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Abstract

Surface texturing to create artificially engineered surfaces is a well-researched field in heat
transfer. Depending on the surface energy, further texturing can drastically alter the wettability to
obtain hydrophobic, superhydrophobic, or hydrophilic surfaces. These properties can then be
used in a variety of practical applications such as water harvesting through evaporation and
condensation, self-cleaning properties, and thermal management of electronic chips. In this
work, wettability features of nanochannel wicks are experimentally tested and explored for

applications ranging from creation of robust slippery surfaces to cooling of electronic chip.

First, to advance dropwise condensation heat transfer, a process for creating a liquid infused
surface (L1S) was developed; such surfaces have the ability to diminish the depletion of lubricant
during condensation. The retention of silicon oil, used as a lubricant, was due to plasma
treatment of the porous nanochannel sample prior to oil infusion, as well as strong capillarity
because of the geometry of the nanochannels. While lower viscosity oil (5 cSt) provides high
condensate drop mobility, it suffers faster depletion. So, 50 ¢St was found to be a trade-off
between drop mobility and oil depletion. Further, even the depleted LIS resulted in heat transfer
coefficient (HTC) ~ 2.33 kWm™K%, which is ~ 162% improvement over flat silicon LIS. During
condensation, rapid drop shedding on depleted nanochannel LIS with 50 cSt oil observed from
little change in fraction of drops with diameter < 500 um from ~ 98 % to only ~ 93 % after 4
hours of condensation. Durability of LIS was confirmed by total of 3 days of condensation on
fresh LIS over an 18-day period. The sample still maintained the hydrophobic characteristic with

a water contact angle ~104° after 18 days.

In the next study, the porous nanochannel sample was treated and baked at high temperature with

silicon oil, and subsequently depleted and coated with candle soot to obtain a superhydrophobic



surface (SHS). This SHS was then subjected to over 20 durability tests including extreme
exposure to water (30 days submersion). Usually, a few days of water exposure or high humidity
deteriorates the superhydrophobic surfaces, rendering them inappropriate for prolonged
underwater applications. However, SHS fabricated in present study did not exhibit any
significant degradation and remained superhydrophobic even after 5 months in open laboratory
environment. Further, it demonstrated self-cleaning properties, organic compatibility (honey, soy
sauce, chocolate syrup, all-purpose flour) and superoleophilicity, thus exhibiting potential real-
world applications. Another feature of this SHS was its ability to restore superhydrophobicity

from a forced degraded state.

Next, hydrophilic properties of porous nanochannels were explored in designing a solar flux-
based vapor generation system. An unconventional approach to separate heating side and vapor
generating side yielded significantly higher vapor generation rate ~ 1.18 kgm2h* even in the
absence of heat supply. Testing under solar heat flux of 1.25 sun resulted in vapor generation rate
of 4.87 kgmh* at surface temperature below 35°C. The flexibility of the system, in regard to the
choice of energy source apart from solar flux, was shown by using a resistive heater on the
heating side. The maximum vapor generation rate of 17.12 kgm2h'* was achieved with resistive
heat input of 5.08 W at low temperature of 62°C. These findings could guide the vapor
generation systems towards achieving higher vapor generation rate at low power and temperature

thresholds.

In the later part of the work, performance of a device-scale nanochannel (122 nm depth and 10
pum width) based evaporator with FC72 as working fluid was demonstrated. FC72 is an ideal
fluid for electronics cooling as it is nonpolar and dielectric with a low boiling point. The 1 mm

thick evaporator provides a low form factor cooling solution desired in electronic cooling. The



steady-state wicking distance of FC72 in the nanochannels varied from 21 mm to 8 mm
depending on the evaporator’s working temperature. A new method to directly measure the
evaporation of FC72 was developed to estimate the interfacial evaporative heat flux which
eliminated the need for the contact angle measurement in nanochannels. The maximum
evaporative heat flux was 0.93 kWcm at ~ 65 °C hot spot temperature. Numerical simulations
were performed to quantify the heat losses from different components of the evaporator
arrangement. This study provides a systematic approach to design thin film evaporators while
delineating important parameters to help develop effective thermal management strategies for

high-performance electronics.
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Chapter 1: Introduction

Heat transfer is governed by three basic modes, namely, conduction, convection, and
radiation[1]. These are ubiquitous in nature and can be observed from their application in
electricity generation to maintaining atmospheric temperature, which is essential for our survival.
Depending on the number of phases (solid, liquid, gas) involved in the heat transfer process, it is
denoted as single or multiphase heat transfer. The latter is primarily seen in condensation,
evaporation, and boiling, and is considered an extremely efficient mode due to utilization of
high latent heat resulting in better heat transfer performance[2]. Accordingly, multiphase heat
transfer is widely used in various practical applications[1,3-8] such as refrigeration and air
conditioning, thermal power plant, petrochemical industries, water purification, cooling of high-
performance electronics, and micro/nano-scale thermal management, among others. It promises
very high heat transfer coefficient (HTC) over single phase heat transfer. To further enhance the
performance, numerous advancements have been made to modify the different components such
as working fluid, working environment, and surfaces involved in heat transfer. Improvements in
surfaces usually involves micro/nano scale texturing[9-11] of the surfaces where physical
properties of the working fluid such as surface tension, viscosity and latent heat govern the
mechanism of heat transfer. These techniques for enhancing heat transfer and thermal
management are the new frontier in the heat transfer field. While the performance and heat
generation in next-generation chips of computing equipment (Figure 1.1) are expected to plateau,
Moore's law is currently predicting an increasing trend. This work also includes fabrication and
testing of a nanochannel-based evaporator to improve the thermal management of electronic
devices. Figure 1.2 shows the two types of nanochannel wicks used in this work: (a)

nanochannels with micropores, which has been used to study condensation on liquid infused



surface, superhydrophobicity, and vapor generation, (b) nanochannels with microreservoirs,

which has been used as an evaporator for thermal management of hot spot.
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Figure 1.2. Types of surfaces used in the studies and their applications.
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1.1 Motivation and Literature Review

1.1.1 Condensation on Lubricant Infused Micro/Nano Structured Surfaces

In case of condensation, surface wettability plays a vital role in defining the heat transfer
performance. Surface modifications by fabrication of micro/nano textured structures, followed
by coating of low surface energy polymers (such as lubricants, Figure 1.3) have been shown to
tailor the wetting or dewetting characteristics[13,14] of surfaces. Taking inspiration from
nature,[15,16] numerous studies[17—-20] have combined engineered surfaces with lubricants to
achieve a desired wettability. Such surfaces are often referred to as liquid infused surface (LIS),
and have been explored extensively owing to their excellent liquid repellency desired in
numerous practical applications such as water harvesting[21], drag reduction[22,23], medical
applications[24], corrosion resistance[25,26], condensation-based heat transfer applications[27],
among others. Excellent water repellency/hydrophobicity, low drop roll-off angle (ROA < 5°)
and lower energy barrier for condensate nucleation[28] make LIS suitable for condensation heat
transfer. Consequently, numerous fabrication techniques have been reported to mitigate lubricant
depletion and to extend the operational lifespan of LIS such as, utilizing metal oxide nanowires
and pores[21,25], trapped air[23], self-functionalizing lubricants[29], among others. However,
after prolonged use of LIS, the lubricant layer on such surfaces depletes due to cloaking and
wetting ridges (Figure 1.3), causing drop pinning and decline in wetting behavior. Depletion is
even more pronounced in condensation-based applications as lubricant layer thickness is small
and usually dictated by acceptable limit of oil-contaminant in condensates. Thus, efforts are
required to sustain the condensation heat transfer performance on LIS, i.e., have a surface that
would perform adequately even in depleted condition as well as in an open environment (i.e.,

presence of NCGs).



(a) (b) Cloaking layer of
the lubricant

Lubricant Wetting ridges 1

1 ~ -
I

/

Structured substrate

Water drop

Figure 1.3. Liquid infused surfaces (LIS). (a) Typical infusion of lubricant in an engineering
surface. (b) Wetting ridges surrounding the oil-water-air interface and cloaking of the drop with
thin lubricant layer. (c) Water drop sliding down the LIS along with cloaked layer and ridges

which results in loss of lubricant with each departing drop.

1.1.2 Superhydrophobicity on Micro/Nano Textured Surfaces

While LIS surfaces exhibit hydrophobicity and low roll-off angle, their application is primarily
limited to condensation, drag reductions and corrosion resistance. Major drawbacks[30-32] of
LIS surfaces are gradual depletion of lubricants, poor surface stability and inadequate
performance under shear flow. Another category of multifunctional surfaces is superhydrophobic
surfaces (SHS). In addition to having roll off angle lower than 5° for water droplets, as in the
case of LIS, these surfaces have exceptional droplet mobility, with apparent contact angle
exceeding 150°. Properties of SHS such as self-cleaning[33], corrosion resistance[34], drag
reduction[35,36], oil-water separation[37,38], and anti-icing[39] make them potential solution
for challenges related to aviation and wind turbines[40], power transmission[41] and, heat
transfer[27]. Numerous studies mimicking the naturally evolved surface textures such as in lotus
leaf[42], rose petals[43] and butterfly wings[44], with suitable organic and inorganic

materials[45], have shown excellent water repellency; the unique feature of SHS is due to air



trapped in micro/nano cavities of the surface which minimizes the contact area between the solid
and liquid resulting in Cassie-Baxter (CB) state[46] (Figure 1.4). Various materials such as
graphene[47], polymers[48-50], silica[51,52], metal/metal oxides[53-55], and organic
materials[56-58] have been studied extensively to fabricate robust, environmentally friendly
SHS. Volmer et al.[59] reported Carbon nano-particles (CNPs) obtained from candle soot (CS)
as a novel coating for preparation of superhydrophobic surfaces. However, CNPs network in CS
are fragile and can’t withstand shear stress induced by mobile water drops. Hence, to improve
durability, chemical coatings such as polydimethylsiloxane (PDMS), wax or other polymers
functioning as binding agents are required. In contrast to nature, artificial superhydrophobic
surfaces go through rapid deterioration underwater, which is dependent on both time and depth
of immersion[60]. Despite advances in fabrication techniques, unwanted transition from CB state
to Wenzel state underwater or surface deterioration due to exposure to high humidity still poses a
serious challenge to functionality of SHS (Figure 1.4). Consequently, thermally, mechanically,
and chemically stable SHS with extreme durability to prolonged water and air exposure with

simple, economical and regenerative coating is desired which can also exhibit multifunctionality.

Wenzel state Cassie-Baxter state

Water drop Water drop

Functionalized substrate Functionalized substrate

Figure 1.4. States of water drop on a structured surface



1.1.3 Porous Nanochannels for Vapor Generation

In addition to their hydrophobicity and superhydrophaobicity, micro/nano textured surfaces have
been extensively researched for their remarkable vapor generation ability by harnessing their
hydrophilic nature. Vapor generation systems utilize thin-film evaporation[10] at the three phase
contact line to improve the vapor generation rate. Ever advancing vapor generation techniques
have found their application in areas such as wastewater treatment , desalination of
seawater[61,62], low grade waste heat recovery[63,64], humidification[65] and steam
sterilization[66] etc. Energy demand of such applications could be met with proper harvesting of
renewable energy sources like solar heat flux. Being sustainable and abundant energy source
with an average heat flux[67] of almost 1 kWm, solar energy is being significantly sought after
for reliable and efficient solar thermal technologies[68,69] among which solar vapor
generation[70-78] is getting significant attention. Traditional solar vapor generation systems
have relied on volumetric photo-thermal materials i.e. heating the liquid throughout the
bulk[70,71] by dispersing thermally activated particles into water (Figure 1.5). This causes heat
loss in form of sensible heat and convection from the bulk fluid or the container. To minimize
such losses usually, interfacial vapor generation (IVG)[79,80] is preferred where heating is done

near the liquid-air interface resulting in improved vapor generation efficiency[81] (Figure 1.5).



a Volumetric system b Interfacial system

(¥ 4

Figure 1.5. Schematic drawing of various photothermal evaporation systems; (a) the volumetric
system and (b) the interfacial system. Reprinted with permission from zhu et. al.[82]. Copyright

(2019) Elsevier.

Owing to significant solar absorbance[83,84] of solar radiation due to the high probability of
transition in  band, carbon nanotubes(CNTSs)[74], cellulose nanofibrils[75], graphene[85,86]
and other carbon based materials[73,87,88] have gained immense attention with reported vapor
generation rate rate[89] up to 1.51 kgm=2h under 1 sun illumination 1 kWm2. Plasmonic heating
based vapor generators (Figure 1.5) which commonly use nanoparticles[68], carbonaceous
materials[90] and semiconductors[91] have been found to achieve solar conversion efficiency up
to 97 % with vapor generation rate of 2.08 kgm=h. The photothermal materials in electron-hole
generation-recombination based devices are metal oxides/complexes[92,93] such titanium
oxides, iron oxides, as well as mixed metal oxides which have shown the vapor generation
rate[92] up to 2.04 kgm2hL. Besides maximum absorption of solar flux, an efficient
photothermal material requires appropriately designed substrate capable of maintaining water
transport rate equal to or above vapor generation rate. Various substrates such as cotton

fibre[72], carbon foam[76], vertically aligned CNTs[83] and graphene sheets[86], artificial



sunflower bead[89], bi/trimetaloxide[92] have been investigated (Figure 1.6). There has been
numerous study[94-99] on wicking and thin-film evaporation on microstructures, nanostructures
and hierarchical surfaces which are mostly focused for thermal management devices such as
vapor chambers and heat pipes rather than vapor generation. We can leverage the advantages
associated with thin-film evaporation in a vapor generation system (Figure 1.5) to achieve high

vapor generation rate using a porous nanochannel sample.

a C

R Absorbing and
hydrophilic

Insulating and
hydrophilic

Bulk water

b Representative structure for heat localization

Exfoliated graphite

/(absorbing, hydrophilic and porous)

\ Carbon foam

(insulating, hydrophilic and porous)

Figure 1.6. Localized heating. (a) A representative structure for localization of heat; the cross
section of structure and temperature distribution. (b) The device consists of a carbon foam (10-
mm thick) supporting an exfoliated graphite layer (~5-mm thick). Both layers are hydrophilic to

promote the capillary rise of water to the surface. (c) A picture of enhanced steam generation by



the device structure under the solar illumination of 10 kWm. Reprinted with permission from

Ghasemi et. al.[76]. Copyright (2014) Springer Nature.

1.1.4 Nanochannels for Thermal Management

Another strategy to utilize the thin-film evaporation (Figure 1.7) is thermal management of
integrated circuits (ICs). Ongoing miniaturization[100,101] of ICs requires evolution of effective
thermal management strategies to dissipate localized heat generation and attain 1 kWcm of heat
flux removal in near future. Additionally, space constraints in such devices require small form
factor cooling solutions and have led to several approaches including microchannel heat
sinks[102-104], embedded cooling,[105] nano/micro structured heat pipes[106,107], and
graphene heat spreaders[108] among others. Regardless of device type or design, thin film
evaporation-based[10] cooling approach using heat pipes is considered one of the prominent
techniques prompting several studies[109-111] to address the on-chip hot spot thermal
management. Such devices rely on the passive capillary-driven flow of working fluids, such as
water, refrigerants, and alcohol, among others, enabled by porous wicks. Numerous wick
materials and fabrication techniques namely metallic pillars[96,112], sintering[113], and 3D
printed metal[114] have been investigated to improve the thermal performance of evaporators in
heat pipes. Recent studies[109-111] reporting interfacial evaporative heat flux ~ 0.5-11 kWm"
K1 provide insight into the potential of thin-film evaporation-based device for effective thermal
management.

Besides the dependability of CA measurement in determining high interfacial heat flux in
reported studies, wick distance is typically a few microns[109-111,115-117], which are prone to
dry out. Further, the choice of working fluid is dictated by its physical properties, the

requirement for heat dissipation, suitability for the application site, and potential risks. Among



these fluids, FC72 with its dielectric properties has been found to be a suitable working fluid in

oscillating heat pipes[118,119] and has demonstrated superior heat transfer performance over

water thin film using gas assisted evaporation[120]. Therefore, a thin film evaporation-based

thermal management device is required which can maintain larger wicking distance at steady-

state while demonstrating high evaporative heat estimated by a novel approach that does not

depend on contact angle measurements in confined space and associated uncertainties.

()

OWm-K 0 o

W/m2-K W/m?-K

Adsorbed : Transition slntrinsic
film region gmemscus
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W/m2-K

Bulk
region

3
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Convection and
Diffusion
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Figure 1.7. Thin-film evaporation. (a) The variation of local film thickness and heat transfer

coefficient in different regions of an evaporating thin-film (e.g., water). The heat transfer

coefficient at the transition region is over 1000 times greater than that at the bulk region. (b)

Schematic illustration of different thermal resistances involved in the thin-film evaporation

process. Reprinted with permission from Nahar et.al.[121] Copyright (2021) Elsevier.
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Chapter 2: Condensation on Porous Nanochannels Based Liquid Infused
Surfaces

2.1 Introduction

Durability of lubricant infused surface (LIS) is critical for heat transfer, especially in
condensation-based applications. A typical LIS has an underlying micro/nano textured surface
coated with low surface energy polymer/chemical which then gets infused with non-toxic, low
surface tension and low vapor pressure lubricant.?5-3! Several techniques such as gravimetric
draining[128], spin coating[129] or dip coating[130] are used to obtain a desired thickness of
lubricant film on the surface. However, functionality of all these surfaces relies on the retention
of oil in the surface topography either through active lubricant supply[131] or by special design
arrangement which can continuously feed the textured surface[132]. Apart from wetting ridges
and condensate cloaking-induced depletion[133], LIS undergo external shear[32] driven drainage
during relative motion between the LIS and any fluid.

Condensing vapor on a pristine LIS exhibit extremely mobile and distinct liquid droplets (i.e.
dropwise condensation or DWC) which get shed continuously resulting in significantly improved
heat transfer performance[134] as compared to condensation on plain surface over which a
blanketing liquid film develops (i.e. filmwise condensation or FWC). Although LIS promotes
dropwise condensation, each departing droplet condensate acts as a lubricant-depleting agent due
to formation of wetting ridge and cloaking layer around the condensate. Consequently,
maintaining lasting DWC even on LIS is challenging without any external aid, as the droplet
resting on lubricant film gets cloaked and surrounded by lubricant wetting ridges[135] wherein
oil rises up along the droplet outer contour causing oil depletion with each shedding condensate

droplet[31]. Gradual depletion of lubricant appears to be an inherent issue of LIS resulting in

11



drop pinning on underlying rough topography. Additionally, heat transfer performance
deteriorates[136,137] significantly when condensation is performed in the presence of non-
condensable gases (NCGs) or in an open environment, as gases act as a thermal barrier and
occupy potential nucleation sites on the lubricant-vapor interface resulting in deterioration of
heat transfer performance which explains the relatively few studies[124,137,138] reporting
condensation in the presence of NCGs. Further, performing condensation without NCGs also
requires additional equipment and design considerations[27,28,31,124,126,139] such as
specialized chambers and vacuuming systems to ensure the absence of NCGs at lubricant-vapor
interface. Thus, for condensation in the presence of NCGs, both high nucleation rate and rapid
droplet departure are desired on the condensing surface.

Study reported in this chapter deals with fabrication of both fresh LIS and lubricant-depleted LIS
using silicon porous nanochannel wicks as an underlying substrate. Strong capillarity in the
nanochannels helps retain silicone oil (polydimethylsiloxane) on the surface even after it is
severely depleted under tap water jet. The effect of oil viscosity was investigated for drop
mobility and condensation heat transfer. Fresh LIS prepared using 5 ¢St silicone oil exhibited
low roll-off angle (~1°) and excellent water drop (5 pl) sliding velocity ~ 66 mm™; however,
such low viscosity oil undergoes rapid depletion. Condensation performed on depleted
nanochannel LIS with higher viscosity oil (50 cSt) resulted in heat transfer coefficient (HTC) ~
2.33 kWm=2K*, which is ~ 162% improvement over flat Si-LIS (50 cSt). Rapid drop shedding on
depleted nanochannel LIS with 50 cSt oil resulted in steady condensation as observed from little
change in fraction of drops with diameter < 500 um from ~ 98 % to only ~ 93 % after 4 hours of
condensation. Improvement in HTC was also confirmed by performing a total of 3 days of

condensation on fresh LIS over an 18-day period, which included a 15-day gap between first day
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and last two days of experiments where the sample was kept exposed to ambient conditions.
With initial oil depletion, HTC increased by 16% improvement over the first day, and achieved a
steady HTC of ~1.46 kWm=K™ in the last two days. The LIS surface maintained dropwise
condensation, never transitioned to film-wise condensation, and retained its hydrophobicity
throughout the condensation period. The findings reported in this chapter could be beneficial in

designing condensation-based systems with improved heat transfer performance.

2.2 Methodology

LIS sample preparation starts with fabrication of porous nanochannel sample[140,141] on a 500
pm thick silicon wafer involves dedicated photolithography procedures using sacrificial
chromium and copper layer. The detailed procedure and methodology are provided in Appendix
Al. Nanochannels fabricated orthogonally on silicon wafer have both width and pitch of ~5.75
um, and height of ~728 nm creating numerous intersections and trenches. At each intersection, a
pore of diameter ~2 um was fabricated which allows oil to wick into the nanochannels. Figure
2.1 shows the nanochannel sample used in current study with a hydrophilic (WCA ~ 10°C)
porous nanochannel region. The porous region is 14 mm by 14 mm and the surrounding surface
on the outside is flat silicon wafer with porosity of ~0.75. The three-dimensional schematic
(Figure 2.1b) shows interconnected nanochannels where pores have been fabricated at each
intersection, allowing lubricant to wick into the nanochannels. Details on surface morphology
can be found in micrograph and atomic force microscope of the sample as presented in Figures
2.1c and 2.1d, respectively. Figures 2.1e through 2.1g depict the preparation of nc-LIS, starting
from flooding the plasma-treated nanochannel sample with adequate silicone oil (Figure 2.1f),
baking in a convective oven overnight at 150°C. This process of baking was found to be

beneficial in keeping the surface hydrophobic and ensuring proper infusion of oil in the channels
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even for high viscosity oil. This was followed by 4 hours of oil draining under gravity (Figure
2.19) resulting in fresh nanochannel LIS (nc-LIS). An image captured during spreading of
silicone oil drop (no= 5 cSt) on the plasma treated nanochannel sample is shown in Figure 2.1i.
Such four different nc-LIS samples were obtained using different silicone oils (viscosity no=>5
cSt, 50 cSt, 500 ¢St and 1000 cSt; for reference DI water has viscosity 2.1 cSt). To attain
depleted nanochannel LIS sample (dep-nc-LIS), nc-LIS was kept horizontally under tap water jet
to further deplete oil under shear imparted by running tap water (jet velocity ~ 0.4 ms™) for 20
minutes from a nozzle of diameter 4.6 mm, followed by 30 minutes in convection oven at 150°C.
Keeping sample in oven is important as presence of water would hamper the weight
measurement of depleted LIS sample to obtain the amount of oil present in the sample. Another
reason to keep sample in oven was to have uniform contact angle at various locations on the
surface by inducing uniform oil infusion and baking. All contact angle measurements were
repeated six times in ambient condition (23°C, 40 % relative humidity) with water drop volume
of 3+1 ul on VCA optima goniometer. High-speed camera captured water droplet motion which
was later used to obtain sliding velocity by performing image analysis through a custom

MATLAB script.
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Figure 2.1. Sample details, morphology characterization and LIS Preparation: (a) silicon base

Shear depletion

Channels

showing nanochannel porous region, (b) three-dimensional schematic of a sample unit cell in
porous region comprising intersecting channels (height ~ 728 nm, width ~ 5.75 um), four pores
(diameter ~ 2 um) at each channel intersection, and trenches (c) micrograph of porous
nanochannel sample, (d) Atomic force microscope (AFM) image of a pore fabricated at
channels intersection, (e-f) nanochannel depleted lubricant infused surface preparation stages:
pristine sample followed by flooding with silicone oil, gravimetric depletion and shear depletion
under tap water at 0.4 ms™ (i) snapshot of silicone oil (50 cSt) spreading on porous nanochannel
wicks sample (j) wetting ridges around fluorescence dissolved-water drop on (nanochannel) nc-

LIS 50 ¢St (k-1) advancing and receding contact angle on nc-LIS 5 cSt, respectively.

Further, freshly prepared nc-LIS surface was found to exhibit wetting ridges as seen around a

florescence water drop (Figure 2.1j) similar to numerous reported studies[18,31,45,126,135].
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Despite being not clearly visible from Figure 2.1j, theoretical prediction criteria given in

Equation 2.1 suggest presence of cloaking around drop shown in figure 2.1j.

S = Ywa — Yoa — Ywo Equation 2.1

where, S is the spreading coefficient (S > 0 signifies cloaking), ywa= 72.7 mNm™ is the interfacial
tension between water and air, yow = 6 MNm™ is the interfacial tension between oil and air[135]
and yoa= 21 mNm™ is the interfacial tension between water and oil. Positive value for spreading
coefficient is obtained for all four-silicone oil used in present study. Water contact angle
hysteresis (CAH) measured on freshly prepared nc-LIS with 5 cSt oil shows very low difference
(~ 0.6°) between advancing and receding contact angle (Figure 2.1k,l), which is a desired
characteristic of any LIS. Tap water jet (Figure 2.1h) on the nc-LIS sample was used to obtain
dep-nc-LIS sample, as explained in section 2.2. Although shear imparted by flowing water did
result in severe depletion of oil, all the surfaces remained hydrophobic with WCA >100° In
addition to reported studies[142-144] on plasma treated surface activating enhanced
hydrophilization and improving adhesive strength of siloxane, strong capillarity within the
nanochannels and micropores appears to be responsible for retaining oil and thus sustaining
surface hydrophobicity even after severe water shear depletion. Condensation was performed on
LIS in presence of non-condensable gases. Schematic of condensation experiment setup is shown
in Figure 2.2 while actual experimental setup can be referred from Appendix Al. The
condensation chamber was open to atmosphere with average relative humidity inside the
chamber being ~87 %. Back side of LIS was attached to an aluminum cold plate through which a
thermal fluid (ethylene glycol-deionised water mixture) was allowed to flow. The temperature of
thermal fluid was controlled by a recirculating chiller and flow rate was maintained by a custom-

built flow rate control circuit. A video camera was used to record condensate drop size
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distribution at different time intervals. These recorded frames were then analyzed for the droplet
size distribution through a custom written MATLAB script. Drops are converted into binary
form by choosing a threshold value of inbuilt MATLAB function parameters followed by
creating circles incapsulating individual droplets. Pixels corresponding to each drop in the

images give the respective diameter.

Flow Rate Control Circuit
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Figure 2.2. Schematic of custom-built condensation experiment setup.
2.3 Results

2.3.1 Effect of Viscosity on Drop Roll-off Angle and Oil Thickness

Roll-of-angle (ROA) measured with 5 ul water drop for nc-LIS surfaces prepared from 5 cSt, 50
cSt, 500 ¢St and 1000 cSt were ~1°, ~1°, ~4°, ~6° respectively. High viscosity accounts for
increased friction at drop-oil interface during sliding, resulting in the observed increment in ROA
with oil viscosity[145]. Oil thickness (to) on the surface of fresh nc-LIS was obtained using mass

change technique[21,146] using following equation:
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Equation 2.2

where, Aw is the difference between weight of dry sample (wary) measured before oil infusion
and weight after gravimetric draining (wg), and (Wonc)is the theoretical weight of oil in present
within the channels and pores (~ 0.1 mg), po is oil density, and As is the projected area of the
porous region of the sample. wonc IS obtained from the volume of the nanochannels and the
density of silicone oil. Oil thickness was obtained as 0.98 um, 4.01 um, 7.47 um, 10.04 pm,

respectively with increasing viscosity of oils.

2.3.2 Effect of Viscosity on Drop Mobility

Freshly prepared nc-LIS for all four-silicone oil viscosities were subjected to water drop mobility
test by measuring velocity of various drop sizes at multiple angles of inclination. Figure 2.3a
shows water drop (with dissolved fluorescence salt) sliding down the nc-LIS prepared with 5 cSt
silicone oil kept at 5° inclination. An image processing algorithm which tracks the drop contour
during motion is implemented to determine the average drop velocity with very high accuracy
(Appendix Al). Variation of water drop sliding velocity (Vs) on nc-LIS with surface angle of
inclination for different drop volume (5 pl — 50 pl) and oil viscosity is shown in Figures 2.3b
through 2.3e. Similar to previously reported studies,[124,145,147] V is observed to be inversely
proportional to oil viscosity and increases with both angle of inclination and drop volume. Thus,
as far as drop mobility is concerned in freshly prepared state, nc-LIS behaves like reported LIS
surfaces. Vsobtained on nc-LIS with 5 ¢St oil was an order of magnitude higher than those
observed with 500 cSt or 1000 cSt oils. Although high Vsassociated with low viscous lubricant

is a desirable characteristic, it undergoes rapid oil depletion as reported in the next section.
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Therefore, choosing suitable viscosity lubricant becomes critical in maintaining durability of LIS

properties.
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Figure 2.3. Sliding velocity (Vs) for water drop of various volume on freshly-prepared

nanochannel lubricant infused surface (nc-L1S): (a) a series temporal images depicting 10 pl drop
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sliding on a nc-LIS with 50 ¢St at 5° angle of inclination during velocity measurement test, (b-e)
variation of water (volume: 5 pl — 50 pl) droplet velocity for different angle of inclination and all

four prepared nc-LIS with different silicone oil viscosity (5 cSt, 50 cSt, 500 cSt, 1000 cSt).

2.3.3 Effect of Viscosity on Lubricant Depletion
Presence of the silicone oil in dep-nc-LIS, following water shear depletion (Figure 2.1h), was

confirmed by quantifying the weight change (Awy, Figure 2.3a) given by following equation:
Awy = Wdep — Wdry Equation 2.3

where, Waep is weight of dep-nc-LIS sample and wary is weight of dry sample measured before
oil infusion. The silicone oil retention in nanochannels can be attributed to: (1) capillarity, and
(2) combined effect of improved adhesion (of silicone oil due to plasma cleaning), van der Waals
or any other intermolecular interaction[148] as oil is confined at the nanoscale. FT-IR (Appendix
A1) spectrum of dep-nc-LIS surfaces confirms the presence of C-H, Si-O-Si present in silicone
oil. Oil thickness in dep-nc-LIS following the water jet shear induced depletion was found to be
~ 245 nm, ~ 601 nm, ~1.36 pum, ~2.11 um for 5 cSt, 50 cSt, 500 ¢St and 1000 cSt, respectively
as evaluated using Equation 2.2. Figure 2.3b shows changes in surface appearance under
microscope with time of shear depletion under tap water jet and their respective WCA. Detailed
temporal variation of apparent WCA due to shear depletion for 5 ¢St, 50 cSt, 500 ¢St and 1000
cSt oil samples is presented in Figure 2.3c-f. While apparent WCA increased at first, depletion
of oil is found to be relatively higher[32,149] in low viscous lubricants based on the observed
decline in apparent WCA after ~ 240 s for 5 ¢St due to droplet pinning, and ~540 s for 50 cSt
due to higher contact angle hysteresis (Figure 2.3c-d). With gradual depletion of oil, contact line
concealed within the lubricating meniscus progressively becomes observable and, LIS moves
from excess-oil to oil-starved state, thus shifting observable water drop contact line close to true
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contact line on the surface (unaffected by oil ridges), and hence measured WCA is observed to
increase[150] for all four cases up to certain duration depending on the oil viscosity. Conversely,
500 cSt (Figure 2.3e) and 1000 cSt (Figure 2.3f) oil samples show increment in WCA till 1200 s
as the depletion process is ongoing, evident from the more oil retention on such surfaces (Figure
2.3a). While both surfaces with 500 ¢St and 1000 cSt oil possess desired wettability, drop
mobility on these surfaces is found to be unfavorable (Figures 2.2d,e). Thus, dep-nc-LIS with 50
cSt oil presents a good trade-off between both features, i.e., high drop mobility (Figure 2.2c) and
persistent hydrophobicity during depletion (Figure 2.3d), making it a suitable choice for
evaluating its condensation heat transfer performance. In present study, based on Vs and oil
depletion (inferred from oil mass change, Figure 2.3a), we found nc-LIS prepared with 50 cSt oil

performed superior to nc-LIS prepared with other viscosity oils.
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Figure 2.4. Effect of water shear depletion on the wettability of nanochannel depleted lubricant
infused surface (dep-nc-LI1S): (a) difference in the weight of dry sample (before oil infusion) and
dep-nc-LIS surface for all four prepared nc-LIS with different silicone oil viscosity (5 ¢St, 50 cSt,

500 cSt, 1000 cSt), (b) effect of tap water shear depletion as noticeable from micrograph and
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water contact angle measurements at different time interval, (c-f) variation in water contact
angle observed during tap water shear depletion of fresh nc-LIS for all four prepared samples

having different silicone oil viscosity (5 cSt, 50 cSt, 500 cSt, 1000 cSt).

2.3.4 Condensation on Porous Nanochannel Lubricant Infused Surface

In order to test the heat transfer performance of our LIS, all condensation experiments were
carried out in ambient air, i.e., in the presence of non-condensable gases (NCGs). Schematic of
the experimental setup is shown in Figure 2.2. To conduct the condensation experiments, we
chose a nanochannel sample with larger sample size (28.1 mm by 35.8 mm) but with same
underlying geometry dimension of nanochannels and micropores. After sample preparation and
oil depletion, LIS was attached to a custom-made aluminum plate through which cold thermal
fluid (ethylene glycol-water) was supplied from a recirculating chiller. Constant flow rate of cold
thermal fluid was maintained using a flow meter valve in custom-designed flow rate control
circuit. Aluminum cold plate was sealed on all exposed areas using RTV silicon sealant except
for the LIS sample. The cold plate along with the sample were subsequently positioned on one of
the faces of open condensation chamber facing the high-speed camera (Figure 2.2). Four
thermocouples were inserted (3 mm under the condensing LIS surface from all four sides) in the
cold plate to record the surface temperature. Moreover, two thermocouples were inserted in the
inlet and outlet tubes of cold plate to monitor the temperature change (ATw) of water-glycol
mixture during condensation that was further used in condensation heat transfer (Qw) calculation.
Humidity and temperature in the condensation chamber was maintained by a boiling-based

external vapor generation system.

Heat transfer coefficient (HTC) calculation involves the following two equations:
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Qw = pmeCp(ATw) Equation 2.4

Qw = h¢ As ATsup Equation 2.5

where, Qw is the condensation heat transfer (W) and is assumed to be same as heat taken away by
cold thermal fluid, pm= density of water-glycol mixture (50:50), 1085 kgm™ at 10°C, Vi is
volume flow rate of water-glycol (50:50) during experiment (47.7 ccm), C, is specific heat of
water-glycol (50%), 3.44 kJkg*K™at 10°C, h. is condensation heat transfer coefficient (Wm2K-
1, As is LIS projected surface area, 1005.98*10° m?, and ATsu is the temperature difference
between dep-nc-LIS average surface temperature and ambient condensation chamber
temperature (Tamb). Calculations for h, Q,, and related error and uncertainty analysis is
presented in Appendix Al. Two different sets of condensation experiments were performed. In
the first set of experiments that lasted for 4 hours and 15 minutes each, flat Si-LIS and depleted
nc-LIS (50 cSt, 500 cSt) samples were used. Results obtained from above experiments were
evaluated against second type of experiment which involved 3 days of condensation performed
over an 18-day period on fresh LIS on porous nanochannel with 50 cSt silicon oil, referred to as
nc-LIS-50. Similarly, samples of dep-nc-LIS with 50 cst oil, and 500 cSt oil will be referred to

dep-nc-LIS-50, and dep-nc-LIS-500, respectively in the remainder of this work.

For the first set of experiments conducted for 4 hours and 15 minutes each, variation of HTC for
flat Si-LIS with 50 cSt oil, dep-nc-L1S-50, and dep-nc-L1S-500 is shown in Figure 2.5a.
Variation of ambient chamber temperature (Tamb), average sample temperature (Tsample,avg),
thermal fluid temperature at cold plate outlet (Truid.out) and thermal fluid temperature at cold
plate inlet (Truig,in) during condensation is shown in Figure 2.6. Although there are localized

variation in HTC throughout the experiment (due to varying degree of vapor content coming into
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condensing chamber which dictates the ATsu, Overall HTC obtained for dep-nc-LIS-50 was: 2.33

+ 0.42 WmK* which is ~162 % and ~40 % improvement over flat Si-LIS with 50 cSt oil

(hc=0.89 + 0.16 Wm2K) and dep-nc-LIS-500 (hc=1.66 + 0.25 Wm2K1), respectively.
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Figure 2.5. Condensation of water vapor on three different depleted liquid infused surface

namely, flat Si-LIS with 50 cSt oil (LIS on flat silicon surface), and two nanochannel depleted

lubricant infused surfaces (dep-nc-LIS with 500 cSt oil, and dep-nc-LIS with 50 cSt oil),

showing: (a) variation of heat transfer coefficient (HTC) for depleted samples, and (b) water

contact angle before condensation and after 4 hours 15 minutes of condensation on depleted

sample.
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Figure 2.6. Variation of ambient chamber temperature (Tamn), average sample temperature
(Tsample,avg), thermal fluid at temperature cold plate outlet (Tuid,out) @and thermal fluid at cold
plate temperature inlet (Truid,in) during condensation for: (a) LIS on flat silicon surface with 50
cSt oil, (b) depleted LIS on porous nanochannel with 50 cSt oil, and (c) depleted LIS on porous

nanochannel with 500 ¢St oil.

In case of flat Si-LIS with 50 cSt oil, depletion process preceding condensation resulted in
removal of surface oil to the fullest extent as apparent from the temporal drop size distribution
during condensation (Figure 2.7); hence flat Si-LIS with 50 ¢St oil exhibits lower HTC over
time. Moving average of HTC for dep-nc-L1S-50 and dep-nc-LIS-500 reveals modest
depreciation as evident from the small increment in condensate drop size on the surface and
delayed shedding. While condensing surface being in depleted state does not hold sufficient oil
to cloak droplets, there exists the possibility of oil depletion (during droplet shedding) from shear
due to oil menisci formed at ridges. This shear depletion of oil is opposed by the existing
capillary pressure inside the nanochannels and is inversely proportional[32] to oil viscosity, thus
causing retention of oil on the sample. Variation in surface wettability because of condensation is

reported in form of WCA measured before and after condensation experiments for all three cases
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(Figure 2.5b). Maximum variation was found to be ~ 5° for flat Si-LIS surface and was less than

~3° for dep-nc-LIS surfaces.
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Figure 2.7. Drop size distribution for a selected region on flat silicon (flat Si) liquid infused

surface (LIS) sample during experiment for (a-d) flat-Si 50 cSt after 15 minutes of condensation,

(e-h) flat-Si 50 cSt after 240 minutes of condensation.
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Table 2.1. Variation in contact angle hysteresis after condensation

Depleted LIS | Before condensation After condensation
surface type
Advancing | Receding | Hysteresis | Advancing | Receding | Hysteresis
CH) (6r) (Bnp) CH) (6r) (Bn,a)
Flat Si-LIS-50 | Pinned Pinned N/A Pinned Pinned N/A
cSt
dep-nc-LIS-50 | 117° 88° 29° 126° 72° 54°
dep-nc-LIS- 124° 93° 31° 127° 71° 56°
500

A distinct change in contact angle hysteresis (CAH) of all three samples used for condensation

can be seen from Table 2.1. Considering severe depletion of oil before condensation, pinned

droplets on flat Si-LIS with 50 cSt oil is obvious. Even though dep-nc-L1S-50 and dep-nc-LIS-

500 did not manifest droplet pinning, significant rise in CAH after condensation indicates surface

degradation. The extent of surface deterioration during condensation experiment for flat Si-LIS

with 50 cSt oil (Figure 2.7), dep-nc-L1S-50 (Figure 2.8(a-h)) and dep-nc-LI1S-500 (Figure 2.8(i-

p)) has been investigated by analyzing the condensate drop size distribution on the condensing

surfaces (Figure 2.6d,h,l,p). Histograms (bin size = 75 pm) show the relative frequency of

occurrence of a particular size group of droplets. Drop growth on the upper portion of the sample

is faster as cold fluid from chiller enters at the top of cold plate, prompting coalescence and
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earlier shedding of drops there than those at the bottom of surface. The departing drop leaves
behind a regenerated area for re-nucleation of new drops. Consequently, frequent drop departure
results in higher fraction of condensation surface observing nucleation and hence an
improvement in HTC. It was found that percentage of drops having diameter < 250 um at the
beginning of condensation was ~ 41%, ~ 65% and ~ 84% for flat Si-LIS, dep-nc-LIS-50, and
dep-nc-LI1S-500, respectively, which dropped towards the end of condensation to ~ 28%, ~ 73%
and ~ 52%, respectively for the same surfaces. Throughout the condensation, fractional coverage
of large drops is most pronounced in flat Si-LIS surface and is undesired because water has high
conduction resistance during high heat transfer between hot vapor and condensing surface. This
is consistent with the obtained HTC for all three surfaces. Comparison of drop size < 500 um
elucidates the contrasting difference in heat transfer performance of dep-nc-LIS surfaces
compared to flat Si-LIS surface. For dep-nc-L1S-50, percentage of drops having diameter < 500
pum decreased from ~ 98 % (at the beginning of condensation) to only ~ 93 % (towards the end
of condensation), and for dep-nc-LIS-500 from ~ 91% to ~ 82%. As expected, the reduction was

more prominent for flat Si-LIS (from ~ 80% to ~ 61%).
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Figure 2.8. Drop size distribution for a selected region on nanochannel depleted liquid infused

surface (dep-nc-LIS) samples during experiment for dep-nc-LIS with 50 cSt oil after (a-d) 15
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minutes, and (e-h) 240 minutes of condensation. Similarly, drop size distribution on dep-nc-LIS

with 500 cSt oil after (i-1) 15 minutes, and (m-p) 240 minutes of condensation.

For the second set of experiments, condensation on fresh LIS on porous nanochannel sample
with 50 cSt silicon oil (nc-LIS-50) was conducted for total of 3 days in two phases over a period
of 18-days. The first phase of the experiment included continuous condensation over the first day
(24 hours), followed by 15 days of keeping the sample as-is in the experimental setup and still
under ambient conditions. Second phase involved 2 days (48 hours) of continuous condensation
on the same nc-LIS-50 sample. Heat transfer coefficient variation for nc-LIS-50 is shown in
Figure 2.9a and respective variation of ambient chamber temperature (Tamb), average sample
temperature (Tsample,avg), thermal fluid temperature at cold plate outlet (Tid,ou) and thermal fluid
temperature at cold plate inlet (Tfuig,in) during condensation is shown in Figure 2.10. The
average heat transfer coefficient in first four hours of experiment was: 1.83 + 0.11 Wm2K™*,
which is similar to reported values[124,151,152] for condensation in presence of NCGs.
However, variation in HTC on day 1 (Figure 2.9a), where HTC appears to increase in contrast to
reported studies that show a continuous drop in HTC as the condensation progresses, could be an
indication to unique wettability feature of porous nanochannel LIS. Due to the low thermal
conductivity (~ 0.6 W/mtK™) of silicon oil which acts as a thermal barrier, extra thickness of oil
on the surface of freshly prepared LIS is unfavorable for heat transfer. Therefore, HTC is seen to
improve because the underlying porous substrate can still retain necessary oil and maintain
hydrophobic properties while extra oil on the surface depletes (Figure 2.3d), thus facilitating
quicker condensate shedding from the surface. This explains why the average HTC in final 4
hours of condensation (2.12 + 0. 02 Wm™K) on day 1 was around ~ 16 % higher than the initial

4 hours of HTC and nearly as high as HTC (2.33 + 0.42 Wm™K?) of dep-nc-L1S-50 (Figure
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2.5a). After the first day of experiment, the LIS sample was kept in an open lab environment for
15 days before condensation once again was started on day 17 and continued for 2 additional
days. It is important to note that for these experiments, which span over multiple hours, water
level in vapor generation system was maintained by a temperature-controlled feedback-based
pump circuit unlike manual intervention in case of condensation on depleted LIS. Variation of
HTC on nc-LIS-50 for the last 2 days (days 17 and 18) is shown in Figure 2.9a. Cumulative
effect of oil depletion during day 1 experiment, surface contamination, and oil depletion due to
gravity over 15 days can be seen in lower average HTC value of 1.46 + 0.16 Wm™K*. Over the
total 3 days of condensation on nc-L1S-50, the shedding condensate drop size was observed to
increase (Figure 2.9b), but the nc-LIS surface maintained dropwise condensation, never
transitioned to filmwise condensation, and remained hydrophobic (WCA~104°) at the end of
experiments, thus showing the potential applicability of our LIS samples for real-world

applications.
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Figure 2.9. Condensation of water vapor on freshly prepared liquid infused surface on porous
nanochannel with 50 cSt silicone oil: (a) variation of heat transfer coefficient (HTC) for total of
3 days of condensation over an 18-day period and, (b) drop visualization at different times

during condensation experiment.
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temperature at cold plate inlet (Tuid,in) during condensation for freshly prepared LIS on porous

nanochannel with 50 ¢St oil

2.4 Summary

Condensation heat transfer on liquid infused surfaces (LIS) necessitate seemingly conflicting
requirements of high sliding velocity and low lubricant depletion. Although, oil depletion can be
mitigated to some extent, it has been established by reported studies to be omnipresent in
lubricant infused surfaces, eventuating in gradual decline of heat transfer performance. In this
chapter, porous nanochannels wick based lubricant infused surfaces (nc-LIS) show excellent
drop mobility (roll-off angle ~1°) and demonstrate improved condensation heat transfer
performance in presence of non-condensable gases. Non-toxic, immiscible silicone oil of
different viscosities functioned as lubricating medium in the porous substrate. Based on the
comparison of four different silicone oil viscosities, it was observed that higher silicone oil
viscosity nc-LIS exhibited prolonged retention on the surface, but the drop sliding velocity was
significantly lower compared to nc-LIS with low viscosity silicone oil. nc-LIS using 50 cSt and
500 cSt silicone oil are shown to provide substantial improvement in condensation heat transfer
coefficient (HTC ~ 2.33 kWm2K! for 50 ¢St and 1.66 kWm2K* for 500 cSt) even in depleted
conditions, and no significant change (AWCA~3°) in contact angle was observed for such LIS
samples. Improved performance can be attributed to oil being held inside nanochannels, and thus
retained on the surface, due to capillarity and improved adhesion owing to plasma cleaning. Drop
size distribution study reveals more than ~ 95 % of all drops had a diameter < 500 um as evident
from videos captured at different instances throughout the experiment. Experiment conducted on
flat silicon surface with 50 cSt oil under depleted condition shows lack of adequate oil on surface

as multiple coalescence of condensate occurs before drop departure which led to only 28% of
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drops having diameter < 250 um and 61% of drops with diameter < 500 um. Condensation on
fresh nc-LIS with 50 cSt silicone oil for 3 days revealed an improvement in heat transfer
coefficient of 16% from the start of condensation (0-4 hours HTC: 1.88 + 0.11 Wm=2K™?) towards
the end of first 24 hours (20-24 hours HTC: 2.12 + 0. 02 Wm™2K™), as extra oil depletion reduced
the thermal barrier for condensation heat transfer while the porous geometry retained the
necessary oil to keep the surface hydrophobic. After a 15-day gap during which the sample was
kept exposed to ambient conditions, steady state HTC was attained over the last 2 days of
experiments with an average value: 1.46 + 0.16 Wm2K. Over the course of this long
experimental duration, the sample maintained dropwise condensation, never transitioned to
filmwise condensation, and remained hydrophobic with WCA ~ 104° at the end of condensation.
We anticipate that the presented LIS preparation approach can be implemented on large scale
porous surfaces for heat transfer-based applications with improved performance even under
depleted conditions. Moreover, design of such system could be tailored to suit the needs of
variety of applications such as drag reduction surfaces or in medical field to generate inert, non-

toxic, and non-adhesive surfaces.
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Chapter 3: Superhydrophobicity using Porous Nanochannels

3.1 Introduction

Despite substantial advancements in development of artificially engineered superhydrophobic
surfaces (SHS), durability and regenerative aspect of such surfaces remain elusive. A typical
fabrication process of a functional SHS requires two important steps, namely, modification of
surface roughness usually achieved by methods such as sol-gel[153], etching[154,155],
lithography[156], and plasma treatment[157] followed by treatment of the fabricated surface
with low surface energy coatings[158]. However, harsh working condition, especially extreme
exposure to water or humidity deteriorates plastron property of superhydrophobic surfaces
rendering them inappropriate for prolonged under water applications. Recently, candle soot
(CS)-derived carbon nanoparticles (CNPs) have been employed as an effective coating to
produce SHS. CS particles are usually regular shaped and uniform, its fractal like structure traps
sunlight resulting in good photothermal performance essential for iceophobic characteristics.
Low cost, readily available, biocompatible[159,160] and multifunctional[161] CS has prompted
several studies[162—170] utilizing CS coating for fabrication of SHS with WCA in excess of
160° and ROA as low as 2° .

Irrespective of fabrication procedure, performance testing of SHS is critical in assessing their
suitability to practical applications. Usually, performance of any SHS is evaluated by performing
numerous durability tests including chemical stability[48], anti-icing[54], mechanical
abrasion[56], thermal stability[162], and water drops/jet impact test[168,170]. Nevertheless, other
important durability parameters such as long term plastrons[171] (underwater durability), and
regenerative property of such surfaces are either limited or remains unexplored[172—174]. Plastron

test refers to submersion of SHS and subsequent manifestation of silver appearance due to air

36



trapped in textured-surface voids which resembles respiration plastrons on some aquatic
insects[175]. The deterioration of silver appearance indicates surface losing its superhydrophobic
characteristics. While in engineered surfaces plastrons eventually collapse, some insects have
evolved with non-wettable hairs for long lasting plastrons[175]. Thus, it important to have
engineered surface which can provide durable plastron property and long-term stability under
various operating conditions.

This chapter reports a systematic approach for creating a durable superhydrophobic surface by
first plasma-treating a fabricated porous nanochannel geometry on a silicon substrate followed
by infusion-depletion of silicon oil and coating a layer of carbon derived from candle soot. The
infusion and subsequent depletion of non-toxic silicon oil in a plasma treated superhydrophilic
porous silicon substrate generates a hydrophobic slippery liquid-infused porous (SLIP) base. The
chemical reaction of silicon oil polymer chain (polydimethylsiloxane) with inorganic silicon
substrate[176] results in traces of silicon oil being retained on the surface maintaining its
hydrophobic property even after severe gravity and shear depletion of oil. Further coating of this
hydrophobic surface with candle soot transforms it into a superhydrophobic surface, termed as
np-SHS (nano-porous superhydrophobic surface) in the remainder of text. The surface is capable
of maintaining water contact angle (WCA) of nearly 160° and roll off angle (ROA) less than 5°
after undergoing 20 different tests including mechanical (tap water jet up to ~ 10.3 ms™), tape
peeling test up to 12 cycles), chemical (saline and solvents immersion), thermal (high
temperature exposure), self-cleaning tests, organic compatibility (honey, soy sauce, chocolate
syrup, all-purpose flour) and superoleophilic test, thus exhibiting potential real-world
applications. The surface retains stable plastron with negligible change in WCA and ROA even

after being under 10 cm of water for 30 days, similar to respiration plastrons seen on some
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aquatic insects. Moreover, heat transfer characteristics such as ice delay (up to 540 sec), frost-
defrost cycle (for 14.75 hours, temperature range: -25°C to 10°C) photothermal property (solar
exposure from 0.5 to 1.5 kwWm) and drop wise condensation are reported here. Besides
excellent water repellency, current sample derives its regenerative property by recovering its
superhydrophobicity from degraded state by cleaning, oil reinfusion-depletion followed by

carbon coating.

3.2 Methodology

Porous samples (Figure 3.1a) were fabricated in a square region (14 mm) on a 500 pum thick
silicon substrate by following procedure mentioned in chapter 2 (additional details in Appendix
Al). Preparation (Figurelb) of np-SHS starts with standard chemical cleaning procedure of the
porous nanochannel sample which is hydrophilic (WCA ~14°, Figure 3.1b) followed by 10
minutes of plasma cleaning and subsequent flooding of nanochannels with 500 cst silicon oil
(polydimethylsiloxane) to form a SLIP surface. It is important to note that plasma treatment of
the surface was found to improve the durability of prepared surface. Infused sample is then
placed in a convective oven overnight at 150°C, following which oil depletion is carried out first
by gravity and then placing the sample under running water (jet velocity ~ 4.1 ms™) for 5 mins.
The sample is again kept in convection oven at 150°C for 30 mins. Candle soot was used as a
source for depositing carbon on the hydrophobic depleted SLIP surface (WCA ~122°, Figure
3.1b). The surface was held over a candle flame for approximately 60 s such that the “black
smoke” (soot) from candle flame gets uniformly deposited. Excess fragile soot particles
deposited on the surface are removed by placing coated sample under running tap water (~1 ms
1y for 1 minute resulting in a layer of soot adhered to the SLIP surface (Figure 3.1b).

Repeatability of current methodology is evident from WCA values obtained in excess of
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160° and water drop roll of angle ~ 2+=1° for more than 30 samples prepared. Further, it was

found that np-SHS performed superior when compared to the SHS prepared on (a) porous
surface without oil infusion-depletion, and (b) flat silicon wafer with oil infusion-depletion by

adopting same preparation procedure.

Surface morphology obtained from atomic force microscope (AFM) for different scanning area
size is shown in Figure 3.1c,d. Average roughness (Ra) for 10 um region (Figure 3.1d) and 500
nm region (Figure 3.1d) was 431 nm and 99 nm, respectively. Root mean squared roughness (Rq)
for the same regions were 586 nm and 146 nm.While the superhydrophobicity of surfaces is a
consequence of air trapped in textured surface at three phase contact line resulting in reduced
contact area between liquid and solid, non-uniform roughness in surface morphology can hinder
the drop mobility leading to higher ROA due to pinning action[177]. The cross-sectional
scanning electron micrograph (SEM) (Figure 3.1e) for np-SHS shows stable ~15 um thick
carbon coating. Observation of SEM images (Figure 3.1f,g) at different resolution reveals highly
porous coating with interconnected soot particles having width around 30-60 nm. Study of
elemental composition performed using X-ray spectroscopy (EDS) at three different locations on
the surface (Figure 3.1h) substantiate uniform presence of elements of carbon (~ 55 %), oxygen
(~ 19 %), and silicon (~ 24 %). Carbon and oxygen constitute candle combustion product while
presence of silicon can be attributed to the diffusion of silicon oil from underneath the soot layer.
Moreover, investigation of the regenerative property of sample i.e., ability to restore
superhydrophobicity from a degraded np-SHS state by methodical cleaning, oil infusion-
depletion and carbon coating, resulted in recovering consistent WCA (~ 161°) and roll-off angle

(~ 3%1°) tested for six cycles (Figure 3.1i). The regenerative capability of a sample is defined as

ability to restore its superhydrophobic characteristics from a degraded state for multiple cycles.
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In present study, regenerative ability is demonstrated by: (a) forced degradation of coating after a
durability test on the np-SHS, (b) chemical cleaning of degraded np-SHS followed by plasma
cleaning, (c) observation under microscope to check cleaning effectiveness, and (d) wettability
test of cleaned porous sample followed by drying of sample in convection oven which results in
attaining the original state of superhydrophilicity. The superhydrophobic surface can be
regenerated by again following the procedure, mentioned above in this section, of oil infusion,

depletion, candle soot coating followed by washing the sample under tap water.
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Figure 3.1. Sample preparation, morphology characterization and regenerative property: (a) (i)
Three-dimensional schematic of a porous sample unit cell comprising of four pores (diameter: 2

pm), intersecting channels (height: ~ 728 nm, width: 5 um) and trenches, (ii) Micrograph of
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porous sample, (iii) Atomic force microscope (AFM) image at channel intersection depicting
pore (b) Sample preparation process from clean and porous sample to depleted SLIP surface to
carbon-soot coated superhydrophobic surface, termed np-SHS. Water contact angle variation
during the process is also shown. AFM image of typical (c) 10 um region and (d) 500 nm region
of np-SHS (e) Cross-sectional scanning electron microscopy (SEM) image showing carbon soot
anchored to the porous base. Typical SEM image at (f) lower magnification and (g) higher
magnification of the surface (h) Energy dispersive X-ray spectroscopy (EDS) for analyzing
elemental composition at three different locations on the surface with inset image showing color
coded distribution of carbon, oxygen, and silicon (i) Regenerative superhydrophobicity of np-
SHS conducted over six cycles showing minimal variations in water contact angle and roll of

angle[178].

3.3 Results

Examination of water drop adhesion on the surface by pushing it against the np-SHS is shown in
Figure 3.2a which further confirms its superhydrophobic behavior. Although previous
studies[50,173] on general SHS have performed plastron test by submerging such surfaces
underwater, it is limited by both in time (typically < 10 days) and depth of immersion (typically
<5 cm); both parameters have considerable effect on the robustness of any SHS. Hence,
plastron test was performed by keeping np-SHS under 10 cm of tap water for 30 consecutive
days. The silver appearance, resulting from tapped air on the surface, remains noticeable even

after 30 days (Figure 3.2b). WCA (159° ) and ROA ( 3%1°) measurement after 30 days (Figure

3.2c¢) confirms the robustness of np-SHS under such extreme exposure to water. Immediately
after the plastron test, the same sample was kept in air (inside laboratory) for an additional 150

days. Variation in WCA and ROA for the total 180 days is shown in Figure 3.2c. While WCA
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was mostly intact at 154°, ROA (11=1°) deteriorated due to contact line pinning towards the

end of 180 days. Surface durability test was performed by observing coating stability under shear
imparted by running tap water jet from a nozzle of diameter 4.6 mm. WCA and ROA variation
during 600 sec of water flow (velocity ~ 1 ms™) is shown in Figure 3.2d. Continuous higher flow
rate tests (up to velocity ~ 10.3 ms™) were also conducted. These tests incur no noticeable
change in WCA (159°) and ROA (3=*1°). Standard pancake bouncing[179] on np-SHS was
confirmed by observing a water drop of volume ~ 10 +2 pl falling from a height of 4 cm.
Bouncing of drop exhibited typical behavior[180] on np-SHS such as Worthington jet and

secondary droplets upon rebound with total contact time of the drop with surface being 12.8 +

0.6 ms.
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under 10 cm of water for day 1, day 15 and day 30, respectively (c) Water contact angle (left Y-
axis) and roll of angle (right Y-axis) variation for total of 180 days (30 days under water
followed by 150 days in ambient air) (d) Variation of water contact angle and roll of angle
during tap water jet shear test for 600 sec under flow rate of ~ 1 ms™*(e) Impingement of water

drop (volume ~10 =2 pl) on np-SHS at room temperature[178].

Thermal stability test was performed by heating np-SHS to temperatures up to 300°C, at 50°C
intervals, and keeping it at those temperatures for a period of 600 sec. The sample was cooled
back to room temperature after each interval and measurement of WCA and ROA was carried
out as shown in Figure 3.3a. Results indicates stable superhydrophobic properties making current
sample suitable for high temperature applications. Adhesive strength of CS coating with silicon
base was analyzed by using a tape peel test. A total weight of 207 gm was used on the tape
applied on np-SHS as an external force (Inset, Figure 3.3b). Peeling off the tap after a waiting
period of 120 s constituted one cycle. Variation in WCA and ROA after 20 such cycles is shown
in Figure 3.3b. The coating residue on tape and sample condition after peeling cycles are
reported in Appendix A2. Amount of soot particles coming off in successive tape peeling

diminishes and sample attains WCA of 156° with ROA of 8 =1° at the end of 20" cycle. UV

light is known to alter surface wettability; thus, to assess the same, np-SHS was exposed to 5 W
UV light source, Appendix A2) for a duration of 24 hours without observing any wettability
deterioration (Figure 3.3c). WCA and ROA variation for sample submerged under 10 cm of
artificial saline solution (35 gm NaCl in 1 liter of tap water) as well as under 5 cm of different
solvents (acetone, ethanol) for 15 days (Appendix A2) for all cases is shown in Figure 3.3c.
While low surface tension solvents wick into the np-SHS when submerged with no sign of

plastron, wettability recovery is observed after sample is isolated and left overnight to allow
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complete evaporation of solvent. Acidic (PH 1, 0.1 M HCI) and basic (PH 13,1M NaOH) tests
show that while basic solution maintained contact angle (CA) of 154°, HCI drop although
exhibiting CA of 141° at the beginning of contact angle measurement, later (~ 100 seconds)
reacted with carbon underneath and wicked into porous soot. Further plastron test of acid tested
sample reveals surface degradation due to highly corrosive HCI drop. To force deterioration of a
sample high power ultrasonication was performed at 40 kHz; interestingly, the surface remained
intact till 7.5 minutes as observed by WCA and ROA measurements, but beyond which a gradual
increase in WCA is observed, reaching 154° after 15 minutes and the water drop getting pinned

after 12.5 minutes indicating surface deterioration.
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Figure 3.3. Thermal, mechanical and chemical stability of nano-porous superhydrophobic

surface (np-SHS) (a) Water contact angle (left Y-axis) and roll of angle (right Y-axis) variation

post-heating of np-SHS up to temperatures of 300°C (b) Tape peeling test with general purpose

vinyl adhesive tape. Changes in water contact angle and roll of angle indicate robustness of

sample for 20 cycles of tape application (c) Water contact angle and roll of angle variation after

24 hours of 5 W UV exposure, 360 hours of sample being submerged under 10 cm of artificial

saline solution, 5 cm of acetone pool and 5 cm of ethanol pool[178].
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Another interesting feature of SHS surfaces is delayed ice formation. This test was carried out on
np-SHS by placing a 15 pl water drop on a sample maintained at -10°C. As shown in Figure 3.4a,
np-SHS shows icing delay of ~ 540 s under ambient condition of 42% relative humidity and
23°C room temperature. Frosting on any surface including SHS is inevitable at low temperature,
it can only be delayed making such surfaces suitable for aviation and heat transfer applications.
In such scenario integrity and stability of coating structure become crucial. To test the same, 125
frosting-defrosting cycle (Figure 3.4b(i),(ii)) were performed over a period of 14.75 hours. Each
cycle duration was ~ 425 s, consisting of ~ 200 s of sample maintained at ~25°C to observe frost
growth and subsequent defrosting (Figure 3.4b(ii)). Few of the 125 cycles of sample temperature
variation during experiment are shown in Figure 3.4b(i). WCA and ROA measurement shown in
Figure 3.4b(iii) indicate unaltered wettability and stability of surface coating following hours of
frost growth and defrost. The experimental setup for frost-defrost test is shown in Appendix A2.
The photothermal response of np-SHS was captured by exposing surface to artificial sunlight at
various heat flux (0.5 kWm2, 1 kWm2 and 1.5 kWm?) from a solar simulator (Appendix A2). 1
sun (1 KWm2) illumination resulted in surface temperature reaching ~ 65°C with calibrated
emissivity of 0.94 as shown in Figure 3.4c. High emissivity of such surfaces would trigger
melting near surface-ice interface, thus facilitating easy removal of ice nuggets at the early ice
incipience phase. These features of np-SHS could be beneficial for designing anti-icing surface
coatings. Moreover, np-SHS promotes drop wise condensation (inset, Figure 3.4d) resulting in
average heat transfer coefficient (HTC) of 2.7 kWm2K in presence of non-condensable gases.
Variation of HTC and surface supercool (difference between ambient and surface temperature)

during experiment is shown in Figure 3.4d. The average relative humidity and ambient
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temperature of the condensation chamber was 59.8 % and 42.4°C during 90 minutes of the

experiment.
a' t=0s
b i 16 i =
10' a
§ 51 ﬂ -Sg
N 0- ;
m o —
3 -5 63
5 ©
=104 43
s-aof | JUUL .3
© -20- e
- -25-l/ b U L o
-30 , : ’
0 1000 2000 3000| Defrosting Stat 7 hrs 14.75 hrs
Time (s)
c = d 3500
1.5 Sun -
85— 10 sun 30004
O 75| — 05 sun
° & 2500
L 65- =
2 S 2000
m N
g 2 S 1500
£ 451 05Sin 1Swn 155u £ 4000
() [ .
s G | 500
254 cill N ' : 0 ' ' 0
0 100 200 300 400 500 600 0 2000 4000 6000
Time (s) Time (s)

Figure 3.4. Heat transfer characteristics of nano-porous superhydrophobic surface (np-SHS)
(a) Delayed freezing (~ 540 s) of a 15 ul water drop on sample maintained at -/0°C (b) (i)
Cyclic variation of sample surface temperature during continuous frosting-defrosting test in

environment with room temperature 23°C and 42 % relative humidity, (ii) Sample condition
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during frost and defrost state, (iii) Variation in water contact angle (left Y-axis) and roll of angle
(right Y-axis) during 14.75 hours of frosting-defrosting test (c) Photothermal response for
various heat flux reveals high emissivity of 0.94 and surface temperature reaching ~ 65°C under
1 sun (1 kWm) illumination (d) Variation in condensation heat transfer coefficient (HTC) (left
Y-axis) and temperature difference between SHS surface and the chamber (AT) (right Y-axis).
Average condensation HTC of 2.7 kWm2K was obtained in presence of non-condensable gases.

Inset shows condensate at different time intervals[178].

Further, compatibility of np-SHS with organic materials such as honey (Figure 3.5a), soy sauce
(Figure 3.5b), chocolate syrup (Figure 3.5c), fine grain all-purpose flour (Figure 3.5d), milk
(Figure 3.5e), canola oil (Figure 3.5f) and oil-water emulsion (Figure 3.5g,h) was also examined.
Interestingly, plastron can be seen even in sample submerged in honey as shown in Figure 3.5a.
Withdrawal of sample from honey results in a layer of viscous honey to form a temporary film
enveloping np-SHS due to adhesion of honey on copper strip around the edge of
superhydrophobic region. Film thickness gradually diminishes due to gravity induced depletion
followed by sudden rupture revealing unaffected surface as confirmed by WCA (160°) and ROA

(2%1°). Soy sauce and chocolate syrup drops behave similar to water drops, not adhering to the

surface. Moreover, to test self-cleaning property of np-SHS, the surface was covered with
commercially available fine grain all-purpose flour (Figure 3.5d) and subsequently cleaned using
tap water. Complete removal of flour was observed with WCA (161°) and ROA (2=£1°)
remaining unchanged. Figure 3.5e shows a 20 pl milk drop on sample indicating milk-repellency
feature of np-SHS. Surfaces used in oil-water separation system[38] usually possess
simultaneous superhydrophobic and superoleophilic wetting property. Robust

superhydrophobicity of np-SHS and strong affinity for oil as shown in Figure 3.5f,h could be
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beneficial for development of a functional oil-water separation system. To test this hypothesis, a
~ 4 pl drop of canola-oil emulsion (20 % v/v) (Figure 3.5g) was placed on np-SHS. Oil appears
spreads out (Figure 3.5h) due to oleophilic nature of surface while simultaneously enveloping
and forming a visible oil ridge around accumulated water drop at the center (~ 50 seconds),
similar to findings reported in literature for typical SHS[181]. To visualize the oil ridges, a water
drop was placed on freshly prepared oil infused surface as shown in Figure 3.5i. Distinction
between water drop and oil ridges can be observed because of dissolved biocompatible tracer
(fluorescein sodium salt) in the water. Due to superhydrophobic and superoleophilic
characteristic of the np-SHS, the oil-water emulsion behaves similar to a water drop on oil
infused surface. Further investigation and design consideration such as net-like porous structure

are required to realize the potential of such surfaces for oil-water separation.

51



Honey Soy sauce

Milk drop ‘ Ju—y Qi - water emulsion

E —

Figure 3.5. Organic materials compatibility and self-cleaning property of nano-porous

superhydrophobic surface (np-SHS) (a) Visible plastron layer over sample when dipped in
honey. Highly viscous honey stuck along the copper edge of sample enveloping the SHS

following a sudden rupture of honey film revealing np-SHS surface (b) Soy sauce drop sliding off
the sample with no sign of adhesion (c) Chocolate syrup drop rolling off the sample without any

adhesion (d) Sample covered with fine grain all-purpose flour showing self-cleaning feature
when washed with tap water without leaving any residue (e) A 20 pl milk drop resting on np-SHS

(f) Superoleophilicity behavior over 9 s resting time of canola vegetable oil drop (g) Prepared

emulsion of canola oil- water (20 % v/v) (h) Canola oil-water emulsion drop on np-SHS surface

showing oil ridges around accumulated water drop (i) water drop on oil-infused surface[178].
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3.4 Summary

A systematic approach for creating a durable nano-porous superhydrophobic surface (np-SHS) is
presented where cross-connected buried nanochannels, with micropores present at intersections,
is used to attain a depleted oil-infused surface, followed by coating it with candle soot. Surface
roughness of np-SHS helps in maintaining stable Cassie-Baxter state during multiple
durability/performance tests. Numerous successful tests such as prolonged plastron test, tap
water jet impact test, adhesive tape peeling test, chemical stability test (immersion in artificial
saline water and solvents), exposure to UV radiation and, icing delay, and frost-defrost test were
carried out for np-SHS stability analysis. Further, np-SHS demonstrates exceptional durability in
harsh conditions, particularly under water, retaining water contact angle (WCA) of 159° and roll

of angle (ROA) of 3= 1° after 30 days of continuous submersion under 10 cm of water, and

WCA of 154° after subsequent 150 days in ambient air. Impact of tap water jet having velocity
of 1 ms™ to 10 ms™ on np-SHS had insignificant effect on WCA and ROA demonstrating
excellent mechanical stability of coating. While frost growth usually damages the structural

integrity of a typical SHS, WCA (159°) and ROA (3=*1°) measured after 14.75 hours of

continuous frosting-defrosting cycles suggest no effect on np-SHS wettability. Dropwise
condensation on the surface was also observed with average heat transfer coefficient of 2.7
kwm K1, Compatibility of np-SHS with organic materials was examined with milk, honey, soy
sauce and chocolate syrup while self-cleaning property was evident from complete removal of
fine grain all-purpose flour from sample. Another feature of the surface is superoleophilicity
which renders np-SHS potentially suitable for oil-water separation systems as implied by
preliminary testing with canola oil-water emulsion. Moreover, it was shown that the underlying

porous nanochannel geometry allows us to regenerate np-SHS from deteriorated state.
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Chapter 4: Porous Nanochannels for Vapor Generation

4.1 Introduction

The consumption of steam has been at the core of technological innovation in the form of steam
engine at the beginning of industrial revolution to modern era steam turbine for power
generation[182,183]. Energy demand for vapor generation in applications such as desalination of
seawater[61,62], low grade waste heat recovery[63,64], humidification[65] and steam
sterilization[66] could be met with proper harvesting of renewable energy sources like solar heat
flux in an interfacial vapor generation (IVG) device. In such devices vapor generation rate is
governed by two primary factors (a) the ease of water transport from bulk to the surface under
capillarity and (b) subsequent evaporation at liquid-air interface.

A typical solar based VG requires three major components: (1) Solar absorber with high
absorbance capabilities, also known as photothermal materials (2) Porous material (substrate)
designed for continuous water transport from bulk to surface (3) A suitable insulator at the
bottom of substrate to minimize heat loss to bulk water without having adverse effect on water
transport. Considering poor solar radiation absorbance[184]of water, special design
considerations are required to maximize the sunlight absorbance. It has been demonstrated that
with a suitable choice of material and fabrication technique even a single material can serve as
both an absorber and a substrate.

Photothermal materials follow various solar energy conversion mechanism namely thermally
induced lattice vibration, electron generation-recombination and resonance based plasmonic
localized heating. A typical lattice vibration mechanism based double layer carbon based
absorber[72,76] in which top hydrophilic layer acting as an efficient absorber positioned above

an insulating layer have been widely tested. The photothermal materials in electron-hole

54



generation-recombination based devices are usually metal oxides/complexes[92,93] such
titanium oxides, iron oxides, whereas plasmonic heating based vapor generators commonly use
nanoparticles[68], carbonaceous materials[90] and semiconductors[91]. They have been found
to achieve solar conversion efficiency up to 97 % with vapor generation rate of 2.08 kgm2h.
Carbon-based substrates enhance water absorption and high porosity favors desirable properties
like water transportation, low density, and low thermal conductivity. Considering the abundance,
stability and negligible impact on environment, carbonaceous materials[89,185] derived from
biomass have been set forth as a suitable choice for vapor generation. It can be inferred that solar
vapor generation device design is heavily dictated by two criteria (a) capillary pressure driven
wicking of water through the porous substrate from bulk to active evaporation site and (b)
simultaneous evaporation rate from liquid-air interface. The later criteria can be fulfilled by
utilizing thin-film evaporation which offers significantly higher evaporation rate[97] as
compared to free surface evaporation. For the former criteria, a substrate must be designed to
offer consistent and reliable wicking. Recently, a study[140] of wicking and evaporation
dynamic[186] for a water droplet on cross-connected buried nanochannels has shown a
promising result for superior wicking on a hydrophilic surfaces which can be a suitable candidate
for IVG device.

This chapter deals with experimental investigation of porous nanochannel wicks for vapor
generation. Porous nanochannel wicks facilitates passive water flow from bulk reservoir at the
bottom to the pores fabricated along the nanochannel wick through capillary flow. Compared to
above mentioned materials and techniques, the current design provides additional liquid-vapor
interface along the water flow path. Thus, high vapor generation rate 1.18 kgm2h* has been

achieved, even in dark condition (without heat input), primarily due to wicking through
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channels[140] and nanoscale thin film evaporation in the nanochannels and pores[97,186].
Unlike vapor generating devices mentioned in discussion above, the surfaces of heat input and
evaporation surface are separate corresponding to two sides of thin silicon (500 = 25 um)
sample. Separation of these surfaces offers flexibility in choices of energy input namely solar
energy, low grade heat energy like exhaust gases to name a few that can be used with this
sample. Moreover, the performance of device was also evaluated using solar simulator
mimicking the solar heat flux. It is also shown that the proper selection of coating on heat input

side would enhance solar absorption for such system.

4.2 Methodology

Porous nanochannel is fabricated in a 28 mm square region on a 500 um silicon wafer. The
detailed fabrication process of the samples is shown in Appendix Al. After fabricating porous
structure on the one side, other side was coated with 90 nm thick indium tin oxide (ITO) film
through which a direct current is passed to serve as joule heating layer. A 500 nm thick Cu layer
was deposited as electrodes. In a typical sample (porosity = 0.75) with porous nanochannel
wicks, there are two sets of parallel 1-D nanochannels (width: 5.75 um, height: 728 nm) cross-
connected to each other, with a micropore (diameter: 2.4 um) at each intersect. The micrograph,
atomic force microscopy (AFM) for single unit cell, and three-dimensional representation of
substrate is shown in Figure 4.1a, 4.1b and 4.1c respectively. Cross sectional schematic of
sample dipped vertically in the deionized (DI) water reservoir represented in Figure 4.1d (not to
scale) depicts the heater position and simultaneous wicking in the channels and evaporation from

pores.
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Figure 4.1. Characteristics of nanochannel wicks (a) Micrograph obtained by optical
microscope. (a) AFM image of single unit cell. (c) 3D schematic of four-unit cells of cross
connected nanochannel wicks. (d) Schematic showing wicking along cross section x-x’ in

vertically oriented sample dipped in DI water reservoir[187].

The experimental setup shown in Figure 4.2a depicts various apparatus used in experiments. The
sample positioning stand is used to hold and position the sample. A cylindrical water reservoir of
diameter 90 mm and height 22.8 mm was placed on weighing scale interfaced with a computer to
record data at a frequency of 1 Hz. Only openings on reservoir surface were a rectangular (51
mm by 7 mm) slit and four thermocouple openings of diameter 6.2 mm at the top which
contributed to free surface evaporation from water. During experiment with solar simulator, the
only opening area was 23 mm by 7 mm, since the sample used here was less wide. An infrared

thermal (IR) camera for capturing thermal profile and a high-speed camera for visual analysis
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were employed on the opposite sides of sample. A programmable DC power supply was used to
provide necessary joule heating through ITO and corresponding transient current and voltage
were recorded. It was observed that SiO, emissivity (€) was extremely temperature dependent
which would interfere with the accuracy of the IR camera. Conversely, we used a white vinyl
tape (thickness = 0.18 mm) having calibrated constant emissivity of 0.7 over the heating side of
sample and on teflon as shown in Figure 4.2b. The front side on sample in Figure 4.2c shows
thermocouples dipped inside the bulk water. A data acquisition system in addition to LabVIEW
software were used to record temperatures at a frequency of 1 Hz. The solar simulator arc lamp

power supply and arc lamp housing was used to simulate the solar heat flux of 1.25 kwm2.

(d) Sample positioning
\‘

E
DC Power | |
Water
Reservoir .
IR = High speed
eighing scale

Figure 4.2. (a) Actual experimental setup indicating different components. (b) Heating side as

\

visible from infrared camera. bb) Evaporation side having nanochannel wicks and pores
observable from high-speed camera. (d) Schematic of the experimental setup[187].
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The schematic diagram of experimental setup with all the components labelled is shown in
Figure 4.2d. For experiment with solar simulator, | have used a black enamel paint instead of
vinyl tape which had a calibrated emissivity of 0.96 facilitating in enhanced solar absorption.
The experiments were performed in controlled environment at 23 + 0.15 °C and 41 + 0.25% RH.
The top part of sample is first sandwiched between two circular teflon discs which are anchored
to sample positioning stand (SPS). SPS provides five (three translational and two rotational)
degrees of freedom for proper alignment of sample while dipping into the DI water reservoir
placed on digital weighing scale (Figure 4.2a) having computer interface. The resulting loss in
weight of water reservoir due to evaporation is recorded by a dedicated software (SPDC) at a
frequency of 1 Hz. A high-speed camera positioned in front of evaporation side (Figure 4.2a)
records the video of wicking which further undergoes image processing to obtain wicking
distance. We used images at a rate of four frames per second for complete 1620 seconds of each
experiment. Figure 4.3a shows a sample image during experiment as captured by high-speed
camera. The top interface of water wicked into nanochannels is shown as wick front whereas, the
free surface of water as water front. Wicking distance is the difference between position of wick
front and water front which essentially indicates the extent of water transportation through
nanochannels under capillarity. To avoid any error resulting from faulty pixels in images, we
choose regions of interest as three boxes shown in Figure 4.3a which covers around 90 % of
sample width. Seperating each images into three parts was followed by extracting water front
(Figure 4.3b) and wick front (Figure 4.3c,d,e). The average wicking distance of three regions

was considered as wicking distance for a particular image.
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Figure 4.3. Wicking distance calculation (a) Sample of a single frame recorded in high-speed camera

showing three boxes (red, blue and green) as region of interest. (b) Processed image showing water front.
(c) Wick front for region enclosed in box 1. (d) Wick front for region enclosed in box 2. (e) Wick front for

region enclosed in box 3[187].

4.3 Results

4.3.1 Performance of nanochannel wicks in dark environment

To assess the performance of nanochannel wicks exclusively, we first quantified the loss of mass
from the water reservoir in petri dish due to free surface evaporation. The petri dish was closed
with a cover having well-defined openings to allow insertion of the sample and thermocouples
into the reservoir. The mass of evaporated water from the reservoir through the openings, due to
free surface evaporation (mss) was first obtained (without sample dipped in) and was subtracted
from the 0 W case (sample dipped in the water reservoir without power input). The enhanced
vapor generation was first demonstrated by comparing free surface vapor generation rate from
the bulk water in petri dish to that from a sample dipped in water at room temperature (without

any heating). The vapor generation rate was obtained using following equation:
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Mev,cumulative
A'texp

m = Equation 4.1

where rh is vapor generation rate, Mev,cumulative IS total mass of vapor generated and texp 1S
experiment duration (1620 sec for all experiments). In case of evaporation from surface of bulk
water, A was fixed as 470 mm?, while for evaporation from the sample, A was calculated by A=
wdavg*W, Where wdayvg is the average wicking distance calculated over the course of duration and
w is the width of the nanochannel wicks region (28 mm). Figure 4.4 shows the temporal plot of
the variation of wicking distance and cumulative vapor generation. The vapor generation rate
from surface of the bulk water was 0.26 kgm™h*, which is close to empirical prediction (0.22
kgm2h1) by Hahne and Kubler[188]. With the presence of the nanochannel wicks, the vapor
generation rate was enhanced by ~350% (1.18 kgmh), which can be primarily attributed to the
thin film evaporation occurred inside the nanochannels and pores. This vapor generation rate
(without any heat input) is comparable to that using CNT’s, plasmonic wood, carbon foam and
exfoliated graphite in ISVG systems under 1 sun radiation (1 kWm) reported in literature (0.9-
1.2 kgm2h™1)[76,189-192].

The wicking distance in nanochannel wicks fluctuated constantly, even after reaching quasi-
steady state. The fluctuation was primarily due to the competition between continuous
evaporation and wicking in nanochannels. Evaporation from the pores causes waterfront to
recede, leading to decrease in wicking distance until capillary pressure re-compensates again,
leading to the increase in wicking distance as depicted by fluctuation of wicking distance in

Figure 4.4.
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Figure 4.4. Variation of cumulative mass of generated vapor (left y-axis) and wicking distance
(right y-axis) with time for vapor generation experiments from free surface of bulk water in petri
dish and that from porous nanochannel wick sample dipped in water without any heat supply (0

W)[187].

4.3.2 Performance of nanochannel wicks under resistive/joule heating

We then investigated vapor generation under various heat input. We tested four power levels:
2.01 W, 2.89 W, 3.89 W, and 5.08 W, with corresponding heating flux of 1.5 kWm2, 2.16 kwWm"
2,2.9 kWm2, 3.80 kWm?, respectively using following equation.

Q, =— Equation 4.2

~ Aex
Where, P (=V*1) is supplied power and Aex (=1137.4 mm?) is the area of heating side exposed to
the ambient. The vapor generation rate increased (4.28 kgm=2h, 9.68 kgm2h?, 13.49 kgm™h"
117.12 kgmh) with increasing heat input. Free surface evaporation (ms) losses were estimated

for each case and subtracted accordingly. However, there existed a critical heat input, above
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which enhancement in cumulative mass of vapor generation appears to be insignificant (Figure
4.5a). Similar to the operational limit in thermal management devices related to liquid-to-vapor
phase change[193], mass transport is the bottle neck of the device performance. Here, in terms of
vapor generation, when the water supply was not sufficient to compensate for enhanced
evaporation, wicking distance decreased (Figure 4.5b), leading to a reduction of the number of
active pores for evaporation. Figure 4.5¢ shows the maximum sample temperature throughout the
experiment is in the range of 23°C to 62°C depending on heat input level. Considering the vapor
generation (1-10 kgm) at 40-100°C when using various materials based 1SVG systems reported
in literature[73-76,85-88,91,194], high vapor generation rate was achieved at low temperature
with our wicks, thus implying the potential of integrating our current design with heat recovery

from low grade energy sources like exhaust gases.

(a) soo —— (b) g — (O
5.08 W,
500 1 27 ] eor 508 W
—_ £ 551
o -
£400f g8/ 50
C 5 9
5300} 85 =45
g &) 2.01 |—E
200 Zotw| g, ] 40} -
= 2 a5 201 W ]
100} = i
30 E
0 L 1 L L 1 2 L s ,5.08 WV . L 25 L L | L . L
0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500
Time (s) Time (s) Time (s)

Figure 4.5. Variations of (a) cumulative vapor generation, (b) wicking distance, and (c)
maximum temperature observed on the sample with time for heat inputs of 2.01 W, 2.89 W, 3.89

W, and 5.08 W respectively[187].

One important aspect to evaluate vapor generation is its efficiency (1), which is defined as the
ratio of evaporation energy to the total input power (Equation 4.3) and the specific vapor
generation (msp), Which is defined as the amount of generated vapor per unit heat input (Equation

4.4).
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Qev

Qtotal,in

Equation 4.3

Mey cumulative

Msp = Equation 4.4

Qtotal,in

where Qev=Mev,cumulative*Nfq , 1S €vaporation energy and hgg is the latent heat of vaporization of

water, Qotal,in IS the total heat input throughout an experiment.

There are several sources of heat loss such as energy loss to bulk water (Qwa), energy loss to
teflon (Qxr), natural loss from sample (Qsn), energy loss due to free surface evaporation (Qfs) and
unaccounted losses (Qun). To calculate heat loss to teflon, we performed parametric COMSOL
simulation for natural heat transfer coefficient (h), keeping constant ambient temperature as
23°C. The experiments were performed by sandwiching the sample at the bottom of two teflon
block such that the bottom edge of sample could be perceived as a chord of length 13 mm on
circular face of teflon. The area enclosed between chord and the minor arc i.e., area of teflon
covered by sample serves as the input boundary in COMSOL simulations. The 3D teflon
geometry is shown in Figure 4.6a. Further, temperature acquired by IR camera at the top edge of
box 1 (Figure 4.6¢) was used as boundary condition during simulation. The minimization of
mean sum of square error between experimental and simulation temperature of a point (P1) on
teflon (Figure 4.6¢) for all four-power input resulted in h = 1.75 Wm2K* (Figure 4.6b). Then,
the heat transfer to teflon was evaluated as the sum of heat loss to surrounding via natural
convection during experiment (0 — 1620 s) and heat stored in teflon at the end of experiment as

given by the following equation:

where Ayt is total surface area of teflon blocks exposed to ambient, Tst and Ty (both obtained from

simulation) are the transient average surface temperature and volumetric average temperature (at
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the end of experiment) of teflon blocks respectively, m is mass of teflon blocks and cp is heat

capacity of teflon.

The convection heat transfer coefficient for sample was assumed to be same as that of teflon
obtained using simulation. Thus, heat loss from sample surfaces on account of natural heat

convection was estimated as
Qsn = hAsn(Ts,avg - 23) Equation 4.6

where h = 1.75 WmK*(obtained from teflon simulation), Asn is the exposed sample area to

ambient, Tsavg IS the transient average surface temperature of sample obtained from IR imaging.

In order to calculate the heat loss to water reservoir (Qwa), we implemented a numerical
technique by treating it as a inverse heat conduction problem (IHCP) and used space marching
algorithm[195] for obtaining heat flux from the sample to the bulk water at the bottom of box 1
(Figure 4.6¢). The temperature required for solving IHCP was obtained from two arbitrary points
near the bottom of box 2. It was assumed that cross section of sample near the bottom has
uniform temperature at any instant during experiment. Energy loss due to free surface

evaporation during experiment was obtained by:
Qs = mfs(hfg) Equation 4.7

Where, mss is the mass of free surface vapor generated and hsg is latent heat of vaporization of
water. Free surface vapor generation was obtained by using relation by Hahne and Kubler[188]
using water vapor pressure at average bulk water temperature for each experiment and variation
of heg with temperature was also taken into account. The total free surface vapor generation
during the entire period of each experiment was 49 mg, 65 mg, 82 mg, 99 mg and 17 mg for 2.01
W, 2.89 W, 3.89 W, 5.08 W, 1.25 sun, respectively. Performing energy balance on each case

resulted in unaccounted losses.
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Figure 4.6. Heat loss estimation. (a) Three dimensional teflon block geometry used in
simulation. (b) Comparison of experimental and simulation temperature of a point (P1) on

teflon. (c) Infrared image at a random instant depicting point P1, box 1 and box 2 on vinyl tape.

(d) Energy loss due to natural convection from sample[187]

Since latent heat of vaporization of water is temperature dependent[196] , we have used

different values of hg, corresponding to average temperature of sample during each experiment.

As shown in Figure 4.7a, despite increase in vapor generation rate with increasing power input,
the simultaneous decline in available pores for evaporation resulted in lower specific vapor
generation and hence moderate vapor generation efficiency. The maximum specific vapor
generation rate peaking at heat input of 2.89 W suggests that such system would have an

optimum heat input where the vapor generation rate is balanced by water supply rate.
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Nevertheless, low vapor generation efficiency (~20%) implies unignorable heat loss in current

experimental design. Hence, we performed a quantitative analysis of heat losses in the system.

Figure 4.7b shows the energy distribution for all four cases. The energy loss to bulk water was
the major heat loss, primarily due to the lack of thermal insulation between the sample and bulk
water, as well as relatively high thermal conductivity of silicon substrate. The energy assessment

of all four cases can be found in Table 4.1.
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Figure 4.7. Performance of porous nanochannel wicks (a) Variation of specific vapor generation
(on left y-axis) and vapor generation rate (on right y-axis) with supplied heat flux. (b)
Distribution of total supplied energy among different factors such as evaporative energy (Qev),
energy loss to bulk water (Qwa), energy loss to teflon (Qx), natural loss from sample (Qsn), energy
loss due to free surface evaporation (Qfs) and unaccounted losses (Qun). (¢) Thermal resistance

behavior with vapor generation rate[187].

At last, we evaluated our design by calculating Ry,

Ry, = % Equation 4.8

where Tmax IS the maximum temperature on sample, Tamp iS ambient temperature assumed to be
constant (23°C). As shown in Figure 4.7¢c, the minimum thermal resistance in current design was

obtained in the case of heat input of 2.89 was 32.17 °CW-!, which is similar to the reported
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values in literature[75,191]. This implies that mitigation of losses, especially energy loss to bulk
water would significantly lower the heat input while maintaining high evaporation rate for
nanochannel wicks-based vapor generation systems. Heat loss to bulk water can be significantly
reduced by incorporating suitable porous insulators such as recyclable foams[197] (porosity =
90 % and thermal conductivity ~ 0.13 W°C*m™), porous ceramic[198] (porosity ~ 60 % and
thermal conductivity 0.165 W°C™m™ ) and readily available highly porous polyurethane
foams[199] (thermal conductivity 0.022 W°C*m™) underneath the current device in horizontal

position.

Table 4.1. Energy assesement for 2.01 W, 2.89W, 3.89 W, 5.08 W and 1.25 Sun.

Quantity 201W 2.89 W 3.89 W 5.08 W 1.25 Sun
Heat supplied (J) 3256 4682 6302 8230 1088
Heat lost in evaporation 666 1120 1283 1292 384
Heat loss to teflon blocks (Qtf) 267 385 524 657 92
Heat lost due to bulk water (Qwa) 2101 2868 3806 4997 548
Heat lost to surrounding from 93 132 176 211 11

sample surfaces (Qsn)

Heat lost to surrounding due to 119 158 199 240 42

free surface evaporation (Qfs)

Unaccounted heat loss (Qun) 10 19 314 833 11
Efficiency 20.4 % 25.3% 222 % 17.7 % 353
Unaccounted loss 0.3 % 0.4 % 6.27 % 10.1 % 1 %
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4.3.3 Performance of nanochannel wicks under solar simulator

To assess the performance under solar heat flux, we have used solar simulator (1250 Wm) with
black enamel paint instead of vinyl tape having calibrated emissivity of 0.96 (Figure 4.8, inset).
For this experiment, a smaller sample size of 14 mm by 14 mm (instead of 28 mm by 28 mm as
in previous cases) was used keeping the nanochannel dimensions same. This allowed us to

operate solar lamp, which has low output beam diameter (~33 mm), at the desired heat flux.
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Figure 4.8. Comparison of temperature recorded by IR Camera (at a location on black paint
coating) and thermocouple at constant emissivity (¢ =0.96) of paint. Inset shows the coating of

heater side of sample with black enamel paint[187].

Cumulative vapor generated mass and variation in wicking distance is shown in Figure 4.9. The
average wicking distance and vapor generation rate was 5.12 mm and 4.87 kgm2h,

respectively.
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Figure 4.9. Variation of cumulative mass of generated vapor (left y-axis) and wicking distance
(right y-axis) with time for 1.25 sun (1250 Wm2). Inset is a temporal plot of maximum sample

temperature[187].

Vapor generation efficiency was 35.3%, which is significantly higher than the previous cases
with joule heating. This could be attributed to the combined effect of factors like uniform
distribution of heat by solar arc lamp on sample and low area of contact between sample and
water (due to smaller sample size) causing less heat loss to bulk water. The maximum surface
temperature was 33.5°C (shown in inset, Figure 4.9) with thermal resistance of vapor generation

system as 44.3 °CW,

4.4 Summary
In conclusion, a novel approach of vapor generation using micropore-nanochannels wick

combination on a silicon substrate was presented. Enhanced evaporation observed in present
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system is combination of the interfacial evaporation at pores and along the path of water travel.
Apart from joule heating, we have shown that for such devices solar radiation absorption would
depend on the emissivity of heating surface and hence it eliminates the need of additional
absorber component. Unlike most carbon-based substrate, the design of current sample is well
structured facilitating easy optimization of channel and pore dimension. We believe that present
strategy to separate heating surface and vapor generating surface along with low operating
temperature (even <50°C). could be beneficial in heat recovery from low grade energy sources
besides solar radiation. We were able to obtain vapor generation rate of 1.18 kgm=2h™ in dark
condition (no heat input) up to 17.12 kgm2htat 5.08 W. Testing the current system using solar
simulator under heat flux of 1.25 sun (1250 Wm) resulted in vapor generation rate of 4.87 kgm-
2L which is significantly higher than reported values in literature at same heat flux. Moreover,
the increasing power input diminished the wicking distance from 9.39 mm in dark condition to
2.61 mm at 5.08 W effecting the interfacial area available at pores for evaporation. Further,
maximum vapor generation efficiency in such devices is governed by two crucial factors namely
power supply and wicking distance. Although, they are interdependent factors, there exist an
optimum value of heat input for which wicking distance is sufficient to prevent dry out and

maintain continuous evaporation at pores.
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Chapter 5: Nanochannel based Evaporator for Thermal Management

5.1 Introduction

Thin film evaporation has been shown to achieve tremendous heat flux dissipation for variety of
fluids on micro-nano structured surfaces. Thermal management solutions of integrated circuits
(ICs) used in electronic devices frequently use thin film evaporation[7,121,200], to maintain the
temperature of such devices in the operational range. However, high heat flux values have
typically been attained based on the distance between meniscus and the liquid reservoir ranging
from tens to hundreds of micrometers. Such a short wicking distance can be vulnerable to quick
drying out while also limiting the real-world applicability of such devices. Furthermore, ,
accuracy of heat flux[201,202] calculation with any fluid-wick structure combination directly
depends on the reliability of contact angle (CA) measurement at the meniscus because it governs
the pressure gradient required for capillary flow. The CA acquired from the meniscus
image[109] or Young-Laplace equation[110] in the confined space may not be accurate because
it is susceptible to errors in the detection of the three-phase contact line and the limitations
associated with the camera/microscope field of view. Other studies have used augmented Young-
Laplace model[201], interferometry[202] and, different contact angles for top and side walls of
high-aspect-ratio wicks[203] to capture accurate apparent contact angle of fluid. To overcome
this issue, we performed direct measurement of mass of evaporated FC72 to estimate the
interfacial evaporative heat flux. Such a technique mitigated the need for contact angle
measurement in micro/nano confined space. The device used in this study was a nanochannel
(122 nm depth and 10 pum width) based evaporator with FC72 as working fluid. The evaporative
performance relies heavily on maintaining the thin liquid film at the interface governed by

capillary pressure and viscous pressure drop in wick/porous structure. Although a decrease in the
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geometrical parameters of the wick design enhances capillarity, increased viscous resistance
restricts fluid flow[10]. For a characteristic length of ‘L’ of a typical wick structure with wick
distance ‘D’ between liquid source and evaporation zone, capillarity scales as L%, in contrast,
hydrodynamic resistance scales as DL 2. Therefore, momentum transport poses a significant
challenge in evaporator design of a heat pipe. FC72 was chosen to be working fluid as it is non-
polar and dielectric with a low boiling point suitable for electronics cooling. The 1 mm thick
evaporator consists of more than 1000 nanochannels connecting two micro-reservoirs 4.8 cm
apart. Thin film evaporation experiments were conducted for four different power inputs, and the
steady-state wicking distance varied from 21 mm to 8 mm depending on the evaporator’s
working temperature. The maximum evaporative heat flux was 0.93 kWcm™ at ~ 65 °C hot spot
temperature. Interestingly, the product of wicking distance and evaporative heat flux remained
constant for all power inputs. Numerical simulations were performed to quantify the heat losses
from different components of the evaporator arrangement and to determine the effectiveness of
the system. This study provides a systematic approach to design thin film evaporators while
delineating important parameters to help develop effective thermal management strategies for

high-performance electronics.

5.2 Methodology

Figure 5.1a shows the three-dimensional model of the nanochannel evaporator (nc-EVAP). FC72
enters the device through openings fabricated in glass right over the micro-reservoirs. Details for
nc-EVAP fabrication methodology is discussed in Appendix A3. Depending on the experimental
requirement, either single or both openings can be used to supply FC72. Heater is attached in the
center and bottom of nc-EVAP along with a thermocouple (Appendix A3). Atomic force

microscopy (during fabrication) on a channel cross section, and depth variation are shown in

73



Figure 5.1b, c, respectively. The average depth of a nanochannel is ~122 nm with width ~ 10
pum. Micro-reservoirs are of dimension 22 mm by 6 mm and length of nanochannels connecting
them is ~ 48 mm. The top view of nc-EVAP used in experiments is shown in Figure 5.1d.
Yellow tape pieces covering the openings keep the micro reservoirs clean until the tube
reservoirs are attached (Appendix A3) before the experiments. Micrograph of a portion of nc-

EVAP (Figure 5.1e) shows the alternating nanochannels (light shade) and silicon ridges (dark

shade), each of width ~10 pm.
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Figure 5.1. Evaporator details and nanochannel characterization. (a) 48 mm long nanochannels
(122 nm by 10 pm) between two micro-reservoirs having openings over them are shown in a
three-dimensional illustration of a nanochannel evaporator (nc-EVAP). (b) Atomic force
microscope (AFM) image of a nanochannel. (c) Variation of the depth of the nanochannel across
its width. d) Actual nc-EVAP used in experiments with its features. () Micrograph of nc-EVAP

showing alternate nanochannels with silicon in between them.
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Figure 5.2a shows the schematic of the experimental setup that has tube reservoirs with sealing
plugs, heater, plastic support, and aluminum base plate attached to the nc-EVAP. The meniscus
movement is tracked and visualized under the microscope (Figure 5.2b), and the location of the
meniscus from the micro-reservoir (i.e., wicking distance) was determined using a reference
scale placed beside the nc-EVAP. The left tube reservoir in Figure 5.2b is longer than the right
one because it is primarily used to hold the FC-72 during nc-EVAP experiments, and the scale
markings (least count: 0.01 ml) on its curved surface estimate the amount of FC72 evaporated
during the experiments. At each input heat flux, nc-EVAP was first observed under a
microscope, then temperature was monitored using an infrared (IR) camera (Figure 5.2c).
Temperature distribution on the nc-EVAP was recorded for 120 seconds after achieving steady
state (~ 20 minutes after heat flux supply). Figure 5.2d depicts successive images of FC72
wicking in the nanochannels, as shown by the shift in color and contrast during the process.
FC72 gradually floods the nanochannels all the way to the other micro-reservoir. Details of the
nc-EVAP fabrication procedure, materials used, characterization, and other procedural details are

presented in Materials and Characterization section.
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Figure 5.2. Experimental setup. (a) Schematic of evaporator arrangements including resistive
heater at the bottom, over-the-top reservoirs, and plastic support between evaporator and base
plate. (b) Observation of meniscus in nanochannels under the microscope. (c) Capturing
temperature distribution across evaporator using infrared camera. d) Wicking of FC72 in

nanochannels (i-iitf) when one end of reservoir is filled while keeping another reservoir empty.

5.3 Results

5.3.1 Wicking Under no Supplied Power

The wicking of liquids in nanochannels is attributed to capillary pressure[204,205], and the
motion of liquid inside is given by the Lucas—Washburn[206]

Lwg = K t%° Equation 5.1
where, Lwd is wicking distance, t is the elapsed time and K is a constant depending on the
geometrical properties of the capillary tube and physical properties of the liquid. Linear variation
of wicking distance with t%° given in Equation 5.1 has been verified to hold valid for meniscus
wicking inside nanochannels[203,207]. In present study FC72 is filled in from only one of the
reservoirs of nc-EVAP keeping the other empty. A high-speed camera captures wicking video,

which is later processed using MATLAB script to obtain continuous wicking distance (Figure

76



5.3a) confirming the linear relation between the wicking distance and t®° proposed by Equation
5.1. Furthermore, liquid front velocity (Vwf) during the wicking process is shown in Figure 5.3b
and is also obtained by image processing as discussed in the next section. The flow of liquid
through nanochannels leads to occurrence of disjoining pressure[203] and development of ultra-
thin stagnant layers on the solid surface[205]. Vwr drastically diminishes within ~ 250 sec of

wicking (Lwa~ 19 mm) due to viscous resistance, and approaches ~15 ums™ towards the end.
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Figure 5.3. Wicking in of nc-EVAP. (a) Wicking distance of FC72 in nanochannels as a function
of square root of time. The inset shows the actual liquid front and the corresponding procedure

to obtain the wick length (b) Variation in the velocity of the liquid front with time. The inset
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shows the menisci in nanochannels. (c) Calibration of weight loss obtained from decrease in
FC72 level on the reservoir scale with weight loss recorded by the weighing scale. d) Emissivity

calibration of the evaporator for emissivity = 0.92.

After complete wicking, the nc-EVAP was kept on a computer-connected weighing scale to
record the weight loss due to evaporation of FC72 as shown in Figure 5.3c. The tube reservoirs
are arranged so that the long tube (inset, Figure 5.3c) with scale marking containing FC72 is kept
plugged (i.e., closed) to prevent evaporation, while the other tube reservoir is left open to the
atmosphere. The recorded weight loss over a period of two hours was then calibrated against the
drop in level of FC72 in the right reservoir (inset, Figure 5.3c). This weight change-based
approach of finding evaporative mass flux and subsequent evaporative heat flux (for localized
heating, next section) is rather unconventional and independent of contact angle-based
methodology extensively used in literature. Deviating from macroscale to nanoscale, meniscus
shape, and hence contact angle accuracy, depends on numerous factors such as resolution of
image, refractive index of glass, molecular interaction between fluid-solid surface, and
contaminations in confined spaces, and certainly edge detection of the microscopic image of
liquid-vapor interface may not be an accurate technique of finding contact angle.
Studies[201,208] show that there exist inherent issues in confinement, such as significant
variation between the actual and apparent contact angle and potential deformation of
microstructure at the three phase contact line under negative pressure. Although the current
weight loss approach does not capture details of the interfacial phenomena, it does account for
the macroscopic performance of nanochannels. Evaporative mass flux () in absence of active

heat flux was ~12.8 kgms obtained from following equation:

78



Am

Mgy, = Equation 5.2

tev*Anc
where, Am is mass change of FC72 in the tube reservoir (kg), tev is the total evaporation time (s)
and Anc is the total cross-sectional area of nanochannels (m?). Please note that Anc does not
include nonfunctional/blocked nanochannels which were found to be 84 (out of total of 1100).
Prior to evaluating the performance of nc-EVAP, emissivity (g) calibration of evaporator top
surface was performed as shown in Figure 5.3d. The temperature recorded by the IR camera and

thermocouple matches well at € = 0.92, and this value of € has been used in this work.

5.3.2 Liquid Front Velocity

The liquid front velocity (Vwr) was measured by analyzing frames of the sliding drop; the frames
were recorded using the high-speed camera. A custom written MATLAB algorithm was used to
detect the wick front. After cropping out the desired area in the image, it is converted into binary
i.e., black & white image (inset, Figure 5.3a). This enabled easy tracking of the wick front as the
black pixel on the wick front would always have value “0” and vacant nanochannel ahead
appearing as white pixel would have value “1”.

Elapsed time elapsed (t) between frames was obtained from number of frames (nf) and captured

frame rate (fps) of video. Velocity was obtained as,

AL+fps

Velocity = v

Equation 5.3

where, AL is difference in pixel distance of wick front from the microreservoir in subsequent

frames, p is calibrated pixel length (i.e., how many pixels would be in 1 mm).

5.3.3 Heating and Meniscus Stability
Initially, both reservoirs were filled with FC72 and allowed sufficient time to completely wick

into the nanochannels (like Figure 5.2d) with sufficient additional FC72 present in both
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reservoirs. Subsequently, sample was heated beyond its normal boiling point (~ 56°C) by
supplying 5.53 W (11.8 Wcm™) while continuous monitoring the nanochannels under
microscope. Interestingly, despite the surface of nc-EVAP at ~88 °C (Figure 5.4a), no sign of
nucleation was observed. On the contrary, vigorous boiling was seen at the opening of the micro-
reservoirs. Nucleation does not occur in the nanochannel primarily due to combination of
disjoining pressure and associated increase in energy required to increase pressure and displace
liquid[203,209]. Instead, heat from the heater is conducted laterally along the silicon wafer
causing the surface temperature at micro-reservoirs to rise above boiling point. Following the dry
out at the reservoirs, the menisci receded rapidly (Figure 5.4a) from one of the reservoirs to the
other.

To obtain stable menisci under heated conditions, FC72 was filled in only one of the reservoirs.
Depending upon the supplied power, stable menisci were achieved (Figure 5.4b) regulated by
FC72 evaporation rate and subsequent momentum transport governing the FC72 flow to liquid-
vapor interface. Four levels of power input at heater: 0.64 W, 0.92 W, 1.63 W and 2.20 W
(corresponding heat flux: 1.36 Wem2, 1.96 Wem™, 3.48 Wem™2, 4.69 Wem2) were utilized in
nc-EVAP performance analysis. The distance at which the menisci attain steady state is called
wicking distance (Lwa) Which is measured after confirming the meniscus stability under the
microscope. Temperature recorded by IR camera for Q = 2.2 W near left reservoir (L), right
reservoir (R), and above heater (C) is shown in Figure 5.4c. Temperature near right reservoir is

lower than the left counterpart due to presence of FC72 in the right one.
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Figure 5.4. Observations in heated conditions. (a) Nanochannels dry out without nucleation, at
temperature (~ 88 °C) much higher than boiling point (~ 56 °C) of FC72. (b) Stable menisci at
different locations from reservoirs depending on the heat flux input. (c) Variation of temperature

near left reservoir (L), right reservoir (R), and above heater (C) after achieving stable menisci.
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Figure 5.5. Nanochannel evaporator performance at different heat flux input a) Variation of
evaporative mass flux (m, left y-axis) and stable wicking distance measured from reservoir (right

y-axis). b) Evaporative cooling efficiency. c) Variation of the interfacial evaporative heat flux
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(left y-axis), and product of stable wicking distance with the interfacial evaporative heat flux

(right y-axis)

M.y, and Lwq for all four supplied power level are shown in Figure 5.5a. At 2.20 W, extremely
high e, ~105.4 kgms™ was recorded. Increased power supply caused reduction in Lwg from
21 mm (at 0.64 W), however nc-EVAP maintained Lw¢ =8 mm (at 2.20 W) at temperature ~ 52
°C (measured near meniscus) and close to the boiling point of FC72. At steady state, the

contribution of interfacial evaporation in cooling (Qev) is given by:

Qey = P18Vhrg Equation 5.4

tSS

where, p is the density of FC72 (1.68 gcm™), AV is the change in FC72 volume in the tube
reservoir (ml), hs is the latent heat of vaporization of FC72 (88 Jg1), and tss is the experiment
duration after achieving steady state. AV is acquired over tss = 30 minutes.

Steady state interfacial evaporative heat flux (qq,) for each supplied heat power is written as:

q = 2_:: Equation 5.5

Details on uncertainty analysis and numerical values are presented in Appendix A3, Table 5.1,
respectively. For a moving meniscus, qgy is also given by:

dev = Pihggve Equation 5.6
where, v is the liquid front velocity and for a flow thorough rectangular channel, it can be

approximated as[109]

h2AP
MLwd

Vi & Equation 5.7

where, h is the height of the nanochannel, AP is the capillary driving pressure over Lwq and L is
dynamic viscosity of the liquid. The inverse relationship between vs and Lwd can be observed

from Figure 5.3a, b. From Equations 5.6 and 5.7 following observations can be made:
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hggh?AP .
Prfte? & Equation 5.8

QevLlwag
Equation 5.8 implies that even though q, increases with supplied heat input (Figure 5.5b), the
product of interfacial evaporative heat flux and wicking distance remains uniform as verified
with experimental results shown in Figure 5.5b. In current study, maximum qg, obtained was

0.93 kwcm™ and average qiy, Lyg Was ~ 0.73 £0.02 kWem™. So, a similar nc-EVAP designed to

maintain shorter wicking distance Lwg ~ 100 um can theoretically achieve g4, ~ 73 kWcm,
which is within the kinetic theory predictions[10] of maximum q4, ~ 110 kWcm™. The

efficiency of nc-EVAP (Figure 5.5¢) is written as:

— Qev
neV_ Q

Equation 5.9
where Q is supplied power to nc-EVAP. While local interfacial evaporative heat flux (qg,) can
attain ~1 kWcm or higher as in reported studies, its efficiency in actual device cooling is
typically restricted or not reported. In current study, nev for all four level of supplied power was <
1 % due to the high qq, restricted only to minuscule interfacial area inside nanochannels. This
aspect of nanostructured-based evaporator should also be investigated to enhance nev apart from
primary focus on achieving higher qg,.

Table 5.1. Errors and uncertainties related to various parameters.

Parameter (unit) Mean Value Standard Deviation/
Uncertainty
0.64 W
e, (kgm2s?) 37.6 7.5
Qev (MW) 4.11 0.82
dev (KWem?) 0.33 0.06
QevLwa (KWem™) 0.70 0.14
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Nev (%) 0.64 0.13
0.64 W
Mgy, (kgm2s?) 45.2 7.5
Qey (MW) 4.93 0.82
Qey (KWecm?2) 0.39 0.06
QevLwa (KWem™) 0.76 0.13
Nev (%) 0.54 0.09
1.63W
ey (kgm?2s?) 75.3 7.5
Qev (MW) 8.21 0.82
Qey (KWecm?2) 0.66 0.06
94 Lwa (KWem'D) 0.73 0.09
Nev (%) 0.50 0.05
2.20W
e, (kgm2s™) 105.4 75
Qev (MW) 1.15 0.82
Qey (KWem2) 0.93 0.06
Q4 Lwa (KWem') 0.74 0.12
Nev (%) 0.52 0.04

5.3.4 Heat Loss Estimation

While evaporative heat flux contributed < 1% to the thermal management, other factors such as
conduction through silicon and subsequent heat loss via natural convection significantly reduced
hotspot temperature. We performed COMSOL simulation to examine the hot spot temperature
and associated convection heat losses in presence of nc-EVAP by comparing experimental and

simulation temperature values.
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Figure 5.6. Heat loss estimation from COMSOL. (a) Three-dimensional model of evaporator
arrangements and temperature variation across multiple sources of heat loss for 0.64 W. (b)
Comparison of maximum temperature recorded by infrared camera (IR) and thermocouple (TC)
over heater with temperature obtained from COMSOL simulation. (c) Distribution of natural
convection heat loss from aluminum base plate (Qai), reservoir tubes (Qpt), plastic base under

evaporator (Qpb), evaporator bottom (Qws), and evaporator top (Quw).

Three-dimensional model and temperature distribution (for Qin = 0.64 W) on the experimental
setup obtained using COMSOL simulation is shown in Figure 5.6a.

All COMSOL simulations were steady state study. Boundary conditions in simulations were:
ambient temperature = 20°C, ambient pressure = 1 atm. To determine natural convection heat
loss from different surfaces, inbuilt surface intergal function for heat flux was used. This method
allowed us to obtain individual heat loss from different components of the experimental setup.
Dimesions of the components are as following:

Silicon and glass wafer: 80 mm by 30 mm by 500 pum

Heater: 7.1 mm by 6.6 mm by 500 um

Electrodes: 6.6 mm by 3 mm by 1.5 mm

Plastic support base at both end of the evaporator: 20 mm by 10 mm by 10 mm
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Aluminum base plate: 200 mm by 100 mm by 100 mm

Small hollow tube reservoir : outer radius 4 mm, 1 mm thick and 12 mm high cylinder over
microreservoir

Long hollow tube reservoir : outer radius 3.5 mm 0.5 mm thick and 60 mm high cylinder over
microreservoir

Comparison of maximum surface temperature obtained from simulation results and experiments
(both by IR and thermocouple) for each of the supplied power is shown in Figure 5.6b. There is
an excellent agreement between IR measurements and the COMSOL results, and corresponding
percentage of the natural convection heat loss from various sources is shown in Figure 5.6¢. The
convection losses were from aluminum base plate (Qai), reservoir tubes (Qpt), plastic base under
evaporator (Qpp), bottom silicon surface of the evaporator (Qws), and top glass surface of the
evaporator (Qwt) which were estimated by performing COMSOL simulations. As expected, heat
loss from the top surface of nc-EVAP (Qw) contributes the most in each case. Even though the
maximum gev Was ~ 0.93 kWcm for Qin = 2.2 W, net cooling provided only by evaporation was
~11.5 mW and cooling was predominantly accomplished by heat losses via natural convection
on the experimental setup. Similarly, previous studies[109,110,115,200] that demonstrate very
high gev utilizing various types of porous structures, nano porous membranes, porous wicks
among others, to enhance evaporative heat flux require a new perspective to assess the net effect
of such gev improvements on device cooling and associated heat losses through other

components.

5.4 Summary
A systematic approach of fabricating a practical nanochannel-based evaporator (nc-EVAP) was

presented and its performance was evaluated with dielectric FC72 as working fluid. The nc-

86



EVAP device included 1100 nanochannels of cross-sectional area 122 nm x 10 um running
across a length of ~48 mm between two micro-reservoirs. nc-EVAP was designed to facilitate
the direct measurement of the change in mass during evaporation of FC72, and thus the
interfacial evaporative heat flux (qq,) was estimated without contact angle measurement of
meniscus in nanochannels and the associated uncertainties that accompany such an approach.
When the channels and both reservoirs were filled with FC72, nucleation was not observed even
at temperature of ~88 °C, well beyond the boiling point of FC72. When the channels were filled
with FC72 using only one reservoir while the other reservoir was open to atmosphere, stable
evaporating menisci were obtained for different power inputs. At lower input heat flux,
maximum steady state q%, ~ 0.93 kWcm2 was achieved at maximum surface temperature of ~
63 °C. The maximum variation of temperature in the nc-EVAP was ~ 11°C from central hot spot
to the micro-reservoir at 2.20 W. Depending on the given heat flux, the wicking distance ranged
from 21 mm to 8 mm. The product of the steady qg, and the wicking distance was found to be
nearly constant for all power inputs. This suggests the possibility of achieving high qg, by
tailoring wicking distance even under steady state as compared to superior heat transfer
performance during transient meniscus variation as reported in the literature. Another aspect of
such evaporator is the evaporative efficiency, i.e., the absolute contribution of thermal
management solution to the cooling of hot spot, which is found to be restricted to < 1% due to
limited meniscus area in nanochannels. Numerical simulations were performed to calculate the

contribution of different components of heat losses in the nc-EVAP system.

87



Chapter 6: Conclusion and Future Work

6.1 Conclusion

Nanochannel wicks for efficient heat transfer via tailoring surface wettability, and for thermal
management of hot spot cooling was studied. Two different types of nanochannel wicks were
fabricated; in first type the sample had cross connected nanochannels (height ~ 728 nm) with
micro pores (diameter ~ 2 um) at the junction while the second type was designed to have
covered nanochannels (height ~ 122 nm) opening to two microreservoirs at each end 48 mm
apart. While the applications and nature of the studies carried out on these sample differ, the
underlying mechanism of capillarity governing the functionality of the samples remains

common.

It was found that the inherent hydrophilic nature of the nanochannels with micro pores can be
tailored into hydrophobic through a dedicated procedure involving plasma cleaning and silicon
oil infusion-depletion. The Surface obtained is called nanochannel liquid infused surface (nc-
LIS) which was shown to demonstrate remarkable durability in its hydrophobic characteristics
resulting in improved condensation heat transfer performance in presence of non-condensable
gases. It was discovered that while the higher silicone oil viscosity nc-LIS exhibited longer
surface retention, the drop sliding velocity was significantly lower on freshly prepared LIS.
Moreover, the condensation on nc-LIS using 50 cSt silicon oil provides substantial improvement
in condensation heat transfer coefficient (HTC ~ 2.33 kWm2K1) by 162% over flat silicon LIS
even in oil depleted state. Improved performance can be attributed to oil being held inside
nanochannels, and thus retained on the surface, due to capillarity and improved adhesion owing
to plasma cleaning. Drop size distribution study reveals more than ~ 95 % of all drops had a

diameter < 500 um suggesting fast shedding of the condensates. To confirm the durability of the
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nc-LIS, condensation was carried out for 3 days. Steady-state HTC was achieved with an average
value: 1.46 + 0.16 Wm2K™. The sample maintained dropwise condensation throughout the
experiment and never transitioned to filmwise condensation with WCA ~ 104° at the end of

condensation.

Although the usage of the LIS surface mentioned above was more suitable for dropwise
condensation, the nanochannel can also be transformed into a superhydrophobic surface (SHS)
by a process involving plasma cleaning, silicon oil infusion, baking, oil depletion, and candle
soot coating. Surface roughness because of soot coating helps to maintain stable Cassie-Baxter
state with water contact angle (WCA) of nearly 160° and roll off angle (ROA) ~ 1°. The surface
exhibited exceptional durability by retaining WCA of 154° even after 30 days of continuous
submersion under 10 cm of water followed by 150 days in ambient air. Coating stability was
successfully tested under impact of tap water jet having velocity of 1 ms™ to 10 ms™?, and 14.75
hours of continuous frosting-defrosting cycles with no effect on its wettability. Dropwise
condensation on the surface was also observed to enhance with HTC of 2.7 kWm2K™. The SHS
was found to be compatible with multiple organic materials milk, honey, soy sauce and chocolate
syrup while its self-cleaning property was evident from complete removal of fine grain all-
purpose flour from sample surface. Another feature of the prepared surface is superoleophilicity,
potentially suitable for oil-water separation systems. Moreover, it was shown that the underlying
porous nanochannel geometry allowed us to regenerate superhydrophobicity from a deteriorated

state multiple time.

The inherent hydrophilicity of the first type of nanochannel sample was found to be suitable for
vapor generation via thin-film evaporation at the pores. Enhanced evaporation is observed in the

system due to the presence of multiple pores along the path of water travel. Testing the current
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system using a solar simulator under heat flux of 1.25 sun resulted in vapor generation rate of
4.87 kg m2h’t which is significantly higher than reported values. As the surface temperature was
< 35°C, even low-grade heat sources can be used to obtain significant vapor generation rate.
Moreover, vapor generation rate of 1.18 kg m2h* was reported in dark condition (no heat input),
and up to 17.12 kg m2h* at 5.08 W of resistive heating. Heat losses associated with the system
was quantified by performing COMSOL simulations. Maximum vapor generation efficiency in
such devices is governed by two factors namely power supply and wicking distance. Although,
they are interdependent factors, there exist an optimum value of heat input for which wicking

distance is sufficient to prevent dry out and maintain continuous evaporation at pores.

Second type of the nanochannels wicks with microreservoirs combination was used as device
level evaporator for hot spot cooling. Dielectric FC72 was chosen as the working fluid, and a
novel approach to analyze performance was developed. This approach involved collecting
continuous mass loss due to evaporation in nanochannel to obtain the mass flux rate and
interfacial evaporation heat flux. It eliminated the need for the time-consuming and error-prone
procedure of measuring contact angles in nanochannels. Even at 88°C, well above FC72's boiling
point, nucleation was not observed when the channels were completely filled with FC72. Partial
filled channels, on the other hand, resulted in a steady state wicking distance ranging from 21
mm to 8 mm depending on the heat flux. At lower input heat flux, maximum steady state heat
flux ~ 0.93 kWcm was achieved at surface temperature of ~ 63 °C. The product of the steady
evaporative heat flux and the wicking distance was found to be nearly constant for all power
inputs suggesting possibility of achieving high heat flux by tailoring wicking distance even under
steady state. Numerical simulations were performed to calculate the heat losses through different

components. While such evaporators have traditionally been focused on achieving high heat flux,
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the efficiency of such a system remains poor due to the low ratio of the interfacial area to the

total hotspot area.

6.2 Future Work

Micro/nano porous surfaces have immense potential in thermal management and energy
efficiency. Such surfaces can offer multifunctionality depending on the design and fabrication
procedure as demonstrated in previous chapters. However, existing systems can be improved to

address shortcomings based on the desired application.

For example, LIS on nanochannels wicks provides high heat transfer coefficient for 3 days of
condensation but the size of sample in current study was relatively small (28.1 mm by 35.8 mm).
The sample maintained dropwise condensation, never transitioned to filmwise condensation, and
remained hydrophobic with WCA ~ 104° at the end of condensation. In future, current LIS
preparation approach can be implemented on large scale porous surfaces which are easier to

fabricate such as inverse opal, and chemically etched surfaces.

The superhydrophobicity obtained with candle coating shows potential for oil-water separation
as implied by preliminary testing with canola oil-water emulsion. This concept behind soot
coated porous structures can be replicated on large scale porous surfaces such as porous metallic
mesh structures. Silicon oils are inert and nontoxic combined with readily available candle soot
coating, which can be instrumental in fabrication of multifunctional, robust, scalable, and
reproducible superhydrophobic surfaces. Other coatings such as fume silica, which resemble soot
in wettability characteristics can be tested with adhesive-treated rough surfaces to evaluate the

binding strength and the durability.

91



In vapor generation system with porous nanochannels, the high heat load performance was found
to be dictated by the number of active pores for evaporation. In future studies, the fabrication of
microchannels underneath the sample at the nanochannel-water interface could increase the feed
of water into the nanochannels and thus achieve larger wicking distance and hence higher active
pores for evaporation. Further, a suitable insulator, such as carbon foam, sponges, is needed at
the bottom of the sample to minimize the heat loss to bulk water, which would enhance the vapor

generation efficiency.

In Chapter 5, a discussion on nanochannel-based evaporator as chip cooling solution was
reported. The evaporative efficiency of such an evaporator was one of the important aspects that
came to light. It refers to the absolute contribution of thermal management solution to the
cooling of hot spot, which is found to be restricted to < 1% due to limited meniscus area in
nanochannels. As a result, in future, appropriate modifications in nanochannel design, including
a three-dimensional approach in device fabrication, are required to improve the interfacial area,
which could have significant impact on thermal management in electronic systems. Fundamental
approach would be to increase the interfacial area as much as possible along with enhancing the

transport of working fluid to the active evaporation site.

Thus, we see that although the underlying micro/nano structure can often be similar, with a little
alteration and the proper methodology, they can be used in a range of applications. The design of

the current systems can be improved in the future with regard to specific applications.
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Appendix Al

Al-1 Fabrication of Porous Nanochannel Wicks

Fabrication schematic is shown in Figure Al. Fabrication of porous nanochannel (nc) wicks
starts with a 500 um silicon wafer. Firstly, mark fabrication on the wafer is carried out by
photoresist coating, exposing in GCA stepper with suitable reticle followed by baking,
developing, and etching. After removing photoresist, a mark on wafer leaves behind which is
helpful in alignment during exposure in later stages. Then, Photoresist (thickness ~ 9 um) was
spin coated on the wafer and then exposed using GCA stepper followed by an ammonia diffusion
bake for the image reversal. After photoresist development, 15 nm thick chromium (Cr) film
obtained deposited by e-beam evaporator (deposition rate 1.1 - 1.3 A/s) was used as adhesion
layer on top of which 713 nm thick copper (Cu) film (deposition rate 3.0 - 3.5 A/s) was further
deposited (using e-beam evaporator). Then, the photoresist was removed, leaving behind Cr and
Cu on silicon wafer then immersed in acetone for 6 hours. This lift-off process created
orthogonally connected ridges of sacrificial Cr & Cu. Then, 300 nm thick SiO> film was
deposited over patterned Cr & Cu layer by plasma enhanced chemical vapor deposition
(PECVD). After depositing 300 nm thick SiO2, SPR 220-3 photo resist was used to obtain a ~ 3
pm coating on the wafer. After baking, GCA stepper was used to expose the sample using
custom made reticle (~ 2 um diameter holes at 10 um pitch, exposure time 0.5 s) and executing
required job file. It is important to note that alignment of reticle is very important while
executing exposure such holes are exposed at the intersection of the ridges. After hard bake and
development wafer with exposed SiOz (at ~ 2 um diameter holes) undergoes dry etching
followed by photoresist removal in hot bath and plasma strip resist. The wafer was immersed in

Cr & Cu etchant to remove sacrificial Cr & Cu to form the nanochannels which are
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interconnected orthogonally and open to environment via pores (~ 2 um holes). Wafer is cut in to

I
Si0, deposition and PR pattern
PR pattern and exposure l

required dimension of sample using dicing saw.

Silicon wafer

I

PR Removal

|
Si0,, Cu, Cr etching and PR removal

|

Cr and Cu deposition

|

Silicon (Si)  Photoresist (PR)  Copper (Cu)  Chromium (Cr)  Silicon dioxide (Si0;)
[ [ E— E— [

Figure Al. Porous nanochannel wick fabrication procedure.

Al1-2 FT-IR Spectrum of Depleted Nanochannel LIS Sample

In the FT-IR spectrum of nc-dep LIS (Figure A2), the absorption peaks located at 2962 cm™ and
2904 cm are due to the asymmetric and symmetric stretching vibration of C-H in methyl and
methylene groups present in silicone oil, respectively [210] and the peaks appeared at 1413 cm™
and 666 cm™ can be attributed to the bending vibration of C-H bonds [211] due to the remaining
non-reacted precursors or the presence of adsorbed fats or contaminants on the surface of the

material. The peaks centered at 1259 cm™, 1085 cm™, and 1016 cm™ can be related to the
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stretching vibration of Si-OH [212] and asymmetric and symmetric stretching vibration of Si-O-

Si, respectively [213,214]. The absorption peak centered at 794 cm™ is due to the bending

vibration of the Si-O-Si bonds [215].
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Figure A2. Fourie- transform infrared spectroscopy (FTIR) of water jet shear induced depleted

nc-LIS.
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Al1-3 Actual Experimental Setup for Condensation

Cold thermal fluid flow
rate control circuit

Vapor in
High speed
camera
Condensation
chamber
Thermocouples
Cold thermal
fluid in

Cold thermal
fluid out

Figure A3. Condensation experimental setup. (a) components of the setup, with cold thermal

fluid circuit board having height of 2 ft, and (b) view from the fluid flow rate control circuit

board towards condensation chamber.

Al-4 Drop Sliding Velocity Analysis

The velocity measurement was performed by analyzing the drop sliding frames recorded by the

high-speed camera. To visualize the drop, a solution of sodium fluorescein was prepared (0.1 gm
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in 1 liter of deionized water)[216] and a custom written MATLAB algorithm was used to track
the motion of water drop as shown in Figure A4. The images obtained from the high-speed
camera were counter rotated by same angle as that of inclination of sample to make the drop
motion appear horizontal during image processing. Then, after cropping out the required area in
the image, it is converted into binary i.e., black & white image. This enabled easy tracking of the
contour front of the drop as the white pixels on the drop would always have value 1. In Figure
A4, P1 (point on drop front at the beginning of drop sliding) and P2 (point on drop front after
time “t” of drop sliding) shows the location of front being tracked. The difference between pixel
location along with calibrated pixel length (i.e., number of pixels in 1 mm denoted as “p”) would
give the distance travelled by the drop. Elapsed time (t) between frames was obtained from

number of frames (nf) and captured frame rate (fps) of video. Velocity was obtained as,

(P1—P;)*fps
p*nf

Velocity = Equation 6.11

Cropped and (||)
—_ b
Rotated by 5°

(iii)

Cropped and (“)
—_—

Rotated by 5°

(iii)

Binary conversion

A

Figure A4. Drop sliding velocity measurement procedure. (a) (i)Initial drop position at the start
of sliding, (ii) rotation of image by an angle same as that of sample inclination angle followed by

cropping and grey scale conversion, (iii) binary (black and white) conversion (b) (i) final drop
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position after sliding for some time “t” (ii) rotation of image by an angle same as that of sample
inclination angle followed by cropping and grey scale conversion, (iii) binary (black and white)

conversion

A1-5 Errors and Uncertainties Calculation

Uncertainty related with temperature and humidity was taken as the standard deviation in data
recorded during the condensation experiment. Condensation heat transfer coefficient (HTC) was
calculated at each data point in temporal domain and related standard deviation in HTC is due to
fluctuations in temperatures during experiments. The uncertainty calculation for condensation

heat flux (q.) is obtained using following equations:

Qe = he ATgyp Equation A2

2 2
; Ah A(ATg, i
Aqc = hc,avg (ATsub,avg)J( ) + ( (_b)> Equation A3

hc,avg ATsub,avg

Where, q_ is condensation heat flux (Wm), h, is condensation heat transfer coefficient (Wm2K-
1), ATsup is the subcooling (temperature difference between nc-dep surface temperature and
condensation chamber temperature, °C), Aq.. is uncertainty associated with condensation heat
flux (Wm), Ah¢ is uncertainty associated with condensation heat transfer coefficient (Wm2K1),
A(ATsub) is uncertainty associated with subcooling, °C).

Temperature collection rate during condensation on fresh porous nanochannel sample is given
below:

Day 1-2: (a) First 2 hours: 30 data per hour, remaining 22 hours: 10 data per hour, (b) day 17-18:

30 data per hour for 48 hours.

98



The acquisition rate captures the fluctuations in the temperature and hence the deviation of heat
transfer coefficient (HTC) from mean value; the higher the rate of acquisition, higher the sudden
fluctuation in HTC and vice-versa. However, trend of mean HTC would not be affected as it is
governed by surface wettability characteristics rather than sudden fluctuations in ambient and
cold thermal fluid temperature. Moreover, automatic control of water level in vapor generation
system will result in less variation in ambient temperature as in case of condensation on fresh
LIS on porous nanochannel sample than a manually maintained water level as in case of

condensation on depleted sample.
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Appendix A2

A2.1 Tape Peeling Test

a

Weight (200 gm) =———p
Tape ———p

Sample /

Figure A5. Tape peeling test. a) 207 gm weight kept on tape covering the coated surface for
allowing sufficient adhesion of candle soot to tape. b) Coating removed by each cycle of tape

peeling test. Decrease in removal rate of soot can be seen.
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A2.2 UV Exposer and Solvent Submersion Test

UV exposure

a b Acetone

O

Saline water (Day 15)

c Saline water (Day 0)

- o

Figure A6. UV Exposer and Solvent Submersion Test. a) Experimental setup for ultraviolet light
exposure. b) Nano-porous superhydrophobic surface (np-SHS) submerged under 5 cm acetone.

c) Visible plastron layer on np-SHS under 10 cm of saline solution
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A2.3 Frost-defrost Experimental Setup

Programmable power Sample on thermoelectric ~ Water supply for Thermoelectric
supply cooler cooler

Figure A7. Experimental setup for frosting-defrosting test on nano-porous superhydrophobic
surface (np-SHS). Programmable DC power supply controls the supply and maintains the power
supply to thermoelectric cooler for a particular time before cutting off leading to defrosting. A

total of 125 cycles were carried for 14.75 hours of experiment.
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A2.3 Photothermal Response Experimental Setup

Infrared camera |

Figure A8. Experimental setup for photothermal response and emissivity calibration for nano-

porous superhydrophobic surface (np-SHS).

Appendix A3

A3.1 Nanochannel Evaporator Fabrication Procedure

The nanochannel evaporator (nc-EVAP) consists of hanochannels fabricated in a four-inch
silicon wafer anodic bonded with four-inch glass wafer shown in Figure A9. Fabrication of
nanochannels and microreservoirs starts with a 500 um silicon wafer. First stage of fabrication
starts with wafer cleaning followed by 60 nm DUV 42P ARC layer and 600 nm UV210
photoresist coating using Gamma Automatic coat-develop tool. After exposure, wafer is hard
baked and developed. Nanochannel etching is performed, followed by atomic force microscopy
to acquire the nanochannel dimensions. In second stage, microreservoirs are fabricated 48 mm

apart such that nanochannels function as bridges connecting microreservoirs. The nanochannel
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etched wafer is plasma cleaned and coated with SPR 220-3 photoresist to obtain a ~ 3 um
coating on the wafer. Contact aligner is used to expose the PR at microreservoir locations. Please
note that each wafer yields two nanochannel evaporator so, two micro-reservoirs are exposed on
either side of nanochannels. After wafer development, 20 um deep reservoirs are etched using
Plasma-Therm deep silicon etcher. Wafer is then kept overnight in hot bath to remove PR. Third
stage is bonding the silicon wafer with glass wafer. Glass wafer is cleaned, and 3 mm openings
are laser cut such that they coincide with the center of microreservoirs. Anodic bonding is then

performed, and nc-EVAP is cut in required size from bonded wafer using dicing saw.
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Figure A9. Nanochannel evaporator fabrication procedure.
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A3.2 Heater Arrangements

(@) ITO Heater

Cu electrodes |

(c)

ITO Heater

Figure A10. Heater Arrangements. (a) Resistive heater used in nanochannel evaporator (nc-
EVAP). (b) Assembly of heater and nc-EVAP. (c) Wires soldered on the copper (Cu) electrodes

and thermocouple attached to the heater.

A3.3 Uncertainties in Calculation

Uncertainities associated with weighing scale is 0.1 mg. For tube reservoir, the least count in scale

marking is 0.01 ml. Based on these parameters, uncertainity in mass flux ( Ams,) is given as:

At = fhev\/ (A(Am))2 + (Att—v)2 + (AAA—) Equation A4

Am

where, Am is mass change of FC72 in the tube reservoir during evaporation (kg), tev is the total
evaporation time (), Anc is the total cross-sectional area of nanochannels (m?) excluding blocked

channels.
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Uncertainities in interfacial evaporation in cooling (Qev, W) is written as:

tSS

AQey = Qev\/(%\y))z + (&)2 Equation A5

where, Atss is 1's, A(AV) = 0.01 ml.

Uncertainities in steady state interfacial evaporative heat flux (Aqgy) is given as:

AQey = q;v\/(%)z + (Atﬂ)z + (%) Equation A6

tev Al’lC

Uncertainities in product of steady state interfacial evaporative heat flux and wicking distance is

given as:

» 2 2
" 17 AQey ALy, .
M@y Lawa) = (AyLawa) j (F=) + () Equation A7
where, ALwd is the uncertainty in wicking distance measurement (1 mm), and qg, is steady state
interfacial evaporative heat flux.

Uncertainities in nc- HP efficiency calculation is given as:

ANy = nev\/(A(S:,V)Z + (%)2 Equation A8

Since, error in supplied power to nc-EVAP (AQ) is negligible as compared to error asociated with

Qev, second term in Equation A8 can be omitted.
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