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For several decades, a porous surface has been recognized as an efficient medium to increase boiling per-
formance in a nucleate boiling regime. Most feasible porous surfaces have been studied in millimeter and
micron-sized domains. It has been believed that a higher wall superheat is required to commence incip-
ient nucleate boiling under a submicron regime. In this study, we demonstrate that a significantly
enhanced pool boiling heat transfer is observed in a submicron regime through three dimensionally
interconnected hybrid pores: the Alumina sponge-like nano-porous structure (ASNPS). The structural
uniqueness of the ASNPS leads to an enlarged surface area, increases the potential number of the active
nucleation site density, and improves the vapor-liquid menisci through the reentrant pore. Simulta-
neously, by changing the surface wettability with a hydrophobic self-assembled monolayer (SAM) coat-
ing, the number of active nucleation site density is improved. Eventually, the combination of the ASNPS
and hydrophobic SAM coating can achieve substantial heat transfer coefficient (HTC) enhancement in the
nucleate boiling. Also, the thickness of the ASNPS is a critical issue to adequately augment the HTC in pool
boiling. The thickness of the ASNPS is optimized by examining the boiling performance of the ASNPS fab-
ricated in different amounts of anodizing times. A classical mechanistic model from literature was mod-
ified and compared with the experimentally obtained data. The modified mechanistic model - with the

combination of forced-convection and thin liquid film evaporation - showed reasonable predictions.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Ideal surface geometries that enhance pool boiling performance
have been recognized as a critical issue to increase the perfor-
mance of the boiling heat transfer. Various specially designed sur-
face geometries have been considered (Table 1). In 1931, Jakob and
Fritz observed an improvement in the boiling heat transfer coeffi-
cient by using a square grid of machined grooves [1]. In 1950s and
1960s, there were several relevant studies reporting an augmenta-
tion in the boiling heat transfer by roughening the heating surface.
For instance, Corty and Foust reported a boiling heat transfer
enhancement on grit-roughened surfaces in 1955 [2]. However,
these surface-treated structures showed a significant aging effect
within a few tests. In order to overcome the surface aging, some
of researchers began to focus on more efficient surface geometries
such as a reentrant cavity. Marto and Rohsenow carried out a boil-
ing test with copper block, which had 12 reentrant cavities [3].
Their study highlighted the performance-potential of reentrant
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cavities and porous coatings. Since their investigation, some inno-
vators in the industry have been motivated to develop commer-
cially feasible reentrant cavities and porous coatings. In the
1970s and 1980s, various mechanical and chemical approaches
in pool boiling created novel surface structures. Nakayama et al.
[4] proposed porous surfaces, which consisted of regularly
distributed triangular pores. By creating three dimensionally-
interconnected pores, he expected additional vaporization of liquid
inside the pores. Among the various diameters of pores (0.03-
0.2 mm), he observed heat transfer improvement on the surface
structures with 0.1 mm diameter pores. Bergles and Chyu [5] re-
ported enhanced pool boiling results utilizing a metallic porous
media made of copper particles with various diameters. The pore
diameter of the heating surface was 74 - 404 um. They character-
ized their porous structure as a “vapor chimney”, acted as of liquid
channel where evaporation occurred. From two studies, the con-
cept of liquid evaporation inside pores began to be widely accepted
in the pool boiling phenomena. Continued studies demonstrated a
wide variety of surface fabrication methods: a plasma coating [6], a
unique coating [7], a fused inorganic pore [8], and copper forms [9].

The majority of the porous structures in previous studies were
in the submillimeter and/or micron domain. For example, Hus’s
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Nomenclature
surface area [m?]

Bond number

heat capacity [k]/kg]

diameter [m]

frequency [1/s]

gravitation acceleration [m/s?]
heat transfer coefficient [kW/m? K]
current [A]

enthalpy [J/kg]

Jakob number

thermal conductivity [W/m K]
length of test section [m]

active nucleation site density [1/m?]
pressure [Pa]

Prandtl number

input power [W]

heat flux [W/m?]

radius [m]

time [s]

temperature [K]

temperature difference [K]
voltage [V]

distance from heating surface [m]
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reek letters
cavity mouth half angle [°]
thin liquid film thickness [m]
difference
viscosity [Pa s]
density [kg/m?]

TELANCTZIQ O OS<NMNHTT

9 contact angle [°]

4 surface tension [N/m]
Subscripts

A the number of active nucleation site density
a advancing angle

b bubble

bottom  at the bottom of heater section
c cavity

l liquid

i inside

left at the left of heater section
v liquid-vapor

Is liquid-solid

max maximum

min minimum

0 outside

p pore

r receding angle

right at the right of heater section
s solid

sat saturation

sv solid-vapor

sl solid-liquid

sub subcooling

thermo thermocouple

top at the top of heater section
v vapor

w wall

model [10] deals with the size range of active cavities for incipient
boiling in submicron domain boiling. Also, it should be noted that
nano-surface patterning with high precision on a specific boiling
area has been another challenge to overcome. Recently, these tech-
nical issues have been defined by researchers who opened a new
era of the pool boiling in a nano regime. In 2006, Launay et al.
[11] examined various silicon surfaces with a Carbon Nano Tube
(CNT) coating on the pool boiling heat transfer in PF5060 and
water. He observed that the CNT, with the inner diameter of the
CNTS being 10-20 nm and the spacing between individual nano-
tubes 50-70 nm, enabled nano-structured surface to improve the
pool boiling heat transfer at a low superheat regime. In 2008, Li
et al. [12] fabricated a one-dimensionally grown copper surface
utilizing an electro-deposition method and observed a significantly
enhanced heat transfer performance using such a nano surface.
In addition to the fabrication techniques to create and manipu-
late porous coatings, the wetting control was investigated to im-

prove the pool boiling heat transfer. In 1960, Griffith and Wall
made a non-wetting surface with a Teflon coating [13]. They re-
ported that the non-wetting cavities led to an incipience of boiling
water at a lower superheat. Similarly, Hummel [14], Gaetner [15]
and Vachon et al. [16] observed a considerably enhanced heat
transfer by making non-wetting cavities. In 1993, Wang and Dhir
[17] improved the active nucleation site density by controlling
the surface-wetting of the cavities by technically restricting the
contact to a designated angle regime (10° < < 90°).

In this study, we report a novel alumina sponge-like nano-
porous surface (ASNPS), which is fabricated through a unique
anodization process. Anodizing is feasible to many affordable
industrial processes that create high-end surface patterning. The
process is applicable for various materials such as aluminum
[18], titanium [19], and copper [20]. The ASNPS has several unique
structural features. First, it has hybrid pores with a diameter range
of 100-500 nm. Each pore plays different roles in the nucleate

Table 1

Various approaches to fabricate porous structure in pool boiling.
References Boiling regimes Surface treatment Pore size Fluid
Nakayama et al. [4] Nucleate Microchannel 0.2-0.03 mm R-11
Bergles and Chu [5] Nucleate Porous Cu 74-44 pm Water
Hshieh and Ke [32] Nucleate Plasma coating (Mo, Cu) 4 pum R-134
Cieslinski [33] Nucleate Sand blasting 0.3-4 um Water
Rainey and You [34] Nucleate ABM coating (aluminum/brushable ceramic epoxy/MEK) 1-20 pm FC-72
Kim et al. [7] Nucleate DOM (diamond particles/omegabond 101 epoxy binder/Methyl-ethyl-ketone carrier Water
Li et al. [12] Nucleate Cu deposition 50 nm Water
Mori and Okuyama [8] Nucleate Fused inorganic oxides (Al,03-Si0,-TiO,) 1.3 mm Water
Furberg et al. [22] Nucleate Cu electrodeposition 0.1-1 um Water
El-Genk et al. [35] Nucleate Porous Cu cage 30-60 um PF-5060
Yang et al. [9] Nucleate Cu foam 0.77-2.76 mm Water
Lee et al. [23] Nucleate Porous alumina 20-70 nm Water
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boiling. A smaller pore (<100 nm) can commence the incipience of
boiling through vapor entrapment and the generated vapor can be
transported into a larger pore (>500 nm). Second, the ASNPS has
three-dimensionally interconnected pore networks, which can
play the similar role of reentrant cavities, effectively entrapping
vapor and reducing the wall superheat by boiling at a low super-
heat. Third, it actively pumps the liquid in and out of the pore
when a bubble detaches from the surface. The capillary-assisted
liquid suction can provide fresh water and reduces the wall
superheat. And fourth, the interconnected networks provide a
much-enhanced surface area and an increased number of active
nucleate site densities. In addition to the unique porous structure,
the surface wettability is modified using the Self-Assembled Mono-
layer (SAM). By using the SAM coating, the intrinsic water contact
angle (WCA) of the ASNPS (¥ ~ 50°) dramatically changes into
hydrophobic form (¥ ~ 150°). Eventually, we demonstrate that
the combination of the ASNPS and the SAM coating achieves a
dramatic heat transfer coefficient (HTC) enhancement in the
nucleate pool boiling in water.

2. Experimental
2.1. Pool boiling experimental setup and procedure

The nucleate pool boiling experimental setup is schematically
illustrated in Fig. 1. Dimensions of the rectangular pool boiling
chamber are 101.6 mm in width, 101.6 mm in height, and
177.8 mm in length. Both ends of the pool boiling chamber con-
sisted of Teflon plates, each with a 1.27 mm in thickness. O-rings
were used on Teflon plates to ensure sealing. The boiling chamber
was thoroughly insulated with 5 mm of Styrofoam and 20 mm of
glasswool to prevent possible heat loss to the surrounding environ-

(a)
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ment. An aluminum alloy (Al 6061) rod, with 19.1 mm in diameter
and 101.6 mm in length, was used to heat the chamber. A 9.5 mm
long cartridge heater (McMaster Carr 120 V, 400 W) was inserted
into the center hole of the rod with a high thermal conductive
paste (Omega 201) to heat the test section (Fig. 1). Four holes, each
2.4 mm in diameter and 70.0 mm in depth were mechanically
drilled 90° apart at the top, middle, and bottom along the periph-
ery of the heater. T-type thermocouples (Omega) were inserted
into these holes with the thermal paste (Omega 201). An AC vari-
able transformer supplied the controlled amount of power to the
cartridge heater. The output voltage and the current were mea-
sured with highly accurate digital millimeters (Agilent 34410A
and Fluke 87 V). In order to condense the vapor generated from
the pool boiling chamber, a reflux condenser with a constant tem-
perature controller (Polyscience) was used. Temperature data from
the aluminum heater and the boiling pool (water) was obtained
from the inserted T-type thermocouples. All information was ac-
quired using an IOtech data acquisition system.

The experimental procedure was performed in the following or-
der: the pool boiling chamber was filled with distilled water and
slowly heated up to a pre-determined saturation temperature
(Tsqr)- In order to remove dissolved gases, the pool boiling chamber
was continually heated for two hours. The voltage was gradually
increased internally in 4 V intervals from 20 V to 136 V. The exper-
iments were carried out under a steady, atmospheric pressure
state. The pool temperature was maintained within 0.8 °C of T,

2.2. Preparation of alumina sponge-like nano-porous surface (ASNPS)
The porous feature size made by anodizing covers from a few

nano-meters to sub-millimeter regime with respect to anodizing
voltage, temperature, and electrolytes. Typically, under certain

W
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Rectangular Pool Boiling Chamber

Test Section R E
Thermocowle | B [ T
' Supply

Digital Multi-meter

Fig. 1. Pool boiling experimental setup: (a) schematic illustration of data acquistion, (b) pool boiling chamber, and (c) Al 6061 heater section.
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Fig. 2. Al 6061 NPS: (a) in 0.3 M H; SO4 at 20V, (b) in 0.3 M H3 PO, at 140V, (c) and (d) cross-sectional view of (a) and (b), respectively. Scale bar represents 500 nm.

conditions, a pore is grown in a one-dimensional direction (top to
bottom) with a specific pore diameter. As shown in Fig. 2(a), hex-
agonally-packed, honeycomb-like porous structures are observed
within the limited regime (at 25V in 0.3 M sulfuric acid at 5 °C).
In this study, three dimensionally interconnected ASNPS were cre-
ated in 0.3 M phosphoric acid at 140V in as shown Fig. 2(b). An
aluminum 6061 (Al 6061) heater section was degreased and elec-
tro polished in a perchloric acid and ethanol solution (volume%
1:4): the heater section was thoroughly rinsed with ethanol several
times and anodized in 0.3 M phosphoric acid at 5 °C at 140 V. After
first anodizing, the alumina porous structure was etched in an
aqueous ferric chloride solution at 50 °C. The anodizing was carried
out under the same conditions for 2 h. Alumina pore was widened
in a 1.0 M phosphoric acid for 40 min. The heater section was thor-
oughly rinsed with water and dried in an oven at 95 °C for over 5 h.
The result was a hybrid porous structures consisting of smaller
pores (d, ~ 100 nm) and larger pores (d, ~ 500 nm). These phe-
nomena are observed for Al 6061 at a high voltage regime (>100 V).

2.3. Surface wettability control: hydrophobic ASNPS

The original water contact angle (WCA) of the ASNPS was ~50°,
lower than a plain aluminum surface (~85°). In order to make a
hydrophobic surface, the SAM was introduced. The ASNPS heater
section was first immersed in an aqueous peroxide solution (25%
by volume) for 30 min at 50 °C. The heater section was thoroughly
rinsed with water several times. To remove residues of aqueous
peroxide solution inside the pore, the heater section was immersed

in deionized water for 30 min at 50 °C. The heater section was
thoroughly dried using sterile, compressed air. In order to make
a hydrophobic surface, the heater section was immersed in a
0.2 M 1-dodecanethiol ethanol solution for 2 h at 50 °C. After the
SAM process, the heater section was thoroughly rinsed with etha-
nol and dried in the oven for over 5 h at 95 °C. The surface of the
SAM coated ASNPS (SASNPS) dramatically changed into a hydro-
phobic surface (~150°), as shown in Fig. 3(b).

2.4. Data reduction

The input power supplied to cartridge heater of test section was
estimated by Ohm’s law in Eq. (1):

Q=VI (1)

where Q, V, and [ represent power, voltage, and current,
respectively.

The boiling phenomena on the heater surface occur 1.3 mm
away from the thermocouple hole. The actual wall temperature
was obtained using a one-dimensional heat conduction equation
in the radial direction, as demonstrated in Eq. (2):

Q ln(ro/rthermo):l

TW = Tthermo - 2_7'CL ktest (2)

where T, Tihermo» L, To, Tthermo» and k are wall temperature, temper-
ature measured by thermocouples, heater length, outside radius, ra-
dius of thermocouple location, and thermal conductivity of heater,
respectively.

Fig. 3. Water contact angle: (a) ASNPS and (b) SASNPS (inset shows WCA on the flat samples, 50° and 150°, respectively).
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In order to obtain the local heat transfer coefficient (HTC), the
corrected wall temperature from Eq. (2) was plugged into Eq. (3):

Q/A
h=———"—— 3
(T — o) )
The average heat transfer coefficient was given by averaging the

four local heat transfer coefficients determined by Eq. (3) as shown
below:

Hynes = htop + hleft +Zﬁght + Rbottom 4)

Nominal uncertainty of T-type thermocouple is +0.5 °C and the
voltage and current measurement uncertainties are +0.5V and
+0.04 A, respectively. The uncertainty is estimated by Moffat [21]
as shown in Egs. (5) and (6):

. aq// 2 8(]” 2 aq// 2

Aq _¢(8WAW) () (W) )
oh  N\N? (oh, \?

Ah_mq,,m) - (2ar) ©

The estimated uncertainties of power input and heat flux are within
8.1% and 8.6%, respectively.

3. Results and discussion
3.1. Water contact angle (WCA) hysteresis in nucleate pool boiling

It is well known that WCA hysteresis increases the chance to
trap vapor in surface irregularities. A fundamental mechanism of
vapor entrapment [31] is schematically illustrated in Fig. 4. When
a liquid proceeds along a solid surface, the behavior of contact line
along the downslope is determined by its advancing contact angle
9¥a. For a hydrophobic surface (Fig. 4(a)), the liquid front will hit the
opposite surface wall of the cavity before the contact line reaches
the bottom of the indentation due to the equation 9, > 2. The void
space, which is not wetted by liquid, can entrap the vapor. For a
hydrophilic surface (Fig. 4(b)), the nose of the liquid will move
along the downslope due to the equation ¥, < 2. Relatively, the
unwetted void space will be much smaller than that of a hydropho-
bic surface. One can expect similar phenomena when a liquid re-
cedes on a solid surface. Additional vapor will be entrapped due
to the fact 9, > 180° — 28. When the solid surface is heated and
the liquid temperature is raised, the entrapped vapor initiates
the nucleate boiling at a lower superheat. However, a highly-
wetted solid surface requires a much higher superheat to entrap
the vapor.

(a) (b)

Fig. 4. Schematic illustration of proceeding liquid on the porous surface [31]: (a)
hydrophobic (non-wetting) surface and (b) hydrophilic (wetting) surface.

In order to visualize the WCA hysteresis, an immersion and re-
moval test using slabs with plain, ASNPS, and SASNPS were carried
out. First, a plain thin slab (thickness 2 mm) was very slowly ver-
tically immersed in water and then stopped to reach the equilib-
rium contact angle. Similarly, the slab was vertically withdrawn
from water very slowly and stopped. As shown in Fig. 5(a), a plain
surface does not show any specific WCA hysteresis. The same test
was carried out for ASNPS and SASNPS formulas. For the ASNPS
slab, the ¥, and ¥, in Fig. 5(b) are larger than that of a plain surface.
Since the ASNPS is a highly wetting surface, water is instantly ab-
sorbed by the capillary force made stronger through intercon-
nected pores. The contact angle hysteresis (¥, — 9, <90) is
observed for the ASNPS slab and is compared to that of plain slab
(9q — 9 ~90). In contrast the numerous nano pores on the SASPS
rarely become wet while the slab advanced and receded. The con-
tact angle hysteresis (9, — 9, > 90) observed for the SASNPS slab is
much larger when compared to that of the ASNPS slab
(9q — Yqr > 90) in Fig. 5(c).

To check the surface of the pore mouth, an Atomic Force Micros-
copy (AFM) was carried out. As shown in Fig. 6, the pore wall is
quite steep and the depth is at least ~200 nm. Due to its reduced
surface wettability, the water is not easily penetrated into the
pores of the SASNPS. The steep walls enable more vapors to be en-
trapped than typical conical cavity. This finding implies that the
SASNPS facilitates the nucleate boiling incipience at much lower
superheat.

3.2. Nucleate pool boiling of the ASNPS and the SASNPS

In the nucleate pool boiling experiment, three different surface-
treated Al 6061 test sections were used: plain surface, ASNPS, and
SAM-coated ASNPS (SASNPS). The boiling curves for different sur-
face-treated structures are shown in Fig. 7(a). The single-phase
natural convection heat transfer at lower heat flux regimes
(g” < 20 kW/m?) is included. For the ASNPS, the boiling curve shifts
to the left throughout the nucleate region when compared to that
of the plain surface. The Onset of Nucleate Boiling (ONB) is ob-
served at AT of 3.5 K, which is approximately 4 K lower than that
of the plain surface (7.5 K). A significantly reduced ONB could be
ascribed to entrapped vapor through the large internal pore surface
area; vaporization occurred within the nano-porous matrix. At a
lower heat flux regime (20 kW/m?<q” <40kW/m?), the heat
transfer coefficient (HTC) enhancement is approximately ~200%
and the HTC augment within 40 kW/m?<q” <100 kW/m? is
~75% when compared to that of the plain surface. A significant
HTC enhancement at a low heat flux regime is also ascribed to
the enhanced surface area and assists the vapor generation inside
the pore. Typically, on the highly wetted ASNPS, the liquid pro-
trudes into the pore and forms an ultra-thin liquid film. Eventually,
the wetting ability facilitates the evaporation inside the pore med-
ia. The interior vapor is transported via the macro-level outside
cavities [22]. Another contributing factor of the evaporation is a
combination of the internal and external convection through the
porous matrix. In Fig. 7(b), the bubble generated from the heater
surface is evenly distributed along the heater peripheries. We ob-
served that the departing bubble diameter d, is relatively smaller
than that of the plain surface bubble. It is assumed that the re-
duced interfacial contact angle on the ASNPS prohibits the bubble
merging and increases the bubble departure frequency f,. When
the bubbles are departed from the surface, the liquid is pumped
in and out the porous medium, which, in turn, induces the internal
convection inside the porous structure. The departing bubbles,
which agitate and disturb the thermal boundary layer, lead to
the external convection. At a high heat flux regime, the increase
of the wall superheat is still suppressed when compared to that
of the plain surface. In the previous study [23], the most of active
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Fig. 5. Slab (thickness 2 mm) immersion test for water contact angle hysteresis: (a) plain surface (b) ASNPS and (c) SASNPS.
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Fig. 6. (a) AFM (deflection mode) images of ASNPS and (b) cross-section view of nano pores.
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Fig. 7. Pool boiling curves (a) heat flux vs. wall superheat and (b) HTC vs. heat flux: the bubble motion sat different heat flux: (i) plain surface, (ii) the ASNPS, and (iii) the
SASNPS at q” = 20 kW/m?.
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nucleation site densities at a high heat flux were diminished by the
vapor blanket layer formation due to the bubble coalescence at the
1-D nano pore (Fig. 2(a), d, ~ 30 nm). However, seemingly the
ASNPS does not show the HTC deterioration caused by vapor blan-
keting. The reduced bubble diameter caused by the effective wet-
ting of the ASNPS prevents the bubble coalescence on the ASNPS.
As the wall superheat increases, the bubble departure diameter in-
creases and leads to a considerable “bubble sweeping” along the
cylindrical heater peripheries. The HTC augmentation caused by
the bubble sweeping is more prominent on the cylindrical heater
rather than the flat heater. Also, it is postulated that three dimen-
sional porous network facilitates the vapor-liquid counter flow. It
was observed the vapor bubbles escape from the large pore,
whereas the liquid flows through the porous walls, assisted by
the capillary suction.

For the SASNPS, the boiling curve shifts to the far left when
compared to those of the plain and the ASNPS in Fig. 7(a). The
ONB is significantly decreased and observed at ~2 K. This could
be closely related to the active nucleation site density increase,
which is due to the poorly-wetted (hydrophobic) surface. The
amount of entrapped vapor is proportional to the interstitial vol-
ume. The vapor inside the pore for the SASNPS commences the
nucleate boiling incipience at a much lower superheat than that
of the ASNPS. The HTC augment is ~300% at lower heat flux regime
(20 kW/m? < q” < 40 kW/m?) and the HTC in the range of 40 kW/
m? < g” < 100 kW/m? is ~190% compared to that of the plain sur-
face. The significant HTC enhancement is probably due to both
the increased surface area and the intensified nucleation site
densities.

Wang and Dhir proposed the correlation of the number of active
nucleate site density, which can be expressed as a function of con-
tact angle [17]:

Ng = Ne(1 — cos0)AT (7)

where N, N, 0, and AT are the number of active nucleate site den-
sity, the number of cavities per unit surface area, contact angle, and
wall superheat at given heat flux.

Eq. (7) shows reasonable results for the experimental data with-
in 60% error (10°<4¥<90°). In order to estimate the effective
enhancement of N, the same number of N, is assumed at a given
superheat for the ASNPS and SASNPS. The effective enhancement
of N, is estimated approximately 2.3 times: (Ngsasnes—
Na.ASNPS)/Na.ASNPS = 2357 Osasnps = ]500, Oasnps = 50°. The intensi-
fied number of active nucleate side density can be approximately
compared by visualized number of bubble on the surface in Fig. 7.

In addition, the bubble motion is influenced by the interfacial
contact angle (see Fig. 8). Due to the poor wetting (hydrophobic)

550 ms
t*=0

surface, the surface tension force reduces the bubble neck forma-
tion. The spread bubble on the pore mouth, can coalescence easily
to the adjacent bubble. Therefore, the departure bubble’s diameter
is much larger whereas the bubble departure frequency is much
smaller. Fritz predicted the bubble departure diameter by using
the fundamental properties of liquid. It can be expressed by the
wettability change while bubble grows [24]:

d, = 0.020860,/5/g(p, - p,) (8)

where dj, is the bubble departure diameter, ¥ is contact angle, o is
surface tension, g is gravitational force, p; and p, are liquid and va-
por densities, respectively.

Eq. (8) can capture the influence between the surface wetting
and the departure bubble diameter. When two adjacent bubbles,
with the same size merge with each other, the resulting bubble
has two times larger volume but the diameter increases only 26%
[7]. The buoyancy force of the merged bubble can immediately
overcome the surface-tension retention force and detach the bub-
ble from the heating surface. The larger volume of bubbles can re-
move more latent heat from the heating surface and induce a
highly intensified convective flow. After the larger bubble lift-off,
the amount of liquid pumped in and out the porous medium is lar-
ger than that of the smaller one. This is heavily due to the intercon-
nected passages which facilitate fresh liquid into the pore through
the liquid intake process. The fresh liquid infiltration reduces the
wall superheat even at a high heat flux region. For the external
convection, the enhanced turbulence and eddies are induced by a
number of departing bubbles and lead to the disturbance of the
thermal boundary layer. Similar to the ASNPS, there is no HTC
deterioration observed at a higher heat flux regime (40 kW/
m? < g7 < 100 kW/m?). This phenomenon can be closely related to
the bubble motion. Typically, the bubble departure diameter grad-
ually increases as the heat flux increases. Cole proposed the corre-
lation between d, and f, by using liquid properties [25]:

fyd, = 0.59 {w} 0% 9)
P

Bo'/? = 0.04Ja (10)
(Tw - Tsat)cplpl

_ 11

Ja o (11)
gBo 1"

dy = [7] 12

" lglp—p,) (12)

619 ms
*=734

896 ms 900 ms

5 mm

t# = 1557 —————

t*= 1513

Fig. 8. Departing bubble motions on the SASNPS at ¢” = 20 kW/m?: (a) bubble departed by adjacent bubble (bubble sweeping) and (b) single bubble departure.
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where 7, g, pi, pu Bo, Ja, ¢, and hy, are surface tension, gravitational
force, liquid and vapor densities, Bond number, Jakob number, heat
capacity, and latent heat, respectively.

Since d;, and f, of the single bubble motion are inversely corre-
lated each other in Eq. (9), the HTC augment of the SASNPS cannot
be elucidated by assuming the bubble motion follows Eq. (9). The
enlarged bubble departure diameter leads to reduced bubble
departure diameter due to the extended bubble waiting time be-
fore it leaves the surface. However, for the cylindrical heating sur-
face, the bubble sweeping along the peripheries has a substantial
waiting time. This long departure time contributes to the HTC aug-
mentation at a higher heat flux regime. The consecutive bubble
motions of the SASNPS, taken by a high speed camera, highlight
the importance of the bubble sweeping. For comparison, the re-
duced time is used rather than a real time scale [26]. The bubble
lifts-off from the heating surface at t* =0 (t = 550 ms). The depart-
ing bubble leaves a thin vapor layer on the hydrophobic surface.
The remaining vapor layer can easily initiate the bubble formation
with a small amount of superheat. When the bubble grows hemi-
spherically (t*=701, t=613 ms), the departing bubble from the

bottom suddenly coalescences. Then, it becomes a much larger
bubble and detaches immediately due to increased buoyancy force
(t* =734, t = 619 ms). After the bubble detachment, the thin vapor
layer remains on the surface. Similarly, the adjacent departing bub-
ble has a residue of a thin vapor layer (t* = 0, t = 759 ms). At t* = 779
(t=830 ms) the bubble is not detached from the surface due to
thick bubble neck caused by strong surface-tension retention force
on the hydrophobic surface. The bubble has to wait until the buoy-
ancy force overcomes the surface tension force until at t* = 1557
(t=900 ms). This finding demonstrates that the single bubble on
the hydrophobic surface takes a much longer time (two times
slower) without the assistance of adjacent drifting bubbles in the
pool. It should be noted that the bubble sweeping action is impor-
tant for the cylindrical heater. From the observation of the bubble
motion, the bubble departure diameter and bubble departure fre-
quency are influenced by surface tension as well as the force bal-
ance between the interfaces (liquid, vapor, and solid). It means
that Eq. (11) may not be sufficient to describe the bubble motion
on the heating surface with different wetting applications using
surface tension alone. Eventually, the correlation of the bubble
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Fig. 9. A plot of the ASNPS thickness over the anodizing time. SEM images of the ASNPS fabricated in 0.3 M phosphoric acid at 140 V with different reaction times: (a) 0.5 h,

(b)2h, (c)6h,(d) 10h, and (e) 20 h. Scale bar represents 1 pm.
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motion should be modified with respect to not only surface tension
but also to the interfacial contact angle.

3.3. Effect of thickness of the ASNPS in nucleate pool boiling

In Section 3.2, the augmented boiling phenomena are observed
at different surface-treated structures such as three dimensionally
interconnected porous structure and the hydrophobic coated sur-
face. It is assumed that an enlarged surface area and an enhanced
number of the active nucleate site density are the dominant con-
tributing factors, which can proportionally increase the thickness
of the ASNPS. Contrary to this finding, a thicker coating might dete-
riorate the boiling performance due to increased thermal resis-
tance. The thermophysical properties of metal dramatically
change after a metal oxide formation. Therefore, the optimal thick-
ness of metal, oxide based porous surfaces might be an important
issue to escalate the boiling performance induced by an enhanced
surface area and an active nucleate site density. In this section, the
boiling experiment results with different thicknesses of the ASNPS
are investigated to find the optimal condition. The thickness of the
ASNPS is usually proportional to the anodizing reaction time and
the anodizing voltage applied. Therefore, the anodizing reaction
time is crucial and investigated in this study. In order to estimate
the thickness of the ASNPS, SEM images of each of the cross-
sectional views were taken. Based on the SEM images, the
thickness of the ASNPS was plotted over the anodizing time and
is shown in Fig. 9.

In early stage of anodizing, the thickness growth rate shows a
steep slope up to 6 h (~0.75 pum/h). As anodizing reaction time in-
creases, the thickness growth rate begins to saturate. Eventually,
after ten hours, there is no significant difference observed in mean
thicknesses of the ASNPS.
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The boiling curves of the ASNPS with different thickness are
shown in Fig. 10. As the thickness increases up to two hours, the
boiling curves shift to the left hand side when compared to that
of the plain surface. The maximum HTC enhancement at a lower
heat flux regime (q” <40 kW/m?) is observed for the ASNPS at
two hours. Interestingly, the maximum HTC at a higher heat flux
regime (q” > 60 kW/m?) is achieved by the ASNPS at 0.5 h. At a low-
er heat flux regime, the number of the active nucleate site density
is a contributing factor to enhance the boiling phenomena. On the
contrary, at a high heat flux regime, bubbles generated from the
numerous active nucleate site densities might suppress the heat
transfer via bubble coalescence, leading to vapor blanketing. The
respective of heat transfer, with a thickness of a few microns, is
not critical enough to deteriorate the boiling phenomena. This
finding indicates the HTC augment is achieved by increasing the
surface area and the number of active nucleate side densities,
which compensate for the increased thermal resistance. However,
beyond a certain anodizing time of 20 h, the HTC becomes much
less than that of the plain surface due to lower thermal conductiv-
ity and vapor departure resistance. The HTC trends of the ASNPS at
different reaction times are clearly observed at visualization of the
cylindrical heater surface.

As can be seen in Fig. 10, numerous bubble nucleations are ob-
served. However, for the ASNPS at 20 h, there is no significant bub-
ble formations observed, which is very similar to that of the plain
surface after 20 h. These phenomena might due to the reduced
heating surface area and poor thermal conductivity. Malyshenko
[36] reported that the vapor film thickness near the heating surface
was approximately half the thickness of the porous coating at a
high heat flux regime. Another factor is vapor departure resistance
inside the porous media. If the vapor is stagnant inside thick
porous coating due to departure resistance, it plays the role of
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Fig. 10. Effect of ASNPS thickness on pool boiling curves arising from anonizing time (a) heat flux vs. wall superheat and (b) HTC vs. heat flux: the bubble motions at different

heat flux: (i) 0.5 h, (ii) 2 h, and (iii) 20 h at g” = 20 kW/m?.
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1.00um

Fig. 11. Boiling in water for 2 h: (a) ASNPS and (b) SASNPS.

insulation because of its poor thermal conductivity. Also, the thick
coating prohibits mass transport and fresh liquid infiltration into
the pores. Therefore, the wall superheat significantly increases.
Meléndez and Reyes [27] and Yang et al. [9] reported similar
phenomena at larger foam cover thickness.

Relating to heat transfer deterioration, the aging effect should
be mentioned In pool boiling of the aluminum-based heating sur-
face. Alumina is vulnerable to further oxidation in aqueous pool
boiling and accompanies morphology change. Eventually, the mor-
phology change leads to the active cavity decrease. Fig. 11 shows
the heating surface of the ASNPS and SASNPS after 2 h boiling in
water. Within a short time, it seems no significant aging propaga-
tion. However, for longer period runs, individual cavities begin to
be clogged by further oxidation, which was clearly shown in previ-
ous study [37]. In order to prevent aging phenomena, pool boiling
in non-aqueous liquid would prevent and/or retard morphology
change.

3.4. Mechanistic model proposals

Pool boiling correlations are a useful tool to predict the nucleate
boiling heat transfer in engineering systems. Numerous investiga-
tors have proposed various correlations with respect to their own
mechanistic model. One of the widely used correlations is Rohse-
now’s correlation, which is based on forced-convection processes
[28]:

_ 12 _ 1r
q”:CS—fl/rPr—s/ruiw{g(Pl py)} |:CP1(TW. Tsat)} (13)

g iy

where Pr, 1, hy, g, p, 0, and ¢y are Prandtl number, viscosity, enthal-
py, gravitational acceleration, density, surface tension, and heat
capacity, respectively.
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Cs, 1, and s are empirically determined values. Initially, Rohse-
now recommended r=0.33, s=1.7. Gy in Eq. (12) represent inter-
actions of the liquid-solid surface. However, each combination of
a liquid-solid has different value. Vachon et al. [29] invested Cy
values of various liquid-solid combinations, which has been used
useful indicators for the particular combinations. If the value of
Cy is not tabulated, typically, Cy=0.013, which represents a
water-copper combination and is recommended for plain surface.
Frequently, Ci has been used to indicate surface “roughness”. Typ-
ically, the lower value of Cy; represent a rougher surface.

The Rohsenow model is correlated to pool boiling experimental
data of different surface-treated heaters in Fig. 12(a). For the plain
surface, the empirically obtained Cy value is 0.0047, significantly
smaller than the recommended value of 0.013. The experimental
data is relatively well-correlated with an 18% deviation. On the
contrary, porous structured-surfaces such as ASNPS and SASNPS
show significant deviations even with a wide range of C. Since
Rohsenow developed Eq. (12) based only on the forced-convection
in the nucleate boiling, it may not be sufficient to describe the boil-
ing characteristics of porous surfaces. Nakayama et al. [4] proposed
the correlation which will be usable for porous surfaces; it com-
bines the contribution of porous coating and forced-convection:

dy\ AT\,
q/r = (%) Nufthpv + <C—) Nax/}’
q

where dj, N'q, fp, hiv, p, and AT are bubble departure diameter, num-
ber of active nucleate site density, bubble departure frequency, en-
thalpy, density, and wall superheat, respectively. Exponents x and y
are given by 1 and 3 for the water system. Empirical value Cg is gi-
ven by 1.95 for water.

The first term of the RHS of Eq. (14) represents a convection-
driven heat transfer contribution and the second term of the RHS

(14)
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Fig. 12. Correlation of mechanistic models: (a) Rohsenow (dotted line), (b) Nakayama (dotted line) and modified (solid line).
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represents the heat transfer contribution of the porous coating. In
the first term, the latent heat is proportional to the volume of the
bubble and the bubble departure frequency. In the original equa-
tion, the number of the active nucleate site density is empirically
obtained by counting. As shown in Eq. (7), the number of the active
nucleate site density is proportional to the wall superheat and the
interfacial contact angle. Therefore, N'; is replaced by N, and used
in Eq. (7). dy and f, are determined by visualization of the bubble
departure at a specific surface in Eq. (14). In Fig. 12(b), the Nakay-
ama correlation (dashed line) shows a strong similarity to the
experimental data of the porous coatings with a 34-52% deviation.
For the plain surface, the deviation at a lower heat flux regime is
markedly large. It implies that the number of the active nucleation
site density at a lower heat flux regime is overestimated. At the
lower heat flux regime, the range of deviation is larger than the
higher heat flux regime.

Another contributing factor could be the thin liquid film evapo-
ration inside pores. Typically, the thin liquid film occurs at the cor-
ners of the pore mouth due to the vapor-liquid menisci. The
segments of the thin liquid film separate the bubble formed inside
the pore. The vapor constrained inside the pore grows because of
the inertia force of the liquid adjacent to the bubble. The super-
heated vapor is generated and squeezed out of the pore. The pres-
sure drop after the bubble departure causes fresh liquid to filtrate
into the pore for next bubble cycle. This phenomenon is called the
“suction-evaporation mode” [30]. The thin liquid film evaporation
augments the evaporation heat transfer as well as the convective
heat transfer. In order to compensate for the deviation of Eq.
(14), the third term is added on the RHS in Eq. (14):

s (s AT\ 1y CKSAT 1y
q <?>Nufbllvpy+<c—q> N, +WNG (15)

where k, 6, and C are thermal conductivity of liquid, thickness of
thin film layer inside pore, and empirical constant, respectively.

Since the thin liquid film evaporation occurs at the active pores,
N, follows the same exponent in Eq. (14). The modified correlation
(the solid line) of Eq. (15) with experimental data is shown in
Fig. 12(b). The underestimated total heat transfer of Eq. (14) at a
lower heat flux is compensated by the thin liquid film evaporation
term and is better predicted (0.7-13%) than others described by
Egs. (13) and (14). This equation implies that the thin liquid film
evaporation improves not only the total heat transfer but also
the convective heat transfer for the ASNPS due to its significantly
enhanced N,.

4. Conclusion

In this study, the novel nano-porous structures fabricated by
anodizing were studied in order to understand their effects on
the heat transfers. By using the anodizing process, it was found
that the efficient fabrication of the porous structure, due to anod-
izing, is promising in overcoming technical restrictions of the
mechanical and chemical process. This can affect many aspects of
fabrication, such as bulk fabrication, cost effectiveness, and the tai-
loring of precise surface pattering. Its characteristic boiling heat
transfer enhancement was also reported on. One of the principal
contributing factors is ascribed to the three-dimensionally inter-
connected porous networks. These networks enable an increase
in the heat transfer surface area and the active nucleate site den-
sity. These networks entrap vapor inside the pore and lead to the
suppression of the wall superheat heat increase. The thin liquid
film evaporation (suction-evaporation mode) through numerous
active nucleate site densities was also found to contribute to the
HTC. In addition to its structural uniqueness, the surface wettabil-

ity was modulated by the hydrophobic SAM, which improved more
active pores by increasing the amount of vapor.

The influence of the thickness of the porous structure over the
boiling heat transfer was investigated. The thinner ASNPS was ben-
eficial in order to reduce the thermal resistance and vapor depar-
ture resistance but was not sufficient when increasing the
surface area and the number of active nucleation sites. The thicker
ASNPS was advantageous with respect to the surface area and the
number of active nucleation sites. However, it was detrimental to
the HTC due to increased thermal resistance and bubble departure
resistance. In order to improve the HTC, the optimal thickness was
preferential in pool boiling.

To adequately correlate the mechanistic model with experi-
mentally obtained data, classical models such as Rohsenow and
Nakayama were considered. Those correlations were not sufficient
to adequately describe heat transfer phenomena of the ASNPS. We
modified their correlations with the combination of forced-
convection, the pore heat transfer, and the thin liquid film
evaporation. The predicted boiling performance strongly corre-
lated with the experimentally obtained boiling heat transfer in
dealing with nano-porous surfaces.
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