during experiments, they are weighted down with small stainless steel parts inside the
vessel.

5.1.5 A new acquisition system

As the new instrumentation is very different from the one used with the former version of the
experimental facility, a new acquisition system had to be developed. This one is aimed at:

e Acquiring all the signals from the new sensors;

e Remediating to some acquisition limits observed with the precedent version of the test
setup by:

— acquiring the signals synchronously;
— increasing the acquisition speed;

— enabling the synchronization between the measurements and the video recordings.

Concerning the high-speed camera, it was decided — for the sake of easier and quicker implemen-
tation — to continue to acquire the data with its own acquisition software (PFV). The camera
is consequently still connected to a computer (PC}) through an acquisition card. PFV software
and the acquisition card enable the synchronization of the camera with other systems by putting
the digital signals of beginning and end of video recording at disposal for such systems.

Other signals (from the thermocouples or the heat flux sensor in particular) have to be condi-
tioned before being acquired. A customized box containing all the electronics for measurement
signals conditioning was designed at the laboratory in this aim. This conditioning module in-
cludes the following elements:

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI040/these.pdf 119
© [S. Michaie], [2018], INSA Lyon, tous droits réservés



5.1 Modifications of the test bench CHAPTER 5. An improved setup to study low pressure boiling

The conditioning of thermocouples’ signals:

e The electromotive force of each thermocouple is measured in differential voltage mode
with a ground reference realized through two bias resistors (100 k€2 each) wired inside
the customized module.

e All the cold junctions of the thermocouples are also embedded in this conditioner. At
the nearest of the thermocouples’ connections, the cold junction temperature is thus
measured with two platinum resistance thermometers Pt100. The concerned area is
thermally insulated to provide sufficient steady conditions in use.

The conditioning of signals related to the heat flux sensor: Similar to the signals com-
ing from the thermocouples, the differential voltages from the heat flux sensor (associated
with AT and with HFy to HF7) are ground referenced in the conditioning box with
100 k€2-bias resistors.

The electrical circuit associated with the pressure transducers: The pressure transduc-
ers have to be powered and deliver current signals whose values are correlated with the
measured pressures. For the sake of a clearer acquisition line, the corresponding power
supply is connected to the sensors through the home-made electronic module. Signals from
the pressure transducers are consequently acquired at its output.

The electrical circuit related to the heating power input: The heat power input HP j,pu¢
can be calculated by multiplying the values of the input voltage w;npy: and current 4;,pu;
delivered by the power supply dedicated to heating:

HPinput = uinputiinput (55)

Uinput aNd Tippye are deduced from two voltage signals that are also delivered by the power
supply and are proportional to the input voltage and current respectively. Still for acqui-
sition chain clarity, these signals pass through the conditioning box.

Once all the signals properly conditioned, they are acquired with an adapted National Instru-
ments (NI) module as detailed in Table 5.3.

Table 5.3 — NI modules chosen depending on the signals to acquire.

Signal from Quantity | Type of signal | Signal’s range NI module
Thermocouple 13* Differential + 200 mV NI 92052
voltage

Pt100 2 Electrical 0400 Q NT 9217

resistance
Heat flux sensor 83 Differential + 200 mV NI 9205
voltage

Pressure transducer 2 Current 4-20 mA NT 9203

Heating power supply 2 Voltage 0-10V NT 9205
, PFIO0 input of
High-speed camera 1 Digital TTL NT cDAQ-9178

trigger .
chassis
End of video 1 Digital TTL NI 9401
recording

' The thirteen thermocouples are sorted as follows: ten belonging to the PROSENSOR. thermal probe (T} to
Tho, K-type), two others in the fluid (T3;4 and Tyap, K-type) and a last one on the ribbon cable of the heat flux
sensor (T¢,, T-type).

2Contrary to other standard modules (such as the NI 9214) which include a cold junction compensation,
the NI 9205 module is not initially provided for temperature measurements by thermocouples (but for voltage
measurements). However, to be able to acquire temperatures at the high-speed camera frequency, the decision was
made to make the compensation of the signals in the conditioner before acquiring them with a NI 9205 module.

3The eight signals from the heat flux sensor are composed of the seven heat fluxes (HF; to HF7) plus the
temperature difference between the center of the sensor and its connection zone (AT).
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CHAPTER 5. An improved setup to study low pressure boiling

5.1 Modifications of the test bench

The different acquisition cards are finally plugged into a NI ¢cDAQ-9178 chassis which is con-

nected to a second computer (PC3) for the control, display and saving of the measurements
through a home-made LabVIEW program.

A synthetic diagram representing the new acquisition system is given on Fig. 5.6.

HIGH-SPEED CAMERA SENSORS
Photron Fastcam 1024 PCI Thermocouples
Heat flux sensor
/ Pressure transducers
/ Reading of electrical current and voltage
ELECTRONICS FOR TS CONDITIONING

TO FACILITATE THE CONNECTION TO NI MODULES
Thermocouples compensation (cold junction)

‘%7' Other signals conditioning (differential measurements)
B !
Shs
SR .
&1 < video recording
ol
™ ~
= N
Q
o) \
2 \
gl
o
!
s
21
Q
v

uuuuuu

NI cDAQ-9178

Computer dedicated to high-speed visualization (PC,;) Computer dedicated to the other signals (PC,)

Figure 5.6 — Schematic diagram of the developed acquisition system.

As for thermocouples of the former setup, a calibration was carried out for the twelve K-type
thermocouples used here with their entire acquisition line. The thermal probe as well as Tj;, and
Tyap thermocouples were then immersed in a stirred thermostatic bath with a reference temper-
ature probe (a calibrated Pt100) to measure their electromotive forces for several temperatures
between 0 °C and 100 °C. Their calibration curves were consequently obtained and the uncer-
tainty on their measurements was evaluated to £ 0.15 K. This uncertainty seems acceptable
in comparison with the one of the former facility’s thermocouples (estimated to £+ 0.10 K, see
Section 2.1.4.1), especially when considering that a much quicker acquisition is now possible (up
to 1000 Hz instead of about 0.33 Hz previously). The T-type thermocouple T¢, located on the
ribbon cable of the heat flux transducer was unfortunately not calibrated for practical reasons.

The heat flux sensor, already calibrated by CAPTEC, was not recalibrated. As a consequence,
measurement bias that may be induced by the acquisition chain would not be corrected. How-
ever, those bias are supposed to be small and should not prevent from making — at least — a

qualitative analysis of the measurements to demonstrate the added-value of using such a sensor
when studying the boiling phenomenon.
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5.1 Modifications of the test bench CHAPTER 5. An improved setup to study low pressure boiling

A LabVIEW program was finally developed to acquire and save all the data. This one works
with the high-speed camera software according to the following modes:

1. Without synchronization: As with the previous setup, the acquisition works as if there
were two independent acquisition chains. The LabVIEW program acquires the measure-
ments at a given frequency until the experimenter stop it while several videos of the bubble
dynamics are recorded manually with the trigger mode "END".

2. With synchronization: In this case, the acquisition of pictures and of the other mea-
surements are synchronized. The "START" trigger mode must then be set for the camera
while acquisition frequencies set in PFV and in LabVIEW should be equal. The Lab-
VIEW program is launched first and starts by waiting for the video recording to begin
before starting the acquisition. The images recording and the measurements acquisition
begin therefore at the same time (when the experimenter clicks to activate the video in
PFV) and — at any instant — a picture is associated with an instantaneous measurement
point for all the sensors. As the camera memory is of limited size, the video recording is
limited in time. Subsequently, two ways exist to stop the acquisition:

2.a. The measurements and the pictures recording end simultaneously.

2.b. The measurements continue after the end of video recording until the experimenter
stops the LabVIEW home-made program. In this case, the additional data are no
longer correlated with images.

As the acquisition frequencies that can be accessed with the high-speed camera take only some
discrete values, only six frequencies are programmed in the LabVIEW software!: 1000 Hz,
500 Hz, 250 Hz, 125 Hz, 60 Hz and 1 Hz. All those values but the last one (1 Hz) correspond to
the frequencies that can be set for the camera with the largest image size (i.e. 1024 x 1024 pixels).
Being able to acquire data at the low frequency of 1 Hz gives the possibility of monitoring the
establishment of the steady state condition between two different experiments and of conducting
longer? tests in mode 1.

5.1.6 Experimental procedure

The experimental procedure implemented with this improved facility is very close to the one
used previously and described in Section 2.2. The only differences are related to the acquisition
method.

Each test corresponds here to the study of the steady state of one operating point defined by
the 4-tuple associating a working fluid, a liquid height H;, a vapor pressure P, and an imposed
heating power HP ;. The heating energy input related to an experiment was previously cited
through the value of the input heat flux @y, calculated by dividing the heating power HP ¢
by the area of the cross section of the copper block (neglecting the fin). With the new heater,
the influence of the presence of the fin may not be negligible anymore because of its size and
thickness (refer to Section 5.1.4.1). This is why the heat flux input value @iypu; does not char-
acterize an experiment anymore and is substituted by the heating power HP ;.

Each operating point is studied successively in acquisition modes 1 and 2:

LA "programmed acquisition frequency in the LabVIEW software" is a frequency that can be set to measure
the temperatures and heat fluxes. For each concerned frequency value, the sensitivity to the surrounding elec-
tromagnetic noise is reduced by selecting a suitable couple of sample rate (in samples per second) and of number
of samples per channel (i.e. per signal) and by calculating the average values of the oversampled signals. These
average values constitute the retained measurements and are indeed obtained at the desired frequency.

2The data are indeed progressively saved in a spreadsheet file (for a subsequent treatment) during the acqui-
sition. To keep the same velocity while getting a data file of moderate size, the acquisition should not last an
excessive time with regards to its frequency.
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Mode 1: An acquisition frequency is chosen for signals measurements and kept during the
whole test. Meanwhile, several videos of the phenomenon can be made, possibly with
different frequencies in order to catch one or more bubble(s). In this case — which is
very similar to the former setup procedure — the frequency set for pictures acquisition is
generally higher than the frequency set for measurements, so that the time resolution for
the bubble dynamics analysis can be high.

Mode 2: A same frequency is defined for the two types of acquisition. As it is more compli-
cated to catch bubbles with the camera trigger mode "START" than with the trigger mode
"END", the chosen frequency is generally taken lower in this case (mode 2) than in acqui-
sition mode 1. The decision about the way to end the acquisition — between mode 2.a.
and 2.b. — has also to be made before starting the recording.

5.2 Experimental results

Due to time spent to develop and test the new acquisition system, a limited number of experi-
ments were conducted with the improved setup. The purpose of this section is thus to present
them as well as the difficulties encountered and to show what the contributions of such an ex-
perimental facility to the understanding of low pressure boiling in a fundamental approach can
be.

5.2.1 Difficulties encountered while using the improved setup

The issues that can be faced during the implementation of the setup for a new test campaign
are related to three main concerns: the tightness, the presence of boiling on the periphery of
the heated surface and the activation of the nucleation site. In this section, details are given on
how the new test sample is (or not) affected by those problems.

Tightness: At low pressure (and in particular at subatmospheric pressure), the tightness of the
vessel is essential in order to study boiling of pure and degassed fluids: no air should enter
the vessel. With the previous heater, this condition was very difficult to reach (addition
of a glue seal and conservation of a low heating power to keep the copper expanded). This
new test sample enables to obtain a sufficient level of tightness much easier. Once the
home-made feedthrough to get out the wires set and the heater assembled, only negligible
leaks were indeed observed through the space existing between the wires and their PTFE-
sheaths (despite the presence of the acrylic varnish).

Peripheral boiling: In order to study boiling at low pressure from a fundamental point of
view, the isolated bubbles regime is chosen as the regime of interest for this work. As a
consequence, peripheral bubble nucleation should be avoided. Unfortunately, despite its
variable thickness (refer to Section 5.1.4.1), the fin located at the top of the new heater
constitutes a place of heat losses intense enough to engender undesired peripheral boiling.
In fact, during the very first tests, no bubble was created on the surface because almost all
the power input was dissipated through the side surface of the fin rather than by the heated
wall itself. To counter this outcome, a layer of epoxy resin was added on the lateral surface
of the fin. The local insulation thus created managed to reduce the heat losses through
the fin to less than 40 % of the heating power input. Even if this was not perfect, this was
sufficient to stop the peripheral boiling and to obtain bubbles on the heated surface.

Nucleation site activation: To reap the full benefits of the improved setup (and especially
of the concentrical multizone heat flux sensor), the artificial nucleation site made at the
center of the heated wall should be activated. However, even with a high heating power, the
site was impossible to activate: bubbles were nucleating from several places on the surface
but never from an area corresponding to about one sixth of the surface which includes
the artificial cavity. As the nucleation site is quite large (compared to other defects that
exist on the heated surface) with a diameter of 100 pm and a depth of 110 pm (refer to
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Section 5.1.4.2.4 and to Appendix A.2), its activation should not be so difficult to obtain.
A large defect in the gluing of the heat flux sensor on the copper block in the zone where
no nucleation occurs appears as the most probable reason for such a behavior by creating
locally a huge thermal contact resistance. This hypothesis was confirmed after conducting
the experiments which are presented hereafter.

Finally, the new test sample constitutes an improvement to get the tightness (compared to
the former heater) but it is still perfectible concerning the heat losses and the thermal contact
between the copper fin and the heat flux sensor in order to avoid peripheral boiling and to
make the centered artificial nucleation site activated. These first tests especially highlight that
a particular care must be taken during the gluing operation of the heat flux sensor on the copper
block in the aim of having a good and uniform thermal contact between these two parts. Such
a contact would also be a key point to reduce the heat losses.

5.2.2 Operating conditions and acquisition settings
In the following, the experimental conditions are as follows:

Working fluid: The test is conducted with pure, distilled and degassed water.

Liquid height H;: The liquid height is arbitrarily set to H; = 15 cm. Vertical distances to
the free surface (along the z-axis') being calculated in function of Z and H; through
Eq. 5.6, positions of thermocouples in the fluid are deduced from data given in Table 5.1
in Table 5.4.

ZH;=15 cm — Hl -7 (56)

Table 5.4 — Positions of thermocouples in the fluid in terms of distance to the free surface z when H; = 15 cm.

Thermocouple | zg,—15 cm (cm)
T 15.0 £ 0.1
Ts 14.0 £0.1
T 13.0 0.1
Ty 12.0 £0.1
T 11.0+0.1
Ts 10.0 £0.1
T 75E0.1
Ts 5.0+0.1
Ty 25101
Tio 0.0£0.12
Tirg 37402
Toap “174+02°

Vapor pressure P,: The vapor pressure is set to P, = 5.2 kPa which corresponds, for water,
to the saturation vapor temperature of T;, = 33.6 °C [71]. For this point of the saturation
curve and for this liquid height, the static head Pﬁﬁ“:”ﬁ om is not negligible in comparison
with the vapor pressure P, since it is equal to:

Plztlcilfs em = Po(T1, bu)gH; = 1.5 kPa (5.7)

Heating power input HP;,;,:: The heating power is set to HPppys = 125.9 W. This value
is chosen as it is the lowest one for which a given nucleation site located on the heated wall
(unfortunately not centered because of the gluing defect) is active: a bubble is regularly
growing from this place.

' As a reminder: the z-axis is downward oriented with reference (z = 0) taken at the free surface level.
2z < 0 means the thermocouple is in the vapor phase.

C2tle these est accessible a l'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI040/these.pdf
© [S. Michaie], [2018], INSA Lyon, tous droits réservés
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Concerning the acquisition settings, this experiment is made in mode 2.a., i.e measurements
and pictures recording are synchronized and end simultaneously. The maximum image size
(1024 x 1024 pixels) is still selected while the frequency is chosen equal to 250 Hz. This leads to
an acquisition duration of 6.15 s (with respect to the memory size of the camera) with a time
step of At = 0.004 s between two successive recorded pictures and measurements.

5.2.3 Boiling environment

As explained in Section 5.1.1, the boiling environment is poorly defined: if the occurrence of a
stratification in the fields of local pressure P(z), saturation temperature Ts,:(z) and subcooling
AT, (2) due to the importance of the static head P is known, the fact that the bulk liquid
is homogeneous in temperature is still an hypothesis which needs to be validated. The addition
of the new thermal probe precisely aimed at confirming or rebutting this assumption.

Figure 5.7 shows the temperatures measured in the fluid during the experiment by the twelve
thermocouples whose positions are given in Table 5.4. According to this graph, the temperature
in the liquid is steady and can be considered as homogeneous whatever the vertical position
as all the thermocouples located in the liquid (77 to Ty and Tj;,) are included in their mutual
uncertainty ranges. The assumption of a homogeneous bulk liquid temperature 7} 4, is hence
corroborated.
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Figure 5.7 — Measured temperatures in the fluid during the experiment made with water at P, = 5.2 kPa
(T = 33.6 °C), with H; = 15 cm and HPpput = 125.9 W.

In the present case, the bulk liquid temperature T} 4,y can be defined as the mean value of 77 to
Ty and Tj;q. This calculation gives T, i = (34.38 £ 0.15) °C which is higher than the imposed
vapor temperature T, = 33.6 °C measured by T}, because the power dissipated through the
heater contributes to heat up the liquid. 71 presents an intermediate value between T\, ~ T,
and 17y, which constitutes a particular case. Actually, this thermocouple is located at the free
surface level and is thus affected both by the liquid bulk and the vapor.

As it is confirmed that the bulk liquid temperature does not change with the depth z, the local
subcooling degree ATy,,(2) of the liquid which corresponds to the local deviation of the liquid
from the saturation state is defined as:

ATsub(Z) = Tsat(P(Z)) - T’l(z) = Tsat(z) - CZ—‘Z7 bulk (58)

and its variations are only related to variations of the local saturation temperature Tsq(2) in-
duced by the pressure stratification according to z.
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Displayed on Fig. 5.8, the local subcooling associated with the current experiment appears as
almost linear with the depth z and equal to about 4 K at the level of the heated surface. On the
contrary, close to the free surface, the liquid is superheated of almost 1 K (negative subcooling
value), which is in agreement with the temperature difference observed between the liquid and
the vapor temperatures in the fluid.

4 T T T
— — — Position of the heated surface
Local subcooling
3.5 .
+  Thermocouples locations

ATy(2) (K)

i i i i i i i i i

0 5 10 15
2H=15 an (M)

Figure 5.8 — Local subcooling ATy, depending on the depth z in the liquid (experiment with water at
P, =5.2 kPa (T, = 33.6 °C), with H; = 15 cm and HPppu = 125.9 W).

In low pressure pool boiling, the bulk liquid (i.e. the liquid far from the bubbles) is finally
superheated close to the free surface and subcooled close to the heated wall level just because
of the non negligible influence of the static head P**¥¢. From this observation, one can easily
understand how complicated the boiling environment is. The region where bubbles are growing is
indeed affected simultaneously by the subcooling effect of the static head and by the superheating
effect of the heater. As a consequence, the temperature — and subsequently the thermophysical
properties — of the working fluid in this region is still poorly known and is probably varying
along the bubble interface.

5.2.4 Study of a bubble

During the 6.15 s that lasts the present test, only one bubble nucleates on the wall. Its nucleation
site is located at approximately 25.8 mm from the center of the heated surface. As schematically
shown on Fig. 5.9, the bubble is thus growing from a place situated on the fifth measurement
zone of the heat flux sensor and relatively close to the sixth one.

Active nucleation site

Figure 5.9 — Location of the active nucleation site.

As visible on Fig. 5.10, the bubble has an oblate spheroid shape and — as it can be inferred from
its comparison with the width (86.5 mm) of the images area reported on the first picture (IMG1)
— is of a few centimeters diameter. These observations about a long waiting time 7,4 between
successive bubbles, a large size and a specific shape of the bubble are consistent with the results
obtained for water boiling in this range of subatmospheric pressures given in Chapter 3 and
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5.2 Experimental results

also, with the literature interested in low pressure boiling which includes for example the works
of Van Stralen et al. [119] or Yagov et al. [125].
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Figure 5.10 - Pictures of a bubble recorded at 250 Hz (experiment with water at P, = 5.2 kPa

(T, = 33.6 °C), with H; =15 cm and HPppur = 125.9 W).

Unluckily, the position of the active nucleation site and the large size of the bubble do not
enable the extraction of any characteristic of the bubble dynamics (such as the instantaneous
volume V') from the recorded pictures. The bubble is indeed too eccentric to the center of the
heated surface to be image processed, even with a manual treatment: the bubble’s right hand
side interface cannot be discerned from the viewport shadow (neither with the algorithm or with
the naked eye). As a consequence, only a qualitative analysis of the images can be realized from
Fig. 5.10. First, the bubble nucleates (between IMG; and IMGs) and grows with a hemispheri-
cal shape until reaching a size of a few centimeters (to IMGq2). Afterwards, slowly at first and
then even more quickly, the bubble foot diameter decreases which results in the departure of
the bubble (between IMGos and IMGas). Then, a liquid jet penetrates into the volume of the
detached bubble during its early rise (to IMGgg) before the bubble starts to collapse because of
the subcooling degree of the surrounding liquid.

The heat fluxes measured from the seven zones of the heat flux sensor during the entire test
are plotted on Fig. 5.11a. Before the bubble nucleation, all the seven heat fluxes are constant.
Depending on the zone, different values are measured because:

e Each zone has a different area.

e The shape of the copper block (with its fin of variable thickness) affects the heat diffusion.

e Some zones are more affected by the gluing defect (suggested in Section 5.2.1 and confirmed
at the end of the experiments) than others.
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e The calibration used here (provided by CAPTEC) does not correct the bias effect that
can be induced by the acquisition line of the sensor (refer to Section 5.1.5).

The analysis of the heat fluxes remains therefore qualitative in terms of measured values (only
trends can be observed) but can still be quantitative concerning the time evolution.

To analyze heat fluxes variations during the moments when the bubble is visible (i.e. associated
with the pictures from Fig. 5.10), a zoom on this period of time is displayed on Fig. 5.11b.
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Figure 5.11 — Measured heat fluxes (a) during the whole test; (b) during the period when the bubble is visible
(experiment conducted with water at P, = 5.2 kPa (T, = 33.6 °C), with H; = 15 cm and HPppue = 125.9 W).

C28e thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI040/these.pdf
© [S. Michaie], [2018], INSA Lyon, tous droits réservés



CHAPTER 5. An improved setup to study low pressure boiling 5.2 Experimental results

As soon as the bubble nucleates on Zone # 5, the local improvement of the heat transfer results
in an increase of the local heat flux HF5. The sensor appears very reactive and sensitive as the
increase is instantaneously visible whereas the bubble is then occupying only a small part of the
annular zone. These sensitivity and reactivity make the multizone heat flux sensor able to follow
the motion of the triple line on the heated wall. In fact, as the bubble continues to grow and to
reach the other areas of measurement, the other heat fluxes progressively start to increase too:

o At t = 3.812 s (IMGs2), the heat flux of the zone the closest to the nucleation site (i.e.
Zone # 6) starts to rise. The delay T6d °lay ~ 2 ms corresponds to the time needed for the
bubble to grow enough from Zone # 5 to Zone # 6.

o At t = 3.820 s (IMGy), Zones # 4 and # 7 are simultaneously reached by the bubble.

HF, and HF7 start to increase with a delay Tf clay 7'7d °ly ~ 10 ms.

o At t = 3.828 s (IMGg), Zone # 3 is also affected by the presence of the bubble. HF'3

augments with a delay 7'3d °lY of about 18 ms.

o At t = 3.840 s (IMGy), HF increases after a delay 7'2d °lay approximately equal to 30 ms
since the bubble is then in contact with Zone # 2.

e At t = 3.856 s (IMG3), the bubble reaches finally Zone # 1 and HF; rises with a delay
delay
Ty ~ 46 ms.

Later on, the bubble foot diameter decreases. Except for Zone # 7 which presents a specific
behavior, heat fluxes reach a maximum before they decrease as the contact line between the
bubble and the surface is moving back towards the activated nucleation site. HFy, HF9, HF3,
HF,, HF g and finally HF'5 get indeed a maximum value precisely during the very last stages of
the bubble growth — between the instants ¢t = 3.888 s (IMGa;) and ¢ = 3.896 s (IMGa3) — and
decrease afterwards. The fact that HF'7 continues to rise after the bubble detachment may be
explained by the nucleation of another (smaller) bubble on this zone that can be seen on IMGas
to IMGQg.

After the bubble departure (refer to Fig. 5.11a), all the heat fluxes decrease slowly and tend
to their initial value. The present acquisition is actually too short to confirm this but it would
be in agreement with the long waiting time between successive bubbles usually observed at low
pressure [77,119,125]. HFy, HFy and HF's show large peaks between the bubble detachment
and this slow decrease. Those peaks may be explained by some liquid motion and agitation,
by the free surface movements induced by the departure and collapse of a such large bubble or
by some convective motion and heat diffusion which could be caught by the sensor. The video
recording does not help conclude on those hypotheses, but this observation is corroborated by
the analysis of the time evolution of the system wall superheat AT,", defined as:

AT, =T — Ty, putkk = Teenter — 11, buik (5.9)

wall wall

The temperature 7}, of the bulk liquid being constant during the experiment (Fig. 5.7), vari-
ations of the system wall superheat AT% is only due to variations of the wall temperature.
However, the wall temperature T¢cser and the system wall superheat ATZZ‘; ; are here not directly
representative of the effect of the presence of bubble since nucleation does not take place at the
center of the heated surface. As shown on Fig. 5.12, Teenter (and consequently AT;Z‘;Z) is indeed
almost non-affected by the bubble’s growth and departure. On the contrary, the liquid motions
greatly induce a large drop (of about 5 K) of Teenter and of AT, i%s”, which corresponds to the
peaks on the local heat fluxes HF'{ to HF's3.

The peaks on HFy to HF3 and the drop of Teenter and AT,Y, are wide (they last longer than
the bubble growth duration) and happen with a relatively large delay after the departure of
the bubble (still in comparison with the bubble growth duration). These observations highlight
that a preceding bubble has a huge and long influence on the boiling environment. Its departure
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Figure 5.12 - (a) Temperature measured at the center of the heated surface Teenter; (b) Wall superheat AT
(experiment conducted with water at P, = 5.2 kPa (T3, = 33.6 °C), with H; = 15 cm and HPppuw = 125.9 W).

engenders some liquid and convective motion which makes — not instantaneously — the liquid
close to the heated wall cooler by a few Kelvins. As a consequence, a long time is afterwards
required to heat this amount of liquid up again enough to make a new nucleation possible.
The motion induced by the detachment and rise of a preceding bubble is thus responsible for
the long waiting time 7,4+ between successive bubbles at low pressure. Finally, one result of
this preliminary test is that the influence of what happens in the pool before the growth of a
given bubble (preceding bubbles, liquid motion...) cannot be neglected when studying a single
bubble. Siedel et al. [104,105] came to the same conclusion when studying the bubble dynamics
of saturated n-pentane boiling at atmospheric pressure from artificial cavities as they detected
and quantified oscillations of growing bubbles induced by the departure of a preceding bubble.

Despite the perfectible aspects of the implementation of this improved setup (gluing defect, non
centered bubble, qualitative measurement only...), this experiment demonstrates the advantages
of using such sensors in a fundamental study of boiling at low pressure among which:

e The ability to investigate the bulk fluid temperature at different altitudes in order to know
a bit better about the complicated boiling environment encountered at low pressure;

e The ability to follow the motion of the triple line by correlating variations of local heat
fluxes with the high-speed visualization;

e The highlighting of the huge influence of the history of preceding bubbles on the boiling
environment and hence on the waiting time 7,,;; between two successive bubbles.

5.3 Conclusions

Investigating the phenomenology of boiling requires to study both the heat transfer and the
bubble dynamics. As a consequence, an experimental apparatus that enables the synchroniza-
tion of a visualization system with a thermal measurements system clearly appears as a good
tool for such studies.

In the present work, a multizone heat flux sensor was chosen for measurements related to the
heated surface to be synchronized with a high-speed camera. However, other solutions exist and
are used in the literature. For instance:

Moghaddam and Kiger [82] used a silicon membrane coated with a multi-layer benzo-
cyclobutene film as a heated surface to study boiling of FC-72 at saturated conditions.
Within and on this composite wall, numerous temperature sensors radially arranged in
arrays were located around artificial cavities to measure the temperature of the heated
surface beneath the bubble and to calculate the surface heat flux. With this device, the
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authors managed to observe the thermal field underneath a bubble with a very high spa-
tial resolution (spatial step of the order of few ten micrometers) and to characterize the
different mechanisms of heat transfer from the surface to the bubble (microlayer, transient
conduction and microconvection) and their contributions.

Chen et al. [20] used a laser interferometric method to observe the structure of the micro-
layer during a bubble cycle in nucleate water pool boiling. This enabled them to measure
accurately the microlayer thickness depending on its distance the bubble inception site.

With their areas of measurement of only a few square millimeters and a spatial step of the order
of the micrometer, the two cited techniques seem very accurate. However, they seem not to be
adapted to the investigation of low pressure boiling. Under such condition, bubbles are indeed
centimeter sized. Using such devices would then require to increase considerably their size which
would even more increase their complexity. Moreover, compared to normal pressure condition,
other stresses occur (tightness, higher wall superheat required to activate a nucleation site...)
that need to be handled by those systems.

An instrumentation like the one described in this chapter finally constitutes a good trade-off be-
tween those cited techniques and the features of low pressure boiling. It is therefore a promising
solution to get a further understanding of low pressure boiling.

In addition, due to the large bubble size at low pressure, observing the motion of the triple
line and of the microlayer should be easier then than under normal pressure conditions. As
a consequence, studying the phenomenology of low pressure boiling with such efficient sensors
may be an interesting track to improve the knowledge and understanding of boiling in a more
general manner.

Starting from observations made on the experimental facility presented in Chapter 2, some
improvements were brought to the setup:

e Original sensors were added to get a better knowledge of the boiling environment and
to measure locally the heat flux underneath a growing bubble;

e An adapted acquisition system was developed in order to be able to synchronize the
thermal measurements with the high-speed visualization.

Ezxperiments were conducted afterwards. In spite of some limitations mainly due to a man-
ufacturing defect, these tests demonstrate the added-value of using such an improved setup
in boiling (and especially in low pressure boiling):

o The hypothesis of a homogeneous bulk liquid temperature is confirmed while the com-
plexity of the boiling environment is highlighted;

o The motion of the triple line during the bubble growth can be characterized;

o The long time effect of a preceding bubble on the boiling environment is made visible.

In the future, this work would deserve to be continued by perfecting the new facility and
by conducting new experiments with various operating conditions (different fluids, liquid
heights, vapor pressures and heating powers).
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Conclusion and perspectives

Synthesis

Among the various conditions under which boiling can occur, low imposed pressure constitutes
an unconventional condition that has gained some renewed scientific interest during the last
decade because of its practical importance. In a context where new environmental regulations
are settled while the need of efficient low temperature systems for electronic cooling keeps in-
creasing, some systems may indeed require a fluid to boil at a low pressure. To date, the design
of such systems — evaporators for sorption chillers or some thermosyphons for example — remains
mostly empirical since these systems experience unusual boiling behaviors that cannot be pre-
dicted from the general knowledge about boiling heat transfer. The present thesis was therefore
focused on low pressure pool boiling from a fundamental point of view.

First, the fundamental concepts related to pool boiling were recalled before the already-reported
features of low pressure pool boiling were detailed. The low pressure bubble dynamics is thus
mainly characterized by bubbles of large volume, of specific mushroom shapes and separated
by a long waiting time. On the other hand, the thermal performance is known to be degraded
(compared to that observed under normal or higher pressures), so that the usual boiling correla-
tions do not apply. Significant variations of the wall temperature with time are also sometimes
reported. Recently, the high degree of complexity of the low pressure boiling environment due
to the non negligible influence of the static head (related to the liquid column) on the pressure
and subcooling fields was also highlighted. Moreover, the diverse operating conditions used in
all the previous studies (fluids, heated surfaces, orientations, liquid levels and pressure ranges)
made the comparative analysis of the existing literature rather inconclusive. The need of a pre-
cise definition of "low pressure" in boiling as well as of new experimental results obtained under
"well-defined" operating conditions was thus emphasized.

An experimental facility, already proven by Giraud during her thesis [44], was then used to
conduct several experiments. This facility enables the production of isolated bubbles from a
single artificial nucleation site under controlled pressure conditions, the high-speed visualization
of these bubbles and the time-monitoring of the wall temperature, the wall superheat and the
heat flux released to the working fluid through the heated surface. In addition, an image pro-
cessing tool was developed in order to provide some of the quantitative and reliable data about
the bubble dynamics that were necessary to get a better knowledge of boiling at low pressure.

A first test campaign was carried out with water for a large range of subatmospheric pressures.
In order to observe only the influence of the imposed pressure, the other parameters of im-
portance (namely, the liquid height and the imposed heat flux) were kept constant during all
the experiments. Depending on the pressure, four regimes of bubble dynamics were then iden-
tified. The state conditions at which the thermophysical properties involved in heat transfer
correlations should be evaluated were discussed and carefully defined so that the presence of the
subcooling degree induced by the non negligible static pressure is taken into account. Some of
the usual models of wall superheat were used with the thermophysical properties defined from
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this adapted method. The results of these models were afterwards compared to the superheat
measurements. For the lowest range of investigated pressures, some properties of the bubble
dynamics (among which the growth duration, the waiting time, the bubble frequency or the
instantaneous volume) were evaluated, yielding a general confirmation of the trends reported
by previous authors. However, the establishment of a new experimental law of bubble growth
raises questions about the involved mechanisms, since it differs from the classical theories that
were mostly established for higher pressures.

In agreement with the main conclusions of the literature review, it appeared necessary to define
more accurately what "low pressure" means in boiling. Conducting experiments with another
fluid than water in this state of "low pressure’ under well-identified operating conditions seemed
also required to get a better insight of the phenomenon. As a consequence, the concept of mock-
up fluids was developed. This led to the selection of a given fluid (namely, the cyclohexane) and
to the determination of an adapted design of experiments according to the test bench abilities
and to the fluid thermophysical properties. A second experimental session was then performed:
three of the four bubble dynamics regimes already identified in water were observed in cyclo-
hexane while differences between the two fluids’ behaviors were noticed — sometimes quantified
— and discussed. Finally, this discussion demonstrated that if the local subcooling degree is a
parameter of importance in low pressure boiling, it does not constitutes a sufficient governing
parameter by itself. In addition, the calculation of the Robinson and Judd criterion showed that
inertia cannot be neglected in the very low pressure range, so that inertia may be considered as
(partly) responsible for the deviation of the bubble dynamics from what is usually encountered
at higher pressure. The influence of the wettability of the fluid /surface pair was also highlighted.

Finally, the experimental facility was modified to enable the use of original sensors. The main
feature of the improved setup is to make the synchronization of the monitoring of the local ther-
mal effect of a bubble growing on the wall with the high-speed visualization possible. Although
some manufacturing defects occurred, the first results obtained with water as the working fluid
display promising perspectives for a better understanding of the specific behaviors of boiling at
low pressure. In particular, the motion of the triple line during the bubble growth could be
followed while the long time influence of a preceding bubble on the boiling environment was
brought to light.

Perspectives

All the results presented in this thesis were obtained for low pressure boiling occurring from
a plain smooth surface provided with a single artificial nucleation site. Yet, as mentioned in
the literature review (Chapter 1), the nature and geometry of the heated surface is known to
have a significant influence on the boiling phenomenology. As a consequence, one can expect
that low pressure pool boiling from heated surfaces closer to what can be encountered in real
systems (such as in evaporators) will exhibit differences compared to the observations made in
the present work. The effect of such system-like surfaces on low pressure pool boiling therefore
deserves to be investigated. As part of a new collaboration between CETHIL (France) and
Wroctaw University of Science and Technology (Poland), Halon et al. [50,51] performed some
experiments in that goal.

Using the experimental apparatus described in Chapter 2 with a modified test heater enabling the
insertion and heating of the surfaces to be tested, Halon et al. [50,51] conducted an experimental
study under the following operating conditions:

Working fluid: pure, distilled and degassed water;
Heat flux input ¢;ppys: varying from 0.25 up to 3.00 W - cm™2;

Vapor pressure P,: ranging from 0.75 to 4.00 kPa (i.e. corresponding to saturation temper-
atures ranging from 2.8 to 28.9 °C);
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Liquid height H;: varying from 0.50 to 8.62 cm.

Six samples forming complex tunneled surfaces were investigated. As visible on Fig. a, all
these copper structures display a similar geometry consisting of three rows of fins located on a
square base. Two types of samples must however be distinguished: the Narrow Tunnel Structures
(NTS) and the Tunnel Structures (T'S). The main difference between these two kinds of tunneled
surfaces is the absence (in NTS) or the presence (in TS) of bridges between the fins belonging to
a given row, so that the liquid can or cannot flow between the channels. In addition, some of the
samples are covered with a thin (0.1 mm thick) perforated copper foil which creates subsurface

tunnels.

channels

fins

Figure a — Picture of the six enhanced structures (adapted from [51]).

mini fins

perforated foil

Such structures are supposed to improve the thermal performances of low pressure boiling (com-

pared to the plain surface case) as a consequence of their complex shapes that, at once:

e Increase the heat exchange surface’s area;

e Increase the active nucleation sites density;

e Improve the fluid circulation and the feeding of the active nucleation sites.

In order to analyze the influence of the pitch and width of the tunnels on the heat transfer,
those geometrical parameters vary from one sample to another according to the data displayed

on Fig. b.
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Figure b — Sketch of the samples (adapted from [51]).
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Depending on the liquid level, different behaviors were reported:

e At H; = 0.50 cm, the free surface level was corresponding to the top of the fins. Bub-
bles were therefore growing above it, engendering double vapor-liquid-vapor interface that
finally bursted or collapsed.

e At H; = 2.87 cm, intermittent boiling occurred. Natural convection took place between
the growths of large mushroom shaped bubbles (i.e. during waiting periods). These
large bubbles were generally formed at the periphery of the sample (i.e. at the junction
between the sample and its assembly with the rest of the heater) and were thus fed in
vapor by tunnels. As in the case shown on Fig. ¢, the departure of such peripheral bubbles
occasionally triggered a secondary boiling phase from the horizontal tunnels. In such
a case, this secondary boiling phase is characterized by a high departure frequency and
intense bubble coalescence.

'/Frcc surface

Triggering bubble
NTS—Z\

136 ms R | 152 ms

Figure c - Example of visualization of boiling from NTS-2 at P, = 2.0 kPa (T, = 17.5 °C) (water, H; = 2.87 cm,
@input > 1.0 W-cm™ 2. adapted from [50]).

e At H; = 8.62 cm, most of the bubbles were reaching large volumes but usually collapsed
while remaining attached to the heated surface. The few bubbles that were able to depart
from the sample were actually small.

Halon et al. [50,51] finally confirmed that the introduction of enhanced tunnel and/or narrow
tunnel structures is able to reduce the negative effect of the low pressure condition on the boiling
heat transfer coefficient (with respect to the plain surface). This appeared to be especially the
case in presence of the perforated foil.

///////////

Figure d — Schematic diagram of the boiling mechanism inside the NTS (adapted from [50]).

According to them, this improvement can be attributed to the mechanism schematically repre-
sented on Fig. d. The pumping action of the growing and departing bubbles from the fins’ ends
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contributes to suck the liquid into the tunnels through the holes made in the foil, evaporation of
the liquid then takes place in the tunnels, so that the generation and motion of bubbles can con-
tinue. With regards to the plain surface configuration, this feeding mechanism is consequently
supposed to improve the boiling heat transfer (i.e. to reduce the low pressure influence) owing
to two simultaneous effects: the reduction of the wall superheat and the increase of the boiling
process stability.

The few pieces of information exposed just above emphasize the need to perform additional
low pressure boiling experimental studies on system-like heated surfaces with a fundamental
approach before implementing them in real systems. The boiling phenomenology can indeed be
totally changed by the heated surface geometry. However, the involved processes may rapidly
become too complicated to achieve the analysis — especially when using complex surfaces such
as TS or NTS. In that context, a rather precise understanding of the low pressure boiling phe-
nomenon in simpler configurations (like from horizontal upward-facing plain surfaces) remains
finally a key point.

Several actions that should be given priority for future works are therefore suggested hereafter.
In the continuity of this thesis, all of them are aimed at getting a better knowledge and under-
standing of low pressure pool boiling at the bubble scale.

e As it was demonstrated that a particular attention should be paid to the wettability (both
to its influence on low pressure boiling and to its dependence on the operating conditions),
and as this property — characterized by the contact angle § — is related to the surface/fluid
pair, two complementary parametric studies could be undertaken:

— For a given surface/fluid pair: the dependence of the apparent contact angle 6 of
a growing bubble on the heat flux, the liquid level and more particularly on the
vapor pressure should be investigated'. Variations of this parameter with operating
conditions may indeed explain some of the observed changes in the bubble dynamics
behaviors.

— For a given set of operating conditions (7.e. imposed heat flux, liquid height and vapor
pressure): changing the fluid and/or the heated surface may enable to identify some
of the driving parameters related to wettability and to get a better understanding of
the nucleation process in low pressure boiling. Heaters made of different materials,
with different roughnesses and presenting or not one or several artificial cavities of
various sizes and shapes could for example be tested with a few fluids.

e Based on the results obtained during this thesis, the study of the isolated bubble regime
deserves to be taken forward in order to:

— Measure and take into consideration the bubble’s velocity whose importance has been
brought to light when the non negligible effect of inertia on the bubble growth at low
pressure was confirmed.

— Establish the interest of the concept of "mock-up fluids" and reap all the benefits of
it. New and numerous experimental data are then required so that the mapping of
the bubble dynamics behaviors according to the parameters governing low pressure
boiling could be refined. Experiments should therefore be conducted at various pres-
sure levels with several fluids and/or liquid heights such as a "similar state of low
pressure" could always be reached and observed. In particular, setting conditions
which lead to an identical subcooling degree in different fluids seems to present some
interest for purpose of fluids’ behaviors comparison since this makes the analysis free
from the influence of differences in this boiling environment property from one fluid
to another.

n addition, it should be highlighted that, for a given growing bubble obtained under a given set of conditions,
monitoring the time-evolution of the contact angle is also of interest for the evaluation of some of the forces acting
on the bubble (in particular of the surface tension force).
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— Improve the knowledge and understanding of the link that exists between the bubble
dynamics and the boiling heat transfer through the use of the modified version of the
experimental facility. A first step aiming at characterizing properly the new heater
(provided with the multizone heat flux sensor and connected with the new acquisition
system) would beforehand be required. The sensitivies of measurement provided by
CAPTEC have indeed to be adjusted due to the effect of the in-house acquisition
line that was implemented. In the same vein, the response times associated with
all the measurement zones can be cited — for instance — as critical parameters to be
known for the quantitative exploitation of the heat flux sensor outputs. Afterwards,
the synchronization of the multizone heat flux sensor with the camera would make
possible the high-speed monitoring of the triple line motion and of its consequences
on the local heat transfer during a bubble growth. A study of the evolution of the
microlayer geometry (size, shape and thickness) in relation with the heat transfer
rate in this region may therefore be carried out (this would require to reduce the
imaging area to the bubble foot zone in order to increase the spatial resolution). The
amount of heat transferred from the wall to the fluid by evaporation of the microlayer
might thus be estimated. Finally, the evaluation of the relative contribution of the
microlayer evaporation to the total heat transfer could indicate if this subprocess is
of major importance or not in low pressure pool boiling (depending on the working
fluid and on the other operating conditions).

e In the future, the effect of the heated surface orientation and inclination may also deserve
to be studied since real systems would certainly impose different configurations of use than
the basic horizontal upward-facing situation.

A long-term goal of all these perspectives could be to identify the parameters governing the
fundamental phenomena involved in low pressure pool boiling and in its subprocesses, so that
the predominant forces acting on a growing bubble could be properly estimated and an adapted
bubble growth model developed.
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Appendix

Surface condition of heated surfaces

A.1 The original heated surface

A.1.1 Introduction

As the heated surface described in Chapter 2 was already used and characterized by Giraud [44],
only few rough measurements were performed with the confocal microscope in order to verify
that the surface condition and the artificial nucleation site had not changed too much with time.

Three (randomly chosen) squared-zones 5 mm wide were thus investigated according to the
diagram given as Fig. A.1. Whatever the considered zone, the spatial step p — defined as the
distance between two points for which the altitude Z is measured — was chosen identical for the
both directions of the horizontal plane (along the # and g-axes) and equal to p = 10 pm. All
the areas being of the same size and explored with the same spatial step, all the measurements
lasted the same duration i.e. about 1 h.
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(0,25)

Zone a

Zone ¢ (-12.0, 17.0)

IS mm

—
5 mm

(-2.5,2.5)

T__MS mm @25, 0)
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—
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Figure A.1 - Diagram of the heated surface with locations of the three zones tested with the microscope
(p =10 pm).

A.1.2 Surface analysis

Zone a — analysis of a central zone

The measurements made with the confocal microscope on Zone a are displayed on Fig. A.2.
The local elevation of the copper around the cavity caused by the mechanical indentation is
clearly visible on Fig. A.2a. Actually this elevation creates large reflections that impedes the
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observation of the shape and depth of the nucleation site. Despite this issue, the diameter of the
nucleation site is estimated to 110 pm which corresponds to the size evaluated by Giraud [44].
As a consequence, the nucleation site is assumed unchanged, i.e. it is still conical and 70 pm
deep. According to Fig A.2b, the rest of the surface appears to be very smooth.

Z (pm)

1

1

Z (mm) -2 -1 p (%nn)

(a) 3D-view. (b) Top-view.

Figure A.2 - Visualizations of the Zone a obtained with the confocal microscope (p = 10 pm).

Zones b and ¢ — analysis of non-centered zones

According to Fig. A.3 and A.4, the heated surface seems to be uniformly smooth. The spatial
resolution of the measurement being high enough to be representative, the root mean square
roughness S; can be evaluated through the usual relation given as Eq A.1:

1 M(i—l Mq]—l

o X 2 e @) - il (A1)

Y k=0 1=0

Sq =

where Mz and Mj are the numbers of points for which the altitude is measured along respec-
tively the Z and g-axis while i is equal to the mean value of the altitude Z on the considered area.
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(a) 3D-view. (b) Top-view.

Figure A.3 - Visualizations of Zone b obtained with the confocal microscope (p = 10 pm).
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Figure A.4 - Visualizations of Zone ¢ obtained with the confocal microscope (p = 10 pum).

Averaging the results of the calculations performed on Zone b and ¢ respectively yields a surface
roughness of S; = 0.32 pm. This value is in agreement with the one given by Giraud [44]
(Sq < 0.4 pm).

A.1.3 Conclusion

According to the measurements made with the confocal microscope, the heated surface condition
and the geometry of the artificial nucleation site are still close to the one used by Giraud [44].

A.2 The heat flux sensor used as a heated surface

A.2.1 Introduction

As mentioned in Chapter 5, the surface condition of the sensor was also carefully analyzed using
the confocal microscope in order to verify that it was comparable to the one of the heated wall
of the previous test sample. This was done by following the three following stages:

i) The full sensor was analyzed with a quite low spatial resolution in order to check the large-
scale uniformity of the whole surface. The spatial step p was chosen to obtain a relatively
good trade-off between the measurement time and the spatial resolution.

ii) Several zones of the surface of different sizes were randomly analyzed with the microscope
using an intermediate spatial step value. This was aiming at verifying — with a better
spatial resolution — if the surface looked uniform or not.

iii) A central zone was accurately (low spatial step) analyzed to evaluate the surface roughness
and the size of the artificial nucleation site.

Similar to what was done for the heated surface from the first version of the sample, the spatial
step p is the same for the two directions of the horizontal plane of the microscope (i.e. along
the Z and g-axes).

A.2.2 Surface analysis
Stage i) — analysis of the whole sensor

The entire surface was observed with the spatial step set to p = 35 pm which led to a measure-
ment duration of 12 h because of the large size of the sensor.
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As shown on Fig. A.5, there is no major defect on the surface: except for some isolated points
close to the edges, the vertical distance between the highest and the lowest points can be esti-
mated as smaller than 50 pm, which is negligible compared to the surface’s size.

However, the surface’s roughness cannot be calculated from this measurement because of the
low spatial resolution which makes this computation not representative.
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Figure A.5 — Visualization of the whole surface with the confocal microscope (p = 35 um).

Stage ii) — analysis of several random zones

At this step, three zones (labeled Zone a, b and c respectively) were randomly chosen to be
analyzed with an intermediate spatial resolution: p = 20 pm. This spatial step is still too large
to enable the calculation of a fully reliable roughness of the surface from those measurements.
The three zones are located as illustrated on Fig. A.6.
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Figure A.6 — Diagram of the heat flux sensor with locations of the three zones tested with the microscope
(p = 20 pm).

The measurement time depending on the size of the investigated areas (and of the chosen spatial
resolution), microscope measurements lasted about 3 h 30 min for Zone a, 1 h for Zone b and
only 16 min for Zone c.
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Figure A.7 — Visualization of the three zones made with the microscope (p = 20 um).

Visualizations of those measurements are given on Fig. A.7. From that figure, one can again
conclude that the surface is relatively uniform: variations of altitude are very small (smaller than
5 pm), especially when looking at Zone b and ¢ (refer to Fig. A.7b and A.7¢c). Vertical lines are
nevertheless visible on Zone a (Fig. A.7a). Actually, they correspond to small grooves made
on the bottom face of the copper foil to ensure a good working of the sensor (by contributing
to the creation of the asymmetry between copper and constantan, refer to Section 5.1.4.2.1) as
well as a satisfying gluing between the foil and the rest of the sensor. However, the difference of
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height between the ridges and the valleys is still of only a few micrometers which is comparable
to variations in the other investigated zones.

Stage iii) — analysis of a small centered zone

Finally, a small centered zone (Z, § € [—0.75 mm ;0.75 mm]) was investigated with a very high
resolution (p =1 pm). This measurement lasted then 2 h 30 min.

The acquired data were treated afterwards in two distinct phases aiming at:

1. Locating the nucleation site and measuring its size;

2. Estimating the surface roughness.

In phase 1, all the visualization was used while in phase 2 only a part of it was used in order
to avoid any disturbance of the roughness estimation due to the presence of the artificial cavity
(which is supposed to be the largest defect of the full surface).

Phase 1

The mechanical indentation made to create the artificial nucleation site also induced a local
elevation of the copper around the cavity itself as it can be seen on Fig. A.8a. Except this, the
cavity is very clean with a very circular opening and an almost conical shape. The nucleation
site thus machined is 110 pm deep with a diameter of 100 pm.

20 pm 20 pm
50, 0 um 0 pm
04 -20 pm --20 pm
—
= =
\.':‘u/ -504-- -40 pm £ --40 um
w g 2\’
-1004--7 : -60 pm --60 pm
150 -80 ym -80 pm
08 .
S “oa U8 -100 pm -100 pm
O e, 0 0. : : i
g(mm) -0 #(mm) 08 -0.4 0 0.4 08
(a) 3D-view. (b) Top-view.

Figure A.8 - Visualizations of the centrered zone obtained with the microscope (p =1 pm).

Figure A.8b reveals that the artificial cavity is not perfectly centered on the heated wall: its
center is in fact located at the position (Z = 0.184 mm, § = 0.045 mm) instead of the expected
location (Z =0, § = 0).

Phase 2

To estimate the surface roughness, only the bottom-left quarter of the centered zone is investi-
gated. The nucleation site is thus excluded from the calculation.

As visible on Fig. A.9b, there are only few small stripes on the surface. Equation A.1 applied
on the area displayed on Fig. A.9 leads to the following result: S; = 0.28 pm.
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Figure A.9 - Visualizations of the bottom-left quarter of the centrered zone obtained with the confocal micro-
scope (p =1 pm).

A.2.3 Conclusion

According to the measurements made with the confocal microscope and presented in this ap-
pendix, the heated surface constituted of the heat flux sensor is homogeneous and relatively
smooth. Its roughness being equal to S, = 0.28 pm, it is lower than 0.4 pm which is comparable
to the roughness of the heated wall of the first test sample (refer to Section A.1).

The artificial nucleation site is also characterized in terms of position, shape and size. With a
diameter of 100 pm, a depth of 110 pm, a conical shape and a centered position, the geometry
of the cavity is similar to the one of the first test heater’s nucleation site.
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Appendix

Calculation of the heat transfer coeflicient
and associated uncertainties

Case of the test campaign conducted with water
(Chapter 3)

The heat transfer coeflficient i at the heated surface can be calculated from the measurements
of the system wall superheat AT} according to the following relation:

_ ¥
- ATsys

wall

h (B.1)
In the present appendix, the accuracy of the heat flux ¢ determination during the experimental
session presented in Chapter 3 is discussed before the corresponding heat transfer coefficient is
evaluated with its own uncertainty.

B.1 Discussion on the heat flux ¢

During all the test campaign whose results are presented in Chapter 3, the imposed heat flux was
set constant. As — whatever the imposed vapor pressure P, — almost no temperature fluctuation
was observed (refer to Section 3.3.1.1), it is expected that the measured heat flux @peqs does
not depend on time (i.e. that there is no heat storage in the heater or in the wall).

5 T T
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4.5 B, =7.4 kPa
P, =9.6 kPa
4 P, =12.4 kPa
P, =15.8 kPa
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— —— B, =312 ga
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Y 3 RIS P _4741Pa H
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Figure B.1 — Time evolution of the measured heat flux @meqs for the different investigated vapor pressures
(water, H; = 17.3 cm, Qinput = 2.7 W -cm™2).
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According to Fig. B.1, despite the small noise linked to their calculation method (through the
derivative of a linear fit as explained in Section 2.3.1), measured values of heat flux are constant
with time for all the investigated pressures. It appears yet that the measured values overestimate
the input value. As this is not consistent even if there is no heat loss (since there is no storage
of heat), the question of the uncertainties on the heat flux arises.

Uncertainty on the imposed heat flux pinpus: The imposed heat flux @ippu: is evaluated
through Eq. B.2:

Pinput = 7“1'”7’“?”7’“ (B.2)

where wjnpys and ippye are the voltage and current delivered by the power supply (in Volts
and Amperes respectively) while A (in square meters) is the area of the cross section of
the copper block (the influence of the fin is not considered).

The uncertainty on this parameter is therefore obtained through:

A(pinput _ Auinput + Aiz’nput i %

(B.3)

Pinput Uinput Z'z'mzmt A

In the present case, with the uncertainties on the voltage, the current and the diameter
of the cross section of the copper block estimated to + 0.1 V, + 0.01 A and + 0.5 mm
respectively, the calculation of the error on the imposed heat flux leads to:

Acpmput

—41% (B.4)
Pinput

Uncertainty on the measured heat flux ,eqs: The measured heat flux is obtained ac-
cording to the method detailed in Section 2.3.1. The uncertainty on it is evaluated through
Eq. 2.8 where the error on the thermal conductivity of copper can be neglected, so that

the relation becomes: A AdT)  A(dZ)
Pmeas
_ B.
Pmeas dr i dz ( 5)

At the present low heat flux, the uncertainty calculation (with errors of + 0.1 K and
+ 0.4 mm on temperature and position of thermocouples in the heater) gives:

ASOmeas

Pmeas

=45.0 % (B.6)

At such low heat flux, the measured values through the rows of thermocouples inside the heater
are then much less accurate than the evaluation of the imposed heat flux through the knowl-
edge of the power input'. As no variation with time is observed in this study, imposed heat
flux @inpus can be considered for further analyses (calculation of the heat transfer coefficient
for instance). Otherwise, only instantaneous measurements @,e.s should be considered in spite
of their high uncertainty. For the same reason, only time-averaged values are regarded hereafter.

As visible on Fig. B.2, the imposed heat flux value is always included in the uncertainty range
of the measured heat flux. The difference between the two quantities varies with the pressure:
the associated relative error (with the imposed value as reference) is indeed about 19.0 % at low
pressure (P, < 20.0 kPa) whereas it is about 11.6 % at higher pressures (P, > 20.0 kPa).

1One should however be aware that the heat losses that can occur along the copper cylinder are not considered
at all in the evaluation of the imposed heat flux through the knowledge of the power input nor of its uncertainty.
They may yet be considered with the temperature measurements since the thermocouples are located close to the
wall.
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Figure B.2 - Measured heat flux @05 and imposed heat flux @input for the different investigated vapor pressures
(water, H; = 17.3 cm, Qinpur = 2.7 W - cm ™).

B.2 Calculation of the heat transfer coefficient h

The heat transfer coefficient h can finally be evaluated through Eq. B.1 where the considered
value for heat flux ¢ is either the imposed heat flux value Yinput (Ry,,,.,,) OF the measured heat

flux value @peqs (h<P7neas)'

Depending on the case, the uncertainty on the heat transfer coefficient is given by:

hSOinput SOiHPUt Aj—v’wall
or
Ah@meas — A@meas 4 A(Aj;,l;}??l) (BS)
hSOmeas Spmeas ATwall
With an uncertainty of + 0.3 K on the wall superheat ATZ?Z‘;[, Eq. B.7 and Eq. B.8 lead to:
Ah,,
Pinput — 57 % (Bg)
hﬁoinput
and
Ah
Pmeas — 466 % (BlO)
Pmeas

The variations of the heat transfer coefficient h with the vapor pressure P, — visible on Fig. B.3

— are mostly caused by the wall superheat AT;*, dependence on this parameter (see Fig. 3.12).
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Figure B.3 — Heat transfer coefficient based on the measured (hq,,,,,) and imposed heat flux (hg,,,,) for the
different investigated vapor pressures (water, H; = 17.3 cm, @input = 2.7 W - cm_2).

Whatever the vapor pressure P, imposed during this experimental campaign, the heat transfer
coefficient h is low and ranges from h = 1000 to 2100 W - m~2 - K1, This is in agreement with
the literature since, at low pressure, heat is mainly transferred by natural convection rather than
by phase change. However, close to the atmospheric pressure (P, ~ Py, = 101.4 kPa) the heat
transfer coefficient could have been expected to be higher. This is related to the influence of
the low heated surface roughness on the heat transfer: only a few cavities are activated at this
imposed heat flux resulting in a high wall superheat at nucleation.
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Appendix

Waiting time: extension of McGillis et
al. [77] approach and discussion

C.1 The original approach

As explained in Chapter 3, McGillis et al. [77] developed a correlation for the waiting time that
separates the departure of a bubble from the surface and the nucleation of a new bubble. For
that, they considered — in agreement with Han and Griffith [52] — a transient conduction model
to determine the temperature distribution of the fluid in the vicinity of the heated surface. This
appears as a valuable approach since the no-slip boundary condition at the solid surface makes
there the convection intensity negligible. The authors then refered to a solution? of the form

given by Carslaw and Jaeger [14]:
0.5 2
at -7 Z A
— — ) — —erfc| ——= 1
< ™ ) P ( dat ) g ¢ <2(at)0'5>] (C.1)

They assumed then that at ¢ = 7,4; the entire bubble nucleus is at a temperature equal to
or higher than the superheat temperature needed to initiate the nucleation. This condition is
even reinforced (according to Hsu [56]) by requiring that the minimal superheat is reached for
(Z =Tef, t = Twait). As they consider the critical superheat defined according to Eq. 3.8, they
finally take the following boundary condition:

2
ATcond(Za t) = T(p

AT eond(Z = o, t = Twait) = AT (C.2)

wall

Using a linearized form of Eq. C.1 to solve Eq. C.2 in terms of waiting time, McGillis et al. [77]
obtained finally the following relation:

2
o mpicp, | 1.60Tsq; T (C.3)
wait 4()02 Teﬁvahlv A ‘
——

ATc’r'it, 1

wall

C.2 Extension of the approach

As mentioned in Section C.1, McGillis et al. [77] choose to establish their correlation with the
model of critical wall superheat AT based on the Clausius-Clapeyron and static equilibrium
of a vapor nucleus equations. Their approach can then be extended by considering other models

of critical superheat:

2 According to Carslaw and Jaeger [14], Eq. C.1 corresponds actually to the general solution for the temperature
distribution during transient conduction of heat into a semi-infinite medium (solid or quasi-static fluid) with the
boundary condition of uniform temperature and constant heat flux.
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2

A , :
Tuait = g P | ATl  ~Eme (C4)
4 input )\l

On Fig. C.1, a comparison between our experimental results and the evaluation of Eq. C.4 con-
sidering the five wall superheat models detailed in Section 3.3.1.2 (AT J}Zzltl 0 AT;;Z% 1, ATuc}thl 2,
ATuC}Zthl 4 and AT;Z?@ and an effective surface cavity size equal to the radius of the artificial
nucleation site (7¢f = reav) is performed. A last comparison is also conducted by injecting the
experimental values of wall superheat AT ;ﬁ’l)l in the McGillis correlation (still with the effective

surface cavity size taken equal to the radius of the artificial nucleation site).
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Figure C.1 — Dependence of the waiting period between successive bubbles T4t on the vapor pressure P, and
comparison with McGillis correlation depending on the model considered for minimal wall superheat AT as

well as with this correlation where the experimental wall superheat AT, is considered (water, H; = 17.3 cm,

Pinput = 2.7 W - cm72). — The shaded domain corresponds to the domain of pressure where the linearization for
the correlation is not valid according to the measured waiting time values.

As visible on Fig. C.1, whatever the considered wall superheat (different models or even exper-
imental values), the correlation established by McGillis et al. [77] does not corresponds to our
experimental measurements of the waiting time with a good agreement. At the lowest pressures
(P, < 12.4 kPa), this can still be explained by the linearization performed on the transient con-
duction model which is not valid there (since the waiting period is then not short). At higher
pressures, the simplest model of critical wall superheat (i.e. the one originally used by McGillis
et al. which is based on the static equilibrium of a vapor nucleus and on the Clausius-Clapeyron
equation) yields the best agreement.

Consequently to this short study, the approach developed by McGillis et al. in [77] is not
extended further in Chapter 3 and a fit of our experimental data is simply performed depending
on the pressure at the heated surface level Pq;.
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RESUME :

L’ébullition est un mode de transfert de chaleur intervenant dans de nombreux systemes thermiques ou énergétiques en raison
de son efficacité. Dans certains systemes — par exemple les évaporateurs des machines frigorifiques a sorption ou certains
thermosiphons — I'ébullition se produit sous de faibles pressions. Dans ces conditions, la pression statique induite par la
colonne de liquide au-dessus de la surface ou les bulles de vapeur se forment n’est pas négligeable devant la pression de
saturation prévalant au niveau de la surface libre, la pression locale dans le liquide étant alors la somme de la pression de
saturation et de la pression statique. Dés lors, la pression et le sous-refroidissement induit par la pression ne peuvent plus étre
considérés comme homogénes autour des bulles, ce qui conduit a des inhomogénéités des propriétés thermophysiques dans
le fluide. En conséquence, les influences relatives des différentes forces s’exergant sur une bulle lors de sa croissance ne sont
plus les mémes que dans des conditions de pressions normales ou hautes, ce qui implique une dynamique de bulles
différente : la taille, la forme ou encore la fréquence des bulles sont modifiées. Les transferts thermiques sont également
affectés par ces conditions particulieres.

Afin d’observer l'influence de la pression sur I'ébullition en vase d’un point de vue fondamental, ce travail s’est restreint a I'étude
expérimentale de I'ébullition en site unique en régime de bulles isolées. L’eau a d’abord été testée a flux imposé et hauteur de
liquide constants pour une large gamme de pressions subatmosphériques. En termes de dynamique de bulles, quatre
comportements ont alors pu étre identifiés grace a la visualisation par caméra rapide. Pour certains de ces régimes, I'emploi
d’un outil de traitement d'images adapté — développé dans le cadre de cette these — a alors permis la quantification de
plusieurs parameétres de la dynamique (temps de croissance, fréquence de détachement, volume instantané, etc.) a partir de
I’exploitation des séquences vidéo enregistrées. Afin de généraliser le concept d’ébullition en vase a « basse pression » et de
mieux en appréhender les phénoménes fondamentaux, de nouveaux essais ont été réalisés avec un second fluide, le
cyclohexane, choisi en respectant des critéeres de similitude thermodynamique vis-a-vis de I'eau bouillant a des pressions
inférieures a la pression atmosphérique. L'étude comparative des comportements des deux fluides a permis d’identifier un
certain nombre de paramétres responsables des phénomenes spécifiques de I'ébullition a basse pression.

Au-dela de ces résultats, le dispositif expérimental a été amélioré afin de lui conférer de nouvelles fonctionnalités. Il s’agit
notamment d’effectuer la mesure rapide de la densité de flux transférée localement sous la bulle au cours de sa croissance, de
rendre ces mesures thermiques synchrones avec I'acquisition par caméra rapide et enfin d’étudier I'ébullition a basse pression
sur des surfaces structurées (agencement de tunnels perforés). Les résultats obtenus ouvrent des perspectives
encourageantes pour mieux analyser les comportements spécifiques de I'ébullition a basse pression afin de pouvoir les
exploiter dans des applications pratiques.

MOTS-CLES : Ebullition en vase, basse pression, essais expérimentaux, visualisation, dynamique de bulles, comparaison de
fluides, similitude thermodynamique.
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