International Journal of Heat and Mass Transfer 52 (2009) 5459-5471

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier.com/locate/ijhmt

Surface wettability control by nanocoating: The effects on pool boiling heat
transfer and nucleation mechanism

Hai Trieu Phan*"*, Nadia Caney?, Philippe Marty ?, Stéphane Colasson®, Jéréme Gavillet

2 LEGI, BP 53, 38041 Grenoble Cedex 9, France
P LITEN/GRETh, CEA Grenoble, 17 rue des martyrs, 38054 Grenoble Cedex 9, France
CLITEN/LTS, CEA Grenoble, 17 rue des martyrs, 38054 Grenoble Cedex 9, France

ARTICLE INFO ABSTRACT

Article history:

Received 17 October 2008

Received in revised form 16 June 2009
Accepted 25 June 2009

Available online 5 August 2009

Experiments were performed to highlight the influence of surface wettability on nucleate boiling heat
transfer. Nanocoating techniques were used to vary the water contact angle from 20° to 110° by modi-
fying nanoscale surface topography and chemistry. The bubble growth was recorded by a high speed
video camera to enable a better understanding of the surface wettability effects on nucleation mecha-
nism. For hydrophilic (wetted) surfaces, it was found that a greater surface wettability increases the
vapour bubble departure radius and reduces the bubble emission frequency. Moreover, lower superheat
is required for the initial growth of bubbles on hydrophobic (unwetted) surfaces. However, the bubble in
contact with the hydrophobic surface cannot detach from the wall and have a curvature radius increasing
with time. At higher heat flux, the bubble spreads over the surface and coalesces with bubbles formed at
other sites, causing a large area of the surface to become vapour blanketed. The best heat transfer coef-
ficient is obtained with the surface which had a water contact angle close to either 0° or 90°. A new
approach of nucleation mechanism is established to clarify the nexus between the surface wettability
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and the nucleate boiling heat transfer.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Nucleate boiling is an effective heat transfer mode which has an
important place in engineering disciplines. For several decades, it
has been a subject of intensive research. Several models have been
developed to predict the bubble initiation, growth and departure.
An excellent review of nucleation theory was given by Carey [1].
Although the influence of the surface wettability on the bubble
growth and on the heat transfer has early been discussed, it still re-
mains unclear and requires further investigations. Up to now, little
experimental data is available about this subject because of the dif-
ficulty of varying the contact angle while keeping all other param-
eters constant. One traditional method to modify the liquid contact
angle is the use of surfactant solutions as Wen and Wang [2]. The
authors found that the addition of surfactant could enhance the
water boiling heat transfer by the change of surface wettability,
which had been neglected for a long time and could be an impor-
tant parameter influencing boiling heat transfer. The disadvantage
of this method is to vary both the surface wettability and the sur-
face tension. Hence, the enhancement of the boiling heat transfer
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might be due to the significant decrease of the surface tension
rather than the increase of the surface wettability. Oxidizing cop-
per is another method widely applied. The surface wettability is
modified by controlling the degree of oxidation of the surface.
Using this method, Liaw and Dhir [3] found that for a given heat
flux, the wall void fraction increases as the surface wettability de-
creases, whereas the maximum heat flux decreases with an in-
crease in contact angle. However, oxidizing copper may change
the surface topography at microscale which is the characteristic
scale of nucleation sites. Another method employed by Takata
et al. [4] is TiO, photocatalysis. The authors observed a significant
decrease of water contact angle when the surface coated with TiO,
is irradiated by UV light. Due to this property of TiO,, they made
superhydrophilic surfaces of which the heat transfer characteristic
in nucleate boiling is better than that of an uncoated one. Though,
the study of Takata et al. [4] is limited in contact angle range and
stability: the contact angle varied from 0° to 20° and was unstable
during experiment.

Furthermore, most experiments on boiling heat transfer dealt
with wetted surfaces. Few studies investigated nucleate boiling
mechanism on nonwetting material as summarised in the chapter
11 of Webb and Kim [5]. Griffith and Wallis [6] performed experi-
ments on single conical cavities 0.08 mm in diameter, formed by
pressing a needle into the boiling surface. They found that unwetted


http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.06.032
mailto:hai-trieu.phan@cea.fr
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt

5460 H.T. Phan et al./International Journal of Heat and Mass Transfer 52 (2009) 5459-5471

Nomenclature

Cq drag coefficient

D diameter, m

h heat transfer coefficient, W/m? K
H specific enthalpy, J/kg

Ah uncertainty in h, W/m? K

1 current, A

f(0) energy factor

AEf formation energy, J

drag force, N

inertial force, N

gravity force, N

surface tension force, N
molecular weight, kg/kmol
pressure, Pa

reduce pressure

heat flux density, W/m?
uncertainty in g, W/m?
roughness (DIN 4762/1), um
critical cavity radius, m
external surface area, m?
temperature, K
uncertainty in T, K

ZHmavmg-ﬁt&'@ Eq"”oq"":"’&"’

Ur bubble growth velocity, m/s

Vv voltage, V

Greek symbols

é thickness, m

5 growth rate, m/s

10) nanoparticle volumetric fraction

0 contact angle at 25 °C, degree or rad
0* contact angle at T;, degree or rad

u dynamic viscosity, Pa s
o density, kg/m>

o liquid-vapour surface tension, N/m
Tgt growth time, s

Twt waiting time, s
Subscripts

0 initial

a advancing

b bubble

B base

cr critical

dp departure

e equilibrium

f liquid phase

fg liquid-to-vapour transition
g gas phase

l liquid

v liquid-vapour

m microlayer

r receding

S saturation

sl solid-liquid

sv solid-vapour

w wall

Dimensionless numbers
Bo Bond number i—;
Re Reynolds number (%)

(paraffin-coated) cavities are more stable in term of heat transfer
than wetted (clean) ones. Gaertner [7] carried out further work with
artificial nucleation sites, covering the inside surface of the cavities
with a nonwetting material. The coated cavity surface boiled at a
lower superheat and remained active for a much longer time. How-
ever, the heat transfer coefficient was considerably reduced if the
coating was deposited on the entire surface because of the bubble
coalescence that caused the entire surface to become vapour blan-
keted. Hummel [8] boiled water on a stainless steel surface which
had been sprayed with Teflon, producing 30-60 spots/cm? with a
spot diameter of 0.25 mm or less. The author observed a significant
heat transfer enhancement. Gaertner [7] and Hummel [8] argue
against the merits of a continuous surface coating because of the ten-
dency of the surface to become vapour blanketed. Nevertheless, Va-
chon et al. [9] did not observe vapour blanketing when boiling water
on stainless steel covered by an 8 pum thick layer of Teflon.

Today, the progress in nanocoating allows modifying the sur-
face wettability without a large change in the surface topography
at microscale. Particles of very small size (less than 100 nm) called
“nanoparticles” can be deposited on the heated surface. By chang-
ing the particles material, it is possible to vary the water contact
angle between 0° and 180°. The techniques used in our laboratory
are, respectively, “Metal-Organic Chemical Vapour Deposition”
(MOCVD), “Plasma Enhanced Chemical Vapour Deposition” (PEC-
VD) and “Nanofluids Nucleate Boiling Deposition” (NNBD). While
MOCVD and PECVD are well known techniques, NNBD is relatively
new and still requires much investigation in order to become
industrially worthy. In fact, nanofluid research over the past
5years reported a build-up of a thin layer of nanoparticles on
the heated surface during nucleate boiling [10-16]. Our recent

work confirms this finding and proves that the nanoparticle layer
thickness can be controlled by using the estimation of Kim et al.
[12]. Therefore, we denote this technique as “Nanofluids Nucleate
Boiling Deposition”. For future works, NNBD is expected to be im-
proved in terms of deposition strength and homogeneity.

In summary, researchers have early recognised surface wetta-
bility as a major factor in boiling heat transfer, but they were not
able to conduct accurate experiments for lack of technology. Using
MOCVD, PECVD and NNBD techniques, we provide for the first time
a complete set of experimental data to explore the effects of sur-
face wettability change on the nucleation mechanisms and thereby
on the heat transfer coefficient (HTC). Moreover, a new approach to
bubble growth during nucleate boiling is established as an insight
to understand the experimental results. Preparation and character-
isation of the test surfaces are reviewed in Section 2. The experi-
mental apparatus and procedure are described in Section 3.
Nucleation pictures and HTC data are presented in the same Sec-
tion and discussed in the light of the nucleation theories in Section
4. Conclusions are provided in Section 5.

2. Coating process and contact angle

The initial surface is made of stainless steel (grade 301) ribbon
and has a water contact angle of about 85°. It was cut to make se-
ven sample surfaces 100 mm long, 5 mm wide and 20 pm thick.
One of them, called “S-ref”, is used as reference of the uncoated
surface. The others were structured either by MOCVD, PECVD or
NNBD to get different water contact angle from 22° to 112° (cf.
Fig. 1). Prior to coating, these samples were cleaned (acetone wash-
ing in ultrasonic bath for 15 min) and dried (compressed air).
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Fig. 1. Static contact angles of 2-l sessile water droplets on stainless steel surfaces with and without nanoparticle deposition.

2.1. MOCVD process

Platinum and iron oxide Fe,Os-based nanocoating materials
were prepared by a nonconventional Chemical Vapour Deposition
(CVD) process, i.e. Direct Liquid Injection Metal-Organic Chemical
Vapour Deposition technique (DLI-MOCVD). The schematic repre-
sentation of the reactor is shown in Fig. 2 (more details are given
in [17,18]). This reactor is a hot-wall reactor fitted with a liquid
injection system that allows the generation of a stable gas phase
from unstable organometallic compounds with an accurate control
of the content of these precursors. Depositions were carried out
under low pressure (800 Pa) in the presence of stainless steel sam-
ple surface. The surfaces coated by platinum and iron oxide depo-
sition are called “S-Pt” and “S-Fe,03”, respectively.

2.2. PECVD process

Processes developed at the CEA for hydrophilic and hydropho-
bic applications are based on the Plasma Enhanced Chemical Va-
pour Deposition (PECVD) technique. Plasmas are produced inside
a cylindrical stainless steel vacuum chamber (diameter 30 cm)
with a parallel plate configuration. Substrates to be coated are
positioned on the lower grounded electrode. The precursor vapour
is uniformly distributed in the reactor by the upper showerhead
electrode (with pinholes of 1 mm diameter). The upper electrode
is externally connected, through a semi-automated matching net-
work (Dressler VM1000A), to a 13.56 MHz radio-frequency (RF)
power supplier (Advanced Energy Cesar® RF power supply) which
provides a RF voltage with respect to the grounded chamber. Be-
fore operating the discharge the device is evacuated to

5 x 103 mbar by means of a rotary pump (Alcatel ADS 501). Dur-
ing plasma deposition, the chamber is maintained under void con-
dition by means of the rotary pump.

2.2.1. Hydrophilic coatings

Hexamethyldisiloxane (HMDSO) is a monomer that cannot be
polymerised following the conventional polymerisation methods
in liquid phase because it does not have cyclic or double bonds
in its structure. However, HMDSO can be polymerised during plas-
ma treatments, by rearranging the radicals produced by its dissoci-
ation induced by electron impact. Soft coatings of SiO,C,H, with
high content of methylene and methyl groups are obtained by
using pure HMDSO in plasma process yields. Adding some oxidiz-
ing mixture to the plasma chemistry tends to turn these latter
groups into hydroxyl groups which are known to be polarised
and thus hydrophilic.

2.2.2. Hydrophobic coatings

Unlike HMDSO, octaméthylcyclotétrasiloxane (OMCTSO) and
octafluorocyclobutane (C4F8) monomers do have cyclic bonds
which enable polymerisation and are also compatible with plasma
activation. One advantage of using such precursors is their rela-
tively high content of methyl and fluoromethyl groups and low
density which make these materials highly hydrophobic. In the
present case, plasma deposition is carried out in a reducing mix-
ture with low plasma activation to preserve methyl and fluorom-
ethyl groups.

The surfaces coated by deposition of SiOx, SiOC and Teflon are,
respectively, called “S-SiOx”, “S-SiOC” and “S-Teflon”.

Carrier gas

250 mm

Extraction
| Cold wall CVD

L

Fig. 2. MOCVD apparatus available at CEA Grenoble and its schematic representation.
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2.3. NNBD process

The operating principle of NNBD technique is to boil nanofluids
by direct heating of the sample surface. Due to liquid microlayer
evaporation underneath vapour bubble, nanoparticles deposit on
the heated surface. We have selected TiO, nanofluid with nanoparti-
cle size from 10 to 50 nm as a working fluid for this study. The rate of
growth of the nanoparticles deposition layer is estimated in [12]:

i3 dm@q
§=1 1
2 Dyp,Hy W

The surface coated by TiO, nanofluid boiling is called “S-TiO,”".
The titanium dioxide nanofluid is made by hydrolysis of titanium
alkoxides in absolute ethanol according to the following steps.
Ti(OEt)4 (Aldrich) is added at room temperature to absolute ethanol
under argon. Afterwards, an equimolar quantity of dry triethanola-
mine (Aldrich) versus titanium alkoxide is added to the latter solu-
tion. Then, the yellow solution is stirred at room temperature for
2 h. Finally, an equimolar quantity of deionised water versus tita-
nium alkoxide is added. The solution is again stirred for 2 h at room
temperature. A large amount of water is added and the solution is
dialysed against deionised water using a regenerated cellulose tubu-
lar membrane (Roth, MWCO: 4000-6000) during three days. The
titanium dioxide obtained is under rutile phase (XRD). The size of
particles measured by dynamic light scattering (Malvern Nanosizer)
is in the range of 4-10 nm. However, this size increases with time,
after one month the mean diameter is 20-30 nm.

In summary, all tested surfaces except S-ref were coated by one
of these three techniques (cf. Table 1). Unlike millimetric and
micrometric surface coatings, nanoparticle deposition makes it
possible to change significantly the surface wettability without a
large change of the surface topography.

2.4. Surface characterisation and water contact angle

In order to benchmark surface topography changes induced
by nanoparticles deposition, AFM (Atomic Force Microscope)

Table 1
Tested surfaces characteristics.

scanning of the uncoated surface was carried out in a
10 um x 10 pm representative area of the sample (cf. Fig. 3).
The scan shows surface machining patterns in the shape of par-
allel micro-grooves with an average period of around 5 pm and
an apparent depth equivalent to a mean roughness of 30 nm. It
is then expected that nanoparticles deposit with a thickness low-
er in scale than the uncoated sample roughness will not affect
nucleation. Table 1 shows that surface coatings satisfy this con-
dition in the cases of PECVD and MOCVD processes. In addition,
qualitative analysis was performed by Field-Emission Gun Scan-
ning Electron Microscopy (FEG-SEM) as shown in Fig. 4. We ob-
serve that the surfaces with non-continuous layer of
nanoparticles deposition (S-TiO,, S-Pt and S-Fe,03;) seem to be
quite homogenous and their topographies are changed in nano-
metric scale only. Beyond, as a result of very thin nanoparticle
layer deposition, the topographies of the surfaces coated by PEC-
VD technique (S-SiOx, S-SiOC and S-Teflon) remain similar to
that of the uncoated surface.

To quantify the wettability of the sample surfaces, the static
contact angle # was measured at 25 °C in air by using the sessile
drop technique with the following steps. First, a 2-p1l sessile drop-
let is deposited by a syringe pointed vertically down onto the sam-
ple surface. Then, a high resolution camera captures the image,
which will be analysed by image analysis software. Hence, the sta-
tic contact angle is determined. These steps were achieved by using
KRUSS EasyDrop systems. For a sample surface, the static contact
angle is the mean value of the static contact angles measured at
twenty different points uniformly distributed on the surface (five
measurements are made at each point). The uncertainty on such
measurements is estimated to be +5°. Low values of the contact an-
gle correspond to high surface wettability. Fig. 1 presents the con-
tact angle data window and corresponding water droplet images.
We notice that the surfaces with SiOC or Teflon deposition are
hydrophobic (6 >90°) and the surface with SiOx deposition has
the highest wettability. Hence, the static contact angle can be sig-
nificantly changed by the addition of nanoparticles of different
materials on the initial surface.

Surface name Deposition particle

Deposition technique

Deposition type

S-Siox Siox PECVD
S-TiO, TiO, NNBD
S-Pt Pt MOCVD
S-Fe,03 Fe,03 MOCVD
S-ref - -
S-SioC SioC PECVD
S-Teflon Teflon PECVD

Continuous monolayer of 20 nm thickness
Non-continuous multilayer of 100 nm thickness
Non-continuous monolayer 20 nm thickness
Non-continuous monolayer 20 nm thickness
Continuous layer of 20 nm thickness
Continuous layer of 20 nm thickness

X 2.000 pu/div
Z 350,000 nw/div

Fig. 3. AFM topography of the uncoated surface S-ref. It is composed of successive grooves of 5 um width and 110 nm depth.
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Fig. 4. FEG-SEM images of the tested surfaces (by MOCVD: S-Pt and S-Fe,03; by NNBD: S-TiO, and by PECVD: S-SiOx, S-SiOC and S-Teflon).

3. Pool boiling
3.1. Experimental apparatus

The experimental pool boiling setup is presented in Fig. 5. The
layout is designed to study the pool boiling heat transfer in a hor-
izontal position with clean or deposited surfaces. The main compo-
nents are a test foil heater (1), a boiling vessel (2), a sample holder
(3) and a thermostat (4). The test foil heater (1) is made of stainless
steel 301 and its faces 100 mm x 5 mm are maintained horizon-
tally by the sample holder (3) fixed inside the boiling vessel (2).
A DC power supply (30V-20A) is connected to the test foil for
Joule heating. The thermostat (4) is provided for initial heating of
water and maintenance of the water bulk temperature at 85 °C.
Water enters and leaves of the boiling vessel at very low flow rate
to avoid disturbing the local pool boiling. Before each measure-
ment, the test foil is heated to a temperature higher than that of
the saturate temperature, thereby several gasses trapped inside
the test foil surface are removed. During experiment, the boiling
process was captured by a high speed camera to promote a better
understanding of the surface wettability effects. The recording
speed of the camera has been set at 6000 fps.

The test foil surface is either in its original state or coated (cf.
Section 2). In both cases, its electrical resistance was previously
calibrated. In this study, the test foil was put inside a thermostat
of which the temperature was measured by a platinum probe of
0.1 °C accuracy. At steady state, the temperature of the test foil
could be determined from the temperature of the thermostat. For
temperature between 25 and 90 °C, the test foil electrical resis-
tance was determined by 4-wire measurement method. In this
way, the surface temperature T,, can be deduced from measure-
ments of the electric resistance by using the electrical resistance/
temperature curve. Voltage and current are measured by Agilent
3458 A multimeter and a 0.01 Q shunt. The uncertainty of T,, is
+1 °C. In addition, a K-type thermocouple of 1.1 °C accuracy is used
to measure the fluid bulk temperature.

3.2. Experimental results
3.2.1. Hydrophobic surfaces

Fig. 6 presents some captured images of boiling process on the
hydrophobic surfaces (S-SiOC and S-Teflon) of which the static con-

tact angles at 25 °C are, respectively, 104° and 112°. Compared to
standard surfaces which are usually wetted, the bubbles appeared
on hydrophobic surfaces at very low heat flux and then remained
on the surfaces. By increasing the heat flux, the bubble size increased
but the bubbles still did not detach from the wall. At higher heat flux,
the bubbles spread over the surface, causing bubble coalescence that
led to film boiling. No bubble emission was observed on hydrophobic
surfaces. This phenomenon could be due to the effect of the surface
tension force which will be discussed in detail in Section 4. It could
also be due to condensation occurring at the bubble head by highly
subcooled liquid. Indeed, condensation reduces the bubble volume
and thereby reduces the buoyancy force acting on the bubble to
move it upward. However, the bubble volume decrease caused by
vapour condensation should be neglected compared to the bubble
volume increase caused by evaporation of liquid underneath the
bubbles. This is mainly due to the high water liquid to vapour density
ratio (at saturate temperature, p;/p, ~ 1600).

The surface S-Teflon with higher static contact angle had a
greater bubble base radius at the same heat flux. We also observed
that film boiling appeared at lower heat flux on higher contact an-
gle surfaces: 120 kW/m? for S-Teflon versus 200 kW/m? for S-SiOC.
These observations agree with that of Gaertner [7] and Hummel
[8]: a continuous hydrophobic surface tends to become vapour
blanketed during nucleate boiling. However, no bubble departure
was noticed and the heat transfer was not stable because of the
bubbles remaining on the surface. The wall temperature increased
during boiling time and after about 15 min, local wall destruction
occurred. Thus, it was impossible to measure the heat transfer
coefficient in steady state regime.

3.2.2. Hydrophilic surfaces

3.2.2.1. Bubble size. The bubble departure diameter is determined by
analysing the pictures taken from the video recorded by the high
speed camera. Kolev [19] showed that the bubble departure diame-
ter significantly depends on the heat flux. Hence, to strictly deter-
mine its dependence on the contact angle, the bubble departure
diameter was measured at a constant heat flux of 200 kW/m? for
every hydrophilic surface. Fig. 7 shows that the bubble departure
size increases with the increase of the surface wettability. For very
wetted surfaces (0 < 31°), the bubble grew and spread over the wall.
Contrary to Fritz correlation [20] where the bubble diameter is pro-
portional to the static contact angle, our experimental results (cf.
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Fig. 5. Schematic view of experimental setup.

Fig. 6. For hydrophobic surfaces, bubbles are created at lower superheat but cannot
detach from the wall. There is no nucleation and film boiling occurs because of
bubble coalescence.

6=22° 6=31° 6=67° 6 =80° 6 =85°

Fig. 7. Bubble departure on hydrophilic surfaces.

Fig. 8) show that a greater surface wettability yields bigger bubbles
detached from the surface. The expression of the Fritz correlation
[20] is written as:

1/2
o
Dyp = 0.020 x 0x [ — 7 2

@ (g(p, - pg)) @

5
—e— Experimental values
£ —Fritz's correlation
E 41
)
2
5 31
©
(0] i
= 200 kW/m?
=
© 2 -
o
(]
ho} 4
Q0
511
35
o
0 T T T T T T T T T
0 30 60 90

Water contact angle (°)

Fig. 8. Bubble departure diameter (measured at 200 kW/m?) versus the static
contact angle at 25 °C. Fritz's correlation has the opposite tendency compared to the
experimental values.

It is important to note that in his paper, Fritz [20] only showed that
there is a maximum volume of a vapour bubble, which can be writ-
ten as a function of contact angle and capillary length, and Eq. (2)
does not even appear in this publication. Even though the Fritz cor-
relation [20] is well known and has been used in many studies, it
was not validated by a large set of experimental data in boiling con-
ditions where only the surface wettability changed. Fritz [20] con-
firmed his correlation by measurements with air bubbles and not
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with vapour bubbles in boiling conditions. Furthermore, in most
studies, the main parameters were: superheat, pressure, gravity
and fluid characteristics, and the contact angle was seldom re-
ported. A complete review on bubble departure diameter measured
in boiling systems was given by Zeng et al. [21]. It was shown that
Eq. (2) gives questionable results for well-wetting fluids, large range
of operating pressures and in microgravity conditions. Taking into
account our recent results, we present in the next section a new cor-
relation aimed at estimating the bubble departure diameter.

3.2.2.2. Bubble emission frequency. The bubble emission frequency f
at a nucleation site is defined as:
1

f Tg[ + Twt (3)
where 7,4, called “growth time”, is the duration of the bubble
growth and 7, called “waiting time”, is the duration between the
departure of the former bubble and the appearance of the current
bubble. They are determined from the nucleation videos captured
at 6000 frames per second.

Fig. 9 shows that the waiting time is much greater than the
growth time. This might be due to high liquid subcooling as the
bulk temperature is 15 °C below the saturated temperature [22].
Also, the waiting time reduces more rapidly with the increase of
the heat flux compared to the growth time. Indeed, the change of
the heat flux from 220 to 300 kW/m? results in 70% mean decrease
of the waiting time but only 23% mean decrease of the growth
time. Moreover, the waiting time and the growth time both in-
crease with the rise of the surface wettability. When the static con-
tact angle is below 30°, this effect becomes especially significant.
As a result, the bubble emission frequency deteriorates for a great-
er surface wettability (cf. Fig. 10).

Many studies [23-26] show the higher the bubble emission fre-
quency, the lower the bubble departure diameter. This is in agree-
ment with the trend shown in Figs. 8 and 10.

3.2.2.3. Heat transfer coefficient (HTC). The local boiling heat trans-
fer coefficient is defined as:

_ 4
L @

where q is the heat flux calculated from g =¥ and T; is the water
saturation temperature at atmospheric pressure, which is measured

7
6 —— 220 kW/m?
| —m— 300 kW/m?
— 51
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E
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Fig. 10. Bubble emission frequency.

by a mercury barometer. From the uncertainties in test foil length,
test foil width, voltage, current and pressure, the uncertainties in
the derived parameters (q, T, T,, and h) are estimated using the
law of propagation of maximum uncertainty (cf. Table 2). For exam-
ple, the relative uncertainty in the heat transfer coefficient is calcu-
lated as:

Ah Aq AT, + AT 5
hoq T T )
Ah AV Al AS AT, + AT
U2 BT e v ©
Voltage and current are accurately measured. Indeed, the max-
imum uncertainties in the voltage and the current are 0.011% and
0.015%, respectively. The saturate temperature is determined from
measurement of atmospheric pressure. Its maximum uncertainty
is about 0.2 °C. The wall temperature is determined from electrical
resistance/temperature calibration. The uncertainty in the wall
temperature is calculated to be less than 1 °C. Uncertainty in the
heat transfer coefficient is mainly attributed to uncertainties in
wall temperature and surface area.

35.0
— — 220 kW/m?
30.0 ~—m—— 300 KW/m?2
—~ 25.0
(2]
3
o 20.0
£
g’ 15.0 1
.“(;U'
= 10.01
5.0 1
0.0 T T ‘ ‘
0 30 60 90
Water contact angle (°)
(b)

Fig. 9. Evolution of growth time (a) and waiting time (b) as a function of contact angle.
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Table 2
Operation conditions and uncertainties.

Parameter Operational range Uncertainty
S (cm?) 10 3%

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

T; (°C) 100 +0.2

Ty (°C) 100-150 +1

q (kW/m?) 50-400 3%

h (W/m? K) 3000-16,000 10-20%

Fig. 11 depicts the comparison of experimental values and pre-
dictions given by Cooper [27] correlation for the test foil without
nanoparticles deposition. The Cooper equation developed for

25000 -
¢ Exp_qdecreasing
1 X Exp_gqgincreasing
20000 - Cooper_Rp=1pum

- = = =Cooper_Rp=0,65um
] Cooper_Rp=0,4 pym

Heat transfer coefficient (W/m2K)

0 T T T T T T T T T T
50 100 150 200 250 300 350
Heat flux (kW/m?)

Fig. 11. Heat transfer coefficient of an untreated stainless steel surface.
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nucleate pool boiling, accounts for heat flux, surface roughness
and reduced pressure effects as follows:

(0.12-0.2loggRp)

h = 55p* (—log,op’) *F ¢S M0 )

where p* = p/p., is the reduced pressure, R, is the roughness as de-
fined in German standard DIN 4762/1, q the heat flux density and M
the molecular weight of the fluid. The roughness is chosen to be 0.4,
0.65, and 1 um, respectively, to fit the experimental values. The
changing tendencies of the measured and correlated heat transfer
coefficients as a function of the heat flux show a very good coher-
ence, therefore guarantying the reliability of our measurements.
Nevertheless, the Cooper correlation should not be used to predict
the surface roughness while accounting R, as the representative
of the number of nucleation sites (cf. Fig. 5). Indeed, Cooper consid-
ered that a greater value of R, promotes a larger number of nucle-
ation sites on the surface but this assumption has not been proved.

Fig. 12a compares the heat transfer performance of subcooled
pool boiling on the hydrophilic surfaces. The tendency of the pre-
sented curves is relatively good and shows a significant change
of the HFC by the surface wettability change. Fig. 12b highlights
this observation and shows that the best HTC is obtained with
the surface that has a static contact angle close to either 0° or
90°. Indeed, fitted curves were plotted for experimental data at
heat flux from 90 to 290 kW/m?. Their extensions at 0° reach rela-
tively well the experimental data of Takata et al. [4] (except at
90 kW/m?). Therefore, our results seem to confirm the finding of
Takata et al. [4]: the superhydrophilic surface exhibits excellent
heat transfer characteristics in nucleate boiling.

4. Data interpretation
4.1. Dynamic contact angle approach for nucleation

The videos recorded by the high speed camera showed a pro-
gressive change of the contact angle during the bubble growth
(cf. Fig. 13). As the test surfaces have small deep cavities (cf.
Fig. 3), we assume that water wets the working surface completely
during experiment (Wenzel [28] model). Hence, a new mechanism
of bubble formation during nucleate boiling has been developed
and is now presented as follows (cf. Fig. 14):

20000 4. % 290 kW/m?
LN +230 kW/m?
¢ 2180 kW/m?

16000 4 ', = 130 kW/m? .
AN, €90 kW/m2 )
6\ \\‘\o Takata et al. 2005/+"

Heat transfer coefficient (W/m2K)

Sudden deterioration of HTC

0 T T T
0 30 60 90
W ater contact angle (°)
(b)

Fig. 12. Effects of the surface wettability on the heat transfer coefficient (L, liquid phase and ONB, onset of nucleate boiling).
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Hydrophilic surface

8* = 8% 8* = 8% 8*= 8" Bubble Departure
Hydrophobic surface
B*=0% B8"=08% B*=08%a  Bubble coalescence

Fig. 13. Contact angle change during growth time (0; < 0, < 0;).

4.1.1. Hydrophilic surface

m Step 1: A convex vapour shape appears at the cavity base. The
contact angle is the equilibrium angle at saturated temperature
0.

m Step 2: The liquid continues evaporating to form a bubble at the
cavity mouth. The contact angle is still equal to 6;.

m Step 3: The liquid microlayer underneath the bubble evaporates,
expanding the triple contact line (TCL) and the bubble diameter.
Thus, the liquid recedes from the cavity and the contact angle
decreases to the receding angle at saturated temperature 0;.

m Step 4: The gravity force stretches the bubble vertically when the
liquid moves towards the cavity. The TCL reduces and the con-
tact angle increases to the advancing angle at saturated temper-
ature 0.

m Step 5: The bubble detaches from the wall.

5467
4.1.2. Hydrophobic surface

m Step 1: A concave vapour shape is formed at the cavity base. Its
contact angle is equal to the equilibrium angle 0;.

m Step 2: The bubble appears at the cavity mouth by the liquid
evaporation. The contact angle remains constant but this time
the vapour shape becomes convex.

m Step 3: The gravity force increases the bubble height, moving the
liquid backward. The contact angle decreases to the receding
angle ;. As the latter is greater than 90°. Hence, the bubble can-
not detach from the wall.

m Step 4: The liquid moves toward the cavity, increasing the con-
tact angle to the advancing angle 0.

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

4.2. Surface tension force map

Using the dynamic contact angle approach, we may establish
the qualitative evolution of the vertical component of the surface
tension force with the contact angle to better understand the ob-
served phenomenon (cf. Fig. 15).

The expression of this component which applied vertically to
the bubble to maintain it on the wall is expressed as:

F, = mDgo sin 0 8)

where Dy is the base diameter of the bubble which is equal to that of
the TCL.

e OO

Total liquid Bubble appearance  Bubble at cavity
wetting 0* = 0%, radius 6% = 0%,
Step 1 Step 2

Bubble base
radius increasing
until 6* = 0%,

Bubble base
radius decreasing
until 6* = 6%,

Step 3 Step 4

(a) Bubble growing on hydrophilic surface

E@@@@

Total liquid
wetting

Bubble appearance
0* = 0%,

Step 1 Step 2

Bubble at cavity
radius ©* = 0%,

Bubble base
radius increasing
until 6* = 6%,

Bubble base
radius increasing
until coalescence

Step 3 Step 4

(b) Bubble growing on hydrophobic surface

Fig. 14. Dynamic contact angle approach for nucleated boiling.
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Hydrophilic

o*

Hydrophobic

surface tension force (N)

Dg increasing

0*a 0*r 90 6'r 6%

Cavity mouth radius

Contact angle (°)

Fig. 15. Dynamic contact angle approach for nucleated boiling.

4.2.1. Hydrophilic surface (curve no. 1-3)

The bubble appears at the cavity mouth and has the cavity
mouth diameter as its base diameter. The contact angle is the equi-
librium angle 6;. Then, the bubble grows when its base diameter
increases and the contact angle decreases to the receding angle
;. Therefore, the surface tension force increases to the maximal
value. After that, the base diameter reduces and the contact angle
increases to the advancing angle 0;, decreasing the surface tension
force. Finally, the bubble grows vertically: its base diameter re-
duces to zero while the contact angle remains constant at ;. Thus,
the surface tension force is zero and the bubble detaches from the
wall. There are two particular cases:

m Poorly wetted surface (0, ~ 90°, curve no. 2): After its appearance
at the cavity mouth, the bubble grows slightly when the contact
angle decreases to the receding angle. Then, its base diameter
reduces to zero and it detaches from the wall at the contact
angle close to 90°.

m Highly wetted surface(6, < 30°, curve no. 3): As the contact angle
is weak, the bubble diameter is greater for the same surface ten-
sion force compared to that of the first case.

4.2.2. Hydrophobic surface (curve no. 4)

Before the appearance of the bubble at the cavity mouth, the va-
pour shape changes from concave form into convex form: the con-
tact angle reaches 180°. The surface tension force at this angle is
zero. As the contact angle decreases to the equilibrium angle 6;,
the surface tension force intensifies. After that, the bubble diame-
ter increases significantly and the contact angle reduces to the
receding angle 0; which is greater than 90°. Then, the TCL is ex-
panded by the liquid moving toward the cavity. The bubble cannot
detach from the wall as the contact angle increases to 180°. The
wall temperature rises violently due to poor conductivity of the va-
pour. Furthermore, the bubbles coalesce, leading to film boiling.
Therefore, critical heat flux is rapidly reached with hydrophobic
surface.

4.3. New correlation to estimate the bubble diameter departure

In Sections 4.1 and 4.2, we have showed how a bubble is formed
on hydrophilic surface and why it cannot detach from hydrophobic
surface. This section aims at highlighting the influences of the wet-
tability on bubble departure diameter and bubble emission fre-
quency. According to the classical nucleation theory [20], the
bubble departure diameter of a lower contact angle liquid is smaller
because of the lower surface tension force. Fig. 16 illustrates this the-
ory by showing that the modified Bond number, which is the ratio of
the surface tension force and the gravity force: F,/Fg, increases with
theincrease of the contact angle. Here, the bubble is assumed to have
spherical shape (cf. Fig. 17). Thus, the gravity force is:

3
Fy =201~ p) "0 )

where f{0) is the volume ratio of a sphere which has a contact angle 0
and afullsphere.The surface tensionforceis calculated by Eq.(8)with:

Dg =D, sin0 (10)

As shown in Fig. 16, the high ratio of the surface tension force
compared to the gravity force is the main reason for the non-
detachment of bubble from hydrophobic surfaces. However, for
hydrophilic surfaces, the tendency of the bubble departure diame-
ter given by the Bond number analysis does not agree with the
experimental results shown in Section 3.2.2. Thereby, the vertical
component of the surface tension force should not be considered
as the only force which maintains the bubble on the surface. In-
deed, the bubble growth by liquid evaporation leads to liquid mov-
ing, generating reaction forces (or dynamic forces) exerted by the
liquid against the vapour movement: when the bubble volume in-
creases (step 1-3 of Section 4.1), these reaction forces push the
bubble toward the wall and inversely when the bubble volume de-
creases (step 4 of Section 4.1), they pull the bubble in order to de-
tach it from the wall. Drag and inertial forces are examples of
liquid reaction forces. They can be simply approximated as:
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Fig. 16. Bond number decreases with the decrease of the contact angle.

F,

> < Dp

Fig. 17. Forces due to gravity, surface tension, liquid inertia and liquid viscosity.

1
F4 zgnuﬁcdp,ui (11)
F; < p,DyU} (12)

where Uy is the bubble growth speed and C; is correlated by Peebles
and Garber equation [29] as:

Cy=18.7Re *®® for Re > 2 (13)

Indeed, Ur can be estimated by Dgp/tg and has an approximate
value of 1 m/s. Thus, the Reynolds number is close to 3000 with
water at 100 °C (1~ 0.3 x 103pPa s) when Dy is equal to 1 mm.
Fig. 18 shows that liquid reaction forces are not negligible and
should be taken into account in the force balance. Furthermore,
with the enhancement of the surface wetting, experimental data
shows that the growth velocity of the bubble augments, increasing
the dynamic forces. Therefore, a lower static contact angle leads to
a greater bubble departure diameter through its effects on the li-
quid reaction forces.

In summary, evaporation phenomenon plays an important role
in highly subcooled liquid nucleation by generating significant dy-
namic forces depending on the surface wettability. Thus, the en-
ergy factor, which is defined as the ratio of the energy needed to
form a bubble with a contact angle 6 on the surface to that needed
to form a homogenous bubble with the same diameter, is believed
to be the key parameter of the effects of the wetting on the bubble
growth. Its expression is given by [30]:

2+3cos—cos?0
f(O):f (14)

1 E+08
—E+Uo

Surface tension force/Gravity force

| 1.E+06 — — Drag force/Gravity force

= = = =lnertial force/Gravity force

Bubble diameter (m)

Fig. 18. Force balance for a bubble growth on the surface which has 30° static
contact angle.

And the bubble formation energy is proportional to the energy
factor as:

R 5 00 (1s)

The energy factor can be easily understood as a volume ratio of
the sphere which has a contact angle 6 on the surface and the full
sphere which has the same diameter. Fig. 19 shows that this factor
has the maximum value at 0° contact angle then decreases with
the increase of the contact angle to reach the minimum value at
180°. Thus, the energy required to form initial vapour shape at a
cavity is higher for a lower contact angle. This is the reason why
the bubble is formed at very low heat flux for hydrophobic surfaces
and why the waiting time increases with the enhancement of the
surface wettability. Therefore, we established a new correlation
of the bubble departure diameter which incorporates the influence
of the fluid properties and the gravity as Fritz [20] did, but that also
takes into account the energy factor as the contribution of the wet-
ting effects:

AE(R",0) =

f(théta)

0 ——
0 30

60 90 120 150 180
Contact angle (°)

Fig. 19. Energy factor as a function of static contact angle.
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Fig. 20 shows that this new correlation fits the experimental re-
sults of this study relatively well with only 7% difference. Compar-
ison with the data of studies [31-34] is presented in Fig. 21. As
shown in Fig. 21a, most of the experimental data (90% of 28 data
points) can be estimated by Eq. (16) with a maximum error of
25%. The correlation of Fritz [20] shows a bad agreement (cf.
Fig. 21b). However, it should be mentioned that the correlation
developed in this paper does not take into account the effects of
superheat. Thus, further investigations are expected to optimise
this correlation (with a physical model) and to validate it at a larger
data set.

4.4. Influence of the surface wettability on the HTC

Heat transfer from the wall to liquid through a bubble behaves
differently depending whether the surface is wetted or not.

2
= _
£ 161
= T
©
§ 121
©
o
=)
T 0.8 -
5]
z ¢ Experimental values
s g4 4 ——New correlation_eq. (16)
g 0.
2 +7%
— 7%
0 T T T
0 30 60 90

Water contact angle (°)

Fig. 20. New correlation to estimate the bubble departure diameter.
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According to the three-zone model [35], hydrophilic surface has
three different modes of heat transfer in zone I, II and III (cf.
Fig. 22a). Zone | is the dry patch regime where no evaporation oc-
curs. The heat transfer in this zone is relatively poor because of the
poor conductivity of the vapour. Zone II is the conventional micro-
layer regime where very thin liquid layer evaporates to evacuate
most of the heat coming from the wall. Zone III is an extended
microlayer to bulk regime where the heat transfer is similar to that
of single phase flow. For a hydrophobic surface, there is no liquid
microlayer underneath the bubbles. The heat transfer occurs from
superheat liquid layer [31] and through the dry patch zone (cf.
Fig. 22b). The heat transfer in the dry patch zone is poor, causing
local deterioration of the hydrophobic samples since bubbles are
formed but do not detach from the wall.

Moreover, a classical way to enhance the HTC is to increase the
bubble emission frequency. As the bubble emission frequency was
observed to decrease with the wetting enhancement, the HTC
should deteriorate when the contact angle reduces. Yet experimen-
tal results showed an excellent HTC with the surface that has a sta-
tic contact angle close to either 0° or 90°. Indeed, for 90° contact
angle surface, high HTC is obtained as a result of high bubble emis-
sion frequency. But for superhydrophilic surface, HTC enhances
significantly by a larger and thinner liquid microlayer underneath
the bubble where most of the heat pass through, even though the
bubble emission frequency is lower compared to low wetted
surfaces.

5. Conclusions

Subcooled pool boiling experiments were performed to study
the effects of the surface wettability on nucleation mechanism
and boiling heat transfer. Nano-surface coating that modifies the
topography of the surface slightly has been used with the purpose
of varying the static contact angle from 22° to 112°. The main re-
sults of this study are summarised as follows:

(a) Hydrophobic surfaces
m Bubble appears at the surface for a lower heat flux com-
pared to the standard surfaces which are usually wetted.
m Bubbles cannot detach from the surface and coalesce
with bubbles formed at neighbouring sites.
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Fig. 21. Comparison of predicted and measured vapour bubble departure diameter.
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Vapour

Liquid

(a)

Liquid
Vapour

(b)

Fig. 22. Heat transfer zones on: (a) hydrophilic and (b) hydrophobic surfaces.

m The wall is locally deteriorated during the experiments
by the presence of bubbles on its surface even at low heat
flux (100-200 kW/m?).

(b) Hydrophilic surfaces
m With the enhancement of the surface wettability, the

bubble departure diameter increases whereas the bubble
emission frequency decreases.

m For weakly wetted surfaces (45° < 0 < 90°), HTC deterio-
rates when the contact angle reduces. However, for very
wetted surfaces (0 <45°), the inverse effect was
observed: HTC improves with the increase of the wetta-
bility. Thus, we believe that the best HTC can be obtained
not only at a contact angle close to 90° but also at very
low contact angle close to 0°.

(c) Dynamic contact angle approach of the nucleation mecha-
nism has been developed to better understand the observed
phenomenon. The contact angle hysteresis was shown to
play a very important role in the bubble growth.
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