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Abstract

Abstract

Boiling heat transfer is an effective mechanisnt ten remove a large
amount of thermal energy from a surface owing ®high heat transfer
coefficients (18 —1¢ W/m’K), thus maintaining relatively low surface
temperature. The boiling heat transfer phenomeramnldeen applied to
several engineering and industrial fields requirthg removal of high
heat flux, such as power plants, electronic chipling, and marine ship
power generation. The improving of phase change tn@asfer has been
at the forefront of engineering research for desade this work the
effect of surface wettability in pool boiling hemansfer is studied. The
pool boiling phenomena is characterized by threpontant parameters:
onset boiling temperature §ig), the heat transfer coefficient (HTC) and
the critical heat flux (CHT). All these parametarg influenced by the
wettability characteristics of the boiling surfa@eettability of a surface
can be can be characterized by equilibrium contaecgle). The
experiment presents in this work reveal a reductbong (down to
103°C for a super-hydrophobic test surface) theilibgum contact
angle increases, that is desirable for enhancewiepbol boiling heat
transfer. However on surface with a extremely heghtact angle (called
super-hydrophobic surfaces, SHS) the early formatib a vapor film,

hinders to use super-hydrophobic surface in podlinigo condition.



Abstract

Therefore an heterogeneous “biphilic’ surface witho degree of
wettability (SHS points dispersed on the hydrogtslirface) is proposed
in this work. A biphilic surface allows to redudeetTons (@bout 104°C)
compared with pure hydrophilic surface (117°C fmosth stainless steel
test surface) and increases the CHT by inhibitibthe vapour formation
at once. A SH polymeric coating, that is a patesniding, is tabled as
final results of this work. A basic surface treabgdSH polymeric coating
enhances the pool boiling parametegyd, HTC and CHT). The coating
shows even an excellent durability of its wettapiproperties also after
considerable number of thermal cycle test (up 1)50he work include
also some numerical simulation of pool boiling ptraena to clarify the
physical behavior. Numerical simulation revealst thadynamic contact
angle treatment gives good results regarding duhbtibble detachment
characteristics as well as the apparent contadée aagolution with time,
in comparison to the corresponding experimentad.dat

Key words: Pool boiling, wettability, bubble characteristi¥glume —
Of-Fluid method, contact angle, superhydrophobicity
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Chapte

1 Motivation of the study

1.1 Boiling application

Boiling heat transfer is defined as a mode of r@aisfer that occurs with
a change in phase from liquid to vapor. There ame basic types of
boiling: pool boiling and flow boiling. Pool boilghoccurs on a heating
surface submerged in a pool of initially quiesckeid. Flow boiling

occurs in a flowing stream of fluid, where the hegtsurface may be the
channel wall confining the flow. The heat transheigmentation caused
by boiling has been of great concern to researath@esto its potential to
improve the cooling systems of many engineeringliegjions such as

electronics, nuclear reactors and high power géoerérigure 1).



1 Motivation of the study

High power
electronics
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systems  Ji

& &
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Figure 1: Two-phase cooling system

The high heat transfer coefficient that boiling theeansfer can reach (up
to 10 time higher than force convective heat trangfl]) makes it
attractive especially in the thermal cooling of mtorized systems
(microelectronic and MEMS devise). The miniatuniaat usually
facilitates thermal exchange: the characteriseerttal diffusion times are
shorter in miniaturized systems and the heat flughanges at a fixed
temperature difference are larger. On the otherdhénis difficult to

impose a temperature difference in the middle grfhall microsystem [2].
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Figure 2:Temporal evolution of the chip maximum goWWV/cmz2) [3].

In this case the liquid—vapor phase transition banadvantageous in

conventional exchangers for two reasons: the pl@sesition absorbs

energy at a fixed temperature and the specificggnabsorption (due to

phase change) is definitely higher than single phasange. Since the

invention of the integrated circuit, the increasing the density of

transistors is accompanied by an increase in thaeu of commutations

operated by the chip, and the amount of maximumepdwe dissipate.

Figure 2 shows the evolution by years of some cimpgimum power.
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Currently, radiators for microchip or MEMS devisae fabricated using
an excellent heat conductor (copper), ventilated, t@aversed by
minicanals covered by liquid coolant. A more e technique uses
phase change transition (pool boiling) to removat tdérectly from the
surface to effectively manage the thermal heatsteanneeds [4]An

enhancement of pool boiling heat transfer conditan be achieved by
providing additional bubble nucleation sites on therface and/or
increasing the heat transfer surface area. Onehef most promise
configuration used a two-phase microchannel heakssiThome [5]

present a summary of recent research on boilingntecesearch on
boiling in microchannels. These researches haveleded that nucleate
pool boiling controls evaporation in microchanndis.a more recent
review, Baldassari et al.[6] includes the stateth&f art of research on
internal forced convection boiling in microchannalsd in microgravity
conditions. A channel is usually defined as “microchannel” Het
hydraulic diameter of the channels is smaller ttr@ncapillary length of
the working liquid. However identifying the threstidoeyond which a
two-phase flow may be considered "micro” is an ojgene and different
classification based on the hydraulic diameter led thannels [7] or
adimensional parameter [8] can be found in theditee. Microchannel
heat sinks are used in high-heat flux systems, emcroelectronic,

optical and microfluidic devices, high-performansepercomputers,

electric vehicles, advanced military avionics, pova@d laser devices,
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very-high temperature gas-cooled reactors, radigdnels of spacecratft,
thermal control of satellites, etc. In pharmacealti@and chemical

industries, by integrating heat exchangers, mixand, reactors as a block
of micro components, it is possible to achievegaificant decrease in the
system size. Heat exchangers based on microscatmels are also used
in automotive fuel cells where the heat dissipatgystem should be

compact and contain a minimum number of components.
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2 State of the art: Pool Boliling

enhancement

2.1 Introduction on Pool boiling

Boiling is a common energy heat transfer techniqueccurs when a
liquid is exposed to a surface which is maintairsgbve saturation
temperature. Boiling can be homogeneous or hetasmges (Figure 3). In
the homogenous boiling the temperature of the digises far above the
saturation temperature, the vapor is formed, "ratele as bubbles within
the bulk of the liquid causing "volumetric" or "ltil pool boiling.

Conversely in the heterogeneous boiling the nucleatppears in a liquid
close to a solid surface. In the heterogeneousdihe wall temperature
(Twan) Of the liquid does need to be higher than satmaemperature of
the liquid (Tsa).. If the wall temperature is sufficiently highapare a
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thin layer of vapor is formed. This condition, cheterize by a vapor film
formation on the heated surface, is called filmibgi

Homogeneous boiling Heterogeneous boiling

pool boiling

liquid liquid

film boiling

liquid

[ vaﬁr film

Figure 3: boiling forms. homogeneous and heterogeneoiling. The

heterogeneous boiling can be divided into poolfdndboiling.
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» The extensive study on the effect of the very ladgéerence
(ATsh = Twa- Tsa) between temperature of the heating surface
(Tw) and the saturate liquid &), ATs,, was firstly done by
Nukiyama [9]. However, it was the experiment by kear and
Scorah [10] that gave the complete picture of that lransfer rate
in the pool boiling process as a function &fs,. The various
regimes of boiling in a typical case of pool bagim water at
atmospheric pressure are shown in Figure 4. hascbnventional
log-log representation of heat flux versus wall estngat [9].

Different range can be identified white'sh is increased:

» Stage I: the water is heated by natural convection. Witk th
mechanism of single-phase natural convection, &t kransfer

rateq’’is proportional toq(ATy,)5/* [11].

» Stage II: the liquid near the wall is superheated and tetods
evaporate, forming bubbles wherever there are atiole sites
such as tiny pits or scratches on the surface.\Widietemperature
to have the nucleation of the first bubble is @hfiaset nucleation
boiling (ONB) (Twai=Tong). The mechanism in this range is called
nucleate boiling and is characterized by a very high heat transfer
rate for only a small temperature difference. Thame two sub-
regimes in nucleate boiling: local boiling and bbiéiling. Local

boiling is nucleate boiling in a subcooled liquidthere the
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bubbles formed at the heating surface tend to awwldocally.
Bulk boiling is nucleate boiling in a saturatedulid; in this case,
the bubbles do not collapse. The heat flux, gf, ool boiling

regime varies afAT,,)", where n generally ranges from 2 to 5.

Stage llI: the increasing of"’ with ATsh is limited by a condition
calledcritical heat flux (CHF), which is also called a boiling crisis
or departure from nucleate boiling (DNB). CHF i tbondition
where the vapor generated by nucleate boiling besoso large

that it prevents the liquid from reaching and rdimgtthe surface.

Stage VI: immediately after the critical heat flux, boilibgcomes
unstable and the mechanism is then catiedial film boiling or

transition boiling. The surface is alternately a@gewith a vapor
blanket and a liquid layer, resulting in unstabtandition, that

easily move to a film boiling regime. .

Stages V-VI: a stable vapor film is formed on the heating aef
and the heat transfer rate reaches a minimum.i3iualledstable

film boiling. By further increasing the wall temperature, hieat
transfer rate also is increased by thermal radiatitowever, the
high temperature reached in this stages would dantag wall.
Hence, for practical purposes, the temperaturémged by the

material properties.
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Figure 4: Pool boiling of water on a horizontaltplat 1
atm.[1]

This work is focused on pool boiling phenomenagstH-IIl), looking in
detail the generation of a single bubble (Figure B)hen the wall
temperature reaches the condition Twall=TONB, a ovapubble
nucleates on the heater surface.. The bubbles gepidly in the
superheated liquid layer next to the surface uhél depart and move to
the bulk liquid. While they rise as the result afolgancy, they either
collapse or continue their growth, depending on tiwie the liquid is

locally subcooled or superheated. The life of aglsirbubble may be

10
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summarized as occurring in the following phasescleation, initial

growth, intermediate growth, detachment and waitiimg.

nucleation Initial growth intermediate detachment waiting time
growth

Figure 5: phases of the pool boiling phenomena

The evolution of the bubbles determines the efficie of the heat
exchange during pool boiling. It is influenced bywamy parameters like
temperature of the surface, pressure of the liffaatber and Scorah [10]
suggested that increasing the pressure, for thee stamperature
difference, would result in the decreasing of tize sf the bubbles) liquid
properties and surface characteristics. The nesdagpaph presents the
main parameters to take into account for the erdrarat of pool boiling
heat transfer. On the next chapter the influencsudface characteristics
are exposed in detail, describing the most prontitesrihnique to improve
the heat exchange during pool boiling modifying sheface topology and

the wetting properties of the surface.

11
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2.2 Pool Boiling parameters

Three main parameters must be taken into accouheienhancement of

the pool boiling heat transfer:
» Onset nucleation temperaturgnk
» Heat transfer coefficient HTC
» Critical heat flux CHT

The values of these parameters are strongly linkéld the evolution of
the bubbles (Figure 5).

Onset nucleation temperature

The early work of Bankoff [12] has shown that sin@ats associated with
heterogeneous nucleation are much smaller thare taesociated with
homogeneous nucleation. The reason is that a loweption superheat
can be easily rationalized if one considers thatdavities generally trap
air or other non-condensable vapor. These cauita® radii generally
much larger than the critical radius of the clusteactivated molecules.
The volume of air trapped in a cavity depends oam mmagnitude of

surface tension, the shape of the cavity, and éRkperimental

conditions(such as system pressure, liquid temperand temperature of

12
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the heated surface). The wall temperature at wimableate boiling

begins strongly depends on the availability of tasiwith trapped gas
(unflooded cavities). Thus, the cavities becomeefeand fewer and their
size decreases, the nucleation temperatures wolloaph homogeneous

nucleation temperature.

Consider the simplest case of a spherical vapobleulif pressure (pin

a saturate liquid Skt Psa). Mechanical equilibrium [13] requires that:

By — Psqt :276 (2.1)
where o is the interfacial surface tension and r is thedbe radius of
curvature. If the liquid is superheated (a liguecheated to a temperature
higher than its boiling point), vapor bubbles fospontaneously. This
liquid superheafTs,corresponds to a critical value of bubble radigs R
[14]:

_ 2019Tsat(Vg—vy)
R, = T (2.2)
This formula says that a bubble of the radius R+Rnot stable, so that
the vapor condenses and disappears. For a bubldeliaf R=R; to be at
equilibrium state. Finally if R>R the bubble will grow from the heat
transferred by thermal diffusion from the liquid ttee bubble’s surface.
This equation is valid for a uniformly heated liquand semi-spherical

bubble. Furthermore, experimental observations [ibje indicated that

13
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growing bubbles are not hemispherical, but elordjafen improvement
of the correlation is made by Wang and Dhir [16hey examined the
conditions that are sufficient for the occurrenéevapor/gas entrapment
in a cavity, based on the minimization of the Hebhith free energy of a
system containing a gas-liquid interphase. Theitermon for the

entrapment of vapor/gas in a cavity (which is eglénmt to the occurrence

of a minimum of excess Helmholtz free energy omdhe cavity) is:

0> lpmin (23)

Wherey,,;» 1S the minimum cavity-side angle (Figure 6). Fapherical
cavity, the corresponding saturation temperatuseethe bubble can be
approximately found from the Clausius-Clapeyron agun, and
introducing a constant to take into account thetaxnangle (wettability
effect) of the surfaced). Wang and Dhir [16] derived the following
inception criterion:

ZO'Tsat

Ty — Tsqr =
w sat PghlgRC

(2.4)

Where

1 for 6 <
K =
sin@ for 6 >

NN

14
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W
.
) min I min

Conical

Spherical

Figure 6: minimum cavity-side angle for sphericadl @onical cavity.

Then assuming a linear temperature drop in thartheboundary layer,
one can express the temperature profile in the demyrlayer as:

TO) =T = (T =T (1- %) (2.5)

For a particular wall superheat, it is possiblepply Hsu’s criteria[17],
that is shown in Figure 7. The interception betwewreption criterion
(Clausius-Clapeyron equation ) and the equatioth@fthermal boundary

layer gives the range of possible nucleating c@sitf, nin < 7.0, <

rc,max) .

For a given wall superheat, the two radius are:

6¢C ATy [ 8C10Tsat (1) (AT +ATsyp)
Temin T, =2 S 11+ [1-
{ ¢min C'max} 2Cy ATy +ATsyup pyhfg8e(ATy)?

(2.6)
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WhereC; =1+ cosO ; C, = sinf ; AT, = (Ty, — Tsar) ; ATsup = (T, —
)

T
T\\
|
| y
| T6) =T =T =T (1-5)
t
Tu_mjn l
o |
2 [
é : T—T. = —UT\M
K | TPl
I 1
I I
| I
Tsar ] 1 : —
| | TN
| | !
T . ] .
T, 6I

c.amin o Temax

Distance from the wall
Figure 7: Inception criteria [16]
Heat transfer coefficient

For a nucleate boiling on an upward-facing horiabrdurface in the

isolated bubble region, heat transfer mechanisoiade [18]:

» Transient heat conduction from the heating surface to the

adjacent liquid.
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2 State of the art: Pool Boiling enhancement

» Natural convectionon inactive areas of the heating surface.

» Evaporation from the micro layer underneath the vapor bubble.

1" ('2 v T i ('2
q :71\( ﬂ-(‘l'-pcli){fbDi“\'uAYE

- —1;\',,an) B AT+
2 i

transient conduction natural convection micro layer
evaporation

Figure 8: expression of the heat flux during partizcleate boiling [18].
Clis the proportionality constant for bubble arg¢ience, [} the
bubble diameter at departure, the bubble releasgiéncy{, the number

density of the nucleate siteNandh,,,, h,,, average heat transfer

coefficient of natural convection and evaporation.

Equation in Figure 8 shows that the heat transter @ phase change

(micro layer evaporation) increases in these cases:
» the bubble frequency increases.
» the nucleation site increase.
» The diameter of the bubble increases.

The problem with equation in Figure 8 is that iingossible to get closer

than one empirical constant since the nucleatida distribution is
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2 State of the art: Pool Boiling enhancement

unknowna priori. A more useful relation can be obtain using the
Buckingham pi-theorem. The pool boiling heat transfould depend on
the difference between the surface and saturagompérature(AT,, =

T, —Tsqt) , the body force arising from the liquid-vapor digy
difference g(p; — p,)) , the latent heah,;, the surface tension, a

characteristic length L and the thermophysical proes of the liquid or

vapor (p, ¢, k, ).
hyoiting = R[ATw, 9(0r = ), hots P, €, K, 1] (2.7)
Using dimensionless group this relation can betarmias:
Nu; = f[Gr,]a, Pr,Bo] (2.8)
» Nu= %: Nusselt number, ratio of convective to conductive heat
transfer across the boundary.

_ 9p(p1—pp)L3
> Gr = T

. Grashof number, the ratio of the buoyancy to

viscous force acting on a fluid.

» Ja= w : Jakob number, ratio between sensible to latent

vl

energy absorbed during liquid-vapor phase change.

> Pr =”kﬂ : Prandlt number, ratio of momentum diffusivity to

thermal diffusivity.

18



2 State of the art: Pool Boiling enhancement

_ 9(pi=—pn)L* | :
» Bo = —_— Bond number, ration of body force to surface

tension.

One of the most famous empirical correlation isaot#d by Rohsenow
[19]:

q" =2 [Bo]1/2 [’—“]3 (2.9)

L Cs PT™

Critical heat flux

In nucleate boiling, heat flux increases and reachanaximum value
with increasing surface temperature. The maximuat fex that can be
obtained by nucleate boiling is referred to asaaitheat flux CHF (see
Figure 4). Immediately after the critical heat flimas been reached,
boiling becomes unstable and the mechanism is ¢h#ad partial film
boiling or transition boiling. In the case of cailed heat flux, a slight
increase of heat flux beyond the CHF can causestiace temperature
to rise to a value exceeding the surface materraBsimum allowable
temperature. This can cause severe damage of tfeeesuThe CHF is
also referred to as a limit heat flux for this @asThe value of the
critical heat flux is affected by hydrodynamic msilities, wetting
criteria, heat capacity, heater geometry, heatiethod, and pressure. In
the first theory of Zuber [20] the CHF is reacheew the Helmholtz
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instability appears in the interface of the largg@ar columns leaving the
heating surface. These vapor columns are assuntelitoa square array.
For vertical liquid and vapor flow, the critical Heholtz velocity is

(according with Kelvin-Helmholtz instability thegry

U, = |luy — uy| = pT (2.10)

if py > p,, Ap is the wavelength.

Since the density of the vapor is significantly ewthan that of the liquid,
the upward vapor column velocity is much highemthbe downward
liquid velocity. Therefore, the critical Helmholtzlocity can be written
in this second form:

n
A
U, = imaxs (2.11)
PvAp Ac

Astotal surface areaSurface are occupied by vapor. The spacing of the
centerline of the vapor columnig and the diameter of the vapor column

is supposed,, /2, the ratio A/A. is equal to 16# (see Figure 9).
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12\d
>
. A\d .

Figure 9: sketch of the vapor column (diameter @isthnce)
Combining the two form of the critical velocity,éatlcritical heat flux is
obtained:

" _ TPyhy 2mo 2.12
qmax - 16 PUAD ( . )

According with [21] the most dangerous wavelengtkthie two-
dimensional wave pattern for the Taylor instabibfythe interface

between a horizontal semi-infinite liquid regioroab a layer of vapor:

30
Ao = 2m o (2.13)

the critical heat flux becomes:
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_\ql1/4
q" . = 0.149h,, [%] (2.14)

The next two paragraphs present a brief review ethodology to
improve these three boiling parametersoNgd HTC, CHT) by the
modification of surface topology (from macro to meicand even
nanoscale). Conversely the wettability effect, tisathe concerned effect

studies of this work, is analyzed in the paragrah.

2.3 Enhancement of pool boiling heat transfer by mao

topology modification

The surface capability to entrapment of vapor/gas icavity is able to
reduce the superheat temperatub& () necessary to activate nucleate
boiling. Building reentrant cavities on the surfaseems a prominent
method to reduce th&T,, and it was one of the first used. Deng et al.
[22] proposes a porous structures with reentrantitiea (Figure 10),

constructed by sintered copper powder via a séétesintering method.
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5 £ ey 5 . e
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Lens Z20:X50 500,001m & > - 5 Lens ZZf) X200 200.000m

Figure 10: Solid copper structures with reentravitees [22].

In the both liquid tested (water and ethanol) aiotidn of the Bng (Up to
8-10°C less than smooth copper surface) can bealfothre energy for the
bubble nucleation and growth can be greatly lowetedn in a cavity,

and the ONB occurred at smaller heat fluxes.

The better performance of a reentrant cavities @amparison with no-
reentrant cavity is shown also by Saha et al. [ZBly tested various
types of tunnel structures (with hundreds of mioetens width, Figure
11) on copper surfaces using the wire EDM technigurel conducted
water pool boiling experiments. The interest o thiudy is to investigate
the enhancement of boiling heat transfer for déifiergeometry of the

channels.
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Figure 11: Various tunnel geometries (a) and viefmgst surfaces (b)
[23].

Outcome of this work indicates that a tunnel witltwlar groove at the
tunnel base could be an excellent option for thgreantation of boiling

heat transfer. A reentrant cavity seems increase hbat transfer
coefficient during nucleate boiling, decreases pimit superheat and

enhances critical heat flux [24].
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The creation of interconnections between the grehesvs also benefit
especially in term of CHF. Zhong et al. [25] intenoected-grooves
surface with quadrilateral array and triangulaagrcavities (Figure 12).
In this kind of structured surfaces, an excellequitl vapor conversion
system is formed. The cavities act as the staligyeeentric vaporization
cores and the interconnected grooves work as ango@ater supply
pathways, which results in significant boiling hé@nsfer enhancement.
The wall superheat reduction for given heat fluaed CHF increases up
to 60% for quadrilateral array and 102% for tridiagwarray, compared

with the plain surface.

quadrilateral array triangular array

Figure 12: Schematic of fresh water motion aroumedstructures [25].

A natural evolution of interconnected-grooves osugace is the porous
structure. Recently Xu et al [26] investigate sia¢urated pool boiling of
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de-ionized water on composite porous surfaces. pbeus layers
contemplate three types of structures, includiragnm pores above 200
um diameter, micro pores around 2 pum diameter amdrde structure
around 400 nm diameter. The porosity (percentageoif spaces in the
material) of the coating layers varies from 91%@#80. The experiment
indicates that the micro pores and dendritic stméctncreases nucleation
site density and capillary force, meanwhile, thecragores contribute to
the growing and departing of the bubbles. The raghesat transfer
coefficient of the porous surface is in excess &f WB/(cnf K), 120%
higher than for a plain surface. During high héak range, the
coalescent bubble on the composite porous surig@ess more quickly
than plane surface, which brings more liquid rejslement after bubble
departure, resulting in a higher CHF value. Thghbst critical heat flux
of the porous surfaces reaches up to 239 W/&061.% higher than that of
plain surface. The influence of the pore structatrenicroscale (less than
about 100um) is likewise important on pool boiling phenomerss,

explain in the next paragraph.
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2.4 Enhancement of pool boiling heat transfer by nero-

topology modification

This paragraph presents most of the technique tesedhance the pool
boiling heat transfer efficient by surface modifioa at micro/nano-scale
(less than about 100m). Over the past decades, researches on surfaces
coated with various materials were actively conddatith the aim of
enhancing boiling heat transfer [27]. The easiesy W modify a surface
for this purpose is to introduce a roughness. Turéase texture, on the
other hand, is geometric in nature and can haveymanables, such as
pitch (periodicity), spacing, depth, shape, anmttioemness. In one of the
first study about rough surface in nucleate boiloandition [28] it is
shown how increasing the roughness reduce the O&tBpdrature.
Increased surface roughness gives also better thagatfer at a given
superheat [29] because the rough surface has ysuale cavities than
the smooth surface, while pool boiling heat transfeefficient depends
on the nucleation site density. In [30] Jones et palol boiling at
atmospheric pressure from surfaces with a wide ganf) surface
roughness (from 0.02/m up to 10um) was been studied in two different
fluids (water and FC-77). For water, the resultslicgate a little
improvement in heat transfer coefficient for rougbés beyond Ra =1.08
um, except for a very rough 10m surface, which had significantly

higher heat transfer coefficients. On the sameo$eturfaces, FC-77
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exhibited a different trend with continuously ineseng heat transfer
coefficient with respect to surface roughness. hemeral trend of
increasing heat transfer coefficient with surfaseghness was correlated
using h~R' (with m=0.2 for FC-77 and m=0.1 for water. In tlezent
work of Kim et al. [31] the effectiveness of micstructured surfaces
(circular micro-pillar arrays with height, diamet@nd gap between 5-40
um) in enhancing the achieved HTCs and CHFs is tigated.

Sample No. d(um) h(um) g(pm) Roughness(r) Solid
fraction

50 - N 0 1 1

S01 (D20H10G05) 20 10 05 2.00 0.50
S02 (D20H10G20) 20 10 20 139 0.20
503 (D20H10G40) 20 10 40 117 0.09
S04 (D20H20G05) 20 20 05 3.01 0.50
S05 (D20H20G20) 20 20 20 1.79 0.20
S06 (D20H20G40) 20 20 40 135 0.09
S07 (D20H40G05) 20 40 05 5.02 0.50
S08 (D20H40G20) 20 40 20 257 0.20
509 (D20H40G40) 20 40 40 170 0.09
510 (DO5H20G05) 05 20 05 4.14 0.20
S11(DO5H20G10) 05 20 10 2.40 0.09
$12 (DO5H20G20) 05 20 20 1.50 0.03

b)

Figure 13: SEM image of prepared micro structurgfbses [31]

A roughness factor r, defined as the area fraatifotne actual value (A
over the projected value (A is used to evaluate the effect of roughness
(Figure 14).

28



2 State of the art: Pool Boiling enhancement

Figure 14: definition of roughness factor r.

The results HTC and CHF are dependent on the rasghfactor, as
shown in Figure 16a. At low superheat regime (kefttre ONB), the
HTC showed no dependency on the sample roughness, there is no
bubble generation before the ONB. The thermal baunthyer (typically

100 pm Figure 15a) of the natural convection regisngreater than the
structure’s height (10—40 um). So the structurdccowt affect the heat
transfer rate.

(a) (b) Bubble Dynamics _ Convective ¥fect

I(, bt d

UelmlUmls
Il

R_NC >> R_str, R gap, R_silicon R_C ~ R_str, R_gap > R_silicon & R_str ~ f(area)

= No structure Effect = Structure Hfect (Hin effect)

Figure 15: Thermal boundary characteristics a) fee@NB b) at high
superheat [31].
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At higher superheat temperature (Figure 15a) theleated bubble

behavior strengthened convection effects, affediiregthermal boundary
layer. As the depth of the thermal boundary lapekhess has the same
order of magnitude of the structure’s height, thisr@n increase in the

HTC due to the enhanced convection effects on d¢la¢irhg surface.
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Figure 16: Boiling performance evaluation alongsheace roughness

ratio; (a) heat transfer coefficient, and (b) catiheat flux [31]

The trend of the CHF with roughness ratio is managlex (Figure 16b).

It seems that, at fix height and diameter of tHeus, there is an optimal
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gap size for CHF enhancement. This optimum valwzeases if the
height of the pillar increase.

Finally many authors show that even nanoscale tstreg (size<0.1
micron) have an influence on pool boiling heat ¢fan In Lu et al. [32]
boiling experiments are conducted on a nano-poroygper surface
(uniform porosity with approximately 30—200 nm)idtfound that on the
nano-porous surface more active nucleation sitepersent. The nano-
porous structure, as the micro-cavities at micress®eems to reduce the
activation energy for the bubble nucleation, givantpwer wall-superheat
for the ONB in contrast with flat surfaces undee ttame heat flux
conditions, as observed also in [33]. In Bourdoalef34] it is explained
that the mean valley depth parameSgr a parameter to characterize the
roughness, is able to quantify the sizes of thdtieavpresent on the
surface, and so estimate the importance of the -namity on Tons
reduction. As conclusion of these two paragrapltiechnique to enhance
the pool boiling heat transfer should considerfdllewing points:

» Increase in the active nucleation site density widmdomly
formed micro/nano-sized roughness and using resrteaities.

» Favorable bubble initiation, growth, and departmemicroporous

layered surface (reduce the bubble departure daijnet
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» Promotion of evaporation mass flux at vapor—liqunterface by

micro/nanostructures (roughness surface).

» Control the nucleation position, in order to deldne bubble
coalescence and the formation of a vapor film @ase of critical

heat flux).

Even the modification of surface wettability cadphto achieve most of

these points, as it is discussed in the next papdgr

2.5 Enhancement of pool boiling heat transfer by stace

wettability modification

The wettability is usually characterized by a ceh@ngle. The cohesive
forces between molecules of the same phase (ligold] and gas/vapor)
are responsible for the surface tension. In the ¢tas fluid is in contact
with a solid surface, the equivalent forces betwdigqnid and solid

molecules is called interfacial tension. The equilim of the forces
acting on liquid—vapor interface meets a solid acef determines the

equilibrium contact angle (Figure 17).
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Gas

YSG

Figure 17: distributed forces at the contact limgh the contact line

perpendicular to the image.

In the equilibrium, a contact angle of liquid drop a surface can be

described by the following Young's equation:

Ys. + Vg €0s(0,) = Vs (2.15)

Whereys;, Ve, Yse are the interphase energy (N/m) between soliddiqu
liquid-gas and solid-gas. Application of this eqoiatis limited to an ideal
surface that is rigid, perfectly flat, insolublemreactive, and chemically

homogenous.

A high contact angle indicates a low solid surfacergy or chemical
affinity. This is also referred to as a low degrek wetting. The

wettability of a surface can be modified by engmeg its texture and
(or) its chemistry. Basic on young equation theeadmg parameter S is

defined as:
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S =Y¥s¢ — (Vs — Yic) (2.16)

When S>0 a liquid droplet will completely wet therface @, = 0°).
This happens on a surface with very high valugsgf(~5 — 50 N/m) as
on the metal surface. When S<O a liquid dropletiqaid droplet will
partially wet the substrate: &, < 90° a substrate is called hydrophilic
and if 8, > 90° a substrate is called hydrophobic. This hydroptobi
regime is usually observed on substrates which Hewer values of
Ys¢ (~0.010 — 0.050 N/m) e.g. plastics. Some well-known surface

chemistry method to modify the surface wettabiltgiude:

» forming oxides on the surface, if hydrophilicity desired, For
hydrophilic oxides (e.g., copper oxide), the chemisand
resulting wettability can be tuned by varying thegake of
oxidation of the surface [35].

» depositing low-surface energy materials (e.g., rispolymers,
fluorosilanes) if hydrophobicity is desired. Thesafical bonds in
low-surface energy solid materials are in orderdeftreasing
surface energy: -CH> -CH; > —CR, > CRH > —CRK (i.e., CRis
the least wettable) [36].

The wettability is function also of the surfacettee. Wenzel [37] and
Cassie and Baxter [38] describe the effect of thréase texture on value
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of contact angle as consequence of two differeatestWenzel state
assumes that the droplet completely wets the rasgtface whereas
Cassie and Baxter state assumes that air is trajppdte rough solid-

liquid interface (Figure 18).

Liquid
—
Solid

Total wetting Partial wetting

S>0 $<0 0, > 0, o
\ Gas /
Cassie-Baxter state
0. <0

INSIAR

Wenzel state

Figure 18: Possible wetting states of a sessiledigroplet on a flat
substrate, in function of spreading parameter audibrium contact
angle. On Wenzel state, the droplet wet the sulestraCassie-Baxter

state small gas pockets are located under theetropl

In the real case both states can be present. Méreel wetting state the
apparent contact angl@™*) is function of the equilibrium contact angle

on smooth surface:
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cos(8*) =r-cos(6,) (2.17)

with r being the roughness, defined as the ratitheftrue surface area to

the projected surface area. The possible casesiammarize in Figure 19:

36

» The Cassie-Baxter partial wetting stateif cos(6,) < cos(6',)

with 6'. = (1 — ¢s)/(r — ¢ps), where ¢s is the solid-liquid
fractional surface area. The value of the appa@adsie-Baxter

contact angle is:
cos(6*) =1+ ¢s (cos(6,) — 1) (2.18)

The Cassie-Baxter non-wetting statef cos(6,) > cos(6'.) with
0". = (ps+1)/(r — ¢s). The value of the apparent Cassie-

Baxter contact angle is:
cos(0*) = —1 + ¢g(cos(6,) + 1) (2.19)

TheWenzel state(cos(6”';) < cos(6,) < cos(6',)). The value of

the apparent Wenzel contact angle is given by27}].
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Cos(6%)
1.0 CB-S

Cos(6,) Hydrophilic

Cos(6.) mil
Cos(4,) 1.0

Hydrophobic

Figure 19:cos(6*) in function ofcos(6,) for Wenzel state (in blue) and

Cassie-Baxter state (in red).

The roughness is not important only on equilibricomtact angle but also
for the so-called contact angle hysteresis (diffeee between the
advancing and recedingvalues). Advancing and receding contact angles
are measured as a function of the roughness of »a saaple with
constant chemical properties. Johnson and Detti@® [Eudy the

advancing and receding contact angles as a funofitme roughness of a

'The advancing angle between a liquid and a solid is the contact angle which is
produced in the course of a wetting process.

> The receding angle is the contact angle between a liquid and a solid which has already
been wetted with the liquid and which is in the course of being de-wetted
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wax sample. The main outcome of the experimenhas &n increase in
the roughness caused an increase of the advanamtgct angle and a
decrease of the receding angle (so the hystereglke,awhich is the
difference between advancing and receding, incepastil a limit value.
At this limit, the hysteresis drastically decreased the receding angle

became closer to the advancing contact angle.

The whole pool boiling process is influenced bytafglity properties. In
L.W. Fan et al. [40] the effect of surface wetligpion transient pool
boiling, from the super-hydrophilic to the supedhyphobic range is
studied, using a quenching method with hot stainkieel spheres. The
wettability is changed, with an equilibrium contastgle ranging from
nearly 0° to more than 160°, by nanostructuredicgabn the spheres.
The CHF for the super-hydrophilic case is foundniease by nearly
70%. The effect of the surface super-hydrophilicgyto destabilize the
vapour film, helping the rewetting of the boilingriaces even at high
wall superheats. On the other hand, the super-phdtacity tends to
reduce the dns, although in default of specific micro-structured
topology. In Bourdon et al. [41] the effect of vaddility on the ONB is
studied systematically, on the same nano-metricaitpoth surface. By
grafting with different monolayers of molecules, uddprium static
contact angle is changed fronf° < 8, < 110° without changing the
surface topography. A non-linear decrease of th& @MNh an increase of

6, is observed. Even on a super-Hydrophobic surfdgce> 150°), using
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the same experimental apparatus in [42], it is shewsignificant low
temperature of dng (Tong = 2°C + Tsqe ) ON super hydrophobic surface.
The first small bubbles are formed even when the€ase has a
temperature lower than the water saturation tentyeraSimilar results is
reported by Takata et al. [43]. However in the cadea super-
hydrophobic surface a quasi-Leidenfrost regime app€42]. The
formation of the vapor film on super-hydrophobicfage hinders to have
high value of CHF. The effect of wettability on HTI€ more complex.
More recent studies also shows that hydrophobifases enhance HTC
by increasing the number of nucleation sites [44H @&he bubble
frequency due to the reduction of the waiting tid&] . The recent study
of Jo et al. [45] about boiling on smooth silicaangples, showed that a
hydrophobic coatindf, = 123°) enhance the HTC by a factor up to 3
compared to a hydrophilic coatir{g, = 54°). It is possible to conclude
that hydrophobic surfaces had an onset of nucleaitang at superheats
lower than hydrophilic ones, but super-hydrophdiitiduces stable film
boiling at very small values of superheat (as shawf6]). Based on
these experimental observation, the relative impnmoant of Bys and
CHT can be obtained by a biphilic surfaces: a serfaith disperse small
hydrophobic regions to promote nucleation surrodnde/drophilic
regions, to prevent early CHF. Experiments havewshthat biphilic
surfaces actually enhance the heat transfer peafores (HTC and CHF)
in pool boiling. In Betz et al. [47] the biphiliaudace is tested in pool
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boiling condition. They investigate the effect dtbiphilic surface on
HTC, by varying the diameter of the hydrophobictspat constant pitch
to diameter ratio. Experiment show that at low sheat, the 400 um
spots induce higher HTC, while at larger superhdat, 50 um spots
induce higher HTC. This can be explained by thet that at low

superheat the bubbles released from the 400 urs apatarger, while at
higher superheat the surface with 400 um spotsl#ss nucleation sites

than the surface with smaller spots.

The size and pitch distance between hydrophobis doe the key
parameters for explaining boiling performance undheterogeneous

wetting conditions:

» At low heat flux: the effects of dots size and pitch distance are
important. The HTC is enhanced as the hydrophobiaddmeter
increases. We conjectured that this variation isised by
reduction of Bg for bigger dot diameters. The HTC is improved
as the pitch distance decreased. The reductidmegbitch distance

increase the density of nucleation site on theaserf

» At high heat flux: The HTC is lower for bigger dots size. Indeed
the continuous bubble generation interrupts heatster because
part of the surface is constantly covered by vapond cannot be
cooled by liquid rewetting, causing the HTC to @ase. As the

pitch distance decreased, bubble interactions avalescence

40



2 State of the art: Pool Boiling enhancement

occurred more frequently, leading to shorter bulgs@vth time.
Instead the departing diameter is more or lessp@a@ent of the
micro dot sizes used (ph-50Qum). Therefore, at high heat flux,
high density hydrophobic dots (small dots and snmatch

distance) could result in decreasing the valuéefG@HF.

Wettability could be influenced by the temperatufighis is clearly
important to estimate in the case of heat transfépiling condition. The
effect of temperature on equilibrium contact anglthe object of the next

paragraph.

2.6 Effect of temperature on equilibrium contact amgle

The measurement of the equilibrium contact angleaoessile drop
becomes very challenging when the fluid temperatarelose to the
saturation temperature. Furthermore the equilibroemtact angle close to
boiling conditions is an essential input paramefer numerical

simulations capturing the heterogeneous phase ehphgnomena, like
drop impact onto heated surfaces. Several groups $tadied the effect
of temperature on the equilibrium contact angleékeeiexperimentally,
with direct measures, or numerically, using molaculdynamic

simulations. However there is still a disagreentegtiveen the authors.
For hydrophilic surfaces the experiments seem ¢ovsd reduction of the

equilibrium contact angle with the increase of shieface temperature. In
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2 State of the art: Pool Boiling enhancement

Aydar et al. [48] contact angles of oils on polsa#itioroethylene (PTFE)
with different surface temperature (from 23°C upréaching the oils'
smoke point of 200°C) are measured and comparedltes predicted by
the Girifalco-Good-Fowkes-Young (GGFY) equation][4Bhis equation,
in combination with the EOtvos rule (that assumesudace tension
function linear with the temperature), predict®duction of contact angle

with increase of the surface temperature (as showigure 20).

—a—Oexp [*] --- OGGFY []

0 5‘0 160 1‘50 260 25‘0
Temperature [°C]
Figure 20:Comparison between equilibrium contact angles nreasent
of Canola oil on polytetrafluoroethylene (PTFE)Apdar et al. [48],
using air as surrounding media, and Girifalco (GGEyuation [48].

Petke et al. [50] measured the temperature depead&ncontact angles
of liquids on hydrophilic and hydrophobic plastigfaces, stating that the
ECA decreases with the surface temperature in ¢agbs.
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Although most of the existing literature predictegluction of ECA with
temperature, not all the authors agree with tlaadr Kenneth et al. [51]
examined surface temperature-dependence of thaatoamgle of water
on graphite, silicon, and gold. The contact andglevater on various
substrates do not monotonically decreases in egpgriment, but also
other behaviors (monotonic decrease of contacteaagt no change in
contact angle) have been observed. Kandlikar ¢62).measured the CA
during rapid evaporation of liquid on a heated bythobic surface and
the values of the apparent CA for high surface &natpires (100 °C <,I
< 250 °C) are remarkably constant. The linear bemasf the surface
tension of both water and diiodomethane is stutye&onrad et al. [53]
using a temperature controlled monocrystaline quarthe range 5-50°C
with temperature steps of 5°C. They show that itingd temperature has
a much larger effect on the value of contact and@tespolar liquids
(water) than for apolar liquid (Diiodomethane). Beity Stock et al. [54]
using an AFM (Atomic-force microscopy) measuremshbw that, on
hydrophobic surfaces, the adhesion force decresagagicantly by 20%
increasing room temperature. Direct experimentalasueements are
performed in order to evaluate the variation of dwiilibrium contact
angle with temperature. The apparatus used to medlsea equilibrium
contact angle is schematically described in Figkite A drop shape
analyzer (DSA100-Kruss©) is used to measure thegacbrangle of a
sessile drop on the selected surface. The sampulethen syringe are
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2 State of the art: Pool Boiling enhancement

connected to a thermal bath (Julabo© EC-5) in otderchange the
temperature of the system. An IR-camera (SC500®}is placed on the
other side of the chamber to measure the averagpetature of the
droplet for some preliminary tests. More detail athibnis experiment can
be found here [55].

T
syringe

needle

. droplet

sample IE—
I’ln |—| Tw

Figure 21. Sketch of the experimental set-up.

Thermal bath led

HSC IR-camera

Table 1 reports the equilibrium contact angle (mead at ambient
temperature of 20°C) for the three considered sadga(Aluminium,
PTFE, glass sample with a thin coating to genesager-hydrophobicity
using the commercial product Glaco Mirror Coat Z&xAll the surfaces
can be considered smooth ;8.2 pm). In the measurement of the
equilibrium contact angle, the experiment is coneldén an environment
with 3 species (solid material, water and air)rabeent condition (Ramber

= 1Bar and hamper= 20°C). The presence of air and the no saturation
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condition of the gas phase (vapor and air) candednaccuracy on the
equilibrium contact angle measurement. As repootedVeisensee et al.
[56] on a flat Teflon-coated surface, the statintact angles could be
slightly lower in the water vapor environment tharair. Another issue is
the high temperature of the sample surface catlmsesvaporation of the

droplet, reducing the contact angle.

Table 1. Equilibrium contact angle of the surfaggdemperature
To=20°C, measured with sessile drop method (liquidager). The mean

roughness (R of the surface is also reported.

Surface Equilibrium contact Ra [um]
angle [°]

PTFE 110.6 £ 2.2 0.188

Aluminium 68.6 £ 5.0 0.135

SHS 148.6 + 3.6 0.062

Table 2 presents the physical properties of thiedelsquids. Though the
study is focused on water liquid behavior, also ttleer liquids (ethanol
and isopropanol), with lower surface tension, asted. Table 2 shows

interesting physical properties of the three teitpdds.
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Table 2. Physical properties of the three liquetged. T;:is the boiling
temperature (at 1 atm). Surface tension, densiydgnamic viscosity are

evaluated at & for each liquid.

Water Ethanol isopropanol
Tsat[°C] =1 atm 100 78.37 82.6
Surface tension [mN/m] 58.81 17.41 15.98
Density [Kg/m®] 973 733 727
Dynamic viscosity [mPa*s] 0.283 0.420 0.522

Figure 22 shows the evolution of the apparent atraagle (DCA) for a
water droplet on aluminium (Figure 22a) and PTFi{Fe 22c). The
evaluation of what we have defined as “equilibricomtact angle” (ECA)
will take place in the equilibrium phase (t1<t<t2% average of the

apparent contact angles during this period (ed)3.1

Itz Opca(®)
Oca = 17— (2.20)
The variation of the contact angle in this stagessentially due to the
droplet evaporation while the contact line CL imast constant due to
the drop pinned. CL is the footprint of the progstdrop profile, recorded
by HSC. Figure 22b and Figure 22d show that up to30s the CL

doesn’t change. Using the valugs2s and 4=6s to define the equilibrium
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2 State of the art: Pool Boiling enhancement

range, on the aluminium surface (Figure 22a) with50° and T,=70°C,
the CA changes up to 3°, while on the PTFE (Fidgl2€) the variation of
the apparent contact angle is negligible, probalie to the higher

evaporation rate.

S0 —T70"

€L [mm]

) 10 20 30 40 S0
time [s]
time [s]

e ST e 70°C

CL [mm]

DCA[°]

e 5(°C s 70°C

N OB D @
o © 5 & &

0 10 20 30 40 50 1] 10 20 30 40 50

time [s] time [s]

Figure 22:a) evolution of the apparent contact angfl@ water droplet on
aluminium; b) contact line (CL) evolution of a watkoplet on
aluminium; c) evolution of the apparent contactlad a water droplet
on PTFE; d) contact line evolution of a water detgn PTFE.

Using the values;#2s and 4=6s to define such “equilibrium phase”, the
ECA is therefore evaluated for water on Teflon ahdninium (In Figure

23) using equation (7). A clear decrease appearsh® hydrophilic
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aluminium sample (from 70.3° to 58.5°), the stadddeviation in this
measurements is between 5° and 7°. Also on theopfidbic PTFE
sample a slight decrease appears (from 109.5° 1003)Q however the
uncertainty on the calculation of equilibrium cattangles (a standard
deviation of 7° is reached at higher temperaturiés). SHS coating, the
ECA is almost constant (from 148° to 151°) consigrthe standard
deviation (4°) of the calculation. Two other ligsid(ethanol and
isopropanol) are also tested on PTFE surface. Aredse of the
equilibrium contact angle can be observed in babkes. Figure 24 a
shows the decreasing of the ECA with temperatumm(fECA=35.3° to
ECA=27.7°) for ethanol. Similar trends can be found isopropanol
(from ECA=31.3° to ECA=21.1°). In this case thenskard deviation is

around 5°.
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Figure 23: a) Evaluation of the equilibrium contangle at different

temperature for a water droplet on Aluminium, Tefind SHS.
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Figure 24: Evaluation of the equilibrium contacgknat different

temperature of an ethanol and isopropanol liquid®oFE.
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Chapte

3 phase change simulation

3.1 Introduction of two phase flow simulation

Nowadays the increasing of the computing capadslitbermits the
simulation of complex multiphase-phase flows, as tie case of
numerical simulation of boiling heat transfer. Camgtional Fluid
Dynamics (CFD) codes are the commonly tools forluadfdynamic
simulation. In the recent years, the use of CFDesdulas been extended
to the analysis of three-dimensional multi-phasewf, aiming to
overcome the weakness of 1D numerical models. Ypdsent, two main
branches exist in the literature for the numeringéstigation of boiling
heat transfer using CFD [57]. The first one haspaed a Eulerian
multiphase flow approach, based on a two-fluid nholskethis approach,
it is necessary to include phase interaction temmsources/sinks in the

governing equations that are depending on spegfablem. These
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additional terms require empirical relations todice e.g. the bubble
departure characteristics or the density of thvactucleation sizes. The
empirical relations, since they incorporate a nundjemodel constants,
are depending on specific flow conditions. Recenity the work of
Prabhudharwadkar et al. [58] and Cheung et al. {&®@]performance of a
wide combination range of the existing closuretreteships is examined
through comparison with a wide range of experimetiéa. The second
branch approach is a complete or “direct” numergiatulation of the
complex spatial and temporal evolution of the ifsee between the two
phases, utilising a variety of interface trackimghuring approaches
(Figure 25):
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= Marker and cell
Eulerian multiphase flow — Front tracking
CFD
"direct" mutiphase flow Arbitrary Lagrangian-
simulation Eulerian

Volume of fluid method

Level-set method

Figure 25: fluid-dynamic approaches for a phasegbaaumerical
analysis. In red is highlight the approach choastis work.

» Marker and Cell (MAC) method [60]: the interface is marked by
many weightless particles that are convectivelypgparted with
the calculated velocity field. The particles arediso reconstruct

the interface position on a fixed mesh.
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Front tracking (FT) method [61]: The interface is tracked by a

Lagrangian frame and its position can be trackedigpely.

Arbitrary Lagrangian-Eulerian (ALE) method [62]: In this
method a dynamic mesh follows the motion of therfiaice, so the
interface coincides with a boundary of the compaitet domain

at each time instance during the computation.

Volume-of-Fluid (VOF) method [63]: this method calculates a
field (alpha) that contains information about th@uwme fraction
of one of the phases in a numerical cell and wkgatonvectively
transported with the velocity field. The volumedtan field is

used to evaluate the position of the interface.

Level-Set(LS) method [64]: this method calculates a functioat
contains information about the distance of eachmdational cell
to the interface. This function is convectivelynsaorted with the
velocity field. The zero-isoline of the level-setnttion is the

interface position.

The Volume-of-Fluid (VOF) method is used in thisnwdo simulate the

pool boiling phenomena. The proposed method comssitan enchanced

VOF method that has been developed in the pabeigé¢neral context of
OpenFOAM CFD Toolbox. The proposed method is byidiéscribed in
the following paragraphs. Further details regarditige particular
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enhancements in the original VOF method of OpenFO&M be found

in the following works .

3.2 Adiabatic VOF method

In the VOF approach, a single set of continuityug@epn 4.1) and
Navier—Stokes equations (equation 3.2) for the e/fiolv field is solved
simultaneously  with a transport equation for thelume fraction
(equation 3.3), calleda, of the secondary (dispersed) phase. The
corresponding volume fraction of the primary phasealculated as ().
The main assumptions are that the two fluids arewtbi@an,

incompressible, and immiscible. The set of equatian be written as:
V- (pU) =0 (3.1)

20 4 v (pUT) ~ V- (W[V0 + (WD)} = ~Vp+ f, + For  (3:2)
24V (al) =0 (3.3)

whereU is the fluid velocity vector, p the pressuysethe fluid densityp
the bulk dynamic viscosityfg the gravitational force field, anE the
volumetric representation of the surface tensiondoThe bulk density
and viscosity: are computed as the averages over the two phases (

liquid, v vapor), weighted with the volume fractian
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p=pa+p,(l—a) (3.4)
p=wa+p(l-a) (3.5)

In this VOF method, for the case of incompressildev, the volume

fractiona is conserved. The surface tension foEeshould be modelled
as a volumetric force. A common method, called@oatinuum Surface

Force (CSF) by Brackbill et al. [65], applying tudlowing equations:

Fs =yk(Va) (3.6)

wherey is the tension of the interfac@q is the gradient of the volume
fraction, andk is the curvature of the interface.

k=v-(22) (3.7)

[Va|

3.3 Diabatic VOF method

The classical VOF is mass conservative (equatidr). 3rhe original
formulation of VOF method n OpenFOAM doesn’t have/ anodel to
take into account the phase change phenomena. ldovtes classical
VOF method in OpenFOAM can be modified to include simulation of
diabatic liquid-vapor flows with phase change. e twork of [57] the
model proposed by Hardt and Wondra [66] is impleteeé in an already
improved adiabatic VOF-solver of OpenFOAM, that bagn previously
treated accordingly for spurious currents suppoesi67], [68]). After
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the proposed implementation [67], this new sol@alatic VOF-solver)
has been quantitatively validated against an aicalytsolution for a
growth of a spherical bubble in a superheated diglomain using three
different working fluids [69], for a single bubbggowth and detachment
during pool boiling[69], and flow boiling in a mierchannel [70]. The

accordingly modified governing equations are:

WD) 1y (pUT) - V- {u[vT + WOY]} = ~Vp + f, + for

(3.9)
a(pc,T) - .
—Lro 4 V- (i pe,T) - V- (AVT) = h (3.10)
da Aall) - - _ .y
TV (al)-V-(a(1-a)U,) = S (3.11)

Compared to adiabatic VOF method, the equationg asnended as

follows:

» In the mass conservation equation (equation 3s®)uace term on
the right hand side accounts for the phase chaigdke mass is
globally conserved despite local source terms saficaf the mass
that is removed from the liquid side of the intedds added on

the vapor side.
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» The momentum source terms (equation 3.9) in tha hgnd side
of the equation account for the effects of surfseesion and

gravity, respectively.

» A new equation for the conservation of energy (&#qua3.10) is
added in the diabatic solver. The balance the sotgen on the

right hand side of the equation represents thentlateat of

evaporation ).

> In the equation for the volume fraction (equatiofhl3, an extra
compression termi{: (a(1 — a)U,.)) is introduced artificially to
sharp the interface. Interface sharpening is vemportant in
simulating two-phase flows of two immiscible flujdsecause it
reduces the numerical instability of the solver][7d, is the
artificial compression velocity which is calculdtdrom the
following relationship:

U, = ngmin [Cy :si;u’ max (%)] (3.12)

Wherengs is the cell surface normal vectay,is the mass flux§s is
the surface area of the cdll, is the coefficient (here the value is
set 1) that controls the level of compression ([72]). U, is the
relative velocity between the two fluid phases tlu¢he density

and viscosity change across the interphase. Theesderm adds
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on the right hand sidega) is needed because, due to the local

mass source terms, the velocity field is not fredigergence.

3.4 Phase change model

The Diabatic VOF method requires a model to evaltia¢ mass transfer
due to evaporation. The model used is based orwthk of Hardt et
Wondra [66]. The quantity that should be estimatedhe evaporating
mass flux at the liquid—vapor interfacgsp This term can be calculated
from the following relationship:

Jevap = Tt Loy (3.13)

Rinthw

where T, is the temperature of the interfacesy T is the saturation
temperature, R is the interfacial heat resistance afd is the latent heat
of evaporation. The interfacial resistance is eatd from following

relationship [73]:

2—a 2TRgas Tssa/t2
Rine = 2 (3.14)
2a  hy Pv

R gas is the specific gas constant of the workimiglf The constanta" is

taken equal to unity according with the literat[i#4].

Using thej,,q, the mass source term for evaporating/condensatiorbe

evaluated. This is done by multiplying the evapagaimass flux at the
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liquid—vapour interface by the magnitude of theuwwoé fraction gradient,
as indicated in the following equation:

pO =jevaplva| (315)

This initial sharp source term field (SSTF) is gr&ted over the whole
computational domain to calculate the “Net MasswFl through the

entire liquid-vapour interface, using the followiaguation:

Mine = [ff, PodV (3.16)

The source term field, that it is initially con¢eate on the interphase, is
then smeared over several cells, by solving thioiahg a diffusion
equation for the smooth distribution of source t&rm

p1 — V- [(DAT)Vp,] = po (3.17)

At is an artificial time step. The width of the smemhsource term field is

proportional to AtvD. At and D values are adjusted to the mesh
resolution such that the source term field is sexbarver several cells
(around 5). After that the cells that do not camaure phasea(< 1-ogyt

or o > oyt , With 0c,=0.05) are set to zero the source term, to ensate t
source terms are transferred only into the purewvapd liquid cells in
the vicinity to the interface. The interface therefis not subjected to any
source terms. Therefore, the algorithm for the nmufraction field as

well as the associated interface compression, @k @fficiently without
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any interference with the source term field. Howetlee remaining
source term field should be scaled individuallytioa liquid and the vapor
side in order that the mass is globally conservetithat the evaporating
or condensation mass flow, corresponds globallyhto net mass flow

through the interface:

These scaling coefficients;Mind N are calculated by integrating the
smooth source term field in each of the pure phaséscomparing it to
the net mass flow, from these relationships:

N, = e [, (@ = 1+ apo)prav] (3.18)

Ny = it [, (@eus = Oprav] (3.19)

Using this scaling factor the final source termtribsition is evaluate in

this way:
p= Nv(acut - a)pl =N (a—1+acu)p (3.20)

More details regarding the proposal approachededound in [57],
[68].
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Chapte

4 Pool boiling experiment

4.1 Experimental apparatus

The experiment apparatus, that it is also describgd5], used in this
work to do pool boiling experiment is shown in Higw6. The boiling
chamber is made by aluminium. An internal heat®\(Bis initially used
to heat up the water. Moreover, three externalihgaapes are placed on
the walls chamber and they are connected to a Bifraller in order to
balance any potential thermal leakages. Theseratteeating tapes work
in conjunction with a cooling system (air coils gga on the top of the
chamber), to raise the temperature of the chamimnaintain the water
saturation conditions inside the chambeg£I00°C and R=101.3 kPa).
Ten and R, are measured by a K-thermocouple and a piezorelect
pressure sensor, respectively. The sample is tleateth up until the
desired temperature,d;, by an 175 W, Acim© JouaninH6.5X32X175
heating cartridge. Finally a heat flux meter with eégnbedded T-
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thermocouples is placed between the copper housinthe ceramic
cartridge and the sample surface to provide a tirexasure of the heat
flux. All the thermocouples and the pressure gaargeconnected to a PC
through a data acquisition system, and the podingoprocess can be
recorded, by an HCC-1000 high-speed camera (VDSshimhler©,
resolution of the images is 7,@8/pixel). The measuring accuracy of the

T and K-thermocouples is 0.5 K, accuracy of thesguee gauge is 5 hPa.

Heaters
// \ § / Glass plate
1 Heat flux-meter
: and:
w thermocouples
................. o
' C::> Teflon insulation

Heating cartridge

Figure 26: Schematic of the chamber.

The protocol used for each boiling experiment ifgyened is shown in
Figure 27:
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The vacuum inside the chamber is pulled using aiwacpump,
until a pressure of about 60 millibars, in order remove a
maximum of air and adsorbed gasgp (t

A degases water starts to fill the chambgruntil completely fills
the box.

After the filling of the chamber, all the valveseaclosed. The
pressure inside the chamber is equal to the atneosppressure
and the water temperature is much lower than tharaéon
temperature of the water. The internal heater{&#ter in Figure
27) is then turned on to heat up the water closgstgaturation
temperature. When the temperature of the liquidléese to the
saturation temperature, vapor bubbles are formetherroof of
the chamber, leading to an increase of the presSaréeep the
pressure (and thus the temperature) at the desiadgration
condition (point §), the external air cooling system controls the

steam to condense and avoids the variation of ib&spre.

When saturation conditions in a chamber are stabie, data
acquisition starts (using a data acquisition/switnh). The values
of temperatures (J; Tcn) pressure (R) and heat flux (W/m2) are
recorded during all the experiment. Heating odgei that is
placed under the sample, is switched on to iner¢las sample

temperature . The boiling curve is then built fronese data. A
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high speed camera record the pool boiling phenomehan
bubbles appear.

A

Toxs TW
100°C
Tch
Saturation
condition
20°C >
ta to tc td time
Int heater,
l TCh, Tch:Tsat, TCI'! =TSEl »
Vacum | o N Pcn=Psat Peh=Psat

sample

Heating cartridge

I Il [ v

Figure 27: Pool boiling experimental procedure.
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4.2 Effect of wettability

The wettability characteristics of the consideradaces are summarized
in Table 3. As mentioned previously, three différesurface

configurations are tested, using these charaadtsrist

» HydroPhilic Surface (HPiS): AISI 316 stainless steel sample,

with no coating applied.

» Super-Hydrophobic Surface (SHS): the same sample HPS is
covered by a uniform and thin coating to generabpes
hydrophobicity using a commercial product (Glacorrsti Coat
Zero©)

» Hybrid surface (SHS D): only a small circle (diameter 4.6 mm) in
the center of the same sample HPIS is covered byGlaco
Mirror Coat Zero© coating, while the rest of themgde remains
hydrophilic.
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Table 3: Wettability properties of the consideradaces. Equilibrium
contact anglefgy), advancing contact angl@.§,), receding contact angle
(Ored and hysteresi®gq0rec =A0). The angles are measured using the

sessile drop method. Maximum standard deviatiaiB{s

0eq [o] Oaav [o] Orec [o] A6 [o]
HPS 58 74 43 31
SHS 150 151 149 2

The roughness characteristics of the sample thages in all the above
surface configurations are summarized in Tablel& Mean roughness is
guantified by the “Average Roughness” (Sa) and‘Rmot Mean Square
Roughness” (Sq). As it is already shown in [34] kkg parameter for the
incipient boiling is not the mean roughness, bet pleak-to-valley depth
(Sz) or even better, the “mean valley depth” (Swhich is able to

guantify the sizes of the cavities that are presarthe surface.
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Table 4: Main roughness characteristics for thepdamsed. The reported
roughness values have been measured using a comiccascope (S
neon-Sensofar®©).

Roughness parameter Valueym)
0.046
S 0.063
S 0.989
S 0.416

In order to measure the dynamic apparent contaggeamf the generated
bubbles, a special post-processing routine has deesloped within the

general framework of Matlab®© software:
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step 1

< -
< L

Figure 28: Post processing steps to measure thendgrapparent contact

angles @, andf ) and the apparent contact line (CL).

» Step I The proposed image processing procedure stans tine
identification of the bubble boundary (Figure 28 dats digital
automatic extraction to obtain the X and Y coortisaof the
bubble boundary.

» Step 2: The frames are transformed from the grayscalgénato
a binary one. After the identification of the seliguid interface

(the plane y=0) the position of the two points vehdne three
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phases solid-liquid-vapour are in contact (in tiie 2de view of
the generated in each case bubble) is identified.

» Step 3:Using a parabolic interpolation (2nd order) foe tkhape
of the bubbles close to these two points, 20 p@ntsthe selected
number of point generate the proposed interpaig@orobustness
tested of the image process is performed usingreifit number of
point from 5 to 30 in order to identified the optim number of
points). the apparent contact anglés 4nd6,) are calculated, as
the first order derivate of the parabola in the ge@rdinate. The
same image post processing procedure is also dpphiethe
numerical simulation animations of the present stigation, in

order to extract the numerically predicted angles.

The hydrophilic case result is shown in Figure & first nucleation site
appears at a wall temperaturgyg=117°C. While the temperature of the
wall increases, the numbers of nucleation sitegease (multiple boiling

points) up to the formation of a vapor film on gheface.

The overall process for a single nucleation sitédéMS are divided into 4

main stages:

» nucleation, the generation of the bubble nucleus. At thismpdi
should be mentioned that on the experiment we densi

nucleation when the first small bubble is visibfetbe surface.
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» bubble growth phase (due to phase change)
> bubble detachment phase

» waiting time phase (before the next nucleation event).

T A

multiple boiling points
T=128C

Bubbles
Coalecence

one boiling point

T=117C
ve?
First bubble,.‘;
>
time
Hydrophillic
0.5 mm - '
0Oms 4.4 ms 88 ms 17.5ms
Nucleation Growing Detachment Waiting

Figure 29: Hydrophilic case result. The pool baglstarts on HPiS
surface at 117°C. On the bottom there is the buiptdeith and
detachment process on the tested surfaces in gegiments (Four stages
are identified: nucleation, growth, detachment tingitime.
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In Figure 30a it is depicted the evolution of tlentact line for a bubble
on HPIS at different Ja. The expansion rate of the contact line is much
larger than the contraction rate. Thgwts the time between the
nucleation of the bubble and the detachment froenstiinface, depends
primarily on these contraction rate. In Figure 38bre is the apparent
contact angle for a bubble on HPiS at differepTThe apparent contact
angle Qapp remains in the rang@aqv < Bapp < Orec during the bubble
growth process (at higher tested temperatyel23°C seems lower then

Brecfor t<3ms).
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Figure 30: a) evolution of contact angle for a deldn HPIS at different
Twai- b) evolution of equilibrium contact angle ECA #obubble on HPIS
at different Tyay.

The super-hydrophobic case (SHS) result is showgare 31. The SHS
at Tya=101°C multiple nucleation sites are initially aetied that
coalesce to create a vapor film on the surface.SBI$ the bubble
growing time is around 10 to 20 times higher (& same temperature).
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However, it is not possible to define the contact lor the apparent

contact angles in this case, since the bubblefoareed and grow directly

from a vapor film that cover all the super-hydropitcsurface.

T A
B Hydrophiliic - SS )
vapour film

——
T=102°C

\J

time
SHS
IA —
0ms 277 ms 320 ms 327 ms
Nucleation Gmwing Detachment Waiting

Figure 31: Super-Hydrophobic case result. The poding on SHS starts
on at 101°C. On the bottom there is the bubble tgr@amd detachment

process on the tested surfaces in the experiméats ctages are
identified: nucleation, growth, detachment, waittimge).
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The SHS D case(a small circle in the center ofsdmae sample HPS is
covered by the SHS coating) shows a similar beayibigure 32). The
nucleation sites appear only within the SHS cincplart in the center of
the sample (in a well-defined place), however ndhbbe nucleation
occurs within the HPS zone as long ag¥117°C.

T &
R Hydroph:

=] T=117°C
==
T=102°C

time

SHS_D

2mm

(@

0ms 246 ms 376 ms 380 ms

Nucleation Growing Detachment Waiting

Figure 32: SHS_D case result. The pool boiling bisStarts on at
101°C only in the SHS part. On the bottom thertdésbubble growth and
detachment process on the tested surfaces in gegiments (Four stages

are identified: nucleation, growth, detachment tingitime).
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Even if a sample is covered by many SHS-spot (3#3 in Figure
33a), the boiling starts only from SHS-spot. Thisady shows the
potential of a SHS-spot to control the positiorhed nucleation sites.

o D

SHS D=4 mm
—. H=4 mm

Figure 33: a) Size and distribution of the SHS-gpothe sample surface.
b) visualization of the bubbles on SHS_MD

The experimental results on SHS_D and SHS_MD shaivdven a small
zone of boiling surface is covered by Super-hydotypd surface reduce
the onset boiling temperature. However here coates of initial small
bubbles takes place creating a film, that is bodrgethe circumference

of the SHS circular part.
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In Figure 34 depicts the experimentally derived Wabdetachment
frequency (f) on the HPS (Figure 34a), SHS and SHS_ D (Figuly a4
different wall temperatures,I The frequencyyfis defined as:

= 1 1
fo=23l. % (4.1)

7
tp

where {' is the time between two consecutive detachmenits\and N is
the total number of detachment events in one vi8ed;is the sum of the
growing time (for the bubble i) and the waiting éintime between the
detach of the bubble i and the nucleation of the bebble i+1). Using
this definition a comparison between the HPS arel $iHS cases is
feasible in terms of the bubble frequency, sincéh@enSHS cases it is not
possible to identify the start of the nucleatioon (sis not possible to
discriminate between growing and waiting time), baly the detachment
of the bubble. There is a clearly increasing of ebdetachment
frequency with the heated wall temperatuygTThis is primarily due to
the corresponding reduction of the waiting time][@6d also due to the
reduction of the detachment time. It is also chirastic that the fvalue
on the HPS cases is about 10 times bigger thaheircases of the SHS
and the SHS_D.
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Figure 34: a) Frequency fb for the HPS in funcdi 4 b) Frequency
fb for the SHS and the SHS_D in function Q&

The heat flux versus the superheat temperatdfe, = Tyan — Tsar) IS
shown in Figure 35. The pool boiling starts earbarSHS, however the
HTC on HPIS is higher if T>Jys of HPIS. Indeed at this temperature
condition the SHS surface is already in film bajliregime [42], with a

resulting lower HTC than the HPiS (that it is gtilpool boiling regime).
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Figure 35: Heat flux versusTy, for HPiS, SHS and SHS D cases. The
Tong @and HTC at high temperature is depicted for caBeSHnd SHS.
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It is possible to summarize the effect of superrbgtiobic surface as

follow:

» The SHS is able to reduce considerably thggTcompare to the
hydrophilic surface.

» The SHS create a vapor film on the surface (filnitog), this
prevents the using of a surface completely SHS poa boiling

regime.

According with this consideration, in the next maeph an experiment
using a small (100um) single cavity will be usectarify the effect of

SHS in the case the SHS area is micrometric.

4.3 Single cavity experiment

In this paragraph is presented a pool boiling expant of a sample with
an artificial cavity (Figure 36). The tested samipla stainless steel (AISI
316). The surface tested is primarily lapping ttaoba Ra<0.1um. Then
using an Electrical discharge machining (EDM) a roneetric hole
(diameter of 100 um and depth of 50 um) is creatdtie center of the
sample. In this case all the surface is hydropHitalled HPi_cavity).
After the pool boiling test of this sample, onlyetmternal micro-hole is
covered by SHS (Glaco Mirror Coat Zero©). This péanis called
SHS_cavity.
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100 /tm
50 .um l — HPi
—— SHS
HPi_cavity SHS_cavity

Figure 36: Geometry of sample with microcavity. Thierocavity

diameter is 100um and the depth is 50 um. Two k=mp

Figure 37 shows the images from high speed cameidpd _cavity and
SHS_cavity. The experiment is done atF117°C. These images show
that the bubble evolution is similar for HPi_caviand SHS_cavity,
because in the both cases the bubble growth upesame hydrophilic
substrate. However theoig for the HPi_cavity is 114°C, higher than the
Tons for SHS_cavity (104°C), becauseonk is function of wettability in

the nucleation zone (the cavity for these experis)en
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HPi_cavity SHS_cavity

time ' _
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0.6tgetacn
“
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Figure 37: Evolution of a bubble in a pool boiliogndition for

HPi_cavity and SHS_cavity.

In the Figure 38 The heat flux versus the superteaperatureATs, =
Twau — Tsqr) IS sShown. The heat transfer coefficient is the sé&ndoth
case, because HTC is depend on bubble growth emol¢similar for
HPi_cavity and SHS_cavity). However the SHS caypitgvides a low
Tong also in the presence of a cross flow on the seyfas demonstrated

in the next paragraph.

81



4 Pool boiling experiment

16.00
==HPi_cavity 4#SHS_cavity
14.00
12.00 /
10.00 / /
T 400 J HTC
~ '
2 : Aﬁszs KW/m2K
= 500
[=2
4.00 :
2.00 ‘
0.00 :TOT‘IB ' Tons
0.00 5.00 10.00 1500  20.00  25.00  30.00
ATsh [K]

Figure 38: Heat flux versusTy,; for HPi_cavity and SHS_cavity. The
Tong and HTC at high temperature is depicted.

4.4 Cross flow boiling

The apparatus presented in paragraph 4.1 is mddifierder to create a

cross flow close to the boiling surface. In Fig@a® is shown the new
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4 Pool boiling experiment

configuration of the pool boiling apparatus. A chah(circular tube with
internal diameter of 8 mm) is been in contact vihb sample surface.
The flow is create by an external circuit. A punipJUIPORT ® NF) is
used to fix the flow rate in the circuit. Betwedre tpump and the channel
a dumper (FPD 06 KNF®) reduces pulsations downstreaithe pump,
and a thermocouple measures the temperature difjthé in the circuit,
to control the heat loss of the external circuihaly two valves (inlet

and outlet) enable to separate the circuit fromctiember.

Te,Pe T VALVE

——— e

CONNECTOR

DUMPER —
MOTOR

CHANNEL ,T, VALVE CONNECTOR

sample

- THERMOCOUPLE

X

Figure 39: Modification of the chamber for crossalboiling experiment.

The protocol used for each boiling experiment ifgened is shown in
Figure 40.
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84

the vacuum is pulled using a vacuum pump insidectiember
and the circuit, until a pressure of about 60 fwalis, in order to
remove a maximum of air and adsorbed gasgs (t

A degases water starts to fill the chambgruntil completely fills
the box.

After the filling of the chamber, the internal hesa{int heater) is
then turned on to heat up the water temperatureeriithe water
temperature reach about 80°Gy)(tthe circulation pump is
switched on, and a cross flow is start on the sarspiface.

At t. the temperature of the liquid is close to the rsditon

temperature. To keep the pressure (and thus thpetamure) at
the desired saturation value (poig}, tan external air cooling
system of the top wall controls the steam to coedean the roof

the chamber and avoids the variation of the pressur

When saturation conditions in a chamber are stalie
acquisition of data starts (using a data acquiggieitch unit).
The values of temperature (TTcn) pressure () and heat flux
(W/m2) are recorded during the experiment. Heatanpme is
switched on and the power given to the surfacenésementally
increased to work in stationary conditions. A hggeed camera

record the pool boiling process. Reached the desisdl
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temperature § the flow rate is changed by the pump. Four
different flow rates are analyzed (0.2-0.5-1-18if) for each TV,

Tone TW
F

100°C
Tch

Saturation

condition
20°C
ta to tor tc ta time
Int heater,
Teh, Ten=Teat, Ten=Tsat,
Vacum Pch Pen=Psat Pch=Psat
n ]

Healer sample

| Il ll v \

Figure 40: Cross flow boiling experimental procedur
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In a cross flow pool boiling, the total heat fluwim the wall is the sum of
three terms [77]:

dNg = Qeonv T devatdq (4.2)

1

Where q.,n, IS the single-phase convective heat flux, dueh® d¢ross
flow, q¢yvq is the heat flux associate with phase changeifigpiandg,, is
the so-called quenching heat flux, which is tramsfé to the liquid phase
during the waiting ime (The heat transfer from Wl in the vicinity of
a nucleation site occurs during the bubble growttet boiling, and the

waiting time).

In Figure 41 is shown the outcomes resulting from dross flow boiling

experiment. Two outcomes are observed:

» Static bubble: bubble is generate but it sticks on the surface. Th
ATgn is not enough to sustain the growing and detachmiethe
bubble.

» Pool Boiling: If the ATg, is enough high, the bubble is able to
growth up and detach from the surface. Figure 4@wshthe
evolution of a bubble in boiling pool cross flowgmme. The
temperature of the wall is,> 119°C, for 4 different flow rates
are analyzed (0.2-0.5-1-1.3 I/min).
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Figure 41: Outcomes of the cross flow boiling expent, for a flow rate
between 0.2-1.4 I/min andAT s, from 2 K to 30.4 KATS), indicate the
superheat temperature for the onset of boilingafftow rate is 0. At

ATs=13 K there is the transition between two outcomes.

The ATons (When the first pool boiling regime appears) instiest is
about 10-13°C. AATg, =13°C the pool boiling regime appear for a flow
rate between 0.2 to 1 I/min. However the pool bgilis unstable. The
waiting time between one bubble detachment anchéve nucleation is
on the order of few second. Then &ty =17°C for all the flow rate
values (0.2-1.3 I/min) a clear pool boiling regimepears. This value is
higher than Tonb in the absence of the cross floyw;£105°C). Due to
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the cooling effect of the cross flowgd,,), it is required a higher
temperature of the surface to have the boilingeat@n. Furthermore the
heat loss due to the external circuit reduce thgpégature of the water in
contact with the sample surface. The measure toaictemperature (by
thermocouple in Figure 39) shows that the tempezatd the flow is
around 97°C-96°C (sub cooling regime).

time

0.5 tdetach tdetach

0.2 I/min

0.5 I/min

1 I/min

flow rate

1.3 I/min

Figure 42: Evolution of a bubble in boiling poobss flow regime. The
temperature of the wall is,£119°C. Four different flow rates are
analyzed (0.2-0.5-1-1.3 I/min) and the resultsslr@vn in function of
detach time of each bubbl@ecy).
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The values of the detach timgefic) are shown in Figure 43. The detach
time is evaluated for for 5 different temperatuirerq 117°C to 130°C )
and 4 flow rates (from 0.2 to 1.3 I/min). Howevdrete is a clear

decreasing of the detach time if the temperatweeases (according with
[78]).

flow rate [I/min]

H0.2 @05 w10 W13
120

t detach [ms]

117 119 122

125 130
Tw [°C]

Figure 43: evaluation of detach timeg.{{.) for 5 different temperature

(from 117°C to 130°C ) and 4 flow rates (from @2Lt3 I/min).
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Chapte

5 Pool Boiling Simulation

5.1 HPIS Simulation method

Simulation results of an experimental case (podlirfgp on HPIS at
Tw=117°C) is presented in this paragraph. The aith@fsimulation is to
check the ability to capture the apparent contagteavariation with time.
For this purpose, two contact angle model are used:

» Static contact angle modelfixed value of the contact angle on

the wall, equal to the equilibrium contact angle.

* Dynamic contact angle model:numerical treatment for the
triple-line contact angle that take into accourd #uvancing and
receding value of the contact angle at equilibridrhe contact
angle on the wall is change from advancing to riegedepending

on velocity direction of the contact line.
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The numerically predicted results from both treatta@re compared with
the corresponding experimental data.

Since the process of bubble growth and detachnrerthe proposed
experiment can be considered to be axisymmetric,a@symmetric
computational domain was constructed for its nucagnieproduction. A
wedge type computational geometry was constructedule 44),
representing a % section of the corresponding 3D domain in the
considered physical problem. A non-uniform struetlrcomputational
mesh with local refinement was used consisting @3,d00 hexahedral
cells. A minimum cell size of |in and a maximum cell size of ot
were selected in the bottom left and top right eosrof the computational
domain respectively, in order for the solution t® mmesh-independent.
The overall domain size in the XY plane was 10 mriéxmm. These
dimensions were indicated from initial, trial siratibns that were
conducted in order to determine the minimum distarizetween the axis
of symmetry and the side wall boundary (domain idas well as
between the bottom wall and the outlet (domain iigign order to avoid
any influence of these boundaries in the computgoble growth and

detachment process.
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Figure 44: Domain for numerical simulation.

At the solid wall, a no-slip velocity boundary catmh was used with a
fixed flux pressure boundary condition for the gres values. At the
lower wall, either a constant contact anglefgf =58, or a dynamic

contact angle wittBagy =74, Brec =43 and 6eq =58 is imposed for the
volume fraction field (according with HPiS value Trable 3). For the
sidewall, a zero gradient boundary condition wasdufr the volume

fraction values. As for the temperature field, anstant temperature of
Tw= 117°C (in accordance to the selected experimeatglwas imposed
in the bottom wall and a constant temperature df0B2C was used for
the sidewall (saturation temperature). At this pdishould be mentioned

that for the simulation a constant temperature bdaon condition was
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used for the heated wall, while in the experimettie proposed
temperature might not remain totally constant dyrithe bubbling
process. At the outlet, a fixed-valued pressurendaty condition and a
zero-gradient boundary condition for the volumecti@en were used,
while for the velocity values a special (combindgpe of boundary
condition was used that applies a zero gradientnwhe fluid mixture
exits the computational domain and a fixed valuaddmn to the
tangential velocity component, in cases that flenters the domain.
Finally, a constant value boundary condition foe temperature field,
equal to the saturation value, was also prescrétetie outlet boundary.
The fluid properties are kept constant.

5.2 HPIS Simulation method

Simulation results can be found [75]. The numelycpledicted spatial

and temporal evolution of the interface between ltheid and vapor

phases for the case of the HPS(F117°C) is illustrated in Figure 45
using the constant contact angle treatment (leftyvall as the dynamic
contact angle treatment (center). On the rightigufe 45 the equivalent
experimental case is shown. As it can be obserwvedoth cases the
bubble detachment time is similage£12.8 ms, which is quite close to
the experimentally estimated time of detachmert (8s). However, the
equivalent bubble detachment diameter in the chdeeadynamic contact

angle treatment (£2.62 mm) is much more closer to the experimentally
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calculated value (§~2.50 mm) as well as to the theoretical correlatbn
Fritz [79] (De=2.34 mm) than in the case of the constant corstagte
treatment ([2=2.04 mm).

Constant Contact Angle Dynamic Contact Angle EXPERIMENT

et ¥

Time: 0.10ms 0.10ms
6.00ms 6.00ms 44ms
i ﬂ
12.80 ms 12.80 ms 8.8 ms

17.00 ms 17.00 ms 17.5ms

Figure 45: Sequence of the bubble growth and detanhprocess for the
HPS from the numerical reproduction of the samesgrpental run, with
a constant contact angle (left) and a dynamic cbrtagle treatment

(center). The same experimental case is showneonight[75].
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A comparison of the dynamic, apparent contact andletween the
experiment (red line) as well as the numerical $athons with the
constant contact angle treatment (green line) &eddynamic contact
angle treatments (blue line), is made in Figure #8, the case of
Twai=117°C. The apparent contact angle is evaluatethensimulation
using the same image processor, applied to theasfrigm experimental
tests.

As it can be observed the dynamic contact anghrtrent is again more
close to the experimental curve, especially atldise stage of the bubble
growth, before its detachment from the heated plateerefore, it is
evident that the dynamic contact angle treatmemeggibetter results
regarding both the bubble detachment charactesisie well as the
apparent contact angle revolution with time, in pamson to the

corresponding experimental data.
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Figure 46: a) Apparent dynamic contact an@ieand6, for HPS surface.
Comparison of the experimental measurements wiltdinresponding
numerical predictions for both the constant as aglthe dynamic contact

angle treatments[75].
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Chapte

6 SH polymeric coating

6.1 Coating preparation and characterization

It is known that crystallized polypropylene parigl show
superhydrophobic properties (EP patent numk&f26518 BL).
Crystallized polypropylene (PP) particles deposimato a substrate
confer superhydrophobic propertxies to the sulestragurface.
Superhydrophobic polypropylene particles may bel uise¢he preparation
of construction materials, insulation materials, iar coatings. The
preparation of the proposed SH polymeric coatinglmafound in the GB
patent1610678.3. It is prepared from two SH polymeric compositions
synthetized in order to obtain different sizes ystalline PP grains. The
preparation of the one coating composition (OP$taining 30 wt% of
crystalline PP polymer mixed in a dissolved epoagim. This solution
creates a PP/epoxy suspension. The OPS prepagaticharacteristics
are described in GB pateh®22380.2. Two different OPS compositions
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are prepared, to obtain two different size PP gdistribution (called
OPS_BIG and OPS_SB). A homogeneous and heteroger{bgaiilic)
wettability can be obtain from these OPS solutibable 5):

» Homogeneously covered surface (named FILM_OPS)

A 1 ml of the OPS_SB is applied by air brushinchteque using a spray
gun. The OPS is sprayed at an air pressure of R@rmie a vertical

stainless steel sample of 32 x 32 mm. The sprayleozas held at a
distance of approx. 50 cm from the surface to batezb Spraying is
performed by moving the spray gun in forth and backvements, more

particularly up and down in this instance.

The coated surface obtained here above is theed®ath a further layer

of epoxy resin. A 1 ml of the epoxy solution igasged onto the super-
hydrophobic coating in the same way. The coatefhsars then allowed

to dry again. The above described spraying presease repeated two
further times in order to alternate one pot solutamd epoxy resin and
allowing the solvent to evaporate between spralse resulting coating

is treated in an oven at 60°C during 16 hours ant?@°C for 2 h. The

coated surface showed a homogenous super-hydratyobi
characteristics on all the surface (equilibriumteschangle of 135°).

» Heterogeneous covered surface (named DOT_OPS)
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The spraying method used for FILM_OPS is used ttainbbiphilic

characteristics, where SHS points are disperseomiof the hydrophilic

surface. For this purpose, the distance of theyspzzle from the

surface to be coated and the aliquot are variediedsas described in

Table 5. In this way, it is possible to control &y the distance between

the SH points created by the OPS as well as theeptge of the

stainless steel surface that will be SH. After giprg, the resulting

coating is treated in an oven at 60°C during 16r&iolfhe prepared

samples are (see Table 5):

>

>

FILM_OPS Homogeneous covered surface using OPS_BIG

DOT_OPS BIG_HD: SHS points dispersed on the hydrophilic
surface with high density, using the OPS_BIG

DOT_OPS BIG LD: SHS points dispersed on the hydrophilic
surface with low density, using the OPS_BIG

DOT_OPS BIG_ULD: SHS points dispersed on the hydrophilic
surface with ultra-low density, using the OPS_BIG

DOT_OPS SB LD: SHS points dispersed on the hydrophilic
surface with low density, using the OPS_SB
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Table 5: Characteristics of the heterogeneous daatdace.

Samples name Aliguot OPS Spray distance Microstructural aspect
[mi] (cm) [2.55 mm x 1.91 mm]
FILM_OPS 1 BIG 50

DOT_OPS_BIG_HD 05 BIG 50
DOT-OPS_BIG_LD 0.25 BIG 50
DOT_OPS_BIG_ULD 0.25 BIG 120

DOT_OPS_SB_LD 0.25 SB 120
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After deposition of the coating, it is possible tharacterize the
heterogeneous surfaces named DOT_OPS by thesegiaram

» Gsize: Average size of the grain on the surface
» munDist: Minimum average distance of the grains.
» %SHS: Percent of surface covered by SHS grains.

These values are obtained by 5 real images (1mn®b>»m2n, confocal
microscope Sensofar©) for each DOT_OPS surface. alldd script is
created to evaluate size and minimum distance efgtiains. Figure 47
shows an explicative exampldd@QT_OPS BIG HD) for the image
processing that is carried out in all the coat@tie size of the grains and
the minimum distance between the grains assumsti@bdition of values.
The average values of the minimum distance betwtd®n grains
munDust can be modify by sparying process parameters, tlegage
value of the size distribution Gsize is modified during the OPS
preparation (the size PP grain). The percent okthitace covered by SH
grains are depending on these two values: highevaf@SHS can be
obtained for LowGsize or high munDist. The upper limit of6SHS
(100%) is obtained by FILM_OPS (see Table 6). Thlee of R4 for the

® Ra is the arithmetic average of the absolute values of the profile height deviations
from the mean line, recorded within the evaluation length. Simply put, Ra is the
average of a set of individual measurements of a surfaces peaks and valleys.
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tested surface is evaluated by confocal micros¢apsa of measurement
is 0.6 mm x 0.47 mm, confocal microscope Sensofar®©)

Table 6:Gsize , minDist and%SHS for the tested surfaces.

Sample name minDist  Gsize [um] %SHS Ra
[um] [um]
FILM_OPS 0 - 100% 42.24
DOT_OPS_BIG_HD 62 29 9% 0.7
DOT_OPS_BIG_LD 130 31 2% 0.6
DOT_OPS_BIG_ULD 255 37 1% 0.05
DOT_OPS_SB_LD 279 65 2% 0.17
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Figure 47: Image processing to evaluate the graeand distribution on
theDOT_OPS BIG_HD.

6.2 Pool boiling test

The test procedure for the pool boiling test onrtee coating is shown in
Figure 48. As in the previous pool boiling testisstfthe temperature of
the complete system (chamber and sample) is ireneagp to the
saturation temperature of the pure water at atnegppressure (100°C).
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Then the saturation conditions of the pure waterthe chamber
(Tcr=100°C and R=101.3 kPa) are maintained with the PID systenr afte
point b in Figure 48. Thereafter, only the tempamtof the sample is
gradually increased. This first increasing of tlzenmple temperature is
called £' ramp (b-c) and it was systematically performedaasiank in
order to remove all the peculiarities of the iditanditions in the setup
cell and on the surface of the sample. After reaghi sample temperature
of 130°C, the sample temperature is decreased (@adk to 100°C
(saturation conditions of pure water). Finally, semple temperature is
increasing again (points d-e). This last increassngalled 2 ramp and it
is performed to characterize the pool boiling perfance of the samples.
The first ramp is used to obtain the same init@idition on the sample
surface, in term of gas/vapour concentration. Thg during the first
ramp could be influenced by different concentratibthe gas/vapour for
different tested samples [80]. Therefore the etofii on the coated
samples during the first ramp ensures to have dnogas/vapour
concentration in all the surfaces of the surfacmpdes on the second

ramp, not dependent on the apparatus setup.
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Figure 48: Schematic representation of the tests@ind procedure for

SH polymeric coating.

In Figure 49 is shown thepfis obtained for the different tested surfaces.
The homogeneous values obnE (2°C of max difference) during the
second ramp for biphilic surface (DOT_OPS) anditivention coating
(FILM_OPS) that indicate the proper operating & 8H grains on ds

reduction.
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Figure 49: Bng during 2% ramp for the tested surfaces.

Figure 50 gives the heat flux curve versus the watiperature for the
different tested surfaces. As can be seen, the Isanmamed

DOT_OPS_BIG_LD has the best performance. The FIL®MSOas good
heat flux for low wall temperature, but the forneatiof the film induces a
significant reduction of heat transfer coefficiemt higher temperature
(decreasing of the FILM_OPS curve start at 118°R)s transition to

film boiling is not present on DOT_OPS cases (far tiested Jan).
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Figure 50: Heat flux versus wall temperature du@figamp for the tested

surfaces.

Concerning the critical heat flux parameter (CHff)s value cannot be
measured with the apparatus of LPSI laboratoryalise the maximum
wall temperature that can be reached by the apmarat140°C. On the
other hand, the SHS coating showed in Chapter 8hesathe CHT

condition (forming a vapor film on the surface)vatry low temperature
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(205°C). On the contrary the DOT_OPS coatings doshow any film
boiling condition up to 135°C.

6.3 Improvement of thermal and mechanical resistare

This paragraph gives two possible solutions to owprthe thermal and
mechanical resistance of the coatings in orderdamtain the wettability
characteristics in pool boiling conditions. Both thiese techniques are
described in more detail in GB patd®22380.2.

> First method for the development of a durable hetavgeneous

coating

A thin film of hydrophilic epoxy is deposited onetlstainless steel (a2 in
Figure 51) substrate by the spin-coating of 0.®fdolution at 3000 rpm
during 2 min. On the second step the SH grains vpdaeed on the
surface by the spraying technique previously exgldifor heterogeneous
covered surfaces (a3 in Figure 51). The resultowging were allowed to
cure in an oven at 60°C during 16 hours. It is eigxthat the SH grains
will be partially immerse and surrounded by thexgpglue preventing
the detach from the surface, and partially outdlte epoxy film. The

epoxy film prevents the detachment of the grainmfrine surface. The
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Figure 51 shows a schematic representation ofribxeedure (first method
on the left). The sample prepared by this method nsmed
DOT_OPS BIG HD_EPOX HPi. The Ra is 2.28um (area of

measurement is 0.6 mm x 0.47 mm, confocal micras&gnsofar®).

» Second method for the development of a durable

heterogeneous coating

A first layer of hydrophilic epoxy is deposited dhe stainless steel
substrate by the spraying technique as in the pusvimethod (al in
Figure 51). On a second step, a homogeneous lagtass microspheres
(Diameter1000 micron) are located above this first layeronder to

cover all the surface under study (bl in Figure. &I the third step a
homogenous film of the SH polymeric composition BIG) was

applied also by spraying (b2 in Figure 51). Theultesl coating was
allowed to cure in an oven at 60°C during 16 hoAssa final step, the
top layer of SH polymeric coating was removed frdm glass (b3 in
Figure 51). The sample prepared by this method &med

MS 1000 EPOX_HPi_OPS B_FILM.

For comparative purposes of the boiling behavistainless steel surface
coated by a first layer of Hpi epoxy and coverethvihe microsphere

109



6 SH polymeric coating

was also prepared (bl
MS 1000 EPOX_HPi.

First method
al)

az2) |

a3) -

DOT-OPS-BIG-HD-EPOX-HPi

in Figure 51),

this sample nemed

Second method

b1)

MS_1000_EPOX_HPI

00000 |

2)

A % o8 o8 ¢

MS_1000_EPOX_HPi_OPS_B_FILM

Figure 51: Schematic representation of the firsthoe (on the left) and

second method (on the right) to improve mecharandlthermal

resistance. 3 samples are resulting from theseaudsth
(DOT_OPS BIG_HD_EPOX_HPi, MS 1000 EPOX_HPi_OPS B _FILM
andMS_1000_EPOX_HPi)
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The resulting of g are shown in Figure 52:

» The presence of the microspheres seems to incréase
temperature to activate the boilingo{k). Using an insulating
material for the microsphere (glass) can effecyiveloduce an
increase of the superheat temperature to genewk oiling
(MS_1000_EPOX_HPI).

» However, with the OPS coating
(MS 1000 EPOX_HPi_OPS B_FILM) the Tong is lower.

> Finally, the layer of hydrophilic epoxy does notluee the effect
of super hydrophobicitydOT_OPS BIG_HD_EPOX _HPi). The
higher reduction of dng in this case, compared with the
experiment without hydrophilic epoxy, can be expda with the
higher %SHS (approximately7% of the surface is covered by

grains).
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Figure 52: Bns for the tested surfaces during 2°ramp in poolibgitest

6.4 Thermal cycle test

In the real applications an hypothetic coatingHeat transfer application

should maintain its wettabilities properties evéieraa reasonable number

of startup of the apparatus. This paragraph deseiibe procedure for a

thermal cycle test to simulate a real applicatiorwhich the coating is

subject to a cycling variation of the temperaturet{veen saturate and no-

saturate condition) as it is expected in a rea¢.cdwo samples (already

presented) are tested:

> DOT_OPS BIG_HD_EPOX_Hpi

> FILM_OPS
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The goal of the thermal cycle test is to checkdthesion resistance of
the grains through the thin film of hydrophilic egyoand the maintaining
of the super hydrophobicity of the coating.

Figure 53 shows the apparatus used for the thesyacéd experiment: the
two samples are immersed in pure water in a gldssmber. The
temperature of the glass chamber is varied by &erred recirculation of
oil fluid. The oil is sourced alternatively (usirgtimed valve) from two
different baths (Julabo®©). The temperature of dazetth is set in order to
generate the desire temperature variation showheatop-left of Figure
53. A thermal cycle starts with the water at sdioma condition
(T1=100°C) at ambient pressure. This condition @ntained for 15 min
and thereafter the water temperaturey)(Tis decreased to 80°C (no
saturation condition) and maintained for 25 minefdafter a new cycle is
started with T, again at saturation conditions(¥100°C). Each cycle
lasted 40 minutes, and the cycles were repeatgectgely 156 and 506
times. A water reservoir is connected with the doottof the water
chamber in order to compensate for loss by evaporaiThe water
temperature (&) is recorded during the test using a K-thermooeupl

inside the water chamber.
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Figure 53: Durability Test Apparatus

The pool boiling experimental test, as describehapter 7.2, performed
in order to evaluate they} after 156 and 506 cycles. of the equilibrium
static contact angle (using a Kriss© DSA 100), wasied out on
FILM_OPS after 0-159-506 cycles. ThegNs values for both samples
(DOT_OPS BIG_HD_EPOX_Hpi and FILM_OPS) are presented in

Figure 54. No significant variation obfs value has been noticed.
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Figure 54: Bs for the tested surfaces during 2°ramp in poolibgitest.

In addition, contact angle measurement (using a&MSA 100) is done
on FILM_OPS after 0-159-506 cycles test. The
DOT_OPS BIG HD_EPOX HPi has a biphilic structure, and it is not
possible to measure the contact angle with a seshibp of few
millimeters. Figure 55 shows that the equilibriuomtact angle remains

approximately the same, and there is no significaatiation of

equilibrium contact angle.
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Figure 55: Measurement of the equilibrium contagfla onFILM_OPS
after 0-156-506 thermal cycle
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Chapter

7 Conclusions and perspectives

The effect of wettability on the pool boiling chataristics is investigated,
carrying out experiments and simulations for bgilon different surfaces

with varying given wettability characteristics.

The pool boiling phenomena is characterized by ethimportant
parameters: onset boiling temperaturgng), the heat transfer coefficient
(HTC) and the critical heat flux (CHT). A literaureview shows that it
is possible to improve these parameters by modjfyhe topology (at
macro or even at micro/nano scale) and wettabitifythe surface
(wettability of a surface can be can be charaadriby equilibrium

contact angle).
The conclusions of this work can be withdrawn dleva

» The wettability influences the nucleation, the gtiovand

detachment of the bubbles. The analysis of thererpatal
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118

results confirmed that the SHS requires a lowerl-wal
superheat for the oks to occur (as already shown in
literature [42]). For our super-hydrophobic coatif@laco
Mirror Coat Zero®©) it is observed aps=102°C, 12% less
than uncoated sample dIg=117°C on stainless steel).
Moreover, multiple nucleation sites are initiallgtigated
that coalesce to create a vapor film on the suyfdctne

super-hydrophobic coating covers all the surface.

Using the same sample with a micro cavity in thetee in
the case the inner wall of the micro cavity is supe
hydrophobic (SHS_cavity) there is a reduction a Tans
(104°C) compared to the same sample with hydraphili
cavity (Tons 114°C). In this case the super-hydrophobicity
influence only the nucleation of the single bub@kducing
the Tons). However the evolution of the bubble (growth and
detachment) is the same for both case, becausdattes
place on the same surface (outside the cavity) thghsame

wettability.

The super-hydrophobicity helps to sustain the bgikeven
with the present of a cross flow close to the walvo

outcomes are observed: static bubble and poolnigoilrhe
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ATonp (When pool boiling regime appears) in this test is
about 10-13°C.

Furthermore, one of the HPIS cases is also repestinamerically using
an enhanced VOF-based numerical model that is eduplith heat
transfer and phase-change. This is done in orddurtber check the
ability of the proposed numerical model to captuighamic bubble
growth characteristics, such as the time evolutibthe apparent contact
angles, bubble detachment time and the equivalebblb detachment
diameter. For this purpose two different numeritelatments for the
triple-line contact angle are used (a static/caristantact angle and a
dynamic contact angle treatment) and the resuéiscampared with the

corresponding experimental data, showing a gooeleagent.

Finally a new coating based on SH polymeric conmtpmsiis proposed.
The proposed coating is able to reduce thgsTas well as inhibit the
formation of a vapor film on the interface solidtid. This is realized by
the creation of a heterogeneous surface with SHB8t9¢SHS grains
formed by the SH polymeric solution OPS) dispersed top of a
hydrophilic surface (stainless steel surface). ptwposed coating has an
excellent thermal resistance. A thermal cycle sé&tws that there is no
degradation of SH properties of the coating in gmmling condition even
after 506 thermal cycles. Therefore the SH polymenmposition can
successfully use as coating in real heat trangfelication. This direction
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is rather new and can be further explored for @pgibbns other than those
discussed in this thesis. Along with this purstuture research should
need to develop the best procedure to apply théngpan a curvature
geometry (e.g. in a tube or channel), as in mamwsdeor heat transfer.
Also improvement of the method for increase the hmaaial resistance
of the coating (briefly presented in chapter 6.2pi8d be investigated

further.
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