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SUMMARY

In recent years, progress towards fabricating multi-wettability surfaces has facilitated cre-
ation of small-scale systems on which manipulation of various liquids is achievable. In particular,
distinct spreading dynamics of droplets can be achieved on spatially inhomogeneous surfaces,
which effectively confine and manipulate liquid volumes in the open atmosphere with espe-
cially designed wettable and non-wettable domains separated by sharp contrast lines. Hence,
achieving precise wettability properties is a vital task for effective functionality of a wettability-
engineered surface. To this end, we initially have conducted a study on one of the most popular
coating compounds for creation of surfaces with extreme wettabilities (superhydrophobic/hy-
drophilic) in the literature. The particular components used in this study (Titanium dioxide
Ti0;, ethanol, and a commercial fluoroacrylic copolymer dispersion (PMC)) have proven to
produce superhydrophobicity (contact angle > 160°) in particular combinations. On the other
hand, by exposing such surfaces to UV irradiation, superhydrophilicity (contact angle < 10°)
can be achieved. Although various applications of this and similar coatings of TiO, have been
studied in the literature, most of them involved extreme wettabilities while mid-range wetta-
bility properties were not easily achievable in a repeatable manner due to the lack of available
data. Therefore, in this study, a step-by-step fabrication process was used to make several
coatings that were applied on smooth glass slides and exposed to UV light for different time
periods until superhydrophilicity was achieved. In this way, a comprehensive data table was

made. Furthermore, this data was used as input data points for different machine learning al-
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SUMMARY (Continued)

gorithms to develop a universal model able to accurately predict a coating’s required exposure
time to reach a specific wettability. The study enables one to precisely control wettability of
such TiO; based coatings from too low (superhydrophobic) to too high (superhydrophilic) and
any other wettability in-between. The presented generalized approach could be implemented
for any multi-component coating, where precise fluid /surface interactions are demanded.
Confining liquid droplets with juxtaposed wettable and non-wettable domains is an inter-
changeable characteristic, where the liquid repellent region is philic to the surrounding gas, and
vice versa for the liquid-wettable region. This is an interesting characteristic that enables one
to not only manipulate liquids in a gas, but also do the same for a gas bubble submerged in
a liquid. Spreading of droplets on wettability-confined paths has attracted considerable atten-
tion in recent years. On the other hand, the inverse scenario of a gas bubble spreading on a
submerged, wettability-confined track has rarely been studied. Preferential extraction, spread,
and transport of gas bubbles is a crucial task in multiple applications, such as pool boiling,
hydrolysis, oil and gas industry, brewing, etc. To complete successfully each of these tasks, one
requires to thoroughly understand the behaviour of gas bubbles in the vicinity of a solid, since
unlike with a liquid droplet in air, a gas bubble in a liquid experiences different forces varying
with its size, shape and the liquid’s properties. To this end, in another study, we investigate a
simple -yet important- case, where a single gas bubble spreads over a straight, superaerophilic
track under isothermal conditions. The width of the track is kept fixed along its entire length,
and the spreading behavior of a gas bubble, dispensed at one end of the track, is studied. The

effects of varying track width, bubble diameter, and ambient liquid are investigated. The goal
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SUMMARY (Continued)

is to better understand/predict gas bubble behaviours and facilitate design decisions in such
systems.

Although surface wettability engineering in isothermal systems has been widely studied, its
potential application in non-isothermal systems is yet to be thoroughly examined. Naturally,
studies on isothermal systems provide some basic understanding for non-isothermal cases (i.e.
spreading of a gas bubble on a track can find application in pool boiling for efficient extrac-
tion of vapor from the heated surface). Similarly, spreading of different liquids on isothermal,
wettability-confined tracks have been sufficiently examined so that their application in non-
isothermal systems can be further researched. Surface engineering in non-isothermal systems
could be divided into two categories; condensation and evaporation/boiling. Condensation in
particular is a key process in various industries, such as thermal management, water harvesting,
desalination, power generation, etc. Generally, condensation of a vapor on a solid takes place
in two modes; dropwise condensation (DWC) and filmwise condensation (FWC). In the former,
the condensate forms individual droplets and by growing, via condensation or coalescence with
nearby droplets, become large enough to depart the surface by gravity and provide new solid
surface for further condensation. In FWC, the surface is covered with a liquid film after it is
exposed to the hot vapor and of course, due to the low thermal conductivity of the liquid film,
the condensation rate drops significantly. The condensation mode is a direct function of surface
wettability and scholars have been studying this topic to take advantage of the low thermo-
dynamic energy barrier of FWC and fast condensate departure of DWC. The combined effect

could be achieved via a hybrid wettability surface and as shown, droplet confinement using
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SUMMARY (Continued)

wettability patterning is a viable tool to control the condensation mode via wedge-shape su-
perhydrophilic tracks (promoting FWC) laid on a hydrophobic background (promoting DWC).
Enhancing condensation via wettability patterning can be done in various ways since several
parameters effect the condensation rate simultaneously. Hence, in our next study we investi-
gated the role of superhydrophilic wedge-shape tracks’ condensate pumping power on the overall
condensation heat transfer rate. Several patterns were made on copper plates and tested in a
temperature and humidity controlled chamber to further illuminate the geometrical importance
of wedge-shape tracks.

As mentioned above, condensation heat transfer finds application in the thermal manage-
ment field. Taking advantage of the latent heat of a liquid, mostly water, condensation has
become one of the most reliable method to remove/absorb heat from a solid. One particular
case is in passive heat spreaders (vapor chambers and heat pipes) where cyclic evaporation and
condensation efficiently removes heat from a hot local heat source. Vapor chambers (VC) are
passive heat spreaders that could dissipate high heat fluxes more efficiently by taking advantage
of their working liquid’s latent heat. Beside the working fluid type and amount in a VC, the
thermal performance of VCs is categorized in three phenomena; evaporation, condensation, and
circulation of the working fluid. Evaporation is essentially influenced by the core structure, such
as the wick or the porous medium micro/nano structure’s type, thickness, porosity, and perme-
ability. Condensation, on the other hand, is influenced by physical and chemical characteristics
of the condenser part of a VC. As shown, condensation heat transfer could be enhanced by a

one to two orders of magnitude via precise engineering of a surface. Substantial research in
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SUMMARY (Continued)

the literature has been devoted to address the evaporation enhancement in VCs, whereas the
condensation role has not been studied as extensively. Therefore, to further study and under-
stand this role, a hybrid VC consisting of a copper wick on the evaporation side and a wick-free
surface-engineered component as the condensation side was fabricated and tested. The device’s
cooling performance was evaluated via two silicon-based metal-oxide—semiconductor field-effect
transistor (MOSFET)s to simulate a real-world application of the device. This novel approach
has showed superior performance compared to a uniform hydrophobic condenser or a simple
copper plate, testifying to the validity of incorporating surface-engineering in these systems.
Similar to VCs, heat pipes (HP) are another type of passive heat spreaders that are mostly
made of metal wicks. Heat pipes are known as 1-dimensional heat spreaders, since they transfer
heat laterally from one point to another. HPs come at different shapes and internal structures.
A particular type of HP, flat-plate HPs, are usually consisted of a wick-lined plate, where on one
side evaporation and on other side condensation take place, and a casing encloses the device.
Almost all the literature in this type of HPs is invested in optimizing the wick structure, whereas
the casing role in the condensation section has not been fully studied. This role could be critical
since this type of HP is made of metals (mostly copper) which are highly conductive and in case
of contact with a heat sink, play the condenser plate role and take part in heat transfer process.
Therefore, in our next study, we attempted to manage the condensation phenomena on the
upper casing part of a low-profile heat pipe via a similar wettability-patterning technique to
control the DWC and FWC while, at the same time, enhancing the condensate return flow to the

heated part. By axially grading the copper wick structure on the evaporator plate, an additional
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SUMMARY (Continued)

enhancement in condensation return flow, and as a result in heat transfer performance, was
achieved.

In summary, in this dissertation, case studies of surface engineering implementation for
enhanced heat and mass transport have been performed. Relations between surface morphol-
ogy, surface energy, and surface-energy patterning for manipulating liquid/gas on heat-transfer
surfaces have been explored and tested, along with their potential in thermal management

performance enhancement.
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CHAPTER 1

INTRODUCTION AND BASICS

1.1 Wetting Fundamentals

Although there have been numerous researchers and scholars in the field, when it comes
to capillarity, two major sources stand out; ”Capillarite: phenomenes superficiels” by Henri
Bouasse (1) and ”Capillarity and wetting phenomena: drops, bubbles, pearls, waves” by De
Gennes and colleagues (2). It is highly recommended for a deep understanding of the wetting
fundamentals and basics, one should devote some time in these two books. However, in this
section, we provide a simple and short introduction of the wetting and capillarity phenomena

for a better understanding of the applications in the following chapters.

1.1.1 Surface Tension

There are three major states of matter; gas, liquid and solid. Every molecule in a single state
is attracted by its surrounding molecules. This attraction causes the cohesion force applied by
the same molecules of matter. The cohesion forces create a stable and balanced state for the
molecules in the bulk of a material. However, when different states meet each other, this balance
undergoes change, since the molecules at the interface of two phases or two different materials,
experience an imbalance of the forces exerted on them. This imbalance for solids is not critical,
since the cohesion among the molecules of a typical solid is big enough to avert deformation.

However, in the case of a liquid contacting a solid, or two immiscible liquids, this imbalance



creates a deformation at the liquid’s interface to maximize the number of molecules in-touch
with their own type, or in other words, minimize the interface area between the two phases.
This force that applies along the interface can be measured and is called Surface Tension. So,
a liquid surface resembles a stretchable membrane where the opposition to distortion is applied
by the surface tension, which is quantified by the force per unit length of the interface between
the liquid and the surrounding fluid.

For characterizing the effective length scale below which surface energy/tension plays the

dominant role, the capillary length (k) is defined as

K=,/— (1.1)

where v is the liquid-gas surface tension, p the liquid density, and g the gravitational accel-
eration. k determines the maximum length scale (normally in mm, for instance 2.7 mm for
water at 20°C) below which the role of gravitational forces is negligible and intermolecular and

surface forces govern the motion mechanics.

1.1.2 Wetting and Contact Angle

In a two-phase system where one phase/type of material is in contact with another phase/
type, e.g., liquid and gas or two immiscible liquids, the surface tension at the interface minimizes
the contact area of the minor phase/material. This leads to uniform surface deformation and the
minimum surface area is achieved via a spherical shape. This could be commonly seen in nature

where gas bubbles in liquids or oil droplet in water attain a perfect spherical shape. However,



Liquid flow

(e) (f)-

Figure 1: Different modes of wettability; (a) static contact angle of a water droplet on smooth
surface, (b) Adding roughness on a hydrophilic surface makes it transition to superhydrophilic
state (Wenzel state), (c) Adding roughness on a hydrophobic surface makes it transition to
superhydrophobic state (Wenzel state), (d) Cassie-Baxter state with air pockets trapped under
the liquid, (e) Advancing contact angle (04), (f) Receding contact angle (6;).

when three phases/states of materials come together, this shape could be non-spherical and
varies as a function of the balance among the involved states. For example, Figure 1a showcases
a water droplet on a solid surface in air. In this case, three phases, namely gas, liquid and solid
interact with each other and deform the liquid/gas interface, since the solid/liquid interface
is not prone to deformation. Here, three surface energies/tensions, yig, Ys1, Ygs represent the

liquid/gas, solid/liquid, and gas/solid values. The three phases meet at the three-phase contact



line and create an angle 0, which for an atomically smooth surface, is called the static contact

angle and could be found (2) by

Ygs = Vst + Yigcos6 (1.2)

As seen, the key factor in designating 6 is the surface energy. Usually, surface energy of gas
states are very close, since the molecules are far from each other, however, the solid and liquid
surface energies could vary, and as seen, the lower the solid surface energy the higher the 0
and vice versa. Wetting of a solid surface is categorized using Equation 1.2, where for 0 < 90°
and 0 > 90° the surface is referred as liquid-philic or liquid-phobic and in the case of water,
hydrophilic and hydrophobic, respectively.

This equation holds for a chemically homogeneous and, as said above, atomically smooth
solid surface. But, in real life achieving super smooth surfaces is costly and usually there is
roughness on each solid surface. In practice, the contact angle is different than what Equa-
tion 1.2 predicts, and is known as apparent contact angle. By introducing roughness in this
equation, Wenzel (3) incorporated the influence of added surface due to the roughness and

derived the following equation

cos 0*

Ygs = Vst tYig (1.3)

where 0 is the apparent contact angle and cos 0* = r cos 8. This shows that by adding roughness
(quantified by r, which is the ratio of actual/projected area of a surface), if a surface is liquid-
philic, it will become more philic, while if it is liquid-phobic, it will become more phobic or

repellent to that liquid. Equation 1.3 has opened the door for exploring the extreme scenarios



where super-attractant (Figure 1b) and super-repellent (Figure 1lc) states could be achieved
via increasing the roughness factor on the surface. Wetting phenomena have been further
investigated by Cassie and Baxter (4; 5) who found that solid/liquid contact is not always
energetically favorable. This is a case when a liquid contacts a repellent surface with high
roughness and the liquid prefers to minimize its deformation, resulting in leaving dry solid
beneath with air pockets trapped in the protrusions (Figure 1d). To explain this, Cassie and

Baxter introduced another roughness factor in

cos 0" = —1 4 (1 — ¢ps) cos O (1.4)

where ¢ is the dry-to-total area ratio. Following these equations shows that the wetting
property of a solid surface could be significantly changed to the extremes by either physically
or chemically engineering the surface. In the literature, numerous methods have been proposed
and tested for fabrication of superhydrophilic (6; 7) and superhydrophobic (8; 9) surfaces. In

Chapter 2, one of these methods will be introduced and discussed in detail.

1.1.3 Dynamic Contact Angle

Static contact angle alone can not capture the entire wetting behavior of a surface. Dynamic
contact angle is another property that is determined by a moving three-phase contact line.
Consider a surface with a fine pore (~ 200um in diameter) so that liquid could be pumped in
and out of the surface in a very slow rate. By pumping a sufficient amount of liquid to the pore,

a droplet forms. Further pumping causes the droplet to grow. In some cases, while the droplet



volume increases the three-phase contact line remains pinned. In other cases, as the droplet
volume increases, the contact line moves with constant velocity (Figure le). The dynamic
contact angle of the droplet in the growing stage designates the ”advancing contact angle”,
0q. In the opposite case, if the droplet loses volume by pumping out liquid, the three-phase
contact line retracts with constant velocity and the contact angle defines the "receding contact
angle” (Figure 1f), 0;. These two contact angles are crucial factors in many applications; their

difference is called ”Contact angle hysteresis” (CAH), and is defined by

CAH =0, — 0, (1.5)

The CAH defines the stickiness/slipperiness of the surface and has been the subject of re-
search in many applications, such as condensation, boiling, etc, where the dynamic behavior of

droplets/bubbles are key in particular applications.

1.1.4 Laplace Pressure

As discussed above, surface tension causes deformation of the liquid’s interface in the pres-
ence of a solid and a gas phase. This deformation creates a by-product which has become the
point of attraction for various applications. Consider a case where a liquid is confined by a
solid (e.g., liquid in a capillary tube or straw). If the solid is attractant to the liquid (liquid-
philic), the liquid tends to spread as much as possible on the solid wall. In a confined space,
the contact line moves beyond the liquid column level and creates a concave interface, which

causes a lower pressure in the liquid compared to the ambient pressure. On the other hand, if



the solid is repellent to the liquid (liquid-phobic), the surface tension shrinks the interface to
minimize contact, and as a result, the pressure in the liquid below the interface is higher than

the ambient. This reduction or enhancement in the pressure at the interface is quantified as

Pe =v14Ci (1.6)

where Cj is the curvature of the interface. Equation 1.6 is known as the Young-Laplace Pressure,

which in its more general form is

1 1

PC:Ylg(E+E) (1.7)

where R; and R, are the interface radii of curvature in two orthogonal planes. This quantity
has been the source of many natural phenomena, such as reaching water to the leaves of the
trees and has inspired researchers to design and fabricate systems working with this simple
concept (10; 11; 12; 13). One main advantage of this curvature-driven pressure difference is its
passive nature. This could induce pumpless transport of a liquid in a porous medium, such as a
paper towel, or on an open surface. The former is known as ”wicking” and is a slow process with
low-volume transport capacity. Moreover, once the porous medium is saturated the wicking
stops. On the other hand, taking advantage of curvature differences, scholars have been able
to manipulate and transport liquids from one point to another on an open surface. The typical
capillary rise was also observed in a wedge corner created by two vertical plates with a small
diverging angle (~ 2°). The rising liquid interface was found to be a hyperbola, and the rise

occurred only if o/2 40 < 71/2, where « and 0 are the diverging angle and static contact angle



of the droplet on the plates (14). In cases where the plates are not parallel and rather have
different wedge angle on the bottom and top side, a larger rise is observed since the meniscus
undergoes larger curvature differences (15). Laplace pressure differences can also be achieved on
a 2D plane. The wedge-shape created by two vertical plates could be transformed on a surface
where a diverging track of hydrophilic nature is laid on a hydrophobic background. In this
case, due to geometrical gradients, there will be a curvature difference at the two ends of the
liquid droplet and moreover, due to wettability contrast, the liquid is bounded onto the track
with the wettability contrast line also applying inward force, which propels the liquid droplet
forward, from the narrow to the wider end of the track (16). There have been numerous studies
in this area where various fabrication techniques have been used to passively and continuously
transport liquid droplets from one point to another (17; 18; 19; 20; 21; 22). One great advantage
of this method is the minimized resistance in fluid flow (pressure loss/drop), which in turn can
generate transport velocities up to O(10 cm/s) (23). Besides, other type of passive transport
could be achieved on a 2D plane by using different circular wettable wells at two different
locations and connect them via a wettable path. In this case, when a liquid film covers the
wells and connecting path, the liquid naturally moves from one well to the other, again due
to a capillary pressure difference (24). Similar directional spontaneous transport could also be
achieved via a 3D conical shape needle (25; 26). Laplace pressure differences have also been
created by wettability gradients. Khoo and Tseng created Laplace pressure gradients via a
radial pattern that passively drove and moved droplets (27). Bliznyuk et al (28) designed a

radially patterned surface with varying wettability from a hydrophobic center to a hydrophilic



exterior via a set of hydrophilic stripes of different widths. The spontaneous droplet movement
from center to the perimeter of the pattern was achieved due to increased surface area of
the hydrophilic regions and Laplace pressure generation due to different curvature at the two
ends of the liquid. Li et al (29) also used radially varying wettability stripes to precisely
control and transport a liquid droplet from the center of the pattern to the periphery. The
pumpless directional transport could be applied for any liquid in liquid mixture only if proper
wettability and shape gradient was applied. For example, a similar shape-gradient concept
has been applied for passive transport of gas bubbles submerged in liquid (30). In this case,
the track was superhydrophobic (i.e. superaerophilic) and was laid on a superhydrophilic (i.e.
superaerophobic) background. Gas bubbles tended to stick onto the track, being confined by
the wettability contrast line. Similarly, the gas bubble was propelled from the narrow to the
wider side of the track (31; 32). In a similar manner, superaerophilic cones have also been
used to collect and transport gas bubbles under water (33). In chapter 3, an application of
Laplace pressure difference for gas bubble manipulation under water is presented and discussed.
Moreover, all application studies in this thesis are designed using the above concept.

Passive transport of liquids and gases on open surfaces via wettability engineering has been
widely studied in the literature. This has raised opportunities to control and transport thermal
energy through precise manipulation of liquid/gas interactions on a surface. For instance, heat
removal via pool boiling could be enhanced from a non-engineered to a wettability-engineered
surface by controlling vapor bubble motion on the surface (34). This notion has inspired

researchers to employ the knowledge of manipulating liquids/gases in isothermal systems into
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non-isothermal systems in order to enhance their efficiency and solve new problems. To this
end, we will provide an introduction of heat transfer principles and application of wettability

engineering in its different aspects.

1.2 Heat Transfer Fundamentals

Heat is a form of energy transferred due to temperature differences between two points in
space (35). There are three forms of heat transfer; conduction, convection, and radiation. Con-
duction occurs due to vibration of the individual molecules, so it is maximum in the solid state
of a material and minimum in the gas phase. Convection is transport by moving molecules
from one point to another, while radiation takes place between two facing surfaces (36). Con-
duction heat transfer is mainly governed by the molecular motion and density of a medium.

The governing law of conduction heat transfer is known as Fourier’s law (37)

q =—KVT (1.8)

where ? is the heat flux, K the thermal conductivity of the medium, and VT the temperature
gradient in space. The minus in Equation 1.8 signifies that the heat is transferred from the
hot to the cold side. Convection heat transfer is the diffusion of energy by random molecular
motion in addition to energy transfer via bulk motion. Convective heat transfer is governed by

Newton’s law of cooling and is as follows (38)

q" =h(Ts — Teo) (1.9)
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where h is the heat transfer coefficient, and Ty and T, the surface and ambient temperatures,
respectively. h is a function of fluid thermal properties, fluid motion dynamics and surface
geometry. Convection heat transfer has two major sensible modes: natural and forced. In
the former mode, the temperature difference inside the fluid creates a density gradient, which
produces buoyancy forces and as a result, the hotter lighter fluid moves to the colder denser
domains and vice versa. In the latter, the fluid is forced to move (i.e., via pumps, fans, etc.) and
by forced motion the heat is transferred more efficiently. These two modes are characterized
by temperature variation of the fluid. However, there are two other isothermal modes in which
heat is spent to change the phase of a medium either from liquid to gas (evaporation/boiling)
or from gas to liquid (condensation). The energy transferred during these isothermal processes

is called latent heat of the medium (39).

1.2.1 Condensation Heat Transfer

Condensation phenomena occur when vapor is cooled below the saturation temperature at
the same pressure. During this process, the latent heat of the vapor is released and vapor
gets converted to liquid. Condensation could take place in two major modes, filmwise (FWC)
(Figure 2a) and dropwise (DWC) (Figure 2b). FWC occurs when condensate droplets on the
surface spread and grow either by coalescence or growing individually. This spreading leads
to a liquid film formation on the surface and reduces the condensation heat transfer due to
the low thermal conductivity of the liquid. On the other hand, DWC is a mode in which
condensate droplets tend to "bead up” and grow individually. It has been shown that DWC

could reach one to two orders of magnitude higher heat transfer coefficient (HTC), however
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Figure 2: Two modes of condensation: (a) Filmwise, and (b) Dropwise. Blue denotes the
condensed phase, while the red circles denote vapor clusters.

it is harder to attain at industrial scale (37; 40). Another factor affecting condensation heat
transfer efficiency is the presence of non-condensable gases (NCG)s, such as air, nitrogen, argon,
etc. Donald Othme (41) was the first who examined condensation of steam in the presence of
NCGs. In his experiment, he used a chilled copper tube as the condenser and installed it in a
boiler. He found that by increasing the air volume fraction only to 0.5%, the HT'C drops by
almost 50%. Following that, there have been several studies investigating this effect for other

gases, such as hydrogen, neon, etc. (42; 43; 44; 45). The results revealed the presence of NCGs
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significantly reduces both condensation rate and heat transfer coefficient. The main reason
for this reduction is that the NCG molecules act as a diffusion barrier between the condenser
surface and the vapor molecules (46). This effect also poses resistance to vapor mass transfer

towards the cooled surface, which results in lower heat transfer rate (47).

1.2.1.1 Filmwise Condensation

The classic nucleation theory introduced by Volmer (48) points out to a direct correlation
between the free energy barrier and the surface wettability to form a liquid nucleus on a solid

surface. The free energy barrier, AG, is given by
AG = 1y (r")*(2 — 3 cos 0 + cos® 0) /3 (1.10)

where 0 is the static contact angle and r* is the critical radius derived from Kelvin’s classical
equation given by

hlpL = Zng/n{KBTT* (1.11)

o0

where Kg is Boltzmann’s constant, n; the number of molecules per unit volume of liquid, T
the temperature, p the vapor pressure at the curved interface, and ps the vapor pressure over
a flat interface. Equation 1.10 shows that lower contact angle is preferred for condensation,
since it reduces the free energy barrier. However, surfaces with low contact angles (hydrophilic
state), will be quickly covered with a liquid film. The liquid film thickness increases over time

and adds another thermal resistance for the upcoming fresh vapor, eventually reducing the heat
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transfer rate, and making it a less preferred condensation mode. Equation 1.9 could be used to

determine the condensation heat transfer via

Jecond = hcond(Tsat - Tw) (1.12)

where Tgqt and Ty, are the saturation temperature of vapor and the wall temperature, respec-
tively. Their difference is known as the degree of subcooling. Nusselt (49) introduced the
first heat transfer coefficient of condensation for laminar FWC for a vertical isothermal flat
plate and a horizontal cylinder surface. Nusselt’s estimation of hcong is idealistic and usually
overestimates this value by disregarding in-practice barriers, such as NCGs and surface mor-
phology (50). In the past few decades, more comprehensive models have been proposed using
heat transfer in counter-current and co-current scenarios (51), filmwise condensation in high
aspect ratio geometries (52), similarity-based solutions (53), and filmwise condensation over a
curved surface (54). An effective method to rectify a part of the reduced heat transfer rate
due to liquid film thickness is by controlling and reducing it. One way to achieve this goal is
by adding extra surface area to the condenser surface via fins (55; 56; 57). In this scenario,
liquid film curvature differences at the bottom and tip of the fins induce a thinning effect and
promote increased liquid drainage, and in turn, increased heat transfer coefficient. Ho et al.
(58; 59) carried out a through investigation on the role of the fin’s geometry and showed that
a conical shape outperforms both sinusoidal and cylindrical fins by reducing condensate flood-

ing. As shown in (60), geometrical features of the fins are critical factors in determining the
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heat transfer enhancement. Even though numerous studies have been performed to enhance
condensation heat transfer in FWC (61; 62; 63), it has been shown that DWC could produce
one order of magnitude enhancement in HT'C and is more promising for effective heat transfer
(64).

1.2.1.2 Dropwise Condensation

In DWC occuring on a vertical surface, initially small droplets form on the solid. These
droplets grow by direct condensation on top of them and also by coalescing with nearby droplets.
As time goes by and condensation persists, the droplets reach a critical volume/mass, where due
to gravity and shear tension, they depart from the surface leaving new domains for nucleation
of new condensate. The origin of DWC has been a source of controversy in the literature
and two major theories have been studied and discussed in the past decades. One theory
was suggested by Eucken (65) who considered certain nucleation sites for individual droplet
nucleation and growth. Also, he assumed that the space between these sites remain dry until
the droplets merge. McCormick and Baer (66) supported this theory and furthermore, Umur
and Umur (67) showed the applicability of this theory under low subcooling. Another theory
was introduced by Jakob (68) who suggested that during condensation a very thin layer of liquid
film forms on the surface first. By continuing condensation, this film reaches a critical thickness
and ruptures, resulting in formation of droplets. In his theory, Jacob supposed that droplet
nucleation could take place in between the older droplets and, due to surface tension effects,
the new droplets would move towards the bigger droplets. Besides, the droplets also grow by

direct condensation on their surface. Welch and Westwater (69) later showed this theory to be
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valid and they supported this idea. Rose et. al. (70) developed the first DWC heat transfer
model based on various resistances. Based on their findings, the condensation heat transfer

coefficient for a pure DWC mode could be given as

h-DWC = T\?'S(S + 03AT) (1.13)

where h is in KW/m?K, T, is the vapor temperature, and AT is the subcooling. In the last few
years, various models have been proposed for DWC in vertical plates (71; 72; 73; 74; 75; 76) and
horizontal tubes (77; 78). The most important factor in DWC is the droplet size distribution and
as shown, high number of small droplets favors high numbers of larger droplets (79). However,
formulating a mathematical model to describe the above mechanism is a challenging task due to
the complex nature of droplet interaction on the surface. But numerical analyses have revealed
localized heat transfer at the three-phase contact line to reach 4 orders of magnitude higher
HTC compared to the exposed area of the droplets (80; 81).

Water DWC can take place even at very low subcooling. Depending on the surface proper-
ties, it could initiate at 1°C - 3°C (82). Based on Equation 1.13, an increase in subcooling would
lead to higher HT'C. However, some studies showed that at a certain point this became constant
(83; 84). At very high subcooling, however, the DWC gradually shifts to FWC, resulting in a
great reduction in HTC. Under higher subcooling, the nucleation site density and nucleation
rate of droplets increase significantly (85; 86). This results in forming ”pinned-Wenzel” droplets

on the surface and if the droplet formation and growth rates exceed the droplet departure rate,
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a film forms on the surface. Therefore, a critical factor for maintaining DWC on a surface is
its capability to shed droplets. It can be understood that efficient condensate removal requires
high droplet repellency or hydrophobicity, in which high static contact angle and low hysteresis
could induce faster and more efficient droplet departure.

1.2.1.3 DWC Enhancement Techniques

In order to promote (super-)hydrophobicity two major factors must be met by a surface: low
surface energy and physical roughness. There have been numerous techniques in the literature

to promote DWC on a surface and below the most frequent ones are mentioned.

1. Polymer Coatings: This is one of the most traditional and practical methods, since it
can be applied on a existing condenser and also does not rely on the substrate surface
morphology or chemistry. Of course, two critical factors must be considered for proper
coating: 1- sufficient adhesion to the surface, and 2- low film thickness. Usually the
coating should not add more than 1% of the total thermal resistance of condensation; this
can be achieved via thickness of < Tum (87). Applying polymer coatings such as oleic
acid (88) in a marine condenser has shown stable DWC for almost 2 years. PTFE and
fluoropolymers, due to their high melt viscosity, insolubility in most organic solvents, and
high chemical inertnes (89) are also very popular in enhancing DWC. Numerous studies
have shown HTC enhancement (up to 5 times) by applying PTFE on metal surfaces
(90; 91; 92; 93). Ma et. al (94) by adapting a new method of deposition were able to
deposit PTFE on Stainless Steel, Brass, Copper, and Carbon Steel. On Brass tubes about

1.6 — 2.8 times enhancement in HT'C and 0.3—4.6 times in heat flux compared to FWC
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was observed. Despite this great enhancement, the method was not scalable for larger
surfaces and also could not withstand more than 40h of operation. Beside using pure
polymers, other attempts have been made to enhance DWC via enhancing the polymer

conductivity (95), enhancing polymer endurance and anti-fouling (96; 97).

. Metal Coatings: One of the main challenges with polymers is their inherent low thermal
conductivity. On the other hand, metals possess high thermal conductivity and also high
surface energy. However, noble metals, such as rhenium, ruthenium, rhodium, palladium,
silver, osmium, iridium, platinum, and gold are known to have low surface energy and
could be electrodeposited on other metals. Despite having low surface energy, these metals
have also been reported as hydrophilic and source of this problem was attributed either
to oxides (98; 99) or organics (100; 101). Studies with electroplated gold (102; 103) have
shown pure DWC could be achieved with even ~200nm thickness. Other studies with
silver electroplating have shown (104) up to 58% enhancement in HTC. Nickel has also
been deposited on copper surfaces for DWC enhancement (105; 106) and it was shown
that the corrosion rate compared to pure copper over 15 days was only 0.16%, while the
heat flux was enhanced up to 5 times. Despite all the benefits of noble metals, their high

manufacturing cost limits their application at larger scale.

. Self-assembled monolayer (SAM) coatings: Bigelow et al. (107) were among the first
to find that polished metal or non-metallic substrates show hydrophobic and oleophobic
property after submerging in a non-polar solvent via a polar organic solution. The organic

layer on the substrate has a polar group (e.g. thiol, silane) which bonds them to the surface
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and an alkyl group, which renders them hydrophobic. The great advantage of SAMs is
their molecular level thickness (several Angstroms (108)). Das et al. (109; 110) used SAM
on copper, gold, copper-nickel tubes, and gold-coated aluminum tubes, and they achieved
5-14 times higher HTC. In other studies, Bonne (111; 112) used a thiol-based SAM on
copper and gold-coated copper and observed HTC enhancement up to 8 times over FWC.
They also recorded a lifetime of 9 months for the sample used in their experiments without
degradation. There have been several studies using a variety of SAM methods (113; 114)
where similar enhancements have been reported. Monolayer thickness, very low required
amount for coating large area, and simple and facile coating methods, such as immersion,
have made SAMs a popular approach for promoting DWC in literature. However, the
single molecular thickness is highly susceptible to degradation and fouling and even a
small damage could expose the underlying substrate. So, longevity of SAMs is a critical

factor, which needs to be taken into account for promoting DWC in long periods of time.

. Superhydrophobicity via micro/nano structured surfaces: Even though enhancing DWC
through chemical modification can be readily achieved, the nucleation sites and rates,
which are key elements in condensation heat transfer, are random on a physically ho-
mogeneous surface. However, by creating physically heterogeneous surfaces, these two
factors could be controlled and engineered. As mentioned earlier, superhydrophobic sur-
faces possess high static contact angle and low contact angle hysteresis, which in turn
could significantly promote DWC by increasing condensate departure at the smaller size

range. It is important to note that droplets in the Cassie mode are in a meta-stable state,
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as opposed to the Wenzel state (the most energetically stable state on a rough solid sur-
face). So, droplets on superhydrophobic surfaces tend to transition to the Wenzel state
as they grow larger (115; 116). DWC on superhydrophobic surfaces has been examined
on surfaces with only micro or nano roughness, and on surfaces with micro and nano
structure. Condensation on micro-structured surfaces takes place on top and in between
the structures. This creates a quick transition to the sticky Wenzel state and reduces
the heat transfer rate (117; 118). On a uniform nano-structured surface, this problem is
slightly different. A surface with nanohairs or nanograss and roughness v has almost r
times higher nucleation sites than a smooth surface (119). However, this significantly in-
creases the number of nucleation sites and thus causes higher heat transfer rates, but slow
departure of condensate could easily create surface flooding and reduce the heat trans-
fer (120). Chen et al. (121) pioneered condensation testing on micro and nano structured
superhydrophobic surfaces. They were able to maintain Cassie state during condensation
and achieved 100% higher HTC compared to a uniform hydrophobic surface. Sharma et
al (122) reported 700% higher HTC compared to a uniform hydrophilic case via a laser
and micro-machined structure. Parin et al. (123) created a superhydrophobic surface via
chemical etching and achieved 8 times higher HTC against FWC. Zhu et al. (124) used
Electro-chemical deposition to create micro/nano features and, by depositing Fluorosilane,
fabricated a superhydrophobic surface, which could reach 125% higher HTC compared
to FWC on copper. There have been countless studies in this area (125; 120; 126; 127)

following similar concepts and using a variety of methods however, a turning point in
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this domain was Boreyko and colleague’s finding (128) of self-propelled jumping droplets.
The self-removal phenomenon without requiring external forces was explained by surface
energy conversion to kinetic energy, resulting in droplets jumping off the surface after coa-
lescence. This phenomenon inspired many scholars to further analyze and investigate the
physics and efficiency of the mechanism for condensation purposes (129; 130; 131). In a
recent study, Wand et al. (132) created an oblique nanowire structure which could prevent
vapor from penetrating into the cavities even at high subcooling (30K). The structure was
also able to induce self-propelled jumping on the condensate droplets. Even though all
these efforts showed great potential for enhancement of DWC over metal surfaces, tech-
nical challenges, such as surface flooding at high subcooling, random nucleation sites and
high sensitivity toward fouling and removal of either the surface coating or the micro-nano
structure in addition to high cost and complex fabrication processes have prevented this
technology to be implemented at larger and industrial scales.

5. Other methods, such as ion-implanted surfaces (133; 134; 135), graphene and CNT based
coatings (136; 137; 138), micro-grooved surfaces (139; 140; 141), Lubricant infused sur-
faces (142; 143), etc, have also been implemented to enhance DWC and more details could

be found in recent reviews (117; 144; 64; 82).

1.2.1.4 Hybrid Condensation

One way to benefit from the low energy condensation barrier of FWC and the more efficient
condensate departure of DWC could be by combining FWC and DWC. This way, nucleation

and departure rate could be selectively controlled and adjusted to reach an overall enhance-
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ment. In an operational mode, high wettability domains shortly after exposure to vapor form a
liquid film on the surface (FWC), whereas in the low wettability regions the droplets nucleate
and grow individually (DWC) adjacent to FWC domains. So, when the droplets in the DWC
regions grow large enough to come in contact with FWC domains, they get sucked in the liquid-
covered FWC domains, thus creating new nucleation sites for new upcoming vapor. As a result,
a combination of two distinct wettabilities potentially could enhance HTC. This hypothesis has
been extensively investigated by scholars in the literature. Garimella et al. (145) have made a
biphilic surface with straight strips and observed a chain coalescence and departure of droplets
from DWC to FWC domains. The inertia of coalescing droplets led to other droplets coalescing
and merging into the FWC domains. They found that there is an optimal DWC/FWC ratio in
which the surface would not undergo uniform flooding (FWC). This finding was aligned with
literature where an optimum DWC strip width was reported to show enhancement compared
to uniform uncoated (FWC) and Coated (DWC) substrate (146; 147; 148; 149). Another in-
teresting approach was taken by Varanasi and colleagues (150; 151) who created a micro-post
structured surface with hydrophilic top-post and hydrophobic background. They showed pref-
erential condensation on top of the posts. By growing larger, droplets experienced the Cassie
state, due to air gaps underneath, and showed a great potential for condensation applications.
Numerous studies have shown hybrid surfaces could enhance HT'C compared to uniform wetta-
bility surfaces. Alwazzan et al. (152) showed a Hydrophobic/superhydrophobic hybrid surface
could enhance HT'C up to 180% compared to a hydrophobic surface. Egab et al. (153) showed a

similar combination could achieve up to 80% enhancement in heat flux compared to a uniform
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DWC. Yang et al (154) showed a surface combination of hydrophilic-hydrophobic wettability
with inclined strips could reach 16% and 6% higher HTC compared to uniform hydrophilic
and hydrophobic surface, respectively. Even though researches show that hybrid surfaces are
likely to outperform uniform wettabilities, design of wettability patterns is a critical obstacle.
As shown in (155; 156), using a hybrid surface may not be necessarily beneficial if a proper
drainage path by lower-wettability regions are not provided. This results in lower drainage com-
pared to uniform DWC, and as result, lower HTC. Similarly, wider DWC bands can enhance
HTC, however, at some point, the high ratio of DWC to FWC areas prevents proper drainage
and reduces HTC (157; 158). In case of more wettable islands on less wettable background,
the problem of bridging between wettable regions is a critical challenge for HTC enhancement.
This problem recently has been addressed by Lo et al. (159), who used 3D hydrophilic channels
to drain the condensate and promote bridge break up. They achieved high heat flux up to 650
KW/m? at relatively high subcooling (18°C). Beside using strips or patches, there have been
other studies with novel approaches to create hybrid surfaces for condensation. Schmiesing et
al. (160) fabricated a hybrid aluminum tube via methylated silica nanospring (SN)-coating ap-
proach and reached 84% enhancement in droplet departure rate in addition to reducing droplet
departure size. In a similar study, a porous anodic aluminum oxide (AAO) membrane with
wettability difference on the sides was able to reach 200% enhancement in heat flux and keep
the hydrophobic side dry even at 12°C subcooling. In a comparative study Mondal et al. (161)
passed hydrophilic steel nano needles through a hydrophobic membrane made of polyethylene

polymer and silica nano-particles. This approach led to drop formation on steel nano needles
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while staying in Cassie state due to the background hydrophobicity. This technique reached to
4 and 2 times higher HTC compared to uniform FWC and DWC, respectively. There have been
other novel approaches and techniques to create hybrid surfaces (162; 163; 164) with similar
enhancement results.

It has been shown that hybrid surfaces, if designed properly, could enhance HT'C by several
fold depending on the test condition. However the method seems promising, but reaching an
optimum design is a challenging task and requires parametric studies and numerical analysis.
Moreover, another challenge in this method is the complex and expensive fabrication process,

which also needs to be simplified for large-scale use.

1.2.2 Evaporation and Boiling

Another heat transfer mechanism is evaporation. Evaporation of a liquid occurs when
liquid molecules on a surface absorb enough energy to overcome the ambient vapor pressure
and enter the gas phase. When evaporation takes place, the liquid molecules take the energy
from and off the liquid phase, which results in evaporative cooling (165). The great advantage of
evaporation, similar to condensation but opposite, is that this process is an isothermal process
and the latent heat of the liquid is absorbed by the liquid to evaporate. This phenomenon
has found application in various industries, including cooling towers, air conditioning (HVAc),
micro-climates, thermal management, etc.

To date, three major approaches for evaporation modeling exist: continuum mechanics,
classical kinetic theory, and statistical rate theory (SRT) (166). The continuum mechanics

approach works best for diffusion-limited cases. In this case, it is assumed that evaporation
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is taking place at equilibrium and vapor mass diffusion governs heat and mass transfer. This
approach is designed for humid air as opposed to pure vapor environments. So, the vapor
molecule diffusion is the major transfer mechanism rather than density-induced convection of
vapor between dry and humid air. On the other hand, in the absence of NCGs (e.g., in wick
structures, micro- or nanoporous surfaces) diffusion of vapor molecules is not dominant and gas
kinetics of vapor molecules governs the evaporation. Hence, Classical Kinetic theory is applied
in these systems. The final theory, statistical rate theory (SRT), which is newer compared to
other two, is used for non-equilibrium evaporation cases (167; 168). The focus of this thesis is on
the theory and application of the second approach, Classical Kinetics, which finds application

in various thermal management solutions (see next section).

1.2.2.1 Thin-Film Evaporation and Capillary-fed Boiling

In 1964, Derjagin et al. (169) conducted an experiment and found that isothermal liquid flow
in a rising thin film of liquid on the inner walls of a capillary tube increases the evaporation rate
from the walls. The gradient in the long-range intermolecular force field was deemed to be the
reason for the enhanced liquid flow in the thin film. After that, modeling of a moving meniscus
in conical capillaries was performed by Kiseleva et al. (170). A major framework for modeling
interface transport was given by Shrage (171) who inspired many researchers to further decipher
the thin-film evaporation phenomena in absorbed films driven by surface diffusion. Since the
intermolecular forces are the major factor in these processes, the transport in thin films has
been widely explored by scholars using surface treatments and modifications, and has become

a critical field of research in heat and mass transfer.
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To this end, surface modifications created either by chemical treatment or by additive
structural features could influence phase change by altering three interrelated phenomena (172).
First, the morphology of the surface features determines which solid/liquid/vapor interactions
are strengthened or weakened. Macroscopic scale features have shown to change the solid/liquid
interface, increase the contact area, and enhance the heat transfer between the fluid and the
underlying solid (173). However, micro-scale surface features create an increased solid/liquid
interface in addition to acting as capillary wicking platform (174; 175), which also enhances
the phase change by increasing the number of nucleation sites (176; 177). Also, as discussed
above, changing the surface chemistry alters the surface energy, and, as a result, changes the
solid/liquid interaction. The surface energy can also be locally changed via micro/nano size
features (178; 179; 180). Finally, adding micro/nano structures, could increase hydrodynamic
slip at the solid/liquid interface in addition to increasing the adsorbed film thickness (181; 182;
183).

Thin-film evaporation can be studied using a meniscus. For clarity, the evaporating menis-
cus is divided in three regions (Figure 3) (185). Region 1 is the adsorbed/nonevaporating film.
This film has a uniform thickness and because of the joined effects of solid/liquid attractive
forces, substrate temperature, and vapor pressure, it can not evaporate and has zero heat
flux removal. In Region 2, the solid/liquid attractive forces are reduced and the liquid/vapor
form a measurable curvature, with the liquid being more probable to leave the surface. The
evaporation causes a thickness and curvature gradient at this region, which naturally drives

the liquid towards this domain by intermolecular forces and capillary action. Region 3 is the
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Figure 3: Schematic diagram of a meniscus at the interface. Curvature, adhesion force, thermal
resistance, and heat flux density variation are qualitatively depicted. Reprinted from (184)
Copyright 2021, with permission from Elsevier. Also Lancet special credit -Reprinted from
(185) Copyright 2014, with permission from Taylor & Francis (see Appendix E).

intrinsic meniscus, where an almost constant curvature is dominant. This region is techni-
cally the reservoir that supplies liquid to Region 2. The liquid/vapor interface slope at the
start of this region is defined by the contact angle. The overall heat transfer is constituted
by the above regions and their corresponding thermal resistances. Using a static meniscus as

the baseline, three major resistances are involved in the evaporation process: (1) conduction
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through the solid, which, due to the high conductivity of the solid (usually metal), is small,
(2) conduction through the liquid bulk, which is a function of the liquid film thickness and
which is relatively high due to the low thermal conductivity of the liquid, and (3) heat trans-
fer of vaporization or liquid/vapor interfacial heat transfer resistance, which is a function of
liquid intermolecular forces (these depend on liquid/vapor interface curvature, the presence of
NCGs, and the ambient vapor pressure). The latter thermal resistance is the dominant thermal
resistance in Region 2, where the maximum evaporation takes place and hence, the liquid’s
latent heat plays a great role in this region. Figure 3 shows a qualitative illustration of the
thermal resistance trend along the evaporating meniscus. Thermal resistance in Region 1 is
practically infinite since no evaporation takes place there. Also, due to the thick liquid film,
thermal resistance is relatively high in the intrinsic meniscus region too. Thermal resistance is
minimum in Region 2, where a comparatively thin liquid film creates lower conduction thermal
resistance. However, the thickness is marginally large enough such that minimal increases in
film thickness increase the interfacial resistance swiftly. The aforementioned features have been
confirmed experimentally (186; 187; 188) and characterized numerically (189; 190; 191) in the
literature. Besides the heat transfer resistance, the hydrodynamic resistance is part of the play,
too. The hydrodynamic limits of forcing a vapor molecule into a vapor space (192), the thinning
capability of a meniscus before destabilizing or rupturing (193; 194), and the liquid delivery
capability of a thin film to the evaporation area via a flow in the thin-film (friction limit and
wetting), or via the intrinsic meniscus (capillary limit), or via the solid micro/nano structure,

such as wicks (capillary and viscous limit) (195; 174; 196; 197; 198; 199; 200) are other key
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factors that determine the evaporation rate and heat flux. Overall, one can conclude that to
maximize the heat transfer or phase change, Region 2 must be maximized, where the thermal
resistance is minimized and moreover, the hydrodynamic resistances for the liquid flow toward
the evaporation zone must be minimized. Thin-film evaporation usually takes place at lower
heat fluxes (<~ 50W/cm?) while by increasing the heat flux, the evaporation is no longer the
active mechanism with boiling having initiated. The boiling initiation depends on many fac-
tors, such as surface chemistry, morphology, ambient pressure, liquid saturation temperature,
and heat flux. In heat transfer studies, two main types of boiling have been explored: pool
boiling and capillary-fed boiling. The physics and mechanics of boiling from a porous surface
submerged in liquid is different from boiling a liquid passively fed by capillary action.

Figure 4 illustrates the fundamental differences in heat transfer regimes between pool (A)
and capillary-fed (B) boiling. In pool boiling, initially, heat is transferred via natural convection
at low heat fluxes. By increasing the heat flux, nucleate boiling starts on the substrate and
continues till the maximum or critical heat flux is reached. On the other hand, in capillary-fed
boiling, heat transfer starts via thin-film evaporation at low heat fluxes. At increased heat
flux, boiling initiates at the bottom (base of the porous structure). Moreover, in capillary-fed
boiling, the vapor bubble departure characteristics change significantly due to the free-surface
boundary between liquid/vapor at the interface. Although in pool boiling generally two major
components (surface geometries, working fluids) are investigated, in capillary-fed boiling, vapor

formation characteristics, heat transfer regimes (e.g., natural convection vs. evaporation at low
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Figure 4: Schematic diagram of vapor formation and departure from a porous structure (A)
submerged in a liquid pool (pool boiling), and (B) passively-fed via capillary action (capillary-

fed boiling). Reprinted from (201) Copyright 2013, with permission from Elsevier (see Appendix

heat fluxes) and transition criteria for incipience/dryout are variables that vary in different
circumstances and demand individualized studies.
Thin-film evaporation and capillary-fed boiling are the main driving mechanisms for remov-

ing high heat fluxes from local heat sources (e.g., electronic devices, LEDs, solar cells, batteries,
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etc.) and are widely used in passive heat spreaders, such as vapor chambers and heat pipes,

which are discussed in the next section.

1.2.3 Thermal Management of Local Heat Sources

Thermal management of high-power devices is required for the efficient removal of the ex-
cess heat generated by an operating device to maintain the operational condition in addition to
avoiding failures due to high thermal stresses (burn-outs). In the past few decades, advances
in fabrication of miniaturized, high-power, and high-density integrated devices (e.g. electronic
packages, Lithium-ion batteries in electric vehicles, etc.) have posed critical challenges in ther-
mal management and cooling technologies (202; 203; 204). After the introduction of "Moore’s
law” in 1960 (205), which predicted that the number of transistors on a microchip doubles ev-
ery two years, the integrated circuits have become increasingly smaller and denser. The major
challenge facing the heat transfer community is removing higher heat amounts from smaller
dissipation areas. This results in high heat fluxes, causing a sharp temperature increase at a
local spot. When the rated operational temperature is exceeded, the reliability, performance,
and lifetime of the device is significantly diminished (206). For example, the efficiency of
LEDs radiation linearly decreases when the junction temperature increases, thus diminishing
its performance (207; 208). CPU reliability also drops by 10% for each 2°C rise above the
permissible operating temperature (209). Service life of a lithium-ion battery is reduced by
60% if the working temperature exceeds 50°C for a long period of time (210; 211). Considering
the current pace of progress in high-power device technologies, traditional cooling techniques

are not able to meet the required heat removal capacity at high heat fluxes (212). Several
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advanced cooling methods have been proposed and implemented by researchers to meet these
requirements. Usually, these thermal management techniques are categorized as active or pas-
sive cooling methods (213). The main difference between active and passive techniques is the
presence or absence of an external force for inducing cooling. The passive method relies on
natural convection, whereas active cooling is supplied by an external device, such as a fans
or chiller, to enhance the heat removal efficiency and capacity. Of course, active cooling can
handle higher heat fluxes, hence, most of the cooling techniques for thermal management of
high-power electronic devices nowadays are being developed based on this approach. Therefore,
in this thesis a general introduction to various active cooling techniques is presented and two
particular systems, vapor chamber and heat pipe, are discussed in detail in Chapters 5 and 6.
Another characteristic of cooling technologies is the direct or indirect contact of the cooling
medium to the heat source.

Figure 5 summarizes the active cooling techniques. In direct-contact approaches, liquids
have gained more popularity due to their superior heat dissipation capacity and efficiency. One
popular method is Spray Cooling, which has been studied widely in the literature (214; 214).
Spray cooling is a droplet atomization method through nozzles and high-pressure pumps. The
generated spray uniformly covers the heating area and has a high cooling capacity for high
heat flux applications with the advantage of great temperature uniformity and scalable cooling
area. A similar approach to spray cooling is Jet Impingement, with the difference that no
atomization is required and the liquid jet directly impinges on the heating surface. Studies

in this area focus on optimizing the liquid properties, jet hydrodynamics and thermodynamics
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behavior, as well as heating surface chemistry and morphology (215). For cooling large scale
and multi-component electronics, Immersion Cooling has been developed and is mostly being
used in data centers and servers (216; 217). Another approach in direct cooling is droplet
electrowetting to manage heated areas of electronic devices. In this method, the droplet motion
is manipulated on the surface by engineering the surface wettability and structure to achieve
efficient heat removal (218; 219).

During indirect cooling the heat is dissipated by the cooling medium through a heat sink.
These devices have been studied widely by engineers. As opposed to direct cooling, since in
indirect cooling the space between the heating surface and the cooling medium is filled by a

third medium, the contact thermal resistance plays a great role in efficiency of this method.
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Figure 5: Classification of active cooling techniques
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Hence, thermal interface materials (TIMs) are employed and nowadays play a critical role
in the cooling of electronic devices (220). Thanks to their high heat transfer capacity and
miniature size, microchannel heat sinks have gained much attention in the past decade (221;
222; 223). The major objective when optimizing microchannel heat sinks is the balance of heat
transfer enhancement and flow resistance reduction. Toward this goal, much work has been
done exploring the liquid characteristics (224; 225), the microchannel structure (226), and the
phase change flow and heat transfer performance processes (227; 228). Another cooling method
is offered by heat pipes and vapor chambers. These two devices are passive heat spreaders
and alike in their internal structure and thermodynamic cycle with some differences. Mostly,
they are sealed devices made of a wicking structure, and transfer heat via phase change. Their
working principles include evaporation on the heated area, condensation on the cold area and
circulation of a working liquid in their inner space. Heat pipes are known as one-dimensional
heat spreaders as compared to vapor chambers, which are known as two-dimensional heat
spreaders (229). Following the miniaturization of electronics in everyday devices, e.g., laptops,
cellphones, tablet, etc, heat pipes and vapor chambers have been the subject of numerous studies
to achieve smaller and more efficient heat removal. These two devices will be discussed in detail
in the following sections. Additionally, another practical and efficient technique for thermal
management of electronics is the Thermoelectric (TE) cooler. TEs have the advantages of long
operating life, no pollution, and are noise free. Various studies have been carried out to optimise
the TE material to enhance the cooler operational performance (230). Furthermore, the phase

change material (PCM) cooling method is another feasible solution for thermal management
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under high heat fluxes. The working principle of PCMs is based on latent heat storage, in
which a high energy storage density is achieved via maintaining a constant temperature (231).
PCMs are mostly useful for electronics with pulsed heat flux density, in which they can absorb
the energy during the pulse generation and return it to the device in between successive pulses;
in this way, the device working temperature is stabilized. To date, many studies have focused
on optimization of PCM characteristics (232), structures of PCM-based heat sinks (233), and

integration with other thermal management systems (234).

1.2.3.1 Vapor Chamber

The booming electronic industry has imposed serious challenges to the thermal manage-
ment community by leading towards higher heat generation in smaller dissipation areas, where
the heat fluxes reach 100-1000 W/cm? (235; 201); as for example in radio frequency (RF) sys-
tems (236), high-power light emitting diodes (LED) (237), solid-state laser light sources (238),
and high performance graphics processing units (201). Integrated and compact semiconductor
devices (e.g., microprocessors) could produce local hot spots via a large heat flux up to 5-10
times higher than the average heat flux (239), introducing hotspot cooling challenges. The
sharp and rapid increase in temperature inside a microprocessor reduces its performance and
could possibly lead to burnout (240; 241). Thus, it is crucial to efficiently manage these high
heat fluxes under low superheat. In the literature, phase change of liquid/vapor has shown
great promise for control and removing these high heat fluxes (242; 243). Among all aforemen-
tioned thermal management solutions, vapor chambers and heat pipes have been extensively

and successfully used in a variety of systems. Vapor chambers are compact passive heat spread-
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ers which can efficiently spread heat from a local hotspot to two dimensions, facilitating the
heat removal by an adjoining heat sink. It has been proven that under certain operational
conditions, effective thermal conductivity of a vapor chamber could reach three times higher
than that of the copper plate with similar dimensions (244; 245). Furthermore, it was shown by
Huang et al. (246) that thermal diffusivity of a vapor chamber could reach to up to 44 cm?/s
as opposed to ~1 cm?/s for a copper plate of similar size. Moreover, Mizuta et al (247) showed
that the in-plane effective thermal conductivity of a vapor chamber could reach up to ~25
times larger than a single-phase copper plate. Overall, vapor chambers have great anti-gravity
(248; 249) and structural flexibility (250; 251) which makes them attractive to implement in

many conditions and circumstances, such as in microgravity or in space.
Vapor Chamber Structure and Operation

Figure 6 showcases a general schematic diagram of the internal structure of a vapor chamber. A
vapor chamber is an enclosed system composed of an evaporator section, which is usually made
of a wick structure, and a condenser side, which could be wick-lined or wick-free In most cases,
capillary posts or solid spacers exist between two sides, for liquid circulation and mechanical
stability. The entire structure is usually enclosed via a thin metal casing. Prior to enclosing,
the device is vacuumed of NCGs to enhance evaporation and condensation heat transfer, and
charged with a certain amount of a working liquid, mostly water due to its high latent heat and
surface tension. In a normal condition, the wick structure is saturated with the working fluid
and a free space is maintained for phase-change of liquid to vapor. The operational principle

of a vapor chamber is as follows:
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1. Heat is conducted from the heat source through the solid casing to the wick structure.
2. Heat is conducted through the wick structure and the infused liquid.

3. At the liquid/vapor interface, the heat is absorbed by the liquid and via thin-film evapo-

ration is removed by the vapor molecules.

Qout
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Figure 6: (a) Schematic diagram of the operation and structure of a typical vapor chamber.
The hashed domains are occupied by wicks in this design, which also include wicking posts

bridging the top and the bottom plate. The relative dimensions of the vertical thickness and
the lateral extent of the chamber are not shown to scale.
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4. The vapor diffuses through the interior chamber space and gets condensed on the con-

denser side, where it releases heat on a heat sink, in turn removing heat from the device.

5. The condensed vapor now is drawn back to the evaporator plate via capillary action (e.g.,
wicking posts or capillary bridges from the condenser to the evaporator) and the cycle is

completed.

The evaporator wick is a multi-task component in a vapor chamber and governs heat transfer,
capillary flow, and liquid/vapor phase change in the porous structure. Hence, enhancing the
vapor chamber performance requires optimization of the wicking structure, which requires a
complete understanding of evaporative heat and mass transfer rate of the meniscus, effective
thermal diffusion through the porous framework, and capillary wicking capacity. To this end,
countless studies have been conducted in the literature to enhance vapor chamber (and similarly

heat pipe) performance, and the main aspects of these studies could be categorized in six groups:

e Materials: including silicon (252), aluminium (253), copper (254), stainless steel (255),

etc.

e Fabrication methods: laser etching (256), electrochemical deposition (199), sintering (257),
chemical etching (258), orthogonal ploughing/extrusion (259), deep reactive ion etching

(DRIE) (260), additive manufacturing (261), etc.

e Capillary structure design: Including homogeneous wick structures (such as, sintered
particles/ powder (262), micropillar arrays (263), micro-grooves (264; 259), graphite

foams (265), woven meshes (266; 267), multi-artery wicks (268), and metal foams (269),
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heterogeneous and hierarchical wick structures (such as, micro-mesh and micropillars (270),
sintered particles and grooves (271), copper foams and micropillar (272)), nanostructured
wicks (such as, nano-textured surface structures (195), carbon nanotubes (273), and cop-

per nanowire arrays (274)).

e Capillary evaporation/boiling mechanism: Including nucleate boiling in porous wicks (201),

thin-film evaporation (275), capillary transport and critical heat flux (276).

e Condenser design: Including wettability modification (277; 278; 279), wick modifica-

tion (280; 281; 282), and extended condenser (283; 284; 285).

e Working fluid: Beside water, nano-fluids (286; 287) and organic compounds (288; 289).

Evaporator Wick Characteristics

Thermal performance of evaporator’s wick is generally characterized with two main compo-

nents as follows.

e Capillary transport performance: Working liquid circulation in a wick is a process gov-
erned by the micro/nano structure of the porous medium and is generally dominated by
the wick permeability and capillarity (261). Permeability is a parameter that describes
the degree of fluid flow resistance. Spontaneous transport of liquid in a porous structure
by capillary action is a slow process, and usually the inertia is negligible, so pressure drop

governs the transport. Based on Darcy’s law (290), Equation 1.14 below, the pressure
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drop of fluid flow in a porous structure is proportional to fluid viscosity p and velocity

(V), and inversely proportional to the permeability coefficient (K)

AF _ ¢ (1.14)

For flow velocities exceeding 0.1 m/s, the dynamics changes and the pressure drop in-

creases. Equation 1.14 takes the form of modified Darcy’s law (291)

AP u 2
— ==V CVv 1.15
T gVvte (1.15)

where p and C are, respectively, the liquid density and the resistance compensation coef-

ficient, which is a function of the structure of porous medium.

On the other hand, capillarity is a factor that characterizes the porous structure capability

to drive the liquid flow, and can be determined by the Laplace pressure

AP = ZY/Teff (116)

where v is the surface tension and rer = 1,/ cos 0 the effective radius of curvature, which
depends on the average pore size (rp) and the static contact angle 6. A common test
to characterize porous structures features capillary-rise experiments by placing the wick

structure in a liquid and visually recording the liquid rise as a function of time (292). The
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final equation describing the height rise of a liquid based on the porous properties could

be summed in the well known Washburn equation(293)

_ 4yKt

h? =
WETeff

(1.17)

where € is the porosity of the wick structure. Equation 1.17 could be rewritten as

APK = peh?/2t (1.18)

where permeability and capillarity are absorbed into one factor described by the total
height-rise (h) and the time to reach to that height (t). Equation 1.18 is frequently used

to describe the porous medium characteristics (294; 295).

Critical heat flux (CHF) and evaporator thermal resistance: Another factor for charac-
terizing a vapor chamber (or a heat pipe) is defined by its critical heat flux (CHF). CHF
is the maximum heat flux that the device could tolerate before it dries out. The dry-out
occurs when replenishment of fluid at the heating area gets slower than liquid /vapor phase
change, so the liquid meniscus at the liquid/vapor interface recedes to the bottom of the
wick structure and breaks, creating a local dry spot. In addition to the CHF, the evapo-
rator’s wick thermal resistance (Revap) is another factor that determines the performance

of a vapor chamber. Reyqp is dependent on the evaporator superheat (ATevap), which is
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the temperature difference between the wick over the heat source and the released vapor

from the meniscus

Revap = ATevap/Q (1'19)

where Q is the total heat input. As seen, higher superheat is required to remove the
same amount of heat for a wick with higher thermal resistance. This is a disadvantage for
practical applications, such as electronics cooling. So, many scholars have targetted this
parameter by optimizing the wick structure. But the story does not end here. Flow and
heat transfer in a wick structure is very complex and difficult to model. To increase liquid
pumping capacity, the pore size must be reduced, and by doing so, the flow resistance
is increased. Moreover, from thin-film evaporation theory, larger pore sizes create less
thin-film evaporation area, so larger superheat will be generated if higher fluid flow is
required. All this contradictions in wick optimization have inspired many researchers to
come up with various structures to address these issues; a brief summary of these efforts

is presented in the next section.

Vapor Chamber Performance Characteristics

Three main performance metrics are defined to characterize a vapor chamber’s thermal perfor-

mance as follows

e Total thermal resistance: Calculating Reyqp is a challenging task and requires placing
thermoucouples inside a vapor chamber to measure the vapor’s temperature or a specific

facility to evaluate the wick’s thermal performance. Hence, facilitate thermal performance
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evaluation and have a better comparison among different vapor chambers a total thermal

resistance metric is defined as

Riotat = (Th — Tc)/Q (1.20)

where Ty, is the heat source temperature and T. the average temperature of the entire
condenser side of the vapor chamber. Generally, lower thermal resistance is preferable
(<0.1 K/W), since it makes it easier for heat to be dissipated from a small area to a
larger one. Furthermore, thermal resistance is not the sole factor that determines a
vapor chamber’s performance, since it is highly dependent on the testing platform (e.g.,
heater size, cooling method, such as natural or forced convection or liquid cooling, etc.).
Technically, vapor chambers are designed to spread heat from a localized spot to a larger
area for efficient removal subsequently by heat sink. In test platforms where the heat
source area is comparable to the vapor chamber dissipation area, the heat spreading
is more efficient since less spreading is required. Therefore, larger heater area-to-vapor
chamber area ratio naturally produces lower total thermal resistance. On the other hand,
heat removal approach, such as natural or forced convection and cold plate, is a key factor
in determining the thermal resistance. Natural or forced convection heat sinks tend to
create uniform temperatures on the cooled side of the VC while keeping the device at

high working temperatures as opposed to cold plates in which the device works at lower
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temperatures with larger temperature gradient on the condenser side. Therefore, it is

crucial to mention these factors together when describing a vapor chamber’s performance.

Effective thermal conductivity: Another factor used to characterize a vapor chamber is

its cross-plane effective thermal conductivity, which is defined as

Qdx
AAT

Kefr = (1.21)

where dx is the vapor chamber thickness, A the heat source area, and AT is the same
Th — Tc used in thermal resistance. Similar argument regarding the heater versus vapor
chamber’s heat dissipation area and heat sink type holds for this parameter as well.
Therefore, a precise description of the test platform is necessary for better interpretation

of the effective thermal conductivity.

Charging ratio: The amount of working liquid in a vapor chamber (or heat pipe) can
determine the optimum performance range. Since, different devices have different capacity
of the charging fluid, a universal definition is introduced to better describe the system.

the charging or filling ratio is defined as follows

_ amount of liquid volume
~ total internal empty space of device

(1.22)

This ratio describes how much of available space in a vapor chamber is occupied by the
working fluid and, in general, there is no preference for a specific value, rather its value

is critical for an individual apparatus to achieve its designed thermal performance.
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Advancements in Conventional Vapor Chambers

In attempts to improve a vapor chamber’s (likewise, heat pipe’s) thermal performance via

optimizing the wick structure, researchers have taken various approaches, such as:

e Homogeneous structures: Ryu et al. (296) suggested a new dual-height micro-pillar ar-
ray with superhydrophilic property. A parametric study was performed via simulation
and it was shown that dual-height micro-pillar structures do not influence the capillary
transport capacity but notably enhance the thin-film area. This led to an HTC enhance-
ment of three times over single-height micro-pillar structures. Li et al. (281) fabricated
a biomimetic grooved wick structure based on topology optimization. By minimizing the
entrance dissipation rate, a leaf vein pattern structure with optimal conductivity was ob-
tained. The simulation revealed that the pattern creates great temperature uniformity
and capillary transport capacity. Wei et al. (297; 298) conducted geometry optimization
on uniform micro-pillar array structures and via a semi-empirical approach, could pre-
dict the CHF. The simulation predicted CHF of the optimal micro-pillar structure would
reach 93 W/cm? with 15°C superheat. The simulation result was further validated by
experimental data with < 7% error reported. The micro-pillar arrangement and opti-
mization was also pursued by Cho et al. (299). The capillary rise and forced-flow tests
were performed and in the meantime, the meniscus geometry and capillarity calculations
were done by Surface Evolver, which was interfaced with a finite-volume algorithm for
heat transfer performance simulation. The simulation and experimental result aligned

and both showed rectangular arrangement of micro-pillars to be favorable compared to
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square or hexagonal arrays. In a comparative study, Peng et al. (300; 301) proposed a
leaf-vein structure network for the evaporator wick. The results showed the capillary
network to reduce thermal resistance and create a greater temperature uniformity along
the condenser. Their finding was later confirmed by other scholars, showing that similar

vein-like structures could produce similar thermal performance enhancement (281; 302).

Heterogeneous structures: A novel two-layer wick structure was proposed by Sudhakar et
al. (303; 304). A thin homogeneous wick structure was designed to promote evaporation
and boiling at the bottom of the wick and designate vents to allow vapor to escape the
structure rapidly. The top layer was designed for collecting and directing the liquid to the
heating area via wicking posts. The simulation predicted maximum CHF of 1 KW/cm?.
Experimental results showed optimum copper particle size range is 180-220um in which
a CHF of 485 W/cm? was achieved via minimum thermal resistance of 0.052 K/W. By
improving their design, they pushed the CHF to 512 W/cm? with thermal resistance
0.08 K/W (305). Patel et al. (306) fabricated a vapor chamber with multi-layer graphite
foams in the vapor core. The light-weight graphite layers act as a conductive material in
addition to providing channels for liquid transport. The hybrid wick structure was shown
to reduce the junction temperature by 30%. Chen et al. (307) fabricated an ultra-thin
vapor chamber by combining copper mesh and micropillar arrays. The results showed 30
times higher thermal conductivity compared to a copper plate with this device, and the
performance under anti-gravity scenario, where gravity opposes the capillary flow, only

reduced by 11%. Li et al. (308) conducted experiments on the influence of copper pow-
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der and foam structure wicks and found that the copper powder effectively reduced the
thermal resistance while the copper foam enhanced the temperature uniformity. Another
type of hybrid wick was proposed by Velardo et al. (309) who combined screen mesh and
sintered powder and showed significant enhancement compared to uniform structures.
Wang et al. (310) showed that by adjusting the evaporator and condenser wick structure,
maximum pressure drop could be less or equal to the maximum capillary pressure, re-
sulting in enhanced thermal performance. They revealed that using coarser wick on the
evaporator side, as compared to the finer wick on the condenser, they could improve the

fluid circulation and enhance CHF.

Nanostructures: Weibel et al. (311) proposed the implementation of carbon nanotubes
(CNT)s in a vapor chamber. In their numerical investigation, they used CNTs in combina-
tion with conventional sintered powder wicks to balance the permeability and capillarity,
while reducing the overall thermal resistance. Their study showed that for the optimal
cases, the thermal resistance was reduced 13 times compared to uniform sintered powder
wick. In their follow-up study, Weibel and Garimella (312) conducted an experimental
study of thermal performance of a vapor chamber made with sintered copper powder
and CNTs. They compared several cases with uniform and hybrid structures and found
that pure sintered powder wicks outperformed the CNT-coated wick in terms of CHF
(> 514 W/cm? against 437 W/cm?) while having very close thermal resistance ( 0.0875
and 0.0925 K/(W/cm?)). However, they observed that the CNT-coated evaporator elim-

inated the evaporation/boiling transition regime, which was present with the non-coated
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sintered wick. Le et al, (313), by controlling the chemical oxidation time, created various
nanoflower /grass type CuO nano structures on a flat copper plate. They ran tcapillary-rise
and thin-film evaporation tests and characterized the thermal characteristics of different
structures. Jung et al. (314; 315) introduced a new type of high-functionality material
made of copper and a hybrid of nanowires and copper sponges. This high-porosity wick
structure was fabricated with a metal nanowire synthesis method. The wick structures
had high surface area, capillarity and flexibility in addition to low density, showing great
potential for application in vapor chambers and heat pipe. Wen et al. (266) fabricated
a copper wick structure with sintered multilayer copper micro-meshes where they could
create micro-cavities and nano-needles on the wick structure via chemical oxidation tech-
nique. The micro-nano structures have shown higher CHF where 3 and 5-layer structured

wicks reached maximum heat fluxes of 145.7 W/cm? and 198.6 W/cm?, respectively.
Vapor Chambers with Wickless Components

As discussed earlier, a large portion of the literature has been devoted to optimizing the wick
structures of vapor chambers. Beside all the advantages of wicks, there are a few drawbacks
which depending on the application could pose minor or major problems. Most drawbacks of
wicks are related to their physical characteristics, such as their capillary limit, pore-clogging,
added-thickness and weight to the device, and fabrication cost along with design complexity.
Replacing the wick structures with wickless components while keeping the wicks’ advantages is
a challenging task but it is a necessary adventure for achieving more-reliable, robust, and high-

performance devices. Going wickless is an ongoing effort and so far, there have been various
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attempts in the literature to create a competitive, fully or partially wickless vapor chamber.
Boreyko et al. (316) fabricated a vapor chamber combining a wick-lined evaporator and a wick-
less condenser. The wickless superhydrophobic condenser took advantage of jumping droplet
condensation with HTC of ~ 10 KW/m?K. In an attempt for a fully-wickless vapor chamber,
Hsieh et al. (317), fabricated a vapor chamber with no wick structure and gravity-reliance; this
device was able to handle 220 W/cm? heat flux at minimum thermal resistance of 0.2 K/W,
however, the device’s high thickness, 103 mm, made it difficult to implement in practice. In
another attempt, Zhao et al. (318) fabricated a bio-inspired vapor chamber with beetle-inspired
condenser, in which hydrophilic bumps were placed on a superhydrophobic background. The
hydrophilic bumps were the condensate accumulation points, where the drops returned to the
evaporator via electrostatic forces. In another study (319), an almost wick-free and adaptive
vapor chamber was proposed and fabricated. The vapor chamber evaporator was coated via
thermo-responsive polymer brushes that changed wettability, becoming more wettable when
heated. However, the brief thermal characterization did not allow a comprehensive understand-
ing of the thermal performance of this system. The concept of using superhydrophobic surfaces
as the condenser was further implemented by Boreyko et al. (316; 279). In this study, the
droplet jumping out of a superhydrophobic surface was the main returning mechanism to the
superhydrophilic wick-lined evaporator. In continuation of their work, Wiedenheft et al. (320)
used the same wickless condenser opposed to a 1-mm tall microstructure evaporator to make
a vapor chamber for a hot-spot cooling application. Furthermore, the role of nanofluids in

heat transfer performance of a wickless vapor chamber was studied by Shukla et al. (321).
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Recently, this idea was further evolved by Edalatpour et al. (322) who used a wick-free hy-
drophobic condenser in a Vapor Chamber—Thermal Diode device with bridging-droplet return
mechanism from the condenser to the superhydrophilic wick-lined evaporator. A similar ap-
proach was also presented by our group (278; 323) where a wick-lined evaporator opposed to
a wickless wettability-engineered condenser was used both as a vapor chamber and a thermal
diode. In an attempt to remove wick structure from the evaporator, Shaeri et al. (324) fab-
ricated a vapor chamber with a wickless and biphilic evaporator with hydrophobic domains
on the heating zone surrounded by superhydrophilic background. However, the results were
not conclusive in whether the hybrid wettability was beneficial or not, since the biphilic vapor
chamber had lower critical heat flux and higher thermal resistance compared with a wick-lined
device. There have been several other studies that used wettability patterning on the wick of
the vapor chamber (325; 326; 327; 328) but Damoulakis and Megaridis (329) presented the first
scheme of fully wickless and wettability-patterned (evaporator and condenser) vapor chamber.
In their study, multiple combinations of various wettability patterns were studied and for the
best combination, a maximum heat load of 200 W with minimum thermal resistance of 0.18

K/W was reported.

1.2.3.2 Heat Pipe

Similar to vapor chambers, heat pipes are another type of passive heat spreaders that
transfer heat from the heat source to a certain location (1 dimensional). Heat pipes have
gained tremendous popularity in the heat transfer community since their introduction in 1944

by Gaugler (330). Since then, heat pipes have been extensively used in thermal management
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of electronics due to their high reliability, simple implementation, flexible geometry, and high
efficiency heat removal performance (331). The heat pipe family consists of various designs, such
as heat pipe-thermosyphon (332), pulsating/oscillating heat pipe (333), loop heat pipe (334),
and conventional heat pipes (335). In this thesis, we explore conventional heat pipes, structures

and their performance metrics, and apply recent advances to enhance performance.

Heat Pipe Structure and Operation

Figure 7 shows a schematic diagram of heat and fluid circulation in a conventional low-profile,
long heat pipe. As seen, the internal structure is very similar to a vapor chamber’s; the heat pipe
is usually fully wick-lined with the difference that the heater and chiller /heat sink are located

on the two opposite sides of the device. Following the exact working operation of the vapor
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Figure 7: Schematic of a heat pipe’s internal structure. The hashed domains indicate the wick
linings. In this design, the heat is transferred from left to right.
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chamber, a heat pipe transfers heat from the heat source to the heat sink via phase change and
after condensation, the working fluid returns to the heat source through the capillary wick from
only one direction. That is the major difference between vapor chambers and heat pipes, where
this long travel of the working liquid imposes the major inhibition, due to large pressure drops,
towards reaching high CHFs. Due to large similarities between heat pipes and vapor chambers,
the research approaches are also alike as mentioned in the previous section. However, there is

a minor difference in the performance metrics due to their physical differences:

e Thermal Resistance: Based on Figure 7, the total thermal resistance in a heat pipe is

defined as

Rtotal = (Th - Tc)/Q (1‘23)

where Ty, is the temperature of the heat source and T. the average temperature of the
cooled side of the device; depending on the chiller position, T, could be on the same,

opposite, or both sides of the wick-lined plate.

e Effective thermal conductivity: Similarly, the effective thermal conductivity of the heat

pipe is defined as

QL.

Kerr = 2507 (1.24)

where in this case, L is the operational length of the heat pipe, and A the cross section
of the from the heater to the chiller.

In heat pipes, particularly conventional heat pipes, wick structures also play the most cru-

cial role in thermal performance of the device so, studies mostly have focused on the capillary



53

transport and the CHF enhancement via optimizing the wick structure. A number of methods
has been developed and employed for improving the heat transfer performance of heat pipes.
A wide range of techniques has been employed to enhance flat-plate heat pipes’ thermal per-
formance. Shioga et al. (336) fabricated an ultra-thin flat heat pipe using chemical etching
and diffusion-bonding method. Their method was able to fill the gap between the heat pipe
casing and the wick structure. A minimum thermal resistance of 0.03 K/W was achieved at
20 W. Zhou et al. (337; 338) used spiral woven meshes as the wick structure, which served two
purposes without one affecting another: 1- reduced the heat pipe weight compared to other
type of meshes, and 2- enhanced the heat transfer capability. They also fabricated a heteroge-
neous wick structure, combining copper mesh and copper foam, which enhanced heat transfer
capacity in addition to the mechanical strength (339). Chen et al. (340) also fabricated and
ultra-thin heat pipe via a stamping method. Their surface functional wicks were created via
a micro-milling method, in which an orthogonal groove network was covered via grain-like mi-
crostructures. Their device tolerated a maximum heat load of 150 W with 0.15 K/W thermal
resistance. Wang et al. (341) fabricated a bio-inspired hierarchical wick structure from Salix
Flamingo plant. They performed mathematical modeling and experimental tests and showed
a good agreement between them, indicating the great potential of the wick structure for heat
pipe application. Li et al. (342) fabricated a superhydrophilic wick structure from copper mesh
via annealing at high temperatures for their flat heat pipes. This approach has shown effective
thermal conductivity of 30 to 80 times higher than a pure copper plate. Tharayil et al. (343)

used thermal evaporation method to coat sintered copper mesh with various copper nanopar-
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ticle thicknesses. They found 22% enhancement in thermal resistance with 400 nm thickness
and 15°C reduction in evaporator temperature at maximum heat load of 380 W.

Another critical factor in heat pipe performance is their inclination angle, which has been
widely studied in the literature. Zhang et al. (344) fabricated an aluminum heat pipe with
and without wick structure and showed the wick to help the heat pipe performance under
30° and 60° inclination angle. However, on the vertical condition, the non-wicked heat pipe
showed lower thermal resistance. The reason was pointed out as the liquid back flow from the
condenser and its blocking the vapor pathway in inclined modes. Yao et al. (345) also shown
that the effective thermal conductivity of a micro heat pipe is significantly reduced from 5820
to 295 W/m.K when the inclination angle is changed from 90° to -75°. Further, Li et al. (346)
tried various porous wick structures on a rotary wheel and found that sintered wick structures
provide sufficient capillary pressure to overcome centrifugal acceleration and maintain the heat
pipe’s thermal performance.

Finally, the thermal performance of a heat pipe is highly influenced by its working fluid type.
Sardarabadi et al. (347) found that combinations of a nanofluid with sodium functional group
could enhance the heat pipe’s thermal performance. Xu et al. (348) revealed that a mixture
of HFE-7100 and water could raise the heat transfer capacity of the heat pipe by delaying its
dry-out onset. The dry-out was delayed due to the working liquid having low boiling point
and high saturation vapor pressure. Ramkumar et al. (349) revealed that acetone, instead of
methanol as the working fluid, could enhance the heat transfer coefficient by 80%. Lastly, the

filling ratio of the heat pipe has also been the subject of research and many studies have shown
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there is an optimum charging ratio where for a certain heat pipe, the thermal performance is

maximized (350; 351; 352).

Flat Plate Heat Pipe with Wettability-Engineered Component

Even though various efforts have been made to replace or remove the wicked parts of vapor
chambers, due to operational differences, this aim for heat pipes remains more challenging. The
main reason behind this is the long-range transport of the working liquid and moreover, in heat
pipes, vapor and liquid have opposite direction. Thus, miscalculated addition, removal or mod-
ification of a surface component may lead to worse performance. Having said that, there have
been a handful of studies that investigated the role of wettability modification and patterning
in flat plate heat pipes. Wong et al. (353) conducted a visualization study on mesh-wick flat-
plate heat pipes with the modified wettability on the evaporator and condenser sections. They
examined 4 different wettabilities for each section separately 6 = 0, 13, 80, and 120° and re-
ported that the evaporation resistance for 8 = 0° and 13° was alike. However, the condensation
resistance for 8 = 0° was maximum, since the condenser section was flooded. They observed
that increasing contact angle in the condensation section enhances dropwise condensation on
the mesh islands, however, for 0 = 120° they reported that the water level at the condenser
was minimum but due to larger droplets, the thermal resistance was increased. It was shown
that © = 13° for both evaporator and condenser performed best in terms of CHF and thermal
resistance. In a numerical study, Singh et al. (354) investigated a wickless micro heat pipe with
triangular cross-section and wettability gradient. They developed a mathematical model and

described the role of wettability in the evaporator and condenser. Based on their calculations,
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higher wetting evaporator and lower wetting condenser are preferred at the same time. They
also showed that the best wettability gradient featured linear variation from 8 = 50° at the
condenser to 6 = 10° at the evaporator. In their follow-up study (355) they repeated their
analysis for a trapezoidal cross-section micro heat pipe and similarly found that the optimized
wettability gradient can outperform uniform high wettability (6 = 10°) by 65%. Liu et al. (356)
fabricated a flexible flat heat pipe for deployable structures via laser etching the casing material
(aluminum compound packing film). They used multilayer stainless steel mesh as the capillary
core and applied wettability gradient via attaching catalytically grown nanowire structure onto
the core mesh. They showed that the wettability gradient enhanced the device heat transfer
performance even for a bending angle of 180°. Their heat pipe reached a minimum thermal
resistance of 0.52 K/W at 12 W. In another study, Xie et al. (357) fabricated a micro flat
plate heat pipe via pulsed laser fiber etching to create micro-grooved structure as the wick-
ing medium. Using various laser settings in addition to applying wettability gradient on the
grooved surface by immersion into hydrogen peroxide, they prepared various combinations of
capillary and wettability surfaces as the heat pipe core. They found the maximum heat load
was achieved via a microgrooved surface possessing a wettability gradient from 45° on the con-
denser to 0° on the evaporator. The heat pipe reached a thermal resistance of 0.002 K/W at 50
W, which was 10 fold smaller than without wettability gradient. And finally, Lou et al. (358)
fabricated a fully wickless micro flat heat pipe and replaced the wick a wettability-patterned
surface. They used laser etching method and fabricated several patterned surfaces with super-

hydrophobic/superhydrophilic stripes of different width as the heat pipe and compared their
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steady state temperature, start-up time, and axial maximum temperature difference, and also
the thermal resistances. They found that the superhydrophobic-superhydrophilic strip width
had a significant influence on drop dynamics, capillary forces, and hysteresis. And as a result,
the heat transfer performance was found to be a direct function of the wettability pattern.
Their results showed laser-textured wettability-patterned surfaces could be viable substitutes

for wicks in micro heat pipes and could be implemented for cooling of microelectronics.

1.3 Thesis Objectives

The overall objective of this work is to investigate and implement wettability-engineered
surfaces in thermo/fluidic systems.

1.3.1 Objectives for Chapter 2

e Create a comprehensive data set of various TiO; coatings.

e Study wettability properties of different TiO; coatings as a function of UV exposure time.

e Analyze and model the TiO, coating wettability via different statistical approaches to
find a universal model describing different TiO; coating wettability as a function of UV

exposure time and its constituents.

1.3.2 Objectives for Chapter 3

e Study the spreading dynamics of a gas bubble submerged in a liquid and under wettability

confinement

e Explore various influential factors in spreading dynamics, such as geometrical and hydro-

dynamic variables.
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e Develop a scaling law describing the spreading dynamics of a micro-volume gas bubble

confined on a track.

1.3.3 Objectives for Chapter 4

e Revisit the influential factors on condensation enhancement via using a wettability-engineered

metal surface.

e Isolate the key parameters and explore their role in condensation heat transfer improve-

ment.

e Fabricate and test different patterns and examining the key factor experimentally.

1.3.4 Objectives for Chapter 5

e Fabricate and test a custom-made high-power electronic module with two metal-oxide—semiconductor

field-effect transistors (MOSFET)s as the heat sources for cooling application.

e Explore the feasibility of a hybrid vapor chamber for a real-life application of cooling two

electronics components with the aforementioned setup.

e Examine the hybrid vapor chamber thermal performance and compare it with a single-

phase copper heat sink under low heat-removal condition (forced convection).

1.3.5 Objectives for Chapter 6

e Investigate the feasibility of wettability engineering on a wickless component in a flat-plate

heat pipe.

e Fabricate and test a hybrid heat pipe for cooling > 100W heat loads.
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e Explore the role of wettability of the wickless component, wick structure, and charging

ratio in the heat pipe’s thermal performance.

1.4 Scope of Work

This dissertation aims to study different aspects of wettability engineering technology and
its implementation in both isothermal and non-isothermal thermal-fluidic systems. Initially, in
Chapter 2, we investigate the wettability properties of a specific TLO, coating against water to
further understand and predict its behavior for practical applications, where a specific surface
wettability is required. This study enables us to precisely and selectively control wettability of a
surface, which has so many applications and in particular liquid transport on open surfaces (16).
Interaction of liquid droplets in such wettability-confined spreading and transport have been
widely studied (359). However, for the case of a gas bubble in a liquid, studies have mostly
focused on applications, with a fundamental understanding of this case still lacking. Hence, in
Chapter 3, we have used the wettability difference/contrast concept to confine a gas bubble in
a liquid and study its underlying spreading dynamics as a function of the solid geometry, gas
bubble size, and liquid properties. Confining liquid/gas bubbles via wettability patterning is
a facile and robust task, with tremendous geometrical flexibility, fabrication technique variety,
and substrate diversity. These qualities of wettability engineering enable researchers to incor-
porate such surfaces in a variety of systems, both isothermal (fog-harvesting, gas harvesting,
oil and gas, biomedical, inkjet printing, open-surface microfluidics, etc.) and non-isothermal
(condensation, evaporation, boiling, thermal management, etc.). In Chapter 4, inspired by

the ever-rising demands in the electronics industry and great potential of wettability engineer-



60

ing in this domain, we redirected attention to implementation of wettability engineering in a
non-isothermal system. In this chapter, in attempt to further illuminate the role of wettability
patterning on condensation heat transfer enhancement, we conducted a parametric study on the
geometrical layout of the superhydrophilic tracks. Next, in Chapter 5, to further take advantage
of this technology in thermal management applications, a wettability-engineered condenser was
implemented in a hybrid vapor chamber with a wick-lined evaporator. This is a follow-up study
to the original work by koukoravas et al. (278), with the present work designed for cooling two
high-power MOSFETSs via forced convection. Next, in Chapter 7, the feasibility and efficiency
of wettability engineering implementation in a heat pipe was studied. In this work, similar
to the hybrid vapor chamber, a hybrid heat pipe was built and its thermal performance was
tested. This way, a range of thermal management systems, starting from sole condensation,
2D and 1D heat spreading via evaporation and condensation, with wettability engineering was

studied and evaluated.



CHAPTER 2

WETTING PROPERTIES OF TIO,-COATING, A PREDICTIVE

MACHINE LEARNING APPROACH

”This chapter is reprinted with permission from M. Jafari Gukeh, S. Moitra, A. N. Ibrahim,
S. Derrible, and C. M. Megaridis. Machine learning prediction of TiO;-coating wettability tuned

via UV exposure. ACS Applied Materials & Interfaces 13, no. 38 (2021): 46171-46179. Copy-

right 2021, American Chemical Society”. (see Appendix E)

2.1 Background and Motivation

Water repellency (hydrophobicity) and water attraction (hydrophilicity) have been stud-
ied extensively in the scientific community. When a solid surface comes into contact with a
water droplet two scenarios can occur: (1) the water spreads on the surface, which is then
termed hydrophilic, and has contact angle below 90 degrees, or (2) the water beads up and
does not spread, implying hydrophobicity with a contact angle greater than 90 degrees (2).
In the extreme case where the surface roughness and surface energy increase, the surface is
said to be superhydrophilic, and the contact angle is less than 10 degrees. On the opposite
end, a surface with low energy and high roughness, is superhydrophobic and displays a contact
angle greater than 150 degrees (2). Over time, developments in surface engineering techniques

have facilitated the manipulation of different liquids on wettable and non-wettable surfaces. In
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particular, different spreading behavior of liquids on wettable and non-wettable surfaces has
demonstrated a variety of applications by confining and transporting liquid volumes passively
via spatially juxtaposed wettable and non-wettable regions, partitioned by a sharp wettability
contrast line (23; 16; 24). In the past two decades, applications of such surfaces have become
increasingly popular in different areas, such as electronic cooling (278; 360; 361; 323), conden-
sation heat transfer (362; 363), open-surface microfluidics (364), and air bubble manipulation
underwater (365).

There are two well-established requirements for a surface to be superhydrophilic or super-
hydrophobic. The common factor is the roughness (366) (e.g., micro/nano spatial features);
the differentiating factor is the surface energy of the solid. Numerous techniques have been de-
veloped over time to create superhydrophobic surfaces, including by roughening a low-surface-
energy material (367), plasma etching (368), laser etching (369), chemical etching (23; 370),
lithography (371), sol-gel processing (372), electrochemical reaction and deposition (373), and
electrospinning (374). Inspired by nature, scientists have fabricated superhydrophobic surfaces
using different one-dimensional nanomaterials with inherent morphology reflecting the lotus
leaf papillae, including TiO; (375; 376), SiC nanowires (377; 378), ZnO (379; 380), and carbon
nanotubes (CNTs) (381; 382). One of the limits of using these 1-D nanomaterials is that they
need to be grown directly on the substrates to ensure a homogeneous micro/nano structure,
implying a strong dependency on the substrate itself. Furthermore, fabrication methods usually

include complex processes, notably involving strong chemicals and/or high temperatures.



63

In contrast, coating the substrate with functionalized nanoparticle composites is one of the
easiest and most scalable techniques to make superhydrophilic/hydrophobic surfaces. For these
coatings, nanoparticles impart the micro/nano features on the substrate and having them func-
tionalized with a low-surface-energy material produces a superhydrophobic surface. Recently,
different types of nanoparticles have been developed for such purposes, such as Si0; (383),
ZnO (381), and TiO; (16). One class of coatings consisted of TLO; nanoparticles bonded with a
fluoroacrylic copolymer (PMC), which reduces surface energy to the point that the water con-
tact angle on the coated surface can reach 170 degrees. Of course, one may consider different
solution compositions to generate coatings with different water contact angles. On the other
hand, TiO; is a photocatalytic material (384) which by exposure to UV irradiation degrades and
retains higher surface energy. This property implies that a superhydrophobic coated surface can
be converted to superhydrophilic after sufficient exposure to UV light. This feature enables one
to control the wettability of the surface, which is crucial in many areas, such as printing (385).
This property is especially beneficial for thin porous substrates since the UV light can penetrate
through the pores and interact with the coating on each side of the porous substrate, which has
inspired researchers to develop different fluid manipulation applications (386; 387).

While a large number of studies has been published on TiO,-coated surfaces, fundamental
knowledge is still lacking on their wettability properties and their modulation with composition
and UV exposure time. No mathematical relation exists to correlate the wettability of a TiO,-
coated substrate with its composition or after timed UV exposure. Determining the required

UV exposure time to attain a specific contact angle with a given coating composition is a
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challenging and time-consuming task, if left only to experimentation. In the material science
literature, a wide variety of statistical techniques have been used to address similar issues.

In their review, Schmidt et al. (388) showed how machine learning (ML)-based algorithms
can help material scientists. Elton et al. (389) used ML techniques to predict the properties
of CNOH energetic molecules from their molecular structures. They successfully modeled their
data with Kernel Ridge Regression with an accuracy of 83%. Bélisle et al. (390) employed several
learning-based techniques to predict properties of materials. Using Gaussian process regression
to achieve a Root-Mean-Square Error (RMSE) of 0.0585, Shandiz and Gauvin (391) predicted
three crystal systems (monoclinic, orthorhombic and triclinic) of silicate-based cathodes with
Li-Si—(Mn, Fe, Co)-O compositions using common classification ML algorithms. Evans and
Coudert (392) predicted elastic response and shear moduli for all-silica zeolites using Gradient
Boosting Regression with a RMSE of 0.102; they could successfully link characteristic features
of a zeolite with its elastic behavior with this method. Gurgenc et al. (393) used experimentally-
obtained wear loss data for a magnesium alloy coated via two different spray coating methods.
They achieved 99% accuracy with an Extreme Learning Machine (ELM) method. Arisoy and
Ozel (394) used the Random Forest approach to predict machining-induced microhardness and
grain size on a titanium alloy; they used the predicted microhardness profiles and grain sizes
for optimization. Altayet al. (395) used experimental data to predict wear losses of a coated
steel surface with different ML algorithms. They achieved 96% accuracy with a Support Vector

Machine (SVM) method.
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As these examples show, ML offers a promising approach to mitigate the lack of a physics-
based model for predicting the wettability of TLO; coating formulations after timed exposure
to UV (used here as a wettability tuning parameter). In this study, a parametric study was
conducted with different ML algorithms to predict the required UV exposure time for impart-
ing specific contact angles to TLO,/PMC coatings of different compositions. Since for most
applications the surface wettability is predetermined, here the goal is to determine the required
UV exposure time to attain a desired wettability (i.e. contact angle) for a TLO,;/PMC coating
of certain composition. Toward this goal, 8 different compositions of the TiO,/PMC formu-
lation were made and sprayed on glass slides, before being dried and exposed to UV light for
pre-specified intervals. The water contact angle was measured after each exposure period. This
data was used to train, test, and compare the 8 models. The models were tuned and tested over
different training sets and were examined over an unseen data set to determine the most reliable
and accurate model. The outcome of this study can be useful for design purposes in different
applications of TiO,-based coatings. More importantly, the methodology can be followed for
other coatings consisting of different ingredients whose wettability properties are affected by

UV or other factors (e.g. exposure to plasma, heat, etc.).

2.2 Materials and Methods

2.2.1 Data Preparation

The chemicals used in this work comprise a fluoroacrylic copolymer dispersion (PMC) man-
ufactured by DuPont (20 wt.% in water; Capstone®) ST-100), titanium (IV) dioxide TiO;

nanoparticles (Anatase, 21 nm, 99.7% trace, Sigma Aldrich) and ethanol (200 Proof, Decon
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Labs). These three materials can be combined together in formulations with infinite possible
combinations. Each coating formulation imparts unique wettability properties to the coated
surface and is described by the TiO; mass fraction (¢) defined as the mass ratio of TiO; particles

in the dry coating, i.e.,

TiO,+ PMC + Ethanol

o L

\ /"'-—-—.._ / —————
= . q
— e i—
Airbrush Glass slide .
(a-ii) (b-ii)
(a)

Figure 8: Schematic of the sample fabrication procedure: (a) coating a microscope slide using
an airbrush; (a-i) SEM image of TiO,-coated substrate, reproduced with permission from Ghosh
et al. (16) Scale bar denotes 100 um; (a-ii) sessile water droplet contact angle 6 > 100° for a
typical coated sample before any exposure to UV light; (b-i) exposure to UV light; (b-ii) water
droplet spread (6 < 5°) on substrate exposed to prolonged UV irradiation.

_ Mo,
M0, + Mpmc

(2.1)

where Mtip, represents the mass of TiO, nanoparticles (powder) and Mpymc the PMC mass
in the aqueous copolymer. The latter serves as the primary low-energy component of the

superhydrophobic surface; a smooth PMC film has a water contact angle ~117° (396). In
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1 mm

Figure 9: Five contact-angle measurements performed at different points on the same substrate
(¢ = 0.68). The similar shapes indicate high confidence in the measured CA value, in this case,
~ 163° £+ 1.25°.

contrast, the TiO; nanoparticles impart the required micro- and nano-scale roughness and
promote hydrophilicity through well-known mechanisms and photocatalytic degradation of the
hydrophobic chemistries (396) upon exposure to UV irradiation. An experimental dataset is
built with 8 different TLO, formulations exposed to UV with the intent to bring the wettability
from its initial value to the extreme wettability limit (superhydrophilic) attained after adequate
UV exposure.

To derive the value of ¢ for any formulation, all three component masses are needed: Mrip,,
Mpmc and Methanot (mass of solvent), which are denoted hereafter as f (TiO; filler), p (PMC
polymer dispersion in water) and s (solvent), respectively. All three are inter-related via Equa-

tion 2.2 below (see appendix A for details)

d—1 d—c df |f 0
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TABLE II: Compositions and UV exposure time steps used in the experiments
¢ 0.2 0.35 0.42 0.5 0.6 068 075 0.8
Ti0; (g) 024 042 0504 06 072 082 09 0.96
PMC solution (g) 4.8 3.9 3.48 3 24 192 1.5 1.2
Ethanol (g) 9.96 10.68 11.016 11.4 11.88 12.2 12,6 12.84
Time step (min) 3 2 1 1 1 1 05 05

where M = f+p + s is the total mass of all three components (solids and liquids), and d is the
mass ratio of the solid components (f+cp) in the total mass of the dispersion used to apply the
coating. The value of d was kept constant (0.08) in all cases here and was on the high end of
the range that can be used in coating dispersions. c is the weight percent of the PMC in water
(as-received product) which in our case is 0.2 (20 wt.% in water). For the following values of
¢ (0.2, 0.35, 0.42, 0.5, 0.6, 0.68, 0.75, 0.8) solving the system of Equation 2.2 for f,p and s,
provides the respective values listed in Table II.

The different TiO; formulations in Table II were prepared by adding the TiO; nanoparticles
in ethanol and mixing in a probe sonicator (VCX 750, 20 KHz, 750 W; SONICS MATERIALS.
INC.) at an energy setting of 1000 Joules for 45 seconds. After adding PMC to the mixture,
the complete formulation was bath-sonicated for 30 min (8891 Ultrasonic Cleaner, 2.5 gallon;
Cole-Parmer) to achieve a homogeneous dispersion.

To generate enough data, the range of mass fractions covers a wide spectrum of ingredient
concentrations, ¢, with the contact angle measured for each formulation and UV exposure
ranging from zero to the minimum time for the contact angle to reach zero (superhydrophilicity).

Figure 8 shows the fabrication process. In a typical test, two 75mm x 25 mm microscope slide
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Figure 10: Contact angle reduction with UV exposure time for a surface coated with the ¢ = 0.6
formulation. Each coating was exposed to UV for the listed time before a water droplet was
placed on the surface and attained the shown shape and respective contact angle.

(Thermo Scientific) was coated by a specific TiO, formulation using a manual airbrush sprayer
(TS3L, siphon fed; Paasche) at a pressure of 40 psi and using nitrogen as the spraying medium
from a distance of ~ 10cm. After drying the coating in a laboratory oven (Model 10 Lab oven,
Quincy Lab, Inc.) for 10 minutes at 120°C, the contact angle was measured by depositing a 4.7
ul water droplet and inspected with a camera (1080 HD MINTRON). For each sample, three
different random spots were chosen to measure the contact angle and the average defined the
respective contact angle value.

Figure 9 shows different droplets placed on five different spots of a coated substrate with
$=0.68. The similarity of all five shapes demonstrates the uniformity of the coating on this
substrate. Next, each sample was exposed to UV light for increasing time periods, with the

contact angle measurement being performed intermittently throughout this process until each



70

180 60
[0 Contact Angle I Time
160 A
140 A
120 A

100 +

Degrees
Minutes

80 1

60 1

40 1

©
<)

®
o

0.68
0.75

1
(<)

0.35
0.42

N
o
)
Figure 11: Intrinsic (initial, before UV exposure) contact angle (left axis) and UV exposure

time (right axis) for different coating compositions. The exposure time is the minimum required
to impart superhydrophilicity (zero contact angle) to the coating.

sample achieved superhydrophilicity. As expected, the wettability reduction rate with sustained
UV exposure was different for each coating formulation due to the different composition .
Different exposure time steps, chosen by trial and error to collect data more efficiently, were
used and are listed in Table II. Overall 85 data points were collected and are shown in Appendix
A (Figure 47). Figure 10 shows the contact angle gradual reduction with rising UV exposure
time for ¢ = 0.6. In that particular case, the UV exposure time required for attaining zero

contact angle is 300s. Figure 11, which displays the intrinsic (initial) contact angle for each
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coating formulation and the minimum UV exposure time needed to attain hydrophilicity for
each ¢, reveals no specific trend. For instance, as ¢ rises, there is no clear variance of the

minimum UV exposure time to impart zero contact angle to the coating.

2.2.2 Machine Learning Methodology

This study tests the performance of six regression techniques to measure the correlation
between TiO, composition, UV exposure time, and the wettability of the resulting coating.

The non-parametric techniques belong to the general family of ML whose main advantage is
the use of algorithms to train often structurally complex models. ML approaches often achieve
high accuracy thanks to their ability to capture and model non-linear behaviors, which have
made them very popular in the scientific community, and have been used to model countless
systems (397; 398; 399; 400). Nevertheless, because ML models tend to be structurally complex,
it is often more difficult to validate trained ML models. A commonly used synonym for ML is
”data driven,” as in the models developed only from observed data as opposed to those from
theoretically established physical reasoning.

In a real world problem, wettability (as designated by the corresponding contact angle) of
a desired system is known and predetermined, but reaching that certain contact angle requires
experimental processing steps. Here, in order to facilitate design and fabrication procedures, the
data is divided in two categories; intrinsic contact angle and ¢ as input (x), and UV irradiation
time to reach a specified contact angle, as output (y). In this way, based on predicted UV
exposure times to attain a desired wettability, the optimal TiO,/PMC composition can be

selected for the coating.
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In terms of validation, ML algorithms are trained over a subset of data (called training
set) and tested over the remaining data (called testing set), the two datasets being mutually
exclusive (401). The score for each resultant model offers quantitative guidance for the reliability
of future unseen data set prediction by this model. The validation procedure adopted in this
article is detailed below.

In order to detect and limit over-fitting issues and provide a better assessment of the models,
the acquired data was split into three sets: train, test, and unseen set. For application purposes
and to further evaluate the models, the data for ¢ = 0.5 was kept out of the training sets to
confirm the universality and avoid possible over-fitting. The algorithms were therefore trained
on 80% of the acquired data and then tested on the remaining 20%, excluding the data created
for ¢ = 0.5. In addition, a 5-fold cross validation (CV) process was performed. The training
set (i.e., 80% of the data) is divided into five partitions, where four of the five partitions are
used for model training and the rest for model evaluation. This process gives five trained
models such that the average and standard deviation of the performance of each model can
be computed. Next, each model is trained over the whole training set and evaluated with a
test set. In this way, cross-validation helps to test stability in model performance and can be
used for hyperparameter tuning prior to the final evaluation of the model on the test set. To
tune the hyperparameters of each model, a GridSearchCV function was used to find the best
regression parameters for each model. This function examines each possible combination of
given hyperparameters and identifies the model with the highest CV score, which eventually

will be evaluated with the corresponding test set. Table VII in appendix A shows different
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hyperparameters that have been examined for each technique. The final models are available
in a github repository 1.

We have considered two critical factors for selecting the best-performing ML technique.
First, we evaluate the performance of a model with the highest accuracy (i.e., lowest error),
then we investigate the overall performance of the same model over a range of different train and
test data sets to reveal the stability of the model. A stable model is more or less independent of
the training set or the test set that has been evaluated with. The second criterion is displayed
by a box plot showing the mean and variance of R%s over 50 different splits of the entire data
set to test and train sets. This number of splits was chosen based on the minimum number of
data points in the train set, which is 80% of all (71) available data (disregarding the ¢ = 0.5
unseen data points). In this way, the many combinations of picking 56 data points out of 71
were chosen by varying the random states in the train — test — split function of Python. This
number (50) of different train and test sets is assumed to be sufficient enough to evaluate the
models thoroughly. Therefore, each model is trained and tested on the same 50 pairs of mutually
exclusive train/test set. All of the computing work was performed using the Scikit — learn
package (402).

2.2.3 ML Models

As a benchmark for more complex methods, three linear parametric models, including the

common Ordinary Least Square (OLS) regression, Kernel Ridge regression (KRR) (403), and

Thttps://github.com/Mjafarigd4/TiO2-Project
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Support Vector regression (SVR) (404) with linear kernels have been used. Next, four non-
parametric ML methods including KRR and SVR with non-linear kernels, General Regression
Neural Network (GRNN) (405), Multi Layer Perceptron (MLP) (406), and Gradient Boosting
Regression (407) were employed to discover non-linear patterns in the data (see section 3 of

appendix A for more technical details).

2.2.4 Model Specification and Evaluation

2.2.4.1 Variable Scaling

In the present study, the input and output variables are recorded based on the experimental
data, and each feature has a varying value range. The different value ranges may result in biased
assessment, particularly for the non-parametric algorithms that are affected by scale changes,
such as MLP, GRNN and SVR. Accordingly, calculating and using scaled values (z;) for both
the independent and dependent variables makes it easier to assess and compare models. For
consistency, we have opted to use the scaled values to train and test all models. The traditional

min-max scaling method has been applied to input (x) and output (y) variables as follows:

x5 —min(x)
4= ma;(x) — min(x) (2.3)

where z; is the scaled value of the jth data point, x; the original value of the jth data point,
and min(x) and max(x) are the minimum and maximum values in each feature. To prevent

data snooping/leakage issues (408), the dataset was first split into train and test set and next
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the train set was scaled. The same parameters were used to scale the test data so that the test

set information is not revealed to the train set prior to the training.

2.2.4.2 Model Evaluation Metrics

Three common metrics were used to evaluate each model: mean absolute error (MAE), root
mean squared error (RMSE), and r-squared (R?). MAE and RMSE are mainly used to measure

the deviation between the actual and predicted target values y for n data points:

1 n
MAE = - ;Mi — il (2.4)
1=
.I n
RMSE = | — 3 [yi — i) (25)
i=1

where U3 is the predicted value for the ith entry in the input data set. R? quantifies how close

the predicted values are to the actual values, and is defined as

(2.6)

Since the whole data set is scaled from 0 to 1, these three metrics, MAE, RMSE, and R? can

provide valuable insight on the performance of each model compared to the rest.
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2.3 Results and Discussion

2.3.1 Regression Model Performance

2.3.1.1 Parametric Models

Preliminary examination of the data revealed that the performance of linear models is
poor, suggesting that the impact of the two input features (¢ and Contact angle) on the
dependent variable (UV exposure time) is non-linear. All parametric methods have shown poor
performance on both train and test sets, as shown in appendix A ( Figure 48), and highlighted

the non-linear nature of current problem. Therefore, those results will not be discussed further.

2.3.1.2 Non-parametric Models

Figure 12 shows the best performance of all non-parametric techniques for predicting the
scaled UV exposure time of the test set. This plot represents the random split instance of the
data for each method which achieves the highest train R?, test R, and CV score simultaneously,
while there might be instances that one or two of these measures are higher. And Table III shows
the R? scores, MAE, RMSE, and hyperparameters of the corresponding models of Figure 12. All
three measures are significantly higher than the parametric methods. This figure clearly shows
that the predicted values coincide with the measured values within the margin of error. Close
test and train accuracies of greater than 0.96 suggest that these non-parametric methods can
reliably capture the non-linearity in this problem. Figure 12 also emphasizes the importance
of feeding different train and test sets to different models, since they have the highest accuracy

on different splits of the data to train and test sets. Table III shows small errors and high
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accuracy scores for all the models, which suggests that other criteria must be considered to

further compare model performance.
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Figure 12: Prediction of UV exposure time at the best instances (i.e.

highest CV score and

test/train R? values) for SVR with RBF kernel, KRR with Polynomial kernel, GBR, MLP
and GRNN, respectively. The blue line (slope of 1) in each plot serves as a guide for perfect
prediction. RS denotes Random State of train — test — split function.

To identify the impact of the train and test set variation on each model performance, the R%s

of 50 different splits of data to train and test sets is shown in Figure 13. It is worth mentioning
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TABLE III: Evaluation of non-parametric models. MAE and RMSE are calculated on the
non-scaled data.

Data Test Data Train Data
Method  hyperparameter ~ Function/Value | R MAE RMSE | R® MAE RMSE
SVR Kernel rbf 0.97 1.59 2.07 | 096 1.43 2.51
epsilon 0
C 0.91
KRR Kernel Poly 0.99 1.40 1.66 | 0.98 1.48 2.13
degree 5)
MLP  hidden layer sizes* (2,2,1) 098 2.01 276 097 1.69  2.00
activation function tanh
solver Ibfgs
learning rate constant
GBR loss function huber 0.96 2.06 2.59 1.00 0.20 0.30
n_estimators )
criterion mse
max depth 4
GRNN sigma 0.05 0.97 1.63 2.53 | 0.98 1.12 1.97

*The length of the tuple is the number of layers; each indicates the number of neurons in each
layer.

that each data point in the figure is the score of a model on one distinct split of the data to
train/test set; i.e., the test sets are not seen by the model in any capacity. The first and last 5%
of the data points are shown as outliers. The overall higher mean values for each metric reveal
that non-parametric ML algorithms are more suitable for the data. Nevertheless, a variation
in each metric among the techniques is noticeable. As seen, the average and deviation of the
cross-validation scores are similar with an average of ~ 0.90 and a deviation of ~ 0.1. In contrast,
the accuracy in the test sets have a larger deviation among the different methods. Although
the average test sets R? for different methods are close and above 0.90, neglecting the outliers,

the largest deviations belong to GBR, MLP, and KRR (Poly) with deviation of 0.26, 0.24, and
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Figure 13: Overall performance evaluation of SVR (RBF), KRR (Poly), GBR, MLP, and
GRNN. Red circles indicate the mean value. Green lines mark the median. Whiskers bound
the middle 90% of the data points.

0.18, respectively whereas the highest average and least deviations belong to SVR (rbf) and

GRNN with mean test sets R? of 0.97 and 0.94 and deviation of 0.07 and 0.11, respectively.
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Figure 14: Prediction of UV exposure time for ¢ = 0.5 by all models.

On the other hand, the train sets R%s, as expected, are generally close and above 0.96 with

maximum deviation of 0.03. As observed, the test sets R? can be a proper measure to compare

models, since larger differences among the models are noticeable. Overall, the high variation of

KRR (Poly), GBR, and MLP in test set R? is an indication of instability in these methods with

respect to the train and test data sets. In contrast, SVR (RBF) and GRNN show a relatively

stable behavior.
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TABLE IV: Evaluation of non-parametric models on unseen data (¢ = 0.5). MAE and RMSE
are calculated on the non-scaled data.
Method R’ MAE RMSE
SVR (RBF) | -0.03 3.38 4.10
KRR (Poly) | 0.63 2.00 2.44
MLP 0.84 1.14 1.61
GBR 0.78 1.39 1.91
GRNN 0.93 0.83 1.04

To further investigate the universality of each model, a new set of unseen data was exam-
ined. As mentioned earlier, the data for ¢ = 0.5 was kept aside from the beginning for gauging
future prediction by the models. Figure 14 shows the re-scaled predicted versus measured UV
irradiation time for all methods. Table IV shows the corresponding metrics values of the same
figure. Here, contrary to Figure 13, SVR (RBF) performs poorly on the unseen data, suggest-
ing over-fitting. KRR (Poly) shows average performance, while MLP, GBR and GRNN with
overall R? > 0.78 predict the required UV exposure time with relative high accuracy. Following
Figure 14, GRNN has been consistent obtaining the maximum R? (>0.93) and minimum MAE
of 0.83 on the unseen data, which shows its capability to successfully capture the pattern and

extend it for the unseen data.

2.4 Conclusion

The present work investigated the wettability of TiO; formulation-coated surfaces and how
it can be tuned with UV irradiation. In total, 8 different TiO, suspensions were made, sprayed
on a glass slide, and dried to form a thin photocatalytic coating. Contact angle measurements

quantified the intrinsic wettability of each resulting coating. Each coated slide was then exposed
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to UV irradiation for gradually rising periods until the surface attained the superhydrophilic
property. The data was subsequently split into two categories, input and output. The input
data consisted of two features, namely, mass ratio (¢) of TiO, particles in the dry coating,
and intrinsic contact angle (the property that quantifies wettability), while the output data
consisted of the corresponding UV exposure time required to attain a certain contact angle
(lower than or equal to the initial value). To model UV exposure time, 6 different techniques
were assessed. For this purpose, a set of data was set aside to compare the final models on future
predictions. The rest of the data was scaled from 0 to 1, and 80% of the data was employed
for training each model, with the remaining 20% used for testing. The overall performance of
each model was evaluated by examining 50 different train and test sets. Poor performance of
the parametric models revealed the non-linear nature of the data. On the other hand, all non-
parametric methods obtained a high accuracy (above ~0.9) in both train and test sets . The
results reveal a non-linear relationship between the input and output variables, substantiating
the need for non-parametric methods. GRNN showed a stable performance with lowest variation
in all accuracy metrics and highest accuracy of 0.93 on the unseen data set, which supports
employment of this method for future designs and applications. The study identified a reliable
predictive learning-based model based on experimental data to predict a process parameter
(UV exposure time) required for a desired outcome (coating wettability). The present approach
offers a methodology that can be followed for other technological problems and can be used to

facilitate design decisions.



CHAPTER 3

APPLICATION OF WETTABILITY CONFINEMENT IN AN
ISOTHERMAL SYSTEM, STUDY OF SPREADING OF A GAS BUBBLE

SUBMERGED IN A LIQUID

"This chapter is reprinted with permission from M. Jafari Gukeh, T. Roy, U. Sen, R. Gan-
guly, and C. M. Megaridis. Lateral spreading of gas bubbles on submerged wettability-confined

tracks. Langmuir 36, no. 40 (2020): 11829-11835. Copyright 2020, American Chemical Soci-

ety” (see Appendix E)

3.1 Background and Motivation

The advancement of surface engineering techniques has facilitated scalable approaches for
fabricating wettable and non-wettable surfaces, on which a variety of liquids can be manipulated.
Distinctly, different behaviors of liquid spreading on wettable and non-wettable surfaces enable
one to effectively confine liquid volumes on surfaces which possess spatially juxtaposed wettable
and non-wettable domains separated by a sharp wettability-contrast line (409; 410; 16; 411; 23).
The scientific literature from the last two decades bears testimony to the applicability of
wettability-patterned surfaces in open-surface microfluidics (364), pool boiling (412), conden-
sation (363; 413), and electronics cooling (360; 414). A superhydrophobic (water-repelling)

surface behaves as a superaerophilic (air-attracting) one when submerged in water, and vice
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versa for a superhydrophilic surface (415; 416). A review of the various fabrication techniques
for obtaining superaerophobic and superaerophilic surfaces was recently presented by George
et al. (417). Numerous studies have shown possible applications of such surfaces in gas har-
vesting (418; 419; 420; 365), wastewater remediation (421), catalytic action (422), drag reduc-
tion (423), etc.

The dynamics of liquid-droplet spreading on wettability-patterned tracks has been the sub-
ject of numerous studies (410; 16; 23). A typical design of such tracks includes spatially-
juxtaposed regions of contrasting wettability (e.g. a narrow superhydrophilic patch surrounded
by a superhydrophobic area (410; 411; 16; 23)). The spreading of a liquid droplet on such
tracks is primarily dictated by the interplay between the capillary pressure and the viscous re-
sistance (410; 23). On the other hand, a multitude of surface textures (424; 425) and wettability
patterns have been used to manipulate underwater gas bubbles, with corresponding geometric
optimization of the patterns being performed using phenomenological approaches.

Prior works on wettability patterning have often used surface textures and geometric shapes
of patterns inspired by nature (30; 426; 427). Ma et al. (428) achieved directional and contin-
uous underwater transport of gas bubbles on superaerophilic shape-gradient tracks laid on a
superaerophobic background, and reported that larger bubble volumes and smaller apex angles
favoured faster transport. They identified the driving force to originate from the difference
of the contact angles in the front and rear side of the bubble, whereas the resisting force was
the inertia of the ambient liquid. Liu et al. (418) characterized the movement of underwater

bubbles on superaerophilic wedge-shaped tracks presuffused with a pre-existing air film, which
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enhanced the velocity of the bubbles. The directional transport was attributed to the Laplace
pressure difference along the track. Song et al. (429) further explored the continuous transport
of gas bubbles on wedge-shaped wettability-patterned tracks immersed in water and arranged
in series. They reported that continuous transport was possible when the width of the narrow
end of the track exceeded a critical value. The driving force was attributed to the Laplace pres-
sure gradient, whereas the resisting force was attributed to the inertial drag and contact angle
hysteresis. Duan et al. (430) employed hierarchical micro-structured superaerophilic polyte-
trafluoroethylene cones for transporting gas bubbles underwater from the tip to the cone base.
They identified the Laplace pressure as the driving factor and contact angle hysteresis to be
the resisting factor. Apart from the bare superaerophilic surfaces, lubricant-infused nanoporous
structures have also been used for manipulating gas bubbles in water (431; 426; 432; 433). Al-
though the dynamics of spreading of a liquid droplet on a wettability-confined track has been
well characterized (410; 16; 23), there is a dearth of knowledge on the spreading of gas bubbles
on such tracks in a submerged condition.

For the spreading of a liquid droplet, surface tension, vy, drives the spreading in order to
minimize its surface energy (434). However, above the capillary length 1. (2), gravity also influ-
ences spreading (435). This capillarity-driven spreading is usually resisted by viscosity (436),
which manifests itself as viscous dissipation close to the contact line (437). The viscous effect
is highly pronounced for liquid droplets, since the viscosity of the liquid is much higher than
that of the surrounding medium (usually air). However, that is not the case for a gas bubble

spreading on a submerged, wettability-confined track, where the viscosity of the surrounding
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medium is much higher. In the present work, the dynamics of spreading of such gas bubbles is
investigated experimentally, and quantified using high-speed imaging. The spreading behavior
is studied for liquids of different viscosities, surface tensions, and densities, and a scaling law is
derived that accurately describes the experimentally-observed motion of the gas bubbles. The
results are generalized in terms of the fluid properties, such that they can be applied to any
liquid/gas pair.

3.2 Materials and Methods

A facile and scalable fabrication method was employed to create the desired wettability
pattern on rectangular aluminum plates of dimensions 75 mm X 15 mm (mirror-finish 6061
aluminum, 2 mm thick, McMaster-Carr). After peeling off the protective polymer layer from the
surface of the as-received substrate, the metal surface was rinsed with ethanol (200 proof, Decon
Labs) and DI water, and subsequently dried. A Yb-laser (100% power, 10 kHz frequency, 200
mm/s traverse speed, Scorpion Rapide, EMS400, Tykma Electrox) was then used to selectively
etch the substrate outside the designated region of the track, thus leaving a track elevated
above the surrounding surface ( Figure 15a). The track elevation was maintained at 500 pwm,
while the track length was 30 mm, and the track width was varied in different designs, as
explained in the next section. The same laser marking system (50% power, 20 kHz frequency,
200 mm/s traverse speed) was utilized further to lay longitudinal microgrooves (40 pm wide,
70 um deep, and 100 um apart) on the elevated track itself ( Figure 15b-i). Thus, a uniform
microtexture was imparted on the surface. The sample was then passivated in boiling water

for 1 h ( Figure 15c-i), resulting in the creation of broccoli-like hierarchical structures on the



87

=

(e-) (e-ii)

Figure 15: Schematic of the sample fabrication procedure: (a) Laser etching of aluminum sample
creates the elevated track; (b-i) laser engraving of microgrooves along the elevated track; (b-
ii) cross-sectional depth profile of the microgrooves on the track (all dimensions are in pm);
(c-1) passivating sample in boiling water for 1 h; (c-ii) scanning electron micrograph of sample
after passivation (scale bar denotes 1 pum); (d-i) spin-coating Teflon on the substrate; (d-ii)
scanning electron micrograph of Teflon-coated substrate (scale bar denotes 1 pm); (e-i) sessile
water droplet contact angle ¢ = 155.6 £5.6° (scale bar denotes 3 mm); (e-ii) captive air bubble
contact angle 0 = 25.5+42.3° for superhydrophobic substrate submerged under water (scale bar
denotes 3 mm).

surface ( Figure 15c-ii). These structures were created due to the formation of an aluminum
oxide hydroxide (Al(O)OH), or bohmite (438; 439), layer on the surface. Subsequently, a thin
layer of Teflon AF (1 wt. % in Fluorinert FC-40, Chemours AF 2400) was spin-coated (2000 rpm
for 20 s, WS-400-6NPP-LITE Spin Processor) on the micro/nano-textured surface ( Figure 15d-
i), and then cured on a laboratory hot plate (at 80°C for 15 min, then at 180°C for 12 min, and

finally at 260°C for 7 min, UX-03405-31, Cole-Parmer, StableTemp). The Teflon coating was



88

conformal to the textured substrate, and resulted in a thin air layer being trapped within the
microtexture once the surface was submerged in water. Therefore, the dispensed bubble spreads
on a thin layer of air and does not ‘see’ the microgrooves. Hence, the static and dynamic contact
angles do not differ much with roughness R, above 1 um(440). Therefore, it is expected that
the dimensions of the microgrooves do not have a significant effect on the spreading behavior
of the gas bubble. Finally, the Teflon layer from the substrate around the track was scraped-off
with sharp tweezers to reveal the underlying micro/nano-textured aluminum, leaving only the

elevated track covered in Teflon.
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Figure 16: Schematic of the experimental setup.
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It is important to note that the vertical faces of the elevated track were also scraped during
this process. This rendered the track’s top surface superhydrophobic (414) (likewise, super-
aerophilic), while the rest of the surrounding substrate was superhydrophilic (likewise, super-
aerophobic). It is noted that at the edge of the track where the bubble was dispensed, the
superaerophobic and superaerophilic domains were at the same elevation. The contact angle
of sessile water droplets on the superhydrophobic domain was ¢ = 155.6 + 1.6° (Figure 15e-i),
while the corresponding captive air bubble contact angle was 6 = 25.5+2.3° (Figure 15e-ii). On
the superhydrophilic (scraped) domain, a water droplet was observed to spread instantaneously
with a contact angle < 5°, while the captive air bubble contact angle was ~ 180°. Scanning
electron micrographs ( Figure 15¢-ii and Figure 15d-ii) were obtained using the imaging module
of a Raith 100 eLINE electron beam lithography system, while the texture-depth image (Fig-
ure 15b-ii, showing a cross-sectional depth profile), which clearly depicts the microgrooves, was
captured using a Keyence VHX6000 optical microscope.

A schematic of the experimental setup used in the present work is shown in Figure 37. Air
bubbles of different diameters (1.64 mm, 2.06 mm, and 2.22 mm) were dispensed from below
the horizontal sample onto the wettability-confined track using a syringe infusion pump (PHD
ULTRA, Harvard Apparatus) through three different needles (Nordson EFD) with 100, 200,
and 250 um inner diameters, respectively. A precision control stage (Newport) was used to
submerge the sample in a liquid-filled glass tank, and a spirit level was used to ensure that the
substrate was horizontal at all times. In order to avoid any buoyancy effects, a slightly negative

tilt (about —1° with the horizontal) was maintained before dispensing the air bubble. The
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substrate was kept at a depth of 3 cm below the free surface of the liquid for all experiments.
Each air bubble was dispensed so that it first came into contact with the superaerophobic part,
which forced it to gently roll onto the superaerophilic track with the help of a superaerophobic
wire, whereupon the bubble underwent further spreading. This ensured that the bubble came
into contact with the track with negligible horizontal momentum. Each bubble spreading event
on the superaerophilic track was imaged at 3200 frames-per-second (fps) using a high-speed
camera (Phantom Miro 310, Vision Research AMETEK, mounted with a TOYO Optics TV
Zoom Lens 12.5-75 mm F1.8 Japan). A portable LED light source (VidPro) was used to back-
illuminate the sample through a rectangular diffuser sheet (Lumen XT LT LW?7, Makrolon).
Sequential time-lapsed images obtained from the high-speed camera were further analyzed using
the image processing feature of MATLAB, where the instantaneous position of the spreading

front was identified by a sharp jump in the pixel B/W intensity.

3.3 Results and Discussion

Deionized water was chosen as the primary ambient fluid in which the wettability-patterned
sample was submerged. To extend the analysis, four other ambient fluids were also used: pure
ethylene glycol (99+%, Alfa Aesar), 50% wt. solution of ethylene glycol in deionized water, 50%
wt. solution of glycerol (99+%, Alfa Aesar) in deionized water, and 80% wt. solution of glycerol
in deionized water. The salient properties of the aforementioned liquids — surface tension (v),
density (p), and dynamic viscosity (1) — are listed in Table V. As each sample was carefully
submerged, a uniform air layer remained in the micro/nano-texture of the superaerophilic track.

The uniformity of the air layer was assessed visually, with the absence of any distinct gas bulge
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confirming a spatially-uniform entrapment. As mentioned in the previous section, each air
bubble was dispensed in such a way that it first touched the superaerophobic part of the
substrate. The stationary captive bubble was then gently guided onto the superaerophilic
track by means of a superaerophobic aluminum wire. The track length was kept fixed at 30
mm throughout the present work, while the bubble transport occurred on four different track
widths (w) of 1.1 mm, 1.4 mm, 1.7 mm, and 2 mm. The dispensed air-bubble diameter was

varied (1.64 mm, 2.06 mm, and 2.22 mm).

TABLE V: Salient properties of the different ambient liquids (at 25°C) (441; 442; 443; 444; 445).

Liquid v (mN/m) p (kg/m3) n (mPa.s)
Deionized water 72.4 997 0.9
Ethylene glycol 47.5 1115 19.8

50% ethylene glycol* 54 1080 3.6
80% glycerol* 68 1206 51.5
50% glycerol* 68.6 1125 5.1

*in water

3.3.1 Spreading Morphologies

A time-lapsed image sequence of the typical spreading of a 2.06 mm air bubble on a w =
1.4 mm track is shown in Figure 17a-i - Figure 17a-vi. The initially-spherical bubble comes
into contact with the track with negligible initial velocity (Figure 17a-i, left end). The lateral

spread of the bubble is confined on the track by the wettability-contrast lines, while the bubble
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is initially pinned at the left edge of the track. Hence, the bubble undergoes confined spreading
in the left-to-right direction in Figure 17a-i - Figure 17a-vi. The bubble initially has a spherical
bead shape ( Figure 17a-i), but within a few ms, it undergoes shape deformation, as seen in
Figure 17a-ii. As the bubble deforms, two distinct regions — a ‘front’ and a ‘bulge’ — appear
on the spreading bubble volume (as seen in Figure 17a-iii, and highlighted in Figure 17b for a
typical spreading configuration). The bulge continuously supplies the spreading front with air,
while decreasing in thickness as it remains pinned at the two lateral wettability-contrast lines
bounding the track. The front, on the other hand, does not undergo such a drastic change of
morphology; it rather continues spreading along the track with a nearly constant cross-sectional
area. This is confirmed by measuring the height of the spreading front, h, at the sections
along the dotted vertical red lines in Figure 17a-iv and Figure 17a-v, which are magnified in
Figure 17a-vii and Figure 17a-viii, respectively, for clarity. The heights, as measured from
the snapshots, vary between a narrow range of 0.45 mm to 0.49 mm over the entire stretch
of the spreading; hence, the front height can be considered constant within the limit of the
experimental error. Since the bubble front spreads transversely across the entire width w of
the track (which is constant), this implies that the cross-sectional area of the spreading front
remains constant. This is readily evident from Figure 18, where the variation of the height (h)
of the spreading bubble front with the lengthwise coordinate (x.) along the track (for spatial
locations downstream of the bulge) is presented for a bubble diameter D = 2.06 mm. It can
be observed from Figure 18 that h remains fairly constant with x., and is only dependent on

the track width (w). The inset of Figure 18 shows a plot of the spatial average (averaged along
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Xc) of the height (hqyg), which is approximately equal to h, since h remains constant against
the track width for cases run with different initial diameter (D) of the dispensed bubbles. The
data points collapse on a straight line, implying that h is independent of the bubble diameter
(D), and scales linearly with the track width (w). The spreading continues until the front has
reached the end of the track (Figure 17a-vi), and a uniform air layer covers the entire length of
the track; the average air film height after spreading ceases ~ 0.46 mm for the case depicted
in Figure 17. The spreading behavior for a bubble of diameter 2.06 mm on a track of w = 1.4
mm is shown in Figure 17. The spreading behavior for other track widths and different bubble
diameters is presented in movies S1 and S2 of the appendix B.

Although the qualitative bubble-spreading behavior resembles a liquid spreading on a rect-
angular wettability-confined track (410), a quantitative investigation reveals a distinction. The
temporal evolution of the spreading air front (x) is plotted in Figure 17c¢ for different track
widths (w), all submerged in water. The shaded region around each plot represents the er-
ror bars computed from 10 runs with fixed conditions. For a liquid droplet spreading on a
similar wettability-patterned track, the spreading front follows the well-known Washburn equa-
tion (410; 23): x ~ t'/2. However, in the present work, the spreading air front clearly follows
a linear relationship with time, x ~ t (Figure 17c). This translates to constant spreading ve-
locity during the process; these spreading velocities were O(500 mm/s) for bubbles placed on
the present tracks submerged in water. Nonetheless, Figure 17c¢ also reveals the effect of w —
smaller track widths result in faster spreading for given dispensed bubble volume. Qualitatively,

this can be understood from the fact that for the same displaced volume, a higher w leads to
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Figure 17: (a-i) — (a-vi) Time-lapsed images of an air bubble (2.06 mm diameter) spreading on
a rectangular track of w = 1.4 mm (scale bar denotes 5 mm); (a-vii) and (a-viii) zoomed-in
view of the spreading fronts of Figure 17a-iv and Figure 17a-v, respectively, where the heights
of the front, h, are, respectively, 0.49 mm and 0.45 mm (axial locations where the heights are
measured are shown by the red dashed lines in a-iii and a-iv); (b) definition of bulge and bubble
front in a typical spreading configuration; (c) temporal evolution of the spreading air front (x)
on wettability-confined tracks of different widths (w) submerged in water for bubble diameter,
D = 2.06 mm; inset shows the temporal evolution of the spreading front x for different bubble
diameters on a track with w = 1.4 mm.
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a smaller incremental spreading of the front, resulting in a slower spreading rate (as seen in
Figure 17c). To further strengthen this argument, a quantitative relationship is derived in the
following subsection. Moreover, the effect of the variation of the bubble volume is also studied.
The temporal variation of the spreading front for bubbles of different initial diameters spreading
on a track of width 1.4 mm (inset of Figure 17c) shows that the spreading is insensitive to the

initial bubble volume. This is explained quantitatively in the following section.

3.3.2 Dynamics of Bubble Spreading

The spreading of a bubble on the wettability-confined track may be explained by the energy
minimization principle. In all cases, the bubble diameter is below the capillary length of water.
Since the track is superaerophilic (likewise, superhydrophobic), energetically it favors coverage
by an air layer rather than ambient water. Therefore, and as mentioned previously, a thin,
uniform layer of air gets trapped within the micro/nano-textures of the surface as the substrate
is immersed in the ambient liquid. This implies that the substrate is pre-suffused with air in
all experiments in the present work, and the air bubble is, in fact, spreading on a thin layer
of air attached to the track. This results in a slip condition on the basal footprint of the
spreading bubble, resulting in lower frictional resistance to its motion. As the bubble spreads,
the gas pushes out the liquid ahead of it in its immediate vicinity, similar to an expanding
hole in a liquid sheet (446). Since the bubble spreads with constant velocity (Figure 17b),
the velocity of the liquid in its immediate vicinity also stays constant, and scales with the
velocity of the spreading bubble (447). The viscosity of air (~ 0.02 mPa.s) is significantly

lower than that of any of the liquids used here (Table V). Therefore, the viscous loss inside
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the bubble is negligible, and the resistance to the spreading of the bubble occurs due to the
ambient liquid; this resistance manifests itself as pressure drag against the forward movement
of the bubble. A schematic showing two orthogonal views of the spreading air bubble is shown
in Figure 19a, which depicts the primary forces on the bubble front. Downstream of the bulge,
the spreading bubble front has a nearly cylindrical shape, with the cross-section being that of a
circular sector. Therefore, only the transverse curvature of the meniscus is relevant here. Since
the cross-section is bounded by the track width w, the radius of curvature of the spreading
bubble, R ~ w, resulting in a capillary pressure peqp ~ v/W. The cross-sectional area (Acs) of
the spreading bubble can be written as A¢s ~ hw. Now from Figure 18, it can be inferred that
h ~ w, which leads to Ags ~ W2.

The driving force is capillarity-driven, and can be written as

Fe ~yw (3.1)

as the pressure difference is peqp ~ v/W (since radius of curvature, R ~ w) and Fe ~ peapAcs.
The Reynolds number [Re = pvw/1, where v is the spreading velocity, which is O(500 mm/s)] is
0(10%), which means that the spreading is in the inertial regime (448). Therefore, the pressure

drag, Fq (Figure 19a), is the resisting force and can be expressed as

Fq ~ pvacs ~ pVZWZ (3'2)
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Figure 18: Variation of the height (h) of the spreading bubble front with the lengthwise coor-
dinate (x.) at two different time instants(t) for two different track widths (w) while keeping
the diameter of the bubble constant (D = 2.06 mm); inset shows the variation of the spatially-
averaged height (haug) of the bubble front with the track width (w) for different bubble diam-
eters (D). The dashed lines serve as guides for the eyes.
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A balance between driving and resisting forces (F. ~ Fq), produces the following expression for

v~ <pyw)’/2 (3.3)

which results in v ~ w0 for a given liquid (constant y and p). It is interesting to note

the bubble spreading velocity

that the form of Equation 3.3, expectedly, bears a strong resemblance to the expression of
the classical Taylor-Culick velocity (449), which also arises from an inertio-capillary balance.
Indeed, the scaling relationship is reflected in the experimental measurements, as shown in
Figure 19b, where the spreading velocity, v, is plotted against the inverse of the square root
of track width, w2, revealing a linear behavior with positive slope. Moreover, Equation 3.3
suggests that the spreading velocity is independent of the initial diameter of the bubble (D),
as also observed experimentally in the inset of Figure 17c and in movie S2 of the appendix B,
where bubbles of different initial diameters spread on the identical wettability-confined tracks
with the same velocity.

It is interesting to note that Equation 3.3 does not include the viscosity (1) of the ambi-
ent liquid. Therefore, the scaling law, if accurate, should predict the experimentally-observed
velocities. To test this, the bubble spreading behavior was observed in other ambient liquids
mentioned in Table V (where the viscosity n of the liquid, among other properties, changes
significantly), and the spreading velocity, Vexp, was measured from the experiments. The qual-
itative spreading behavior in such liquids is shown in movie S3 of the appendix B.

We note that, even for the liquid with the highest n tested in the present study (80%

glycerol in water, n = 51.5 mPa.s), Re was still O(10), which indicates that the spreading is
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(c)
Figure 19: (a) Schematic of an air bubble spreading on a wettability-confined track showing
the salient forces; (b) variation of experimentally-measured spreading velocity v with w0
(w being the track width) when the substrate is submerged under water (the dashed line is
a straight guide); (c) ratio of the experimentally measured (Vvexp) and scaling-predicted (vpr)
spreading velocities for ambient liquids of different viscosities (1) for track width and bubble
size of w = 1.4 mm and D = 2.06 mm, respectively.
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still in the inertial regime, and the scaling relationship (Equation 3.3) should still hold. Knowing
the properties of the liquids (Table V), a spreading velocity (vp) for a given track width was

predicted from Equation 3.3 as

1/2
Y1P0
Vpr ~Vy | —— 3.4
e~ (120 (3.0

where the subscript ‘I’ denotes the liquid being tested, and ‘0’ denotes water. The ratio of the
experimental to predicted velocities, Vexp/Vpr, With the viscosity of the ambient fluid, n, is shown
in Figure 19c for a D = 2.06 mm bubble and w = 1.4 mm track. It is observed that, over almost
two decades of viscosity tested in the present work, the ratio vexp/vpr remains constant at a
value close to 1, which indicates that the scaling relationship derived in Equation 3.3 accurately
describes the experimentally-observed phenomenon and is valid for inertio-capillary spreading,
where the effect of viscosity (n) is negligible. It is expected that at lower Reynolds numbers
(Re), viscosity will dominate the spreading behavior. However, viscous effects in spreading of
the bubble are beyond the scope of the present study, and will be left for future work.
3.4 Conclusion

The present study investigated the spreading of millimeter-sized air bubbles released one-
at-a-time on a submerged, constant-width, wettability-confined track. The substrate consisted
of a superaerophilic track on a superaerophobic background; both track width and bubble
diameter were varied in the experiments. High-speed imaging revealed that the spreading bubble
morphology comprises of a spreading front and a trailing air bulge, the latter feeding into the
former as the spreading progressed. It was identified that the bulge had a gradually decreasing

cross-sectional area, while that of the front remained constant during spreading. The temporal
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evolution of the spreading front revealed a linear relationship, which translates to a constant
spreading velocity. A scaling relationship between the driving and resisting forces reveal that,
for a constant bubble diameter and a given ambient fluid, the spreading velocity arises from an
inertio-capillary force balance, and varies as the inverse of the square root of the track width.
This scaling relationship was further confirmed by experimental measurements. Furthermore,
the scaling relationship was found to accurately predict the experimentally-observed spreading
velocities when the viscosity of the ambient fluid was changed over two decades. The study
reveals the fundamental principle governing the spreading of gas volumes on wettability-confined

horizontal tracks, and its outcomes can be used to facilitate design decisions.



CHAPTER 4

APPLICATION OF WETTABILITY ENGINEERING IN A
NON-ISOTHERMAL SYSTEM, A REVISIT OF CONDENSATION HEAT

TRANSFER ENHANCEMENT
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permission, from M. Jafari Gukeh, G. Damoulakis, and C. M. Megaridis. Exploring the Design
Features of Wettability-Patterned Surfaces for Condensation Heat Transfer, 2022.” (450) IEEE

does not require individuals working on a thesis to obtain a formal reuse license.

4.1 Background and Motivation

Condensation is a classic physical phenomenon, and omnipresent in nature, in which vapor
turns to liquid on a subcooled surface whose temperature is lower than the vapor saturation
temperature at its partial pressure. Condensation is an effective heat transfer mode in in-
dustries, such as electrolyte fuel cells (451), heat exchangers (452), harvesting from air-borne
moisture (453), seawater desalination (454), power generation from natural gas (455), water
harvesting via dewing (456), electric power generation (457), thermal management of electron-
ics, e.g. vapor chambers (278) and heat pipes (458), and air-conditioning (459). When vapor
releases its latent heat upon contact with a subcooled dry surface, it condenses to liquid form-

ing droplets, i.e. Dropwise Condensation (DWC). The nucleation density is highly dependant

102
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on the wettability of the solid surface, vapor density, and subcooling temperature (460). The
condensate droplets may coalesce and form a liquid film (Filmwise Condensation, FWC) on
the surface, causing a transition from DWC to FWC, which, in turn, reduces the heat transfer
rate by one to two orders of magnitude due to the low thermal conductivity of the film (461).
Therefore, wettability of the solid plays an important role on condensation heat transfer rate.
There are two primary factors in determining the condensation heat transfer rate on a sur-
face, namely, nucleation density and drainage mechanism. Simultaneous enhancement in both
factors leads to higher heat transfer rates; but achieving this condition requires precise engineer-
ing of the surface morphology and wettability. The drainage mechanism on vertical surfaces is
mostly gravity-dependent and the shedding is a function of droplet mobility on the surface (i.e.
low contact angle hysteresis) or correspondingly the maximum droplet radius (Tmmqx) departing
from the nucleation site. As shown earlier (462; 463), heat transfer rate decreases with increas-
ing Tmax- In the past two decades, scientists have taken several approaches to control Tax
and drainage rate on a surface; such approaches include gradient surfaces (148; 464), superhy-
drophobic surfaces (465; 466), grooved surfaces (467; 468), and wettability-patterned surfaces
(469; 470; 471; 362).

Uniform superhydrophobic surfaces could be effectively used to adjust rmex and droplet
mobility on the surface. Droplet jumping -a phenomenon induced by coalescence of smaller
droplets during DWC- on superhydrophobic surfaces significantly reduces Tmqx, since the jump-
ing droplets are only tens of micrometers in diameter (466; 121; 128). However, self-propelled

jumping droplets from superhydrophobic surfaces are seen only at low surface subcooling,
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whereas at higher surface subcooling, surface-flooding occurs, hindering performance. This
makes DWC on hydrophobic surfaces better than on superhydrophobic surfaces (472; 466; 120).
In addition, more wettable surfaces have lower thermodynamic barrier to nucleation, thus lead-
ing to greater DWC performance for the hydrophobic surfaces compared to their superhy-
drophobic counterparts (473; 128; 64).

To overcome the above balancing issues, multi-wettability (a.k.a. wettability-patterned)
surfaces have been developed and implemented in the literature to control T and enhance
drainage of the condensate (163; 159; 152; 474; 153; 475; 476; 162). Peng et al. (469) en-
hanced the condensation collection rate by 23% compared to uniform DWC via vertically
striped pattern in the absence of non-condensable gases. Chatterjee et al. (471) achieved 8%
improvement in heat transfer via a hydrophilic pattern on a superhydrophobic background,
when compared to a uniformly superhydrophobic surface. Wang et al. (477) improved heat flux
by 73% using superhydrophilic islands on a superhydrophobic background. Hou et al. (478)
exploited a hydrophilic/hydrophobic pattern to enhance DWC. Their pattern showed ~ 63%
improvement in heat transfer coefficient of the hybrid surfaces compared to a conventional
flat hydrophobic silicon surface. Ghosh et al. (363) utilized bioinspired wettability-patterned
superhydrophilic wedge-shape tracks on a hydrophilic background to promote capillary-driven
condensate drainage and enhanced DWC heat transfer by reducing rmqx on the hydrophilic
regions (DWC) of the condenser plate. The patterned surface exhibited 19% performance im-

provement compared to the uniform DWC case in a NCG+vapor environment.
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Although Ghosh et al. (363) reported heat transfer coefficient (HTC) enhancement and at-
tributed it to the optimized Tiqx, their study did not examine the relative role of potentially
influential parameters, such as FWC-to-total area ratio, superhydrophilic wedge-shape track
length, wedge angle, and superhydrophilic straight track width. Consequently, the underlying
reason behind the HTC improvement was not quantified. In a follow-up study, Mahapatra
et al. (362) used the same configuration as (363) with an inter-digitated arrangement of su-
perhydrophilic wedge-shape tracks with long wettability contrast lines and capillary-driven
condensate removal for rapid drainage of the condensate from the surface. In two cases of the
study, they used a range of fractional area (FWC to total surface, denoted as ¢) designs and
demonstrated a maximum improvement of 30% in water collection rate and 34.4% in HT'C for
¢ = 35%. It was revealed that with increasing vapor mass content in the environment the
optimum ¢ value was also increased. Compared against uniformly superhydrophobic surface
examined under the same ambient condition, a maximum of 75.8% and 95.1% improvement in
HTC and water collection rate was reported, respectively.

Mahapatra et al. (362)showcased the influence of FWC to total area (¢) by changing the
wedge-shape track’s spacing, which modulated T,qx, but the role of other potential factors, such
as superhydrophilic wedge geometry and main drainage vein width size are yet to be examined.
Moreover, the experiments were done in the presence of NCGs and the pattern was designed for
gravity-driven scenario, where the straight superhydrophilic tracks just acted as a drain with no
preferential collection point. A similar mechanism is also used in closed thermal-management

devices with wickless components, such as vapor chambers and heat pipes (278; 458; 323) where
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operation takes place in a low-pressure non-NCG environment and generally, against gravity.
Condensation of vapor in passive heat spreaders is a major heat transfer mechanism and directly
controls heat rejection efficiency and working fluid circulation in these devices. There, the vapor
is condensed on a wettability-patterned hydrophobic/superhydrophilic surface; a similar method
as in (362; 363) is used to collect the condensate along the main straight superhydrophilic
drainage tracks with a difference of directing the condensate to certain low-pressure domains to
create a capillary-bridge acting to return the condensate to the heated area (evaporator). The
efficiency of this process is a function of surface wettability, ¢ ratio, wedge and straight tracks
shapes and geometries, number and shape of condensate collection points, capillary-bridge
length, and the vapor load.

Nevertheless, previous studies (278; 323) examined the condenser performance enhance-
ment by changing the superhydrophilic-to-total area ratio without any particular constrain on
wedge-shape track geometry or rmax, but yet the source of this enhancement remains unknown.
Inspired by this dearth of knowledge, in this follow-up study, all the aforementioned factors are
isolated and the sole influence of the superhydrophilic wedge-shape tracks is investigated with

the same substrate and surface engineering procedure but in a vapor+NCG environment.

4.2 Materials and Methods

4.2.1 Experimental Setup

Figure 20 shows a photograph of the present experimental setup. An environmental chamber
(ESPEC, SH-641) at a fixed condition (40°C dry bulb temperature and 80% RH) was used for

testing different surfaces.
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Figure 20: The environmental chamber (with open door) used in this study for the experimental
setup. The inset shows the insulated bare cold plate with two grooves for thermocouples to
measure the condensation-surface temperature during the tests.

Each sample was mounted on a cold plate (40 mm x 40 mm x 12 mm (DIYhz)) via a
thermally conductive adhesive tape (McMaster Carr, 6838A11). A chiller (Neslab RTE-110)
working at 10°C with a flow rate of 0.112 kg/s of pure ethylene glycol (Alfa Aesar, 99%) was
used to remove heat from the cold plate. Two thermocouples (Omega, T-type, bead diameter
0.05 mm) were placed into 500 pm diameter holes milled on the cold plate. A data acquisition
system (Omega, USB 2400 series) with a sampling frequency of 1 Hz was used to record the
temperatures. Condensate that drained from each surface was collected over 15 minutes, and

weighed in a digital micro-balance (FX-3000i WP, A & D Company Limited). 2 samples were
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fabricated for each wettability design and 4 runs for each design were performed to collect
sufficient data for each case.

A mirror-finish copper plate with dimensions 40 mm x 42 mm x 1 mm (110 mirror-finish
copper, McMaster-Carr) was employed as the condenser surface. First, the surface was cleaned
via water and soap, ethanol, DI water, and dried with nitrogen. Next, a thin layer of Teflon AF
(Chemours AF 2400, 1% solution Fluorinert FC-40, Chemours AF 2400) was spin coated on
the surface at 2000 rpm for 20 s. The sample was then cured in a furnace (Lindberg, Blue-M-
HTF55322c¢) with a step-wise heating protocol, 160°C for 10 min, 240°C for 5 min, and 330°C
for 15 min under a reduced atmosphere of Argon and Hydrogen, to avoid copper oxidation. This
process renders a mildly hydrophobic surface (sessile contact angle was 118°). To reduce heat
losses to the environment, the piping to/from the chiller was insulated (McMaster-Carr, Pipe
Condensation-Reducing Vinyl Foam) and only the designated condensation area was exposed
to the vapor+NCG mixture. An extra 2 mm length protruding from the sample’s plate bottom
facilitated the condensate departure from the lower area of the copper plate, and prevented
interference from the insulation around the plate.

A laser marking system (EMS400, TYKMAElectrox®), 40% power, 20 kHz frequency, 200
mm/s traverse speed) was used to apply the patterns. Through this process, the Teflon coating
was selectively removed, rendering the underlying area superhydrophilic (albeit susceptible to
oxidation, thus requiring passivation). An aqueous solution of 0.1 mol/L ammonium persulfate
(Alfa Aesar) and 2.5 mol/L sodium hydroxide was used to passivate the laser-etched plate via a

wet-etching process for 5 minutes. This procedure grew nanohairs on the laser-etched domains,
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creating a hierarchical micro-nano structured surface with a contact angle of ~ 0°, while the
Teflon-coated areas remained unchanged with contact angle of ~ 118°. This process created
superhydrophilic domains laid in a hydrophobic background. The contact angles were measured

by depositing a 4.7uL DI water droplet and imaging with a camera (1080 HD MINTRON).

4.2.2 Data Reduction

The overall heat transfer during condensation in vapor+NCG environment has two com-
ponents, sensible and latent heat. The latter component can be calculated from the measured

condensation rate (38):

Twheg

HTC = — 19
Tdew - Ts

(4.1)

driven by the substrate temperature (Tg) and the dew-point temperature (Tgey ) of the environ-
ment. The former part (driven by the difference between the ambient 40°C and Ts) remains
more or less the same for all surfaces explored in this work. Thus, the sensible part of the
overall HT'C is not considered in the current study. The error analysis was performed for each

metric following a Gaussian Error Propagation (479; 278) as follows:

Ta=1¢/==0 +—ycrz+... (4.2)

where X is the error for a random performance metric, here as o, which is a function of fandy,
etc. The standard deviation of the experimental measurements due to each instrument was

£0.25°C for the thermocouples and £0.01g for the micro-balance scale.



110

4.3 Results and Discussion

4.3.1 Working Principle and Factors

In the interdigitated and staggered wedge-shape superhydrophilic pattern laid on the hy-
drophobic surroundings, the hydrophobic regions promote DWC, whilst the superhydrophilic
tracks facilitate condensate fluid drainage. As more vapor condenses on the surface, small
droplets start to form on the hydrophobic areas and a thin layer of water forms on the super-

hydrophilic areas.

Figure 21: Schematic of the wettability pattern features used in this study. Black and white
denote superhydrophilic and hydrophobic domains, respectively. This quantum cell shows the
design parameters. d; wide portion of the wedge track, 3 opening angle, d, narrow end of
the wedge track, d3 central vein width, L wedge track length, ds & ds distances between two
adjacent superhydrophilic domains.
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Small droplets gradually grow by condensation and their size increases due to coalescence
events with other droplets that are growing in the vicinity. When the enlarged droplets come
into contact with the superhydrophilic track edge, they merge with the liquid film, leaving
a pristine space on the hydrophobic area for renewed droplet formation. The wedge-shape
track promotes pumpless and rapid transport of the condensates to the central vertical vein
tracks (16) and the staggered pattern promotes faster removal of droplets through the main
track by reducing the viscous loss caused by the condensate flows from opposite wedge-shape
tracks (362). Low-curvature well domains towards the plate’s bottom are connected to the
main tracks, and are specifically engineered to operate as low-pressure accumulation areas
where condensate is collected by the Laplace-pressure difference along the track. These wells

also improve the shedding action of the collected liquid.

4.3.2 Influence of Wedge-Shape Track

Figure 21 depicts a quantum cell of the wettability patterns in this study. As shown in our
previous studies (362; 363), d4 & ds practically control T4y on the DWC region of the pattern;
lower values of these two lengths result in lower Tqox and thus, in higher HTC. However, the
influence of dj,d;,d; and L is yet unclear. In principle, a superhydrophilic region on the
surface provides a permanent, stable, and quick path to drain the condensate, thus providing
more free surface for new vapor condensation. Since there is always a liquid film covering the
superhydrophilic region during the condensation period, the transport velocity of a droplet
from any point on the wedge-shaped track to the drainage points at the plate’s bottom edge

is a function of two pressures gradients: One is caused by the tapering curvature of the liquid
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Figure 22: Five distinct wettability patterns used in this study. In each column, from top to
bottom: Name of the design, wettability-pattern design, fabricated sample used in experiments,
and corresponding ¢ ratio. Superhydrophilic areas are denoted with black, while hydrophobic
domains are in white or copper color. ¢ denotes the superhydrophilic-to-total area ratio. The
value of ¢ remains practically constant for all five cases. Scale bar denotes 2 cm.

film on the wedge-shape track (16) (affected by d;,d;, and L), and the other is due to the
liquid surface curvature difference between the wide end of the wedge-shape track and the main
drainage vein (i.e d;/d3 ratio). The impact of the former pressure gradient is studied in this
work by focusing on the wedge-shape track geometry while fixing the latter, i.e. the d;/d3 ratio
remains constant.

The maximum droplet size Tmgx on a surface with uniform wettability could be found by

(480):

3y(cosOr —cosBq)sin® 5
Pwgsina(2 — 3cosd + cos30)

(4.3)

Tmax = [
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where vy is the liquid surface tension, 0; and 0, are the liquid droplet receding and advancing
contact angles, respectively, « the surface tilt angle, and 0 the static contact angle. For the
hydrophobic surface in our study, 6;, 084, 0, and & were measured as 110°, 123°, 118°, and 90°,
respectively. This renders a theoretical rmqx of ~ 1.2 mm from Eq. 3, while from the experiment,
a maximum of ~ 1 mm was measured for the hydrophobic surface. For the patterned surface
with dy = ds = 1T mm, the width of the DWC region is kept constant all along the plate,
rendering a maximum droplet size Tmqx = 0.5 mm for all cases. Thus, the wettability patterns
are expected to enhance the overall HT'C of the surface by reducing and constraining the Tmax
compared to the uniformly hydrophobic surface.

As originally shown by Ghosh et al. (16) the pressure gradient along a wedge-shape wetta-

bility confined track scales as

oP )

aix ~ YSln(eavg) B/é(x)z (4-4)
where 0qy4 is the average angle of a liquid bulge confined in the track, B is the wedge angle,
and 6(x) is the local width of the track at position x from the narrow end. For a track of length
L and covered with a liquid film, one may rewrite this equation as

0
O ysin(0uug)/BL? (4.5)

To meet the aforementioned constrains and to explore solely the influence of the wedge pressure
gradient on the overall HT'C of the surface, one should minimize changes in some parameters

while varying others. To that end, since O4y4 is highly dependent of 5(x), we keep the wide
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and narrow ends of the track constant (d; = 0.23 mm & d; = 0.44 mm in Figure 21) for all
cases to fix the maximum and minimum width of the track, and thus cause minimum changes
on Oqyg along the track. Accordingly, to keep the d;/d3 ratio constant, d3 = 1 mm was fixed
for all cases. Using the chosen values for sin(0q4.) and vy, which are constant for all cases, and

since for small wedge angles it is

di—d,
~ 4.6
pr S (46)
Eq. 5 can be written as
oP 1
~— 4.
oL L (47)

So, with the current wettability design (fixed values of d; and d,), the pressure gradient along
the wedge-shape track can change only via the length L. To cover a wide range of pressure
gradients, 4 different values of L were examined. Figure 22 shows 4 types of wettability patterns
where the superhydrophilic/total area (¢) is kept essentially fixed, while L is 2.3 mm, 7.7 mm,
17.5 mm, and 37.5 mm, for cases M1 to M4, respectively. To further illuminate the influence
of a wettability pattern with wedge-shape tracks, a simple case with 1 mm superhydrophilic
vertical strips spaced 1 mm apart and similar ¢ was also fabricated and tested to provide a

control case.

4.3.3 Main Results

Figure 23 and Figure 24 show the water collection rate and HTC for all five cases. As seen,
the hydrophobic (HPB) surface as the benchmark case with uniform dropwise condensation

has the lowest water collection rate and HTC with average of 1.90 + 0.02 L/m?h and 0.0568 +
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Figure 23: Water condensate collection rate for all surfaces in an environment of 40°C and 80%
RH.

0.0005 kW/m?K, respectively. Among the four wettability-patterned cases, M1 and M2 show
higher HTC and water collection rate with 0.0706 £ 0.0006 kW/m?K and 2.35 + 0.02 L/m?h
for M1, and 0.0691 & 0.0005 kW/m?K and 2.29 + 0.02 L/m?h for M2. These results show an
average 24% enhancement in both HTC and water collection rate for M1 compared to HPB
case. As shown in our previous works (363; 362), a wettability patterned surface enhanced
the HTC up 75.8% and 34.4% compared to a superhydrophobic and a uniform hydrophilic
case (where Tmqx was ~ 1.5 times of the hydrophobic case in the current study). However the
experimental setup and the wettability pattern design parameters were different in those earlier
studies. The present design clearly shows the robustness of the pattern that can surpass any

uniform wettability surface in condensation heat transfer.
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Figure 24: Overall heat transfer coefficient for all surfaces in an environment of 40°C and 80%
RH.

Cases M3 and M4 showed lower HTC and water collection rate with 0.060840.0006 kW/m?K
and 2.03 + 0.04 L/m?h for M3, and 0.0591 + 0.0007 kW/m?K and 1.94 + 0.03 L/m?h for M4.
Comparing M1-M4 and using M1 as the base patterned case, from Eq. 7 we can deduce that
the pressure gradient for the wedge-shape track is reduced by 3.3, 7.6, and 16.3 times from
M2-M4, respectively. This result shows a direct impact of the wedge-shape track pumping
power on the overall HTC of a surface. As mentioned above, the main role of FWC area
in these types of wettability patterns is a quick drainage path of the condensate. Generally,
different patterns are referred with their ¢ value (362; 278; 323), however, ¢ alone does not
accurately represent all wettability pattern characteristics and, as shown here, the same ¢ value

but different wedge dimensions cause highly different performances. Similarly, the striped case
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shows a close performance to M3 and M4 with 0.059140.0005 kW/m?K and 1.95+0.03 L/m?h
in HTC and water collection rate, respectively. Comparing M1-M4 to the uniform vertical
striped surface shows that wedge-shape track influence could be eliminated when its pressure
gradient is reduced by almost one order magnitude. The striped case performs very similarly to
the M3 and M4 cases due to its capability to control the r,qx, however, the trade-off between
controlling Tmqx and replacing the DWC area by FWC domains, does not allow the surface to

surpass the HPB surface.

4.4 Conclusion

An experimental evaluation of condensation heat transfer on wettability-patterned surfaces
in a vapor+NCG atmosphere was carried out in this work. A parametric analysis was used
to create several designs where the maximum condensate droplet size (Tmax), drainage-vein
width, and narrow and wide end widths of the wedge-shape tracks were maintained constant,
while the wedge length L, and accordingly the wedge opening angle (f3), were modified. Five
different patterns were designed and manufactured on copper plates, and their heat-transfer
performance was evaluated. The performance was compared to a uniform hydrophobic case
acting as benchmark. On the wedge-shaped tracks, the patterns were created to provide various
pressure gradients spanning a range where the lowest to highest gradient varied by a factor of
15x. The findings revealed a clear relationship between the total surface HTC and the pressure
gradient on the wedge-shape tracks, with the L = 2.3 mm surface achieving the highest HTC of

0.0706+0.0006 kW/m?K and water collection rate of 2.354-0.02 L/m?h. Although the combined
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effect of wedge-shape track length and opening angle was explored in this work, a more complete

examination of the effects of each individual parameter is left for future research.



CHAPTER 5

APPLICATION OF WETTABILITY ENGINEERING IN THERMAL

MANAGEMENT; A HYBRID VAPOR CHAMBER

7 Copyright 2022 IEEE. An earlier and more limited version of this chapter is to be pub-
lished in the 21st Intersociety Conference on Thermal and Thermomechanical Phenomena in
Electronic Systems (ITherm 2022). Reprinted, with permission, from G. Damoulakis, C. Bao,
M. Jafari Gukeh, A. Mukhopadhyay, S.K. Mazumder, and C. M. Megaridis. Hybrid Vapor
Chamber-based Cooling System for Power Electronics, 2022.” (481) IEEE does not require

individuals working on a thesis to obtain a formal reuse license.

5.1 Background and Motivation

” According to MarketsandMarkets, the power electronics market is projected to grow from
USD 37.4 billion in 2021 to USD 46.3 billion by 2026; it is expected to grow at a compound
annual growth rate (CAGR) of 4.4% from 2021 to 2026” (482). Expanding incorporation of high-
frequency power electronics in various applications, such as electric vehicles, renewable energy
sectors, power grids, biomedical electronics, wireless transmission, etc. (483; 484; 485; 486; 487),
has been the key driving force for this growth in the past decade. Concurrently, with devel-
oping market in each sector, demands for thinner, lighter, and miniaturized electronic devices
with higher power density and compacted size have been rapidly increasing. To achieve that,

nowadays, switching frequency of semiconductor devices in power electronics reaches hundreds
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of kHz or MHz level and shows a promise for additional growth (488; 489; 490). However,
an increasingly more compact electronic device with higher power density and reduced size or
volume also handles greater heat fluxes. Hence, these advancements impose difficult challenges
to thermal management technologies to maintain safe and reliable operation of these devices.
As reported by the US Air Force Avionics Integrity Program (491), approximately 55% of
electronic equipment failures originate from temperature problems. Moreover, Black’s equa-
tion (492) also shows that the temperature increase accelerates the failure process of electronic
devices. These challenges highlight the importance of more efficient and cost-effective thermal
management solutions to improve performance and reliability of high-power electronic devices.

In general, electronics cooling methods can be divided into two categories; active and pas-
sive (213). The passive cooling approach mostly relies on natural convection, whereas in active
cooling, an extra source, usually electricity, is required to remove heat. Active cooling could
be performed by either direct or indirect contact of the heat transfer medium. Vapor cham-
bers and heat pipes are the most commonly used devices for indirect cooling. These devices,
which are essentially passive heat spreaders, are designed to spread heat more uniformly and
efficiently to a larger area from where the heat could be removed by the active medium e.g.,
forced air or the circulating liquid in a cold plate. These devices remove heat more efficiently
via phase change where the latent heat of the working fluid is absorbed by evaporation on the
heat source and is released by condensation on the condenser side (attached to a heat sink)
of the device. Next, the condensed liquid returns to the evaporator via wick capillary action

either via wicking posts or capillary bridges (493) and the thermodynamic cycle is completed.
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By repeating this process, the heat is dissipated from a local spot to a larger area efficiently
and eventually removed by a heat sink from the condenser (cooled) side.

As mentioned above, VCs are consisted of evaporation and condensation sections. The
evaporation usually takes place on a metal wick (or a fine micro/nano structure) where the thin-
film evaporation and boiling promotes heat removal and plays the major role in a VC thermal
performance (494; 177). The wick’s physical properties including the porosity, permeability, and
effective thermal conductivity designate the critical/maximum heat load that can be removed
by the device without dry-out (495). Numerous studies have been conducted to enhance the
evaporation/boiling performance in a vapor chamber. Chen et al. (307) combined the copper
mesh with a micropillar structure and fabricated a novel ultra-thin vapor chamber (UTVC). The
results showed that the UTVC can have up to 30 times higher thermal conductivity compared
to pure copper. Moreover, the maximum heat transfer reduction was reported as less than
11% while this device worked against gravity. Liu et al. (300; 301) suggested a biomimetic
leaf-vein-like porous structure for the wick of the vapor chamber. The results showed that the
leaf-vein porous network could reduce the thermal resistance with great temperature uniformity
on the condenser side. Velardo et al. (309) fabricated a hybrid wick structure, combining
screen mesh and sintered powder, which was shown to enhance the heat transfer performance
of a vapor chamber (257). Li et al. (308) experimentally investigated the influence of the
foam and sintered copper powder wick structures on a vapor chamber’s thermal performance.
They found that the copper foam enhanced temperature uniformity on the condenser side,

but the copper powder reduced thermal resistance. Although numerous studies have been
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Figure 25: Major thermal resistances in a vapor chamber as the heat moves from the hot side
(bottom) to the cool side (top).

performed and investigated the role of wick structure on evaporation and boiling in vapor
chambers (496; 272; 497; 498; 499; 303), heat transfer enhancement of vapor chambers through
the condensation section has not been explored as much. Most of the literature has focused on
the contribution of boiling and evaporation heat transfer on the evaporator side of the VC to
its thermal performance. However, evaporation/boiling and condensation phase change occur
at the same time inside a closed chamber, and thus the interactions directly influence the heat
transfer characteristics of the chamber (500).

Figure 25 shows a schematic diagram of a vapor chamber’s thermal resistance network. The
major hurdles in the heat transfer path are imposed by the bulk wick (micro/nano structure),
interfacial resistance of the evaporation, and condensation. While the first two factors are

governed by the wick structure, the latter one can be controlled independently. In the conven-
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tional fully wick-lined vapor chambers, the condensation occurs on a metal wick and in a porous
material. A range of studies have been conducted to enhance condensation and temperature
uniformity on the metal wicks. Patankar et al. (280) proposed a biporous condenser-side wick
that could provide a wider vapor core and the condenser surface peak-to-mean temperature
difference reduced by 37% compared to a uniform wick structure. Li et al. (281) performed
a numerical design optimization and proposed a grooved condenser wick structure to ensure
temperature uniformity. Wu et al. (501) implemented numerical analysis to illuminate the role
of condenser wettability on the boiling performance of a vapor chamber. They concluded that
there is an optimal uniform wettability where the thermal resistance and evaporator tempera-
ture are minimal. In a recent study, Zhang et al. (502) showed that the condensation mode in a
VC could be the governing factor in the overall thermal performance of the device. Wiedenheft
et al. (320) also conducted an experimental study with a vapor chamber featuring a superhy-
drophobic surface that promoted jumping-droplet condensation mode and achieved significant
heat transfer enhancement compared to a copper plate.

As extensively discussed in chapters 1 and 4, wettability patterning has been shown to be the
most effective approach to enhance condensation heat transfer. In a particular case, Mahapatra
et al. (362) developed a wettability-engineered surface where a juxtaposed hydrophilic (DWC)
and superhydrophilic (FWC) wedge-shape track network enhanced the HTC via confining the
droplets on the DWC domains and quickly draining the condensate via the superhydrophilic
tracks. On the same premise, Koukoravas et al. (493) successfully developed a hybrid vapor

chamber in which similar wettability-patterned surface was used as the condenser and achieved
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minimum thermal resistance of 0.24 K/W at 87 W. Featuring similar technology, a vapor
chamber-thermal diode (323) and a heat pipe (458) were later fabricated and showed thermal
performance enhancement over uniform hydrophilic or hydrophobic wickless condenser surfaces.

In this follow-up study, as a real-life application of electronics cooling with this technol-
ogy, a hybrid vapor chamber with a uniform wick-lined evaporator and a wickless wettability-
engineered condenser for cooling two high-power metal-oxide—semiconductor field-effect transis-
tors (MOSFET)s is fabricated and tested. As opposed to our previous studies (493; 329) where
a liquid cooling heat sink method was used, in this work, forced air convection cooling via a
simple aluminum plate heat sink was used to further illustrate the performance capabilities of

wettability patterning on the condenser side of a vapor chamber in a harsher environment.

5.2 Materials and Methods

Figure 26 and Figure 27 show all the components of the experimental setup and the details
of the vapor chamber test rig, respectively. As shown in Figure 26, the heat generation by the
MOSFETs was controlled by the following equipment: a DC power supply HY10010EX with
output from 10 to 60 V; a logic power supply (Agilent E3646A) set at 20 V to operate the
printed circut board (PCB); a Wavetek Model 395 wave generator set at 100KHz to control
the switching frequency of the MOSFETSs; and a Tektronix TPS2024B digital oscilloscope to
monitor the electrical signals. As shown in Figure 27, the VC is clamped between 152.4 mm x
101.6 mm x 10 mm aluminum 6061 (McMaster-Carr) plate and a table via 4 screws and nuts.
The pressure applied on the system was controlled via a torque screwdriver (Neiko 10573B) set

at 30 Nm. The aluminum plate provides sufficient pressure for sealing the VC via the gasket
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Figure 26: Experimental setup components: (a) DC Power Supply, (b) DAQ, (c) oscilloscope,
(d) logic power supply, (e) wave generator, (f) board/VC assembly.

mechanism (will be discussed in the next subsection) and also acts as the heat sink for the
system.

The VC is in contact with the aluminum plate and the MOSFETSs through a thermally con-
ductive and electrically insulating pad (thermal conductivity 3.5 W/m-K, 951-GP3500ULMG20-
12, Mouser). A 5 mm Teflon plate with two identical (45 mm x 16 mm) pockets (Appendix C:
Figure 49) was placed on the PCB to provide a uniform seating area for the VC and insulate
the evaporator plate from the bottom side. Temperatures were recorded via 6 thermocouples
(Omega, T-type, bead diameter 0.05 mm) in which four were distributed on the condenser

plate and the rest on the MOSFETs. The temperature recordings were performed via a data
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Figure 27: Schematic of the experimental setup rig and thermocouple arrangement

acquisition device (Omega DAQ, USB 2400 series) set at 1 Hz sampling frequency. More pieces
of equipment -not shown here- utilized in the experiments included: a vacuum pump (Alcatel
Annecy 2008A) to evacuate the VC from the NCGs and set the pressure at ~ 7 KPa. This
pump was connected to the VC via a copper tube through the gasket with an on-off valve and
a precise flow-control valve connected in series. The on-off valve was located right before the
VC and a vacuum gauge was connected between the two valves to control the pressure during
the evacuation stage. Also, a 12 cm X 12 cm electrical fan (Sunon, SP101A, 115 V, 0.21 A)
was placed near the aluminum heat sink to remove the heat in the lateral direction, as shown

in Figure 27.
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Figure 28: (a) Detailed circuitry used as controllable heat source. (b) Q; and Q2 are on. (c)
Q1 and Qg2 are off. (d) Simplified gate signal and loss generation mechanism. (e) Photograph
of the assembled experimental prototype.

5.2.1 Power Electronics Design and Thermal Cooling

Figure 28(a) illustrates the detailed circuitry used here as a controllable heat source; the
circuitry is modified from the standardized double pulse test circuit typically employed in
Power Electronics. An experimental prototype of the circuitry was implemented, as shown in
Figure 28(e), to demonstrate the efficacy of the proposed cooling system. The experimental
settings and equipment used are tabulated in Table VI. The circuitry mainly consists of a DC
power supply (Vin), a DC-link capacitor (Cqc), the fixed resistive load (Ry), a freewheeling diode

(D1), semiconductor devices (Q; and Q2), a gate driver and a function generator. The number
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of semiconductor devices in parallel can be expanded to enlarge heat generation capability.
The function generator launches digital signals that are amplified by the gate driver circuit to
the voltage level suitable for triggering semiconductor devices in parallel. Upon receiving the
amplified gate signals, the semiconductor devices are turned on and off separately through gate

resistors (Rg1 and Rga). This design enables flexible control on the amount of generated heat.

5.2.1.1 Circuitry Operation

The current from the DC power supply flows through load Ry and the semiconductor devices
when any of Q; and Q2 is on, as shown in Figure 28(b). However, when both power devices
Q1 and Qg are turned off, then, no energy is extracted from the power supply and the current
is stored inside the parasitic inductor L, freewheels through diode D and gradually dissipates
the magnetic energy by load resistor Ry, as illustrated in Figure 28(c). The turn-on loss, turn-
off loss and conducting loss are generated as semiconductor devices are periodically turned on
and off. Those electrical losses are further converted into heat. Without proper and sufficient
cooling, the device temperature will exceed the maximum tolerable limitation (~ 120°C) and

lead to permanent damage.

5.2.1.2 Loss (Heat) Generation Mechanism

To elaborate on the loss generation mechanism, the simplified turn-on and turn-off transients
together with on/off of the semiconductor devices over one switching period (T) are shown
in Figure 28(d). The voltage across drain and source of Q1 and Qg2 is denoted as Vpg and it
starts to increase whenever the gate voltage decreases to plateau level V,,, as indicated from tg

to t1. After that, the device current ip decreases to zero when the gate voltage is reduced to
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TABLE VI: Experimental settings and equipment.

Name Value
fs 100 kHz
Ro 30
Vg1 and vgo 15V
Q1 and Q2 STFW4N150
DC Supply HY10010EX

Auxiliary Supply Agilent E3646A
Function Generator Wavetek Model 395

the threshold level Vi, between t; and ts. The device is fully turned off between to and ts,
and the loss (Pog) within this period is negligible. The time interval between t3 and t5 follows
the reverse process from tgp to t;. Both time intervals induce significant loss (denoted as Pg o
and Pgon) due to large overlap between Vpg and ip. It is worth mentioning that the induced
loss can be further controlled by varying the switching frequency fs and gate resistances Rgq
and Rge. The time interval between ts and tp represents the device conduction period and
usually does not induce much loss (Pon) due to low on-state resistance of up-to-date devices.
However, the dated Si-based MOSFETSs of TO-247-3 package (each 25 mm x 16 mm x 5 mm
total dimension including terminals, 1.55 cm? effective heat dissipation area) with typical 5 Q
on-state resistance is intentionally selected here to generate considerable loss, and thus, emulate
high-power application cases with a low-power and low-cost experimental setup.

Nowadays, Si-based semiconductor devices of different packaging are widely manufactured

and used in both industry and academia due to their many merits, such as low cost, high
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reliability and availability, and adequate supportive circuits. The TO-247-3 package is one of
the most common Si-based MOSFETSs; this type of package is usually used for relative low
power applications due to thermal constraints posted on it. The losses generated from device
switching events heat up the device and the loss becomes larger as the switching frequency or
system power level increases. Consequently, it is hard for the semiconductor device of the TO-
247-3 package to handle the generated heat under such circumstance without proper cooling.
The conventional heat sink with forced air cooling is bulky with limited cooling performance,
therefore, the hybrid VC-based cooling is proposed here as a novel and advanced cooling method

for high power application in the area of Power Electronics that requires efficient cooling.

5.2.2 Wick-lined Evaporator

Figure 29(a) shows a photograph of the evaporator used in this study. The evaporator is
made of a 114.3 mm x 63.5 mm x 2 mm conductive 101 copper plate (thermal conductivity
390.88 W/m.K, McMaster-Carr). A 1 mm deep trench-cut was milled around the MOSFETSs on
the back of the plate to minimize the lateral conduction through the copper plate ( Figure 30(a)).
Therefore, the thickness of the evaporator plate at this point was reduced to 1 mm. Two 31.75
x 1 mm X 1 mm grooves were milled onto the copper plate to accommodate the thermocouples.
To fabricate the wick structure, a 1 mm thick copper frame (with uniform 6.35 mm width) was
placed on the evaporator plate and filled with a fine copper powder (35-40 um, 90% purity,
Metal Powder USA). Then, the frame was removed and the sample was transferred to a single-

zone tube furnace (Lindberg, Blue-M-HTF55322¢) where the copper powder was sintered at
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Teflon Spacer
Copper Wick

Figure 29: (a) Fabricated evaporator plate with elevated sintered copper powder layer on top
and 3 Teflon spacers. The two red boxes indicate the MOSFET positions under the plate.
(b) Fabricated uniform hydrophobic condenser plate. (c) Fabricated wettability-patterned con-
denser plate with wet superhydrophilic domains for contrast. Black and copper indicate super-
hydrophilic and hydrophobic domains, respectively. (d) Side view of the VC assembly without
the sealing gasket. Bottom left: SEM images of the sintered copper powder and the superhy-
drophilic region of the wettability-patterned condenser. Green and blue scale bar denote 10 pm
and 1 pum, respectively.
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Figure 30: a) Back of the evaporator plate showing a 1 mm deep trench around the MOSFETs
and 2 thermocouple grooves. The dashed lines indicate the approximate position of the MOS-
FETSs. b) Side view of the sssembled VC.

a temperature of 950°C for 15 min in a controlled atmosphere in Hydrogen and Argon. SEM

images of the sintered copper powder microstructure are shown at bottom left of Figure 29.

5.2.3 Wickless Plate

Figure 29(b) and (c) show photographs of the condensers used in this study. The condenser
plate is made of a 114.3 mm x 63.5 mm x 2 mm conductive 101 copper plate (thermal conduc-
tivity 390.88 W/m.K, McMaster-Carr). A 6.35 mm wide and 1 mm deep rim was milled out
from the plate border to place the gasket and also provide the essential interior gap for the VC.
To prepare a hydrophobic condenser, Teflon AF (AF 2400, Amorphous Fluoroplastics Solution,

Chemours Co.) solution was spin coated on the plate (2000 rpm for 20 s, WS-400-6NPP-
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LITE Spin Processor) and then cured in the aforementioned furnace in the following stages: 80
°C, 240 °C, and 330 °C for 10 minute intervals. The cured Teflon layer has a thickness below
100nm (493) and renders a hydrophobic surface (CA ~ 118°). For the wettability-patterned con-
denser ( Figure 29¢), a fiber-laser marking system (EMS400, TYKMAElectrox®), 40% power,
20 kHz frequency, 200 mm/s traverse speed) was employed to selectively remove the Teflon
layer alongside a thin copper layer, resulting in shallow superhydrophilic etched domains as
shown in the contact profilometry images in Appendix C (Figure 50 and Figure 51). Next, a
chemical etching approach was used to passivate the etched domains. In this process the plate
was immersed in an aqueous solution of 2.5 mol/L sodium hydroxide and 0.1 mol/L ammonium
persulfate (Alfa Aesar) at room temperature for 6 min. This process grew copper hydroxide
nano hairs on the laser-etched domains, creating a nanostructured surface (503) with water
contact angle of ~ 0°, while the Teflon-coated mirror-finish regions retained their hydropho-
bicity with contact angle of ~ 118°. Figure 29(c) shows the final biphilic condenser and the
SEM photos of the nanostructures on the superhydrophilic domains. This technique created a

wettability-patterned surface with superhydrophilic regions laid on a hydrophobic background.

5.2.4 Gasket

To seal the device during the experiment and provide the required interior gap between
evaporator and condenser plates, as shown in Figure 27 and Figure 30(b), a 3.175 mm thick
and 6.35 mm wide gasket sheet (Viton®) Fluoroelastomer Rubber Sheet Chemical-Resistant,
McMaster-Carr) was placed on the borders of the device. Two identical holes, each 1.5 mm in

diameter, were made into two opposite sides of the gasket to accommodate the evacuation and



134

charging ports. Two 1.64 mm OD and 60 mm-long copper tubes connected to a syringe filled
with DI water and the vacuum pump, respectively, were press-fitted into these holes. The gasket
in addition to three 5 mm x 5 mm x 1 mm Teflon pieces ( Figure 29(a)) maintained a fixed
distance between the two plates, creating the 1 mm-wide vapor space needed for implementing
the thermal cycle. Teflon was chosen for the spacers to minimize the conduction heat transfer

across the device.

5.2.5 Experimental Procedure

After assembling the device and clamping it via the torque screwdriver, the device was
evacuated. Next, the vacuum line was closed and a designated amount of DI water was charged
into the device through the charging port. Next, the device was preheated to 50 °C for 20
minutes to release any dissolved NCGs from the DI water. This process was shown to be
adequate for ridding the device of NCGs (493; 458; 329). After that, the device was set back
to room temperature and was ready for the final tests. Next, a step-wise heating protocol was
performed. Due to the low heat removal capability by the heat sink, the device reached steady-
state in 9 minutes and the last 60 seconds from this point were used for the analysis. Two shut-
down criteria were implemented in this study; the first was when the measured temperatures of
the MOSFETs (T, and T2) reached 100°C, while the second one was when the device reached

a dry-out state, which was indicated by a sharp increase in the above temperatures.
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5.2.6 Performance Metrics and Error Analysis

5.2.6.1 Metrics

The heat input was calculated as
Q = VI—RoI? (5.1)

where V is the input DC voltage, Ry the 3 Q resistive load, and I the input current.

The thermal resistance of the device was calculated by
Rvc = — (5.2)
Q

where, based on Figure 27,

T] TZ T] TZ T3 T4
AT=T,—Tc= “2”‘— °+°IC+C (5.3)

To account for the occupied space with the working fluid in the VC, the charging ratio (CR)

is as follows

CR — Liquid volume
~ Available free space

(5.4)

In this study three CRs were tested; 25% (CR1), 35% (CR2), and 45% (CR3).
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5.2.6.2 Error Propagation

To determine experimental errors, a Gaussian error propagation rule (493; 458) was per-

formed on each metric as follows

2 2
Z‘b:\/@i) c§+<2‘§> Of + - - (5.5)

where ¢ is a defined metric, which is a function of «, 3, etc. The standard deviation of each

variable x is calculated by

0y = ) 025 4 g2l (5.6)

with oy® and oi*'" being the standard deviation of the experimental measurements and instru-

ment accuracy for each variable (V, I, Ty, T.), respectively. The latter is considered constant

for each instrument, while the values for oi™t, o' and o' were 0.005 Q, 0.005 V, and
0.25 K, respectively. For each case, two runs were performed and the final error was calculated

by

_ X
=t (5.7)

Considering Q = f(V,I), the heat input error can be found as

2Q\* 2Q\*
Lo = \/(aS) oy + (a?) o? (5.8)
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Also, since Ryc = Rye(Th, Te, V, 1), the thermal resistance error can be calculated by

ORvc ) ? ORvc ) ? ORvc ) ? ORvc \?
ZRVC:\/< av> Ué*( a1 > ot \or, ) ot ) o (5.9)

5.3 Results and Discussion

The working principle in this study follows prior work (493; 329). As shown in Figure 31, the
wettability pattern consists of an interdigitated design in which superhydrophilic wedge-shape
tracks are spaced 1 mm apart and connected to a main stem, which features a large circular
area along its path. As shown earlier (362; 363), the pattern of Figure 31(b) can enhance
the condensation heat transfer by controlling the maximum condensate diameter on the DWC
(hydrophobic) regions (by fixing the spacing between superhydrophilic wedge-shape tracks, 1
mm in this study) in addition to enhancing condensate removal and drainage. The enhanced
drainage originates from liquid curvature difference (and thus capillary pressure) along the
wedge-shape tracks, due to their diverging angle, which enables a high transport and pumping
velocity O(10 cm/s) from the narrow towards the wider end of the track (16).

In an operational mode, as soon as the pattern is exposed to vapor, a film covers the
superhydrophilic regions, whilst dropwise condensation takes place on the DWC (hydrophobic)
domains. The condensate droplets on the DWC region grow either by further condensation or
coalescence and, after getting large enough (D > 1 mm), they touch the superhydrophilic (FWC)
regions and, again due to capillary action, are quickly drained to provide a fresh surface for

renewed condensation. The FWC domains possess a unique quality due to having low curvature
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Figure 31: (a) Wettability pattern used in this study (black: superhydrophilic; white: hy-
drophobic). (b) A single unit of the pattern with a low pressure site. (¢) Growing bulge facing
the wick. (d) The bulge eventually touches the wick structure and forms a capillary bridge. (e)
Fluid drainage after snapping of the capillary bridge.

J

circular domains, in which by creating a low-pressure site, can naturally collect the condensate
at the designated points by capillary action. As more vapor gets condensed, a bulge starts to
grow at these low-pressure sites (Figure 31(c)) and after growing large enough, reaches the wick
on the other side of the device (Figure 31(d)). At this point, a capillary bridge is formed and
the liquid bulge is transferred to the wick-lined evaporator due to capillary pressure difference.
This capillary bridge is eventually fully drained and snaps due to loss of liquid (Figure 31(e)).
The liquid is transferred back to restart the thermal cycle. The capillary bridge frequency of
formation/snapping is a critical part of the thermodynamic cycle of the device and is a function

of the wettability pattern, the interior-gap distance, charging ratio, and the heat load.
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Figure 32: a) Raw thermocouple measurements vs. heating power over elapsed time for a
WP-VC, (b) temperature rise of the MOSFETSs as heating input increases for all VCs and the
copper plate.
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5.3.1 Results

Figure 32(a) showcases the temperature rise of the best performing vapor chamber with a
wettability-patterned condenser (VC-WP) at CR3 as the heating input increases up to 202 W.
As seen, when the heating input increases, all temperatures rise in sync with small differences,
hinting to a small thermal resistance. A larger temperature-rise slope is seen up to 86 W followed
by a lower rise slope at each step from 86 W to 202 W. At low heat fluxes, conduction heat
transfer through the wick and liquid bulk, which imposes a high thermal resistance, prevails
and thin-film evaporation from the top of the wick structure is initiated. By increasing the heat
load, the liquid meniscus recedes into the wick and gradually the conduction thermal resistance
declines (504). Moreover, close temperatures on the condenser side point out to the temperature
uniformity and heat spreading capability of the current device. In this case, the device removed
202 W without dry-out, while keeping the MOSFETSs below 105 °C. Figure 32(b) shows the
average temperature of the MOSFETSs for all cases in this study. For benchmarking purposes,
a copper plate with the exact dimension of the VC was used to provide a better insight on the
VC’s performance. As seen, the copper plate reached 97°C at 153 W where the experiment was
shut down to protect the MOSFETSs from overheating. The copper plate shows competitive
performance to both VCs at low heat loads. This was expected since conduction at low heat
loads and with a large surface area (50 cm?) is able to remove the heat efficiently. However, as
the heat flux increased, the discrepancy between the copper plate and the VCs was magnified.
Temperatures of the MOSFETSs for the copper plate started to rise above the vapor chamber

with hydrophobic condenser (HPB-VC) with CR2 and CR3 at 103 W and 137 W, respectively.
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While the overall differences are small, the copper plate reached 8 °C above HPB-VC (91°C)
at 153 W. Compared to the VC-WP, the copper plate shows a higher MOSFET temperature
after 53 W. This shows that the WP-VC has good heat dissipation capability even at lower
heat fluxes. By increasing the heat input, the copper plate at its maximum heat input, has 15
°C higher temperature compared to the WP-VC (82°C).

Figure 32(b) also shows the role of the charging ratio on each device’s performance. As
seen, the HPB-VC and WP-VC at two and three charging ratios tested in this study show
identical temperature rise, pointing to the VC’s robustness. However, the WP-VC holds a lower
temperature at each charging ratio compared to the HPB-VC. This is a result of a uniform and
controlled distribution of the condensation on the condenser, which in turn, provides a uniform
and continuous supply of working liquid to the heating zones. The structured liquid circulation
by the WP condenser avoids random blockage on the heated areas as opposed to the VC-HPB,
where random condensation and pooling on the surface would cause higher resistance to the
vapor passage by reducing the internal vapor space, which imposes higher evaporation resistance
at the evaporator (191; 505), and as a result, higher temperatures of the heaters.

In a multi-phase closed system where evaporation, boiling, condensation, and liquid transfer
are taking place simultaneously, deciphering the role of each element is a complicated task.
However, one way to demonstrate the differences is to compare the temperature on the cooled
side of the system (T¢"?) at the same heater temperature (T"9). Figure 33(a) and 33(b)
present the average condenser temperature (T;'?) as a function of heater temperature (T;ng)

at each heat input for both VCs at CR2 and CR3 in addition to the copper plate. As seen,
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ing inputs.
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there is a minimal T¢"9 difference between HPB-VC and WP-VC at a T}?Vg for both charging
ratios. However, for both CR2 and CR3, at the same T}?"g, the HPB condenser shows a
lower average temperature compared to the WP one, which is consistent with having lower
heat transfer rate compared to the WP condenser (458; 323; 362). Nevertheless, due to the
convection cooling method, the overall high working temperature of the device has minimized
the differences between the two VC cases. Moreover, the copper plate for all cases shows
a lower average cooled side temperature at a similar average heaters’ temperature. This is
expected since conduction is the main heat transfer mechanism, i.e. higher thermal resistance,
as compared to two-phase (convection) heat transfer (494). To further compare the VCs’ versus
copper plate’s performance, Figure 33(c) shows spatial temperature distribution on the cooled
side for four heat inputs. As seen, the VCs have a great temperature uniformity along the
condenser. However, the copper plate shows overall lower temperatures and has an almost
uniform temperature on the cooled side at the low heat inputs while, by increasing the heat
load, temperatures above the MOSFETSs (T? and T2) increase more and create a non-uniform
temperature profile along the heat sink due to the inefficiency of the pure conduction to spread
the heat laterally, as reported before (249). As established in the literature (258; 506; 308; 507;
326; 508; 509), having a low heat removal rate (i.e., natural convection vs. liquid cooled plate)
naturally creates a more uniform temperature profile on the condenser side, albeit with a higher
temperature for the same heat input. That said, even though in this study a forced convection
method is used for the cooling method, having an aluminum plate without a finned structure

reduces the heat removal rate and as a result, the system operates in higher temperature and is
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prone to having a more uniform temperature on the condenser side. Furthermore, having two
heat sources, with a relatively large surface area compared to the VC’s heat dissipation area,
enhances the heat dissipation and temperature uniformity along the heat sink too. Considering
the above, the copper plate forms a non-uniform profile at the higher heat fluxes, highlighting
the effectiveness of the VCs’ thermal performance.

Figure 34(a) and 34(b) show the thermal resistance variation of HPB-VC and WP-VC
versus heat input, respectively. For clarity, each device is compared to the copper plate and
shown separately. As seen, both HPB-VC and WP-VC show a typical characteristic of a vapor
chamber where the thermal resistance declines with rising heat load, as opposed to the copper
plate whose thermal resistance increases and reaches a plateau. Also, each VC with lower
CR shows a lower thermal resistance at the same heat load; when the amount of working
liquid increases in the device, conduction heat transfer plays a greater role and hence, causes
higher thermal resistance for the device. However, as the heat input increases this effect is
minimized. On the other hand, having more working liquid delays the dry-out or critical heat
flux, enabling the device to reach higher heat fluxes and operate more efficiently. This trend is
consistent for both VCs, although the WP-VC overall has a lower average thermal resistance
at each charging ratio and the same heat input. At CR2, the HPB-VC reaches dry-out at
103 W with thermal resistance of 0.025 £0.0065 K/W, while the WP-VC tolerates 121 W
with thermal resistance of 0.0049+0.0061 K/W. The WP-VC is able to tolerate even higher
heat loads due to the wettability-patterned condenser’s role, which can consistently return the

working fluid to the wick structure in an organized fashion. This is observed for CR3, where
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the HPB-VC dries-out at 170 W with thermal resistance of 0.0124+0.005 K/W, as opposed to
the WP-VC which could reach 202 W without dry-out at thermal resistance of 0.0014+0.009
K/W. At that point, the test was terminated because the MOSFETSs reached > 100°C. The
overall low thermal resistance shows the VCs’ greater thermal performance, which is consistent
with prior studies (326; 284; 508; 509; 510), where natural or forced convection was the primary

cooling technique.

5.4 Conclusion

In this study, a hybrid vapor chamber consisting of a wick-lined evaporator and wettability-
engineered condenser was fabricated and investigated. The vapor chamber was designed for
cooling two high-power MOSFETs on a custom-made PCB. This VC is the first apparatus
applying wettability-patterning technique to manage more than one heat sources, simultane-
ously. A fan-cooling approach with a simple aluminum plate heat sink was chosen to provide
a comprehensive image of the VC’s performance under lower heat removal conditions. Two
condenser types, hydrophobic and wettability-patterned, were implemented in the VC and the
thermal performances were compared with that of a solid copper plate. For different charging
ratios tested for HPB-VC and WP-VC, the devices showed a consistent and repeatable thermal
performance. It was shown that larger charge ratios lead to a larger critical heat flux but lower
thermal resistance. The WP-VC was shown to have an overall lower thermal resistance com-
pared to the HPB-VC at the same charge ratio and heating input. Minimum thermal resistance
of <~ 0.01 K/W was recorded for the WP-VC. A maximum heat load of 202 W, among all cases,

was removed by the WP-VC while keeping the MOSFETs < 105°C. The low thermal resistance
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values originate from the low heat removal cooling approach (fan cooling) in addition to low
VC-to-heaters’ area ratio. Further tests with a liquid-cooling method and a thinner device with
lower heater-to-VC heat dissipation area ratio could illuminate the performance differences and

efficiency of the current device for high power electronics cooling applications.



CHAPTER 6

APPLICATION OF WETTABILITY ENGINEERING IN THERMAL

MANAGEMENT; A HYBRID HEAT PIPE

”This chapter is reprinted with permission from M. Jafari Gukeh, G. Damoulakis, and
C. M. Megaridis. Low-profile heat pipe consisting of wick-lined and non-adiabatic wickless
wettability-patterned surfaces.” Applied Thermal Engineering 211 (2022): 118433.” (see Ap-

pendix E)

6.1 Background and Motivation

Recent technological developments in computers and communications equipment have re-
sulted in miniaturized sizes, high-power, and high-heat flux integrated circuits (ICs) with heat-
extraction demands that outrun traditional approaches (511). One of the most interesting and
trustworthy technologies that are commonly used to transfer heat from localized areas in differ-
ent heat-extracting cases are Heat Pipes (HPs) (512). The most significant advantages of HPs
are their high effective thermal conductivity and heat-dissipation capabilities, which are paired
with geometrical flexibility. Heat pipes generally feature an evaporation section, an adiabatic
section, and a condensation section. The heat from the source is absorbed by the working fluid,
which changes phase in the evaporator section of a typical thermal cycle. The vapor then passes

via the adiabatic section to the distant condensation zone, where it condenses and releases its
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latent heat. Further, this condensed liquid is drawn back to the evaporator by capillary action,
thus completing the thermal cycle and perpetuating the process. Flat or low-profile HPs, the
forefathers of the vapor-chamber systems, are the latest generation of heat pipes that have been
employed to assist in the thermal management of high-power electronic components, such as au-
tomotive LED lighting, GPUs, and high-performance PC components throughout the previous
two decade (513; 514; 515; 516; 517; 518; 519).

Heat pipes are distinguished by their thermal resistance, power dissipation capabilities, and
dry-out tolerance. The capillary wick structure governs the evaporator section, which has the
largest influence on the system’s performance. The evaporation resistance, which accounts for
a significant portion of the heat pipe’s thermal resistance, is controlled by factors such as heat
load, wick porosity, permeability, and thickness, as well as the kind and amount of working
fluid. Conduction and convection dominate heat transmission at low heat fluxes, whereas
evaporation occurs from capillary menisci at the solid-liquid interface on the copper wick.
Evaporation becomes more vigorous as the heat flux increases, and the menisci withdraw into
the wick (516; 519). An increase in heat flow may lead in nucleate boiling around the heated
part (520; 521).

Wicks are essential on the evaporator side, but they have their own drawbacks. Fine-
wick structures are widely recognized for having decreased evaporation resistance due to their
extremely small pore sizes, but they also have large hydraulic losses (pressure drop) (522). In
a flat HP, where the liquid has to travel distances of 10 cm or more, the hydraulic loss can

be significant, posing a major hurdle when handling high heat fluxes that require continuous
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resupply of the heating spot from the condensation section (522; 523). Researchers have tried
to overcome this issue via incorporating different wick pore sizes over the heat source, where the
maximum heat transfer occurs, than the rest of the heat pipe. Pounds and Bonner (517) utilized
a well-engineered wick structure with thick axial feeder wick and a thin, fine pore mono-layer
wick near the heater that can reduce the evaporation thermal resistance, in turn lowering the
total thermal resistance of the system by 45% for a typical metal core PCB. Tang et al (524)
incorporated a graded wick structure in a cylindrical heat pipe that outperformed a heat pipe
with homogeneous wick when placed at different orientations. It was shown that increasing
the thickness of the coarse wick can significantly improve the heat transfer capacity of the heat
pipe. North (525) showed numerically that an axially variable wick had optimal performance
when the pore size of the evaporator wick was almost 100 times smaller than the pore size on
the condenser.

A common method to evaluate heat pipe performance, particularly with flat heat pipes, relies
on insulating the entire device except the heating and cooling surface area (522; 523; 526; 527;
528; 529; 530; 346; 531). But under real-world conditions (532; 533; 534; 535; 536; 537; 538; 539)
either side of the condensation section could be exposed to a heat sink. For example, in an active
cooling method, such as with a fan or a liquid-cooled plate, the heat is removed from one portion
of the condensation section while another portion could be exposed to the ambient medium
either actively or passively, thus creating a non-adiabatic condition on the plate. Although
this condition might not create a major difference in the performance of some heat pipes, flat

heat pipes with a relatively thick vapor space (2-5 mm) could be influenced, thus causing a
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non-isothermal condition on the wickless metal plate. The exposure of the condenser to an
active/passive heat sink could be used effectively to improve heat removal from the device
through engaging the wickless side to the thermal cycle of the HP. Inspired by this scenario,
the heat transfer performance of a flat heat pipe with partially insulated wickless plate opposing
a wick-lined, locally heated plate is investigated.

There have been numerous studies to enhance performance of heat pipes via different wick
structures (522; 540; 259; 264) and the realm of investigating wickless heat pipes has remained
unexplored. It has been shown that wettability patterns could offer relief to the wick’s high
pressure drop problem (493; 323; 329). Through using free surface, wettability-patterned sur-
faces may transport liquids at high velocity (V > 0.1 m/s) and with minimal pressure loss.
They can be manufactured to control droplets on the surface, to increase condensation and
collect condensate fluid at precise spots (493; 541; 329).

The flat HP structure in this study was inspired by the vapor chamber system of Koukoravas
et al. (493). Under the same premise, the present HP system benefits from a wickless, biphilic
wettability-patterned (WP) (541) plate component, which has been shown to enhance the heat
transfer coefficient of condensation (541). A wick-lined plate component is on the other side
of the system, and between the two plates, there is a vapor space where the device can take
advantage of the latent heat of vaporization and condensation of the working fluid. The wickless
WP plate could practically control DwC and FwC through its specific wettability pattern. The
flat HP uses water as working fluid, an axially graded wick-lined evaporator and a wickless

wettability-patterned surface. The heat is added at a localized area at one end of the wick-
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lined evaporator, while condensation occurs on remote portions of the wick-lined evaporator as
well as on the opposing wickless surface. The specially designed hydrophobic/superhydrophilic
wettability patterns on the wickless surface provide a return mechanism for the condensate to
the wick-lined plate. This technique enhances the liquid-return flow to the heated area thus
decreasing the HP’s total thermal resistance.

6.2 Materials and Methods

6.2.1 Heat Pipe Design

Figure 35 shows a detailed schematic of the heat pipe designed and investigated herein. The
fabrication process for each component is as follows:

6.2.1.1 Wick-lined Evaporator

A 110 mm x 30 mm x 3 mm conductive 101 copper plate (thermal conductivity 390.88
W/m.K, McMaster-Carr) was used as the evaporator casing. A 100 mm x 20 mm x 1 mm
pocket was milled onto the copper plate to accommodate the required space for the copper wick.
As shown in Figure 35b, a 5 mm gap on the border seated the gasket. As shown in Figure 35a,
to reduce lateral conduction through the solid plate, a 1-mm deep channel was created under
the evaporator plate near the heater surface. Therefore, the thickness of the evaporator plate
at this point was reduced to 1 mm. Two identical holes, each 1.64 mm in diameter, were drilled
into the pocket of the evaporator plate to accommodate evacuation and charging ports. Two
1.64 mm OD and 50 mm-long copper tubes were fitted into these holes and sealed with epoxy
to avert leakage. Three types of copper wicks were fabricated and evaluated in this study;

two uniform and one axially graded. For the uniform porosity cases, the pocket was filled
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Figure 35: a) Cross section of the heat pipe showing the heater (red), the heat sinks (blue),
insulation (grey), the thermocouple positions TX, and thickness of each component (dispropor-
tionate scales are used to show detail) b) Top view of the axially graded wick-lined evaporator.
c¢) Top view of the wickless WP surface with superhydrophilic domains (black) laid on a hy-
drophobic background (white).

with either a fine copper powder size (35-40 m, 90% purity, Metal Powder USA) or a coarse
powder size (average 300 m, 90% purity, Chemical Store Inc.). For the axially graded case, an
area 20 mm x 20 mm at one end of the evaporator’s pocket was filled with the fine copper
powder, while the rest of the pocket was filled with the coarse powder. Finally, and for all cases,
the copper powder was sintered at a temperature of 950°C for 15 min in a single-zone tube

furnace (Lindberg, Blue-M-HTF55322¢) in a controlled atmosphere of Hydrogen and Argon.



154

Figure 36: Left: Wickless wettability-patterned plate with partially wetted superhydrophilic
regions. Black and copper domains denote superhydrophilic and hydrophobic areas, respec-
tively. Right: Axially graded wick-lined evaporator plate. Middle top to bottom: SEM images
of the micro/nanostructure on the laser/chemical-etched domains on the wickless plate, coarse
and finer wick structures on the wick-lined plate.

The porosity of the coarse and fine wicks were calculated as 0.55 and 0.33, respectively. The
right portion of Figure 36 shows a fabricated axially graded wick-lined plate with corresponding

SEM details.
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6.2.1.2 Wickless Plate

A 110 mm x 30 mm x 1 mm mirror-finished 110 copper plate (thermal conductivity 390.88
W/m.K, McMaster-Carr) with contact angle (CA) of ~80° was used as the wickless side of
the heat pipe. Three different wettabilities, including uniform hydrophilic (HPL) (mirror-
finish copper), uniform hydrophobic (HPB) copper, and WP wickless copper were tested. To
create a hydrophobic surface, the mirror-finish copper plate was spin-coated (2000 rpm for 20
s, WS-400-6NPP-LITE Spin Processor) with Teflon AF (AF 2400, Amorphous Fluoroplastics
Solution, Chemours Co.). Afterward, the film was cured in the above mentioned furnace in
the following stages: 160°C, 240°C, and 330°C, each stage lasted 10 min, creating a Teflon
film with thickness below 100 nm (estimate based on Teflon films applied by spin-coating on
a smooth silicon substrate under identical conditions (493). To create the desired wettability
pattern, a laser etching workstation (EMS400, TYKMAElectrox®), with 40traverse speed) was
used to selectively remove the Teflon layer, resulting in superhydrophilic etched domains. After
that, the plate was submerged in an aqueous solution of 2.5 mol/L sodium hydroxide and 0.1
mol/L ammonium persulfate (Alfa Aesar) at room temperature for 5 min. This process grew
nano hairs on the laser-etched domains, rendering a nanostructured surfac (503) with water
contact angle of < 5°, while the Teflon-coated mirror-finish regions retained their hydrophobic
property with contact angle of ~ 120°. This method produced a wettability-patterned surface
with superhydrophilic domains laid in a hydrophobic background. Figure 35c shows a fully
patterned surface used in this study. The left portion of Figure 36 showcases a wettability-

patterned wickless plate with corresponding SEM images of its micro/nano structures.
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6.2.1.3 Gasket

To seal the device during the experiment, as shown in Figure 35a, a 2-mm thick silicone
rubber (Tensile strength: 700 psi, Temperature range: -70 to 260 °C, McMaster-Carr) sheet was
placed on the edge borders of the device. The gasket maintained a fixed distance between the
two plates, creating the vapor space needed for implementing the thermal cycle. The interior
gap between the two plates is maintained by the gasket without any spacers, as the plate

deflection caused by the pressure differential is quite low (see appendix D).

6.2.2 Experimental Setup

Figure 37 shows a schematic exploded view of the experimental setup. A 40 mm x 50 mm
x 125 mm Teflon block (rated for temperatures from 350° to 500°F, McMaster-Carr) was used
to house the cooling and the heating block, and provided the seating space for the heat pipe.
The evaporator plate’s adiabatic part was insulated by the Teflon block. A 30 mm x 125 mm
x 1 mm pocket was created on top of the block to secure the evaporator plate. A 20 mm X
20 mm x 40 mm pocket was created to host the heating block on one side. Another 40 mm x
40 mm x 12 mm pocket was created inside the Teflon block to provide enough space for the
cold plate on the other side. A copper block 20 mm x 20 mm x 40 mm (McMaster-Carr) was
drilled with two cylindrical holes on the bottom (6.25 mm x 25 mm) to accommodate two 100
W high-density cartridge heaters (Omega). To maximize the insulation for the heating block,
five 1.5-mm thick ultra-high-temperature alumina pieces (conductivity 7 W/m.K, maximum
temperature rating 1648°C) were secured between the heating and the Teflon block. A 40 mm

x 40 mm x 12 mm CPU cooling block (DIYhz) was connected to a chiller (Neslab RTE-110),
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Figure 37: Exploded view of the experimental setup, displaying the assembly of various em-
ployed components. The Teflon Block is displayed transparent to expose the nested parts.

with the temperature set at 20 °C using a flow rate of 0.11 kg/s of pure ethylene glycol (Alfa
Aesar, 99%).

As shown in Figure 37, a 12 mm thick aluminum plate (McMaster- Carr) mounted on 4
long screws and nuts was utilized to clamp the entire system onto a laboratory table. This
design was used for two purposes; first, to properly seal the device, and second, to maximize
the thermal contact between the evaporator plate with the cold plate and the heating block.

Moreover, this design provided proper insulation for 7.5 cm of the wickless plate length by
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employing another 12 mm-thick Teflon block, while the rest 3.5 cm was in contact with another
similar cold plate that was also connected to the chiller but was shut off during the experiment,
thus creating a non-isothermal top-plate condition and emulating an indirect heat sink to the
environment.

Ten thermocouples (Omega, T-type, bead diameter 0.05 mm) connected to two data acqui-
sition systems (Omega DAQ, USB 2400 series) were secured at designated spots in the milled
grooves on the heater block, cold plates, and top Teflon block, and distributed as shown in Fig-
ure 35(a), to monitor and record the temperature of the system. A thin layer of thermal paste
(Omegatherm 201, Omega) was applied on all non-insulated interfaces to maximize the thermal
contact between components. Thermocouple locations, heat pipe, and test setup component

placement are shown in Figure 52 and Figure 53 in appendix D.

6.2.3 Experimental Procedure

A torque screwdriver (Neiko 10573B) was set at 35 N m and used to ensure uniform pressure
on the system. After sealing the device, the heat pipe was evacuated from non-condensable
gases (NCGs). Next, a designated amount of DI water was charged into the devise through
the charging port. Overall, four charging ratios were tested on the WP-equipped heat pipes.
Next, to release the NCGs dissolved in the DI water, the device was preheated to 50 °C for 25
min and a secondary evacuation (degassing) process was performed. It has been demonstrated
that this technique is adequate for removing the NCGs from the device interior (493; 323).
The negligible role of NCGs in this device’s performance is further discussed in the appendix

D. Lastly, the HP could achieve a steady state condition after 4 min and the data for 90 s in



159

steady state was utilized for thermal characterization. Two shut-down threshold criteria were
implemented in this work; the first one was when the measured temperatures T1 or T2 reached
100 °C. The second one was when the device reached a dry-out state, see Section 6.3.2.

6.2.4 Performance Metrics and Error Analysis

6.2.4.1 Metrics

The heat input was calculated as:

2
Q= - (6.1)

Rheater

where V is the input voltage and Rpeqter 1S the heaters’ electrical resistance.

The thermal resistance of the heat pipe was found by (522; 526)

AT
R= — (6.2)
Q
where, based on Figure 35a,
AT =T, — T, (6.3)
and
T+ T2
Te = - (6.4)
2
and for consistency, (see section 6.3.1)
T+ TIO

c 3 (6.5)
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The corresponding effective thermal conductivity was found by (522; 526)

_ Q Lesr

K
A AT

(6.6)

where A denotes the cross sectional area of the HP, and L¢¢s the operating length of the device
(10 cm in this case). To account for the occupied space with the working liquid in the HP
and provide a better comparison among different configurations, the charging ratio (CR) is

introduced

CR — Liquid volume
~ Available free space

(6.7)

6.2.4.2 Error Propagation

To determine experimental errors, a Gaussian error propagation rule (493; 542) was per-

formed on each metric as follows

2 2
Z‘b:\/@i) c§+<2‘§> OF + .- (6.8)

where ¢ is a defined metric, which is a function of «, 3, etc. The standard deviation of each

variable x is calculated by

0 = /02 4 g2 (6.9)
exp

with oy® and o' being the standard deviation of the experimental measurements and instru-

ment accuracy for variable x, respectively. The latter is considered constant for each instrument,
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while the values for G%T}Llset:ter7 o and oY were 0.005 Q, 0.005 V, and 0.25 K, respectively.

For each case, two runs were performed and the final error was calculated as:

L
Ii—= — 6.10
[0} ﬂ ( )
Considering Q = f(Rpeater, V), the heat input error can be found as:
2Q\?* 2Q \?
T = 7 2 2 A1
Q \/< 8V> oV + <aRheateT> Rneater (6.11)
Also, since R = R(Te, T¢, V, Rpeater), the thermal resistance error can be calculated as:
OR\? OR \? oR \? OR \?
N L 2 ) »2 =) o2 12
R \/(av) ov+ (aRheam> TRncarer (aTe> o * (aTc) o1, (6.12)
Similarly, K = K(V, Rneater, Te, Ic) S0 the device thermal conductivity error is as follows
ok \ 2 ok 1\’ ok \? ok \?
5 - I9KY 2 — 2 — | o2 6.13
‘ \/(OV) v (aRheater) Rncaer (aTe) o T <8T6> e (6.13)

The final errors for heat input, effective thermal conductivity and thermal resistance were

determined to be in the 3 to 5 percent range.
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6.3 Results and Discussion

6.3.1 Working Principle

The thermal cycle of a wick-lined heat pipe consists of evaporation at the heated zone,
condensation on the cold side, and lastly, conveyance of the condensate back to the heated zone.
In the current hybrid design, a new condensation and return mechanism through the wickless
WP-plate is superposed on this cycle. In this design, the wickless plate placed opposite to the
wick-lined plate also transfers heat due to its contact with an external heat sink (Figure 35a).
The saturated vapor comes in contact with the wickless surface and depending on this surface
temperature, the vapor temperature and the internal pressure of the device, the vapor could
condense on all or parts of the wickless surface. For consistency, only T8, T9 and T'10, which are
in direct contact with the heat sinks (top and bottom, respectively in Figure 35a), are used for
the calculations. The rejected heat gets transferred through lateral conduction in the wickless
plate, where insulated, and directly to the heat sink where not insulated, thus facilitating
condensation there. Condensation on the wickless surface is tailored to enhance heat removal
and reduce the overall thermal resistance of the device. This is achieved by efficiently returning
the condensate from the wickless surface to the opposing wick using a patterned wettability
mechanism. The transport rate in the present device depends on different factors, including
wick thickness, wick shape, working-fluid mass, and wettability pattern of the wickless plate.
As opposed to the conventional flat heat pipes, where the vapor condenses mainly on the wick,
and the condensate returns through it, here, the WP plate assists the heat dissipation along the

length of the device by spreading the condensate over the entire wickless WP plate. Additionally,



163

the WP plate improves the working fluid circulation by facilitating liquid movement in the
absence of a wick.

The heat transfer enhancement is achieved by incorporating a superhydrophilic/hydrophobic
pattern on the wickless plate where FWC occurs on the superhydrophilic domains (black areas
in Figure 35¢), while DWC occurs on the hydrophobic background (white areas Figure 35¢) (493;
541). The pattern repeats identical design units (Figure 35¢), with each consisting of lateral
wedges emanating from a main stem wedge terminating at a circular end-well. Every wedge
track passively and rapidly transports droplets from its narrow to its wider end, as established
in (16). The lateral wedges are intended to gather condensate droplets from the surrounding
areas and transport them to the main stem wedge, which collects the condensate and transports
it to the adjoining end-well. Because of its reduced curvature, the end-well is a low-pressure
site and is specifically intended as a fluid collecting point, where the condensate is passively
carried by the Laplace pressure difference along the wedge tracks.

As additional vapor is produced over the heated zone, condensation proceeds, and small
droplets on the hydrophobic sections become larger and merge with one another until they
reach the pattern’s interdigitated superhydrophilic tracks. When a droplet (due to its growth)
reaches the superhydrophilic area, it merges with the existing liquid on the film and then
gets carried horizontally to a lower-pressure site, driven by Laplace-pressure differences. As
additional condensate accumulates on an end-well, a bulge forms and grows until reaching the
opposing wick. At this point, a capillary bridge is formed, which draws liquid to the wick via

capillary action, eventually snapping due to water volume loss into the wick. The condensate
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is eventually drawn to the heater zone (again due to capillary action) and the thermodynamic
cycle is repeated.

The capillary bridge frequency of formation/snapping is an essential part of the cycle, which
depends on the wettability pattern, the interior gap height, the amount (mass) of the working
fluid, and the applied heat flux. The performance of the device is considerably decreased if
the capillary bridges do not form or snap cyclically. The former happens when a device is
undercharged; lacking enough working fluid to form the bulge and return the fluid back to
the heater before dry-out. The latter occurs when the device is overcharged; large amounts
of working fluid prevent the capillary bridge to snap and may cause a permanent vapor-flow
blockage in the device

As mentioned earlier, an axially-graded wick structure was also incorporated to facilitate
and enhance the return mechanism of the condensate to the heated zone. Using the fine wick
structure only over the heated area increases the thin-film evaporation rate (262) and results
in greater capillary pressure due to the wick’s small pore size. The coarse wick on the rest of
the heat pipe significantly reduces the pressure drop, due to the bigger pore size, and amplifies

the condensate-return flow rate from the cold to the hot side of the wick-lined plate.

6.3.2 Main Results

A Cu plate (30 mm x 110 mm x 2 mm) was evaluated for benchmarking purposes for heat
dissipation. This plate occupied the space of the evaporator plate in Figure 37,with thermocou-
ples T1, T2 and T10 placed at its bottom, and T3 to T9 at its top (placing shown in Figure 35).

All other components shown in Figure 37, including the Teflon and Aluminum holding plates at
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top, remained the same as with the HP. 38(a) presents the temporal temperature rise of the Cu
plate (solid lines) versus a HP with wickless WP component (dashed lines) with 25% CR and
subjected to heat inputs from 10W to 25W. In 38(a) and for clarity, the average temperature
of T1 and T2 (Ty) is plotted (in red), along with the average of T3 and T4 (Tz34) (in green),
and the average of T8 and T9 (Tg) (in blue).

Heat transfer in the Cu plate is driven only by conduction; in the HP, heat transfer is driven
mostly by convection and phase change of water. Naturally, the solid copper plate showed a
slower response to heat input variation than the HP. The temperature averages Ty ; = (T1+12)/2
and T34 = (T3+7T4)/2 increased in unison, but Tgy = (T8 +T9)/2 remained almost constant and
equal to T10 (not shown here) during the entire test period. The heater temperature rose rapidly
over the copper plate, showing that heat transfer with the solid plate is less efficient than with
the HP. For the 6-minute time intervals of the experimental runs with the copper plate, the
heater temperature progressively rose, while the HP temperature reached steady state within
that short period. At the end of the experiment, the solid copper plate had reached 70°C,
while the HP was only at 45°C. At the same time, the temperature difference T3 4 — Tg ¢ for the
HP was 17°C, while for the solid copper plate it was 42°C, confirming that the copper plate
poses greater resistance for thermal transport than the HP. As Figure 38(a) reveals, the HP
has a thermal response that differs from the solid copper plate, as the HP’s working medium
evaporates, thus keeping the heated side cooler. The vapor releases heat at the condenser end,

as indicated by the rising Tg 9. As more vapor occupies the inner space at rising heating power,
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more condensation occurs on the wickless plate, and as a result, its temperature increases in
tandem.

Figure 38(b) shows the temperature rise of the same heat pipe at the heater zone (T7; and
T34) and condensation zone (Tgy, T10) with CR = 25% (solid lines) and CR = 0% (empty)
(dashed lines) as a function of heat input in the range 10W to 50W. The thermal behavior of
the empty HP is similar to the Cu plate where the temperatures rose steadily in each time step.
At 10W, the Ty, curves for the empty and charged HPs show similar rising trend, indicating
that conduction through the wick-lined plate prevails at this low heat flux. As the heat flux
increases, the discrepancy between the empty and charged HP is magnified; at 50W, Ty ; for the
empty and charged devices reaches 102°C and 58.8°C, respectively. On the other side, T3 4 for
the empty HP reaches 64°C, while for the charged device this temperature is only 1.5°C below
Ty2. The difference between Ty ; and T34 for the empty HP rises due to the absence of phase
change, but the high value of T34 points to a possible influence of conduction heat transfer
through the gasket in the heat pipe thermal performance. In real-life applications, for a closed
and sealed HP, this effect could be mitigated through a modified design where the conducted
heat is channeled toward phase change by thin side walls. On the other hand, at 50W, Tgo
reaches 37°C for the empty device, and 42°C for the charged device. This translates to a 27°C
and 15.3°C temperature difference along the wickless plate for the empty and 25% charged HP,
respectively, at a heat load of 50W. In summary, the present hybrid design demonstrates all of

the characteristics of a HP whose performance could be further analyzed at greater heat loads.
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Figure 39: Raw thermocouple measurements vs. heating power over time (a), and (b) over
placement distribution for a flat heat pipe with 25% CR.
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Figure 39(a) plots the temperature rise of a HP with axially-graded wick-lined evaporator
and 25% CR, when the heat input varied from 10 W to 65 W in 5 W increments. As seen,
the overall temperature of the device increases in sync with the heat input. From 10 W to 15
W, the temperatures near the heater (T1 to T4) rise together, indicating a low evaporation
resistance; the large slope indicates the major role of conduction through the solid/porous
metal and the working fluid. Initially, evaporation is taking place from the top of the wick
and the temperatures T5 to T7 rise slower, but remain below T1 to T4. At 15 W, T1 to T4
start to rise with a much slower rate, which hints the beginning of the thin-film evaporation
where most of the heat is transferred through phase change (494; 543). Temperatures T5 to
T7 increase swiftly from 15 W to 35 W, and at 40 W, the WP-plate achieves a fairly uniform
temperature, except for the condensation section, which is most impacted by the adjacent heat
sink. It is worth mentioning the all thermocouples are placed on the outer side of the wickless
and wick-lined plates, measuring the outer solid surface temperatures. As discussed earlier, the
metal block (heat sink) in contact with the wickless plate induces condensation on the surface,
creating a temperature gradient with the lowest temperature recorded on the heat sink. For
each heat load up to 65 W, the device reaches a steady state condition. T1 and T2 rise quickly
after this time (not depicted), indicating that the wick begins to partially dry up. At this point,
the experiment was purposely terminated to prevent damage to the heaters.

Figure 39(b) shows the temperature distribution of the WP plate of the same HP for different
heat inputs (see Figure 35 for thermocouple placement). The temperature difference between

the evaporation and the condensation sections increases up to 20 W and subsequently remains
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relatively constant up to 65 W. The temperature distributions show that the device performs
best at higher heat inputs, where the temperature remains uniform along the HP up to the

condensation section, indicating effective heat transport.

6.3.2.1 Effect of Wick Structure

Figures 40(a) and 40(b) show average evaporation and condensation temperatures (Tj
and Tge on the wickless plate vs. heat input for heat pipes with uniform fine wick structure
(UFW), uniform coarse wick structure (UCW), and axially graded wick structure (AGW) on
the evaporator plate. As shown in Figure 55 in appendix D, no significant variation of T10
was observed for all cases in this study. Here, all devices featured the same wickless WP
component and were filled with two different charging ratios. As seen, the AGW-HP has
better performance (lower evaporator temperature) at both charging ratios, while the UFW
and UCW-HPs behave differently on the evaporator side. The evaporation temperature for the
UCW-HP is slightly higher than the UFW, as also reported in the literature (543). Generally,
the coarse wick structure has a higher evaporation resistance compared to the fine wick due
to its lower thin-film evaporation area (544). Besides, the former has a higher porosity and
permeability. While higher permeability is preferred for transferring the condensate, higher
porosity is insufficient to create the required Laplace pressure to drive the liquid. On the other
hand, the fine wick structure has lower porosity and permeability. The former enables this
structure to create larger Laplace pressure to drive the liquid, while lower permeability causes a
larger pressure drop for the liquid, hence, making the evaporator prone to earlier dry out (522).

However, taking advantage of the wickless WP plate, the UFW reached a higher critical heat
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Figure 40: (a) Average evaporator temperature (T ), and (b) average condensation tempera-
ture (Tg9) on the wickless plate of flat heat pipes for two fluid charging ratios (CR) and three
distinct wick structures; AGW: axially graded, UFW: uniform fine, and UCW: uniform coarse.
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load than the UCW-HP, since the WP component could enhance the resupply of the condensate.
Benefiting from both fine and coarse wick structures, the AGW-HP shows a lower evaporation
temperature in both charging ratios, since the coarse wick structure can rapidly transfer the
cooled liquid to the fine wick structure over the heater, where intense evaporation takes place.
As a result, the AGW-HP was able to reach a higher critical heat flux in both charging ratios
compared to other HPs. Due to having the same WP plates, the condensation temperatures
are close however, the condenser temperatures for the UCW-HP are lower at high heat fluxes,
which suggests lower evaporation rates (544; 177; 545). When less vapor is present, less phase
change takes place at the condensation section, thus eventually causing lower temperatures
there. As shown in a prior study (262), smaller copper-particle sizes for the wick provide a
larger percentage of thin-film area. As a result, the proportion of mass evaporating from the
identified thin-film area vs. total mass evaporating from the whole meniscus was shown to be a
direct function of particle size. This improvement is attributed to the increased meniscus area
as well as to the increased solid-liquid contact per unit volume . As shown in (262), smaller
pore sizes provide larger thin-film region. Accordingly, the proportion of thin-film evaporation
to the entire meniscus evaporation is a direct function of the pore size. As a result, with a
smaller pore size, the evaporation rate increases due to the increased meniscus area and the
increased solid—liquid contact per unit volume.

Figures 41(a) and Figure 41(b) show the thermal resistance and effective thermal conduc-
tivity of the above three HPs. The similar profiles suggest a repeatable behavior even with

different wick structure. As expected, the AGW outperformed the other two HPs at either
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charging ratio, in terms of both thermal resistance and thermal conductivity. The UFW-HP
shows a lower thermal resistance than the UCW-HP, in agreement with prior studies (522; 546).
The minimum thermal resistances with 18% CR for UFW and 16% CR for UCW (0.74 K/W
and 0.79 K/W, respectively) were achieved at 40 W. For 27% CR and 24% CR, the minimum
thermal resistance (0.54 K/W) for UFW was achieved at 60 W, and for UCW (0.74 K/W) at
50 W. The AGW-HP achieved the lowest thermal resistance of 0.42 K/W with 17% CR, and

0.34 K/W with 25% CR at 45 W and 65 W, respectively.

6.3.2.2 Effect of Fluid Charging Ratio

Although similar thermal characteristics are observed for the HPs with a wickless WP
plate and an axially-graded wick-lined evaporator, there are performance differences as well.
Figure 42(a) shows average evaporation temperature (T ;) and Figure 42(b) shows the average
condensation temperature (Tgo) for the same HP charged with different amounts of water.
Initially the evaporation temperatures rise at the same rate. As the charging ratio increases, so
do the evaporator temperatures. Since at low heat fluxes conduction prevails, a greater amount
of working fluid will absorb more heat and as a result, the onset of thin-film evaporation is
further delayed. Based on the knowledge that thin-film evaporation facilitates heat removal,
for the devices with 17%, 25%, 37%, and 42% CR, thin-film evaporation starts at 10 W,
15 W, 25 W, and 30 W respectively. A device filled with greater amounts of water retains
higher temperatures at lower heat fluxes, because it takes more energy to get the apparatus
into the thin-film evaporation regime. Thus, for the same heat input, the HP with a reduced

charging ratio performs better. For instance, at 45 W the evaporator temperatures of the
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Figure 42: (a) Average evaporator temperature (Tq,), and (b) average condenser temperature

(Tge) on the wickless plate with respect to heat input for four identical AGW-WP HPs filled
with different charging ratios.
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lowest to highest CR devices stand at 54.3 °C, 57.1°C, 63.4°C, 68.7°C , respectively. These
differences are attributed to the initial temperature rise when conduction still influences the
device performance and thin-film evaporation has not been initiated yet. Besides, the condenser
temperatures are nearly identical, implying independence of the charging ratio. This is likely
due to the surface wettability pattern, where the surface never saturates and DWC region is
always available for the upcoming vapor, as opposed to the metal wicks, which at increased heat
flux encounter thicker liquid films on the condensation side, thus saturating these wicks and
causing FWC to dominate the heat transfer in this region (547; 548; 353; 549). Figure 42(b)
shows a deviation at 90 W for the 42% CR, where the condenser temperature slope changes.
This can be attributed to the comparatively larger amount of liquid accumulating there, thus
reducing the condensation rate on the wickless WP plate, in turn causing the temperature in
that vicinity to rise slower than in the less-charged cases. Furthermore, because additional
water allows the device to endure larger heat-input powers, the devices with 37% CR and 42%
CR handled 105 W of maximum heat input, compared to 65 W and 45 W for the devices with
25% and 17% CR. As seen, the HP with 37% CR could handle 105W while maintaining an
evaporator temperature of 86.2°C, compared to 97.6°C for 42% CR, in turn suggesting that
42% CR was over-saturated and as a result, conduction through the working fluid became an
impediment for heat transfer along the device.

Figure 43(a) shows the measured thermal resistance vs. heat input for the same four CRs.
A general trend can be observed for all charging ratios, indicating a repeatable behavior for this

device. At low heat fluxes, where conduction is predominant, the thermal resistance increases
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up to the point where thin-film evaporation takes place (543). From that point on, as the heat
flux increases, thermal resistance declines consistently. As mentioned earlier, following Figure
42(a), the break point is directly related to the amount of working fluid where the thermal
resistance starts to drop. The corresponding powers where this break occurs, i.e. beginning of
thin-film evaporation, are 10 W, 15 W, 25 W, and 30 W, in excellent agreement with 42(a). At
the same heat input, the thermal resistance increases with charging ratio. This is anticipated
as the temperature difference along the device rises with charging ratio. The minimum thermal
resistance for each charge was found at the maximum heat load; 0.42 K/W, 0.34 K/W, 0.27
K/W, and 0.39 K/W respectively, from the lowest to the highest-charged device. The HP with
42% CR, as mentioned earlier, is overcharged, resulting in its thermal resistance leveling off at
90 W, where the liquid thickness is too high at the condenser section where phase change is
impeded.

Figure 43(b) shows the effective thermal conductivity of the same four HPs vs. heat input.
A similar trend is observed, as is in Figure 43(a), where at the same heat load, the conductivity
of the device declines with charging ratio. As seen, the effective conductivity decreases at
low heat inputs, where heat transfer by conduction prevails. The thermal conductivity then
starts to increase when thin-film evaporation starts. The maximum thermal conductivity of
1520 W/m.K, 1944 W/m K, 2499 W/m.K, and 1745 W/m.K was recorded from the lowest to
highest charged device. Similar to Figure 43(a), a change in the slope of the 42% CR case
was seen at 90 W, and reveals the adverse impact of the liquid thickness in the condensation

section.
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Figure 44: Raw thermocouple readings for locations along three flat heat pipes with the same
charging ratio (37%), wick-lined evaporator, and (a) uniform wickless hydrophilic (HPL) plate,
(b) uniform wickless hydrophobic (HPB) plate, and (c) wickless wettability-patterned (WP)
plate.
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6.3.2.3 Effect of Wickless-Plate Wettability

The temperature distribution on the wickless plate vs. heat input is now examined to provide
a better understanding of the influence of the wickless component of the device. Figure 44(a)
shows results for a heat pipe featuring a uniform hydrophilic (HPL) wickless plate with and
37% CR. As expected, by increasing the heat input, the temperatures of the whole system
increase as well. However, the temperature changes are lower near the condensation section,
so that T6 and T7 never catch up to T3 and T4. Hence, the wickless plate never reaches a
uniform temperature even at 65 W, where the experiment was terminated to avert damage
(heater temperature had reached 96°C). As anticipated, the hydrophilic plate would be covered
with a liquid film quickly after exposure to vapor (due to FWC), which significantly influences
the heat transfer capability of the device. This uniform film can reenter the thermodynamic
cycle in two ways. First, when the thickness of the film increases and reaches the wick on the
opposite side, thus being sucked in. Second, when its temperature is elevated to evaporate the
liquid. Because of the hydrophilic nature of the plate, a thinner liquid film will be left behind
in both cases. Having a homogeneous layer without an adequate return mechanism prevents
condensate from returning to the wick, thus hindering the cyclical process. As a result, the
inability to remove vapor raises the device’s internal pressure. This pressure increase suppresses
the evaporation rate (505; 191) and raises the temperature over the heater for the HPL and
uniform hydrophobic (HPB) cases. Compared to the WP case in Figure 44(c), T5 to T7 as well

as T8 and T9, are supposed to increase as the heat load increases, however due to the wickless
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HPL plate’s under-performance, T6 and T7 do not rise at the same pace as T5, and thus T8
and T9 remain well below the corresponding temperatures of the WP case.

Figure 44(b) shows the temperature distribution of a HP with a uniform hydrophobic (HPB)
wickless component at the same charging ratio (37%). Here, the experiment was shut down
at 90 W when the heater reached 100°C. A similar behavior as the HPL case can be observed
here as well, where T6 and T7 reach T5 at 70 W, which is higher compared to the WP case.
This implies formation of random droplets on the HPB plate. But the main difference with the
HPL plate is that the hydrophobic plate has a higher static contact angle and a lower contact
angle hysteresis. As more vapor is generated, small droplets form on the surface and start to
grow individually or coalesce with each other and eventually form random large droplets on the
entire surface. These larger droplets can bead up, due to hydrophobic property of the surface,
and create new space for continued condensation on the plate. Furthermore, if these droplets
get large enough, they can bridge the gap and reach the wick on the other side, thus draining
quickly without leaving a footprint behind, creating more space for renewed condensation on
the wickless plate. Thus, the severe problem of vapor space and interior pressure for the HPL
case is mitigated, and the HPB-equipped HP operates at a lower heater temperature compared
to the HPL case.

Figure 44(c) shows the temperature distribution of a HP with a wickless WP component
at CR=37%. Compared to the HPB and HPL devices, the WP system attains lower overall
temperature for each heat load. The wettability pattern, due to its specific design, controls the

droplets size and distribution uniformly on the entire plate and prevents random condensation
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Figure 45: (a) Average evaporator temperature (T72), and (b) Average condenser temperature
(Tge) on the wickless plate for flat heat pipes with 37% CR and three distinct wickless compo-
nents (WP: wettability-patterned, HPB: uniform hydrophobic, and HPL: uniform hydrophilic).
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Figure 46: (a) Thermal resistance, and (b) Effective thermal conductivity of three heat pipes
charged with 37% CR, and each equipped with a distinct wickless surfaces (WP: wettability-
patterned, HPB: uniform hydrophobic, and HPL: uniform hydrophilic).
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or pooling on it. Therefore, this device is set to a nearly uniform temperature at 40 W, except
over the condensation section which is affected by the adjacent heat sink. These results show
that wettability patterning can allow a HP to spread the heat more quickly and uniformly.

Figure 45(a) compares the evaporation temperatures of HPs with different wickless plate
wettability at a fixed charging ratio of 37%. Following the temperature distribution results, the
WP attains the lowest evaporator temperature compared to the HPB and HPL cases. Also,
the WP case enters the thin-film evaporation regime at 25 W, while the corresponding power
is 3bW for the HPL and HPB devices. The respective evaporator temperatures are 52.3 °C for
WP, 66.4 °C for HPB, and 68.2°C for the HPL system. As mentioned, the HPB case performs
slightly better than the HPL case at higher heat loads due to its hydrophobic nature.

Figure 45(b) shows the condensation temperatures for the same HPs. In the WP case, the
thin-film evaporation phase starts at lower heating powers, therefore, the condenser temperature
rises above the corresponding temperatures for HPL and HPB, showing increased condensation.
A similar behavior is observed for the HPB case, but the slope is lower than the WP case since
the drop formation and distribution on the former is random and unregulated (due to its uniform
wettability). As expected, the HPL case retains the lowest temperature at similar heat load,
indicating weak phase change due to reduced evaporation rate and vapor space.

Finally, Figure 46(a) shows the thermal resistance of the three HP with different wickless
plates at the same charging ratio (37%). The WP device performs best with the lowest thermal
resistance of 0.27 K/W at 105 W. As expected, the HPL case has the maximum thermal

resistance (0.95 K/W) at its critical heat load (65W). Figure 46(b) shows the corresponding
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effective thermal conductivity for these devices. The WP case reached 2499 W/m.K at 105W,
while the HPB case reached 1184 W/m.K at 90 W. This improvement in HP performance
underlines the need of directing condensate back to the heater in an efficient way, which can be

accomplished via wettability patterning.

6.4 Conclusion

In this work, a case study of a low-profile heat pipe with partially adiabatic wickless plate was
performed. The partially adiabatic element was incorporated to emulate practical situations
where the presence of external heat sinks force temperature non uniformities. A prototype
heat pipe with a wickless wettability-patterned component and an axially graded copper-wick
evaporator was assembled and tested. The wick-lined evaporator was designed to improve
evaporation from the heater zone as well as transfer the condensed liquid to the device’s hot side,
whereas the wettability-patterned component was meant to improve condensation efficiency and
provide a new conduit for condensate to return to the heater. The performance of the HP was
studied using four different charging ratios of DI water and compared to the performance of HP
with different uniform wick architectures and wickless plate wettability. Thermal resistance and
effective thermal conductivity were the two primary performance metrics used for comparisons.
It was discovered that the HP with an axially graded wick structure and a WP component had
the lowest thermal resistance and greatest thermal conductivity. For the same heat input, the
device with a greater fluid charge ratio (CR) could withstand higher heat loads while exhibiting
higher thermal resistance and lower effective thermal conductivity. The HP at 37% CR could

reach 105 W without dry-out. At its critical heat load, this device had thermal resistance of
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0.27 K/W and effective thermal conductivity of 2499 W/m.K. Although the current design, the
first of its kind, has demonstrated the ability to efficiently transfer heat and protect sensitive
high-heat-power devices featuring limited surface area for heat dissipation, additional research
on the wettability patterns, charging ratio, wick structure and thickness, interior gap thickness,
and minimization of conduction heat transfer through the wick-lined solid plate can help to
improve its performance to handle higher heat loads even more efficiently. The current design
can be of value for a variety of applications, such as thermal management, electronics cooling,

batteries, etc.



CHAPTER 7

CONCLUSION AND OUTLOOK

7.1 Thesis Conclusion

Surface wettability engineering is a robust technique for manipulating liquids and gases on
various open solid surfaces in isothermal and non-isothermal conditions. In this work, five differ-
ent applications of wettability-engineered surfaces have been presented. In isothermal cases, it
was shown that it is possible to reach a prescribed wettability using a TLO, nanoparticle coating
compound. The present approach provides a powerful tool for designing surface patterns with
precise wettabilities, in this case for water, with contact angles in the range ~ 0 —170°. Wetta-
bility patterning is not only well suited for manipulating liquids; as shown, it could be efficiently
used to confine and control gas bubbles submerged in liquids as well. The work provided a para-
metric study of spreading of mm-size gas bubbles on wettability-confined tracks, which led to
deriving a scaling law governing the transport of bubbles on immersed superaerophilic tracks.
To further investigate the potential of wettability engineering in non-isothermal cases, conden-
sation heat transfer was also studied. In a follow-up study of works performed in the same lab,
we showed the role of pressure gradient created by the superhydrophilic wedge-shape tracks
on the overall condensate removal capacity and rate. As predicted by theory, the experiments
revealed higher pressure gradient removed the condensate faster when the superhydrophilic/hy-

drophobic area ratio was fixed for all cases. The condensation heat transfer enhancement has
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been incorporated in passive heat spreaders, with the goal to reduce the overall thermal re-
sistance of such systems. A wettability-patterned copper surface was implemented in a vapor
chamber to reduce the condensation thermal resistance in addition to enhancing water circu-
lation by removing the copper wick structure. Moreover, the same concept was applied in
a heat pipe, where it was shown that similar enhancement in thermal performance could be
achieved via a surface-engineered component. All of the above studies showcased the robustness
and versatility of wettability engineering technology where handling small liquid volumes is a
critical task. As discussed, it is crucial to choose the proper surface-treatment technique and
design parameters to reveal the advantage and applicability of wettability patterning. Although
this work presented some case studies, further research into the individual cases is needed for
forming a complete picture of the different aspects and functionality factors affecting particular

applications.

7.2 Research Outlook

Surface treatment and wettability engineering have become an integrated part of our daily
lives. From the recent COVID-19 rapid test kits, harvesting fog from the atmosphere, desali-
nating sea water, separating water and oil, separating oil and gas, to cooling batteries in electric
vehicles and microchips in our cellphones and laptops, all require precise handling of liquids to
maximize the efficiency of each individual system. Surface engineering offers a facile and cost-
effective approach to address technological problems where managing micro liquid/gas volumes

is a matter of importance.
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By increasing the industrial-scale implementation of surface-engineered surfaces, further
research is required to develop durable and ready-for-market devices. With a rising demand
for developing multi-functional surfaces, such as in biology, biomedical, and ink-jet printing
industries, further research toward creating domains of specific wettability for different liquids
would be required. Moreover, raising demand in the complementary case, where manipulating
gases in liquids is a critical task, has also created an extensive research topic. Collecting
and extracting the gas bubbles from a solution, such as biological samples, electrodes, boiling
surfaces, etc, is a complex venture and requires further experimental and theoretical research
to better understand the efficiency of engineering wetting forces in such circumstances.

Beside isothermal systems, skyrocketing demand in cooling high-power electronics and bat-
teries has become one of the hottest topic in recent years. As shown, surface engineering
incorporation in thermal management systems is a viable solution toward more efficient heat
removal systems. Although the present work investigated a vapor chamber and a heat pipe
with a wettability-patterned surface, more research should be pursued to create thinner and
more effective devices to meet the miniaturization path in the electronics industry, where ever

higher heat fluxes are required to be removed at smaller sizes/thicknesses.

7.3 Recommendation for Future Work

To further comprehend, develop and fine-tune the surface energy patterning technology for
different applications, more extensive research is required in this area. Following the presented
Ti0; study in chapter 2, further evaluation of various coatings will provide better image of its

wettability behavior. The current study focused on the static contact angle of various TiO;
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coatings and even though the employed machine learning model showed great accuracy and
generalized attributes, more data on dynamic contact angle (receding and advancing), adhesion
force measurements, and coating durability tests could provide a more comprehensive picture.

Following the work in chapter 3, understanding gas bubble spreading dynamics was a major
step toward designing more complex systems. Nevertheless, more research is needed to cover
all aspects of these phenomena. Factors, such as larger bubble size (above capillary length),
a wider range of wettability-confined tracks, larger variation in liquid properties (e.g. surface
tension, density, and viscosity), and non-uniform tracks are factors that have not been studied
in the current work and investigating them could be a valuable step towards understanding
gas/liquid interactions in confined spaces.

In chapter 4, a parametric study showed the role of superhydrophilic wedge-shape tracks
in overall condensation performance of a cooled surface. However, this study varied only one
variable while keeping all other parameters constant, and of course, thermal performance of
the entire surface is a function of all factors. Therefore, to further explore the role of wettabil-
ity patterning in condensation heat transfer enhancement, one should explore and conduct an
extensive study while keeping all the variables in play, which is a time-consuming and expen-
sive task. To this end, a collaboration with the University of California-Irvine was formed to
take advantage of powerful machine learning and artificial intelligence tools in this application.
In the ongoing research, high resolution videos of different patterns in the condensation rig
are fed to image detection algorithms to automate droplet nucleation, growth, and drainage

rate monitoring. By tracking individual droplets and using the experimental data (heat flux,
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subcooling, and HTC), a correlation between the pattern and its condensation performance is
derived, providing a solid modeling base towards optimizing the wettability pattern for various
applications and conditions.

Chapter 5 presented the application of wettability engineering in a hybrid (made of wick-
lined and wickless components) vapor chamber. The rising demand for cooling high-power and
high-density microchips and batteries in the booming electronics and electric vehicle industry
will continue to require more efficient and cost-effective cooling solutions. Everyday life usage
of electronics components requires reliable, low-cost, light-weight and highly efficient cooling
techniques. As shown, wettability patterning could be a viable approach for these purposes.
However, hybrid and wickless vapor chambers are relatively new and very young compared to
the conventional fully wick-lined devices and require further studies to reach mass production
and implementation. To this end, the idea of surface energy patterning incorporation inside a

vapor chamber could be pursued in two ways:

e Hybrid vapor chambers: The power-electronics setup explored in this work was inten-
tionally made of low-efficiency MOSFETSs to generate high heat losses. The maximum 200
W drawn from this system could be further enhanced by switching to active liquid-cooling
method (cold plates). In this approach, the MOSFET temperatures will reach 100°C at
much higher heat loads and therefore, the cooling capacity of the hybrid vapor chamber
could be tested further. In addition, using more spacers would resist the plates’ deflection

and enable thinner vapor chambers, which in turn, will reduce thermal resistance.



192

e Fully wickless vapor chambers: Another approach for the power electronics cooling
application features a fully wickless system. As shown by our group (329), fully wickless
vapor chambers are more light-weight, easy to fabricate , and also allow examining various
patterns for different heaters’ configurations. For this case, a wickless and wettability-
patterned evaporator plate could be fabricated to accommodate two heat sources and
accordingly, the pattern on the condenser could be further adjusted to return the con-
densed liquid to the surface over the two MOSFETSs. In collaboration with The University
of Nebraska-Lincoln, femtosecond laser surface processing (FLSP) could be applied on the

evaporator side to enhance evaporation and boiling occurring over the hot spots.

Moreover, following our latest work with wick-free vapor chambers (329), a new robust
setup was fabricated and tested. The new vapor chamber setup was designed for 1 cm
x 1 cm heat source and a 5 cm X 5 cm vapor chamber. The setup rig was specifically
designed with the aim of reducing the vapor chamber thickness < 2mm and the thermal
resistance to drop < 0.1 K/W even when reaching higher heat fluxes. A thin wick-free
and FLSP treated vapor chamber will be investigated and built to be tested with this

setup.

Finally, in chapter 6, we introduced wettability patterning on a wickless component of a
flat-plate heat pipe. The results showed the superiority of wettability patterning over uniform
wettability on the condenser side. Replacing the wick also on the evaporator side with a
wickless wettability-patterned surface could further enhance the device’s thermal performance

and reduce its thermal resistance. Due to the robustness of wettability patterning and its
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high liquid transport velocity on wettability-confined superhydrophilic wedge-shape tracks, it
is expected that a fully wickless system could tolerate much higher heat loads since the liquid
could travel with least resistance from the cooled to the heated side of the heat pipe. Moreover,
implementing FLSP-treated domains on the heater zone could further enhance the phase-change
process with lowest evaporation resistance, and overall, reduce the total thermal resistance of
the heat pipe. Furthermore, for a better understanding of the evaporation/condensation and
transport of the condensate inside the device, a new setup with transparent top could be made

to allow visualization study of the heat pipe’s interior.



CHAPTER 8

APPENDICES

8.1 Appendix A: Supplementary Materials for Chapter 2

8.1.1 Titanium Dioxide Formulation Composition

Each TiO; formulation (liquid dispersion of mass M) has three main components: polymer
solution (mass p), filler (mass f) and solvent (mass s). The value of M for all formulations
prepared is kept constant at 15 g which is then coated on four 75mm x 25 mm microscope
slides. There are infinite combinations of TiO;-polymer-solvent, which differ in the mass of each
constituent. Therefore, it is essential to define a unique feature (property), which designates a
unique TiO; formulation and combines certain values of p, f and s, respectively. That feature
is the filler mass fraction and is denoted by ¢; it is defined as the mass ratio of filler (TiO;)

particles in the dried coating

¢ = (8.1)

where c is the weight percent of the polymer in the PMC water solution which in our case is
0.2.
Consequently, two more equations are needed to determine the values of p, f and s for any

known value of ¢. Equation 8.1 can be rewritten as

(p—1)f+dep =0 (8.2)
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The total mass, M can be found from

f+p+s=M (8.3)

Another parameter, d is defined as the mass ratio of the solid components (f4+cp) to the total

mass (f +p +s) of the dispersion

(d=1)f+(d—c)p+ds=0 (8.4)

Equation 8.2, Equation 8.3, and Equation 8.4 could be arranged as

d—1 d—c d| |f 0
1 1 1] |pl =M (8.5)
d—1 cd O0f [s 0

Solving the system of (Equation 8.5), the values of f,p and s are determined with ¢, M
and d being known constants with values 0.2, 15 g, and 0.08, respectively. The 15 g mass was
chosen for each batch and fixed for all ¢ values to provide sufficient amount of material for

spraying. The mass fraction, ¢, was set to each of the values listed in the following section.
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8.1.2 Data
UVtime = Contact Angle UV time | Contact Angle UVtime | Contact Angle
(min) (1.1 ¢ (min) (+2.50") ¢ (min) (1.30")
0 114.13 0 148.64 0 172.87
3 93.36 1 149.65 1 166.46
6 90.57 2 146.05 2 157.13
9 85.29 3 144.61 0.6 3 12431
12 65.9 4 94.8 4 49.04
15 62.94 5 75.97 5 0
18 62.96 0.42 6 63.57
21 62.91 7 50.57 UV time | Contact Angle
24 62.05 8 41.06 ¢ (min) (+1.25°)
0.2 27 60.32 9 24.77 0 163.08
30 58.25 10 17.57 1 159.73
33 47.92 11 13.67 2 155.19
36 4221 12 0 3 119.66
39 33.04 ocs 2 85.46
fé 3212'21 R UV time | Contact Angle . 5 56.44
48 19.56 (min) (+2.80) 5 2o.06
51 1411 0 151.03 ! 24
c4 0 1 140.44 8 9.75
2 109.4 9 0
3 92.06
UV time | Contact Angle 4 86.92 ¢ UV time | Contact Angle
¢ (min) (+2.10") 5 78.13 (min) (+1.45°)
0 132.41 6 56.09 0 161.1
2 124.58 0.5 7 4591 0.5 125.52
4 101.76 8 32.09 0.75 1 57.57
6 81.95 9 23.64 15 15
8 74.27 10 20.33 2 0
10 62.75 11 14.98
0.35 12 51.3 12 12.89 ¢ UV time | Contact Angle
14 51.11 13 0 (min) (£1.35)
16 40.65 0 159.94
18 41.08 0.5 90.41
20 21.22 0.8 1 77.18
22 14.31 1.5 56.58
24 0 2 0

Figure 47: Contact angle variation of different TiO; formulations with respect to UV exposure
time. Contact angles below 10° are considered zero due to hemi-wicking phenomena that make
contact angle measurement impossible.
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8.1.3 Parametric Models

8.1.3.1 Linear Regression Model

Linear regression intends to find the connection between the independent variable column

(x) and the dependent variable column (y) based on a linear function, as described in
P
y="Fx)=PBo+ ) Bjx (8.6)
j=1

where x; represents the vector for the j™ independent variable, whereas B, and B3;, respectively,
represent the intercept and slope (unknowns) in the straight-line equation. It is possible to
estimate the values of the linear equation constants by minimizing the Sum of Squared Errors
(SSE) between x and y in Equation 8.6. This method is referred to as the standard OLS

(Ordinary Least Squares) regression.

8.1.3.2 Modified Ridge Regression: Kernel Ridge Regression

Ridge Regression can be coupled with a kernel function, in this case, a L, error is used

N

P
SSEL, =) (yi—f(@:)*+AD_ B} (8.7)
i=1

i=1

where @ is the kernel function and A, which is tuned through a validation process, controls the
amount of shrinkage. Larger values of A lead to more shrinkage and therefore the coefficients,
Bj, become more robust to collinearity. This equation is the Kernel Ridge Regressor (KRR)

and uses the Ridge Regression loss function.



198

8.1.4 Non-Parametric Models

8.1.4.1 Gradient Boosting Regression

Ensemble-based algorithms comprise numerous base models, each giving an alternative so-
lution to the problem whose predictions are consolidated in some way (typically by weighted
or unweighted voting or averaging) to create the final model output. Combining forecasts of
a gathering of individual base models frequently creates more stable and accurate prediction
than by any of the individual base models in the ensemble (550). The ensemble methods are
commonly favored in light of the fact that they can reduce the variance (551; 552). There
are several ways to ensemble models, such as bagging in Random Forest (553) or boosting in
Gradient Boosting (552) algorithms. While in bagging multiple trees are used for prediction,
in boosting, the weight of each tree is determined by rough estimates from previous trees.

Gradient Boosting Regression (GBR) is an ensemble, tree-based ML technique. Concep-
tually, GBR trains a sequence of simple decision trees (as weak learners), each boosting the

accuracy of the previous tree. The procedure used in GBR is as follows:

1. Set the number of trees (estimators) and number of splits (tree depth).

2. Set the dependent variable f(Ax) to zero, and assume the residual (r;) and dependent

variables (yi) to be equal for trial i.

3. The boosting process for each tree estimator (N number of trees) follows the next steps

repeatedly and sequentially fort =1, 2, ..., T:
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(a) Grow a tree and calculate the residual for each dependent variable (computing neg-
ative gradient r).

(b) Fit an estimator (regression tree) f! to the training data (x,r), where t denotes a
single tree.

(c¢) Calculate a new target variable f by adding in a regularized new tree

/N /N

f(x)  f(x) + Aft(x)
(d) Update the residuals

T ¢ T — )\1/‘%(7(1)
4. Derive the boosted model by summing all sequential trees; predicting y from x

=3 M)
t=1

GBR is commonly used due to its high accuracy.

8.1.4.2 Support Vector Machine

Support Vector Machine (SVM) is a kernel-based classification model used mostly to locate
the optimum fit of y into its best match of class based on x. Support Vector Regression (SVR)
employs similar features to the classification SVM algorithm. SVR is equipped with different
kernel functions () to perform the best prediction. Equation 8.8 below describes the predicted
value of y(x) based on SVR, as it adopts a suitable kernel function (also known as basis function)

as follows:

N
yx) =) Bmbm(x)+ o (8.8)
m=1
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where N represents the number of kernel functions. The values of B and 3, are estimated by

minimizing 1\ as follows:

mini (B, Bo) ZVT fHBH

= Z V(yi
i=1

N\>‘

N
+5 2 Pm
m= (8.9)

0, ifr|<e
vg:

Ir| — e, otherwise

where V{ are the total errors of selected vectors. The optimal bound can be found from
managing the number of support vectors by using € as the threshold. Also, A, the penalty
parameter, determines how flexible the model is. By adjusting the values of A and €, one can

balance the bias-variance influence.

8.1.4.3 Artificial Neural Networks Models: MLP and GRNN

Artificial neural networks are designed to find a relationship between input and output
data through a network of neurons that simulate the human neural system. The Multi-Layer
Perceptron (MLP) neural system, also known as Back Propogation Neural Network (BPNN), is
one of the most popular algorithms employed by scientists. Based on three layers, namely, input,
hidden, and output, MLP finds the most complex relationships between x (input layer) and y
(output layer) thorough the hidden layer. MLP regressor takes in x as the input and calculates
the output y using assigned weights (w) from the activation function, f. The activation function

is an internal function that transforms input to the output data. Typical activation functions
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include the sigmoid, tanh, step, identity function, and rectified linear unit (ReLU) (406). The
weights are specific values assigned to each neuron, and are tuned with the activation function.

The MLP algorithm can predict the output y from input x as follows:

Y0, w) =wo + () widi(x)) = wo + (D wixi) (8.10)

i=1 i=1

where x is an input vector; w a vector of assigned weights; and ¢y the basis function. To find
the weights wji, a back propagation approach is taken in MLP so that the loss function (SSE)
is minimized using different methods (e.g., gradient decent method (GDM)).

In contrast, GRNN is a feed-forward network structured in a similar way to MLP. As a neural
network algorithm, GRNN consists of an input layer, a hidden layer (Radial Basis Function

(RBF)), and an output layer. GRNN predicts y from x according to the following equation
n
2 Yigi(x)
y="F—— (8.11)
gi(x)

i=1

where y; denotes the output corresponding to input training vector x;. The basis function in
equations Equation 8.10 and Equation 8.11 is the major difference between MLP and GRNN;
Oy is linear in MLP and Gaussian in GRNN. The basis function gi(x) is obtained by computing
the distance between two vectors based on the Gaussian function:
2
[x — kil

gi(x) == exp(—T) i= ])2) 3, ey (812)
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where o is the smoothing factor and n is the number of neurons in the input layer, which is
equal to the dimension of the input vector in the learning sample. This equation computes the

geometric distance between the new input vector x and the training vector k;.

8.1.5 Hyperparameters

Table VII shows different values and functions used for each hyperparameter in different

machine learning techniques.

TABLE VII: Hyperparameters used in different ML techniques

Method Hyper-parameter Function/Values
SVR Kernel linear, poly, rbf,
degree 1-20
epsilon 0, 0.02, 0.05, 0.1
MLP hidden layer sizes (1,1), (2,2), (2,2,1)
activation function logistic, tanh, relu
solver Ibfgs, adam
learning rate constant, invscaling, adaptive
GBR loss function Is, lad, huber, quantile
number of estimators 3,5,6,8
criterion friedman mse, mse, mae
max depth 3,4,5,6
KRR kernel linear, rbf, laplacian, polynomial, exponential
degree 1-20

GRNN sigma 0.01-1
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Parametric Model Results
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Figure 48 shows that the simple parametric models are unable to capture the patterns in

the data; note the low average and high deviation in all scoring metrics.
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Figure 48: Overall performance evaluation of OLS (Ordinary Least Square), Kernel Ridge with
a Linear function, and SVR with a linear kernel model. Red circles indicate the mean value for

each model. Green lines mark the median.

8.2

Appendix B: Supplementary Materials for Chapter 3

Supplementary movies for: 1- Spreading of air bubbles on wettability-confined tracks of

different widths, 2- Spreading of air bubbles of different initial diameters, and 3- Spreading on

tracks submerged in different liquids could be found online (369).
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8.3 Appendix C: Supplementary Materials for Chapter 5

8.3.1 VC Seat

Figure 49 shows the Teflon plate with two pockets for accommodation the MOSFETSs and
providing a flat seating area for the vapor chamber. Blue tapes are used to hold the Teflon

plate in its place.

Figure 49: Teflon plate placing on the MOSFETSs to provide a flat seat for the hybrid VC

8.3.2 Profilometry

Figure 50 and Figure 51 show the contact profilometry images of the wedge-shape track and
the low pressure circular well of the wettability-patterned condenser. As seen, the laser ablation

creates a shallow microstructure with an average 2um high peaks and 6pum deep valleys.
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Figure 50: 2D profile of the superhydrophilic wedge-shape track. Blue arrow indicates the
scanning direction. Red line denotes the scanned line.

8.4

Appendix D: Supplementary Materials for Chapter 6

8.4.1

Maximum Deflection of Wall Plate

Using the approach described in (554), the maximum deflection of the wickless plate (thinner

of the two HP plates) at the minimum evacuation pressure of ~ 7 kPa was calculated. Con-

sidering the physical properties of the copper plate (110 mirror-finish copper, McMaster-Carr,

ASTM B152), namely, Young’s modulus 1.21 x 10""N/m?, Poisson’s ratio 0.34, unsupported

width 0.02 m, unsupported length 0.1 m, and thickness 0.001 m, we estimated that the maxi-
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mum deflection at the geometric center of the condenser plate would be 0.018 mm. This estimate
suggests that the wickless plate deflection at the maximum pressure difference between its two
sides is negligible (< 1%) as compared to the initial gap distance of 2 mm from the top to

bottom plate of the HP. So the gap is maintained without spacers for support.

8.4.2 Heat Pipe System Details

Figure 52 shows top-view photographs of the thermocouples, the heat pipe layered com-
ponents and their relative placement. Figure 53 shows side views of two HP systems: (a)
One with a Teflon insulating plate covering the entire wickless plate, and (b) another with the
inactive cold plate, which allows thermal communication of the device with the environment.

Figure 53(c) shows a photograph of the entire experimental apparatus.

8.4.3 Role of NCGs

Leakage of NCGs in HP systems is a major challenge. In the present study, we ensured
that this problem was averted. Through a pressure gauge connected to the heat pipe via
an on-off valve, the pressure before and after the experiment (system cooled down to room
temperature and internal vapor pressure returned to initial condition) was monitored. Any
observed pressure increase after an experiment was attributed to leakage and thus nullified the
result. A typical experimental run took up to 2 hours (depending on the HP type and charging
ratio). For all reported cases, there was no pressure increase after the experiment. Moreover,
any leakage to the system would not only appear as a temperature drop on the condensation
section, but would also influence the overall performance of the HP. For example, a leakage

would progressively increase the temperature difference between Ty, and T34, as observed in
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Figure 52: Bottom-to-top layer assembly of the HP. Thermocouple placement is also shown. (a)
Thermocouples on the heater and active cold plate; (b) Wick-lined evaporator placement; (c)
Gasket addition; (d) Wickless plate placement; (e) Thermocouple arrangement on the underside
of the top Teflon plate and inactive cold plate; (f) Top Teflon plate has been inverted with the
thermocouples now placed on its underside (not visible) and the TC wires at right hidden by
the tape; (g) Thermocouple arrangement on the underside of the uniform top Teflon plate (no
inactive cold plate present); (h) Top Teflon plate has been inverted with the thermocouples
now placed on its underside (not visible) and the TC wires at right hidden by the tape.
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all discarded experiments. To confirm the negligible role of NCGs in the present device’s
performance, a HP with a fully-insulated wickless side was fabricated and tested. As known
from the literature (555), the NCG effect -if present- would appear as a vapor temperature
difference along the device, so by creating an adiabatic condition on the wickless plate, the
temperature difference as a result of the heat sink was eliminated. In the current study, T3-T9
were placed on the outer side of the plate and measure the plate’s temperature. This is an
important point, since the wickless plate is in contact with the gasket and, as shown in Figure
38(b), conduction heat transfer through the gasket from the wick-lined to the wickless plate
is not negligible and thus could play a role. Nevertheless, in the case of the fully-insulated
wickless plate, the temperature gradient should be minimized. We tested a AGW-WP HP with
25% CR and fully-insulated wickless plate for 1 hour under steady state condition at 30W.
Figure 54 shows the temperature rise of the HP when the heat load is raised from 10W to
30W in 5W increments. For the fully adiabatic wickless plate, the readings T1-T5 (thermo-
couples closest to the heater) increase in sync with minimal differences. Moreover, T7-T8 also
rise and eventually catch up to T1-T5 at 25W. However, T8-T9 (condenser section), stay 4-6°C
cooler than T3-T5 at 30W. Although this temperature difference is moderate compared to the
non-adiabatic wickless plate case (~ 15°C), it does not necessarily imply NCG presence. As
shown in Figure 38(b), conduction heat transfer through the gasket, majorly between the wick-
lined and wickless plate, is not negligible and could account for this phenomenon by transferring

heat from the wickless plate (top) to the cold plate. As mentioned earlier, the thermocouples
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are located on the outer side of the plate, thus recording the temperature of the plate rather
than the vapor.

The system was allowed to run for 1 hour at a fixed heat input (30W) to further explore the
possibility of NCG leakage over time. Appearance of any temperature difference, particularly
between T5-T9, could indicate NCG leakage. As shown in Figure 54, the steady state temper-
atures remained unchanged during this period. Besides, another vacuum draw was performed
after 1 hour to check a possible leakage. A low charging ratio was chosen for this test to min-
imize working fluid losses in the in-run vacuuming step. As seen in Figure 54, a temperature

drop is observed for all thermocouples right after the evacuation, following the internal pressure
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Figure 54: Raw thermocouple measurements vs. heating power over time for a HP with an
insulated wickless plate.
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drop and removal of some hot vapor. However, after approximately 4 minutes, all temperatures
rose back to within ~ 0.5°C of their pre-vacuum values and continued at steady state. This
outcome testifies that the lower temperatures T8-T9 are not caused by leakage or accumulation
of NCGs, since after 1 hour of running and subsequent evacuation, this difference remained
unchanged. This also explains the temperature difference from T5 to T9 at lower heat fluxes
as well. Due to the unavailability of the thermal conductivity of the gasket which was used for
all HPs in this study, the amount of heat transferred through the gasket was not accounted in
the calculations.

Based on the above, it is concluded that NCGs are not present to influence in the HP
performance, and the temperature difference along the wickless plate arises from conduction
heat transfer through the plate and the gasket. The larger temperature difference in the device
with non-adiabatic boundary condition arises from heat rejection to the inactive heat sink (top
in Figure 53(a)).

8.4.4 Temperature on the Wick-lined Plate

Figure 55 shows the variation of T10 vs. heat input for all cases examined in this study. As
seen, the temperature rise at this location follows the same trend without significant differences
among all cases. This is attributed to the high condensation thermal resistance on the wick

structure (due to FwC).
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