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The dynamics of single bubbles on a superhydrophilic surface with well-defined nucleation sites are stud-
ied. The superhydrophilic surfaces are prepared by forming CuO nanostructures on a silicon substrate
with an isolated microcavity. The bubble departure diameter in water is observed to be 2.5 times smaller
and the growth period 4 times shorter on the superhydrophilic surface than on a silicon substrate. A

model balancing the buoyancy with the surface tension force captures the departure diameter well, con-
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firming the importance of wettability on bubble dynamics. The present work helps develop new surfaces
for controlled phase change heat transfer and bubble-based micro-devices.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Fundamental understanding of bubble nucleation and growth
on heated surfaces is essential for developing mechanistic models
of boiling heat transfer and designing bubble-driven micro-de-
vices. Surface wettability has long been identified as one of the
important factors affecting bubble growth and departure dynamics
[1]. Previous studies reported significant increases in the critical
heat flux for pool boiling [2] and water jet impingement cooling
[3] on superhydrophilic surfaces with apparent contact angles
<10¢°. Significant enhancement in the critical heat flux of pool boil-
ing in nanofluids has been also attributed to the improved wetta-
bility caused by nanoparticle deposition [4,5]. Although such
enhancements may perhaps be viewed as intuitive, detailed under-
standing of their exact mechanisms is still lacking.

Studies of bubble dynamics on well-defined isolated nucleation
sites have served useful roles in elucidating bubble dynamics and
facilitating the development and validation of numerical models
[6,7]. Past experimental studies of single or quasi-single bubble
dynamics used well-wetting liquids, such as FC-72, or added sur-
factants to investigate the effects of surface wettability on bubble
dynamics [1,8] and pool boiling heat transfer [9,10].

We extend these previous studies and report our experimental
and numerical study of single bubble dynamics on superhydrophilic
surfaces using water, which has very different thermophysical and
interfacial properties than well-wetting organic liquids. Our results
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enable quantitative assessment of the validity of existing correla-
tions for the bubble departure characteristics. Combined with our
demonstrated surface modification scheme, the present work helps
develop new micro/nano-structured surfaces for advanced boiling
applications.

2. Sample preparation

The static contact angle of water droplets on air-exposed Cu
surfaces often exceeds 70°. Previous studies [2,3] applied TiO,
coating to enhance the wettability of Cu surfaces, but the TiO, lay-
ers gradually lost their superhydrophilicity in the absence of UV
irradiation [11]. In the present work, a controlled chemical oxida-
tion is used to form superhydrophilic CuO nanostructures on a Cu
film [12]. It is well-established that solid surfaces with appropriate
combinations of the surface energy and morphology exhibit ex-
treme wettability [13,14].

We first microfabricate isolated cylindrical cavities to serve as
artificial bubble nucleation sites on prime-grade silicon substrates.
Organic residues are first removed by dipping the substrates for
10 min in a Piranha (H,SO04:H,0, = 4:1) solution followed by rins-
ing in filtered deionized water and nitrogen gas blow drying. The
microcavities are formed using a deep reactive ion etching (DRIE)
technique through a photoresist (AZ 5214) mask. After the DRIE
process, the photoresist layer is stripped using acetone and O,
plasma etching.

A 1 pm-thick Cu film is subsequently deposited using e-beam
evaporation. The sample is immersed in an aqueous mixture of
NaClO,, NaOH, and NasPO, - 12H,0 at 95 °C for 5 min to form
CuO nanostructures on the film [12]. Fig. 1(b) shows scanning
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Nomenclature

D bubble diameter (m)

Dy bubble departure diameter (m)

Do characteristic diameter (m)

d diameter (mm)

F force (N)

g gravitational acceleration (m/s?)
height (mm)

lo characteristic length (m)

P pressure (Pa)

Re Reynolds number

t time (s)

to characteristic time (s)

T temperature (K)

u velocity (m/s)

Ug characteristic velocity (m/s)

w diameter of cavity (pm)

Greek symbols

® apparent contact angle (deg)
o surface tension (N/m)
0 density (kg/m?)
Subscripts

B buoyancy

c cavity

D drag

1 inertia

Lv liquid and vapor phase
S surface tension

sub subcooling

w wall

electron microscopy (SEM) images of the isolated microcavity sur-
rounded by the nanostructured Cu film. Since the oxidation process
is quasi-self limiting [12], we can form very uniform nanostruc-
tures over large surface areas. The static contact angle of water
droplets (~4 pL) measured over five different spots on the 100-
mm diameter sample is 7.5 + 2°.

We leave the inner wall of the cavity uncovered with the CuO
nanostructures by exploiting the directionality of the thin-film
deposition process. Trapped gas inside the cavity decreases the
superheat required for the onset of heterogeneous nucleation
(Fig. 1(a)) and allows the cavity to serve as an effective artificial
bubble nucleation site [15].

To be consistent with previous single bubble experiments con-
ducted using water [1,7,8,16,17], we set the cavity diameter (w) at
15 pum. We do not expect small changes in the cavity diameter to
affect the bubble growth dynamics and departure diameter as
the bubble contact line quickly extends beyond the periphery of
the cavity. Bubble departure is affected mostly by the surrounding
flat superhydrophlic surface.

The depth of the cavity should be larger than w/tan ¢ to facili-
tate the gas entrapment (Fig. 1(a)). We estimate the contact angle
of the cavity inner wall to be approximately 20-40° from the mea-
sured contact angles of water droplets on flat silicon surfaces that
experienced comparable DRIE processes. We set the cavity depth at
70 pum for the present sample and confirm that the cavity serves as
an effective bubble nucleation site.

liquid

Fig. 1. (a) Schematic representation of vapor entrapment in a microcavity. (b) and
(c) SEM images of the isolated cylindrical microcavity surrounded by the
nanostructured Cu film (b) and the CuO nanostructures (c).

3. Experimental setup and procedure

Pool boiling experiments are conducted using an experimental
setup discussed in our earlier publication [16]. Briefly, the setup
consists of a polycarbonate test chamber (d=200mm, h=93
mm), a quartz window (d = 50.8 mm), and a base plate. Two car-
tridge heaters are immersed in the liquid to control the sub-cooling
level. The entire chamber is thermally insulated with melamine
foam layers. A high speed camera (Fastcam MC2, Photron)
equipped with a zoom lens (105 mm f/2.8D AF Micro Nikkor) is
used to capture video images of bubbles.

The wettability of the heating surfaces is characterized through
in situ contact angle measurements, supplemented by static con-
tact angle measurements [18]. Sequential video frames obtained
over multiple bubble ebullition cycles are analyzed using image
analysis software [19]. To measure the static contact angle, a drop-
let (~4 pL) of filtered de-ionized water is placed on the sample sur-
face and its shape is captured and analyzed using a goniometer
(First Ten Angstroms (FTA) 4000) [18,20]. Measurements are per-
formed at five different spots on the sample and the experiments
are repeated three times at each spot. The resulting fifteen contact
angle values are averaged and the mean value is reported together
with the standard deviation.

Uncontrolled bubble nucleation over areas surrounding the arti-
ficial cavity can block an optical view and make a direct observa-
tion of single bubble dynamics difficult. Since such undesired
bubble nucleation is effectively suppressed on our samples, we
can make the lateral dimensions of our chamber much larger than
the expected bubble diameters. This helps avoid any unintended
wall effects and also allows the use of very low subcooling levels.
These represent key differences from a recent study that reported
an unusual contact angle dependence of the bubble departure
diameter [21].

The uncertainty in the measured bubble sizes is estimated to be
+0.03 mm from the pixel resolution of the images. The uncertainty
in the contact angles determined from the image analyses is esti-
mated to be <x2°. All K-type thermocouples used in the experi-
ments are calibrated using a NIST-traceable reference Pt
resistance thermometer and the uncertainty in the measured tem-
peratures is estimated to be +0.3 °C.

4. Results and discussion

Fig. 2 displays selected optical images of a single bubble on the
superhydrophilic surface during one ebullition cycle. The equiva-
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Fig. 2. Select optical images of the bubble during one ebullition cycle on the
superhydrophilic surface immersed in water (¢ = 7.5 + 2°, AT,, = 5.3 °C, AT, = 0-
0.5°C, P=1 atm).
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Fig. 3. Bubble growth history during one ebullition cycle on the superhydrophilic
surface immersed in water (¢ = 7.5 + 2°, ATy, = 5.3 °C, ATy, = 0-0.5 °C) and on the
silicon wafer in water (¢ =44 * 1°, AT,, = 4.0 °C, AT = 1.5 °C).

lent and base diameters of the bubble are plotted in Fig. 3. The
diameter and growth period of the bubbles are normalized using
the characteristic length (Iy), velocity (uo) and time (t,) defined as

(7]

o lo
% w=VEh to=2. 1
"Vl p,) TVETR P T, M

We calculate to=1.6 x 10725 and lp=2.5 x 107> m for water
and tp=8.7 x 10 3s and lp = 7.4 x 10~*m for FC-72 at 1 atm. For
comparison, the growth history of a bubble on a naturally oxidized
silicon wafer from our previous study [16] is also displayed. The
bubble departure diameter is observed to be ~2.5 times smaller
and the growth period almost four times shorter on the present
superhydrophilic surface than on the silicon surface.

The superheat required for the onset of bubble nucleation is rel-
atively low (~5 °C) for the superhydrophilic sample with an artifi-
cial cavity. In contrast, superheat levels in excess of 20°C are
necessary to nucleate bubbles on cavity-free superhydrophilic
samples. At such high superheat levels, successive bubbles merge
with each other before they depart from the surface, making direct
observation of single bubble dynamics not possible.

The receding contact angles measured while the bubble base is
expanding are in the range of 5-7° whereas the advancing contact

angles measured while the bubble base is shrinking (near the bub-
ble departure point) range between 6° and 9°.

To confirm our experimental findings and gain further physical
insight, we conduct numerical simulations under conditions com-
parable to those used in the experiments. Details of our numerical
model were described in previous publications [7,22] and will not
be repeated here. The evolution of the vapor-liquid interface is
tracked using the level-set method. Simulating bubble dynamics
on surfaces of contact angles <10° requires rather excessive mesh
densities. To keep our computation time reasonable, we set the
contact angle at 10° in our simulations. Wall temperature fluctua-
tions are neglected, the waiting time between successive bubble
nucleation is specified from the mechanistic relation [23], and
changes in dynamic contact angles are ignored. Multiple evolution
cycles are simulated until a quasi-steady-state is reached.

Fig. 4 shows the evolution of the bubble interface, temperature
distributions, and normalized velocity vectors. (ii* = ii/up). The
simulated results are compared with the experimental observa-
tions in Figs. 3 and 4. The simulated bubble departure diameter
is approximately 10% larger and the growth period is approxi-
mately 5% longer than the experimental values. The discrepancy
may be explained by the slight difference in the contact angle
and other approximations used in the numerical model. Overall,
the simulation results are consistent with the experimental results.

In order to compare single bubble dynamics in water and in
well-wetting liquids, numerical simulations are also conducted
for FC-72 for the same superheat and contact angle values as the
present experiments. Direct experimental comparison is difficult
since well-wetting liquids require much higher superheat levels
for the onset of bubble nucleation than water, introducing addi-
tional complications. Large temperature dependence of the optical
properties of FC-72 and the resulting optical distortion also makes
optical observation of bubbles difficult.

Fig. 5(a) compares the bubble growth history in water and in
FC-72 at the same superheat (5.3 °C). The normalized bubble
departure diameters D* are comparable for both fluids, suggesting
that the mechanics of bubble departure is similar. There, however,
are appreciable quantitative differences in the growth kinetics and
departure time, confirming that other thermophysical properties,
including the thermal conductivity and the latent heat of vaporiza-
tion, also play a role in single bubble dynamics. The absolute value
of the bubble departure diameter is ~4 times smaller in FC-72 than
in water (note that the characteristic lengthscale Iy of FC-72 is 3.4
times smaller than that of water).

When a bubble grows on a surface, buoyancy (Fg) acts as the
main upward force and the surface tension force (Fs) as the main
counteracting force (see Fig. 6). The bubble departure diameter
has indeed been observed to decrease with decreasing contact an-
gle [1,5,7,8,16,17] as captured in the semi-empirical Fritz’s correla-
tion [24], which balances the buoyancy force with the surface
tension force at the point of bubble departure:

o
gpi—p,)

Fig. 7 plots the normalized bubble departure diameter as a func-
tion of contact angle. For the present superhydrophilic surface, the
bubble departure diameter is obtained from an average over 30
ebullition cycles. The mean value is presented together with the
standard deviation. To elucidate the effects of surface wettability,
all the results presented in Fig. 6 are obtained at a comparable
superheat levels (4-7 °C).

Fig. 7 shows that Eq. (2) predicts the bubble departure diameter
reasonably well on surfaces with moderate contact angles (¢ = 40°-
60°). However, for superhydrophilic surfaces with contact an-
gle < 10°, the data deviate by over 100% from the predicted value.
This can be explained at least in part by differences in the shape of

Dy = 0.0208¢ 2)
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Fig. 4. Simulated bubble shapes, temperature distributions, and velocity vectors (¢ = 10°, AT, = 5.3 °C, ATsy, = 0 °C, P=1 atm). t} is from the experiments and t; is from the

numerical simulations. The isotherms correspond to 0.25-0.95 T* where T* = T/AT,,.
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Fig. 5. (a) Bubble growth history in water and in FC-72 (¢ = 10°, AT,y =5.3 °C, AT, =0°C, P=1 atm). (b) and (c) Bubble shapes, temperature distributions, and velocity
vectors in water (b) at t* = 0.226 and in FC-72 (c) at t* = 0.382. The isotherms correspond to 0.25-0.95 T¥, T* = T/AT).
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Fig. 6. Schematic representation of forces acting on a bubble growing on the wall.

bubbles close to the departure points (Fig. 8). On superhydrophilic
surfaces, bubbles maintain close to a perfect spherical cap shape
(Fig. 8(a)). Bubbles on surfaces with moderate contact angles, in con-
trast, are elongated appreciably in the vertical direction (Fig. 8(b)).

For bubbles whose shape can be modeled as a spherical cap, the
buoyancy (Fp) and the surface tension force (Fs) can be expressed
analytically as

_ T3 — coc3 _
Fy = 5, D°(2 +3cos ¢ — cos’ @)g(p, — p,), 5
Fs = Do sin® .

By equating the magnitudes of these two forces, we can esti-
mate the departure diameter as

G 24 sin’
— flo)= _(,D PSR
g(pi—p,) (2 +3cos ¢ —cos® )

Fig. 7 shows that the prediction of this analytic model matches
the experimental and simulation results from the superhydrophilic
surface reasonably well. The small difference may be explained by
experimental uncertainties, slight non-sphericity of bubbles, and
the effects of other forces.

D =f(o) (4)
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Fig. 8. Images of bubbles near the point of departure on surfaces with two different
contact angles: (a) ¢ ~ 7.5° and (b) ¢ =44°.

Eq. (4) ignores other forces acting on the bubble, including the
viscous drag (Fp) and the liquid inertia force (F;) [15,25]. The vapor
inertia force is negligible since the vapor density is much smaller
than the liquid density at the atmospheric pressure. Fig. 9 com-
pares the time evolution of each force estimated from the present
numerical simulation results. In the initial stage, the bubble
growth is governed by the momentum interaction between the
bubble and the surrounding liquid. Consequently, the liquid inertia
force has a significant effect on the growth. In the latter stage, how-
ever, the bubble growth is limited primarily by heat transfer to the

8 5
PR FS
’ N —--= F
/ “‘ b
’
' . T |F||
I .
\
=z H \ e
= H \ -
Q ! \\ /’
o 4} ; -’
0 4 E 4 P
e ) \ e
' ‘\ 7
; 24
' d
2+ J/ ) Tl N
Il/ . 7 ‘-‘v‘\_‘.
L v, 7 N "\-s.__
’l/ _ - \\.—____~~_’_---
0 =7 R 1 R 1 R 1 R 1
0 1 2 3 4 5
Time (ms)

Fig. 9. Time evolution of forces acting on a simulated bubble in water during one
ebullition cycle (¢ = 10°, AT, =5.3 °C, ATsy, =0°C, P=1 atm).
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bubble interface and the effect of the momentum interaction be-
comes less important. The viscous drag and the liquid inertia force
are estimated to be several times smaller than the buoyancy and
the surface tension force near the bubble departure point.

Our past and present single bubble experiments limit wall
superheat levels to 4-7 °C to prevent successive bubbles from
merging with each other before they depart from the surface. This
also helps elucidate the effects of surface wettability without intro-
ducing complexity associated with high wall superheat levels. Zu-
ber [26] suggested that higher wall superheat levels result in
increased departure diameters as the superheated thermal bound-
ary layer becomes thicker with increasing superheat levels. Cole
and Rohsenow [27] and Gorenflow et al. [28], in contrast, indicated
that the departure diameter was independent of or only weakly de-
pended on the wall superheat. Our recent study [29] showed that
increased wall superheat does not necessarily increase the super-
heated thermal boundary layer thickness due to decrease in the
waiting period between the ebullition cycles. The effects of wall
superheat on bubble dynamics will be further discussed in our fu-

ture publication.

5. Summary and conclusions

The nucleation, growth, and departure of single bubbles are
studied on a superhydrophilic surface prepared by controlled
chemical oxidation of a Cu film. The bubble departure diameter
in water is observed to be almost ~2.5 times smaller and the
growth period almost four times shorter for the superhydrophilic
surface than for the oxidized hydrophilic Si surface. The bubble
shapes and growth history obtained from numerical simulations
agree reasonably well with the experimental results. The bubbles
maintain close to a perfect spherical cap shape on the superhydro-
philic surface. An approximate model based on the balance be-
tween the buoyancy and surface tension force captures the
bubble departure diameter reasonably well. The nanostructuring
approach and the quantitative bubble dynamics data reported in
this study will help develop new surfaces for advanced heat trans-

fer and microfluidic applications.
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