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Abstract

The significant advancement of micro/nano-structured surface engineering, demands the
integration of material science with the heat transfer applications such as condensate harvesting,
passive freezing, and frost formation etc. The energy and texture of the solid surface have
significant effects on phase change phenomena. This phenomenon is also significantly
influenced by environmental factors (temperature and humidity). At atmospheric pressure, a
surface below the freezing point temperature for a given relative humidity nucleates water
droplets heterogeneously on the surface, and subsequent freezing occurs resulting in frost
formation which is a complex and fascinating phenomenon. Frequent defrosting is required to
remove the ice that causes substantial economic losses. This work examines the combined effect
of surface properties and environmental factors into the fundamental understanding of
coalescence and pinning behavior in droplet growth mechanism, and freezing front propagation.
Various nano-structured surfaces and engineered surfaces were fabricated to get the different
surface energies and texture effects on droplet dynamics. After testing the wetting properties of
every individual samples, condensation/freezing tests were conducted on the samples in humidity
and temperature controlled chamber. The nanopillar surfaces had a significant effect on droplet
dynamics via the pinning mechanism, and reduced the occurrences of coalescence events.
Nanopillared surface accelerated freezing by order of magnitude compared to a plain hydrophilic
surface at 60% RH. A mathematical model was developed for the pinning mechanism as a
function of design parameters (pillar height, spacing, and radius) of the fabricated nanopillar
surface. For the condensation test on graphene oxide (GO) coated copper surface, the pinning of
droplets into the micro/nanostructures of the surfaces leads to the enhancement of condensate

harvesting. The hydrophobic aluminum (Al-H), and hydrophobic graphene coated surface delays



the freezing. The change in freezing kinetics, freezing time, the size of droplets at freezing, and
the surface area covered at freezing, are all related to the rate of coalescence of droplets on the
surface. Approximate ~6.78x%, ~13.12x and ~17.32x freezing delay was observed at 269 K, 270
K, and 271 K surface temperatures respectively for the hydrophobic graphene surface compared
to the plain silicon surface under same operating condition. The result promises the applicability
of different engineered surfaces for significant energy savings in frost delaying, thermal

management, and condensate harvesting applications.
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Chapter 1 - Introduction

1.1 Condensation

At atmospheric pressure, the surface below the dew point temperature for a specific
relative humidity generates water droplets on a surface, known as dropwise condensation (DwC).
The field of dropwise condensation has been investigated for many years [1-3]. The heat transfer
through a single droplet and for the whole surface has been calculated based on the size
distribution of the droplet on that surface [1]. The growth of breath figures has been established
when the vapor is condensed on a cold surface. Furthermore, the studies concluded the droplet
growth procedure as self-similar, and coalescence did not alter the size distribution. In addition,
the study conducted by Rose et al. [3] shows the review of the dropwise condensation from 1930
to 2002. The presence of air in the vapor makes it challenging to measure the dropwise heat
transfer. The transition of dropwise condensation to film condensation is still not well
understood. From a practical point of view, a reliable means of promoting dropwise
condensation under industrial conditions have yet need to be convincingly demonstrated [3].
Dropwise condensation of water droplets was investigated by Leach et al. [4] on hydrophobic
polymer film and silanized glass slide; by conducting both numerical and experimental studies.
The condensation rates per unit substrate area were found much higher for areas occupied by
smaller droplets compared to larger droplets. Promotion of heat transfer rate might be
accomplished by increasing the droplet nucleation density and removing the larger droplets for
further renucleation on the surface [4]. Moreover, droplet growth was studied on a super-
hydrophobic spike surface and growth stage is characterized by the nucleation of the droplets at
the bottom of the spikes, smaller droplets surround the larger droplets, and the last stage is

characterized by Wenzel-type droplets [5]. Studies [6-38] have been conducted based on surface



modification inducing different wetting properties such as hydrophobicity, superhydrophobicity,
lubricant-impregnated nanotextured, different wettability patterning, nano-engineered materials,
water repellent surfaces, and effect of geometric features etc. Chen et al. [6] investigated that
dropwise condensation can enhance heat transfer by order of magnitude compared to filmwise
condensation [6]. They have studied dropwise condensation on a two-tier texture mimicking
lotus. On such micro/nano-structured surfaces, the condensate droplets prefer the Cassie state,
which is thermodynamically more stable than the Wenzel state [6]. The research [7] stated that
the condensed droplet on rough hydrophobic substrates (shown in Figure 1.1) shows different
wetting behavior compared to the deposited or impinging droplets on the surface. The promotion
of dropwise condensation through effective surface coating by diamond-like carbon films and

ion implantation were discussed.

[7]

Figure 1.1 Two-tier textures: micropillars are etched in silicon, and CNT nanopillars are
subsequently deposited on the side of the micropillars via CVD. The substrate was then
hydrophobicized either by a 10 nm layer of parylene C coating or by a 10 nm layer of gold
coated with a monolayer of 1-hexadecanethiol [6]. Optical microscopic image of a square-
pillar-patterned silicon substrate [7].



The main parameters that affect the condensation are the surface tension of the
condensing fluid, the surface roughness or structure, and the surface energy of the condenser
surface [8]; effect of pressure on the evolution of transient condensation [9] and condensation at
lower and ultra-lower pressure [10] have also been discussed. Droplet size distribution at
different growth stages [9] and the significance of initial droplet size distribution on overall
droplet growth [11] have also been discussed. In the study [13], dropwise condensation on
textured surfaces, both horizontal and inclined has been modeled mathematically. The model has
been represented in terms of thermo-physical properties of liquid and vapor phases, the surface
properties, contact angle, and surface tension of the liquids.

Moreover, past studies [14-38] have also been conducted on the nano-engineered surface,
superhydrophobic surface, hydrophobic surface, wettability gradient surface etc. to promote
condensation for different applications such as energy conversion, condenser unit for power
plant, efficient condensate harvesting, and high-performance thermal management.
Nanostructured superhydrophobic surfaces [15] have been applied in condensation experiment to
elucidate the droplet wetting state and the morphology of the droplet in heat and mass transfer.
Nanotechnology has the advantages to manipulate the local energy barrier of heterogeneous
nucleation by effective and proper surface structuring. However, the importance of local energy
barrier on the droplet growth procedure and nucleation site density for different nanostructured
surfaces was also studied. Using environmental scanning electron microscopy (ESEM) images,
the growth stages of the droplet has been elucidated in a single cell to the point of coalescence

with neighboring droplet shown in Figure 1.2 [16].



!

33.8 sec

Figure 1.2 Au and Si nanopillar geometries were fabricated for dropwise condensation
applications [16]. ESEM image sequence of condensation on a micropost surface
impregnated with (a) Krytox (b) BMIm [19].

The condensation behavior of water on a superhydrophobic carbon fibers (CF) network
with high-aspect-ratio hair-like nanostructures has been studied [17]. The surface can prevent the
flooding and sustain the dropwise condensation. Likewise, metallic superhydrophobic aluminum
surfaces with different low-surface-energy coatings and lubricant-impregnated nanotextured
surfaces have also been tested for condensation test, as shown in Figure 1.2 [18, 19]. Failure of
droplet shedding from the superhydrophobic surface has also been investigated [20]. Through the
environmental scanning electron microscope (ESEM) imaging, a hydrophobic textured surface
may appear into a hydrophilic surface when water vapor condenses on the surface, and filmwise
condensation happens [24]. Additionally, biotemplated nanostructured surfaces have been
fabricated via the self-assembly of the Tobacco mosaic virus combined with initiated chemical
vapor deposition technique. The droplet morphology, wetting dynamics, and condensation heat
transfer performance of the virus-structured surfaces have been investigated via the role of the
local energy barrier [27]. Different wettability gradient surface has been tested to facilitate
pumpless liquid drainage in DWC applications [29], and the wettability gradient can decrease the

mean size of the droplets to enhance the heat transfer rate [30]. Self-propelled sweeping removal



of dropwise condensate on micropillared surface has been observed [31]. Moreover, numerical
modeling, as well as experimental validation, has been conducted via the study of condensed
water droplet growth using optical microscopy and ESEM on biphilic samples consisting of
hydrophobic and nanostructured superhydrophobic regions [32]. Scalable Cu-based nano-
engineered surfaces were fabricated, and microscale droplet formation has been observed. Also,
the comparison of heat transfer for hydrophobic and superhydrophobic surfaces was done [33].
Optimal heat transfer surface is estimated based on the measurement of full 3D temperature
distribution and interfacial surface area of the droplet via numerical simulation [34].
Nanostructured superhydrophobic surface with tapered nanogaps and nanowired hydrophobic
surface is fabricated to demonstrate the wetting state of the condensed droplet with a view to
self-cleaning performance, improve anti-icing, and increase thermal diode efficiency [35-36]. On
a uniform superhydrophobic surface, the droplet nucleation rate can be increased by the
reasonable increase of the nanostructure density [37]. Recently, the effects of millimetric surface
structures on DwC under pure vapor and an air-vapor mixture have also been studied. The study
concludes that heat transfer mainly depends on the thermal resistances involved in the system
[38]. Moreover, surface chemistry to induce hydrophobicity, the scalable coating, the impact of
surface texture for droplet mobility, and the multiscale surface texture for enhancing droplet
mobility was demonstrated [39]. To date, several studies [2, 4, 5, 7, 10-12, 14,15,17,19, 24, 26,
33, 36, 37] have been carried out in pure vapor condition and in absence of pure atmosphere.
Non-condensable gases in the humid chamber provide an additional component of heat and mass
transfer resistance to droplet growth [40, 41]. During condensation and evaporation applications,
the detrimental effect of atmospheric sulfur based volatile compounds and aerosols on coating

longevity has been revealed in the presence of non-condensable gases [42].



In real applications, frost is initiated by the formation of condensate droplet from the air-
vapor mixture where non-condensable gases (compounds in the air) have found [43]. Hence, the
present work motivates to run the test in the presence of non-condensable gases, which is more
practical.

At higher vapor pressure, better image quality can be obtained from optical microscopy
test [22]. Additionally, this test has the benefits to validate the droplet growth data concerning
numerical modeling. The test can include the presence of non-condensable content of the
saturated vapor [32]. Hence, in present work, all the condensation and frosting experiments have

been done via optical microscopy instead of doing it in ESEM.
1.2 Condensate frosting

Frost is often undesirable as it has detrimental consequences for power lines, crops,
aircraft, wind turbines, and heating, ventilation, and air conditioning (HVAC) systems [44].
Moreover, the frost accumulation on HVAC components increases the pumping cost resulting in
losses of billions of dollars. The passive approach of ice removal is often desirable as deicing is
still expensive. Superhydrophobic surfaces have the potential to prevent ice buildup down to a
surface temperature -25 to -30 °C, for individual deposited or impacting droplets [45]. However,
the typical working conditions encountered in industrial HVAC applications are better
represented by condensate frosting [46]. Condensate frost is formed when a surface is cooled
below the dew and freezing point temperature. To date, passive anti-frosting surfaces with good
durability are still in demand [47]. Condensation and frost growth on the surface has been
controlled via effective chemical micropatterns. The ice bridge formation can be passively

suppressed by controlling the nucleation sites and the onset of the freezing events [43].



Introducing early freezing events by spatial control of freezing, can maximize the dry zones and
reduces the chance of subsequent ice bride formation [43].

The importance of coalescence behavior in delaying frost formation has been observed
for the biphilic patterns (surfaces which combine hydrophilic and hydrophobic regions). The
surface shown in Figure 1.3 decreased the temperature required for freezing by 6K due to the

alteration of the size distribution of the condensed droplet during the freezing process [44].
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Figure 1.3 Schematic of biphilic surfaces tested [44].

Frost nucleation on flat surfaces has been investigated. It embodies the effect of
surrounding air temperature and humidity, and the surface conditions (temperature, roughness,
and contact angle) on the frost formation process [48]. Delay of frost growth was observed for
the super-hydrophobic isotactic polypropylene surface. Delay is due to the oscillation of the
wettability induced by the micro and nanometer structures that can lead to the effective design of
anti-frost materials [49]. The increased adhesion of frost on the superhydrophobic surface
compared to plain surface imposes the limitations of its use for both on-ground and in-flight
applications. The test has been conducted via ESEM imaging that reveals frost formation
everywhere on the superhydrophobic surface [50]. However, some of the surfaces lose its
superhydrophobicity at a low surface temperature [51]. Higher ice adhesion strength was also

observed for textured surfaces compared to smooth surfaces [52].



However, creating highly textured surfaces to decrease the ice-contacting area, as well as
a smooth surface with low wettability, can be a way to delay the frost formation [53].

Liquid-infused nanostructured surfaces [53] and through the control of surface chemistry
and texturing [54], frost can be delayed under low-humid conditions. Although the defect in any
sample leads the start of frost front propagation, delay of frost formation has been observed due
to the jJumping-drop effect of droplets. This effect controls the average size distribution and
separation of the droplet [55]. The process of freezing subcooled condensate and frost formation
on lubricant-impregnated surfaces has been described where lubricant may migrate from the
textured surface to the surface of frozen droplets [58]. Around 62 s of the freezing delay was
observed for the deposited droplet on Si substrate with Silver nanocolumns grown by glancing
angle deposition method [59]. By implementing different features on the metal surfaces, frost
formation, frost growth, and their properties, and defrosting have been studied [60-62]. Spongy
and loose frost suggests the formation of less dense frost on the microgrooved brass surface
compared to the plain surface [60]. Microgrooved samples with the deepest groove and widest
pillar showed lower frost thickness, as well as higher frost density [61].
Decreased roughness can increase the free energy barrier for heterogeneous nucleation, result in
significant freezing delay [63]. For the same roughness, surface coating with lower energy
material can promote the freezing delay. Conversely, for the same wettability, higher roughness
can slow the frost growth [64]. Freezing delay on the metallic aluminum surface has been
investigated at different conditions by adding hydrophobic and coral-like superhydrophobic
surface [65, 66]. Both analytical, as well as experimental results, have been presented on frost
formation for superhydrophobic silicon substrates fabricated with patterned micropillars of small

aspect ratio [67]. The causes of frost retardation with hydrophobic or superhydrophobic surface



treatments can be investigated via the observation of microscopic seed behavior [68]. Frost
delaying has been observed for CNT-coated steel surfaces, and perfluoro-coated CNT [69].

At the superhydrophobic substrate-water/ice interface, heat conduction through the functional
coatings plays a less vital role in the freezing process compared to the heat conduction through
the bulk water/ice layer [70]. Also, superhydrophobic coatings by spray-coating silica paint have
been investigated for micro-scale dew formation. The continuous and spontaneous jumping
behaviors of the droplets was seen due to the presences of abundant nano-pores from random
multilayer stacking of nano-chains shown in Figure 1.4 [71]. The inter-droplet freezing wave
propagation is studied on micropillar patterned superhydrophobic silicon surfaces for varying
pitch size of the pillars. However, by selecting proper pitch sizes, freezing delay can be achieved

[72].
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Figure 1.4 Schematic of sprayable superhydrophobic nano-chains coating [71].

To date, the important effect of relative humidity on ice bridging is still lacking in the
literature [73]. Additionally, a protective and durable coating is expected for long term
applications that would not degrade the wetting properties extensively over the period. For
hydrophobic coating, the kinetics and characteristics of ice bridges [43] have not explicitly
discussed. Moreover, the effect of wetting properties of graphene on freezing phenomena is still
missing. Hence, the present work focuses on running tests in order to address the following

issues.



1.3 Acceleration of freezing

Active techniques have been used by the researchers to make the freezing process faster
in food processing. The available methods are ultrasound assisted freezing, high-pressure
freezing, pressure shift freezing, and air-blast freezing etc. [74-79]. Also, nanopillars create
favorable conditions for the formation of amorphous ice, microcrystalline, or cubic crystals. It
also creates transparent and cubic ice growth [80]. Nanopillared surface suppresses the
coalescence events due to pinning of droplets with discontinuous three-phase contact line at the
edges of pillars resulting in irregular shaped droplet [80]. Hence, the surface has the potential to
accelerate the freezing due to higher occurrence of coalescence events that delays the frost
formation [44]. 1t would also be expected to reduce the daily power consumption for applications

such as food processing, agriculture, and freezing based desalination.
1.4 Condensate harvesting

All over the world, research is going on to mitigate the need of pure water for the
increasing global population. About 97.5% of the world’s water is seawater, while 2.5% of the
water is freshwater. People usually do not like to purify the sea water to satisfy the need as the
desalination process is primarily cost and labor intensive. Additionally, the desalination process
creates a concentrated brine solution that needs to be wisely managed to keep balance in the
ecosystem as it is a health hazard. Moreover, surface engineering has been introduced to enhance
the water collection over the surfaces. There is currently significant research on improving fog
harvesting and water collection. For example, mesh screens have been employed to recover
water from fog in dry environments and from steam evaporate in power plant cooling towers.
However, the process is inefficient, and much of the water in these applications remains

unrecovered. Therefore, there is a need for ways to increase water recovery.
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In present work, nanopillared surface and Graphene Oxide (GO) coated copper surface

has been characterized for the condensate harvesting.
1.5 Effect of RH on heterogeneous nucleation

The mechanism of ice bridging is dominating the condensation frosting phenomena on
hydrophobic and mildly hydrophilic surfaces. The bridging happens in between the frozen
droplet and the neighboring condensed liquid droplet [47]. Hence, before studying the
condensate frost formation, detailed condensation dynamics need to be known to get a better
understanding of droplet shape and size distribution. For heterogeneous nucleation of droplets

[37, 81] in Figure 1.5(a), Gibbs free energy can be expressed as-

AGpeterogeneous ~ “CGhomogeneous * 5 Eq. 1.1
— 4 P 3 2
AGheterogeneous ~ ['§ ”demTln(Fs)R +4myR " ]xs(6)
4 p
X=-—ap,R_TIn(—
3 pd m (PS)
Y =4y
=[XR® 2 Eq. 1.2
AGpeterogeneous ~ PR (@) + YR (b)]xs(0)

According to Eq. 1.1, the heterogeneous nucleation energy barrier is less than the
homogeneous nucleation energy barrier. For a surface whose wettability is known, Gibbs free
energy determines the energy requirement for the nuclei formation. The bulk energy term (a) of
Eq. 1.2 can be increased by nearly 80% for changing the relative humidity (RH) to 40% from
60% for nucleating a similar sized droplet under the same operating condition. Hence, less
energy is required to form a nucleus at relatively higher humidity. Through useful coatings, the

term of Eq. 1.2 can be altered to change the nucleation energy barrier, as shown in Figure 1.5(b).
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Hence, desired nucleation rates can be obtained by the manipulation of both ambient condition

and surface wettability.
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Figure 1.5 (a) Schematic of surface tension components for the heterogeneous nucleation of
a droplet on a surface and (b) variation of S (theta) with contact angle

1.6 Objectives

In the past, much effort was given to enhance the performance of dropwise condensation
heat transfer and frost delay. Many methods have been proven to be able to increase the heat
transfer coefficient (HTC) and freezing time, as shown in Figure 1.6. However, most of these
studies were conducted at a particular RH and temperature. Moreover, the effect of change of
relative humidity (RH) is considered in only 23% of our reviewed literature; even though the
majority of applications are subjected to varying ambient conditions. Also, the durability of the
engineered surface was tested in a few of the reviewed studies. Hence, the main focus of the
present research is to investigate the droplet dynamics in condensation and freezing phenomena
on engineered surfaces. The objectives are-

» To study the effect of surface condition (structure, wettability, or both) on droplet
dynamics accompanied with the durability check of the surface as well as repeatability
of the test

» The effect of environmental conditions (temperature and relative humidity) on droplet

dynamics in the presence of non-condensable gases
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> By the integration of surface and environmental effects; fundamental understanding of
coalescence events and pinning behavior in droplet growth as well as freezing front
propagation on different engineered surfaces

» The results are explored for condensate harvesting, acceleration of freezing and frost
delaying

The main aspects of present work have been illustrated in Figure 1.6.

Effect of ARH Non-condensable gases
» Consider- [18], [20], [27], [29], [32], [34], [35], [36], |+ Consider-[6], [18], [20], [25], [27], [28], [29], [31],
[41], [44], [48], [56], [57], [61], [62], [68], [94], [116] [32], [34], [35], [38], [41], [42], [43], [44], [48], [49],
_around 23%-Present research [511,[531, [551, [56], [57], [58]. [611, [62], [63] , [65],
- Didnot considoe. [ZL[SL6L{7L [10] [11], [121, [14] [661, [67], [68], [69], [71], [72], [73], [94], [114],
[15], [17], [19], [24], [25], [26]. [28]. [31]. [33]. [37]. [116], [118}-Present research
[38], [42], [431, [49], [51], [53], [55], [58], [59], [63], | * Did not consider- [2], [4], [5], [7], [10], [L1], [12], [14],
[651, [661, [67], [69], [70], [71], [72], [73], [83], [114],  [15],[17], [19], [241, [26], [33], [36], [37], [59], [70],
[118] [83]
Fabrication and different Condensate harvesting

engineered coatings

« Microsphere Photolithography (MPL) created | * Nanostructured surface in condensate

nanopillar (silica pillars on silicon coating, Ti harvesting
pillared glass surface), Engineered » Effect of wettability and RH on condensate rate

hydrophobic coating, artificial skin sample,
asphalt surface

* Chemical Vapor Deposited (CVD) graphene,
Inkjet-printed graphene (IPG)

Frost delaying Acceleration of freezing

* Consider durability check- [65], [66], [83], » No passive surface for acceleration of freezing
[114], [116]-Present research * Pinning effect may accelerate the freezing that
has applications as food processing, agricultural

* Detailed frosting test on graphene samples ; oLl
processing, and desalination etc

* We consider the durability check via contact
angle measurement after repeated tests

Figure 1.6 Main aspects of the present work were tabulated.
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Chapter 2 - Experimental setup

2.1 Test setup

The experimental setup for condensation and freezing tests is shown in Figure 2.1 [82].
The controlled relative humidity and temperature of the chamber (the chamber is situated at the
Institute for Environmental Research, Kansas State University) were independently verified
using an Omega RHXL3SD thermometer/hygrometer with a rated uncertainty of + 3% RH.
Steam injection valves and desiccant dehumidifier were used to control the humidity inside the
chamber. The temperature of room air was controlled through a chiller (glycol mixed water
solution) and a resistance heater. Moreover, the room temperature was also monitored by a
FLUKE 1523 reference thermometer with a rated accuracy of 0.004% and a resolution of
0.0001°C. The dew point temperature of the room was also monitored by an HYGRO M4-Dew
point indicator (General Eastern) with a specification of + 0.2°C, to ensure the room humidity.
Mainly two different room conditions have been established for most of the test cases such as-
Condition 1: 40% RH, 295 K and Condition 2: 60% RH, 295 K. Relative humidity of the room
was also monitored through the combination of room temperature and dew point temperature
measurements. Relative humidity was estimated by using the Psychometric chart. Maximum 1%-
2% deviation in RH measurement was observed from the desired conditions. Around 1%-2%
variations were also observed during Omega RHXL3SD hygrometer measurement. Moreover,
the computer controlled chamber was under quiescent flow (maximum 1-2 m/s) conditions for
the convenient operation. After the engineered surfaces are made, they were placed on a Peltier
device and bonded with a small amount of high thermal conductivity paste (OMEGATHERM
“201”). The Peltier cooler was connected to a TE Technologies TC-720 temperature controller

which reads the temperature of the surface by using an MP-3176 thermistor pasted on the Peltier
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cooler. A 12 V power source fed the temperature controller. An additional thin film Omega
thermocouple was placed under the surface to make sure that the temperature controller was
working correctly. The thermocouple was calibrated with an uncertainty of £ 0.5 K. Around
+0.1-0.2 K temperature fluctuations was observed during measurement. The thermocouple was
connected to a National Instruments data acquisition system (DAQ-9174 with NI 9211 module).
For most of the cases, the cooler was cooled down to 278 K for the condensation test which was
9 K (60% RH) and 3 K (40% RH) below the dew point temperature for the considered
environmental conditions. Initially, the surface was kept to 3-5 degrees above the dew point
temperature to avoid any unwanted nucleation, and later the surface was brought to desired
temperature (Table 2.1) by hitting the button on the temperature controller. For freezing tests, a
dust cleaner was used to remove the unwanted droplets on surfaces that reach the steady state set
temperature, as well as the video recording button was pushed simultaneously for the data
collection. The setup consists of a microscope, the base of the module, and the heat sink was

pasted to Peltier cooler, as shown in Figure 2.1.

P e e e

|
5 |
Camera 1 Temperature
Z* |_controlled chamber

Thermocouple
outputs to DAQ
temperature controller
L
Surface
Peltier cooler

Aluminum heat sink

Figure 2.1 Schematic diagram of the experimental setup was shown within the chamber.
The sample was horizontally mounted [82].
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The base of the test module was polyethylene, and the heatsink was aluminum,
comprised of solid bottom half, and finned top half. Half of the heat sink sat inside the
polyethylene for insulation. The heat sink was cooled continuously by circulating ice-mixed
water via a pump (Fisher Scientific FH100D peristaltic). All the images and videos were
captured in-situ using a Leica DVM2500 microscope at a rate of 25 frames/second or 100
frames/second focusing near to the center of the sample under different magnifications
mentioned in Table 2.1. Repeated measurements were conducted for each combination of surface
and relative humidity. Image analysis was performed using the software embedded in the Leica

microscope.
2.2 Uncertainty analysis

The maximum uncertainty for the single droplet diameter and single ice bridging length
measurement was = 0.5 um. The conservative approximation of maximum uncertainty for the
count of droplet number was * 5-10, area coverage was + 2-5 %, and freezing time was * 2-4 s.
For the post-processing of the results, all the average values (diameter, contact angle, and
freezing time) were plotted with the standard deviation, and the other parameters were plotted

with uncertainties. If function f is dependent on variables X, Y,...,Z where the measured
quantities have uncertainties Ax, Ay, ..., Az , the uncertainty of f is determined as a function of the

first partial derivatives of f to its components by Eq. 2.1 similar to the literature [83].

f=1(xYy,...2)

2 2 2 Eq. 2.1
df = (QAXJ + qu +...+(§Azj
OX oy 0z

The uncertainty propagation for the dependent variables such as bridging parameter (S), the ratio

of frozen to cooled droplet diameter (d, /d, ), ice bridge velocity has been calculated from the
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generalized error propagation Eg. 2.1. The specific experimental condition for each of the

surfaces is mentioned below in Table 2.1.

Table 2.1 Different experimental conditions.

Cases Environmental RH (%) Surface Magnification
temperature temperature [‘C’-
(K) Condensation,
‘F’-Frosting], T
(K)
Silica nanopillar 295 K 40% or 60% 278 K (C), 265 K | 2500x, 600x
on silicon coated (F)
glass surface
Ti nanopillared 295 K 30+ 5% to 274 K- 350x%
glass surface and 60 + 5% 278 K (C)
Teflon®© coated 265 K (F)
glass surface
Graphene Oxide 295 K 40% or 60% 278 K (C) 2500x%
(GO) coated
copper surface
Chemical Vapor 295 K 40% or 60% | 278 K (C), 267 K- 350x%
Deposited (CVD) 271 K (F)
graphene and
Ink-Jet Printed
Graphene (IPG)
Plain aluminum 295 K 40% or 60% 265 K (F) 350x%
(Al and Teflon©
coated
hydrophobic

aluminum (Al-H)
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Chapter 3 - Condensation on nanopillared surfaces

3.1 Sample characteristics

Nanosphere Lithography [84] or Microsphere Photolithography [MPL] [85-88]
techniques are available for patterning a surface. MPL was used to pattern the silica nanopillars

on silicon coated glass surface [82], as shown in Figure 3.1.

flood exposure of self-
assembled microsphere
hexagonal close-packed
(HCP) array

l

hole array in
photoresist after
development

]

deposition of silica
layer

!

sample is immersed into
Remover PG (Microchem)
bath for lift-off

Figure 3.1 Microsphere Photolithography process showing the detailed and sequential
fabrication process of silica nanopillar (dark green) on the silicon coating (brown). The
yellow color is for ‘Photoresist’ [82].
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3.2 Wetting state of a water droplet on nanopillared surface

Apparent contact angle measurements of injected water droplets on nanopillared and
silicon surfaces have been conducted. Recently, theoretical contact angle model for injected
water droplets on rough surfaces have been provided in Suzuki et al. [89]. They considered the
pinning effect at the edge of a pillar. The model represents the apparent contact angle as a
function of pillar pitch, pillar width, pillar height, and the forces acting at all interfaces of the
droplet. However, this model has been modified for the present study considering the effect of
surface material and geometry. The interfacial force balance to determine the apparent contact

angle (0") is shown in Figure 3.2.

Figure 3.2 The figure shows an equilibrium of interfacial tensions at a pinned three-phase
contact line of an injected droplet on a circular pillar-patterned surface (a) side view of a
droplet sitting on pillars (b) front view of the wetting state of the droplet [82].

The view-plane has been shown separately for each of the diagrams. In figure (b), the
blue arrow represents the negative X-direction which is perpendicular to the paper (S = silicon; P
=silica pillar; and W = water droplet). The apparent contact angle is presented by 0'. Figures are

not to scale.
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The droplet is pinned at the edge of the pillar. The liquid droplet goes through the gap
between the pillars (Wenzel wetting state). The color () represents the droplet probable
curvature shape without pinning from the edge of the pillar. The equilibrium equation for the
components of the interfacial tension (liquid-vapor tension: red color, solid-liquid tension: white
color, and solid-vapor tension: blue color) in the horizontal direction is presented below where
‘Ah’ is a height of the liquid that goes around the bottom of the pillar (a). When ‘Ah’ is much
smaller than ‘h’ and neglecting Ah, the balance of interfacial tension along the positive X-axis

can be written as:-

v (mrypy +byey )—2(zr +h)yp, —by Eq.3.1
o cosg = 7PV P75y PL sl
(zr+b)yy
COS By s = LRVISV —VeLISL Eq. 3.2
Vv
cosf, = _Ie Eqg. 3.3
Vv

The measured apparent contact angle is consistent with the theoretical apparent contact angle
derived from Eq. 3.1. The surface tension of water (yLv) is ~72.8 mN/m, silicon (ysv) is ~61.22
mN/m, and silica (ypv) is ~57.71 mN/m [90]. Contact angles are extremely sensitive to
contamination as well as it can be increased by the presence of an oxide layer or contaminants on
the solid surface. The Young’s angle of silicon (6os) and silica (6op) was found to be 38+4° and
60+2°[91] from measurements. Using Eq. 3.2, the interfacial tension forces for the pillar (ypL)
and substrate (ysL) were calculated. The pinning angle (61) was found from Eqg. 3.3. Finally, Eq.
3.1 has been introduced to evaluate the theoretical apparent contact angle considering the

penetration of water droplets into the grooves between the pillars, which is Wenzel wetting state.
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For the fabricated nanopillar geometry, the designed parameters were- pillar radius, r=0.35 pm,
and height, h=0.3 um. The apparent contact angle was measured by placing a single droplet on
the pillared surface, as shown in Figure 3.3. Moreover, the measured values of the apparent
contact angle of a water droplet on the pillared surface (83 + 1.99°) showed well agreement with
the derived values (~77°) from Eq. 3.1 and the maximum deviation was observed to be ~7%-8%.
Although the wetting state of the injected droplet on the pillared surface was found to be Wenzel
wetting state, could not be easily described by the classical Wenzel equation [92], but showing
good agreement with the approach [89] based on the balance of horizontal equilibrium interfacial

tension forces of a droplet positioned on rough pillared surface.

83+1.99°

38+4.1°

Figure 3.3 Apparent average contact angle measurement for the injected water droplet on
(a) nanopillar surface (b) silicon surface [82].
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3.3 Droplet growth mechanism on a nanopillared surface

The time-lapsed growth of condensed droplets for both silicon and nanopillared surfaces
at 40% RH and 60% RH has been reported in Figure 3.4. Regular spherical-shaped droplets were
observed for the bare silicon surfaces at 40% RH and 60% RH. However, the droplet dynamics
changed significantly for the nanopillar surfaces due to the unique pinning effect.

On nanopillar surface, droplets were observed to be span along the pillars, as shown in
Figure 3.4(a) and Figure 3.5. Once droplets span multiple pillars with the elapsed of time, they
grew by stretching, due to the pinning caused by the pillars. Hence, non-spherical and
asymmetrical droplets were observed on the nanopillared surface. The droplets are perceived to
be in coalescence only when they touch each other. The droplet pinning on the surface did not
prevent droplet growth or merging since droplets continue to grow due to direct condensation at
the vapor-liquid interface. At 60% RH, the diameter of the condensed droplets was found larger
than 40% RH as shown in Figure 3.4, due to higher occurrences of coalescence events and the
increased mass of water vapor accumulation from the humid air into the vapor-liquid interface of
the droplets. Higher coalescence rate was also found for the silicon surface. For both surfaces, at
t = 120 s, lower droplet density and higher surface coverage were observed for 60% RH
compared to 40% RH as shown in Figure 3.4. Although the lower direct growth rate was found
for the droplets condensed on the nanopillar surface for a particular humidity, the pinning effect
enhanced the number of stable droplets on this surface compared to plain silicon surface over a
time-lapsed. The higher droplet density over a specific period signifies the importance of this

fabricated nanopillar surface in long-term condensate harvesting [93].
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Figure 3.4 Early stage of condensation images for first 30 s, 60 s and 120 s (a) nanopillar-
40% RH (b) nanopillar-60% RH (c) silicon-40% RH (d) silicon-60% RH [82].

3.4 Pinning mechanism and wetting state of the condensed droplet

From Eqg. 1.1, relative humidity can manipulate the nucleation energy barrier as well as
nucleation site density significantly. Hence, the condensation test was conducted under different
environmental conditions [37, 94]. The pinned and irregular droplets were observed. The bottom
of the condensed water droplet was not circular, and a three-phase contact line ended along the
edge of the pillar. The directional anisotropy was also observed. It ensures the condensed

droplets’ wetting state as Wenzel consistent to literature [16, 35].
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A theoretical model of the apparent contact angle has been formulated for the condensed
droplet based on the energetic state. To prevent coalescence, the energy required to overcome the
capillary pressure (Ecapillary) must be higher than the surface energy reduction (Es) by coalescing

of droplets mentioned in Eq. 3.4 -

Ecapillary 2 ES Eq 34

The capillary energy was calculated from work done by the volume of the water at the liquid-

solid interface. It depends on capillary pressure ( P, ~2y,, C0S o / I) working at the interface

apillary
multiplied by the volume of water (V), the base contact area of a droplet (A), and the pillar

density («). The pillar density («) was assumed to be the function of pillar radius and can be

calculated as « = 2/9+/3r?for a unit cell depicted in Figure 3.5 (b).

Figure 3.5 Wenzel wetting state was observed with irregular and pinned droplets. Contact
line pinning of the droplets is observed in (a), and condensed state of the droplets was
zoomed to the unit cell in (b) [82].

So, capillary energy equation can be written as -

E P xV xax A Eq. 3.5

capillary = capillary
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S=Rx(l-cos#) Eq. 3.6
I, =Rxsing

3
V, = ”?Ff (2+cos@)(L—cosf)?
£ - 27R* %y, xsin” @ x (2—-2°7) Eq. 3.7
S

1+coséd

27R?* %y, xsin? @ x (2—2%°)

27, C0SO xrxrxhxaxA> .
Y 1+cos @

r<1.55xhxcos@ x(1+cosé) Eg. 3.8

By definition, ry is the base radius of the spherical cap, S is the height of the cap, and Vs is
the volume of the cap which all are related to the apparent contact angle mentioned in Eq. 3.6
[95]. The surface area reduction from two coalescing droplets (R1and R2) has been calculated
based on the spherical cap assumption, and the radius of the droplets are considered the same
(R1=R2=R). The reduction in surface energy (Es) can be written as Eq. 3.7. Hence, the minimum
radius of the pillar required to pin the droplets as a function of pillar height (h) and apparent
contact angle () has been found from Eq. 3.8.

The fabricated pillar radius was within the limit depicted by Eq. 3.8 and exhibit droplet
pinning behavior for a specific range of apparent contact angle based on the pillar height and
spacing. The apparent contact angle for the condensed droplet was observed to be ~60°-70° (solid

circle) shown in Figure 3.6.
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Figure 3.6 The pillar radius required for exhibiting pinning mechanism at varying
apparent contact angles and pillar heights [82].

The calculated apparent contact angle and images are shown in Figure 3.5 (a-b) which

elucidated the wetting state of the condensed droplet as ‘Wenzel state’.

3.5 Mechanism of droplet regeneration

Repeated coalescence and regeneration phenomenon have been observed for the silicon
and nanopillared surface. The regeneration of droplet was likely to have occurred at pre-
coalesced space (void space) rather than bare spaces with no previous nucleation at 40% RH and
60% RH. From Figure 3.7(c)(e), the nucleated droplets approach nearly equal diameter within a
minute at two different time regions (~10 minutes lapse) elucidating almost constant growth rate
for the newly generated population. From the time-lapsed images, just before the first
regeneration, the coalescence happens and triggers the rejuvenation of droplets to relieve high
surface energy. The nanopillared surface impedes coalescence rate, delaying the regeneration (of
the droplet at 40% RH and 60% RH mentioned in Figure 3.8.

This behavior of droplet confirms the more extended stability ¢duration of stay) of the

condensed droplet on nanopillared surface compared to the silicon surface.
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Figure 3.7 Droplet growth images for silicon surfaces at 60% RH (a) 22 min 30 s (b) 23 min
(c) 23 min 30 s (d) 32 min (e) 33 min (f) 34 min [82].
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Figure 3.8 Time to reach first regeneration. The regeneration of droplets was seen to be
delayed by the patterned surface. The pinning of droplets made the droplet less movable
(water stability and more time for condensate collection) [82].
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3.6 Effect of relative humidity (RH)

Relative humidity (RH) has the potential to regulate the nucleation energy barrier

mentioned in Eq. 1.1. Hence, the humidity not only controls the initial spatial and temporal

distribution of the droplets on the condensing surface but also determines the subsequent growth

rate of the droplet. Increasing the relative humidity during the condensation test significantly

influences the size distribution of the droplets on the nanopillared surface. Altering

environmental conditions to 60% RH from 40% RH produces a noticeable increase in droplet

size.

The growth of droplets on nanopillar surfaces for first 10 minutes can be well fitted by

power-law growth -de«t®®® for 40% RH and dect®®8 for 60% RH as shown in Figure 3.9(a-b).
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Figure 3.9 Distribution of average diameter for condensed droplets on nanopillared surface
at (a) 40% RH (b) 60% RH [82].
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The maximum average diameter of the droplet was found ~150 um for 60% RH. As
earlier stated, this more substantial growth can be accompanied by both mass accumulation and
coalescence events. The mass transfer across the vapor-liquid interface at a specific relative

humidity [22, 34] can be expressed as Eq. 3.9-

Where Tsat is the saturation temperature of the system (varies with RH and room temperature),

m is the mass transfer rate across the interface, ¢ represents the kinetic mobility, which can be

found from Eq. 3.10-
h Eg. 3.10
B q

2 fg 1
¢ =
2-p J27RmTsat ( %,G - %D sat

[ is the constant, which ranges from 0.04 to 1 depending on the fluid [22]. In the present

experimental condition, £ is assumed to be '1' similar to the literature [34]. Considering Eq. 3.9,

~12.5x mass transfer through the vapor-liquid interface was found at 60% RH compared to

~2.8x for 40% RH.
3.7 Effect of different surfaces on droplet growth

The relative significance of the coalescence phenomenon over direct condensation has
been studied via the local growth dynamics of the individual droplet. In Figure 3.10, the
dominance of small coalescence events on droplet's final diameter was observed for the silicon
surface. Interestingly, for the nanopillared surface, the tracked droplets underwent three
significant coalescence events during their growth within this period to reach an equivalent

diameter of ~65 um.
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Figure 3.10 Individual droplet growth with time (a) silicon (b) nanopillared surface at 40%
RH, and (c) silicon at 60% RH [82].

The rest of the period, direct condensation happened. However, the final diameter of the
tracked droplet within the first 600 s was dominated by large coalescence events. The direct
growth was subdivided into three phases before facing each of the large coalescence events.
During the 1st phase of direct condensation, the droplet diameter increased according to power
law growth, t8°. At later stages, growth rate reduces to t%!2, indicating lower direct condensation
rate for the larger droplets. The reason might be the higher conduction resistance (Rc) of the
larger growing droplet [22, 33] given by the Eq. 3.11-

R RO Eq. 3.11
4K, sing

Also observed in Figure 3.10, 40% RH exhibits ~6x time delay to reach an equivalent diameter

(~70 pm) of a droplet compared to 60% RH.
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The surface coverage is defined as the ratio of accumulated droplet’s projected area to the
observed view field area. For 50 minutes of condensation test, ~12.87% and ~24.13% increment

of surface coverage were observed for nanopillar surface compared to the silicon surface, as

shown in Figure 3.11(a).

® Nanopillar
® Silicon

Surface coverage (%)

15 min 50 min
(60% RH) (40% RH)

time, t (minutes)

Figure 3.11 Surface coverage was shown for different cases. (a-d) droplet size distribution
for the stated cases [82].

For both surfaces, it required ~3x higher time for 40% RH to reach a surface coverage
equivalent to 60% RH. Hence, increasing relative humidity accelerated surface coverage. The
number of droplets per unit area of observed view field is defined as droplet density. Droplet
density was found higher for nanopillared surfaces for a longer duration, from the start of the

condensation test. Initial droplet density 108/cm? found in this research is well consistent with the

literature [4].

31



3.8 Conclusion

The nanopillar surfaces have a significant impact on condensation behavior. By pinning
droplets, coalescence is suppressed for the nanopillar surface and increases the droplet density
over a larger area that would yield higher condensate. The pinning state of the condensed
droplets enhances the stability of the droplets on the nanopillar surfaces compared to the plain
silicon surfaces. The coalescence event is contributing highly to the final diameter of the droplets
that emerged on nanopillared surface within the first ten minutes. The work eventually shows
that how the nanopillared surface can effectively affect the nucleation energy, nucleation site
density, droplet size distribution, and percentage of surface coverage under different ambient

conditions.
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Chapter 4 - Freezing on nanopillared surface

4.1 Nanopillar characteristics and wetting state of the droplet

This chapter of the study examines the effect of nanopillared surface on the nucleation,
growth, and subsequent freezing processes [96]. As discussed in chapter 3, the nanopillared
surfaces had a different impact on droplet dynamics, and may also have different freezing
behavior.

Experiments were conducted on Microsphere Photolithography (MPL) created silica

nanopillar on a silicon coated glass surface, as shown in Figure 4.1(a-b).

Figure 4.1 (a) Microscopic image (b) SEM image of the finished fabricated surface (c)
wetting state of the condensed droplet (d) Advancing and receding contact angle
measurement on Teflon© coated silicon surface [96].
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The relationship between the ‘onset of freezing’ and the ‘freezing front propagation rate’
was investigated. The propagation rate can also be expressed as the time difference between the
‘onset of freezing’ and the ‘final freezing time’ [43, 67]. The results are compared with a plain
silicon (hydrophilic), and Teflon© coated silicon surface (hydrophobic). For an injected droplet,
contact angle (CA) on a plain surface, and nanopillar surface can be found from Figure 3.3. CA
on Teflon®© coated silicon surface was measured by the tilt table method using a goniometer
shown in Figure 4.1(d). The droplet volume was taken as 2 pL-3 pL for neglecting the effect of
gravity [97]. The CA measurement uncertainty was £1-2°. The CA shows the different intrinsic

wetting properties of the surfaces.
4.2 Initial nucleation site density

Initial nucleation site density has been reported in Figure 4.2 for both surfaces. The
pinning mechanism impedes droplet mobility, coalescence, and growth. Hence, the
condensed/frozen droplets were in Wenzel wetting state consistent to the literature [16, 35]
shown in Figure 4.1(c). Although the initial nucleation site density seems comparable for both
surface at t=1 s (Figure 4.2), the droplets appear to be much smaller in size for the nanopillared
surface compared to the plain surface when the surfaces finish freezing. When droplets froze on

the surfaces, there was very little change in the index of refraction or reflectance.
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Figure 4.2 The image of nucleation site density (t=1 s) on plain silicon and nano-pillared
surfaces. The images are presented until the freezing of all droplets [96].

4.3 Different freezing trials on a nanopillared surface

The droplets on nanopillared surface are consistently irregular in shape and little ice
bridges [47] were observed. Ice bridge forms due to different vapor pressure gradient over the
frozen and liquid droplets on the same field of view. Frozen droplet has a lower vapor pressure
compared to a nearby liquid droplet; hence, frozen droplet harvests water from the liquid droplet.
The source-sink interaction between the droplets (frozen and liquid) leads to the formation of
interdroplet ice bridging [47]. For the plain silicon surface, larger voids were observed in Figure
4.3(d) between the droplets. The larger void delays the required ice bridging. The freezing tests
were also conducted for Teflon© coated silicon surface, as shown in Figure 4.3(e), which shows
higher freezing time than the plain silicon and nanopillared surface. Nanopillared surface
accelerated freezing compared to both of the control surfaces (silicon and Teflon© coated silicon

surface) due to the pinning effect.
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n
Figure 4.3 nanopillars frozen at (a) 54 s, (b) 73 s, (c) 113 s, (d) plain surface frozen at 393 s

(e) Teflon®© coated surface frozen at 676 s. (a), (b), (c) are different trials on the same
nanopillared surface at 40% RH [96].

4.4 Freezing mechanism on a nanopillared surface

The different coalescence behavior resulted from the pinning of the pillars alters the size
distribution of the droplets. Large sized droplets with lower droplet density (number of droplets
per unit area) delay the freezing process, as shown in Figure 4.4. The higher the occurrence of
coalescence events, the longer the freezing delay, well consistent to the literature [44]. Energy is
released due to surface area reduction (coalescence events). Hence, it increases the energy
required for the freezing as droplet volume increases [44]. The maximum droplet diameter on
plain surfaces has been 2x-2.4x higher than the corresponding droplet diameter observed on

nanopillar surface, as shown in Figure 4.4(d).
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Figure 4.4 Variation of (a) average diameter (b) droplet density, and (c) images for
minimum (circular), average (triangular), maximum (rectangular) freezing time at 40%
RH and 60% RH (d) droplet size distribution for the plain surface [96].
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4.5 Different freezing trials on plain and Teflon© coated surface

The detailed freezing dynamics on Teflon© coated surface was presented in Figure 4.5.

The onset of freezing within the observed view field was observed at 585 s. The final freezing

time was 676 s with a freezing delta of 91 s.

Figure 4.5 Freezing dynamics on the Teflon© coated silicon surface [96].

4.6 Final freezing time

The “final freezing time’, is defined as the moment when all the droplets on the surface
under the microscope have frozen. Additionally, the ‘onset of freezing’ is defined as the time
when the first droplet in the view of the microscope freezes. The ‘delta freezing time’ is the
difference between the ‘onset of freezing time’ and the ‘final freezing time’. For silicon and

Teflon© coated surface, the average freezing time is reported in Table 4.1.
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Table 4.1 Reported freezing times for different cases.

silicon

Surface Freezing time Standard deviation Range
40% RH 73.6s 17.3s 46 s-124 s
nanopillared
40% RH plain 369.5s
silicon
35% RH Teflon© 721.75s 60.96 s 664 s- 870 s
coated
60% RH 345s 11.6s 13s-57s
nanopillared
60% RH plain 414.0s
silicon
Surface Delta freezing time | Standard deviation Range
40% RH 11.7s 3.7s 7s-21s
nanopillared
40% RH plain 36s
silicon
35% RH Teflon© 86.5s 67s-94 s
coated
60% RH 265 13s 1s-8s
nanopillared
60% RH plain 42.2's
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Figure 4.6 Relationship between the start of frost formation and the freezing delta time for
both plain and nanopillared surfaces at both 40% RH and 60% RH [96].

The data for Teflon© coated surface at 35 + 5% RH has also been presented for the comparison.
The inset images show the coalescence of droplets on nanopillared surface in 30 seconds at 40%
RH. Furthermore, in Figure 4.6, it is also observed that, the beginning freezing time (frost
formation start), and freezing delta appears to be proportionately related.

4.7 Conclusion

For the plain surface, the ice bridges need to cover a larger void for the propagation of the
freezing front within the growing droplets. By pinning droplets, coalescence is suppressed for the
nanopillared surface, altering the size distribution of droplets and accelerated the freezing
process. To illustrate, at 60% RH, the average freezing time of a nanopillared surface (34.5s) is
an order of magnitude faster than a plain hydrophilic surface (414.0 s). The larger voids in the
plain surface may require a longer time to propagate the freezing front. Hence, this passive
acceleration of freezing process has potential to reduce the daily power consumption for

applications such as food processing, agriculture, and freezing based desalination.
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Chapter 5 - Condensation and freezing phenomenon on Titanium

(Ti) nanopillared glass surfaces

5.1 Surface characteristics

The high fracture toughness of Titanium (Ti) makes it an excellent material for the
fabrication of thin, lightweight, and flexible applications. Hence, MPL followed by lift-off was
used to pattern hexagonal close-packed arrays of Ti pillars, as illustrated in literature [98]. The
SEM images of the fabricated surfaces are shown in Figure 5.1.

> Sample-1: 2 um periodicity, 200 nm tall, and 800 nm diameter

> Sample-2: 2 um periodicity, 200 nm tall, and 781-1006 nm diameter

Figure 5.1 SEM images of the finished fabricated Ti nanopillared glass surface.
The hydrophobic Ti nanopillared surface was created by spray coating of the Teflon© and FC-40

solutions as a coating agent [98].
5.2 Wetting properties

The Ti nanopillared surfaces were cleaned before measuring the contact angle (CA) to
describe the wetting behavior of the surface. CA measurements of an injected water droplet are

reported in Figure 5.2 to characterize the wetting behavior of the surfaces considered.
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The static CA for the hydrophilic Ti nanopillared glass surface was 37.2 + 4.8°. For the
Teflon© coated surface, the advancing CA was 115.1 + 3.3° and the receding CA was 109.3 £

3.2° The CA value ensures the different wetting properties of the considered samples.

(a) 37.2+48° (b) 115.1 £3.3°

109.3 +3.2°

Figure 5.2 Static and dynamic contact angle measurement on (a) plain Ti nanopillared
(Sample-1) (b) Teflon© coated Ti nanopillared glass surfaces (coating on Sample-1)
respectively. Average CA was considered over 5-6 different spots on the sample.

5.3 Effect of relative humidity on droplet growth
For Sample-1, droplet growth stages: followed by nucleation, direct growth, coalescence

were observed within the view field. However, some droplets sweep off from the microscopic
view field for Sample-2 at both humidities. The rate of coalescence was higher for Sample-2
compared to Sample-1 under the same condition. Time-lapsed images of the droplet growth on
the Sample-1 kept at 278 K have been shown in Figure 5.3. At 295 K room temperature and 60%
RH, a lower nucleation energy barrier and higher nucleation rates were observed from Eq. 1.1.
For Sample-1, within the first 130 s, droplet density decreases for 60% RH compared to 40% RH

due to a higher rate of coalescence events.
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However, irregular shaped droplets were observed for both 40% RH and 60% RH, due to

the pinning effect from the Ti nanopillared surface. The pinning impedes droplet mobility,

coalescence, and growth.

|40% RH J§§

Direct growth
@)

20 pm

Coalescence

Figure 5.3 Time-lapsed droplet growth on plain Ti nanopillared glass surface (Sample-1) at
40% RH and 60% [98].

Wide variations of droplet diameter was observed in Figure 5.4. The rate of coalescence
events and direct growth varies at 40% RH and 60% RH. Hence, variability was observed in
droplet diameter compared to 40% RH. Moreover, at t=830 s, lower droplet density and higher

area coverage were seen for 60% RH.
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Figure 5.4 Droplet average diameter, density, and area coverage on plain Ti nanopillared
glass surface (Sample-1) at 40% RH and 60% RH [98].

5.4 Effect of nanopillared surface on droplet shape and growth

Due to different pinning effect, the more asymmetrical and irregular shaped droplet was

observed for ‘Sample-1° compared to ‘Sample-2’, as shown in Figure 5.3 and Figure 5.5.

Figure 5.5 Time-lapsed droplet growth on plain Ti nanopillared glass surface (Sample-2) at
40% RH [98].
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As less pinning happens for the droplet growing on Sample-2, relatively higher rate of

coalescence event occurs.
5.5 Effect of hydrophobic coating on droplet growth

Droplet dynamics changed for the hydrophobic Ti nanopillared glass surface, as shown in
Figure 5.6. Due to higher nucleation energy barrier, a lower nucleation rate of the droplet was
observed for the coating, as shown in Figure 5.6(b). Fewer coalescence events and less area
coverage were also observed. The lower average diameter and lower droplet density were found
for the coated surface, as shown in Figure 5.7. Spherical cap shaped condensed droplets with

average contact angle higher than 90° has also been observed (side-view) in Figure 5.8.
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Figure 5.6 Time-lapsed droplet growth on (a) plain Ti nanopillared (b) Teflon© coated
hydrophobic Ti nanopillared glass surfaces at 35 + 5 % RH and 275 K surface temperature
[98].
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Figure 5.7 Variation of (a) droplet average diameter (b) density and (c) area coverage.

Figure 5.8 Droplet growth images (side view) for Teflon© coated nanopillared surface [98].
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5.6 Freezing mechanism on Ti nanopillared glass surface

After the completion of the condensation test, 15 trials of the freezing test have been
conducted on the surfaces. Ti nanopillared glass surfaces (Sample-1 and Sample-2) significantly
accelerate freezing by pinning droplets. The pinning mechanism impedes droplet mobility,
coalescence, and subsequent growth. As observed from Figure 5.9, the coalescence behavior
differs between the samples, which eventually alters the size distribution of the droplets.

The surface with lower droplet density and larger sized droplet delays the freezing
process. Irregular shaped droplets are observed for both surfaces with some visible ice bridging

within the microscopic view field. Pinned and irregular condensed droplets were observed.

Detailed quantification of the freezing time is plotted in Figure 5.10.

sample- 2

60% RH

Figure 5.9 Different images taken when the surface under the microscopic view field
freezes for 60% RH on ‘Sample-1’ and ‘Sample-2’. Three different trials are shown in a
row for each of the samples [98].
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5.7 ‘Onset of freezing’ and ‘Freezing delta’ for the considered cases

The ‘Onset of freezing’ is defined as the time when the first droplet in the view of the
microscope freeze. When all the droplets on the surface under the microscopic view field have
frozen is termed as ‘Final freezing time’. The 'Freezing delta’ is defined as the time gap between
the ‘Onset of freezing’ and the ‘Final freezing time’. Total freezing time described in Figure 5.10
has two components that are evaluated in details in Figure 5.11 to elucidate the physics of the
freezing dynamics. At 40% RH, the Ti nanopillared surface (Sample-1) has an average onset of
freezing time of 20.93 s, ranging from 16 s to 25 s with a standard deviation of 2.31 s.
Conversely, the Sample-2 has an average onset of freezing of 33.94 s, ranging from 15 sto 52 s,
with a standard deviation of 10.64 s. At 60% RH, Sample-1 has the average onset of freezing of
8.95 s, varies from 5 s to 16 s. The standard deviation is 2.68 s. In comparison, the average onset
of freezing for Sample-2 at 60% RH is 16.45 s, ranging from 9 s to 27 s, with a standard
deviation of 4.35 s. For Sample-1 and Sample-2, the longer the onset of freezing, the higher the
final freezing time. Hence, the onset of freezing is an important parameter that finally determines
the final freezing time. Moreover, for the case of Sample-1, the droplets are highly pinned and
very close to each other. Freezing delta is observed to be 3x-4x lower than the onset of freezing
for 40% RH and 60% RH. For Sample-2, at 60% RH, the freezing delta is comparable to the
onset of freezing as droplet grows larger in diameter due to less pinning and a higher rate of
coalescence events. Hence, for Sample-2, a larger average sized droplet with lower droplet
density was observed at 60% RH. Energy is released due to surface area reduction (coalescence
events). As a result, it increases the energy required for the freezing as droplet volume increases

[44].
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Figure 5.10 Estimation of the freezing times for different trials and the average freezing
times for various operating conditions [98].
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Figure 5.11 Estimation of the ‘onset of freezing’ and ‘freezing delta’ for different trials
under the stated conditions [98].

5.8 Final freezing time
As earlier mentioned, freezing on nanopillared surfaces showed substantial statistical
variations, the final freezing time specified here is compared with the later reported (chapter 7)
freezing results on hydrophilic aluminum (Al) and hydrophobic aluminum surface (Al-H). The
reported freezing times are summarized in Table 5.1. From Table 5.1, it can be understood that
both of the samples (Sample-1 and Sample-2) can accelerate the freezing by order of magnitude

compared to plain and both of the mentioned hydrophobic surfaces.
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Table 5.1 Total freezing time comparison with a plain surface and hydrophobic surface.

Surface RH Final freezing time Magnification
Ti nanopillared glass 40% 26.47 £2.55s 350x%
surface, Sample-1
Ti nanopillared glass 60% 11.6+3.23s 350x%
surface, Sample-1
Ti nanopillared glass 40% 41.67 +£12.97s 350x%
surface, Sample-2
Ti nanopillared glass 60% 33.8+4.92s 350x%
surface, Sample-2
Al 40% 600 £ 60 s 350%
Al 60% 390+60s 350%
Al-H 40% 900+ 60s 350%
Al-H 60% 630+ 60s 350%
Silica nanopillars on 40% 73.6+17.3s 600x%
silicon coated glass
surface
Silica nanopillars on 60% 345+£116s 600x
silicon coated glass
surface
Teflon© coated 35% 721.75£60.96 s 600x
hydrophobic silicon
surface

5.9 Conclusion

At 60% RH, higher surface coverage was observed for Ti nanopillared glass surface
compared to 40% RH. It is essential for condensate harvesting. Furthermore, reducing the
relative humidity to 40% from 60%, yielded a lower droplet density and area coverage for the Ti

nanopillared glass surface. The ‘onset of freezing’ and ‘freezing delta’ was calculated for all the
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experimental cases. The longer the onset of freezing, the higher the ‘Final Freezing time’. Both
Sample-1 and Sample-2 can accelerate the freezing by order of magnitude compared to plain and
hydrophobic surfaces. Moreover, the nanopillar diameter and spacing (Sample-1/Sample-2) can

be tuned to get different freezing times.
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Chapter 6 - Condensation on plain copper and Graphene Oxide

(GO) coated copper surfaces

Graphene [99-108] has demonstrated excellent mechanical and electrical properties.
Graphene and graphene oxides have caught many researchers’ interest, and it has been already
applied for heat transfer phenomena such as condensation [83] and boiling [109] applications.
However, all the experiments previously carried out mainly on heat transfer enhancement. The
objectives of chapter 6 [110] are to investigate condensing behavior and droplet size distribution
on GO coated copper and plain copper surfaces.

6.1 Graphene Oxide (GO) coating on a plain copper surface

Graphene oxide coating was made on the top of the copper block by spray coating. The
coating protocol- the plain copper surface was cleaned using a nitrogen gun to remove any dust
or debris. Following this treatment, the copper block was dipped into Isopropanol-2 solution
before being exposed to UV-Ozone cleaner for 2-3 minutes. Copper (Cu) sample was placed on a
hot plate heated at 100 °C. When the plate was heated up enough, spraying of graphene oxide
(GO) solution on the top surface of the sample was done. After the solvent evaporates, the
graphene oxide layer formed on the top of the copper surface. The surface was fully covered
with the black film of the graphene oxide. It was then baked overnight at 90 °C. Temperature
below the selected decreases the adherence of the coating to the substrate and beyond this made

the film too crispy.
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6.2 Surface characterization

To characterize the plain copper and graphene oxide coated (GO) surfaces, contact angle
measurement (wetting properties) and microscopic montage stacks analysis (morphology) were

conducted in Figure 6.1 and Figure 6.2 respectively.

100

80

60

40

Contact angle (degrees)

20

Cu GO coated Cu
Sample

Figure 6.1 Average contact angle of water on plain copper and GO coated copper surface
[110].
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0 Maximum height 3.07 pym
(b) um  Arithmetic mean height 0.438 pm

0 20 40 €0 80 100 ym
~ Y ¥ 7 s

Maximum height 9.90 um
Arithmetic mean height 0.522 pm

Figure 6.2 Montage images (topography and real image) were taken at 2500% to
characterize the surface (a) plain copper and (b) GO coated surface respectively.
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6.3 Droplet growth at the initial stage

From Figure 6.3, within the first 60 s, spherical droplets primarily grew by direct
condensation and coalescence for plain copper surfaces. However, for GO coated copper
surfaces, the droplet dynamics changed. For the GO coated copper surfaces, droplets nucleated,
coalescence and span multiple directions by stretching, resulting in the asymmetrical droplets.
The droplets may be pinned due to the micro/nanostructure of the graphene flakes on the surface.
The micro-nano roughness of the flakes pins the droplets making less movable and stable, which
did not prevent droplet growth or merging since droplets continue to grow due to direct

condensation at the vapor-liquid interface of the droplet.

A)2% ' -“ﬁirect_ o5
(© oo 20m pgdwthe2(ium |
M ~ TS L.

. je— 4 .

Figure 6.3 Droplet growth mechanism for (a) plain copper, 40% RH (b) GO coated copper,
40% RH (c) plain copper, 60% RH and (d) GO coated copper, 60% RH [110].
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At 60% RH, the size of the initial nucleated droplets was larger in diameter than 40%

RH. For the plain copper surfaces, regular spherical-shaped droplets were formed at 40% RH and

60% RH.
6.4 Surface coverage and droplet size distribution

At later stages of condensation, surface coverage increased significantly compared to the
early stages for all the stated cases, as shown in Figure 6.4. Approximate 95% surface coverage
was observed for GO coated copper surface, which provides a great insight into the coated
surface for condensate harvesting. Further study of droplet diameter distribution was carried out
to understand the underlying reason for this higher surface coverage of the coated surface, as
shown in Figure 6.5. First, the droplets were uniform for both of the surfaces; the dominant size
of the droplet ranges was found 0 um-10 pm at t=2 minutes, and 0 um-25 pm at t=29 minutes 40

seconds.

mmmm Plain copper, 40% RH
s GO coated copper, 40% RH
== Plain copper, 60% RH

100 ~ === GO coated copper, 60% RH

80
60

40

Surface coverage, € (%)

20

time, t

Figure 6.4 The histogram of surface coverage for condensate harvesting applications [110].
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Figure 6.5 Droplet size distribution at three different time [110].

A large number of small-sized droplets appeared for the plain copper, and 60% RH
recorded relatively larger sized droplet. The size ranges were found 20 um-50 pm, 180 um-200
pm and 700 um-725 um for the GO coated surface at three different times considered, as shown

in Figure 6.5(a-c).
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6.5 Effect of RH on droplet dynamics for different surfaces
Relatively wide range of droplet diameters was observed for GO coated surfaces. The
reason might be the pinning of droplets into the micro/nanostructures of the coated surfaces that

leads enough time for the first generation droplets to grow larger and made more preferential for

subsequent coalescence events to become more significant in size.
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Figure 6.6 Variation of surface coverage for (a) plain copper and (b) GO coated copper
surface [110].

At the end of the test, the GO coated surface resulted in higher surface coverage
compared to plain copper surfaces, as shown in Figure 6.6. The stable and larger sized droplets

generated by the coated surface yields the higher surface coverage.
6.6 Effect of the different surface at 60% RH

The variation of droplet density and surface coverage at a specific RH was discussed in
Figure 6.7. The number of droplets per unit area (observed view field) is defined as droplet
density. As time passes, the coalescence events happened more spontaneously that reduces
droplet density. Although the droplet density seems comparable for both surfaces from Figure
6.7(a), the GO coated copper surface yields higher surface coverage compared to the plain

copper surface.
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Figure 6.7 Variation of (a) droplet density and (b) surface coverage for plain copper and
GO coated copper surfaces at 60% RH [110].

6.7 Growth of a single droplet

Single droplet growth was tracked up to ~ 90 um diameter on plain copper and GO

coated surface to understand the growth dynamics, as shown in Figure 6.8. The graph shifts

towards the left for higher RH. At a particular RH, the droplet on a GO coated surface required

less time to reach an equivalent final diameter compared to a droplet on plain copper surface.

100
= 80
= 60 f
)

2 40
A o°Ff

Plain copper (40% RH)

—a— Plain copper (60% RH)

. —*— GO coated copper (60% RH)

—v— GO coated copper (40% RH)

Figure 6.8 Individual droplet growth with time [110].
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6.8 Conclusion

The GO coated surface has a significant impact on condensation behavior. The coating
procedure is very straightforward. Pinning droplets by the micro/nanostructures of graphene
flakes, GO coated surfaces leads to the formation of relatively stable condensate compared to the
plain copper surface. Hence, the change in condensation dynamics creates favorable conditions
for larger water recovery. The droplet growth rate and surface coverage are found to be higher
for the GO coated surface. The transient growth of a single droplet on both surfaces shows the
relative importance of coalescence events compared to the inconsistent direct growth in droplet’s

final diameter.
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Chapter 7 - Frost formation on Aluminum (Al) and hydrophobic

Aluminum (Al-H) surfaces

7.1 Surface characteristics

Aluminum has significant technical importance as working material. It can be used in
HVAC, refrigeration and cryogenic applications, and transmission pipeline [111] etc. However,
the main problems are that it oxidizes quickly and wears rapidly. Moreover,
Polytetrafluoroethylene (PTFE) is a synthetic fluoropolymer of tetrafluoroethylene that has
numerous applications [112]. PTFE is hydrophobic: neither water nor water-containing
substances wet PTFE. It is used as the hydrophobic coating agent for the Aluminum surface. The
coating protocol has been described in Figure 7.1. The coating procedure is very similar to
earlier work [113]. Moreover, Teflon© would act as an excellent protective coating for

continuous applications in the harsh environment [114].

Al samples were cut from thin Aluminum sheet

Sample was dipped into Isopropanal-2 solution
before being exposed to UV-Ozone cleaner

Teflon© solution was dispersed in FC-40
solvent at a ratio of 2:10

Dip coating of the sample in the solution

It was baked overnight in an oven at 165° C to
remove all the residual solution

Figure 7.1 The coating procedure for Al-H.
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7.2 Contact angle of water on Al and Al-H

After the coating was done, the contact angle of an injected water droplet on these
samples were measured to check the wettability of the surfaces [115]. Average contact angle of
60.9 £ 4.55%and 118 + 0.62° were found for Aluminum (Al), and hydrophobic Aluminum (Al-H)

surfaces, as shown in Figure 7.2.

(a) 60.9°+ 455° (b) 118.4° + 0.62°

—

I

Figure 7.2 Average contact angle of water plain on Al and Al-H surface. The lower
standard deviation value for Al-H surfaces indicates the uniformity of the coating on the
surfaces [115].

The durability of the coating was checked after ~260 days (~70 icing/deicing tests) of the

experimentation with the contact angle measurement at seven different spots of the same sample.
The CA was 107.95 £ 3.45°, and ~8.83% decrement of the average contact angle was observed
due to repeated cyclic loading and oxidation. The coating was transparent and difficult to find the

loss of coating material.
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7.3 Droplet shape and wettability

The condensation test has been carried out for the Al and Al-H surfaces to explore the

effect of wettability on droplet growth dynamics [115]. Irregular and regular spherical shaped

droplets were observed for Al and Al-H surface, as shown in Figure 7.3.

Figure 7.3 Droplet growth mechanism for (a) (b) 40% RH and (c) (d) 60% RH respectively
[115].

7.4 Freezing front propagation dynamics
For freezing test, samples were mounted on the Peltier stage and the temperature was
reduced to 265 K. In Figure 7.4, at 60% RH, within the first 60 s, asymmetrical shaped droplets
primarily grew by direct condensation and coalescence for plain Al surfaces. Moreover, the
droplets appeared as a thin sheet very quickly, and the observed view frame froze at t=390 s. For
Al surface, fewer coalescence events were observed. However, for Al-H surfaces, the droplet
dynamics changed. For the Al-H surfaces, droplets nucleated as spherical shaped and eventually

coalesced. The frozen area appeared later for Al-H surface as evident from Figure 7.4(b).
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Figure 7.4 Droplet freezing mechanism at 60% RH. The images were represented until the
surface within the view field is visualized to be frozen [115].

During testing, little ice bridging was observed between the frozen and liquid droplet
within the observed view field, as shown in Figure 7.4(b). This bridging helps to interconnect the
cooled liquid droplet with the nearby frozen droplet and turned the liquid droplet into a frozen
one. The front propagation velocity is slower for the Al-H surface compared to the Al surface.
Increasing droplet mobility, delaying nucleation, creating droplets that project small contact area
with the cooling surface, Al-H retards the rate of frost formation. The droplets were seen in
coalescence events and become larger in diameter delaying the freezing process [44]. From
Figure 7.5, at t=90 s, the droplets nucleated uniformly on the surface. The dominant size of the
droplet ranges 25 um-30 um (60% RH). With the elapse of time, the distribution peak shifts to
the right resulting larger diameter droplet generation due to coalescence events. At t=600 s, the
peak shifts to further right to 90 um-100 pm at the frozen condition, showing the influence of

large droplet in subsequent freezing delay [44].
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7.5 Freezing front and freezing time

The time required to freeze the whole surface under the microscopic view is considered
as ‘Final freezing time’. Freezing time is determined based on the consecutive image analysis.
The maximum uncertainty of freezing time (x1 minute) was considered as a conservative
approximation for the surfaces considered. The highest freezing time ~ 15 minutes was observed

for Al-H surface at 40% RH with the minimal front propagation velocity of ~ 1.5 pm/s.
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Figure 7.6 Variation of (a) front propagation velocity, (b) final freezing time for all the
considered cases [115].

7.6 Conclusion
For bare Al surface, the instantaneous frost front propagation was seen, and frost
appeared as a uniform sheet while for Al-H surface, the rate of front propagation was delayed.
The rate of droplet coalescence changes the size distribution that controls the effective ice
bridging. Maximum ~ 10.5 minutes of the freezing delay was observed for Al-H surface

compared to Al surface.

65



Chapter 8 - Condensation and freezing on hydrophilic and

hydrophobic graphene coatings

Understanding of freezing and frost formation mechanism on engineered graphene
surfaces is still missing. Hence, such an understanding could enable the development of
graphene or graphene derived passive coatings for frost delaying applications. The failure of the
surface coating at higher humidity [69], durability based on maximum ~ 40 icing/deicing cycles
[56, 116, 117] has already been reported. For hydrophobic coatings, the kinetics and
characteristics of ice bridges [43] have not been explicitly discussed. Recently the wetting
properties of engineered graphene coatings have been reported by studying the static contact
angle of a direct pulsed laser writing (DPLW) of inkjet-printed graphene (IPG) [118]. Das et al.
[118] showed a direct correlation of a tunable nanostructure with surface energy evolution that
was responsible for such wetting behavior. Hence, at Chapter 8, the condensation and freezing
test on graphene coating was done [119].

8.1 Surface characteristics

Two samples with different characteristics were considered- a) an atomic flat graphene
via CVD process (~ 1 nm to 1.3 nm thick, corresponding to three to four atomic layers of
graphene) and b) an engineered graphene coating with higher thickness and higher roughness (~
5-7 micrometer printed graphene with surface roughness in few hundreds to micrometer scale
enabled by a DPLW). The detailed fabrication of the samples can be obtained from the literature

[118, 119].
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8.2 Contact Angle (CA) of water on graphene coating

Average contact angle measurements were conducted over five different spots on the

sample to illustrate the surface wettability, as shown in Figure 8.1.

(a) 138.26 = 0.44°

(b) 87.96 + 2.56°

Graphene

Figure 8.1 The static contact angle of water on (a) IPG 3D-nanostructured graphene
coating and (b) an atomic flat graphene coating [119].

Figure 8.1 shows the partial wetting/hydrophilic wetting of the atomic flat graphene
coating, and the hydrophobic behavior of the DPLW enabled IPG surface. The corresponding
SEM image (of 3D nanostructured, petal-like graphene microstructure) and optical image (of
atomic flat graphene) has been shown in Figure 8.1, with the contact angle images. The
interfacial (solid-liquid interface) durability of the surface has crucial relevance for practical
applications. The change in surface wettability for the atomic flat graphene coating has been
explored via ~ 40 cycles of frost testing and ~80 cycles of a sessile droplet (placed droplet on the
surface) icing/deicing test as shown in Figure 8.2. Later, the average contact angle was

considered for six different spots of the sample in Figure 8.3.
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Figure 8.2 Freezing test (a) presented experimental case (b) (c) freezing test on the same
sample after ~110 days of the presented experimental case (d) (e) icing and deicing test of a
sessile water droplet.

The surface generates spherical-cap shaped droplet in Figure 8.2(b-c) elucidating the
wetting stability of the coated surface. Moreover, in Figure 8.2(d-e), icing and deicing test of a
sessile water droplet on a spot of the hydrophilic graphene surface at 40% RH and 295 K room
temperature has been presented. The surface was kept at a temperature of 265 K. As shown in
Figure 8.3, there was no discernable change (<1%) in the contact angle measurement during the

cyclic test.
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Figure 8.3 Average contact angle of water droplets on the sample after freezing test and
sessile droplet icing/deicing test [119].
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8.3 Droplet growth during condensation test

Before the frosting test, the condensation test was carried out for hydrophilic and
hydrophobic graphene surfaces to reveal the characteristics of droplet shape and size distribution.
In Figure 8.4(a), the time-lapsed growth of droplets was observed on atomic flat hydrophilic
graphene surface at 40% RH. Both direct growth and coalescence events contributed the droplet

growth.

Nucleation
and direct
growth

5 C
¢ ‘n\
coalesce e QO
)

Figure 8.4 Droplet growth mechanism on (a) graphene coated hydrophilic surface, (b)
graphene coated hydrophobic surface [119].
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Due to higher nucleation energy barrier, the lower rate of droplet nucleation was
observed for hydrophobic coating at 40% RH, as shown in Figure 8.4(b). Less coalescence and

lower area coverage have also been observed.
8.4 Surface coverage and droplet size distribution

In Figure 8.5(a), a wide variation of droplet diameter was observed for both of the
surfaces. The variation is pronounced in the case of the hydrophilic graphene surface due to a
higher rate of coalescence events that eventually lead to further renucleation. In Figure 8.5(b),
surface coverage in percentage was plotted for both hydrophilic and hydrophobic graphene

surfaces, and the difference in the percentage values gradually decreases over the observed time-

lapsed.
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Figure 8.5 Variation of (a) average diameter (b) surface coverage for hydrophilic and
hydrophobic graphene coating (c) surface coverage for hydrophilic graphene surface at
40% RH and 60% RH [119].
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At 40% RH, at the end of the test, ~40% increment of surface coverage was seen for
hydrophilic graphene surface compared to the hydrophobic graphene surface. Altering the RH to

60% results in ~25% increase of surface coverage for the hydrophilic graphene surface.
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Figure 8.6 Droplet size distribution and area coverage for (a) atomic flat graphene coating
(b) hydrophobic graphene coating at 40% RH [119].

Under the same experimental conditions, the wetting properties play a more crucial role
in area coverage. In Figure 8.6(b), lower droplet density was observed for the hydrophobic
graphene surface. It could be a better insight of hydrophobic graphene surface for frost delaying
mechanism and less volume of condensate frost formation. Later, freezing tests were presented.

A plain silicon surface was also tested to compare the freezing time.
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8.5 Freezing dynamics for hydrophilic graphene surface
First, to evaluate the effect of relative humidity on freezing dynamics, the freezing test
for hydrophilic graphene surface has been conducted for 40% RH and 60% RH at various

surface temperatures. The different size distribution of droplets was shown in Figure 8.7 and

Figure 8.8.
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Figure 8.7 Freezing tests on hydrophilic graphene surface at 40% RH for different surface
temperatures. The droplet size distribution has been presented at the frozen condition
[119].
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Figure 8.8 Freezing tests on hydrophilic graphene surface at 60% RH for different surface
temperatures. The droplet size distribution has been presented at the frozen condition
[119].
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Figure 8.9 The freezing kinetics on hydrophilic graphene surface at 40% RH and 60% RH
[119].
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At 60% RH, the renucleation rate was found higher for the same time-lapsed, which
eventually shifts the droplet distribution to bimodal (Figure 8.8) from lognormal. In Figure 8.9,
the coalescence rate and the presence of renucleated droplet (white dotted circle) promote the
higher occurrence of ice bridge formation at 60% RH. This smaller regenerated droplet in
between the larger droplet might promote the faster propagation of freezing front via effective
ice bridging.

On a global basis, the time required to freeze the total surface under the microscopic view
of field is evaluated for 40% RH and 60% RH. In Figure 8.10(a-b), the entire time needed for a
surface to be frozen is composed of two time components- 1) the time required to appear the first
frozen droplet in the view field (onset of freezing) and 2) the front propagation from the first
frozen droplet to complete all the successful bridging between the subsequent frozen and cooled
liquid. Once the first frozen droplet appeared in the view field, freezing front propagates very
quickly via the inter-droplet wave propagation until the whole surface was frozen. This front
velocity is relatively slower at higher surface temperatures as larger ice bridges need longer time
to propagate. At lower surface temperature (265 K), the occurrence of smaller ice bridging was
higher, and the ice bridge spreads very quickly within the view of field. As shown in Figure
8.10(a-c), the relationship between the freezing time and the surface temperature is nonlinear,
and maximum ~1.6x freezing delay was observed at 271 K surface temperature for the
hydrophilic graphene surface. The front propagation time that initiates from the first frozen
nuclei within the microscopic view field were observed to be higher for 40% RH compared to

60% RH.
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Figure 8.10 (a) (b) Variation of the ‘onset of freezing’ and ‘freezing time’ for the atomic flat
graphene coating (c) variation of final freezing time and (d) droplet average diameter with
various surface temperature [119].

On a local basis, for hydrophilic graphene surface, the freezing front and its propagation
mechanism have been described in Figure 8.11 [55]. The bridging helps to interconnect the
cooled liquid droplet with the frozen droplet and turned the cooled droplet into a frozen droplet
via the water vapor transfer. Different vapor pressure exists over the two different phases (cooled
liquid has a higher vapor pressure than ice and cooled liquid begin to equilibrate by losing
water). The latent heat rejection from the local frozen droplet released to the surface might
evaporate the cooled liquid before the effective ice bride forms [55]. Hence, the success of
bridging depends on the relative distance between the droplets as well as diameter of the droplet

involved in the bridging process [55].
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The lower surface temperature changes the local pressure gradient significantly, enhances
the mass transfer to form the effective ice bridge. Hence, the surface freezes faster at lower
surface temperature. The front starts and then propagate quickly via the inter-droplet bridging
that spreads as chain reaction (white arrow indicated the direction of freezing front propagation).
The freezing time is the function of bridging length, bridging time, pressure/vapor concentration
gradient over the droplet, and the diameter ratio of the droplet involved in the process of forming
ice bridging. However, this ice bridge can be developed effectively between any two of the
different sized droplets, as shown in Figure 8.11B. The dashed line in Figure 8.11B indicates the
droplet size reduction due to evaporation phenomenon.

The success of ice bridging is dependent on the bridging parameter, S=I/d, where | is the
edge to edge distance between the droplet involved and d is the diameter of the liquid droplet
[55].

Around 25 ice bridges were chosen from ~50 ice bridges as a sampling data for the
estimation of S values and other essential parameters (ratio of the frozen droplet to cooled
droplet diameter, bridging time) involved in the formation of effective ice bridging. The bridging
parameter (S) has also been calculated based on experimental data for three different surface
temperatures and was found <1, which is consistent with the literature [55]. When S>1, the
bridge is not formed as the nearby liquid droplet might evaporate due to heat releases via the
latent heat of vaporization from the neighboring just frozen droplet. The bridging time is defined
as the total time required to complete an ice bridge between a frozen droplet and a cooled

droplet.
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Figure 8.11 (A) Freezing front propagation for hydrophilic graphene surfaces (B) Three
different modes of ice bridging, S= I/d [55], that might form between the evaporative liquid
droplet and frozen condensate [119].
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Figure 8.12 Variation of (a) bridging time with the bridging parameter, (b) the ratio of
frozen to nearby cooled droplet diameter with the bridging time, and (c) cooled droplet
diameter with the frozen droplet diameter for the successful bridges at 60% RH [119].

The effect of bridging parameter on bridging time is illustrated in Figure 8.12(a). For
most of the ice bridges (marked in a red box), the value of S is found to be less than 0.2 and
required less than 22 seconds for the bridge formation. As S increases, higher bridging time is
observed for 271 K. S values close to 0.6 require bridging time less than 5 seconds. The ratio of
frozen droplet diameter to cooled liquid droplet diameter is found to be less than 3 for this
bridging time (<22 seconds).

In Figure 8.12(c), wide ranges of the frozen droplet and nearby cooled liquid droplet
diameters are observed that successfully establish effective ice bridges. From Figure 8.13, it was
found that 60% RH requires less time to develop most of the ice bridges compared to 40% RH.

As the surface temperature decreases, most of the ice bridge needs less time to complete.
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Figure 8.13 Variation of bridging time with bridging length for various surface
temperatures [119].

Figure 8.13(c) has been plotted to resolve the effect of RH and surface temperature in ice
bridge formation. Although the variations of the bridging time for the plotted data are less
sensitive to RH, the effect of the change of surface temperature is easily discernable. Moreover,
for most of the data, the ice bridge formation time decreases significantly with the decrease of

surface temperatu re.
8.6 Theoretical ice bridge velocity

The value of individual ice bridge velocity has been reported based on the time required
to occur an effective ice bridge between the liquid and frozen droplet. Theoretical velocity has
been calculated based on an approach provided in the literature [47, 120]. The mass transfer is
mainly by the diffusion process and can be obtained from the theory of mass diffusion. Fick’s
laws give the most straight forward description of diffusion, states that the diffusion of mass flux

(N) is proportional to the concentration (C) gradient.
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N =-D.VC Eg. 8.1
Here, D is the diffusion coefficient for water vapor from the air and is considered as 10° m? /s
[67]. For simplicity, applying linear approximation to the concentration gradient along the bridge

length of the formed ice bridge-
{V C} ac/ . (o) -
RoTw IR T

Where C can be found from the ideal gas law and Ap represents the vapor pressure difference

Eq. 8.2

between the water and ice phase, which can be obtained from [121].
A mass balance equation has been established for the successful ice bridging between a frozen (i)
and cooled liquid () droplet via the momentum balance equation, Eg. 8.1-8.2, moreover, it can

be written-

DR -R)A
= ANA =
m W

D(R ~R)

=> VI ~

PR Tl 2 A' Eq. 8.3
Where V. is the theoretical ice velocity, Pj is the ice density, A is the projected ice area, A

projected liquid area, and | is the bridging length. As the ratio (%) decreases, the bridge

velocity usually increases (Figure 8.14).
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Figure 8.14 Effect of experimental ratio (frozen to cooled droplet diameter) on the ice
bridge velocity [119].

8.7 Freezing dynamics for hydrophilic and hydrophobic graphene surface
In Figure 8.15(a), the frost images of condensate droplets for hydrophilic and

hydrophobic graphene surfaces have been reported for 267 K-271 K surface temperatures at 60%
RH. For hydrophilic graphene surface, at lower surface temperature, droplet density was found to
be higher, all the droplets are below freezing temperature and very close to each other (~small I).
It favors the propagation of freezing front via the successful ice bridging. Droplet size
distribution was found to be bimodal, and smaller renucleated droplet triggers the front
propagation via ice bridging. Conversely, in Figure 8.15(b), for hydrophobic graphene surface,
the droplet dynamics changed significantly. Droplets nucleated as spherical shaped at different
spots of the sample and eventually got coalesced at a later stage of the test compared to the
hydrophilic graphene surface. Mostly, the droplets froze instantly at the dispersed position, and

some ice bridges were observed within the observed view field.
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Figure 8.15 Freezing dynamics and droplet size distribution at the frozen condition for
various surface temperatures (a) hydrophilic (b) hydrophobic graphene surface [119].

The suppression of the ice bridge was seen that prolongs the freezing time. Lower droplet
density and less volume of frost were observed, and droplet distribution can be related to the
lognormal distribution at 267 K and 269 K. The distribution shifts to bimodal for surface
temperature higher than 269 K.

Maximum ~3.65x freezing delay was observed for this surface at 271 K freezing
temperature. Approximate 45.12% area coverage (~less frost formation) with 1088 s (~3x)
freezing delay was observed for the hydrophobic graphene surface compared to hydrophilic

graphene surface at 270 K surface temperature.
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8.8 Freezing dynamics for hydrophobic graphene surface and plain silicon
surface

The freezing mechanism of droplets on the plain surface has been described in Figure
8.16. Freezing mechanism on hydrophobic graphene and also plain silicon surfaces for 270 K
surface temperatures were described in Figure 8.17(a-c). The images in (a) have been
represented until the whole hydrophobic surface appeared to be frozen. Lower occurrence of ice
bridging was observed (at 1588 s). In Figure 8.17(b), the 'Jumping effect' of droplets [22, 23, 49]
was also observed. In Figure 8.17(b), the solid yellow circle presents the existence of droplet

while the dashed yellow circle represents the disappearance of droplets from the field of view

due to the 'jJumping’ phenomenon.

Figure 8.16 Freezing times on plain silicon surface for various surface temperatures [119].
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This phenomenon reduces the droplet density, and the probability of the active ice bridge
formation as droplet size distribution changes for the hydrophobic surface as stated earlier in
Figure 8.15(b). In Figure 8.17(c), the plain silicon surface freezes at 121 s. Around ~13.12x
freezing delay was observed for the hydrophobic graphene surface compared to the plain surface

at 271 K surface temperature.

Figure 8.17 (a) Freezing dynamics for hydrophobic graphene surface at 60% RH until
t=1588 s (b) droplet mobility enhances the 'jumping’ phenomenon (c) the plain silicon
surface at 270 K surface temperature [119].

The variation of freezing time with the surface temperature has been shown in Figure
8.18 for all the surfaces at higher humidity (60% RH). Around 1.6x%, 3x and 3.65x freezing delay
were observed at 269 K, 270 K, and 271 K surface temperature respectively for the coated
surfaces. Around 6.78x%, 13.12x and 17.32x freezing delay were observed at 269 K, 270 K, and
271 K surface temperatures respectively for the hydrophobic graphene surface compared to the
plain silicon surface under same operating condition. Higher freezing time and lower surface
coverage were seen for hydrophobic graphene surface. Both of the graphene coated surfaces

delay the freezing compared to the plain silicon surface. At the lower freezing temperature,
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although the freezing delay is not discernable, the lower volume of frost formation might be an
added advantage. The red-cross mark () in Figure 8.18(a), indicates 'no freezing' point for the

hydrophobic graphene surface until t = 2546 s at 270 K surface temperature.
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Figure 8.18 Variation of the freezing time for various surface temperatures at 60% RH
[119].

8.9 Conclusion

Droplet growth on graphene surfaces goes through initial nucleation, direct growth,
coalescence, and sweep off stages. At 40% RH, higher surface coverage (~ 40%) was observed
for hydrophilic graphene surface compared to the inkjet-printed hydrophobic graphene surface. It
is essential for condensate harvesting. The inkjet-printed hydrophobic graphene surface slows the
inter-droplet wave propagation via less number of ice bridging that delays the freezing compared
to the hydrophilic graphene surface at 60% RH. Maximum ~3x and ~3.65x freezing delays were
observed at 270 K and 271 K surface temperatures for the hydrophobic graphene surface
compared to the hydrophilic graphene surface. Around ~6.78x, ~13.12x and ~17.32% freezing
delay was also observed at 269 K, 270 K, and 271 K surface temperatures for the hydrophobic

coated surface compared to plain silicon surface. This portion of the work shows that the wetting
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properties of graphene coatings can affect freezing delay, area coverage, ice bridging, and

droplet size distribution.
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Chapter 9 - Conclusions and Future work

9.1 Conclusions

The manipulation of the nucleation energy barrier to affect droplet formation can be done
either by altering the surface or environmental properties of the operating system. The imaging
measurements in an environmental chamber were conducted to resolve the effect of both
wettability and humidity. The main outcomes-

e Fundamental understanding of coalescence events and pinning behavior in droplet
growth

The droplet growth follows mainly nucleation, direct growth, and coalescence events.
Droplet growth stages are termed as ‘Direct condensation’ and ‘Coalescence events’. The
relative importance of coalescence events in droplet final diameter calculation has been revealed
through the tracking of single droplet growth. At higher humidity, the droplet growth rate is
higher. At droplet interface, the higher mass transfer happens for the high humid condition. The
pinning of the droplet by the nanostructured surfaces reduces the occurrences of coalescence
events and changes the droplet dynamics significantly. The formulated mathematical model
shows that the pinning mechanism is a function of pillar geometry and the apparent contact angle
of the condensed droplet. Furthermore, the pinning by the folded edge and micro-nano structures
of GO coated copper surface, changes the droplet dynamics.

e Acceleration of freezing

By pinning droplets, nanopillared surface can slow the rate of coalescence events

resulting in the acceleration of freezing. The surface can accelerate the freezing by order of

magnitude compared to the state-of-art plain surfaces. The relationship between the ‘onset of
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freezing’ and ‘Final freezing time’ provides valuable insight into the design of the engineered
surface.

e Freezing front propagation

Approximate ~3.8x freezing delay was observed for Teflon© coated hydrophobic surface

at 265 K surface temperature. The durability of the coating was checked via repeated testing as
well as contact angle measurements. Effective engineered graphene coating (both hydrophilic
and hydrophobic), can delay the freezing by 3.65x-17.32%. The freezing delay, lower volume of
condensate frost formation as well as the stability of the coated surface can be integrated in the
future for significant energy savings.

9.2 Future work

The present work focuses on condensation and freezing tests in controlled environmental
conditions for different engineered surfaces [82, 96, 98, 110, 115, and 119]. The study explores
the role of surface structure and wettability on droplet morphology, nucleation density, droplet
growth rate and departure behavior. It reveals the fundamental understanding of ‘coalescence’
and ‘pinning” mechanism of droplet growth for the horizontally oriented surface. The
‘coalescence’ and ‘pinning’ mechanism of the droplet can be modelled numerically in future to
get the temperature gradient along the droplet interface as well as the specimen to calculate the
heat flux and HTC, which are still challenging through the experimental procedure. The HTC
measurement in freezing is still challenging due to continuous movement of the freezing front,
location and shape. The process is complex and transient that can be simulated by CFD program
in future to validate the test results.

The tests can be conducted for different tilt angles of the sample to investigate the impact

of droplet during the sliding of droplets by the gravity components. The test can be coupled with
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forced convection to investigate the droplet sweeping, and perhaps shedding from the tilted
sample. The test can also be conducted for different structured surfaces to get insights into water
and heat transport for space applications.

Micro-nano structures as well as surface coating technologies has the potential to tune the
surface wettability and droplet dynamics, it would be interesting to pattern the metal and chip
surface in a way that would have a different wetting and droplet propagation behavior in
microfluidics, desalination, water collection and freezing based applications. For the IPG
graphene surface, different petal orientation can be tuned to get different wettability (CA) for
frost delaying applications. Freezing tests can also be conducted inside the refrigeration system
to calculate the insulation imposed by the frost accumulation as well as the corresponding
pressure drop or air blockage.

For the low surface tension fluids (hydrocarbons, cryogens and fluorinated refrigerant)
that has indusial applications, the condensation and freezing test results are not abundant in the
existing literature. Hence, tests can be conducted in future to reveal the droplet dynamics on

those surfaces.
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Appendix A. Surface characteristics

Table A.1 Summary of different samples with CA.

Engineere | Fabrication Wettability Applications
d surface | method
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surface and | area patterning
(b)  Plain | with flexible, (b) —
silicon and high-
surface throughput
[82] fabrication of

infrared
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Silica MPL and spray » Would reduce the
nanopillar | coating daily power
on silicon | process consumption for
coated freezing based food
glass processing,
surface and agricultural
Teflon© processing, and
coated desalination.
- CA of water on Teflon© coated silicon surface
silicon
surface
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@) MPL  process » Reduce power in
Titanium and spray &1 g & 11514330 desirable freezing
(Ti) coating » Promote dropwise
nanopillar- condensation
ed glass
surface and
(b) 109.3 +3.2°
Teflon©
coated Ti
pillared
surface
[98]
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Plain Spray coating 100 » Condensate

copper and | of  Graphene = - harvesting

Graphene | Oxide (GO) e ‘ 1
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(GO) copper 5wl |
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Hydrophob | on Al surface windshield,

-ic airplanes, air-
Aluminum g conditioning  duct,
(Al-H) transportation,
surface refrigeration,  and
[115] other structures
Hydrophili | CVD and IPG (a) 138.26 = 0.44° » Promotion of
c and | with DPLW dropwise
Hydrophob condensation for
ic typical industrial
Graphene systems such as
(IPG) (b) 87.96 + 2.56° condenser unit etc.
coating » Frost delaying

[119]

101




Appendix B.

Table B.1 Summary of the present work.

Summary of the current work

glass surface
[82]

» Pinning mechanism is the
function of pillar diameter,
height, spacing, and apparent
contact angle of a droplet

> ~1287% and ~24.13%
increment of surface
coverage compared to plain
silicon surface

Engineered | Condensation | Outcomes Applications

surface /Freezing

Silica condensation | » The pinning effect | > Condensate harvesting
nanopillar on suppresses the coalescence | » Time management in water
silicon coated of droplets collection at arid and dry regions

Silica
nanopillar on
silicon coated
glass surface
[96]

freezing

» One order of magnitude
acceleration of  freezing
compared to a plain silicon
surface

» Significant acceleration of
freezing  compared  to
Teflon©  coated silicon
surface although the wetting
properties (CA) are quite
similar

Would reduce the daily power
consumption for freezing based
applications

Titanium (Ti)
nanopillared
glass surface
(98]

condensation/
freezing

» Higher (~95%) surface
coverage for the pillared
surface at 60% RH
compared to 40% RH

» Pinning effect is controlled

by the pillar dimensions
(diameter,  height, and
spacing)

» Teflon© coated pillared

surface promotes dropwise
condensation

» Acceleration of freezing
compared to plain surface

Reduce power is desirable in
freezing applications

Promote dropwise condensation,
such as for the condenser surfaces
in  industrial power plant
applications

Plain Copper
and Graphene

condensation

» The pinning effect caused by
the micro/nanostructures of

Condensate harvesting
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Oxide (GO)
coated copper
surface [110]

the graphene flakes
Approximate 95% surface
coverage was observed for
GO coated copper surface
compared to the plain copper
surface

At 60% RH, the maximum
average diameter of the
droplet was ~ 88 um for
plain copper and ~ 111 pm

for GO coated surface;
droplet  density appears
similar

The contribution of the
coalescence mechanism in
droplet growth was found
more significant for 60% RH
compared to 40% RH

Aluminum
(Al and
Hydrophobic
Aluminum
(Al-H)
surfaces [115]

condensation
[frosting

At 60% RH, surface froze
faster than 40% RH

The Al and Al-H surface
required 6.5+ 1 and 10 £ 1
minutes

Around ~8.83% decrement
of average contact angle
during durability check
Protective  coatings can
mitigate the negative aspects
(oxidation etc.) of
Aluminum

Frost delaying for the surfaces of
a car windshield, airplanes, air-
conditioning duct, transportation,
refrigeration, and other structures

Hydrophilic
and
Hydrophobic
Graphene
(IPG) coating
[119]

Condensation
[frosting

Hydrophobic IPG surface
Maximum ~3x and ~3.65x
freezing delays were
observed for hydrophobic
graphene  compared to
hydrophilic graphene
Around ~6.78x, ~13.12x
and ~17.32x freezing delay
was observed for the
hydrophobic graphene
compared to plain silicon
surface

Applications in the thermal

system

Promotion of dropwise
condensation for typical
industrial systems (condenser
unit)

Frost delaying mechanism on
hydrophobic graphene coating
can be useful for the surfaces of
turbine blades, aircraft, antennas,
boats, or electronic devices.
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