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Abstract

The explosive growth and miniaturization of electronic devices demands advanced cooling
techniques, such as immersion cooling via boiling of dielectric liquids. Due to the high wettability,
dielectric liquids tend to fill surface cavities, which trap gas and act as nucleation sites for boiling. As
a result, excessive superheat exhibited at the onset of nucleate boiling (ONB) of dielectric liquids and
temperature overshoots occurred. In this study, a honeycomb porous plate (HPP) was utilized to
improve the performance of saturated pool boiling of dielectric liquids. As the working fluid, a
fluorinated dielectric of AE-3000 has been selected. Three kinds of HPPs were manufactured with
different cavity ranges. The cavities are designed in a pore size distribution (PSD) with peak pore
diameters of 0.2 um (0.004~0.9 um), 0.9 pm (0.004~4.8 um) and 0.6 pm (0.004~20.8 pum),
respectively. Particularly, re-entrant cavities were observed in the HPP with the peak pore diameter
0.6 um. HPPs were attached to an indium-tin oxide (ITO) heater and then tested in a boiling
experiment immediately after the degassing procedure. Infrared cameras and high-speed videos were
simultaneously measured the top surface temperature and bubble generation. As a result, reducing
ATong was found with the increasing range of cavities.

After immersing the HPPs into AE-3000 for 48 hours, boiling experiments were restarted to
examine the stability of the ATons. Increasing ATons was observed on the HPP with peak pore
diameters of 0.2 um (0.004~0.9 um) and reliable ATons was still achieved on the other HPPs. This
finding indicated that large amounts of cavities on the HPP (peak pore diameters of 0.2 um) were
flooded by the highly wetting liquid during the immersion period. Therefore, a coupled section
combining the HPP and a metal fine heated film with a continuous small input power was developed
to reactivate nucleate cavities. Bubbles generating from the heated film was considered to displace
the liquid trapped within the flooded cavities and be trapped into the cavities for the nucleation
promotion. Finally, this section successfully maintained the A7ons at a desirable value after
immersion. Later, exploration about how to minimize energy consumption of the heated film while
still ensuring low ATons was conducted. HPP couple with an intermittent heated film was tested in
boiling experiments. Suggestions for balancing performance (low ATons) with energy efficiency was

provided for the coupled section use in thermal management of high-power density electronics.
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CHAPTER 1

Introduction

1.1 Motivation

With the exponential growth in digital infrastructure driven by artificial intelligence, quantum
computing, and high-performance computing advancements, data centers are experiencing
unprecedented heat generation [1,2]. Electricity consumption by data centers in Japan is expected to
rise as high as 105 terawatt-hours by 2040, up roughly fivefold from 20 terawatt-hours in 2021, and
to 211 terawatt-hours in 2050, according to the Central Research Institute of Electric Power Industry.
Therefore, adjustments to the cooling system are needed to improve the efficiency of electrical energy
consumed, this will also reduce maintenance costs and electricity usage [3]. Immersion cooling, as
shown in Fig 1.1, where electronic components are submerged directly in dielectric fluids, emerges
as a promising technique to mitigate these thermal issues [4-10]. This technique is capable of
dissipating high heat fluxes while maintaining relatively small temperature differences between the

heated surface and the coolant liquid [11-15].

Coils condense
vapor into liquid

Droplets fall
to the liquid

Vapor rises to
the surface

Heat turns
liquid into vapor

Fig. 1.1 Two-phase immersion cooling [10].

Essential criteria for the boiling liquid include dielectric properties, environmental friendliness,
and a proper boiling temperature within the desired temperature range of these components [16].

These criteria are reasonably met by Fluorinert™ electronic liquids and Novec engineered fluids [17].
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According to the previous research about the wettability influence on the onset of nucleate boiling
(ONB), nucleation cavity immersed in highly wetting liquid could be easily flooded then prevent
vapor entrapment for the generation of bubble nuclei [18-20]. As a result, higher excessive superheats
are required for boiling incipience. The superheat for boiling incipience is defined as the A7ons.
Boiling occurs if surface superheat exceeds a threshold value, called the Onset of Nucleate Boiling
(ONB).

In this thesis, we investigate the superheat reduction of the surface superheat for the ONB (ATong)
in the immersion boiling of dielectric liquid. One major challenge of the immersion cooling in
electronic devices is the difficulty in initiating boiling due to the high wettability of dielectric liquid
coolants. As shown in Fig. 1.2, when the heat load on electronic devices increases over time, cooling
system tend to experience a delay in initiating boiling. Research [20] on dielectric liquid boiling have
confirmed that the temperature at which boiling occurs (A7ong) usually exceeds safe operating range
for devices. Before entering the efficient heat transfer regime of boiling, the device surfaces may have
already suffered damage due to the overshoot. Additionally, this high ATong causes an abrupt surface
temperature to decrease later due to the sudden release of stored sensible heat through boiling, leading

to thermal shock in electronic components and impairing cooling process effectiveness.

ATONB

dangerous

Operating temperature (85 °C)

0

"

=
—————————————————————————
~

Devices temperature

Operation time

Fig. 1.2 Devices temperature for immersion cooling with dielectric liquid.

Thus, a honeycomb porous plate (HPP) was utilized to promote the ATons of saturated pool

boiling of dielectric liquids. Detailed investigation was performed, i.e., temperature distribution of

12



the heated surface, bubble formation pattern and durability of the HPP. Furthermore, a hybrid
enhancement technique is proposed, combining the HPP with a fine heated film, aiming to sustain a
stable reduction in the superheat for the ONB while considering durability aspects. Motivation for
this research stems from an urgent need to overcome limitations presented by high ATons in
immersion boiling cooling techniques and ensure efficient heat transfer while keeping device
temperatures within safe operating ranges and minimizing thermal shock risk to reduce mechanical

failure and ensure reliable cooling of electronic components.

1.2 Background and Previous Research

1.2.1 Description of boiling phenomenon

Generally, boiling curves were used as a practical way to investigate the overall boiling
performance, i.e., superheat for the onset of nucleate boiling (A7ong), heat transfer coefficient and
the critical heat flux (CHF). A brief introduction was made about boiling curves. A boiling curve
shows the relationship between heat flux (¢) and wall superheat (A7) during boiling, which was first
experimentally identified by Nukiyama [21]. Nukiyama’s studies were validated by Drew and
Mueller (1937) with experiments performed on an organic liquid [22]. Wall superheat is the
temperature difference between the heated surface and liquid saturation temperature. Figure 1.3 (a)
schematically depicts the boiling curve of water, where Fujii and Imura’s correlation was used to
predict the natural convection regime, as marked with blue line. Besides, the Rohsenow’s correlation
(red curve) was used for nucleate boiling regime. And the CHF value was predicted by the Zuber’s
correlation [22]. It can be seen the boiling curve typically include:

Natural convection regime. Natural convection is the low heat flux region of the boiling curve,
where fluid flow is driven by buoyancy caused by temperature differences within the fluid. This
regime lacks bubble formation as the surface temperature does not go beyond the nucleation
temperature. Heat transfer mainly occurs through conduction and convection, without substantial
boiling activity.

Nucleate boiling regime. As wall superheat increases, bubbles begin to form on the heater surface,
known as the onset of nucleate boiling (ONB). These bubbles rise to the liquid’s free surface due to
buoyancy forces. The steep slope between the ONB and the CHF point on the boiling curve reflects
a high heat transfer coefficient, which increases with surface temperature. This increase in heat

transfer coefficient is primarily attributed to the activation of more nucleation sites as heat flux rises
13



[23]. Besides, CHF represents a maximum heat flux in boiling regime, where a boiling crisis occurs
when the heat flux surpasses this limit and cannot be sustained [24-27].

Transition boiling regime. The transition boiling regime is an unstable and relatively short-lived
regime that occurs between the nucleate boiling regime and the film boiling regime during the boiling
process. It is characterized by the intermittent formation and collapse of the vapor film on the heated
surface [28-31].

Film boiling regime. The film boiling regime occurs at heat fluxes higher than the CHF, which
is the maximum heat flux that can be sustained during the nucleate boiling regime. A continuous
vapor film or layer forms on the heated surface, which acts as an insulating barrier and significantly
reduces the heat transfer rate [32-35].

Compared with boiling curves of water, a higher superheat at the ONB in boiling curves of
dielectric liquid is observed [36-38], as shown in Fig. 1.3 (b). Corty and Foust observed the higher
excessive surface temperature on initial boiling nucleation of dielectric liquids (ether, pentane and
Freon-113) [39]. For the dielectric liquids with highly wetting ability, even the microcavities on a
surface could be easily flooded then prevent vapor entrapment for the generation of bubble nuclei. As
a result, higher excessive superheats of boiling incipience are required for dielectric liquid than for
partially wetting liquids (water). This higher excessive ATons occurs during the transition from
natural convection heat transfer to nucleate boiling heat transfer. During the nucleate boiling regime,
dielectric liquids can achieve high dissipated heat fluxes at small temperature differences, similar to

water.

Nucleate
boiling
120 —

el
(=]
I

CHH

Natural | Transition Film
donvectio boiling boiling
ONB Fuyjii and Imura

/ (Natural concevtion )
Rohsenow

[ [ [ | (Nucleate boiling)
0 10 20 30 40

[I8)
(=]
I

Heat flux ¢ [W/cm?]
[
[e)
|

Superheat AT, [K]

(a)
Fig. 1.3 Boiling curves of (a) water (b) dielectric liquids.
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Fig. 1.3 (Continued).

The significant excess ATong required to trigger nucleate boiling presents a major challenge for
using this method in electronic cooling applications. Focus on reducing the superheat required for the
ONB in immersion boiling cooling systems using dielectric liquid coolants, relevant research papers
on dielectric liquid boiling and efforts to mitigate the high A7ong issue will be introduced in the next

section.

1.2.2 Boiling Incipience and Stability

Studies of boiling incipience have shed light on the superheat required for nucleate boiling
(ATong), using high-speed photography of single nucleation sites and theoretical models. Especially,
Fluorocarbon and Novec fluids are highly wetting fluids which result in an obvious higher ATong and
a high tendency for leakage [41-43]. Researchers have extensively investigated the aging effect on
heat transfer surfaces, which is closely linked to the stability of nucleation sites during repeated
boiling cycles. Zhou et al. [43] studied the effect of surface aging in submerged jet impingement
boiling of PF 5020. They compared the results at two immersion times, 1 hour and 10 hours, and
observed that the boiling curves shifted towards the left as the immersion time increased from 1 to 10
hours, indicating an improvement in the heat transfer coefficient with surface aging. This observation
was supported by Ma and Bergles [44], who conducted submerged jet impingement experiments
using R113. Based on these findings, it is highly recommended to consider the effect of surface aging

when studying heat transfer phenomena involving boiling surfaces. In this study, the focus is on the
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boiling incipience of dielectric liquids, and a review of boiling incipience is emphasized next.

The earlier study by Corty and Foust [39] conducted nucleate boiling experiments on a horizontal
copper surface using three different liquids: refrigerant R-113, diethyl ether, and n-pentane. They
prepared copper surfaces with varying degrees of roughness, ranging from 0.150 pum to 0.575 pm.
They observed that rougher copper surfaces were more prone to earlier nucleation and boiling
initiation, suggesting that the nucleation sites might originate from pits and scratches on the rougher
surfaces. Later, employing techniques like scanning electron microscopy (SEM) and optical
microscopy, researchers verified that the nucleation sites for boiling bubbles are indeed cavities or
imperfections present on the surfaces. Clark et al. [45] examined a boiling surface under a microscope
and observed that the bubbles do originate from cavities on the surface. Cornwell et al. [46-48]
verified with a Scanning Electron Microscope that nucleate sites are typically cavities. Lorenz [49]
provided electron micrographs (at 3000x magnification) showing the active cavity geometry on the
surface, as depicted in Fig. 1.4. Based on these observations, a geometrical model was developed to

relate the effective cavity size to the nucleation process, considering idealized conical cavities [49].

3000x mag,
CAVITY

A SECTION A-A

RECESSED
AREA

Fig. 1.4 Electron micrographs of nucleation cavities at 3000x magnification [49].

On the other hand, large superheat for triggering the ONB was found during the boiling process
of the dielectric liquid. For instance, the experimental verification of the high superheat during the
saturation of nucleate pool boiling on a copper surface in HFE-7100 showed that the surface
temperature for the A7ons is approximately 75°C [50, 51], which means the devices could be
overshoot before the nucleate boiling region.

Many efforts have been made on enhancing nucleate pool boiling to reduce temperature excursion
at incipient boiling and reduce the A7ons during nucleate dielectric boiling. Laser texturing [52-54]
and chemical coating [55], have been widely used to promote boiling nucleation by providing large
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amounts of activated nucleation cavities. Boiling of FC-72 was conducted on a surface texturing by
a nanosecond fiber laser and the surface can provide multi-scale microcavities [52]. Enhanced and
controlled boiling heat transfer was achieved on the laser textured surface [52]. Ho et al. [53] also
conducted pool boiling experiments of FC-72 liquid on a selective laser melting to investigate the
structure impact on the HTC. Su et al. [56] conducted pool boiling tests on graphene and fluorinated-
graphene-coated surfaces, using R-141b as a working fluid. By providing a greater number of
nucleation sites, superior heat transfer performance of the F-graphene-coated surface was attained.

Specifically, porous surfaces have been extensively tested for pool boiling of dielectric liquids
[57-61]. For instance, microporous copper surfaces with cavity sizes ranging from 0.5 to 5 pm
exhibited lower boiling incipience temperatures (AZ7ons = 3~11 K) during the nucleate pool boiling
of HFE-7100 [60]. Similarly, an extremely lower superheat (A7ong = 0.5~0.8 K) for boiling
incipience of HFE-7100 was found on a porous copper graphite with randomly sized cavities ranging
from a few to hundreds of microns [61].

Significant reduce of the ATons was achieved on various surfaces, another parrel investigation-
aging effect of the ATong was also draw our attention. Based on the gas entrapment criterion, a conical
cavity was simply proposed by Bankoff [62], as shown in Fig 1.5. To trap gas, the contact angle
should be greater than the cavity cone angle, i.e. @ > 2. As for the dielectric liquid, the contact angle
was smaller than the water, the deeper cavity depth was required for trapping gas. However, in some
cases, the cavity made by a deeper depth becomes inactive when restarting the boiling experiments
for a while. For example, the pool boiling experiment of dielectric liquids (FC-72) demonstrated
deactivated nucleation in cylindrical cavities, accompanied with an increasing A7ons of 30 K for
restarting the boiling process [63]. The cylindrical cavities were assumed to be flooded by FC-72 and
not enough to be more resistant against flooding [63]. For maintained the stable nucleation of

dielectric liquid, reentrant microstructure was found to be able to provide a gas entrapment against

N

immersion [64, 65].

5 ™ Trapped gas

Fig. 1.5 Schematic drawing for entrapment of gas across a cavity.
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A doubly reentrant cavity, as shown in Fig 1.6, was found to provide a stronger resistance against

wetting and retain suspension, even if for the liquid with contact angle close to 0° [66].

Fig. 1.6 Liquid suspension on doubly reentrant cavities [66].

In the investigation of nucleate boiling of FC-72 on re-entrant and doubly re-entrant cavities [63].
Nucleation on re-entrant cavities ceased early at a larger superheat, suggesting that FC-72 invaded
the cavities during a bubble departure [63]. When heated after leaving the chips for ~5 minutes
without nucleation, the doubly re-entrant cavities resumed nucleation at the temperature they ceased
to nucleate during cooling. In stark comparison, the re-entrant cavities could not reactivate nucleation
during the cooling process with a much larger superheat (~7 K). For the dielectrics with highly wetting

ability, complicated cavities appear to be effective in maintain stable nucleation.

1.2.3 Hsu’s model for prediction active cavity range

In this study, Hsu’s model [67] was considered to confirm the active cavities range based on the
superheat for incipience boiling. On real engineering surfaces, there exists a range of cavity sizes that
can be activated at a fixed wall superheat value, rather than just a single size. To provide a practically
feasible prediction from a surface engineering perspective. Hsu [67] proposed a nucleation criterion
that depends on the thermal boundary layer characteristics at the heated wall. As seen in Fig. 1.6, the
embryo bubble starts from an existing cavity (truncated sphere) on the heated surface when the liquid
temperature 77 in the region close to the heated surface (thermal boundary layer) is equal to the bubble
temperature 7b. The liquid temperature 77 was a linear temperature gradient within the liquid thermal

boundary layer, as shown in the following equation:
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Z
Tl - Tsat = (Tw - Tsat)(l - 6_) (11)
T

And the bubble temperature was calculated based on the Young-Laplace equation for a spherical
bubble. The corresponding saturation temperature inside the bubble can be approximately found from

the Clausius-Clapeyron equation as:

. 20Tsqt (1.2)
b sat — rbpvhfg

Hsu et.al assumed that the temperature 7 at which the height of the embryo bubble 4y is

sufficiently large to maintain the growth of the bubble. Then, he obtained the following relation:

Q= & sinf - (Ty = Tsa) 1+ 1_<8-(1+cost9)-a-Tsat> (1.3)
¢ T (1+C056)'(Tw_Tsat) B hfg'pv'gT'(Tw_Tsat)

This correlation provides a range of nucleation cavity radii for which the cavity may be considered
activated or inactive. In a verification experiment, Hsu found that the calculated ot (ATons =5 K) is

0.608 mm for water, and he suggested that ot may not be always the same for all cases.
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Fig. 1.7 Simplified schematic of Hsu’s nucleation model.

1.3 Scientific Significance
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According to the research motivation and background, in this work, we

1. Develop a pool boiling experiments apparatus capable of simultaneously capturing top surface
temperature distribution and boiling behavior through the integration of an infrared camera and high-
speed video technology.

2. Achieve a significant decrease in the surface superheat of the ONB during the initial test of
saturated pool boiling of AE-3000 liquid through three types of the HPPs, comparing with the plain
surface - indium-tin oxide (ITO) heater surface.

3. Evaluate the effectiveness of the pore size distribution (PSD) of the three types of the HPPs in
reducing the surface superheat of the ONB and enhancing the heat transfer coefficient (HTC).

4. Develop a coupled section combining the HPP and a metal fine film with a small input power
to effectively resolve the deteriorated surface superheat of the ONB issues encountered during the

restarting boiling experiment following prolonged immersion periods.

1.4 Outline of the thesis

To comprehensively understand the current and historical interest in this work, Chapter 1 provides
the research background that guides the future direction of this work. With the aim of maintaining
surface temperatures for boiling incipience within safe operational limits (85 °C) for electronic
devices, experiments were designed and conducted as follows. In Chapter 2 boiling performance on
various HPPs was investigated. Three kinds of HPPs were manufactured with different cavity ranges.
The cavities are designed in a pore size distribution (PSD) with peak pore diameters of 0.2 um
(0.004~0.9 um), 0.9 um (0.004~4.8 um) and 0.6 um (0.004~20.8 um), respectively. The surface
superheat for the ONB (A7ong), and detailed surface superheat distribution under the ATong condition,
HTC performance and cavity geometry effect on the ATong was studied. Models for the A7ong
prediction previous published, introduced earlier in Chapter 2 was compared with our experimental
results. In a restarting experiment after immersing the HPP samples into the liquid for a long period,
the deteriorated ATons was found on certain HPP sample (0.004~0.9 pum). In Chapter 3, a hybrid
section combined the HPP (0.004~0.9 pm) and a metal fine film was introduced. Stability of the
bubble nucleation was studied. Continuous and discontinuous voltage was applied to the heated film.
Besides, a comparative study was also conducted by applying different patterns of the discontinuous

heated film voltage. Final conclusions and a short outlook on future work are given in Chapter 4.
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CHAPTER 2
Effects of Pore size distribution of a Honeycomb Porous Plate on the Onset of Nucleate

Boiling of AE-3000

In this chapter, a honeycomb porous plate (HPP) was utilized to improve the performance of
saturated pool boiling of dielectric liquids. As the working fluid, a fluorinated dielectric of AE-3000
has been selected. Three kinds of HPPs were manufactured with different cavity ranges. The cavities
are designed in a pore size distribution (PSD) with peak pore diameters of 0.2 um (0.004~0.9 um),
0.9 um (0.004~4.8 um) and 0.6 um (0.004~20.8 um), respectively. The relationship between the
superheat required for the onset of nucleate boiling (A7ong) and the PSD of the HPPs was investigated
experimentally. The HPP was attached on an indium-tin oxide (ITO) heating surface to meaure the
boiling curves. In boiling curves, the averaged A7ong and local ATons was measured using a 2D IR
thermography. The results indicated that not only the peak diameter of the cavities but also the overall
cavity size distribution, especially the presence of larger-sized cavities, influenced the superheat
required for the ATons. What’s more, stability of the ATons on these HPPs were also considered by
performing restarting boiling experiments after immersing the HPPs into AE-3000 for 48 hours. After
48-hour immersion, the HPP with the smallest pores (Peak diameter: 0.2 um) showed increased
average averaged ATong by 6.7 K and the local ATong ranging from 18.0 K to 33.0 K due to cavity
deactivation. In contrast, other HPPs with larger pores maintained stable performance. Later,
comparing the surface superheat for the boiling incipience and Hsu’s model, active cavities range for
boiling nucleation was confirmed. Results indicate that HPPs with larger cavities, particularly those
with re-entrant structure, provide more stable and reduced A7ong, enhancing immersion cooling

efficiency for electronic devices.

2.1 Experimental apparatus and procedures

2.1.1 Working fluid

The working liquid, AE-3000 (AGC Co. Ltd), had similar thermophysical characteristics with
Fluorinert™ electronic liquids and Novec engineered fluids [68-71], as illustrated in Table 2.1, which

also includes the molecular structures.
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Table 2.1 Thermophysical properties of AE-3000, FC-72 and HFE-7100 [68-71]

AE-3000 FC-72 HFE-7100
S TS TR X
Molecular structure 31/;(‘){ $ ﬁf?f' ‘1/::{5_,/0\“
Molecular Formula CF3CH,OCF,CF>H CeF14 C4F9OCH3;
Electric Conductivity (S/m) 7.7 x 107 1.0 x 1071 7.0 x 10710
Boiling point (°C) 55.0 56.0 59.8
Latent heat (kJ/kg) 147.2 88.0 112.0
Specific heat (J/kg-K) 1336 1100 1253
Liquid density (kg/m?) 1395.1 1680 1405
Liquid viscosity (mPas) 0.43 0.38 0.38
Vapor density (kg/m®) 7.7 11.7 9.7
Surface tension (mN/m) 12.2 10.0 11.1

2.1.2 Experimental apparatus

A schematic of the pool boiling test facility used for the present work is shown in Fig. 2.1. The
facility consisted of a boiling chamber (internal diameter of 82 mm@ and height of 150 mm) made
of borosilicate glass, heating system, condenser, voltage supply, and measurement facility. An
auxiliary sheathed heater was immersed in the bulk liquid to maintain the desired saturation of the
working fluid. The condenser was cooled by circulating water chilled by a refrigeration system to
reduce the evaporation loss of AE-3000 and maintain the liquid level at approximately 60 mm above
the boiling surface during the experiments. A calibrated K-type thermocouple (1 mm in diameter and
with a measurement error of 0.1 K) was placed just next to the heating surface to measure the liquid
temperature. For each experiment, saturated temperature of the working liquid was confirmed.

In the experiments, a thin film made of indium—tin oxide (ITO) was used as the heater and boiling
occurred on the upward-facing side of this film. As shown in Fig. 2.2 (a)-(c), the ITO heater was
constructed with three layers, namely, a sapphire substrate (40 mm % 40 mm), the ITO film (active
area: 10 mm x 10 mm), and a TiO; layer, with the respective thicknesses of 1 mm, 250 nm, and 100
nm. [TO film was deposited by ion-plasma sputtering onto the sapphire substrate. The gold pads made
by Cr (30 nm thick) and Au (200 nm thick) electrodes were deposited sequentially onto the ITO film
and were connected to a DC power supply with a maximum output power of 1.2 kW. The gold pads
are used to define the active heating area (~10 x 10 mm, red trait in the Fig. 2.2 (b)). The accuracy of
the DC power supply at maximum output value was £10 mV. Current of the heater was measured
through a shunt resistance (2.5 mQ) with a manufacturer-specified accuracy of 0.2% and voltage was

directly measured through electrodes (gold electrodes) of the ITO layer. Thus, Joule heating per unit
22



area of the ITO heater can be calculated as:

V() - I1(t) (2.1)
1=

Water Thermocouple
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Fig. 2.1 Schematic illustration of the experimental facility.
TiO, layer Gold electrodes
(100 nm) Cr(30 nm)+Au(200 nm)
ITO layer coated
(250 nm)
Sapphire substrate
Gold (1 mm)
electrodes
(a)
Fig. 2.2 (a) ITO heater sections, (b) relevant dimensions of the ITO heater, (c) circuit description
of the ITO heater.

23



|
29 ! Units: mm

(b)

Meter for current

AZ. power supply

Meter for voltage

(c)
Fig. 2.2 (Continued).

Besides, a layer of TiO> with a thickness of 100 nm was applied above the top surface of the
ITO heater on which boiling occurred to increase wettability. AE-3000 liquid contact angle on the
TiO; layer and ITO layer was measured, the results showed that contact angle was almost same on
these two layers (variation was about 1°). Finally, our measurements showed that the contact angle of

the AE-3000 liquid drop on the TiO, layer was approximately 10.7°. Measured contact angle on the
TiO; layer and ITO layer was shown in Fig. 2.3.

TiO, layer Sapphire layer
10.71° 11.75°
(a) (b)

Fig. 2.3 Measurement of the contact angle (a) contact angle on the TiO: layer of the ITO heater
and (b) contact angle on the ITO heating surface without TiO layer.
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Then, roughness of the ITO layer was measured by stylus profilometer (Dektak XT). The
measured arithmetic average of the surface height deviation R, and root mean square roughness Rq
were 9.4 and 12.1 nm, respectively. Thus, the bare ITO layer was classified as a nano-smooth surface
with no microcavities that could act as nucleation sites. Roughness data of the ITO layer was shown

in Fig. 2.4.
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Fig. 2.4 Cross-sectional roughness of the ITO heater surface.

2.2.3 Honeycomb Porous Plate (HPP)

Boiling experiments were performed on two different surface sections: a plain surface, the
honeycomb porous plate. The assembly configuration of the HPP attached to the ITO layer (plain
surface) is illustrated in Fig. 2.5. The HPP was fixed to the top of the ITO layer by nylon wires with
an outer diameter of 0.8 mm, actual section for the HPP fixed on the ITO heater was shown in the

right side of the Fig. 2.5.

Honeycomb porous plate

Fig. 2.5 Installation of the HPP on the ITO layer.
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Despite efforts to achieve a tight fixing, the presence of a gap between the HPP and the ITO film
was unavoidable. Laser microscopy measurements of the HPP surface revealed a roughness profile
ranging from -15 to 27 um. Consequently, the maximum potential gap between the HPP and the ITO
heating surface is estimated to be 42 um. It is hypothesized that this narrow gap formed between the
HPP and the ITO film exhibits lower thermal resistance compared to the bulk liquid. As a result, the
liquid within this confined region is expected to heat more rapidly, potentially leading to earlier
nucleation with a reduced A7ons.

The structural details of the HPPs are depicted in Fig. 2.6 (a), (b) and (c). Circular HPPs with
same thickness of 5 mm and different outer diameters of 15 mm (HPP2 and HPP3) and 20 mm (HPP1)
were employed in this study. The HPP with a diameter of 20 mm featured vapor escape channel width
(equivalent to the cell width) of 1.4 mm and grid wall of 0.5 mm. Similarly, the 15 mm diameter HPP
consisted of 1.0 mm width vapor escape channels and 0.35 mm width grid walls. The aperture ratio
(the ratio of the open area to total area) for each HPP was 0.72 (diameter: 20 mm) and 0.36 (diameter:
15 mm), respectively.

Scanning electron microscopy (SEM) was used to examine the top surface. For example, large
amounts of cavities could be observed on the top surface of these HPPs, as shown in Fig 2.6 (a), (b)
and (c). However, the shape of cavities inside the HPP1 and HPP2 were unable to be measured due
to the limit of resolution of optical microscopes. In the HPP3, re-entrant cavities were able to be found
by microcomputer tomography. 3D description of the cavities inside the HPP3 was illustrated in Fig.
2.6 (c¢). Re-constructed 3D models of the scanning images have confirmed that re-entrant cavities
were formed in the HPP3. More 3D models of the HPP3 from the scanning images were supplied in
Appendix A.

Due to the limited accuracy of the microscopy for observing the pore size of HPP1 and HPP2, the
PSD of all the HPPs was measured by mercury penetration porosimetry (mercury contact angle: 140°).
During the process of mercury penetration porosimetry, mercury is incrementally forced into the
pores of a sample under increasing pressure. The pressure applied to force mercury into the pores is
inversely related to the pore diameter according to the Washburn equation. The initial data collected
is usually in the form of intruded volume. To get detailed insights into the distribution of pore sizes,
the first derivative of the intruded volume with respect to the logarithm of the pore diameter is
calculated dVpore/d(logd). Finally, the data was normalized per unit mass. The weight of the testing
sample was 2.5 g in my study. PSD were represented in Fig. 2.6 (d). Porosity for the three HPPs was
nearly same, from 19% to 20%. The primary difference among the HPPs was the pore size, with peak

pore diameters of 0.2 pm, 0.9 pm and 0.6 pm for HPP1, HPP2 and HPP3, respectively. Additionally,
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the average pore diameters dayg. for each HPP were 0.03 pm, 0.5 pm and 0.2 pm, respectively. Median
pore diameter at which half of the total pore volume is filled with mercury for the three HPPs are 0.1

um, 0.8 pm and 0.6 pm. Size parameter and PSD of the HPPs were summarized in Table 2.2.
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(c)
Fig. 2.6 (a) description of the HPP1 with conical cavities (diameter: 20 mm), (b) description of
the HPP2 (diameter: 15 mm) and (c) description of the HPP3 with re-entrant cavities (diameter:

15 mm) (d) pore size distributions determined by mercury porosimetry.
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Fig. 2.6 (Continued).

Table 2.2 Pore information of the HPPs
PSD (um)

Dypp .
HPP (mm) Amax dmin dave. Median Peak Porosity
HPP1 20 0.9 0.004 0.03 0.1 0.2 19%
HPP2 15 4.8 0.004 0.5 0.8 0.9 19%
HPP3 15 20.8 0.004 0.2 0.6 0.6 20%

2.2.4 Experimental procedure

AE-3000 (AGC Co. Ltd) was poured into the boiling chamber through the top valve until the
interface was 60 mm above the boiling surface. The working fluid AE-3000 was boiled at a moderate
heat flux (2.3 W/cm?) by a 200 W preheater for 2 h under saturated conditions to remove any leftover
trapped gas because the presence of dissolved gas lowers ATong [72-75]. Then, heat flux was provided
by an ITO heater with a current interval of 0.5 A until 12 W/cm? (typically ~60% of the estimated
CHF value). Waiting period for each current was set as 60s to reach the quasi-steady state. The two-
dimensional temperature of the backside of the boiling surface was captured by the IR camera. During
experiments, the liquid temperature was maintained at the saturation temperature under atmospheric
pressure by opening the top valve above the condenser.

Heat loss through the ITO heater was estimated by three-dimensional steady heat conduction

28



equation. Given the z-axis (thickness direction) temperature profile, the heat flux from the ITO heater

to AE-3000 liquid can be calculated by Fourier conduction law as given:

TTop - T(Ztop — Zc ) (2'2)
Zc

qw = q — ks(TTop)

where ziop is the z-coordinate of the top surface, the z. is the distance between the top surface and the
center of the adjacent cell in the z-direction, the mesh size of zc is 50 um. ks is temperature-dependent
thermal conductivity related to the top surface temperature [76-79].

Based on the calculated results, deviation of the backside and topside surface was smaller than
1.0 K. Top surface superheat (ATw = Tiop-Tsat) and heat flux from the ITO heater to the AE-3000 liquid
(gw) were used in boiling curves. Calculation of the ITO heater including calculation domain setting,
boundary condition and deviation of the backside and topside surface under different heat flux

condition were shown in Appendix B.

2.2.5 Uncertainty analysis

The overall uncertainty was calculated by combining the individual standard uncertainty using

the following equation [80]:

(2.3)

Ay = ZM auA 5
u= i:l(aml’ mi)

where Au is the overall uncertainty, m; is the individual standard uncertainty parameter considered,
M 1is the total number of uncertainty parameters considered, and Am; is the individual standard
uncertainty for m;, respectively. Heat flux uncertainty Aq is evaluated by taking account of voltage
and current of the ITO heater. The maximum output accuracy of the DC power supply was =10 mV.
The uncertainty of the current was 0.2%. Based on these uncertainties, the maximum uncertainty of

heat flux measurement was estimated as 0.02 W/cm? using the following equation:

(2.4)

Ag | AV AL
e G+ )
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Uncertainty analysis of heat flux was summarized in Table 2.3.

Table 2.3 Uncertainty analysis of heat flux.

V / q Aq/q Aq
[V] [A] [W/cm?] [%] [W/cm?]
2.030 0.344 0.698 0.532 0.004
5.810 0.981 5.684 0.264 0.015
8.298 1.404 11.6 0.234 0.003
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2.2 Results and discussion

2.3.1 Boiling Curves on the plain surface

Boiling curves obtained with the plain surface are presented in Fig. 2.7 (a). The boiling curves
demonstrated the excellent reproducibility of the experimental data over three runs under the same
operating conditions. The horizontal arrows labeled “NC” represent the extent of the natural
convection regime before the nucleate boiling regime. The natural convection regime was single-
phase convection; thus, the heat transfer coefficient was low. As the heat flux increases, the heat
transfer regime transits from natural convection regime to the nucleate boiling regime. The transition
point is called the ONB point (A7ong) which is defined the reduction of the average wall temperature
sharply.

Beyond the ATong, the curve enters the nucleate boiling regime, where the heat flux continues to
increase with a relatively smaller increase in surface superheat, reflecting the enhanced heat transfer
performance of the nucleate boiling process. As described in the Chapter 1, AE-3000 has high wetting
ability (Contact angle between the AE-3000 liquid drop and the TiO» layer was approximately 10° in
our measurements). This liquid trend to flood surface cavities for nucleation and consequently high
surface superheat was required for nucleation. Figure 2.7 (b) illustrates the bottom HSV of a plain
surface prior to boiling occurring. Synchronized surface superheat distribution was shown in Fig 2.7
(c) and uniform high surface superheat distribution was found within the averaged ATong was 49.8
K. When heat flux was increased further, large bubbles began forming, as evidenced by bottom HSV
of Fig 2.7 (d). Meanwhile, a sharp surface superheat drop occurred, the surface superheat AT\, reduced
from 49.8 K to 31.7 K.

Hsu’s correlation [67] was considered to confirm the relationship between the active cavity range

and ATong on the plain surface. The correlation was given as:

(2.5)

P sinf - (Ty = Tsa) 1+ 1_(8-(1+c059)-a-Tsat>
‘ T (1+C059)'(Tw_Tsat) N hfg'pv'6T'(Tw_Tsat)

where the contact angle € of 10.7° was obtained by measuring the contact angle after dropping the
AE-3000 liquid drop on the TiO> layer. And the thickness of the thermal boundary layer Jr is
calculated from the Fourier’s heat conduction as given:
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Tw - Tsat (26)
Ot

qQw = ki
Where £ is the liquid thermal conductivity. The surface temperature for boiling incipience 7ons
(ATons + Tsat) and corresponding heat flux were put into 7\ and gw to calculate the thickness of the
thermal boundary ot for triggering boiling. For example, boiling on the plain surface, the ATons was
49.8 K and corresponding heat flux gw was 6.0 W/cm?. Based on the equation 2.6, the thickness Sr
was 68 pum.

Calculated range of active cavities was shown in the left-hand side of Fig. 2.8. Cavities ranging
inside the curve was considered as active for nucleation and outside was non-active for nucleation.
Based on the averaged ATong (49.8 K), the diameter range of the active cavity was 0.056~23.849 um.
However, in our roughness measurement of the plain surface, the arithmetic average of the surface
height deviation R, and root mean square roughness Rq were 9.4 and 12.1 nm, respectively. These
values indicate that the cavities on the plain surface lie in the non-active region at the A7ons of 49.8
K, suggesting a higher ATons would be required for nucleation from these small-scale cavities. It is
noteworthy that a smooth surface, as indicated by small R, or Rq can also have a lot of cavities for
nucleation. Many researchers reported the inadequacy of using an individual statistical parameter to
characterize the surface roughness for pool boiling [81-83]. And Matteo et al. [84, 85] has employed
an optical microscope to measure the condition of the ITO film. The scanning electron microscope
(SEM) image showed rare imperfections on the ITO film in the micro-order range, which is consistent
with the calculated minimum diameter of the active cavities.

Next, we compared our results with calculations obtained by using empirical formulas found in
two-phase textbooks [86]. Here Fujii and Imura’s correlation [87] was used to fit the experimental
data for the natural convection regime. The rewritten version of Fujii and Imura’s correlation is given

as:
Nu = C;Ra™ (2.5)

9B (T — Teo) Dy’ (2.6)
via

Ra = GrPr =
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where L in equation 2.7 was the perimeter of the heating ITO film.

For a horizontal heated plate facing upward with a large Rayleigh Number in our study (Ra >
107), the flow was considered as turbulent flow, the value of the exponent n was 1/3 and the coefficient
C1 was found ranging from 0.13 to 0.31 in earliest studies [87-90]. In this study, the constant
coefficient C was equal to 0.31, which was also used in Zuber’s boiling data [89]. Theoretical fitting
curve was represented by a dashed-dotted black curve in Fig. 2.7 (a) with a +15% deviation indicated
by the black shadow.

Rohsenow’s correlation [91] (dashed-dotted green curve in Fig. 2.7(a)) is preferred for the

nucleate boiling region, the rewritten version of Rohsenow’s correlation is given as

0.33 (2.8)
CpiATy c | aw o Cp,lnl)cg

hy 2wl |9(o— py) k)

Where C,, denotes the liquid specific heat at constant pressure, /iy is the latent heat of vaporization,
4 1s the liquid dynamic viscosity, and k; is the liquid thermal conductivity. Note that the parametric
constants C2 = 0.0045 and Cs = 1.47 were chosen for the fluid-surface combination of ethanol and
chromium [92]. In this study, C> = 0.005 and C; = 1.7 were used and the deviation between the
experimental data and theoretical formula is approximately £5% as shown in green shadow in Fig.
2.7 (a). Given that this difference is of an acceptable magnitude, the pool boiling apparatus and data

regression approach are adequate for further study.
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Fig. 2.7 Fig. 2.7 (a) Boiling curve on the plain surface (b) HSV image at the ATons (c) surface
temperature distribution at the A7ons (d) HSV image after boiling occurred (e) surface

temperature distribution after boiling occurred.
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Fig. 2.8 Dependence of the range of the cavity diameter of the plain surface on the ATons (Hsu

model).

2.3.2 Boiling performance on the HPP1

Figure 2.9 presents the obtained boiling curves of AE-3000 on the HPP1. The boiling curve on
the plain surface is also provided for comparison. In the natural convection regime, a unique bubble
behavior, named local boiling, was observed. For example, in Fig. 2.9 (a), clusters bubble nucleation
was observed in 4 cells of the HPP1 under the heat flux of 1.8 W/cm?. Under this condition, significant
wall temperature change over the entire surface through the measuring window of the IR camera (10
mm x 10 mm) was not observed. The surface superheat for triggering such occurrence of bubbles was
considered as the local ATong (local ATons = 16.7 K) to define local boiling phenomenon during
experiments. With the increase of the surface temperature, boiling cells were spreading, and a wall
temperature drop over the entire surface was observed under the heat flux of 2.8 W/cm? as shown in
Fig. 2.9 (b). In the boiling curves of Fig. 2.9, the averaged surface superheat ATy, was decreased from
19.7 K to 13.8 K. Finally, boiling occurred in entire cells of the HPP1, as shown in Fig. 2.9 (c).

Comparing boiling curves of the HPP1 and plain surface, lower surface superheat for the boiling
incipience was achieved on the HPP1. The ATons was reduced by 30.1 K on the HPP1 compared with
that of the plain surface (A7ongs = 49.8 K). For the HPP1, the local ATong was approximately 16.7 K

and the ATons was approximately 19.7 K. By increasing nucleation cavities using the porous plate —
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HPP1, the boiling incipience of dielectric liquid was significantly reduced.
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Fig. 2.9 Effect of the HPP1 on ATong in the case that experiments were performed

immediately after degassing (0 h).

The HPP1 surface exhibited an approximately 1.5 times enhancement in the HTC compared to
the plain surface in the nucleate boiling regime, as illustrated in Fig. 2.10. Later, detailed comparison
between the plain surface and the HPP1 for the surface superheat distribution, heat transfer coefficient
distribution and boiling configuration among the entire heating area (10 mm x 10 mm) was conducted.
Refer to the nucleate boiling regime of the plain surface, three heat flux conditions (6.3 W/cm?, 8.7
W/cm? and 10.1 W/cm?) were chosen for comparison. The results were depicted in Fig. 2.11, 2.12
and 2.13, respectively. They demonstrate that both plain surface and HPP1 exhibit peaking values for
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their heat transfer coefficient near the center of their entire surfaces. The reason for this peaking
behavior at the center is that the center of the heating ITO layer experiences higher surface superheat
due to heat diffusion effects. This higher surface superheat at the center promotes bubble nucleation
in that region. Then heat can be efficiently removed through the latent heat associated with the phase

change process.

0-8 T T T T T T T T T T T T
—© — Plain surface
| |—@— HPPI

0.6 - 2D AT, profile, 2D h profile 7]

and boiling configuration
are shown in Fig. 2.11, 2.12 and 2.13
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Fig. 2.10 Comparison of the HTC between the plain surface and HPP1 in the case that

experiments were performed immediately after degassing (0 h).

However, the HPP1 surface shows a more varied and higher HTC distribution compared to the
plain surface, suggesting that porous materials enhance local heat transfer rates more effectively. For
example, at the heat flux condition of 6.3 W/cm?, HTC value ranged from 1x10* to 2x10* W/(m? K)
on the plain surface, indicating relatively uniform but moderate heat transfer. On the HPP1, HTC
value ranged from 1x10* to over 3x10* W/(m? K), showing higher peak values and more significant
spatial variation, which corresponds to localized intense boiling. With increase of the heat flux from
6.3 to 10.1 W/cm?, the HPP1 consistently shows enhanced boiling performance compared to the plain

surface, evidenced by the lower superheat and higher HTC values among the entire surface.
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Fig. 2.11 Comparison between the plain surface and HPP1 under same heat flux of 6.3 W/cm? (a)

boiling configuration, (b) surface superheat distribution and (c) heat transfer coefficient.
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Fig. 2.12 Comparison between the plain surface and HPP1 under same heat flux of 8.7 W/cm? (a)

boiling configuration, (b) surface superheat distribution and (c) heat transfer coefficient.
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Fig. 2.13 Comparison between the plain surface and HPP1 under same heat flux of 10.1 W/cm?

(a) boiling configuration, (b) surface superheat distribution and (c) heat transfer coefficient.



Figure 2.14 presents the surface superheat change over time for the plain surface and the HPP1
under three different heat flux conditions corresponding to those shown in Fig. 2.11, 2.12 and 2.13.
From the lower heat flux of 6.3 W/cm? to the higher heat flux of 10.1 W/cm?, the surface superheat
variation for the plain surface was about 1.0 K. In contrast, the HPP1 surface generally exhibits stable
surface superheat with a variation smaller than 0.2 K. The stable and low surface superheat variation
observed for the HPP1 surface is advantageous from a material perspective. Minimizing temperature
fluctuations can help mitigate thermal stresses and potential material degradation, leading to

improved reliability and durability in applications involving boiling heat transfer.
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Fig. 2.14 Comparison between the plain surface and HPP1 of the surface superheat ATy change
over time under three different heat flux conditions of (a) 6.3 W/cm?, (b) 8.7 W/cm? and (c) 10.1
W/em?.
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2.3.3 Boiling performance on the HPP2 and HPP3

Similar to HPP1, the onset of nucleate boiling superheat ATons was also decreased on the other
porous plates, HPP2 and HPP3, as shown in Fig 2.15. The ATons on the HPP2 was reduced at 11.8
K and there was no local ATons observed in experiments. Most significantly, boiling on HPP3 was

promoted with the elimination of temperature excursions typically observed during the process of

boiling.
14 v 1 v 1 v 1 1 1
—© - Plain surface
1 ® —Hl— HPP2
i —A— HPP3
Yy

—_
()

o0

Heat flux q,, [W/cm?]

10 20 30 40 50 60
Superheat AT, [K]

Fig. 2.15 Effect of the HPP2 and HPP3 on the A7ong in the case that experiments performed
immediately after degassing (0 h).

When transitioning into the nucleate boiling regimes, the boiling curves for the porous plates
(HPP2 and HPP3) exhibited a left-hand-side shift compared to the plain surface, suggesting enhanced
heat transfer performance. The heat transfer coefficient (HTC) was increased by approximately 3.5
times for both HPP2 and HPP3. Note that slightly difference in the HTC was observed between HPP2
and HPP3, as depicted in Fig. 2.16, which was related to the boiling behavior on these porous plates.
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To clarify the influence of boiling behavior, the boiling configurations and surface superheat
distributions on HPP2 and HPP3 under different heat flux conditions are compared in Figs. 2.17 and
2.18, respectively. At lower heat fluxes, such as 1.5 W/cm? (Fig. 2.17 (a) and Fig. 2.18 (a)), local
boiling was found on the HPP3, allowing efficient heat removal by local evaporation. As a result, a
lower surface superheat was observed on HPP3, leading to a higher HTC compared to HPP2.
However, as the heat flux increase to 3.4 W/cm? (Fig. 2.17 (b) and Fig. 2.18 (b)), boiling occurred
across the entire HPP2 surface, while boiling did not occur in the center region of HPP3. The
extensive boiling coverage on HPP2 resulted in a higher HTC compared to HPP3 at this heat flux
condition. As the heat flux further increased to 4.3 W/cm? (Fig. 2.17 (c) and Fig. 2.18 (c)), total
boiling occurred across the entire HPP3 surface as well. Consequently, the difference in HTC between

these two porous plates diminished at this higher heat flux condition due to similar boiling coverage.
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Fig. 2.16 HTC of the HPP2 and HPP3 in the case that experiments performed immediately after
degassing (0 h).
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HPP2 HPP3

(c)
Fig. 2.17 Boiling configuration comparison between the HPP2 and HPP3 under same heat flux of
(a) 1.5 W/em?, (b) 3.4 W/cm? and (c) 4.3 W/em?.
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2.3.4 Boiling performance on the HPPs after 48-h immersion

Although surface superheat for triggering boiling ATons significantly decreased on these
porous plates, cavities in the porous structure were likely flooded by the fluid during immersion
and may degrade the performance of these HPPs. In consideration of this effect, boiling
experiments were performed on these HPPs after each HPP was left in the vessel immersed with

AE-3000 liquid for 48 hours. The boiling curves are summarized in Fig. 2.19.
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Superheat AT, [K]

Fig. 2.19 Effect of the HPPs on A7ong in the case that experiments were after 48-h immersion.

After 48-h immersion, degradation of the ATons on the HPP1 was found, for clear comparison,
boiling curves of the HPPs during the initial run (0 h) was added in Fig. 2.19, as shown by the gray
stripe symbols. An increase of 6.7 K of the averaged ATons for the HPP1 was found after 48-h
immersion, with the averaged ATong increase from 19.7 K to 26.4 K. In contrast, the HPP2 and HPP3
surfaces maintained their reliable boiling performance. For the HPP2, the ATons was 11.9 K after 48-
h immersion, indicating no significant degradation compared to the initial run (A7ons = 11.8 K). For
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the HPP3, nearly smooth boiling curves was also attained, with just a small surface superheat drop of
less than 1.0 K observed at a surface superheat of 8.0 K.

Figure 2.19 showed the averaged surface superheat for incipience boiling (ATong), detailed
information of the local ATong and average ATons was checked next. For example, on the HPP1, local
boiling phenomenon was first found at the surface superheat of 16.7 K initially (0 h) and 18.0 K after
immersion (48 h). The corresponding boiling configuration and two-dimensional surface superheat
profiles were also shown in Fig 2.20 (a), (b) and 2.21 (a), (b), respectively. It can be seen that earlier
local boiling occurred initially (Fig 2.20 (a), (b)) and the local boiling was triggered under a lower
ATy of 16.7 K with gw of 1.5 W/cm?. In contrast, delayed local boiling was triggered when the
experiments were restarted after immersion (Fig 2.21 (a), (b)), under a higher ATy of 18.0 K with gw
of 2.0 W/cm?. Figure 2.21 (b) also showed more bubbles were generated, and a corresponding lower
surface superheat was observed. This suggests that more cavities were active when boiling was
triggered during the restarting experiments.

Boiling configuration and two-dimensional surface superheat profiles for the average ATons
condition of the HPP1 were also shown in Fig 2.22 (a), (b) and 2.23 (a), (b). Initially, most cavities
were activated under a lower ATong of 19.7 K with gy of 2.1 W/cm?. It was found that the g for
activating most cavities in the initial run was close to the gw condition for activating partial cavities
in the restarting run. Therefore, the local boiling after immersion was the failure reproduction for
activating most nucleation cavities as the initial run. Most cavities were active until higher surface
superheat was reached, with the average ATong 0f 26.4 K in boiling curves (Fig 2.23). Accurate local
surface superheat for triggering the remained non-active cavities after local boiling could be
confirmed by the surface superheat distribution. A local hotspot which over ranged the operation
temperature (85°C) was found at the ONB condition during the restarting experiment. For clear
confirmation, ATy histograms of the IR thermograph was added in Fig 2.23 (c). The vertical axis
represents the ratio between the corresponding counts of specific superheat to the total measured
counts (one measured point represents the area of 50 um x 50 um). The highest surface superheat
required for active cavities was about 33.0 K (88°C) after immersion. In the same way, the highest
surface superheat required for active cavities was about 21.0 K (76°C) initially.

It is noted that better HTC in the nucleate boiling regime was attained after immersion compared
with the initial run. The higher surface superheat was advanced for activating more nucleation cavities

which contributed to a better HTC.
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Fig. 2.20 (a) Boiling configuration and (b) 2D surface superheat AT\, distribution during the local

boiling process of the HPP1 for the initial run (0 h).
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Fig. 2.21 (a) Boiling configuration and (b) 2D surface superheat ATy distribution during the first

local boiling process of the HPP1 for the immersion run (48 h).
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Fig. 2.22 (a) Boiling configuration and (b) 2D surface superheat A7y distribution for the total
boiling (average ATong) of the HPP1 for the initial run (0 h).
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Fig. 2.23 (a) Boiling configuration, (b) 2D surface superheat AT, distribution and (c) ATy

distribution for the total boiling (average ATons) of the HPP1 for the immersion run (48 h).
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Fig. 2.23 (Continued).

Local boiling was not observed on the HPP2 for both initial and immersion run, the average
surface superheat of the boiling curves was considered representative for incipience boiling. The
detailed surface superheat distribution was not discussed here. The absence of the local boiling was
considered to be caused by the pore distribution difference in the HPP2, which will be compared after
the ATong of all the HPPs was analyzed.

Unlike the HPP1, HPP3 exhibited a gradual local boiling process with eliminated superheat
changes of boiling curves. Specific two-dimensional surface superheat profiles were chosen for
explanation, starting from when local boiling was first observed until boiling occurred across the
entire surface. The results were shown in Fig. 2.24 and 2.25 for the initial run and Fig. 2.26 and 2.27
for the immersion run.

The results showed that the surface superheat for the first local boiling observation on the HPP3
was 2.6 K and 4.3 K during the initial run and immersion run, respectively. And when boiling occurred
in the entire surface, the required maximum surface superheat was 7.4 K and 8.0 K during the initial
run and immersion run, respectively. Good reproduction of the A7ons on the HPP3 was confirmed.

And surface superheat for the boiling incipience including averaged ATons and local ATong for each
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porous plate was summarized in Table 2.3. Local ATons range was defined as the average surface
superheat for the first local boiling observation and the maximum surface superheat for the final local

boiling observation.
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ATy =2.6 K, gw=0.9 W/cm? ATw=29K, gw=1.1 W/cm?

(b)
Fig. 2.24 (a) Boiling configuration and (b) 2D surface superheat AT\, distribution during the first
local boiling process of the HPP3 for the initial run (0 h).
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ATy =63 K, gw=2.3 W/cm? ATy =6.0 K, gw=2.6 W/cm?

(a)
8[K] 10 8[K]
6 6
4 ES 4
~
2 2
0 0 s 10 0 0 0
x [mm]
ATw=6.3K, gw=2.3 W/cm? ATw=6.0K, gw= 2.6 W/cm?
(b)

Fig. 2.25 (a) Boiling configuration and (b) 2D surface superheat ATy distribution during the final
local boiling process of the HPP3 for the initial run (0 h).
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Fig. 2.26 (a) Boiling configuration and (b) 2D surface superheat AT\, distribution during the first
local boiling process of the HPP3 for the immersion run (48 h).
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ATy =7.0K, gw=2.8 W/cm?
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Fig. 2.27 (a) Boiling configuration and (b) 2D surface superheat A7y distribution during the final

local boiling process of the HPP3 for the immersion run (48 h).
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Table 2.4 Surface superheat for the boiling incipience of the HPPs

Experiment Immediately after degassing After immersion and degassing
condition (0 h) (48 h)
HPP1 HPP1
Average ATons Average ATons
19.7K 264K
Local ATong range Local ATongs range
152 K~21.0K 18.0 K~33.0K
HPP2 HPP2
Average ATons Average ATons
11.8 K 11.9K
Local ATons range Local ATongs range
None None
HPP3 HPP3
Average ATons Average ATons
Nearly eliminated ATy excursion Nearly eliminated ATy excursion
Local ATong range Local ATongs range
2.6 K~7.4 K 43K~8.0K

2.3.5 Relationship of activated cavities with ATong reduction

Figure 2.28 presents the obtained ATons on the porous plates during initial run and immersion
run. Actual pore size distribution on these porous plates was added in the top side. It was found that
the scattered pore size distribution, such as the HPP1 and HPP3, was prone to cause a variable ATons.
The corresponding phenomenon during experiments was the occurrence of the local boiling. Besides,
with the pore size distribution shifted to a large level, the ATong on these porous plates was reduced.

Hsu’s correlation [67] (Eq. 2.5) was considered to confirm the relationship between the active
cavity range and A7ong. Although Hsu’s correlation [67] was derived based on a conical cavity, good
match was also found on structured surfaces in others research [93-94]. Calculated range of active
cavities was shown in the left-hand side of Fig. 2.29. Cavities ranging inside the curve was considered
as active for nucleation and outside was non-active for nucleation. The pore size distribution (PSD)

was also shown on the right of Fig. 2.29. The detail information of the PSD can also be found in the
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Table 2.2 and Fig. 2.6. The minimum and maximum pore sizes are defined based on the first
derivative of the intruded volume with respect to the logarithm of the pore diameter dVpore/d(logd).
In my study, pores smaller than a threshold value 10> cm?/g are considered negligible and they
represent a very small fraction of the total pore volume.

On the HPP1, when the local boiling occurred at the surface superheat of 18.0 K, the minimum
diameter of active cavities was 0.23 um and the maximum diameter of active cavities of 0.9 um was
depended on the actual maximum pore diameter of the HPP1. For the final occurrence of boiling at
the surface superheat of 33.0 K, the diameter range of the active cavity was 0.10~0.9 um. Based on
the averaged ATong (26.4 K), the diameter range of the active cavity was 0.16~0.9 um. On the HPP2,
the diameter range of the active cavity was 0.43~4.8 um based on the averaged A7ong (11.9 K). On
the HPP3, the active cavities range calculated from the ATong was all included in the actual pore size
range. For example, diameter range of active cavities was 1.2~12.1 um for the first local boiling
ATong (4.3 K). With the final local A7ong of 8 .0 K, diameter range of active cavities was found in

the green dot line, the diameter of active cavities was 0.64~12.7 pm.
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Fig. 2.28 Local ATons distribution and pore size distribution of the HPPs.
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Fig. 2.29 Dependence of the range of the cavity diameter on the ATons (Hsu model).

2.4 Conclusions

This chapter performed nucleate pool boiling on HPPs and plain surfaces (ITO heater surfaces)
using saturated AE-3000 working fluid. Experimentally, the performance of boiling incipience
temperatures on three different HPPs has been investigated. The results of the experiment are

summarized below:

(1) In the initial test, significant decrease in ATons was achieved on HPPs comparing with the
plain surface. Particularly, nearly eliminated temperature excursion was achieved on the HPP3 having
the peak pore diameter of 0.6 um (pore diameter range: 0.004~20.8 um).

(2) After immersion, increasing A7ons was observed on the porous plate with the smallest pore
size range. Averaged ATons was increased by 6.7 K on the HPP1 with peak pore diameters of 0.2 um
(pore diameter range: 0.004~0.9 pum).

(3) After immersion, reliable ATons was still achieved on the porous plate with larger pore size
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range. Particularly, nearly eliminated temperature excursion was also maintained on the HPP3.

(4) The scattered pore size distribution in the porous plates led to a variable range of ATons
which was related to local boiling in the HPP1 and HPP3. In contrast, a focused pore size distribution
in the HPP2 resulted in boiling incipience at a single surface superheat, which is the average ATons

in boiling curves.
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CHAPTER 3
Improvement in the onset of the nucleate pool boiling of AE-3000 with the use of a honeycomb

porous plate and heated fine film

In the previous chapter (Chapter 2), increased ATons was observed on the HPP1 during the
restarting boiling experiment after immersing the HPP1 in the liquid (AE-3000) for 48 hours. The
increase in ATong indicated that cavities were flooded with the highly wetting AE-3000 liquid and
nucleation sites underwent deactivation during the immersion period. In the current chapter, a novel
approach was introduced to re-activate the flooded cavities by inserting a heated fined film (HF)
between the HPP1 and ITO heater. Tiny bubbles were confirmed from the HF, which was helpful to
replace liquid from the flooded cavities and then be effective in re-activating the flooded cavities on
the HPP1. Besides, the influence of the heated film on the plain surface was also checked by setting
the heated film above the ITO film. Finally, the focus of this chapter is to address the re-activation
performance of the HF on the flooded cavities of the HPP1. Different voltage pattern was applied on

the HF to investigate the ATons during boiling experiments conducted after 48-h immersion.

3.1 Experimental apparatus and procedures

The boiling apparatus used in this chapter is similar to the one introduced in Chapter 2, except
for the heating surface section. Setup for the HPP1 with the HF was described in Fig. 3.1. A heated
fine film was installed horizontally, facing the ITO heater beneath the HPP1. Actual experimental
setup was shown in the middle of the Fig. 3.1. To confirm good contact between the porous plate and
the ITO heating surface, a channel for the HF insertion was made on the grid wall part of the HPP1,
as shown in the right larger view of the HF part.

Pt Ribbon
= (5=0.02 mm) -

Heated film L-/ = 1 mm

Kapton Tape
(6= 0.05 mm)

Ty

Fig. 3.1 Description of the HPP1 with the HF insertion.
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Considering the HF surface condition such as roughness may have influence on the A7ons,
boiling experiments was also performed on the section HPP1 with the HF without input power.
The dimensions of the heated film, including its width, length, and thickness, were 1 mm, 15

mm and 0.07 mm. The thickness of 0.07 mm for the heated film comprises 0.02 mm film made of

Pt100 and 0.05 mm Kapton tape for insulation.
The heated fine film was connected to a DC power supply that generated current, as shown in

Fig. 3.2. During this experiment, an Advantech data acquisition module (Keyence NR-500) was used

to collect voltage and current signals from the test section.

Heated film D.C. power supply

14W
S / (q = 18 Wien?)

Fig. 3.2 Circuit description of the HPP1 with the HF insertion.

A consistent voltage of 1.0 V (corresponding to a heat flux of 18 W/cm?) was applied to the HF.

This voltage to the HF was very small compared to the stepwise increasing voltage supplied by the

ITO heater as shown in Fig. 3.3.

20 x T . T y 7F T 9
Ng T T =
= =)
s 1.0 73
x &
=201k : |ITO heater =
g fIIIIIIIIIIIIIG feeees q [W/em?] >
s N Voltage U[V] |{ 0.5
. : HF
—— ¢ [W/em?]
—_— Voltage U[V]
0.0 . L . L + 7F 0.0
0 60 120 2400
Time ¢ [s]

Fig. 3.3 Applied voltage to the HF (ITO heater voltage was added for reference).
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Besides, this small input power to the HF was confirmed to be sufficient to generate bubbles, as

evidenced by Fig. 3.4.

Fig. 3.4 Visualization of the bubbles generating from the HF for cavity reactivation.

Same experimental procedure as Chapter 2 was followed. AE-3000 was added to the boiling
chamber until the interface was 60 mm above the boiling surface. The working liquid was boiled at
2.3 W/cm? for 2 hours to remove trapped gas. Heat flux was then increased gradually using an ITO
heater while maintaining the liquid at saturation temperature. An IR camera captured the temperature

of the boiling surface.

3.2 Results and discussion

3.3.1 Re-activation of the flooded cavities on the HPP1&HF

In Chapter 2, an overshoot at the ATons the was observed after 48 hours of immersion on the
HPP1, during which the surface superheat for boiling incipience increased at 34.3 K at most. To tackle
the degraded ATong, a hybrid section, HPP1 coupled with a heated film (HF), was investigated in this
chapter. To isolate the effects of the surface geometry change by the HF insertion, boiling experiments
were conducted on the hybrid section with no voltage supplied to HF, as shown in the red symbol
with ‘With the HPP1’ label in Fig. 3.5. The overall tendency of the ATons between initial and
immersion test was attained. At the initial test (0 h), the local ATons was approximately 8.1 K and the
ATons was approximately 17.3 K. Beyond ATong of 17.3 K, bubble coverage of 70% was observed
on the heating surface. After 48-h immersion, no local ATons was found and the A7ons increased at

32.4 K, suggesting some cavities in the HPP1 became de-activated during the immersion period.
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Fig. 3.5 De-activation of the cavities in the HPP1 after 48-h immersion.
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Fig. 3.6 Boiling curves on the plain surface and plain surface coupled with the HF after 48-h

immersion.
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Besides, influence of the tiny bubbles generated from the HF on the cavities on the on the plain
surface (ITO film) was also checked. After immersing the plain surface coupled with the HF for 48
hours, boiling experiments were performed. The repeatable results shown in Fig. 3.6 indicated that
these external tiny bubbles coming from the HF had no promotional effect on activating the cavities
on the plain surface.

Boiling curves of the HPP1 with a heated HF were presented in Fig. 3.7. The local ATons could
not be recognized due to the presence of the pre-existing bubbles from the HF. However, for all the
runs (0 h and 48 h), similar boiling phenomenon was observed. It is noted that nearly eliminated
temperature excursion boiling curves were attained on the HPP1 coupled with the HF with localized
boiling. The averaged ATons was defined as the surface superheat for triggering bubbles covering 70%
of the entire surface. The averaged ATons was 21.3 K for the initial run and 19.6 K after 48-h
immersion. Finally, surface superheat for boiling incipience after immersion for the HPP1, the plain
surface coupled with a heated HF and the HPP1 coupled with a heated HF was summarized in Table
3.1.

—
—© - Plain surface
—@— With HPP1 and HF(0 h)
12F —O~— With HPP1 and HF(48 h)

o

2D AT, profile and

boiling configuration
in Fig. 3.8

p—
-

o0

Heat flux ¢, [W/cm?]

0 10 20 30 40 50 60
Superheat AT, [K]

Fig. 3.7 Boiling curves of the HPP1&HF during the initial and restarting test after 48-h

immersion.
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Table 3.1 ATong of the HPP1, the plain surface coupled with a heated HF and the HPP1

coupled with a heated HF.
Surface Immersion run (48 h)
With the HPP1 324K
Plain surface with the heated HF 470K
HPP1 with the heated HF 19.6 K

To under the mechanism for the cavity’s re-activation by the heated film. Boiling configuration
and surface superheat distribution under different heat flux condition was shown later. As the surface
temperature increased gradually, boiling started occurring in a localized manner on the HPP1 coupled
with the HF section, as seen in the boiling configuration in Fig. 3.8. At the heat flux g of 1.6 W/cm?,
bubble nucleation always started from the surrounding grid walls of the HF. As the heat flux was
increased further, More and more bubble generated in the area surrounding the HF. These bubbles
then spread out among cells created for vapor channels. In the surface superheat distribution of Fig.
3.8, alocal low superheat region was observed in the center, caused by the earlier nucleation from the
surrounding cavities of the HF. Although this localized lower superheat region may underestimate the
averaged surface superheat, the entire surface superheat was confirmed to be below the device

operation temperature (85°C).

[K]
30
20
00 5 10 10
x [mm]
Surface superheat distribution Boiling configuration

(a)
Fig. 3.8 Surface superheat distribution (left) and boiling configuration (right) under the heat flux
condition of (a) 1.6 W/cm? (ATw = 12.9 K) (b) 5.1 W/ecm? (AT = 20.1 K), (c) 8.7 W/em? (ATy =

22.8 K) and (d) 10.9 W/cm? (AT = 25.1 K).
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Fig. 3.8 (Continued).

Boiling configuration

In order to under the principle of the cavity re-activation by the HF, the nucleation patterns for
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the HPP and HPP coupled with the HF after the 48-h immersion period are presented in Fig. 3.9. The
magnified top views of the porous structure are shown in the bottom of the figure to clarify the
difference in nucleation between the two surface sections. The gray part represents the solid ceramic
material, and the spaces between the solid parts are the cavities prepared for nucleation. However, as
shown in Fig. 3.9 (a), most of the prepared cavities for nucleation were flooded after 48 h of
immersion in AE-3000 in the boiling vessel in contact with the HPP1, resulting in boiling hysteresis
phenomena (A7ons = 32.4 K). When the heated fine film was utilized, tiny bubbles generated from
the heated wire created interruptions in the bottom part of the HPP1 and replaced some flooded

cavities during immersion, which promoted nucleation during boiling, as illustrated in Fig. 3.9 (b).

Heated film

Observation

Observation
direction direction

M \—Solid part (ceramic) \—Reactivated Cavity
Deactivated Cavity (bubble)
(AE-3000 liquid) — Solid part (ceramic)
(a) (b)
Fig. 3.9 (a) De-activation of the cavities of the HPP1 and (b) re-activation mechanism of the

HPP1coupled with the HF.

The actual visualization for tiny bubbles generating from the heated film entering into the
surrounding cavities was captured by the bottom HSV, as shown in Fig. 3.10. Once launching the HF,
explosive boiling occurred on the HF, pushing bubbles entering into the surrounding cells of the HPP1
due to the increasing vapor pressure. These bubbles can potentially displace the liquid trapped within
the flooded cavities and be trapped into the cavities. Besides, the heat flux of the heated film was
confirmed by the generation of the bubble. In this study, the heated film was just for generating the
seed bubbles for cavities re-activation. So, the influence of the heat flux was not included in.
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Heated film(HF)

Fig. 3.10 Visualization of the tiny bubbles generating from the HF entering into the surrounding

cells.

3.3.2 Relationship of activated cavities with ATo~g reduction

Hsu’s correlation [67] (Eq. 2.5 and 2.6) was considered to confirm the relationship between the
active cavity range and A7ong. The thickness of the thermal boundary layer ot was calculated from
the ATong of each experiment. Figure 3.11 illustrates that the minimum diameter of the active cavity
was determined by the superheat of ATong, and the maximum diameter of the active cavity depended
on the actual maximum pore diameter of the HPP1 (0.9 um). The PSD of the HPP1 was shown on
the right of Fig. 3.11 for reference. The detail information of the PSD can also be found in the Chapter
2 (Table 2.2 and Fig. 2.6).

The range of active cavities for each test was labeled with a solid line, and the area outside the
solid line was considered an area of inactive cavities. Input the ATong of the HPP1 of the initial (17.3
K) and 48-h immersion run (32.4 K). The active cavity diameter range of the HPP1 section was 0.24
~ 0.9 pm for the initial run and 0.11 ~ 0.24 um after 48 h. Nucleation cavities larger than 0.24 um
has been flooded by AE-3000 after 48 h of immersion. Only one third of the cavities in the HPP1 was
effective for nucleation after immersion. These unflooded small cavities can be only active under the
higher ATons of 32.4 K. And such surface superheat was high enough for activating most of the
cavities resulting in a better HTC than that of the 0 h.

With a heated HF, the active cavity diameter showed slight shifts and ranged from 0.19 ~ 0.9 pm
and 0.21 ~ 0.9 um at 0 and 48 h, as shown in Fig. 3.12. The flooded cavities filled with fluid during
immersion were replaced by tiny bubbles from the HF, and the final active range for nucleation was

averagely determined as: 0.2 ~ 0.9 um. The average minimum diameter (0.2 um) of nucleation
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cavities matched the peak pore diameter (0.2 um) of the HPP1 obtained through mercury penetration
porosimetry, implying that the heated film successfully reactivated the most of cavities prepared for

nucleation after immersion.
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Fig. 3.11 Analysis of the re-activated cavity on the HPP1.
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Fig. 3.12 Analysis of the re-activated cavity on the HPP1 coupled with a heated film.
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3.3.3 Effect of the HF heating period on cavity re-activation (pulse voltage on the HF)

In this section, a discontinuous voltage was applied to the HF. A comparative study was conducted
by applying different patterns of the discontinuous HF voltage with three different frequencies, as
shown in Fig. 3.13:

a) t_on =5 s for the HF with heating, ¢ off =5 s for the HF without heating - repeated cyclically.
b) ¢ on =10 s for the HF with heating, ¢ off = 10 s for the HF without heating - repeated cyclically.
c) t_on =30 s for the HF with heating, ¢ off = 30 s for the HF without heating - repeated cyclically.
During the heating period, the value of the HF voltage was set to be the same as the continuous
voltage applied to the HF in the previous section.

These different heating and waiting patterns were applied until the end of the experiments. The
main motivation was to investigate the effect of these different HF patterns on the cavity reactivation
process after 48 hours of immersion. Therefore, the results and discussion focused specifically on the

data after 48 hours of immersion. Boiling curves of the HPP1 coupled with the heated HF with

continuous applied voltage was also included for comparison.

[ HF(s on=55s,1 off=55) [ HF(t on=105s,7 off=105)
— ITO heater — ITO heater
20 T T IIII 20 T T IIII
5 5
2 z
S 10 : ; 10 B
= =
0 — 0
0 60 120 2400 0 60 120 2400
Time ¢ [s] Time ¢ [s]
(a) (b)

Fig. 3.13 Applied voltage parameter of the HF (ITO heater voltage was added for reference) (a)
repeatedly input power on the HF for 5 seconds and wait for 5 seconds, (b) repeatedly input
power on the HF for 10 seconds and wait for 10 seconds and (c) repeatedly input power on the

HF for 30 seconds and wait for 30 seconds.
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Fig. 3.13 (Continued).

Figure 3.14 shows the immersed boiling curve (48 h) for the HPP1&HF section when a cyclical
t on=15s,t off =5 s voltage pattern and z on= 10 s, ¢ off = 10 s voltage pattern was applied to the
HF, respectively. The boiling performance observed with these cyclical heated HF patterns was
similar to the case with a continuously heated HF. Nearly eliminated temperature excursion boiling
curves were also attained on the HPP1 coupled with these cyclical heated HF patterns. Also, because
there is no clear temperature excursion during boiling process on the HPP1&HF with# on=5s, ¢ off
=5sand ¢ on=10s, ¢ off = 10 s voltage, surface superheat for triggering bubbles covering 70% of
the entire surface was defined as the ATong. After immersing HPP1&HF into the liquid for 48 hours,
the ATong of the HPP1 with the cyclical £ on=5s, ¢ off =5 s HF pattern was about 23.4 K. And the
ATons of the HPP1 with the cyclical # on = 10 s, ¢ off = 10 s HF pattern was about 22.5 K. The
similarity in boiling performance between the cyclical and continuous cases suggests that cavity
reactivation can be effectively achieved even with a pulsed voltage applied to the HF. This finding
indicates that external power supplied to the HF for cavity reactivation can be reduced by using a
pulsed voltage approach. The comparable performance between ¢t on=5s,¢ off =5sand ¢ on=10
s, ¢ off = 10 s patterns suggest that increasing the frequency beyond 10s ON/OFF may not provide

additional benefits.
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Fig. 3.14 Boiling curves of the HPP1&HF with a cyclical 5 seconds on and 5 seconds off and 10

seconds on and 10 seconds off voltage pattern after 48-h immersion.

Figure 3.15 shows the immersed boiling curve (48 h) for the HPP1&HF section when a ¢ on =
30 s, ¢t off = 30 s cyclical voltage pattern was applied to the HF. Different from the previous tested
two cyclical heated HF cases, some surface superheats excursions were observed during the boiling
process. HF with low frequency applied voltage showed worse delayed ATons compared with the

previous tested two cyclical heated HF cases. Although the heating time for the HF was longest.
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Fig. 3.15 Boiling curves of the HPP1&HF with a cyclical 30 seconds on and 30 seconds off

voltage pattern after 48-h immersion.

On the HPP1&HF section with az on =30s, ¢ off = 30 s cyclical voltage pattern applied to the
HF. There was limited vapor from the HF enter into the flooded cavities, which caused a delayed
ATong. For example, at the first delayed ATons = 24.9 K, a liquid layer was found beneath the HF
and ITO heater before the superheat drop, as shown in Fig 3.16 (a). This liquid layer existed from that
point onwards. When the surface temperature was increased further, nucleation was triggered from
the surrounding grid walls of this liquid layer, as depicted in Fig 3.16 (b). The reason behind the
nucleation mechanism was considered as following. As the heat flux increased, the thermal boundary
layer thickness over the heating surface grew larger. The occurrence of the liquid layer indicated that
the thermal boundary layer thickness had become large enough to sustain some vapor generated from
the heated HF, without allowing it to immediately condense. This sustained vapor from the HF could
then potentially displace the liquid trapped inside the flooded cavities on the HPP1 surface, thereby
reactivating those cavities and triggering nucleation from those sites.

For another delayed ATons = 26.2 K, a surface superheat drops of 0.2 K was observed,
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indicating the occurrence of new nucleation sites activating. However, such late nucleation under high

heat flux conditions was likely triggered only at these high surface superheat levels. Figure 3.16 (c)

shows the surface superheat distribution before this new nucleation event occurred. The local

triggering superheat for this new nucleation site was found to be around 31.0 K. This 31.0 K triggering

superheat already exceeds the recommended maximum operating temperature (85°C) for the device.

Therefore, any superheat drops observed under high heat flux conditions after immersion should be

carefully checked for their local nucleation triggering superheat levels.
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Surface superheat distribution
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Boiling configuration

Fig. 3.16 Surface superheat distribution (left) and boiling configuration (right) under the heat flux
condition of (a) 3.6 W/ecm? (ATw = 24.9 K) (b) 3.9 W/ecm? (AT = 20.5 K) and (c) 10.3 W/cm?

(AT =262 K).
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Fig. 3.16 (Continued).

Here, surface superheat for boiling incipience on the HPP1 coupled with the heated HF with
pulse applied voltage the was summarized in Table 3.2. For the applied HF voltage of 5s/5s and 10/10s,
nearly eliminated boiling curves were attained, same as the continuous HF voltage section, the
averaged ATons was defined as the surface superheat for triggering bubbles covering 70% of the

entire surface.

Table 3.2 ATong of the HPP1 coupled with the heated HF with pulse applied voltage.

HF parameter | £ on=55s,¢ off =5s ¢t on=10s,7 off =10s t on=30s,t off =30s
ATons 204 K 21.0K 249K

3.3.4 Effect of the HF heating period on cavity re-activation (non-uniform voltage on the HF)

In a previous section, pulsed voltage heating with alternating 5 sec heating/5 sec waiting and 10
sec heating/10 sec waiting cycles was applied to a heated film. This pulsed heating maintained stable
boiling performance after immersion. In this section, a non-uniform voltage was applied on the heated
film to further investigate how much voltage/power consumption on the heated film can be reduced
while still maintaining stable boiling performance. Two groups of comparative experiments are being
done:

® Group 1: Comparing different non-uniform voltage patterns against the # on=35s,¢ off =5

s pulsed pattern that achieved stable boiling previously. The HF voltage pattern was given

in Fig. 3.17:
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a) t on = 5 s for the HF with heating, ¢ off = 15 s for the HF without heating - repeated
cyclically, and the energy consumption with this pattern is 1/4 of the continuous HF input.
b) ¢t on =5 s for the HF with heating, ¢ off = 25 s for the HF without heating - repeated
cyclically, and the energy consumption with this pattern is 1/6 of the continuous HF input.

During the heating period, the value of the HF voltage was set to be the same as the continuous

voltage applied to the HF in the previous section.

[ JHF(t on=5s, ¢ off=155) B HFE(t on=5s, ¢ off=255)
— ITO heater — ITO heater
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[\
S
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Time ¢ [s] Time ¢ [s]
(a) (b)

Fig. 3.17 Non-uniform voltage parameter of the HF (ITO heater voltage was added for reference)
(a) repeatedly input power on the HF for 5 seconds and wait for 15 seconds and (b) repeatedly

input power on the HF for 5 seconds and wait for 25 seconds.

® Group 2: Comparing different non-uniform voltage patterns against the # on=10s, ¢ off =
10 s pulsed pattern that achieved stable boiling previously. The HF voltage pattern was given
in Fig. 3.18:
a) ¢t on = 10 s for the HF with heating, ¢ off = 20 s for the HF without heating - repeated
cyclically, and the energy consumption with this pattern is 1/3 of the continuous HF input.
With a relatively short waiting period, this pattern is expected to maintain adequate A7ong
by quickly resuming heating.
b) ¢ on =10 s for the HF with heating, ¢ oftf = 30 s for the HF without heating - repeated
cyclically, and the energy consumption with this pattern is 1/4 of the continuous HF input.
c) t on = 10 s for the HF with heating, ¢ off = 50 s for the HF without heating - repeated

cyclically, and the energy consumption with this pattern is 1/6 of the continuous HF input.
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Most importantly, the period for the stepwise heat flux of the ITO heater was 60 s. If the
heating period for the HF was constant of 10 s, the maximum waiting period was 50 s. In
other word, this pattern was expected to save most energy consumption of the HF.

During the heating period, the value of the HF voltage was set to be the same as the continuous
voltage applied to the HF in the previous section.

[ HFE( on=10s, ¢ off=205)

B HF(r on=10s, ¢ off=305)
— ITO heater —— ITO heater
_ 20 20 : :
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Fig. 3.18 Non-uniform voltage parameter of the HF (ITO heater voltage was added for reference)
(a) repeatedly input power on the HF for 10 seconds and wait for 20 seconds, (b) repeatedly input
power on the HF for 10 seconds and wait for 30 seconds and (c) repeatedly input power on the

HF for 10 seconds and wait for 50 seconds.
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Figure 3.19 shows the immersed boiling curve (48 h) for the HPP1&HF section with a cyclical
non-uniformed HF voltage pattern (5 sec heating/15 sec waiting and 5 sec heating/25 sec waiting
cycles). The ATons of the HPP1 with the cyclical £ on =5s, ¢ off = 15 s HF pattern was about 22.3
K. And the ATong of the HPP1 with the cyclical £ on=5s, ¢ off =25 s HF pattern was about 27.4 K.
The results of the ATons were summarized in Table 3.3. As a conclusion, applying the cyclical 5s
ON/25s OFF voltage on the HF can still trigger boiling below the operation temperature (77.3°C <
85°C) although it showed a temperature excursion. With increasing the waiting time from 15s to 25s

for the HF input voltage, occurrence of boiling was significantly delayed, which was almost same

with operation temperature (82.4°C).

- © - Plain surface
14 — © - With HPP1 and HF(Continuous ON)
—[O— With HPP1 and HF(z on=15s, ¢ off =15 s)
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10 | = -
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sk l i
= °
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a ©
< :
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| 10 20 30 40 50 60

Superheat AT, [K]

Fig. 3.19 Boiling curves of the HPP1&HF with a cyclical 30 seconds on and 30 seconds off

voltage pattern after 48-h immersion.

Table 3.3 ATong of the HPP1 coupled with the heated HF with non-uniformed applied voltage.

HF parameter t on=5s,t off =15s t on=5s,¢t off =25
ATonB 223K 274 K
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Figure 3.20 shows the immersed boiling curve (48 h) for the HPP1&HF section with a cyclical
non-uniformed HF voltage pattern (10 sec heating/20 sec waiting, 10 sec heating/30 sec waiting and
10 sec heating/50 sec waiting cycles). The results of the ATons were summarized in Table 3.4. The
cyclical heating patterns with 10s heating and varying waiting periods (20s, 30s, 50s) all show delayed
boiling occurrence after immersion. It was suggested that for a constant 10s heating period, utilizing
a pulsed voltage HF heating pattern (with shorter waiting times) would be a better option to maintain

a more stable and consistent A7ons compared to the longer waiting period cycles tested.
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[ |—O— With HPP1 and HF(z on=10s, ¢ off =30 s)
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Fig. 3.20 Boiling curves of the HPP1&HF with a cyclical 30 seconds on and 30 seconds off

voltage pattern after 48-h immersion.

Table 3.4 ATong of the HPP1 coupled with the heated HF with non-uniformed applied voltage.

HF parameter t on=10s, t on=10s, t on=10s,
t off =20s t off =30s t off =50s
ATons 279K 275K 28.8 K
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Finally, a 3D plot analyzing the tradeoff between the superheat required for the onset of nucleate
boiling ATons and the potential for saving heated film (HF) voltage by using intermittent or pulsed
heating patterns. The red bars represent A7ons under different heating condition of the HF after
immersion. The green bars represent ratio of the saving voltage on the HF compared with continuous
voltage. The reliable ATong range was set as the value lower than the ATong (A7ong = 26.4 K) for the
HPP1&HF with a ¢ on =30 s, ¢ off = 30 s cyclical HF pattern. Although this averaged ATons was
still below the operation temperature (85°C), but local hotspot with a local ATons of 31.0 K (85°C) at
higher high flux was found. Thus, to mitigate the risk of premature boiling incipience and ensure
reliable operation, averaged ATong for the HPP1&HF with a ¢ on = 30 s, ¢ off = 30 s cyclical HF

pattern was used as the reference value.
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Fig. 3.21 3D tradeoff plot between the ATons and the potential for saving heated film (HF)

voltage.
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As a result, no stable ATons was achieved when waiting period for the HF applied voltage was
longer than 20s. Among the HF condition below operation temperature, the best option for saving HF
voltage (taller green bars) was 5 sec heating/15 sec waiting. And for a best boiling incipience

superheat, the best HF pattern was 5s and 10s pulse voltage pattern.

3.4 Conclusion

In this chapter, nucleate pool boiling experiments were performed on the HPP1 coupled with a
fine heated film (HF). Continuous and discontinuous voltage was applied to the HF. The performance
of the nucleation cavities of the HPP1 at the onset of nucleate pool boiling during immersion time
was investigated experimentally. The results are summarized as follows:

(1) The superheat at boiling incipience on the HPP1 was sensitive to immersion time. It
deteriorated during immersion, and the superheat of A7ong on the HPP1 was 32.4 K.

(2) The hybrid section - HPP1 coupled with a heated fine film with continuous voltage could
provide more stable nucleation over immersion time. In addition, the range of active cavities
calculated on the basis of Hsu’s model showed slight changes when the heated fine film was used,
and the average minimum diameter for nucleation was close to the median pore diameter of the HPP1,
indicating that the heated film was effective in sustaining active cavities for nucleation after
immersion.

(3) Based on the analysis of the boiling curves among the different pulse HF voltage patterns (5s
ON/OFF, 10s ON/OFF, and 30s ON/OFF), it was concluded that heating the HF with a higher
frequency voltage pulsing pattern is beneficial for facilitating vapor entrapment within the flooded
cavities on the HPP1 surface.

(4) It was found that a pulsing frequency of 10s ON/OFF was sufficient for achieving effective
cavity reactivation. Increasing the frequency further by going to shorter ON/OFF periods like 5s
ON/OFF did not provide any significant additional benefits in terms of cavity reactivation and boiling
performance enhancement.

(5) Based on the analysis of the boiling curves among the different HF voltage patterns, it was
concluded that waiting period for the HF applied voltage longer than 20s are impossible to provide a
reliable A7ons. The best option for saving HF voltage was 5s ON /15s OFF pattern. And for a best
boiling incipience superheat, the best HF pattern was 5s ON /5s OFF and 10s ON /10s OFF.
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CHAPTER 4
Summary and prospect

The final chapter summarizes the research findings of all the above chapters and provides a

prospect for future research.

4.1 Summary

Boiling is an efficient heat dissipation method implemented in microelectronic devices. However,
given that microelectronic components have operating temperature limits (below 85°C), suitable
coolants and enhanced technology for the onset of nucleate pool boiling are crucial for their further
application. The dielectric liquids possess superior environmental properties and a low boiling point
that can satisfy the requirement for engineered surfaces in the nucleate boiling region. However,
higher superheating at ATons 1s observed before nucleate boiling is triggered due to the high
wettability of dielectric liquids. The surface temperature for triggering boiling on the original section
was almost close to the operation temperature limitation, enhanced technology with an early A7Tons
has a pivotal role in further operation.

The focus of this paper is to investigate the effectiveness of the cavities in promoting vapor
embryo and reducing the ATons in immersion boiling of AE-3000. The emphasis of the experiments
was on incipient boiling temperature, the critical heat flux (CHF) was not included in this study.
Nucleate pool boiling experiments on the HPP were performed to investigate the ATons promotion.
Particularly, a stable reducing ATons was also necessary for prolonged immersion cooling. Thus,
nucleate pool boiling experiments were restarted after immersing a plain surface and HPP in AE-3000
for 48 h.

Firstly, we introduce honeycomb porous plates (HPP) with varied cavity ranges to promote the
ATong. Three HPPs were designed: HPP1 (peak pore diameter 0.2 um, range 0.004-0.9 um), HPP2
(0.9 pm, 0.004-4.8 um), and HPP3 (0.6 pm, 0.004-20.8 um). Initial tests revealed that HPPs
significantly lowered the A7ons compared to a plain surface, with HPP3 nearly eliminating
temperature excursions.

Crucially, we examined boiling performance after 48-hour immersion to assess long-term
stability. HPP1, with the smallest pores, showed an increased ATong by 6.7 K due to cavity flooding.
In contrast, HPP3 maintained a reliably low AZ7ons with minimal temperature excursions. We

observed that scattered pore sizes in HPP1 and HPP3 led to variable A7ons due to local boiling, while
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HPP2’s focused pore distribution resulted in uniform A7ong without local boiling.

To solve cavity flooding in HPP1, we introduced a novel hybrid surface section coupling HPP1
with a fine heated film (HF). Continuous low-power HF voltage stabilized nucleation, with Hsu’s
model confirming HF effectiveness in sustaining active cavities. Further, we found that pulse HF
voltage (5s ON/OFF and 10s ON/OFF) can also reactivated flooded cavities after immersion.

Lastly, we optimized HF pulsing patterns for energy efficiency and performance. A 5s ON/15s
OFF pattern best saved HF consumption voltage, while 5s ON/5s OFF or 10s ON/10s OFF patterns
provided the lowest ATong. These findings demonstrate that intermittent, high-frequency HF heating
can maintain low A7ons while reducing energy consumption.

In conclusion, this study presents a comprehensive strategy for enhancing immersion boiling of
dielectric liquids. First, optimized HPP designs were provided for ONB promotion, with HPP3’s
larger, re-entrant cavities achieving the best long-term performance. Then, a prepared plan for solving
worsening A7ong in smaller-pore HPPs was provided through the novel hybrid HPP-HF surface. This
approach not only reactivated flooded cavities but also optimized energy consumption through pulsed
HF heating. Actually, the impact of dissolved gases on the A7ons is not fully understood. The
dielectrics, like AE-3000, has a high capacity to dissolve gases than water. The presence of these
gases can significantly affect the A7ons. In a perfectly sealed system, where concentration of
dissolved gases was small, the HPP3 alone might not be sufficient to achieve the desired boiling
performance. By studying HF inserting, we can gain better control over the nucleation process to help

optimize ATong under various operational conditions.

4.2 Prospect

1. Long-Term Stability and Performance: Extended experiments should be conducted to assess the
long-term stability and performance of the HPP surfaces. This includes studying the durability of the
surfaces and the consistency of the reduced AZ7ons over prolonged periods. Part of the boiling
experiments results for the best performance porous plate (HPP3) was shown in Appendix C. for

reference.

2. Dissolved gases effect on the ATong: Previous studies have shown that the presence of dissolved
gases leads to highly unstable and non-repeatable boiling incipience superheat during the boiling

experiments of FC-72 and R-113 liquid. To solve this issue, dissolved gases can be removed by pre-
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boiling the liquid with a pre-heater for a sufficient duration. However, it was hypothesized that
extending the number of consecutive boiling experiments could further reduce the dissolved gas
concentration in the vicinity of the ITO heating surface. Also increasing the number of consecutive
boiling experiments may also accelerate flooding of the cavities by liquid cooling.

Based on this consideration, boiling experiments with increased running times is considered in

the further research, and some results of the pre-experiments were shown in Appendix D.

3. Optimization of Cavity Geometry: Further research should explore the optimization of cavity
geometries beyond size, including shape, distribution, and arrangement on the HPP surfaces.
Advanced modeling and simulation techniques could be employed to predict the most effective

designs.

4. Integration with Microelectronic Devices: Practical integration of optimized HPP surfaces with
actual microelectronic devices should be explored. This involves addressing challenges related to

manufacturing, scalability, and compatibility with existing cooling systems.

5. Advanced Measurement Techniques: Develop and implement advanced measurement techniques
to capture local superheat and nucleation events more accurately. High-resolution thermal imaging
and micro-scale sensors could provide deeper insights into the boiling processes on engineered

surfaces.
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Appendix A. Geometry of the cavities in the HPP3 through CT scan

In the HPP3, re-entrant cavities were able to be found by microcomputer tomography. Description
of the processing of the scanning image was shown in Fig. Al. The process was summarized as
follows:

CT Scanning: The HPP3 sample was subjected to CT scanning (SKYSCAN) to obtain a 3D
representation of its internal structure.

Cavities Finding: The CT scan data was processed using an image analysis software (CTAn) to
identify and locate the cavities within the porous structure, as indicated by the red highlights in the
CT scan image.

3D Rebuild: The identified cavities were then used to reconstruct a 3D model of the cavity within

the HPP3 sample by CTvox software.

| Cavities
il finding
D —
Cavities finding _ | Shown in Fig. 3D rebuild Shown in Fig.

EI (CTAn) A2 (a) . (CTvox) A.2 (b)

Fig. A1. Description of the processing of the scanning image for the HPP3

Re-constructed 3D models of the scanning images have confirmed that re-entrant cavities were
formed in the HPP3, as shown in Fig. A2. These re-entrant cavities will play a crucial role in
promoting nucleation and maintaining a reducing superheat for the ONB in the later boiling

experiments.
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Fig. A2. (a) Cavities finding results of the CTAn and (b) Re-constructed re-entrant cavities of the
HPP3.

Appendix B. 3D steady calculation of the ITO heater

In boiling experiments, heat flux was provided by an ITO heater with a current interval of 0.5 A
until 12 W/em? (typically ~60% of the estimated CHF value). Waiting period for each current was set
as 60s to reach the quasi-steady state. The two-dimensional temperature of the backside of the boiling
surface was captured by the IR camera. Heat transfer analysis through the ITO heater was estimated
by three-dimensional steady heat conduction equation. The waiting period for the stepwise heat flux
of the ITO heater with thinner thickness was 60 s which was confirmed enough for steady state. The
computational domain, as depicted in Fig. B1 (a), the size was matched the ITO heater dimensions of
40 mm (x) x 40 mm (y) x 1 mm (z). Boiling was observed occurred on the heating area as marked in
purple rectangle. On the active heating area, mesh size was set as same as the actual pixel size (50
pm % 50 um) of the IR camera, as shown in Fig B1 (b). Coarser mesh is used in the surrounding non-
heating areas. The total number of cells of the x-y plane is 288 x 288. Mesh size of the thickness
direction (z) was 50 um. Boundary condition for the ITO heater was set as following:

a) Four side surfaces and the bottom surface of the sapphire: adiabatic boundary condition.
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b) Top surface of the sapphire (bottom surfaces of the ITO layer) for the active heating area (10 X
10 mm) as shown in yellow rectangle: temperature boundary condition, the temperature was
measured by the IR camera. Then heat conduction of the ITO layer was calculated based on the ITO
layer thickness and the boiling surface temperature can be attained.

c) Top surface of the sapphire (non-boiling area): Natural convection condition with the
surrounding AE-3000 liquid.

One example of the calculation result under the ONB condition (A7ons = 49.8 K) for the plain
surface was shown in Fig. B2. A 2D slice of the superheat distribution along the x-z plane at y = 0.02
m (center of the y-coordinate) was shown in the right side of the Fig. B2. It shows that the superheat
is nearly uniform along the thickness (z) direction within the heating area. The difference between the
top and bottom surface temperatures in this area is less than 1.0 K, indicating efficient heat transfer.
The average superheat on both the top and bottom surfaces of the active heating area under various
heat flux conditions was summarized in Table B.1.

Once temperature distribution through the ITO heater was calculated, given the z-axis (thickness
direction) temperature profile, the heat flux from the ITO heater to AE-3000 liquid can be calculated

by Fourier conduction law as given:

p T(Ztop — Zc ) (B.1)
Zc

Ty
qw = q — ks(TTop) 2

where ziop 1s the z-coordinate of the top surface, the zc is the distance between the top surface and the
center of the adjacent cell in the z-direction, the mesh size of zc is 50 um. ks is temperature-dependent
thermal conductivity related to the top surface temperature. Top surface superheat (ATw = Ttop-Tsat)

and heat flux from the ITO heater to the AE-3000 liquid (gw) were used in boiling curves.

Natural convection condition

Top fi -boili
(Top for non oiling area) Boiling area

_ Adiabatic boundary condition
(side)

0 0.01 ¢.02 0.03 (.04 \O

Temperature boundary condition X

(bottom for heating area) Adiabatic boundary condition

(bottom for non-heating area) Unit: [m]

(a)
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Fig. B.1 (a) Description of the computational domain and boundary conditions and (b) x-y plane.
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Fig. B.2 x-z plane temperature distribution under the ONB condition for the plain surface

(AToxs = 49.8 K).

Table B.1 Average superheat on the top and bottom surfaces of the active heating area

q[W/cm?] Tiop-avg [K] Tyottom-avg [K] Tiop-avg — Tbottom-avg (K]
33 20.4 20.1 0.3
5.0 30.2 29.7 0.5
7.9 49.8 49.2 0.6

Appendix C. ATong of the HPP3 over longer immersion time

Extended boiling experiments with longer immersion time was conducted on the best
performance porous plate (HPP3) to test the long-term stability and performance of the ATons. As
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shown in Fig. C.1, ATong of the HPP3 was increased gradually with increasing immersing times. For
immersion times up to 192 hours, nearly eliminated boiling curves were achieved, indicating excellent
boiling performance with very low AZons. After around 400 hours of immersion, degradation in the
ATons was observed. The maximum A7ong of 14.5 K was found during the 453-hour immersion
experiments. However, even after 500 hours, the ATons remained below the operating temperature

requirement. Detail of the ATons during each immersing time was summarized in Table C.1.

14 . . . HPP3
-@-0h

-l-48h
-A-192h
@ 432h
% -@-453h
6 HB-500h

Plain surface

=
©,
©

Heat flux g [W/cm?]

30 40 50 60
Superheat AT, [K]

Fig. C.1 Boiling performance on the HPP3 over longer immersion time.

Table C.1 ATong of the HPP3 among immersion time.

Immersion times ATons [K]
Oh Nearly eliminated ATy, excursion
48 h Nearly eliminated A7 excursion
192 h Nearly eliminated A7\ excursion
432 h 11.6(ATy excursion = 7.0 K)
453 h 14.5(ATy, excursion = 9.9 K)
500 h 13.5(ATy excursion = 9.4 K)
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Appendix D. ATong of the HPP2 and HPP3 among running times

Previous studies have shown that the presence of dissolved gases leads to highly unstable and
non-repeatable boiling incipience superheat during the boiling experiments of FC-72 and R-113 liquid.
To solve this issue, dissolved gases can be removed by pre-boiling the liquid with a pre-heater for a
sufficient duration.

In our experiments, the reproducibility of the ATons was confirmed over three consecutive
boiling experiments. However, it was hypothesized that extending the number of consecutive boiling
experiments could further reduce the dissolved gas concentration in the vicinity of the ITO heating
surface. Also increasing the number of consecutive boiling experiments may also accelerate flooding
of the cavities by liquid cooling.

Based on this consideration, additional experiments were conducted with increased running
times, extending the number of consecutive boiling experiments to 6 or 7. The same experimental
procedure, as discussed in the Chapter 2 was employed.

As shown in Fig. D.1, ATong of the HPP2 was increased gradually with increasing running times.
For the initial boiling experiments, the ATong was 11.0 K. With each subsequent boiling run, A7ons
was increased, reaching a maximum of 15.5 K by the 6™ run. Detail of the ATons during each

subsequent boiling run was summarized in Table D.1.
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Fig. D.1 Effect of the running times on the ATons of the HPP2.
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Table D.1 ATong of the HPP2 among running times.

Running times ATong [K] Running times ATons [K]
Ist 11.0 5th 11.4
2nd 12.0 6th 15.5
3rd 12.4 7th 15.0
4th 12.5

Similarly, boiling curves of the HPP3 among multiple boiling runs were shown in Fig. D.2.
During the first and second runs, the boiling curve exhibited eliminated superheat excursion,
indicating a stable and ideal performance with lower boiling incipience superheat. From the third run
onwards, ATong could be identified by superheat excursion and reach a maximum of 10.5 K by the
6™ run. With the increase in ATons, superheat excursions also appeared and worsened with each run.
At the 6th run, not only maximum of the ATons was shown but also higher superheat excursion of
6.3 K was found. Detail of the ATons and superheat excursion during each subsequent boiling run

was summarized in Table D.2.
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Fig. D.2 Effect of the running times on the ATons of the HPP3.
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Table D.2 ATong of the HPP3 among running times.

Running times

ATong [K]

Ist Nearly eliminated A7\, excursion
2nd Nearly eliminated A7\, excursion
3rd 5.2(ATw excursion = 3.8 K)
4th 5.1(ATw excursion = 2.6 K)
5th 7.4(ATy excursion = 5.4 K)
6th

10.5(ATy excursion = 6.3 K)
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