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In this letter, we propose a three dimensional, interconnected alumina nano porous surface (ANPS),
which shows significant critical heat flux (CHF) and a reduction of wall superheat. ANPS is versatile
in morphology modifications such as thickness and pore diameter and is used to enhance heat
transfer. Structurally well-defined, porous wicks are efficient to absorb and spread liquid into a
porous matrix. To characterize various surface wetting environments, synthetic approaches of wetting
and liquid absorption have been carried out. We have studied the quantitative evaluation of
liquid uptake utilizing electrochemical impedance spectroscopy (EIS). The CHF augment trend
is well matched with the amount of liquid absorbed into the porous media, pre-determined by the
EIS. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4739946]

The critical heat flux (CHF) phenomena have been a hot
issue in boiling heat transfer testing due to their scientific
and practical aspects. The majority of relevant research of
the CHF phenomena is focused on the CHF augmentation
and/or the wall superheat reduction at given conditions.
Using the porous media, Lienhard' reported that significant
CHF change is influenced by pore shape. It is well-known
that a porous media, with a well-defined interconnected pas-
sage, is a prior concern in CHF enhancement design. This is
due to a capillary-assisted wetting and vapor escape passage.
Various porous media can be categorized into (1) a thin uni-
form thickness porous coating,”” (2) a modulated porous
coating,®® or (3) nanofluids.”™"" Kaviany er al.*® experi-
mentally proved that the thin uniform thickness porous coat-
ing is effective due to its combination of an extended surface
area, a capillary-assisted liquid suction, an increased nuclea-
tion site density, and vapor escape passages from the heating
surface. Recently, great attention has been paid to nano-
fluids.”™"' The CHF improvement in nanofluids is ascribed to
nanofluid-deposited porous layers, which increase surface
wettability. Nanofluids are also highly thermally conductive
and have a lower surface tension than other porous media,
which assists the bubble motions. Aforementioned character-
istics of nanofluids are directly influenced by the nanofluid
concentration and exposure time in the nanofluids.'' At a
lower concentration of nanofluids and/or shorter exposure
time, nanofluids are insufficient to create nano porous coat-
ing (NPS) that can provide active nucleation site density and
capillary wicking. At a higher concentration and a longer ex-
posure time, heavily deposited nanofluids are detrimental in
attempting to achieve CHF improvement due to the thick
nano porous coating that prevents the vapor from escaping
from the surface, thereby increasing thermal resistance. An
important question in the experimentation is how to deter-
mine the optimal NPS (shape and thickness) in relation to
the liquid spreading and its absorption on the surface. In this
study, we suggest electrochemical impedance spectroscopy
(EIS) as a method to measure the amount of liquid absorbed.

For the majority of studies, surface wetting-induced
apparent water contact angle (AWCA) has been used to
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interpret the CHF enhancement. Because liquid spreading
and/or uptake into porous wicks are critical factors to delay
the CHF and prevent a dry-patch on the heating surfac, we
studied the impact of AWCA on the wall superheat change
as well as the CHF improvement.

The nucleate pool boiling experiment was carried out
using aluminum 6061 alloy heaters with a surface area of
0.785 cm”. A cartridge heater (McMaster Carr 120 V 400 W)
was inserted into the center hole of the heater. Four T-type
thermocouples (Omega) were installed, at 6 mm intervals,
from the top. Nominal uncertainty of T-type thermocouple was
*0.5°C. A DC power supply (Agilent DC5500) was used to
control power to the cartridge heater. In order to condense the
vapor generated from the pool boiling chamber, three reflux
condensers, with a constant temperature controller (Poly-
science), were used. The temperature was acquired utilizing a
data acquisition system (IOtech). The experiments were carried
out under the steady state at the atmospheric pressure condi-
tion. The pool temperature was maintained within 0.5 °C of the
T, The experimental uncertainty was *8.1% for the heat flux
and *8.6% for the wall superheat (AT =0.5-2.5°C).

In order to create unique, porous surfaces, an anodic oxi-
dation technique (0.3 M H3;PO,, 140 V) was used.'? Interest-
ingly, the FE-SEM images in Figs. 1(b) and 1(c) reveal that
the alumina nano porous structure (ANPS) has a unique
hybrid pore, which consists of both a smaller pore diameter
(d,~100nm) and a larger one (d,~500nm). The tilted
view shows that the hybridized pores are three-
dimensionally interconnected with each other. Since ANPS
thickness is proportional to anodizing time, its thickness is
varied due to changing reaction times.

In order to characterize and analyze the surface wettabil-
ity, the AWCA was measured using a sessile drop technique
on the individual heating surfaces. Since the wetting behav-
ior of each porous surface is closely related to the ANPS
thickness, a synthetic plotted graph showing the ANPS thick-
ness in relation to the anodizing time is shown in Fig. 2.
Without specific structures (plain), the intrinsic aluminum
surface shows an AWCA 98° in Fig. 1(a). The AWCA of the
ANPS, at different reaction times, dramatically varied

© 2012 American Institute of Physics
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FIG. 1. (a) A sessile drop on the plain heater (inset shows AWCA, 98°), (b) FE-SEM of the ASNPS top view, and (c) tilted view.

change from 102° to 36° with an uncertainty of =1°. This
finding could be due to characteristic, unique porous wicks
on the heating surface, Wenzel effect' and/or capillary pres-
sure difference. After a half hour anodizing (ANPS-0.5), the
ANPS’s thickness is ~0.45 um and increases slightly 103°.
Ninety minutes later (ANPS-1.5), the ANPS thickness
increases almost two times (~0.82um) and the AWCA
begins to decrease 71°. It is important to note that AWCA
trend is inversely proportional to the anodizing time. As the
anodizing time increases, the ANPS thickness proportionally
increases and leads to capillary pressure development,
C, = ApgL¢ = o cos 0" /d,, where p, g, L., o, and 0* are
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fluid density, gravitational acceleration, capillary length, lig-
uid surface tension, and AWCA, respectively. When the
anodizing time reaches five hours (ANPS-5.0), the thickness
linearly increases (~4.45 um) and the AWCA significantly
decreases to 36°. Based on the FE-SEM images, the anodiz-
ing time does not influence individual pore diameter of the
ANPS but it does affect its thickness. From the AWCA
measurements [Fig. 2], it is clear that the capillary pressure
difference is a critical factor in determining the surface wet-
ting (liquid spreading).

In order to observe the relationship between the ANPS
thickness and the heat transfer performance of each surface,

WCA (degree)

FIG. 2. AWCA measurements of the ANPS
fabricated in 0.3 M phosphoric acid at 140 V
with different reaction times: (a) Oh, a plain
surface; (b) 0.5h; (¢) 1.5h; and (d) 5.0h.
FE-SEM images of the ANPS with different
thickness (tilted view): (i) 0.5h, (ii) 1.5h,
and (iii) 5.0h are shown. The scale bar rep-
resents 1 um.
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a pool boiling experiment was carried out. As shown in Fig.
3(a), a clear trend between the wall superheat and the CHF is
observed. A plain surface has a CHF at 126 W/cm?. For the
ANPS-0.5 thickness, there is no significant wall superheat
difference observed; however, the CHF improvement is
observed at 222 W/em? (76% augment). As the ANPS thick-
ness increases, the walls superheat shifts to the left and the
CHF increases. Fig. 3 shows a significant wall superheat
reduction for the ANPS-1.5 and —5.0. Overall, the wall
superheat ratio is 32% and 53%, respectively. With respect
to the heat transfer, a thicker coating might be detrimental
due to the enhanced thermal resistance of alumina. The ther-
mal conductivity (30 W/m-K) is almost one tenth of the alu-
minum thermal conductivity (250 W/m-K). On the contrary,
the thicker porous coating has an enlarged surface area and
contains a large amount of non-condensible gas, which com-
mences the boiling incipience phenomena at a lower wall
superheat. Therefore, the porous media contribute to signifi-
cant decrease in the wall superheat. This observation is con-
sistent with previous experiment results. Kim'® reported that
a fouled heating surface showed much-reduced wall super-
heat when compared to nanofluids. However, the results did
have similar CHF values. These results highlight that a pre-
organized porous surface is beneficial to achieve a reduced
wall superheat.

The CHF values of ANPS-1.5 and —5.0 are observed at
233 (91%) and 255 W/cm? (108%), respectively. Fig. 3(b)
reveals that the CHF augment and overall wall superheat
reduction are exponentially proportional to the AWCA [Fig.
2]. Therefore, surface wetting-induced liquid spreading and
absorption are crucial to achieve an enhanced heat transfer.

In previous studies, it was assumed that enhanced CHF
phenomena are closely related to capillary wicks-assisted
liquid spreading and/or liquid absorption.* Liquid spreading
phenomena have been supported by the AWCA measure-
ments. However, the liquid absorption measurement through
porous media has not been reported on yet despite its influ-
ence on the CHF augmentation. Electrochemical impedance
and capacitance provide useful information to predict coat-
ing layer’s material behavior."*'® Most porous coatings
absorb liquid from exterior environments. The permeability
of porous coatings is directly influenced by the liquid diffu-
sion at given conditions and is one of the parameters to
determine the liquid-uptake quantitatively. As immersion
proceeds at a given condition, the pore resistance (R),) of the
porous coating gradually decreases due to the electrolyte
infiltration. Simultaneously, the coating capacitance (C) at a
given time slowly increases. The Brasher-Kingsbury model'®
describes individual capacitances of the polymeric phase,
which contains the water and air in the coating. The capaci-
tance of the coating is given by the equation

egpA 1

C=0 T 2z M

where A, C, d, ¢, and ¢, are exposed area, capacitance, thick-
ness and dielectric constant of the coating, and the dielectric
constant of free space, respectively. f and Z” represent fre-
quency and impedance of the coating.

The EIS spectrum can be represented by the Bode [Fig.
4(a)] and Nyquist [Fig. 4(a) inset] graphs. The Nyquist plot
shows a characteristic semicircle, a combination of each
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impedance value (real and imaginary impedance, Z' and Z”,
respectively). The radius of the semicircle is proportional to
the magnitude of impedance since impedance plays the role
of the coating resistance against the electrolyte infiltration.
In the Bode graph, the impedance value of the porous media
is represented over the specific frequency swept. The values
obtained from the Bode and Nyquist plots at a lower frequ-
ecy regime are directly related to the contents of the electro-
lyte inside a porous media. Since the capacitance obtained
from Eq. (1) is closely related to liquid diffusion, the immer-
sion time for all specimens is fixed at five minutes for com-
parison purposes. Finally, the water content in the porous
media is calculated using Eq. (2)

B lOg(C,‘ / C())

= Tosen 2
g ew

where C;, Cy, and ¢, are the capacitance at an instant time, 7

and initial, O are the dielectric constant of water. Typically,

@ represents volume fraction in the coating.

Using Egs. (1) and (2), the amount of liquid absorption
is estimated and plotted in Fig. 4(b). The general trends in
the estimated ¢ and the volume of liquid absorption are pro-
portional to the ANPS thickness, which increases capillary
pressure in porous wicks. One thing to note is that the liquid
absorption pattern is consistent with CHF augmentation and
the overall wall superheat reduction [Fig. 3(b)]. It is assumed
that the capillary pressure developed in the porous wicks
assists liquid and vapor circulation during the boiling phe-
nomena. Eventually, this pressure leads to substantial CHF
augmentation and wall superheat reduction.

Our study demonstrates an ANPS with a three dimen-
sionally interconected porous network can be fabricated
using an anodic oxidation process. The preorganized nano-
porous surface plays an important role in the enlarged sur-
face area, the active nucleation site densities for boiling and
evaporation at menisci, and the facile vapor escape passages.
With the optimal ANPS thickness, the capillary-assisted liq-

Appl. Phys. Lett. 101, 054104 (2012)

uid spreading and absorption achieves significant CHF aug-
mentation (108%) and wall superheat reduction (53%) when
compared to a plain surface. The AWCA measurements and
EIS results support the enhanced heat transfer phenomena
associated with the liquid spreading and the absorption
induced by capillary pressure developed in the porous wicks.
The AWCA trend reflects the overall wall superheat reduc-
tion and liquid uptake ability, thereby boosting the CHF
enhancement. It is worthy to note that the amount of liquid
uptake can be directly quantified by the capacitance obtained
from the EIS. Therefore, design parameters of porous
layers—such as pore diameter and thickness—can be modu-
lated and optimized to achieve the desired CHF enhancement
based on the EIS prediction.

This material is based upon work partially supported by
the National Science Foundation under Grant No.
(#0923869) via a STTR Phase II program of Advanced
Materials and Devices Inc., Reno, NV (subcontracted to the
University of Nevada, Reno; PI: K.J.K.).
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