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1. Introduction

As technology advanced with reducing system scale,
the required heat removal capability per unit volume or
area increased. The boiling heat transfer has been
applied to the high energy density industries including
nuclear power plants, high-performance electronics
cooling, water desalination, refrigeration [1]. The upper
limit and efficiency of the boiling heat transfer rate are
closely related to the system's safety and economics.
Therefore, an investigation of boiling heat transfer
enhancement has been conducted for decades by
various researchers.

Conventionally, boiling heat transfer performance is
measured by a two-parameter called critical heat flux
(CHF) and heat transfer coefficient (HTC). The CHF is
the upper limit of the heat transfer rate of boiling heat
transfer and characterized by burn-out heating surface
or loss of system integrity due to the formation of an
insulating vapor blanket. The HTC is defined as a ratio
between applied heat flux level and corresponding wall
superheat of the system and represents the efficiency of
boiling heat transfer. The boiling heat transfer research
had been focused on the enhancement of both CHF and

HTC for increased system safety margin and economics.

As an advancement of surface technology,
micro/nanoscale surface modification got a lot of
attention in the boiling heat transfer research field [2]-
[5]. The surface wettability change and formation of
micro/nano porous structure via surface modification
show enhanced boiling heat transfer performance.
Increased surface wettability facilitates the liquid
rewetting process during the bubble ebullition cycle and
shows enhanced CHF performance. The micro/nano
porous surface shows enhanced CHF and HTC via
additional capillary-induced liquid flow and increased
nucleation site density.

Despite the active boiling research works with
various micro/nanoscale modified surfaces, boiling heat
transfer research with nano-porous membrane surfaces
is remains the initial stage. The novel concept of boiling
configuration called thin-film boiling was proposed by
Wang and Chen [6]. The thin film boiling utilizes the
nano porous anodic aluminum oxide (AAO) membrane
as the heater material. The liquid transported through
the submicron scale pores via pressure difference and

form the liquid puddles on the AAO membrane surfaces.

The boiling takes place inside the thin liquid puddles
and shows unprecedently high CHF enhancement
(~12,000 kW/m2). However, the exact mechanism of

the thin film boiling enhancement mechanism on nano
porous membrane is still ambiguous. A precise analysis
of thin-film boiling mechanism analysis with a high-
resolution visualization technique is needed.

The current study covers the fabrication of nano
porous membrane heater and performance validation of
the as-fabricated nano porous heater under R-123
refrigerant pool boiling conditions. The fabricated nano
porous heater assembly will be utilized for the thin-film
boiling visualization study.

2. Experimental Setup
2.1 Nano Porous Heater Fabrication

The ~60 pm thick commercial anodic aluminum
oxide (AAO) membrane with a nominal pore size of
~200 nm was selected as the base substrate for the nano
porous heater assembly in the current study.

The ~50 nm thick platinum (Pt) layer was sputtered
on AAO membrane with the DC-sputtering method.
The sputtered Pt layer served as both the heating
element and resistance-temperature detector. The ~200
nm thick gold (Au) layer was sputtered on the Pt layer
to serve as a contact pad for the electric connection. The
~10 nm thick chrome layer was sputtered between
AAO/Pt and Pt/Au layer as adhesive. The active heating
area of fabricated AAO membrane based nano porous
heater is 7.1 mm x 7.lmm. The schematics of nano
porous heater assembly can be found in fig. 1.
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Fig. 1. Schematics of AAO membrane based nano porous
heater assembly in current study.
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2.2 Pool Boiling Experimental Facility

The pool boiling experiment with the fabricated
AAO membrane-based nano porous heater assembly
was performed to check the validity of the fabricated
nano porous heater assembly for the boiling heat
transfer application. The R-123 refrigerant was selected
as a working fluid in the current study due to the low
boiling point. The long-term exposure of the AAO
membrane to the high temperature (> 100 °C)
environment causes internal structure degradation [7].
The boiling point of the R-123 at atmospheric
conditions is 27.6 °C.

The fabricated AAO membrane-based heater assembly
was attached to the PEEK holder with heat-resistant
silicon adhesive. The ~Imm thick Sn foil was utilized
to make an electrical connection between the power
supply module and nano porous heater assembly. The
Sn foil was physically pressed against the Au contact
pad with a custom-made PEEK clamp with a set screw.
The rubber gasket was placed between the PEEK clamp
and Sn foil to minimize the thermally induced stress
during the experiment. The schematics of the test
section is depicted are Fig. 2.
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Fig. 2. Schematics of R123 pool boiling experiment test
section with AAO membrane based nano porous heater.

The pool boiling experiment setup can be found in
Fig. 3. The saturated R-123 pool boiling experiment
was conducted at atmospheric conditions. The R-123
working fluid inside the pool was kept as a saturated
state with aid of a hot plate. The working fluid level
was kept constant during the experiment due to the coil
condenser. The direct Joule heating method was utilized
to manipulate the heat flux level during the experiment.
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Fig. 3. Schematics of R-123 pool boiling experimental
apparatus setup.

3. Results and Discussion
3.1 Resistance Temperature Detector Calibration

The resistance-temperature detector performance of
the fabricated Pt deposited AAO membrane base nano
porous heater was analyzed. The temperature of the Pt
deposited layer can be calculated by Eqn. (1). Where T
is the temperature of the nano porous heater assembly
surface, TO is baseline temperature, o is temperature
coefficient of resistance, R is the resistance value of the
sputtered Pt layer at T, and RO is baseline resistance
value at TO. The -calibrated resistance-temperature
detector performance fabricated Pt sputtered nano
porous heater assembly is depicted in Fig. 4.
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Fig. 4. RTD calibration results of 50 nm thick Pt heater on
fabricated AAO membrane.

The fabricated Pt sputtered nano porous heater
assembly shows good lineability between temperature
and resistance value. The temperature coefficient of
resistance (a) is 0.001974. The wall superheat of the
current R-123 pool boiling experiment was calculated
with Eqn. (1) with the measured temperature coefficient
of the resistance value.

3.2 R-123 Pool Boiling Experiment

The saturated R-123 pool boiling under atmospheric
conditions was conducted to validate the performance
of the fabricated Pt sputtered AAO membrane-based
nano porous heater assembly for the boiling heat
transfer application. The boiling curve data and the
corresponding visualization results are depicted in Fig.
5. The measured critical heat flux (CHF) value of the
fabricated nano porous heater assembly was ~251.3
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kW/m2 and shows a 16% deviation with the Zuber CHF
prediction model (~216.02 kW/m?2) [8].

As shown in Fig. 5, the all the possible pool boiling
regime was observed during the experiment. At the low
heat flux regime (a), the natural convection is the
dominant heat removal mode. When the applied heat
flux increased up to ~25.2 kW/m? (b) onset of nucleate
boiling was initiated and characterized by nucleation of
small vapor bubbles and sharp increase of slope of
boiling curve. As the applied heat flux increase (c), the
nucleated bubbles start to coalescence. At CHF point (~
251.3 kW/m?, d), the nano porous heater surfaces are
patially covered with insulating vapor blanket and wall
temperature increase rapidly.
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Fig. 5. R123 pool boiling curve of Pt deposited AAO
membrane based nano porous heater assembly.

4. Summary and Future Work

As a preliminary study for the thin film boiling
visualization = experiment, fabrication of AAO
membrane-based nano porous heater assembly and the
pool boiling performance of the fabricated nano porous
heater assembly was evaluated.

The resistance-temperature detector performance of
fabricated Pt sputtered nano porous heater assembly
shows good lineability with the temperature coefficient
of resistance of 0.001974. The wall temperature of the
Pt sputtered heater surface was successfully detected
during the pool boiling experiment.

The saturated R-123 pool boiling experiment results
validate the applicability of the current AAO
membrane-based nano porous heater assembly for the
boiling heat transfer application.

The thin film boiling visualization experiment with
the high-resolution visualization technique will be
conducted in near future with fabricated AAO
membrane based nano porous heater. The experimental
facility of thin film boiling facility was made and
described in Fig. 6. The purpose of the visualization
experiment is to elucidate the unprecedented high CHF
enhancement mechanism of the thin-film boiling regime.
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Fig. 6. Thin film boiling experimental faciltiy.
Acknowledgement

This work was financially supported by the Human
Resources Development of the Korea Institute of
Energy Technology Evaluation and Planning (KETEP)
grant funded by the Korea Government Ministry of
Trade Industry and Energy (MOTIE) (No.
20194030202400) and the National Research
Foundation of Korea (NRF) grant funded by the Korea
government Ministry of Science and ICT (MSIT) (No.
2018M2B2A9066012).

REFERENCES

[1] R. Wen, X. Ma, Y. C. Lee, and R. Yang, Liquid-Vapor
Phase-Change Heat Transfer on Functionalized Nanowired
Surface and Beyond, Joule, Vol.2(11), p. 2307, 2018.

[2] A. R. Betz, J. Xu, H. Qiu, and D. Attinger, Do surfaces
with mixed hydrophilic and hydrophobic areas enhance pool
boiling?, Applied Physics Letters, Vol. 97(14), p. 1, 2010.

[3] K. H. Chu, Y. S. Joung, R. Enright, C. R. Buie, and E. N.
Wang, Hierarchically structured surfaces for boiling critical
heat flux enhancement, Applied Physics Letters, Vol.102,
151602, 2013.

[4] R. Chen, M. C. Lu, V. Srinivasan, Z. Wang, H. H. Cho,
and A. Majumdar, Nanowires for enhanced boiling heat
transfer, Nano Letters, Vol. 9(2), p. 548, 2009.

[S1 S. Zhang et al., Extraordinary boiling enhancement
through  microchimney effects in gradient porous
micromeshes for high-power applications, Energy Conversion
and Management, Vol. 209, p. 112665, 2020.

[6] Q. Wang, and R. Chen, Ultranhigh Flux Thin Film Boiling
Heat Transfer Through Nanoporous Membrane, Nano Letters,
Vol.18(5), p. 3096, 2018.

[7] K. Wilke (2016), Evaporation from Nanoporous
membranes (Thesis), Massachusetts Institute of Technology,
Boston, USA.

[8] N. Zuber (1959), Hydrodynamic aspect of boiling heat
transfer (Thesis), California University, Los Angeles, USA.



