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ABSTRACT

This thesis investigates the use of three classes advanced materials for promoting
dropwise condensation:

1. robust hydrophobic functionalizations

2. superhydrophobic textures

3. lubricant-imbibed textures
We first define the functional requirements of a hydrophobic functionalization for
promoting dropwise condensation and use these guidelines to investigate two subclasses
of materials: rare-earth ceramics and fluoropolymer films deposited via initiated chemical
vapor deposition (iCVD). We show how both materials exhibit robust dropwise behavior,
and further subject an iCVD film to an accelerated endurance trial to show how it
sustains dropwise condensation throughout a 3-month equivalent trial.

Next we combine hydrophobic functionalization with rough texture to obtain
superhydrophobic surfaces and identify a self-similar depinning mechanism governing
adhesion on surfaces with multiple roughness length scales. We introduce the metric of
pinned fraction to show how these surfaces must be designed to minimize adhesion. We
then show how dropwise condensation on superhydrophobic surfaces and the ensuing
“jumping” behavior consists of not only binary coalescences, but multiple-drop
coalescences with tangential departure that result in increased departing mass flux.
However, we find that although this mode of condensation is readily achievable when
condensing working fluids with high surface tension, such as water, even re-entrant
structures that are known to support millimetric droplets of low-surface tension liquids
in a superhydrophobic state are not sufficient to promote the dropwise mode of
condensation for working fluids with low surface tension.

Finally, we extend the applicability of textured surfaces by imbibing solid textures with
a lubricant stabilized by capillary wicking. We show how these surfaces, when both solid
texture and lubricant are properly designed, can promote dropwise condensation and
reduce departing diameter of not only steam, but also of low-surface tension working
fluids.

In summary, we find that all three classes of surfaces provide significant increases in
vapor-side heat transfer coefficient. However, when considering the overall heat transfer
coefficient of a surface condenser, we find that most of the benefits of dropwise



condensation can be realized by hydrophobic functionalization.
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of capillary bridges between larger droplets and the nanoscale topography.



Figure 4-19. Cumulative droplet departure diameter. Cumulative number
of drops which have (a) departed or (b) remained anchored to the surface in
terms of the ratio of the drop diameter to the microscale feature center-to-
center distance (d,,,/P), (c) Percentage of drops with diameters below or
above the d,,,/P = 2 threshold which have departed the surface, and (d)
Size distribution of drops with diameters above 30 pm for P-0, P-120, P-64,
P-40, and P-30 surfaces. An individual point refers to the percentage of total
drops on the surface that have diameters within 30 pm interval starting at
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Figure 5-1. Comparison of condensation of water vapor on
superhydrophobic and lubricant-imbibed surfaces with identical
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surface showing that droplets remain afloat on a lubricant film without
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impaling into the surface texture. (¢) ESEM image sequence showing growth
and motion of microscopic droplets on a nano-textured micropost array
surface imbibed with ionic liquid. Drop B moves against gravity and
coalesces with another randomly moving droplet A at 48.8 seconds, thereby
clearing the surface for further nucleation. (f) ESEM image shows even after
long time (>1000 s) small droplets remain mobile and clear the surface for
further nucleation. The ESEM experiments were conducted under identical
conditions (pressure = 1000 Pa, substrate temperature ~4.5°C, beam voltage
= 25 kV and beam current = 1.7 nA; the surfaces were titled by 15° to the
VETEICAL). . v eeueeitiitietie ittt et et 110
Figure 5-2. Surface tension of water with increasing concentration of ionic liquid.
Decrease in surface tension of water due to partial miscibility of ionic liquid
saturates at low values due to reaching critical micelle concentration. ...... 115
Figure 5-3. Effects of lubricant spreading coefficient on condensate
growth. (a) ESEM image sequence of condensation on a micropost surface
imbibed with Krytox that has positive spreading coefficient on water
(8,, > 0). Condensation is inhibited as Krytox cloaks the condensed droplets.
(b) Mlustration of cloaked condensate droplet depicting the thin film of
condensate that spreads on the droplet. (¢) ESEM image sequence of
condensation on micropost surface imbibed with BMIm that has negative
spreading coefficient with water (S,, < 0). (d) Illustration of uncloaked
condensate droplet depicting the three phase contact line of the water-vapor,
water-lubricant, and lubricant-vapor interfaces on one end and pinning of
the droplet at the dry post tops at the other end. (e) Plot comparing
variation of surface area fraction covered by condensed water droplets versus

time on surfaces imbibed with Krytox (S,, > 0, solid squares) and BMIm

18



(S,, < 0, open diamonds). (f) Plot comparing number of water droplets per
unit area versus time on surfaces imbibed with Krytox (solid squares) and
BMIm (open diamonds). The ESEM experiments were conducted under
identical conditions (pressure = 800 Pa, substrate temperature ~ 3.6°C,
beam voltage =25kV and beam current = 1.7 nA). In the analysis, t =0 s is
defined as the first frame in which water drops can be identified............... 118
Figure 5-4. Effects of pinned fraction on micropillars and nanograss. (a)
Image sequence showing growth of water droplets during condensation on
micropost surface imbibed with BMIm. The images show that large droplets
appear to grow and coalesce while still remaining at same location; there is
no significant movement of drops. Also evident is the water-lubricant-vapor
contact line that is pulled above the substrate. (b) SEM of a single smooth
micropost. (¢) Top-view SEM of smooth microposts imbibed with BMIm. A
stable BMIm droplet can be seen on the surface indicating that the post tops
are dry. (d) Schematic of a droplet on a textured surface that has been
imbibed with a liquid for which 4, > 0 depicting the exposed post tops
beneath the water droplet and the pulled-up water-lubricant-vapor contact
line. () SEM of a single micropost with etched nanograss structures. (f)
SEM of imbibed surface with nano-textured microposts. (g) Schematic of a
droplet on the nanograss micropost surfaces that has been imbibed with a
lubricant. The nanograss allows for the lubricant to imbibe the post tops,
resulting in reduced condensate-solid pinned fraction. The ESEM
experiments were conducted under identical conditions (pressure = 1400 Pa,
substrate temperature ~ 7.7°C, beam voltage =25kV and beam current
S T N YO OO 120

Figure 5-5. Comparison of condensation on a hierarchical
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superhydrophobic and BMlIm-imbibed surfaces with identical
texture at macroscale. (a) Representative image of condensation on
superhydrophobic surface comprising nanograss microposts; large pinned
droplets are seen before shedding from the surface. (b) Representative image
of condensation on nanograss microposts imbibed with BMIm. Both small
and large droplets are highly mobile; colored circles are provided as a guide
to eye for depicting droplet motion. (c) speed of a representative droplet
(initial diameter ~420 pm) as a function of time for un-imbibed (black
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Introduction

1. Introduction

11 Motivations

111 Electricity generation

The contribution of electricity generation facilities to global greenhouse gas
emissions is difficult to understate: total electrical energy production in 2013 was
estimated to be more than 25,000 GWh, generated by an installed base of more
than 2,800 TW of capacity that emits more than 16 Gt CO,/yr. This accounted
for more than a third of global emissions in 2013.' Condensation of water vapor is
a crucial process in this infrastructure, as roughly 85% of the global installed base
of electricity generation plants rely on steam condensers to generate a low
backpressure at the outlet of a steam turbine.? Given the massive scale of these
processes, any improvements in condenser performance would impact overall
efficiencies to have a profound effect on global energy consumption.**

Dropwise condensation has been an active area of research for nearly a
century, as the resulting heat transfer coefficients can be an order of magnitude
higher than those seen in filmwise condensation.”® However, the practical
implementation of this concept in power generation, desalination, and other
applications has been a significant materials challenge,® limited in part by
durability of existing hydrophobic functionalization for metal heat transfer
surfaces. While metals provide both high thermal conductivity for maximizing
heat transfer and high tensile strength to minimize the need for structural
supports, metals are typically wetted by water and most other thermal fluids and
so exhibit filmwise condensation. Thus, metallic heat transfer surfaces must be

modified with a hydrophobic coating to obtain dropwise condensation. Previous
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dropwise promoters have included self-assembled monolayers of oleic acids,™
fatty acids, and also of thin films of polymers applied via sputtering or dip-
coating.”** However, most of these hydrophobic modifiers, and particularly the
silane-based modifiers that are ubiquitous in recent condensation studies, are not
robust in steam environments of industrial interest. More recent studies have
used nanotextured surfaces to imﬁrove condensation heat transfer, however these
surfaces also rely on silane or thiol modifiers to switch the wettability of a
nanotextured surface from superhydrophilic to superhydrophobic.’*® An aim of
this thesis is then to investigate materials that promote dropwise condensation of

steam.

1.1.2 Low surface tension condensation

Compared to the significant body of work devoted to surface engineering for
promoting dropwise condensation heat transfer of steam, much less attention has
been dedicated to fluids with lower interfacial tension. A vast array of low-surface
tension fluids such as fluorocarbon refrigerants, carbon dioxide, and methane are
used extensively in a number of industrial applications, and the development of
passive means for increasing their condensation heat transfer coefficients has
potential for efficiency enhancements. Later in this thesis I investigate
condensation behavior of a variety of liquids with surface tensions in the range of
12 to 28 mN/m on three types of omniphobic surfaces: smooth oleophobic, re-
entrant superomniphobic, and lubricant-imbibed surfaces. We demonstrate that
only smooth oleophobic and lubricant-imbibed surfaces can promote dropwise
condensation of the majority of these fluids. However, we also demonstrate that
on the lubricant-imbibed surfaces, the choice of lubricant and underlying surface
texture play a crucial role in stabilizing the lubricant and reducing pinning of the

condensate. With properly engineered surfaces to promote dropwise condensation
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of low-surface tension fluids, we estimate at least a two to four-fold improvement
in the heat transfer coefficient.

Some strategies have been pursued for enhancement of filmwise
condensation heat transfer of methane, refrigerants, and other low-surface tension
fluids, including passive techniques such as fabrication of fins and channels on the

2% and active methods such as vibration, electrostatic fields,

condenser surface
and suction.”®® However, these techniques remain limited by the fundamental
constraint of filmwise wetting behavior and could greatly benefit from promoting
dropwise condensation. Previous studies of dropwise condensation are primarily
devoted to steam, with a few studies of fluids with high or moderate surface

tension®

or Marangoni dropwise condensation of binary mixtures.** To our
knowledge, dropwise condensation of fluids with a surface energy, y,, less than 20
mN/m has not yet been demonstrated, since many of the materials commonly
used as non-wetting modifiers do not have a critical solid surface energy low
enough to prevent filmwise wetting. For example, methane (y, = 9mN/m at
293K) and the refrigerant R-134a (3, = 18 mN/m at 90K) will both spread on a
poly-tetrafluoroethylene surface (PTFE, p, = 18 mN/m) and would exhibit
filmwise condensation.*®* Accordingly, promotion of dropwise condensation
necessitates the use of highly-fluorinated low-surface energy materials such as
trichloro (1H,1H,2H,2H-perfluorooctyl) silane (fluorosilane, y, = 10.1 mN/m).
However, even on these surfaces, the contact angle will be significantly below 90°.

Since increases in drop contact angle above 90° have been shown to

h,"* a decrease of contact angle

significantly affect the heat transfer coefficient,
is also likely to impact h. To quantify this effect, we used a model developed by
Kim and Kim* to explore heat transfer during condensation of drops with

contact angles less than 90°. We estimated the variation of the heat transfer

27



Introduction

coefficient with contact angle for an illustrative low-surface tension fluid, octane,
at a saturation temperature of 293K condensing on a subcooled vertical surface
with contact angle varying between 30° and 150°.

The expected increase in heat transfer coefficient of DWC vs. FWC of low-
surface tension fluids can be estimated using Kim and Kim’s' and classical
Nusselt models,? respectively. Kim and Kim’s model extends classical DWC
models® for hemispherical drops to predict heat transfer through a drop with

radius r and arbitrary contact angle 8:

ATnr*(1-r./ r) ‘Equation 1-1

9 (/] ro 1

— —t

sin*6k,, 4k sin® 2k (1-cosd)
where AT, r., hi, 8, keoar, and k,, are the surface subcooling, critical nucleation radius,
interfacial liquid-vapor heat transfer coefficient, thickness of the coating, and
thermal conductivities of the coating and liquid, respectively. The overall heat
transfer rate per unit area for different degree of surface subcooling is obtained by
integrating the product of g; and drop size distribution, n(r), from r. to the

departure radius 0.4], defined as a constant multiplied by the capillary length 1,

4= jq " (r)dr Equation 1-2
- d

Variations of this equation have been used by several groups to estimate
heat transfer rate on surfaces with 8> 90°.*° Here, we used Equation 1-2 with n(r)
developed by Kim and Kim to explore heat transfer during DWC of drops with
6 < 90°. For “1arge” drops this distribution is identical to the classical Rose’s
DWC distribution.® Kim and Kim used population balance to derive size
distribution of drops with radius smaller than r, = (4N,)°°. The value of nucleus
density, N,, is difficult to measure and is typically in the range of 10° to 10" m™

Although the model is largely insensitive even to large changes in magnitude of
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the nucleation density. For the following calculations, the value of nucleation
density was derived from the DWC heat transfer measurements of condensing
pentane droplets and set to 4x10" m™.

The plot in Figure 1-1a shows that the heat transfer coefficient decreases as
the contact angle decreases below about 90° for water, and below about 60° for
octane. Despite this effect, a comparison of h during filmwise and dropwise
condensation of water and octane, shown in Figure 1-1b as the slope of ¢” vs. AT,
- reveals a more than ten-fold increase in heat transfer coefficients from about

3 kW/m’K to about 40 kW/m’K in the case of octane.

a 60— : : : . b 200 ( o : >
150}
< water: e
E dropwise, -~ octane: |
= 100 . dropwisg, -~
=N e ,4‘1.
:c_ /// T “" ',— !
501 el -
. e |
water: filmwise octane: filmwise
0 i L - ! i A 0 5
0 20 40 60 80 100 120 140 0 1 2 3 4 5

Contact angle [°] AT [°C]
Figure 1-1. Estimated heat transfer coefficient for low-surface tension fluids. (a) Heat transfer
coefficient estimated by Kim and Kim model for water and octane. (b} Estimated increase in heat flux (g%
vs. subcooling (A7) for filmwise and dropwise condensation of octane and water.

Motivated by the above results, we examine the fundamental design criteria
of a surface for promoting dropwise condensation of low-surface tension fluids.
The most basic condenser surface must have a critical surface energy appreciably
lower than that of the condensate to result in a finite wetting angle, and a
contact angle hysteresis low enough to allow condensate drops to shed before
they coalesce to form a continuous film.?* Beyond a simple smooth non-wetting

surface, textured superhydrophobic surfaces have been employed to further
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enhance the dropwise condensation heat transfer coefficient. If the surface is
sufficiently rough, it will promote a mode of water condensation commonly
referred to as “jumping condensation.”*?**4" However, this phenomenon relies on
a large difference in surface energy between the condensate and solid surface in
order to promote a robust Cassie-Baxter state.*® In the case of low-surface
tension liquids, a Cassie-Baxter state is significantly more challenging to maintain.
Superomniphobic surfaces have been demonstrated to overcome this- challenge by
employing re-entrant textures to promote a Cassie-Baxter state even with low-
surface tension liquids such as ethanol (y, = 24.8 mN/m).** However, as with
water condensate flooding of superhydrophobic surfaces, it is possible that re-
entrant surfaces might lose their superomniphobic characteristics during
condensation of low-surface tension fluids due to nucleation and growth of
condensate drops within the texture.*®'4%155 To overcome the challenge of
condensate impalement, Anand et al.”® recently demonstrated that the departure
diameter of condensing water drops can also be significantly decreased by
impregnating a micro/nano-textured surface with a thin film of a lubricant that
is immiscible with water. Such lubricant-imbibed surfaces have been shown to
possess omniphobic, low hysteresis, self-cleaning, self-healing properties and will

be described in 1 of this thesis.?*%
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1.2 Thesis scope and content

This thesis is organized around three classes of surfaces for promoting

dropwise condensation roughly in order of increasing conceptual complexity:
4. robust hydrophobic functionalizations
5. superhydrophobic textures
6. lubricant-imbibed textures

Chapter 2 details the experimental methods used to measure condensation
heat transfer coefficients. The first subsection explains changes in the
experimental apparatus since the first iteration of the setup.* Specifically, the
instrumentation and calibration methods are substantially improved, and a novel
method for sample attachment is developed to allow precise, high-flux
measurements while maintaining flexibility in rapidly swapping sample surfaces.
The second subsection details the methods used to create the textured surfaces
used later in Chapter 3, including mask-free dry etching of silicon and metal
oxidation.

Chapter 3 outlines the requirements of a seemingly “simple” hydrophobic
functionalization, and quickly elucidates the complexities of developing such a
material for industrial use. We investigate two candidate materials for meeting
these requirements: the first subsection describes a family of rare-earth oxide
ceramics with intrinsic hydrophobicity,”” wherein the wetting theory behind
hydrophobicity and measurements of condensation heat transfer coefficient on
these surfaces are explained. The second subsection details the chemical and
wetting properties of an ultra-thin grafted fluoropolymer films deposited via
initiated chemical vapor deposition (iCVD) along with promising results from an
accelerated endurance trial.*

Chapter 4 builds on the basic concept of intrinsic hydrophobicity by adding
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rough texture to obtain a superhydrophobic surface. Before discussion of
condensation results, the first subsection, Section 3-2, presents the results of a
study of the microscopic origins of contact angle adhesion and hysteresis on
superhydrophobic surfaces. We describe a technique for measuring the dynamic
behavior of the three-phase contact line at micron length scales using
environmental scanning electron microscopy.” We examine a superhydrophobic
surface on which a drop’s adhesion is governed by capillary bridges at the
receding contact line. We measure the microscale receding contact angle of each
bridge and show that the Gibbs criterion is satisfied at the microscale, revealing a
hitherto unknown self-similar depinning mechanism that shows how some
hierarchical texture such as lotus leaves lead to reduced pinning, and counter-
intuitively how some lead to increased pinning. We develop a model to predict
adhesion force and experimentally verify the model’s broad applicability both on
synthetic and natural textured surfaces. The next subsection examines the
behavior of a surface that maintains a superhydrophobic wetting state under
condensation at high subcooling and heat flux. We show that the ensuing
“jumping” behavior consists predominately of multi-drop coalescence events, in
contrast with the two-drop coalescences that have been previously observed at
lower heat fluxes. This tangential component of droplet departure leads to
increased droplet departure mass flux and therefore increased heat transfer
coefficients.

Chapter 5 adds yet another aspect to textured hydrophobic surfaces by
imbibing the solid texture with a liquid lubricant. The thermodynamic wetting
states of these surfaces is explained with emphasis on those states which are
advantageous during condensation, and we show how proper selection of the

lubricant is crucial for obtaining optimal condensing performance. After detailing
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the behavior of condensation of steam on these surfaces, we further compare their

performance under condensation of low-surface tension working fluids to that of
smoother hydrophobic functionalizations and “dry” superhydrophobic textures in
the next subsection. We show that the maintenance of a superhydrophobic
“jumping” state is made substantially more difficult with working fluids of low
surface tension, but that proper selection of lubricant and surface texture
parameters leads to dropwise condensation even of pentane, with a surface
tension of 15 mN/m.

Chapter 6 concludes by comparing the condensation heat transfer
coefficients of the three classes of surfaces in the context of a surface condenser in
a power plant. Crucially, we find that owing to the other thermal resistances
present in the system, namely the convection inside the condenser tubes and the
conduction through the tube wall, there exist rapidly diminishing returns when
pursuing eyer—higher condensation heat transfer coefficients. Even modest
increases in heat transfer coefficient have a profound effect on the overall thermal
efﬁciency of the steam cycle, and most of the benefits of dropwise condensation

are captured by even a modestly-performing hydrophobic functionalization.
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2 Experimental section

2.1 Condensation rig

211 Functional requirements

The aim of the current apparatus is to evaluate the thermal performance of
condensing surfaces at conditions equivalent to those seen in industrial power
plants.® The operating conditions of an exemplary power condenser from the
Heat Exchange Institute Surface Condenser Standards are listed below in Table
2-1:

Table 2-1. Operating pressure, flux and tempertaure of a typical power condenser.”

Parameter  Value Units

P 3.98 kPa condenser pressure

q" 30.68 kW/m?  heat flux

T, 28.89°C steam temperature

Tein 15.5°C coolant inlet temperature

One of the functional requirements immediately becomes the maintenance of
a sub-atmospheric pressure vacuum, since a typica,l condenser operates at
pressures between 3 and 5 kPa. The effects of non-condensable gases in the
measurements must be given special consideration, and have been shown to lead
to inaccurate results in previous experiments.® Any vapor other than steam will
be carried by the steam flow towards the condensing surface and accumulate in a
vapor blanket, thus imposing a thermal resistance in the form of a diffusion

barrier.®

2.1.2 Literature review

There are number of strategies for obtaining the heat flux and surface
temperature. The most common approach involves the use of a condensing disc

or plate with temperature probes embedded at precisely known locations in an
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attempt to extrapolate the temperature gradient within the block, and thus the
heat flux with the knowledge of the thermal conductivity of the block. A number
of others use a configuration more reminiscent of an industrial condenser,
measuring the heat flux via the log-mean temperature difference across the
condensing section of a condenser tube and extrapolating the surface temperature

from knowledge of the coolant flow and thermal properties of the tube.”™ ™
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Figure 2-1. Heat transfer coefficient measurement principle. The sample side of a measurement block

is exposed to saturated steam while the back side of the block is cooled. Thermal insulation around the
periphery of the block ensures one-dimensional heat transfer, so that all heat fluxes occur in parallel.
Temperature probes embedded at precisely known locations within the block are used to extrapolate the
temperature gradient, and then with knowledge as to the thermal properties of the block, the heat flux may

be calculated.

2.1.3 Rig design
The design of the current rig is inspired by the work of Koch and
Leipertz.™®™” By measuring the temperature at precise locations within the

apparatus, we can calculate h,, the condensation heat transfer coefficient

h, = Dblock. Eqn. 2-1
AT,

where g, is the heat flux through the chiller block, obtained by measuring the
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temperature within the chiller block at incremental axial locations, and AT, is the
difference between the temperature of the condensing surface and the saturation
temperature of water at the chamber pressure. The heat flux through the cooling
block can be calculated as

q= —kd_T Eqn. 2-2

dx
where z is the axial position as measured from the front surface of the block, k is
the thermal conductivity of the block, and q is the heat flux through the block in
W/m?,
2.1.3.1 Flow loop
The steam flow loop is shown below in Figure 5-2. All steam lines are

constructed from stainless steel with vacuum-compatible fittings.

Figure 2-2. Condensation rig flow loop. The apparatus is build around a condensing chamber capable of
vacuum levels down to 100 mTorr to evacuate non-condensables to a level less than 1ppm. Steam is supplied
by an electric boiler fed by deaerated, deionized feedwater. The condensing sample is cooled by a chilled

water loop.

2.1.3.2 Steam and coolant chambers

The chamber design incorporated as many stock parts as possible. The
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steam portion of the chamber, colored gray in Figure 2-3, was based around a 4”
Pyrex viewport (Part #945001, MDC Vacuum) and a number of Quik-Flange
fittings for fluid and instrumentation inlet and outlets. The rear portion of the
steam condensing chamber consisted of a custom-machine receptor plate to
receive the sample and insulation subassembly along with an access port for
inserting thermistors into the sample puck. Construction was all 316 stainless

steel with internal welds facilitated by weld tabs designed onto the receptor plate.

Figure 2-3. Steam and coolant chambers. Steam and condensing portion shaded in gray, coolant portion
shaded in blue. (a) Isometric exploded view of chamber with sample subassembly and four claw clamps. (b)
Side exploded view of chamber showing assembly sequence of sample puck and insulation with o-ring seals.
(c) Front view of chamber showing port configuration. (d) Section view A-A showing seal detail and design

of coolant and sample inspired by Koch and Leipertz.
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2.1.3.3 Steam source

Deionized water (5 MSQ/cm) is first deaerated by passing through a
membrane degassifier (LiquiCel, MarCor) to less than 4ppm dissolved O,. The
feedwater is pumped to a pressurized stainless steel boiler chamber (SR-20,
Reimers), where a set of 440V heating elements boils the water to generate steam.
" A steam separator and steam trap are installed immediately upstream of the
condensation chamber to ensure that only saturated steam reaches the chamber.
Since the steam is generated at 40psi, it undergoes considerable flashing once it
passes through the pressure regulator. A needle valve is provided as a bypass
measure should the actuator fail. The quality of the steam is reduced significantly,
and the separator removes the enﬁrained water vapor. The steam trap at the
bottom end of the separator ejects condensate into a condensate collection
chamber. Due to contamination concerns, the system is not a cyclic loop.
Condensate from the separator, the chamber, and the auxiliary condenser is
collected in a reservoir that is drained after filling,.

A 10L stainless chamber was drained and evacuated before each
condensation run with a rotary vane vacuum pump (RV3F, Edwards). It is
equipped with two float switches controlling a condensate pump (Model # 8000-
033-236, ShurFlo) that is able to self-prime at sub-a,tmosphezric pressure. The
condensate reservoir is preceded by a secondary condenser for drawing steam
through the main condenser chamber and further cooling condensate collected

from the steam trap.

2.14 Sample puck design

The design of the sample puck built upon lessons learned from the first
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iteration of the condensation rig.** There are four principal functional

requirements for this assembly: it must provide the steam-side test surface, the
cooling surface, thermowells, and sealing surfaces. These functions were
previously accomplished by four separate parts: a sample puck, a measurement
block, a cooling block, and a Teflon piece for both sealing and thermal insulation.
Figure 2-4 shows how these functions were combined into a single part, again
inspired by the designs of Koch and Liepertz.” The sample puck consisted of an
active section with a 2.000” diameter and a flange for providing a sealing surface
for coolant at the rear side.

insulation  Sample/ coolant

steam/vac me:-:sulririne:li ’D"""'Q
o-1ing coolant blocl

A—I—I

Figure 2-4. Sample puck subassembly. (a) Isometric exploded view of sample puck along with stainless
steel sample plate from condenser chamber subassembly. (b) Exploded view of subassembly showing
sequence of insulation ring and o-ring seals. (c) front view of sample puck. (d) Section view A-A of sample

puck subassembly showing detail of o-ring seals and thermowells.
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Figure 2-5 shows a detail view of the sealing surfaces. The Teflon insulation
piece is designed with a bevel seal that presses an o-ring against the outer surface
of the metal sample puck. In this manner, the entire 2” surface can be utilized
without need for bolting a restraining structure to the front face, as in the
previous rig design. The middle portion of the sample block is exposed to
atmosphere, since it is through this area that the thermowells are accessed from
the top of the rig. An access hole runs through the sample retainer plate, through
the Teflon insulation, and meets the three thermowells. The rear of the
measurement puck is a simple face seal against an o-ring that is retained in a

gland machined into the coolant chamber.

Figure 2-5. Seal detail. Steam-side is isolated by a bevel seal o-ring, while coolant-side surface is isolated

with a face seal. Middle portion of block is accessible through thermowell port.
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2.1.5 Instrumentation

Three thermistors were used to determine temperatures to better than
0.01°C accuracy. Temperature probes were assembled by inserting a 2.252 k{2
thermistor (T337, Redfish Sensors) into a precision stainless steel tube (19TW,
VitaNeedle). Probes were hermetically sealed with adhesive and connected to a
high-precision voltage measurement data acquisition block (9219, National
Instruments). Cable shielding was crucial for obtaining low noise floors for
thermal measurements.

100 ohm NIST-calibrated platinum PRT

Figure 2-6. Temperature probes and DAQ interface. Top: high-precision NIST-calibrated platinum

resistance thermometer. Bottom: thermistor with shielded 4-wire connection.
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3 Hydrophobic functionalization

31 iCVD films

3.1.1 Introduction

Polymeric materials, including the coatings tested by Marto et al.,'> are
most commonly processed using solvent-based methods that require all precursor
constituents to have a common solvent. This imposes a constraint on the design
of tailored surfaces for wetting, since a common solvent may not be available for
a significant number of material combinations. For example, many hydrocarbon
and fluorocarbon precursors lack a common solvent, making the wet processing of
these materials extremely difficult. In chemical vapor deposition (CVD), since all
material precursors are transported in their vapor phase instead of in a liquid
solvent, the constraint of a common solvent is eliminated. Furthermore, the
precursor consumption, not to mention the elimination of a need for large
quantities of solvent, have led to the adoption of lower-cost CVD techniques,
which are further augmented by their lack of deleterious surface tension effects
and their precise control of coating thickness.® Initiated chemical vapor
deposition (iCVD) is a variant of hot-wire chemical vapor deposition in which an
initiator species, typically a peroxide, is thermally cleaved to produce a free
radical which is then adsorbed on the substrate to initiate polymerization of a
second monomer species. iCVD differs from conventional HWCVD in that it is
performed at low temperatures (substrate temperature < 40°C) and low energy
inputs.

Now presented with a largely unrestricted choice of monomer precursor, we

are faced with the selection of an appropriate monomer for hydrophobic

43



Hydrophobic functionalization

functionalization. Zisman and coworkers have shown that the lowest surface free
energies are attained by constructing close-packed monolayers of —CF; end groups,
resulting in a critical surface energy of approximately 6 mN/m.*"* Increasing the
length of the perfluorinated chain will t:end to decrease the critical surface energy,
but will also result in a lower vapor pressure and thus a less facile application to
the iCVD process. Accordingly, the selection of an optimally low-surface energy
monomer is constrained fo the selection of an appropriate chain length
terminated at one end by a —CF; group and at the distal end by a vinyl group for
the purposes of radical polymerization, wherein the chain length is as long as
possible while still amenable to vaporization at near-room temperatures.
Perfluorodecyl acrylate (PFDA) was used as the monomer precursor for
obtaining hydrophobic functionalization on the following condensation studies.
Depicted below in Figure 3-1, PFDA consists of a perfluorinated C; functional

group with a vinyl anchor group.

Figure 3-1. Schematic of perfluorodecyl acrylate. Perfluorinated C, functional group with vinyl pendant
group.

Thin films of poly(perfluorodecyl acrylate) p(PFDA) deposited via iCVD
have been shown to exhibit a high degree of hydrophobicity, with a advancing
contact angles larger than 130° and contact angle hysteresis less than 15°.%
Using tert-butyl peroxide (TBPO) as a radical initiator, and by controlling the

ratio of initiator to monomer, films of varying degrees of crystallinity have been
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obtained, with lowest hysteresis exhibited on films of higher crystallinity index.
Crystallinity leads to formation of microstructures, which increase both the
surface roughness and contact angle hysteresis. PFDA tends to crystallize in a
smectic B phase, with pendant perfluorinated chains arranged parallel to the
substrate normal such that successive bilayers of alternating base- and end-
groups are arranged parallel to the surface. Although these crystalline domains
help prevent rearrangement of the perfluorinated chains into the bulk of the film,
which would otherwise increase the contact angle hysteresis, it has the additional
undesirable effect of increasing surface roughness. Increasing filament
temperature during deposition causes the initiator to switch from a regime
dominated by tert-butoxy radicals and parallel crystallographic orientation of
perfluorinated side chains to a deposition regime dominated by methyl radicals,
and perpendicularly-oriented perfluorinated side chains. There is a corresponding
increase in roughness from 22 nm RMS at 240°C to nearly 60 nm at a filament
temperature of 300°C, with a corresponding increase in water contact angle
hysteresis from 7° to 40°. This drastic change in hysteresis highlights the
importance of roughness in determining wettability, and that maintaining a
substantially smooth surface is important in obtaining reasonable dropwise
condensation performance.

By introducing vinyl groups onto the substrate surface, covalent bonds are
formed between the radical initiator and adsorbed monomers during deposition.*
As evidenced by XRD spectroscopy, the presence of a vinyl grafting layer
substantially increases the degree of crystallinity, along with the surface
fluorine/carbon ratio. These two effects lead to a drastic reduction of surface
energy, as a higher degree of —CF; end groups are incorporated at the surface.

The increase in roughness is sufficient to promote a superhydrophobic wetting
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state, which manifests as an advancing contact angle of 160° and a contact angle
hysteresis of 5°.

Although crystallization and roughness have been shown to exhibit a
desirable combination of high contact angle and low hysteresis, many applications
require temperatures above the glass transition temperature of many organic
crystalline materials. Furthermore, not all monomer species are capable of reliable
crystallization. For these reasons, it is imperative to pursue other means of
minimizing intrinsic éontact angle hysteresis stemming from steric mobility.
Crosslinking provides an alternative to crystallization as a means for providing
steric hindrance, and further disrupts crystallization, leading to smoother films.
Copolymers of PFDA and DVB have recently been incorporated into photonic
circuits for use as an athermal cladding.®® Yagiie and Gleason demonstrated that
by optimizing the ratio of PFDA to divnylbenzene (DVB) crosslinker, relatively
smooth films with RMS roughness less than 50nm and water contact angle
hysteresis less than 10°.

In the remainder of this section, copolymer films of p(PFDA-co-DVB) are
compared to coatings of trichloro(1H,1H,2H 2H-perfluorooctyl)silane, a
hydrophobic modifier that used in a number of condensation studies, across a
number of performance metrics including nucleation density, contact angle

hysteresis, and durability in high-temperature steam condensation.

3.1.2 Experimental methods

3.121 Silanization
Polished silicon substrates were prepared for silanization by first cleaning by
sonication in acetone for 5 minutes, followed by rinsing in DI water (18 MQ/cm),

followed by sonication in isopropanol for 5 minutes, and a second rinse with DI
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water. The surfaces were treated with oxygen plasma for 10 minutes (Harrick
Plasma) for further cleaning and for increasing the surface density of hydroxyl
groups. Immediately following plasma treatment, the substrates were transferred
to a vacuum desiccator that also held a small amount (approx. 50 uL) of either
trichlorovinylsilane (97%, Sigma Aldrich) for obtaining a vinyl-covered iCVD
precursor substrate, or trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%, Sigm;i
Aldrich) for obtaining a fluorosilanized benchmark surface. The vacuum
desiccator was evacuated to 200 mTorr and the chamber was‘ isolated to allow
the silane to begin to vaporize. The chamber was purged twice more to increase
silane concentration, then finally isolated and allowed to react with the substrate
for 15 minutes in the case of vinylsilane and for 2 hours in the case of fluorosilane.
After silane deposition, the substrates were sonicated in toluene for 5 minutes to

remove excess unreacted silane and rinsed with DI water.

3.1.2.2 iCVD procedure

iCVD polymerizations were conducted in a custom-designed cylindrical
reactor (diameter 24.6 cm, height 3.8 cm), with an array of 14 parallel
Chromalloy heating filaments (Goodfellow) suspended 2 cm above the sample
stage Figure 3-2. Tert-butyl peroxide (TBPO, 98%, Aldrich), perfluorodecyl
acrylate (PFDA, 97%, Aldrich), and divinylbenzene (DVB, 80%, Aldrich) were
used as-received. TBPO was delivered to the reactor through a mass flow
controller (MKS Instruments) through heated lines at a constant flow rate of 3.2
sccm. PFDA and DVB were vaporized in glass jars that were heated to 80°C and
60°C, respectively. Their flow rates were controlled by manually adjusting
precision needle valves to achieve rates of 0.2 and 0.6 sccm, respectively. The
resistive filaments were heated to 230°C by controlling current using a DC power

supply (Sorensen), and filament temperature was measured by a K-type
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thermocouple (Omega). The sample stage was maintained at 30°C with a
recirculating temperature bath (Neslab RTE-7). The chamber pressure was
maintained at 200 mTorr using a throttle valve at the vacuum outlet (MKS
Instruments). The reactor was covered with a quartz top (2.5 cm) that allowed
in-situ thickness monitoring by interferometry with a 633 nm HeNe laser source
(JDS Uniphase). Following deposition, the samples were transferred to an oven

(VWR) to be annealed at 80°C for 30 min to increase crosslinking density.

laser interferometer

KH A Z vacuum
L ] ° ° \\ ° ° ° ™ /’ ° ~ pump
heated filaments N Y
./ crosslinked film
N / ™
vinylsilane grafted layer . '

PFDA DVB TBPO

Figure 3-2. Schematic of iCVD reactor. Initiator (TBPO) and monomer (DVB, PFDA) species are
flowed into a chamber maintained at 200 mTorr by exhaust valve. TBPO is thermally cleaved by heated
filaments and covalently bonds to vinyl groups of vinylsilanized substrate, initiating polymerizations.
Successive layers of PFDA are grafted to substrate and crosslinked by DVB. Thickness is monitored in situ

by laser interferometer to determine end of deposition.
3.1.3 Surface characterization

Film thicknesses were measured in situ by laser interferometry and verified
by variable-angle ellipsometric spectroscopy, (VASE, M-2000, J. A Woollam),
atomic force microscopy (AFM, MP3D-SA, Asylum) and contact profilometry
(Model 150, Dektak). All VASE thickness measurements were performed at a 70°
angle of incidence using 190 wavelengths from 315 to 718 nm. A nonlinear least-

squares minimization was used to fit ellipsometric data of dry films to the
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Cauchy-Urbach model. The thickness was obtained upon convergence of the
algorithm. All AFM thickness measurements were preformed in tapping mode
over an area of 20 pm x 20 pm using a cantilever with a tip radius of 9 & 2 nm
(AC200Ts, Asylum). The film thickness was calculated as the difference between
the average heights of the rough film surface and the trough of a nearby scratch;
the rough built-up edge of the scratch was masked from analysis. The
profilometry measurements were performed with a stylus having a radius of 12.5
pm. The film thickness was similarly calculated as the differehce in the average
height of the rough film and the smooth scratch trough. AFM and profilometry
measurements were repeated on at least four locations. Film thickness was
determined as the average of all measurement methods to be 41.5 + 2.4 nm,

summarized below in Table 3-1.

Table 3-1. Film thickness measurements

method Thickness
ellipsometry 40+ 2 nm
profilometry 41.5+2.3 nm
AFM 43.0+1.8nm
mean 41.5%=2.1 nm

At this thickness, the resistance of the film assuming a thermal conductivity
of 0.2 W/mK typical for bulk fluoropolymers represents 0.001% of the overall
thermal resistance of a typical condenser tube. It can thus be assumed that the
thermal resistance of such an ultra-thin film contributes negligibly to the overall
heat transfer coefficient of the heat exchanger.

AFM scans shown in Figure 3-3 indicate that the surface topology consists
of isolated microstructures similar to those seen in previous studies®**** with
hemispherical agglomerates with a characteristic height of 100 nm and an average

spacing of 1.3 + 0.7 pm, resulting in an RMS roughness of 75 nm. These
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structures are the result of crystalline domains nucleating on the substrate during
condensation polymerization of the monomers into a smectic B structure that

arrange into a rotationally symmetric fiber texture.

Height [n

Figure 3-3. iCVD copolymer film morphology. AFM scans of p(PFDA-co-DVB) deposited on a polished
silicon substrate. (a) 10 um x 10 ym height scan. (b) Phase scan of single nodule indicated by dotted box in
(a) and corresponding height profile (top inset).

The composition at the near-surface region is important in determining the
wettability and hysteresis of the copolymer film. High-resolution angle-resolved
X-ray photoelectron spectroscopy (AR-XPS) was used to probe the topmost
region of the film. The XPS spectra were collected by a SS5X-100 X-probe
(Surface Science Instruments) equipped with a monochromatized Al K, source
operated at 1486.8 eV. Survey scans were conducted at a 0° take-off angle. The
two important bonding environments of the ~CF, and ~CF, constituents of the
pendant group can be resolved from the XPS spectra at 290.8 and 293.1 eV,
respectively. The combined area of the spectrum under these peaks is 61.8 =&
0.4%, with the peaks at the lower binding energies representing other bonding
environments not of interest: carbons directly bonded with oxygen, hydrogen, or
other carbon atoms. These same -CF, and —CF; bonding environments were
observed previously in the Cls XPS spectrum of a PFDA homopolymer deposited

via iCVD and represented a combined spectrum area of 61.4 + 0.3%." This is in

50



Hydrophobic functionalization

good agreement with the structural formula for PFDA, which would give a
theoretical value of 61.5% for the combined peak area of the —CF,- and —CF,
regions. This indicates that the present film has a low degree of DVB
incorporation in the near-surface region. However, we confirm the incorporation
of DVB in the bulk by use of Fourier transform infrared spectroscopy (FTIR,
Nicolet Nexus 870 ESP). Measurements were taken in normal transmission mode
equipped with a mercury cadmium tellurium detector and KBr beamsplitter.
Spectra were acquired over the range of 400 to 4000 cm™ with a 4 cm™ resolution
for 256 scans. FTIR measurements confirmed peaks at 2810 and 2980 cm™
corresponding to sp’ C-H stretching modes that indicate incorporation of DVB in
the bulk film. These results lead us to expect the underlying crosslinking DVB
units to reduce the ability of the surface to reconstruct between the dry and wet
states, potentially reducing this intrinsic steric contribution to contact angle
hysteresis.

Wettability was measured using the volume addition and subtraction
method: a 32g stainless steel dispensing needle was used to deposit a 1uL droplet
of deionized water (18M2/cm) on the surface using a motorized syringe pump
(ramé-hart), and the volume was increased at the rate of 0.1pL/sec up to a
volume of 5ul. while measuring the advancing receding angle with a goniometer
and profile-fitting contact angle software (Model 590 Advanced, Droplmage,
ramé-hart). Water was then withdrawn at a rate of 0.1uL/sec while measuring
the receding contact angle. Wetting properties of the resulting surface are
reported below in Table 3-2. Water contact angles on iCVD copolymer thin ﬁlfn
deposited onto polished silicon wafer as the mean and standard deviation of the

mean measured at four locations:
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Table 3-2. Water contact angles on iCVD copolymer thin film deposited onto polished silicon wafer

0, O A6
132°£1° 127°+1° 5°«1°

The extremely low contact angle hysteresis indicates that the steric
hindrance provided by DVB crosslinking is quite effective at reducing contact line
adhesion even though the roughness of the surface is appreciable. In contrast, a
ﬂuorosila,nized surface with an RMS roughness of 1.5 £ 0.3 nm exhibits a contact
angle hysteresis of 25° + 3°. Since the roughness of the fluorosilanized surface is
considerably lower than that of the copolymer surface, morphology alone cannot
explain the lower hysteresis of the copolymer surface. Instead, we attribute this
to the steric hindrance of the crosslinker that prevents the —CF, groups from
shifting away from their low-energy state into the bulk of the film when in the

presence of water.

3.1.4 Nucleation density

Environmental scanning electron microscopy (ESEM) was used to compare
the microscale condensation behavior of the iCVD and fluorosilanized surfaces.
Sample substrates 2 x 2 mm were secured to an aluminum stub with double-sided
carbon adhesive and instrumented with K-type thermocouple (Omega) embedded
into the tape. The aluminum stub was clamped into a Peltier cooling state
(Coolstage Mk II, Deben), which was attached to the stage of an environmental
scanning electron microscope (EVO 50, Zeiss). The chamber was purged with
water vapor three times up to 3 kPa and down to 10 Pa to remove non-
condensable gases. After purging, the pressure was held at 800 Pa and the
temperature was slowly decreased at a rate of 0.5 K/min until formation of

observable water droplets (> 1 nm diameter). Supersaturations at the onset of
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condensation were consistently 1.16 + 0.05. Accelerating voltage was 20 kV and
beam current was 100 nA. Images were recorded at 1 Hz and the stage was
moved to different areas to avoid charging effects on condensation. Nucleation
densities were measured as the mean and standard deviation of at least five
different locations on each surface. Representative images of the onset of

condensation on p(PFDA-co-DVB) and fluorosilane surfaces are shown below in

50 m |

Figure 3-4. Nucleation density micrographs. Onset of nucleation on (a) p(PFDA-co-DVB) surface and
(b) fluorosilane surface, both deposited on a polished silicon substrate and imaged in an ESEM at 800 Pa,
supersaturation 1.16 + 0.05.

For all experiments, the onset of nucleation was not directly observable due
to resolution limits of the instrument. Nonetheless, we assume the condensation
behavior to remain in the pre-coalescence growth regime®™ and thus the droplet
number density when the drops first become observable at a size of lum
represents the original nucleation density. Droplets became visible at
supersaturations of 1.16 £+ 0.05. Nucleation densities were measured as the mean
and standard deviation of at least five different locations on each of three
different iCVD copolymer surfaces to be 173 + 19 /mm2. This value is
considerably higher than that seen on a comparable “smooth” hydrophobic
promoter such as fluorosilane (RMS roughness = 1.5 + 0.3 nm), where the

nucleation density was measured to be 110 &+ 10 /mm2. Although the crystalline
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agglomerations seem to contribute negligibly to the contact angle hysteresis, the
~100nm radius concavities at the base of each feature provide nucleation

enhancement.

3.1.5 Droplet population distribution

To investigate macroscale shedding behavior and measure the population
distribution of condensate droplets, we utilized an atmospheric condensation
setup in order to operate at low heat fluxes and facilitate the measurement of
single, isolated shedding events. Compressed air was bubbled through a reservoir
of deionized water (18 MQ/cm) and the flow of saturated air was directed
normally to the surface of a sample mounted vertically to a Peltier cooling device
(SK-12D, Thermoelectrics Unlimited, Inc.). The surface temperature was held
between 4-6°C and shedding events (Figure 3-5) were recorded by an SLR camera
(Nikon D300s with 105mm Macro lens). Representative images captured during

condensation are shown below in Figure 3-5.
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Figure 3-5. Droplet population distribution. Photographs of shedding events on (a) iICVD copolymer
and (b) fluorosilane surfaces deposited on polished silicon substrates. At right, average normalized
population distribution on iCVD copolymer and fluorosilane on silicon substrates.

The departing diameter was determined as the average of 15 individual
shedding events to be 2.0 £ 0.3 mm on the iCVD copolymer and 2.9 £+ 0.2 mm

on the fluorosilane surface, indicating a higher heat transfer coefficient. The
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advancing and receding contact angles during condensation did not change from
the values measured in ambient with a goniometer, suggesting that the drop wets
in a Wenzel state in both cases. A Cassie-state droplet would have either
exhibited jumping condensation if the Cassie state was maintained during
condensation, or would have transitioned to a Wenzel state with higher pinning.
The droplet population distribution (Figure 3-5) was measured from 100 images
of an area of 2cm x 2 cm recorded over a span of 100 seconds and is shown below
in Figure 3-5. The higher nucleation density and lower contact angle hysteresis of
the iCVD copolymer both act to shift the population distribution to smaller sizes,

indicating better heat transfer performance.

3.1.6 Heat transfer coefficient

To proceed towards an industrially relevant prototype we grafted a 40 nm
film of p(PFDA-co-DVB) onto 50 mm diameter polished aluminum substrates.
Since the adhesion of silanes to copper substrates is substantially poor ¥, we did
not attempt a comparison of iCVD copolymers and fluorosilane on copper
substrates. Polishing was performed using a rotational wheel (RotoPol, Struers)
and successive steps of 800, 1200, and 4000 grit carbide paper followed by 3 pm
diamond paste and 0.1 pym alumina abrasive. The additional roughness imparted
by the metal substrate (RMS = 118 + 33 nm) is apparent in the AFM height
scans (Figure 3-6) and by the notably higher hysteresis: A6 = 32° + 2° on the
iCVD copolymer and 31° + 3° on the fluorosilane surface. The rough metal
substrate contributes a substantial amount of pinning, which becomes even more

evident during condensation and droplet shedding.
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10 pm

Figure 3-6. Surface morphology. AFM height scans of iCVD copolymer deposited on polished aluminum
substrate.

When condensing at a pressure of 103.4 kPa (Figure 3-7), departing
diameters on the iCVD and fluorosilane surface deposited on polished aluminum
substrates are 4.2 4+ 0.1 mm and 3.6 & 0.4 mm. The large discrepancy in
departing droplet diameters relative to the contact angle hysteresis could be due
to rearrangement of the copolymer at elevated temperatures.

Accordingly, the silanized surface initially displays a heat transfer coefficient
of 61 + 2 kW/m? K, which is larger than that of the iCVD copolymer, which
exhibits an initial h = 38.1 + 4.0 kW/m* K. However, whereas the fluorosilane
coating degrades after 2 minutes and reverts to filmwise condensation
(h = 4.6 £ 0.4 kW/m® K), the grafted coating shows no noticeable change in heat
transfer coefficient after 48 hours of condensation (Figure 3-7). We propose that
the 40 nm film shields the coating/substrate interface from access by steam,
while the silane/substrate bonds of the fluorosilane coating are readily hydrolyzed

in the presence of high-temperature steam.
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Figure 3-7. Accelerated endurance test. Condensation on p(PFDA-co-DVB) and fluorosilane deposited
on polished aluminum substrate. Condensate shedding on iCVD copolymer (a) over a period of 48 hours and
degradation of fluorosilane (b) after 30 min.. Right, heat transfer coefficient of aluminum substrates with no
coating, fluorosilane coating, and grafted p(PFDA-co-DVB), plotted vs. time.

Grafted polymer films deposited via initiated chemical vapor deposition offer
robust hydrophobic functionalization, and lead to durable dropwise condensing
surfaces that can sustain prolonged exposure to steam at 100°C while increasing
the heat transfer coefficient nearly eightfold from the filmwise value of
4.6 kW/m’ K to the dropwise value of 38.1 kW /m* K. Although longer endurance
trials are needed to verify long-term performance, a simple first-order fit to the
degradation the heat transfer coefficient of the iCVD copolymer results in a time
constant of 0710 hours. We envision that these copolymer functionalizations will

be employed in a wide array of electronics cooling applications.
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3.2 Rare Earth Oxides

3.2.1 Introduction

When a single crystal of metal oxide or ceramic is cleaved, the atoms at the
new surfaces are bound to fewer adjacent atoms than before cleavage when they
resided in the bulk of the material. This deficiency of bonds at the surface, or
surface coordination ‘unsaturation, means that most metal oxide and ceramic
materials have a strong affinity for water, since these unsaturated sites provide
polar bonding regions for water and other adsorbates:”

H,0+ M"O*M* «— M"*OH M™OH' Equation 3-1

The low coordination number of aluminum cations ’at the surface of alumina,
for example, causes these cations to act as Lewis acid sites, and likewise the
surface oxygen anions act as Lewis base sites. To satisfy this deficiency in
coordination number and obtain a full octet of valence electrons, these sites will
then readily form hydrogen bonds with water molecules. This strong interaction
gives rise to a clathrate, or hydrophilic, hydration structure, in which three of the
four hydrogen-bonding vectors of interfacial water point towa,rds the surfa,ce.91
This is illustrated schematically in Figure 3-8, where the clathrate hydration
structure gives rise to strong interaction between both cationic and anionic Lewis
bonding sites and results in low, hydrophilic contact angles with water of less
than 10°.

The electronic structure of the lanthanide and actinide series, or rare-earth,
elements is quite different from that of the transition metals. For these elements,
as the 4f orbitals are filled with electrons, they remain shielded from interactions
by the surrounding 5s°p° shell.”” On a rare-earth oxide (REQ) ceramic surface,

interfacial water can no longer maintain a clathrate hydrogen-bonding network,

38



Hydrophobic functionalization

and so is expected to adopt the configuration shown in Figure 3-8b. In thisv case,
the only hydrogen bond that exists occurs between the OH bond of the water
molecule and a surface oxygen atom. The remaining three bonding vectors point
away from the surface in a manner similar to a hydrophobic anti-clathrate
structure.” The hydrophobic wetting state of water observed experimentally on
such a surface suggests that this anti-clathrate structure is a governing
mechanism in the passivation of an unsaturated rare-earth oxide surface.

To further explore the use of rare-earth oxides as a robust hydrophobic
functionalization, surfaces were synthesized and surface properties were analyzed
using a variety of techniques including scanning electron microscopy (SEM, JSM-
6610LV) for probing morphology, X-ray photoelectron spectroscopy (XPS, PHI
5600 ESCA) for probing crystallinity, X-ray diffraction (SRD, PANalytical
X’Pert Pro MPD) to measure ceramic lattice parameter, and Fourier transform
infrared/grazing-angle attenuated total reflection (FTIR/GATR, Thermo
Scientific Nicolet 6700 FT-IR) to directly probe the structure of interfacial water.
The results of these analyses confirmed that the pellets consisted of crystalline
grains with characteristic size of 4-10 pm depending on the element with a
density of 98%; all samples showed the expected atomic ratio of rare-earth metal
and oxygen at the surface, and a diminished FTIR/GATR signal corresponding
to ceramic/H,0 hydrogen-bonding peaks on the REO surface compared to

alumina, supporting the anti-clathrate hydration structure shown in Figure 3-8.
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Figure 3-8. Schematic of orientation of interfacial water on metal oxide surfaces. (a)
Hydrophilicity of alumina arising from clathrate structure: three hydrogen-bonding vectors point towards the
coordinatively unsaturated surface atoms of aluminum and oxygen, resulting in low contact angles. (b)

Unfilled 4f bonding orbitals of rare-earth oxide cation are shielded from hydrogen-bonding interactions by

5s°p® valence orbital, resulting in anti-clathrate hydrophobic structure of interfacial water and corresponding

high contact angles. Scale bars in contact angle images: lmm. Water and ceramic molecules not drawn to

scale. Figure from Azimi et al.*®®

3.2.2 Wettability and surface free energy

Contact angle measurements of water on these surfaces (Figure 3-9) show
hydrophobic behavior for the entire series of lanthanide oxide ceramic samples,
with advancing water contact angles well above 90°. The polar component of
surface energy, which is an indicator of the tendency of a surface to form
hydrogen bonds, was determined for each of the REO samples using the Oss-

Good-Chaudhury equation:*

1 (1+c088) = 2(\F7ly +\Jrivi, +rivi,) Equation 3-2
Briefly, the contact angles of set of three probe fluids (water, ethylene glycol,

diiodomethane) were measured on each of the REO surfaces, and the known
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values of ", y, and y’ for the liquid were used to solve for »,*", y., and p,"in
Equation 3-2. For all surfaces, the polar component of the critical surface energy

was near-zero as shown in Figure 3-9.
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Figure 3-9. Wettability and surface free energy of REO surfaces. Advancing water contact angle (left

axis) and polar component of surface free energy (right axis). Figure from Azimi et al.®

3.2.3 Heat transfer coefficient

To investigate dropwise condensation on REOQO surfaces, samples were
prepared by sputtering thin REO films onto polished silicon wafers. The ultra-
smooth silicon surface (RMS < 2nm) was utilized to decouple textural effects
from the intrinsic wettability of the REO thin film. Due to the mismatch in
lattice parameter and coefficient of thermal expansion between ceria and silicon,
an intervening adhesion layer is necessary to avoid delamination of the sputtered
film. A CeO, target (99.99%, K. J. Lesker) was used to deposit a 300nm layer of
ceria onto an 80nm Ti adhesion layer by magnetron sputtering (AJA sputterer,
ATC series). Wetting properties

Wettability was measured using the volume addition and subtraction
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method: a 32g stainless steel dispeﬁsing needle was used to deposit a 1pL droplet
of deionized water (18MS2/cm) on the surface using a motorized syringe pump
(ramé-hart), and the volume was increased at the rate of 0.1pL/sec up to a
volume of 5pL while measuring the advancing receding angle with a goniometer
and profile-fitting contact angle software (Model 590 Advanced, Droplmage,
ramé-hart). Water was then withdrawn at a rate of 0.1uL/sec while measuring
the receding contact angle. Wetting properties of the resulting surface are
repbrted below in Table 3-3 as the mean and standard deviation of the mean

measured at four locations:

Table 3-3. Water contact angles on ceria thin film sputtered onto polished silicon wafer

(/) o, AG
102°+£2°  82°+5° 20°%4°

The ceria sample was bonded to the condensation measurement apparatus
described in 2.1. After following the standard non-condensable purging procedure,
the steam pressure was increased while flowing cooling water behind the sample
surface. Condensing conditions and heat transfer coefficient are reported below in
Table 3-4 as the average value and 95% confidence bounds over 10 minutes of

condensing at steady-state, defined as a change in parameter value of no more

than 0.1%/min.

Table 3-4. Condensation conditions and heat transfer coefficient

parameter value

P 684 +1.9kPa
Tsut 81.8 +0.8°C

T, 69.7 + 0.8°C
AT 7.6 +0.2°C

q" 485 + 3.2 kW/m?®

h 63.9 + 2.0 kW/m’K
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4 Superhydrophobic Textures

4.1 Introduction to contact angle hysteresis

The adhesion of liquid drops to solid substrates, whether it be the ratcheting
of drops up a bird’s beak™ or the anisotropic wetting on butterfly wings® and
spider silk®, is determined by the morphology of the three-phase contact line”.
Similarly, controlling the mobility of drops and bubbles along surfaces is crucial

for many industrial processes, ranging from phase change heat transfer®®#%* to

10101 The dynamic behavior of the contact line is in turn

biomedical devices
governed by surface heterogeneities that act as pinning sites to produce local
deformations, ultimately leading to contact angle hysteresis and the adhesion of a

102-105

macroscopic contact line . Recent studies have highlighted the need for a

more complete picture of the contact line across multiple length scales'®'”.
Despite their importance, dynamic imaging of these microscale deformations has
been challenging, and particularly elusive in the case of non-wetting drops.
Superhydrophobic surfaces utilize a combination of surface chemistry'® and
texture to promote a Cassie-Baxter (CB) wetting state, in which the drop rests
atop roughness features forming a composite interface®®"'%'° Adhesion is
substantially reduced in the CB state, particularly when multiple length scales
are employed'!, but it is not altogether eliminated. In fact, the adhesion of CB
drops represents an almost ideal case of strong dilute defects for investigating the

2. When a CB drop is moved across a surface, the

effects of contact line pinning
advancing portion of the contact line simply lies down onto the next roughness
features and contributes negligible resistance to drop motion. The deformations

due to pinning are localized at the receding region, and as the contact line is

displaced, it is hypothesized that micro-capillary bridges are formed at each
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pinning site!®>!13114

. In order for the contact line to move, the micro-capillary
bridges must somehow detach from the surface, either by depinning and receding
from each roughness feature, or by necking and rupturing. Although the complete
mechanism is not known, the global adhesion of the entire liquid drop is
dependent on the detachment of these micro-capillary bridges. After numerous

113,115-121

studies , several details of the behavior of these micro-capillary bridges

remain uncertain. Currently, models based on per-pillar adhesion force rely on a

112122 and computational models rely on the Gibbs criterion being

correction factor
met to result in depinning of the capillary bridges®. This latter assumption
states that as a contact line recedes around a sharp corner, it will remain pinned

until it reaches the intrinsic receding angle'®

. This assumption remains to be
validated experimentally, as the microscopic receding contact angle of a Cassie
droplet on a superhydrophobic surface has not yet been measured. In a study by
Chibbaro et al. ', the authors investigated capillary filling using three
computational methods: molecular dynamics, lattice Boltzmann equations, and
computational fluid dynamics. Surprisingly, they found that for a meniscus
advancing over obstacles below a certain size, the Gibbs criterion breaks down
due to coalescence of the meniscus with nearby condensed molecules. However,
these violations of the Gibbs criterion disappear once the obstacles are made
large enough. Therefore, it would be important to also experimentally establish
the smallest length scale at which the Gibbs criterion is still satisfied.
Experimental investigations of wetting and contact angles at very small length
scales are rare. Recently, Mirsaidov et al. use an electron beam to induce
movement of drops of water as small as 10-80 nm in diameter and observe

unusually-shaped toroidal drops. Although they did not measure nanoscale

contact angles directly, the drops nevertheless exhibited advancing and receding
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fronts as they moved along a surface.”” There have been only a handful of
experimental investigations of micro-capillary bridges, all high-resolution imaging

113,127-132

has been restricted to static drops . Though some have examined the

dynamic behavior, the limited resolution of the three-dimensional details leaves

1121221334 -~ Pyurthermore, the effect of multiple

the deformation processes unclear
length scales on both the behavior of micro-capillary bridges and macroscopic
adhesion of drops remains unresolved. Using a novel technique for observing the
dynamic behavior of a three-phase contact line and quantitatively measuring
contact angles at micron length scales, we show direct evidence that the Gibbs
criterion is satisfied at these length scales. We introduce a model that describes a

self-similar depinning mechanism and accounts for the effects of the hierarchical

roughness features.
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4.2 ESEM hysteresis

4.2.1 Experimental setup

Silicon substrates (n-type <100>) were patterned with arrays of square
micropillars 10 pm high and 10 pm on a side, with spacings ranging from 3.3-
75 pm, using standard positive photolithography techniques and DRIE. By
performing a plasma etch with O, and SFy, a silicon nanograss texture was etched
into the top surfaces of the micropillar structures. All surfaces were coated with a
hydrophobic modifier (tridecafluoro-1,1,2,2, tetrahydrooctyl-trichlorosilane).
Advancing and receding contact angles of DI water on silanized smooth silicon
substrates were measured with a goniometer (Model 500, ramé-hart) at 25°C to
be 120° + 2° and 90° + 3°, respectively. Lotus leaves were generously provided by

Marilyn Eigsti of Wonderful Water Lilies, Sarasota, FL.

Figure 4-1. ESEM sample fixture. (a) Aluminum sample coupon holder (right) and copper droplet-
restraining wire (left). (b) Sample fixture in-place on top of Deben Coolstage showing orientation of droplet-
restraining wire before rotation of the entire setup to 90° for ESEM imaging.

A Zeiss EVO-55 ESEM was used for imaging hysteresis and capillary bridge
depinning at the microscale. A custom fixture was fabricated to mount the
samples vertically in the ESEM and provide cooling with a Deben Coolstage Mk

I1 Peltier cooling stage (Figure 4-1). A 10 pL water drop was affixed to the end of
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a copper wire that allowed the drop to be held against a vertically oriented
surface, and also provided a cooling flux to minimize evaporation. Droplets of
water were placed next to the imaging fixture to increase humidity in the
chamber. A droplet of water was placed between the rotating wire holder and the
fixed sample to provide a deformable thermal interface. By rotating the
motorized stage of the ESEM, the droplet was swept across the surface at a
velocity of 2 pm / sec while observing the depinning events of the contact line at
micron length scales. The chamber of the ESEM was maintained at a pressure of

1000 Pa.

4.2.2 Important observations from SEM images

A single frame from an ESEM movie is shown in Figure 4-2 depicting the
formation of capillary bridges. Some important observations can be immediately
drawn from the high-resolution images (Figure 4-3). It is clear that the
macroscopic contact line is not continuous, but is instead composed of a

multitude of microscopic contact lines at the top of each pillar.

Cc

Figure 4-2. ESEM fixture and movié frame. (a) Experimental apparatus within an ESEM chamber. A
water droplet is held against a superhydrophobic micropillar surface by a copper wire. The 10 pL drop is
cooled by a Peltier device and swept across the surface (x-direction) by rotating the ESEM stage about the
y-axis. (b) Illustration of electron beam imaging area with respect to droplet contact line. (c) Single frame
from movie of water droplet receding along superhydrophobic micropillars in the positive x-direction shows

capillary bridge formation. Arrow indicates penultimate capillary bridge. Scale bar, 10 pm.

The difference in behavior between the advancing and receding contact line
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is apparent in Figure 4-3a, in which the advancing contact line lays down onto
the next roughness features with a contact angle of “180° before advancing
further. At the receding contact line, numerous micro-contact lines sit at the
bases of capillary bridges, which are stretched vertically until they detach from

the pillars.

receding

Figure 4-3. Image sequences of moving contact line. (a) Receding and advancing contact line on
micropillar array with 3.3 pm spacing. Arrow indicates direction of drop movement. Scale bar, 50 pm. (b)
Receding contact line on micropillar array with 40 pm spacing. Arrow indicates direction of drop movement.
Scale bar, 50 pm.

The deformations range from severely distorted capillary bridges sitting on

top of micropillars at the periphery of the contact patch to smaller distortions at

interior micropillars (Figure 4-2c). Because the vapor-liquid interface at the
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135136 there should be a region

center of the contact patch sags between pillars
over which the vapor-liquid interface is nearly flat as it begins to deform
vertically upwards near the periphery of the contact patch. The extent of the
deformation depends on the surface tension of the liquid, and on the density and
strength of the pinning features. Lower surface tensions should result in only
partially-formed peripheral capillary bridges and no interior bridges, as observed

1O Nevertheless, we observe fully-formed

recently with cured epoxy drops
peripheral capillary bridges that can be approximated as catenoids atop a sharp-
edged disk™'*. The details of the shape of the multiple catenoids at the base of a
spherical drop would be difficult to describe analytically, so we make further

simplifying assumptions.

a b

-— receding Sparse micropillars

C d
-— receding Dense micropillars

4,

Figure 4-4. Capillary bridge geometry as a function of roughness feature spacing. (a)
Representative ESEM frame showing a water drop receding to the right at a velocity of 2 pm/sec on
micropillars spaced 75 pm apart, with profile of capillary bridge highlighted; scale bar: 20 pm. (b)
Ilustration of capillary bridge shape and two principal radii of curvature, and illustration depicting how
sparsely spaced capillary bridges do not interact. (c) Representative ESEM frame showing a water drop
receding to the right at a velocity of 2 ym/sec on micropillars spaced 15 pm apart, with profile of capillary

bridge highlighted. Scale bar: 20 pm. (d) Illustration depicting how densely spaced capillary bridges interact.
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We approximate the capillary bridges in the vicinity of the micro-contact
lines to have two constant principal radii of curvature, as highlighted in Figure
4-4: r, in the plane of the surface, corresponding to the radius of the bridge, r,
corresponding to the arch between adjacent bridges. The first radius of curvature
is constrained by the pinned micro-contact line to be approximately equal to the
half-width of a pillar: , ~ w/2. The second radius of curvature can be calculated
by considering the mean curvature of the drop. Neglecting the effects of gravity,
the mean curvature of the drop H must remain constant everywhere: H = 2/R,
where R is the radius of the drop. Locally to the capillary bridges, the mean
curvature can be estimated by H = 1/r, + 1/r, In the limit that the radius of
the drop R > r,, the second radius of curvature between peripheral micropillars
can attain a minimum value approximately equal to the half-width of the pillar:
r, ~ w/2. The radius of curvature between micropillars close to the center of the
contact patch can be much larger than w/2, and simply scales as the radius of
the drop: r, ~ R™. Thus, the extent of the deformations around each peripheral
capillary bridge scales with the dimensions of the roughness features. This is
consistent with previous observations of contact line distortions at larger length
scales'®'®, When the micropillars are sparsely spaced (s > 2w), the deformations
of a capillary bridge will not interact with those of an adjacent capillary bridge

12 As the spacing

(Figure 4-4a.b), corresponding to the condition of dilute defects
between roughness features decreases, we see that adjacent bridges begin to
interact (Figure 4-4b). This leads to a shorter capillary bridge with a larger

contact angle. A similar interaction of menisci has been shown in the case of

liquid imbibition through square pillar arrays'.
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Figure 4-5. SEM micrographs of micro contact line. (a) SEM micrograph of smooth micropillar. Scale
bar, 10 pm. (b) ESEM frame of water droplet receding on smooth micropillars with 15 pm spacing.
Microscale receding contact angle 8, = 86° 4 5° (approximately equal to that on a smooth surface: 8° = 90°
+ 2°). Scale bar, 20 pm. (¢) SEM micrograph of nanograss micropillar. Scale bar, 10 ym. (d) ESEM frame
of water droplet receding along nanograss-covered micropillars with 25 pm spacing. Microscale receding
contact angle 8" = 140° + 5° (Approximately equal to that on a planar nanograss surface: 6, = 145° & 3°).
Scale bar, 20 pm.

Most significantly, we are able to directly measure the microscopic contact
angle 6, at the base of each micro-capillary bridge as shown in Figure 4-5. Our
observations show that it can take any value ranging from the advancing contact
angle to the intrinsic receding contact angle. The microscopic contact angle
reaches a minimum receding value immediately before a capillary bridge detaches
from a micropillar: 6" = 86° + 5°. This microscopic receding contact angle is
consistent across all micropillars’ and is approximately equal to the intrinsic
receding angle on a smooth silanized substrate measured using a goniometer:
6" = 90° £ 3°. This observation indicates that the Gibbs criterion for depinning

is indeed met at the top surface of the micropillars. In the current study, the

microscopic contact angle at the outer edge of a peripheral micropillar is less than
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" that at the interior edges by more tﬂan 5° as seen in Figure 4-5, indicating that a
capillary bridge will depin from the outer edge of a micropillar as put forth in
recent studies'’®*'®, Since the receding angle condition for depinning is always met
first on the outer portion of a flat-topped micropillar, the depinning condition is
never reached at the interior portion.

To investigate the possibility of satellite drop deposition, we carried out
experiments in the ESEM under the same humidity conditions (1000 Pa, Peltier
temp. 2°C), but instead of DI water, we used a solution of DI water and CaCl (a
deliquescent salt) at a concentration of 0.5 g/L. After detachment, we do not
observe deliquescent droplets that would have been the result of necking and
rupture of the capillary bridges. This is in agreement with previous studies of
single macroscale capillary bridges, in which satellite drops are deposited only
when velocities are sufficiently high and receding angle is sufficiently low."***!
Capillary numbers calculated from these experiments as Ca = uV/o yield a
critical value of Ca* > 107 - 10 for the deposition of a satellite drop (Table 4-1).
The capillary numbers encountered in the current study are sufficiently low (Ca
~ 10®) as to avoid deposition. Although satellite drops have been observed on
other studies,"™'* this is most likely due to both significantly larger capillary
numbers and/or smaller local receding contact angles, which lead to necking and
eventual rupture of the capillary bridges. If the detachment velocity is too high,
the capillary bridge will form a neck, and the contact line will not be able to
recede before the neck ruptures. Furthermore, if the receding angle is much less
than 90°, the capillary bridge will be able to form a neck and rupture without
reaching depinning condition that is necessary for avoiding a satellite drops.
Therefore, the condition for avoiding the deposition of satellite drops is that the

detachment velocity is slow enough to allow the contact line to completely depin,
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and that the contact angle is high enough to depin before forming a neck.

Table 4-1 Satellite drop deposition

Study Liquid n [Pas] o [N/m] V [m/s] 6. [°] Ca
Krumpfer et dimethylbis(8-hydroxyethyl)
al®? 15’9 ammonium methanesulfonate 0.05 0.066 0.01 152 10
Dufour et NOA 72 UV-curable epoxy -6a 6
a1 44130131 adhesive, sliding 0.155 0.040 20x10 622 10
DI water with fluorescent 10° 0036  5x10°  52%2 107
particles, sliding
Glycerol, sliding 1.412 0.064 20x10°° 93+2 10
Current study DI water (6.5°C) 1.4x10° 0.074 2.0x10°  90+3 10°®

*Velocity was not reported by the authors. The epoxy was rolled along a tilted surface, and since the
viscosity of the epoxy is less than that of glycerol, is estimated to roll at least as fast as the glycerol drop,
and most likely much faster. Therefore a capillary number Ca = 107 represents a lower bound.

4.2.3 Depinning from hierarchical textures

We imparted a second roughness scale by etching silicon nanograss'* into
the tops of the micropillars while leaving the dimensions of the first scale
unchanged. The contact line of a water drop on these samples was observed with
the ESEM in the same manner as before. Figure 4-5 shows a comparison of the
microscale receding contact angle observed on these two types of surfaces
measured immediately before detachment of the right-most capillary bridge. On

nanograss-covered micropillars, the microscale receding contact angle increases to

6, =140°+5°and is about equal to the macroscopic receding angle measured
using a goniometer on a sample with only a nanograss texture (6, =145°£3°),
indicating that the Gibbs criterion is met for each of the two classes of surfaces

(smooth micropillars and nanograss-covered micropillars).

4.2.4 Self-similar depinning mechanism

We observe a higher microscale receding angle for the capillary bridges on

the nanograss-covered micropillars as compared to the smooth micropillars. We
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propose that this is due to a self-similar depinning mechanism, for which the
total pinned length of the contact lines at each level of the hierarchical roughness

must be taken into account.

Figure 4-6. Schematic of self-similar contact line pinning. (a) A liquid droplet that rests in a Cassie-
Baxter state on a hierarchical surface exhibits an apparent receding angle 8,". (b) The apparent contact line
of the drop is divided into many smaller first-level contact lines, each at the top of a first-level roughness
feature with width w and spacing s. Each of these first-level contact lines sits at the base of a first-level
capillary bridge, which has a local receding angle 8,” (c) The apparent contact line of each second-level
capillary bridge is further divided into smaller second-level contact lines, each atop a second-level roughness
feature. Each second-level contact line sits at the base of a second-level capillary bridge, which has a local
receding contact angle 6,".

Considering a droplet sitting on a surface comprising multiple levels of
roughness features (Figure 4-6a), the apparent macroscopic contact line of the
drop comprises the zeroth level of hierarchy and will actually be divided into
many smaller contact lines, each sitting on top of a roughness feature at the first

level (Figure 4-6b). The receding angle exhibited by the capillary bridges local to

the first level of hierarchy 8 will be different from that exhibited by a drop
observed at the zeroth level 6, e.g. macroscopic contact angles measured by a
goniometer. The microscale contact angle 8, on smooth micropillars observed by

the ESEM is synonymous with @ . If the contact lines of these first-level

capillary bridges are observed at an even smaller length scale, we hypothesize
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that they will be divided into even smaller contact lines, each sitting on top of a
roughness feature at the second level of hierarchy (Figure 4-6c). The receding
angle of these second-level capillary bridges local to the second level of hierarchy
6, will in turn be different from that observed at the first length scale. This self-
similar pattern of sub-divided contact lines and differing local contact angles may
be continued down successive levels until reaching a level n that exhibits a
homogeneous wetting interface®. At this cut-off level, the contact line on each
roughness feature will be continuous. Thus, the actual pinned length of the
apparent contact line at any level will be determined by the geometry of the
roughness features at all smaller levels, if they exist. If the tops of the roughness
features at the cut-off level are also flat, as is the case with the smooth
micropillars, the local receding angle should approach the intrinsic receding angle,
ie., 6, ~0".

The apparent contact line at any level can be projected onto the tops of the
roughness features of the next smaller-scale level. The projected contact line will
traverse a number of individual roughness elements, as illustrated in Figure 4-7a
in which a portion of a projected contact line traverses seven square micropillars.
This hypothetical drop will be pinned to both the peripheral micropillars and the
interior micropillars, but significant distortion occurs only at the micropillars that
sit directly under the projected contact line. The total pinned length is simply
the perimeter of each micropillar P multiplied by the number of peripheral

micropillars N. The effective pinned fraction ¢ of a projected contact line of

length ! can then be found as ¢ = NP/I. Since the number of micropillars per
length N/l is equal to the inverse of the average micropillar pitch 7, the pinned

fraction can be rewritten as ¢ = P/r. Thus, if the roughness features are sparsely

spaced, only a small fraction of the projected contact line will be pinned (Figure
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4-Tbh, row 1). However, if the pillars are packed densely, then the pinned fraction
will increase. In some cases, ¢ may be greater than 1, indicating that the sum of
the lengths of the contact lines of the peripheral capillary bridges is greater than

the length of the projected contact line (Figure 4-7b, row 2).

Figure 4-7. Pinned fraction schematics. (a) A contact line projected on a textured surface will be pinned
to a number of peripheral micropillars. (b) Effect of texture geometry on pinned fraction. Micropillars with
sufficiently dense spacings will result in pinned fractions greater than 1.

The pinned fraction concept can be further applied to structures with
multiple hierarchies. Just as the apparent macroscopic contact line of a
millimetric drop can be projected onto the tops of the micropillars to obtain the
number of peripheral micro-capillary bridges, the contact lines of the micro-
capillary bridges can be projected onto the tops of the nanoscale features to find
the number of peripheral nano-capillary bridges. The total pinned fraction of a

macroscopic contact line at the zeroth level ® can be calculated for a surface

with 7n hierarchical roughness levels by the product of the pinned fraction at each

level:
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Equation 4-1

where P; and T, are the perimeter and average pitch, respectively, of the

roughness features at the ¢ level of the hierarchy. The quantity @, then gives

the total pinned length of a projected contact line of length [, sitting on a surface
with n roughness levels. This total pinned length is equal to the sum of the
lengths of contact lines of all peripheral capillary bridges at the n™ hierarchical
level. Similarly, if we wish to find the total pinned length for a subset of levels

starting at j<n, we calculate @, by evaluating Equation 4-1 from i=j+1
through n:

_ " Equation 4-2
q)j = Hi=j+1 ¢i quation
The total pinned length is then given by [®,, where [; is the perimeter of a
roughness feature at the 7"level. This is useful, for eXample, in calculating the
total pinned length of an individual micro-capillary bridge sitting on a micropillar

that itself has additional finer roughness levels. In this case [; is equal to the
perimeter of the micropillar, and ®,=®, =H:=2¢,. is equal to the product of the
pinned fractions on the second level and all finer levels. Finally, since the contact
line at the n™® level is continuous, it is not subdivided any further and the pinned
fraction @, =1.

Surprisingly, Equation 4-1 indicates that adding multiple roughness levels
does not necessarily decrease the total pinned fraction. As an example, consider a
surface with one roughness scale consisting of sparse micropillars, such that

®,=¢ <1. If we impart an additional level consisting of sparse nanograss such

that ¢, <1, then the total pinned fraction becomes ® 6 =¢¢,, which is less than
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the original pinned fraction. Indeed, for many familiar hierarchical
superhydrophobic surfaces such as lotus leaves, there are two roughness scales,
and the pinned fraction at both levels is less than one'*. However, if the
nanograss features had been very densely packed such that ¢, >1, then the total
pinned fraction of the dual-level surface would have been greater than that of the
single-level micropillar surface: ¢¢,>¢ . This is the case for some nanotube
surfaces for which the pinned fraction can be greater than 3, leading to very high

droplet adhesion'*.

ar; (20/r)
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Figure 4-8. Vertical force balance of a liquid drop. A plane (orange dashed line) placed just above the

tops of the roughness features will only intersect the liquid-air interface at the capillary bridges around the

periphery of the drop. The force due to Laplace pressure acting on the plane, given by ! (20/ r) , is

negligible compared to the detachment force, given by 2:rrb<boasin(6j) ;

The adhesion of a drop to a hierarchical superhydrophobic surface with
discrete roughness features can be determined by considering the force due to
surface tension acting along the bases of the capillary bridges. Considering a
liquid drop sitting in a Cassie state on a textured surface, the contact patch will
consist of an interior region that sags between the roughness features and a
peripheral region that is pulled up between adjacent roughness features. If an
imaginary plane is placed just above the tops of the roughness features so that it
intersects the drop immediately above the contact line, then the interior portion

of the plane will reside completely within the drop, and the peripheral region will
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intersect the air-water interface Figure 4-8. Gravity is assumed to be negligible
for this drop, whose radius is much smaller than the -capillary length:

R <<\/0'/ pg and so there will be two principal forces acting on this plane. The
first, due to the pressure within the drop, is equal to 7zr’(20/r), where o is the

surface tension of the liquid, R is the radius of the drop, and r,is the radius of
the contact patch. The second force, due to surface tension acting along the

peripheral roughness features, is equal to 2m~b<I>(,0'sin(0’), where @, is the total

pinned fraction, and 6" is the intrinsic receding contact angle. For a static drop,
these two forces are equal, and for the experiments in the current study are of
the order 1x107 N. When an external vertical force is applied to the drop, the
drop responds by both receding to a smaller contact patch radius and a smaller
local contact angle. Both of these effects act to increase the force due to surface
tension above its original value for the unperturbed drop. We argue that since
the force due to the internal pressure of the unperturbed drop is more than two
orders of magnitude smaller than the final detachment force (F > 1x10° N), the
force due to pressure may be neglected in the vertical force balance leading to
Equation 4-2. By considering a vertical force balance on the drop, the adhesion of
the entire drop is predominantly dictated by the vertical component of surface
tension acting at the peripheral capillary bridges. The force pinning a single

capillary bridge at the j*level can be written as F = f, osin@)ds, where P; is the
perimeter of an individual roughness feature onto which the bridge is pinned, o
is the liquid-vapor surface tension, 6, is the contact angle local to 7 level, and ds

is a differential length along the perimeter. In the present case, to estimate the
maximum adhesion force before detachment, we approximate the contact angle as

being uniform around the entire perimeter of the micropillar and equal to the
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receding angle local to the ;™ level 0;, so the previous expression simplifies to
F,=Posin (0] ) If there exist additional roughness levels, the adhesion of the j*-

level capillary bridges will be determined by depinning of capillary bridges at the

smaller levels. This will in turn affect the value of €.

Due to the mechanism of self-similar depinning, the adhesion of the entire
j™level bridge will be governed by the detachment of the capillary bridges atop
features at the n™ level. Since the local receding contact angle at this final level

0. will be approximately equal to the intrinsic receding angle ", the vertical

force exerted by a single n™-level peripheral capillary bridge due to surface

tension will be Posin (9’), where P, is the perimeter of a roughness feature at

the n'* level, and @ is the intrinsic receding contact angle. Finally, the vertical
adhesion force of the entire drop can be found by summing the forces due to all

of the peripheral n'-level capillary bridges:

(F11),=®,05sin(60") Equation 4-3

where [, is the length of the projected macroscopic contact line. By normalizing
the vertical adhesion force predicted by Equation 4-3 to the adhesion force of a
drop with an equivalent base radius on a smooth surface, given by
(F/1) =osin(6"), the resulting ratio (F/i) /(F/I),=®, suggests that ®, can be
considered as a multiplier that reflects the strength of the pinning on the
textured surface as compared to that on a smooth surface. Therefore, when

®, >1, the adhesion force per unit length of a contact line on a textured surface

should be greater than that on a smooth surface, and vice versa. Due to self-

similarity, the adhesion force per unit length of a single capillary bridge atop a
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feature at the j* level is the same as that of a macroscopic drop sitting on a

surface consisting of a texture with levels j+1 through n:

(F/l) =®,0sin(8") Equation 4-4

j

In other words, the adhesion force per unit length of the microscopic contact line
of a micro-capillary bridge on a single nanograssed micropillar is the same as that

of a macroscopic drop on a surface with just a nanograss texture.

4.2.5 Error analysis

We have made a simplifying assumption that for the case of water on
silanized silicon pillars, capillary bridges are formed on only the peripheral
micropillars with a nearly uniform contact angle around the entire micropillar. As
noted, the contact angle is not uniform all around the pillar, but differ by as
much as 5°. The error in the adhesion force of a single capillary bridge is given
by:

S6F _10F 50 = cos(O’)

F F36 sin(e)

r

o8’ Equation 4-5

The error is 7.1% when 8" = 86° and 80" = 5°, which represents the worst-
case error, and so we believe this assumption to be appropriate for the case of
water on silanized silicon. However, this assumption will not be appropriate with
other liquid/solid systems that have different contact angles, e.g. as seen with the
epoxy drops imaged by Dufour et al.”®®**! In that case, the contact angle differs
by almost 90° from the outside to the inside of the roughness feature, so we
would need to evaluate the integral given in the general expression for pinning
force.

The high humidity and low temperatures of the ESEM experiments were
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needed to minimize evaporation rates, and any error in comparing the results to
the macroscale adhesion experiments conducted at room temperature need to be
taken into account. The ESEM instrument used in this study is constrained to an
upper operating pressure of 3000 Pa, but the poor resolution at this pressure
warrants imaging at pressures as low as possible. 1000 Pa was chosen as a
tradeoff between better image resolution at lower pressures and lower evaporation
rates at higher pressures. The saturation temperature of water at 1000 Pa is
6.97°C, and since the ESEM chamber walls surrounding the sample are at room
temperature (720°C), both the water drop and the sample experience a radiative
heat flux. To counter this positive heat flux, a negative heat flux is provided by
means of a Peltier cooling stage. The drop is held by a copper wire so that the
incident radiative heat flux may be conducted away into the Peltier stage.
Likewise, the textured samples are in thermal contact with the Peltier stage so
that the incident radiative heat flux is also conducted away. Despite these efforts,
it was not possible to completely eliminate evapofation of the drop. The
evaporation rate of a drop of water held in the ESEM under the reported
humidity conditions (P = 1000 Pa, Tpyr = 2°C) was measured to be
approximately 5 pL/s.

As a consequence of the low temperature, the surface tension of water is
higher than at the room temperature conditions reported in most other studies.
The contact angle will also change with temperature. However, both of these
effects are quite small. The error in Eduation 4-3 with respect to error in surface

tension and contact angle is given by:

§£=1J( oF 66,) +(—a—€,‘50') _ C?S(er)sef +(§j Equation 4-6
F  FY\\0¢ 0o sin(6") c
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The error in Equation 4-3 due to temperature difference between an ESEM
temperature of 6.5°C (slightly below saturated temperature) and room

temperature is 2.8%, and so temperature effects are considered to be negligible.

4.2.,6 Macroscopic adhesion measurements

To validate our hypothesis of self-similar depinning, we compared the
adhesion force predicted by Equation 4-3 to experimental observations. Using a
tensiometer, we measured the force required to pluck a millimetric drop vertically
off of two types of surfaces: smooth micropillars and nanograss-covered
micropillars. A Sigma KSV 700 tensiometer was used to measure the adhesion
force of water drops on superhydrophobic surfaces (Figure 4-9). A 3 pL drop was
held at the end of the force balance and lowered onto a test surface at 0.5
mm/min until a compressive force of 1 pN was measured, indicating contact with
the surface. The drop was then lifted at 0.5 mm/min until detachment, at which
point the tensile force and contact patch radius were measured. Measurements

were repeated at five locations on each sample.
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Figure 4-9. Tensiometer adhesion measurements. (a) Photograph of experimental apparatus. (b)
Schematic illustration of drop held at the end of a pipette tip while in contact with a textured surface. The
drop contact patch has radius r,. (¢) Typical force-displacement curve for an adhesion trial. The drop begins
at some distance above the surface (A) and is lowered until it makes contact (B). The pipette tip is then

raised slowly to stretch the drop vertically until detachment (C).
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There is a significant decrease in adhesion of the nanograss-covered
micropillars as compared to the smooth micropillars. Additionally, as the spacing
ratio s/w increases, the density of micropillars and the adhesion force both
decrease. For both the smooth and nanograss-covered micropillars, the pinned

line fraction at the first level is given by ¢, =4w/(w+s). In the case of the

nanograss-covered micropillars, there is a second roughness level (n=2) at a

nanometer scale with a pinned fraction ¢, =0.18+0.05.
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Figure 4-10. Macroscopic adhesion measurements. Adhesion force vs. spacing ratio for smooth
micropillars, nanograss micropillars, and a N. nucifera leaf.

High-resolution SEMs were used to estimate the pinned fraction of the
silicon nanograss. The perimeters of the tops of the roughness features were
identified and measured manually, as well as the distances between adjacent
roughness features. A representative frame is shown in Figure 4-11. The pinned
fraction was taken as the average of the perimeters of the roughness features
divided by the average distance between the centroid of each feature. A pinned
fraction of 0.18 £+ 0.05 was determined as the average value from five SEM

images taken at different locations (Figure 4-11).
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Figure 4-11. Silicon nanograss pinned fraction. (a) A representative frame depicting manual
identification of roughness feature perimeter and average spacing. Image was taken at a tilt angle of 53°.

Scale bar is 300 nm.

Figure 4-12 shows (F/I),/(F/I), - the measured adhesion force per unit

projected length of the contact line of a macroscopic droplet normalized to that

on a smooth surface - vs. the total pinned fraction ®,. For both single- and dual-

hierarchy surfaces, and even the lotus leaf, the data collapse onto the line
predicted by Equation 4-3. There is a deviation at denser pillar spacings because
the roughness features are no longer in the regime of sparse defects, and the
peripheral capillary bridges begin to interact with one another. This leads to a
larger local receding angle between adjacent pillars as shown in Figure 4-4b, thus
we would expect the vertical component of surface tension to decrease. Indeed,

we find that the normalized adhesion at larger pinned fractions (®,=1.5), which

corresponds to the regime of dense spacings, is lower than that predicted by

Equation 4-3.
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Figure 4-12. Macroscopic adhesion measurements normalized to force on smooth surface. Ratio of
measured adhesion force per unit length of the contact line of a macroscopic drop to that on a smooth
surface vs. total pinned fraction for smooth micropillars, nanograss micropillars, flat nanograss, and a N.
nucifera leaf. Deviation at large pinned fractions is due to interaction of capillary bridges. Dotted line
indicates the ratio as predicted by Eqn. 2. Error bars indicate standard error.

The effect of the second level of hierarchy can be cancelled by normalizing

the measured vertical adhesion force per unit projected length of the contact line

of a macroscopic drop from Equation 4-3 (F/I), = ¢,¢,0sin(6") with the force per

unit length of a capillary bridge on top of the micropillars from Equation 4-3

evaluated at j—1 (F/l), =¢,0sin(8") to obtain the ratio (F/I) /(F/I) . Hence,
plotting (F/I),/(F /1), against ¢, should yield similar results for both smooth

micropillars and nanograssed micropillars, as the effect of the texture on top of
the micropillars is cancelled. Indeed, Figure 4-13 shows that the normalized
adhesion forces measured on nanograssed micropillars match well with those
measured on smooth micropillars, and as predicted, both lie along a line with a
slope of 1. Furthermore, the normalized adhesion forces on the nanograssed
micropillars display a similar plateau due to capillary bridges interacting at the
microscale level, as seen with the smooth micropillars. However, since the

receding angle local to the micropillars is greater for the nanograssed micropillars,
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they will begin interact at wider spacings than for smooth micropillars and
exhibit normalized adhesion forces that are lower than predicted. One might
expect that adding any additional level of microtexture to the nanograss would
have decreased the adhesion force per unit length. Interestingly, we find that the
normalized adhesion of nanograssed micropillars with small s is greater than that
of a surface with just a nanograss texture. This can be explained by realizing that
the total pinned fraction involves the product of the pinned fractions at both

levels, and since ¢ >1 for s < 30 pm, we see how dense nanograssed micropillars
(¢,21.5) can exhibit greater normalized adhesion per unit length than a surface

with just a nanograss texture.
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Figure 4-13. Macroscopic adhesion measurements normalized to force on first hierarchy.
Adhesion force per unit length of projected contact line of a macroscopic drop normalized to remove the
effect of the nanograss hierarchy, plotted against the pinned fraction at the first hierarchy. For the case of

nanograssed micropillars, (F / l)n was obtained by measuring the adhesion force of a drop on a nanograss

surface and normalizing with the projected length of the contact line. For the case of smooth micropillars,

F /1) is simply osin(6"). Dotted line indicates the normalized force as predicted by Equation (2). Error
B ply

bars indicate standard error.
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This result is counterintuitive, and shows how additional roughness levels
will decrease the adhesion force per length only if the pinned fraction at that
level is less than one. As the pinned fraction of a particular level is increased
beyond one, that level will act to increase the adhesion force per unit length.
However, the adhesion force will saturate when the pinned fraction at that level

reaches a critical value (¢ 21.5 in the current case) above which the capillary

bridges at that level begin to interact.

The model described in Equation 4-4 shows that the adhesion force per unit
length of the projected contact line may be either increased or decreased by
adding multiple length scales of roughness depending on the pinned fraction of
each level of hierarchy. This finding is important for designing surfaces with
minimal adhesion, e.g. optimal roll-off behavior, since it quantifies the effect of
multiple length scales on the adhesion of a liquid drop on a textured surface: in
order to reduce adhesion, the product of the pinned fractions at all length scales
must be less than one. Furthermore, two micropillar geometries that have
identical area fractions may have different pinned fractions depending on their
perimeter and spacing, and any attempt to calculate pinning or hysteresis based
on area fraction would yield identical results for the two surfaces. In agreement
with our mechanism, experiments have shown that the hysteresis differs
depending on the micropillar perimeter and tip geometry!***, Qur technique
could also enable the detailed imaging of contact line behavior on complex pillar
geometries and on intricate biological surfaces such as water strider legs'* and

fiber arrays.
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4.3 Jumping Condensation

Recently, Dorrer and Ruhe and Chen et al.® observed that during
condensation on sufficiently small-scale superhydrophobic surfaces, drops with
sizes significantly below the capillary length depart the surface via spontaneous
droplet motion. The prospect of enhancing the condensation rate by decreasing
the maximum departure diameter, which could significantly increase the heat
transfer coefficient has generated much interest and research effort in
condensation on superhydrophobic surfaces.

Boreyko and Chen' initially reported that hierarchical superhydrophobic
surfaces, which consist of both nanoscale and microscale topological features, are
necessary to promote spontaneous drop motion. More recently this mode of
condensation has also been observed on surfaces with only a nanoscale roughness
hierarchy. 2464214710 Rykaczewski et al.?*® found that the primary role of the
nanostructure is confinement of the base area of nucleating droplets, which leads
to formation of nearly spherical microdroplets through contact angle increase. In
a subsequent work, Enright et al.”™® reached a similar conclusion by studying the
effect of the nanoscale superhydrophobic surface architecture on later stages of
microdroplet growth. Similarly, Liu et al.” found in their theoretical study that
the nanostructure is crucial for formation of high contact angle microdroplets.
Rykaczewski demonstrated that the forming droi)lets grow in purely constant
base area mode until reaching a contact angle of 130° to 150°. Miljkovic et al.*
found that the growth rate of droplets in the wetting Wenzel state is much
higher than of those in the nonwetting Cassie-Baxter state. This behavior is
primarily due to a significant increase in the base area of droplets, and with that

number of silicon pillars in contact with the liquid, when the drops transition
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from the Wenzel to the Cassie-Baxter state.

The effects of microscale topography, separately from that of the smallest-
scale and often nanoscale topography, on coalescence dynamics during
condensation on hierarchal superhydrophobic has only been explored theoretically

151,152

by Liu et al. and experimentally by Chen et al.'” Using thermodynamic
analyses, Liu et al. predicted that the microscale topography should influence the
final wetting state, apparent contact angle, rolling angle, and departure diameter
of a condensed drop. Chen et al. focused on how the microscale topography
affects cumulative departure volume and drop number density. In this work, we
investigate the impact of microscale topography on the droplet coalescence
dynamics and wetting states during the condensation process.

In this chapter we image condensation occurring on hierarchical
superhydrophobic surfaces consisting of truncated microscale cones with varied
dimensions and pitch covered by deep-reactive ion etched silicon nanograss'’
across multiple length and time scales using high speed light microscopy. We
show that isolated mobile and immobile coalescence between two drops, almost
exclusively focused on in previous studies, are rare. The majority of coalescence
events on hierarchical superhydrophobic surface occurs in series and leads to
coalescence of multiple droplets. These drops can merge locally or be sequentially
swept up in a serial chain of coalescences. Such multi-drop serial coalescence
events are triggered by mobile coalescence events resulting in formation of a
droplet departing with significant- tangential velocity compoﬁent that
subsequently collides with another neighboring or distal drop. Regardless of the
number of coalescence drops, the serial coalescence events culminate in formation
of a drop that either departs or remains anchored to the surface. We quantify the

frequency of formation of the departed and anchored drops in different size
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regimes as a function of the microscale topography. We explain the observed
post-coalescence drop adhesion trends through direct correlation to formation of
drops in nanoscale as well as microscale Wenzel and Cassie—Baxter wetting
states. We find that optimally designed hierarchical superhydrophobic surfaces,
which promote the highest number of departing microdrops, consist of microscale
features spaced close enough to enable transition of larger droplets into micro-
Cassie state, yet at the same time provide sufficient spacing in between the

features for occurrence of mobile coalescence.

4.3.1 Experimental procedure

4.3.1.1 Superhydrophobic Surface Fabrication

The microscale features were patterned using standard photolithographic
procedures: tetramethylammonium hydroxide (TMAH) was used for anisotropic
etching of silicon. Because the etching rate of the {100) plane was significantly
faster than of the {(111) plane, the {111) plane defined the microscale features,
resulting in a 54.7° angle between the etched wall and the flat surface. The
etching rate of the {100) plane using 25% TMAH solution at 80 °C was about
0.33 pwm/min. The truncated cone-like silicon pillars were fabricated by carefully
adjusting the etching time. Afterward, the silicon nanograss was fabricated using
a modified Bosch deep reactive ion etching (DRIE) process. First, a thin film of
fluoride polymer was deposited on the solid surface in the passivation cycle,
followed by etching cycle. We carefully tuned the ratio of the etching and
passivation times to leave behind residual polymer particles that served as a
random mask for subsequent etching. The nanograss was formed via alternating
etching and passivation steps. The coil power was set to ~550 W. The chamber

pressure and temperature was kept at 4 Pa and 20 °C. In the passivation cycle,
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the C,H; flow rate was ~85 sccm. In the etching cycle, the SF; flow rate was 70
sccm and platen power was set to 15 W. Nanograss features with a typical
diameter of about 400 nm, pitch of about 700 nm, and height of about 2.6 pm
were produced after 20 processing cycles. All the surfaces were modified by
immersing in 1 mM hexane solution of trichloro-(perfluorooctyl)-silane for 30 min,
followed by heat treatment at about 150 °C in air for 1 h." This procedure
resulted in a uniform coating of the nanostructures with the hydrophobic layer.
Flat silicon wafers modified using this procedure had a static water contact angle
of about 110°. SEM images of typical nanograss structures and the hierarchical
superhydrophobic surface are shown in Fig‘ure 4-14, panels a and b—e,
respectively. The dimensions and 'wétting parameters for these- hierarchal
superhydrophobic surfaces are specified in Table 4-2. Henceforth, we identify each
of the surfaces by the center-to-center distance between the microscale features
(i.e., P-120 stands for the superhydrophobic surface with 120 pm center-to-center

distance; P-0 refers to the surface consisting only of nanograss texture).

Table 4-2. Hierarchical surface texture dimensions and wetting roughness parameters.

sample P H D, D, 0, 0, 4 Tuw ruc I'nc Tnuc

P-120 120 14 51 34  1653° 161.0° 0.13 1.07 0.06 0.26 0.016
P-64 64 12.6 49 27 164.8° 162.8° 0.32 1.17 0.14 0.26 0.036
P-40 40 14 27 7.3 163.8° 159.3° 02 1.25 0.026 026  0.007
P-30 30.2 134 238 54 165.5° 162.3° 025 1.35 0.025 0.26 0.007

P-0 164.3° 144.8° 0.26
*Unless otherwise specified, the units are in micrometers. P, H, D;, and D, stand for center-to-center
distance, height, and bottom and top diameters of the microscale features, whereas @,, 8,, p, and r refer to
the macroscopic advancing contact angle, receding contact angle, volumetric solid fraction, and the Cassie
or Wenzel wetting parameters at the specified lerigth scale.

<
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30 prm

Figure 4-14. SEM images of texture detail. (a) surface consisting only of nanograss (P-0), and (b—e)

hierarchical superhydrophobic surfaces consisting of nanograss and truncated microcones with a center-to-
center distance of (b) 120 pm (P-120), (c) 64 pm (P-64), (d) 40 pm (P-40), and (e) 30 pm (P-30). The
samples were inclined at an angle of 52° with respect to the surface normal.

The macroscopic contact angles were measured with a goniometer (ramé-
hart model 590) using volume addition and subtraction method. First, a 1 nL
sessile drop of deionized water with resistivity of 18 M{2/cm was deposited on the
surface. To measure the advancing contact angle, measurements were taken while
water was added to the drop at a rate of 0.1 uL per second. The receding contact
angles were measured while volume was withdrawn from the drop at the same
rate. All reported values were averages of measurements taken in four different
locations on the samples. The uncertainties, which were calculated with a

coverage factor of 1, were 4° for the P-0 surface and 1° for all other surfaces.
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Macroscale condensation experiments were performed in a custom built
condensation apparatus described in Section 2.1. The superhydrophobic
substrates were affixed to a copper cooling block using copper adhesive tape to
ensure adequate thermal contact..The other side of the copper cooling block was
cooled by a flow of chilled water supplied by a heat exchanger (Neslab II,
Thermo Scientific). Before condensing, the chamber was evacuated to a pressure
below 13 Pa to minimize the effect of non-condensable gases. Steam was
introduced to the chamber by an electric boiler (SR-20, Reimers Boiler Co.) at a
constant pressure of about 75 kPa and temperature of about 92 °C. While the
subcooling of the cooling copper block was about 10 °C, it is difficult to estimate
the subcooling of the superhydrophobic surface because of the unknown thermal
resistance of the tape adhesive and the sample itself. Videos were recorded at 500
frames per second and 12000 frames per second by a high-speed camera (SA-1,
Photron) equipped with a zoom lens (Model 6265, Navitar) and illuminated by a
concentric ring light (Dolan-Jenner). For comparing condensation characteristics
of the different surfaces, droplet size distribution was analyzed during later stages
of condensation process dominated by coalescence regime.®*® From the videos
recorded at 500 frames per second, ~3000 frames were extracted. From these,
every 100th frame was subsequently analyzed using ImageJ after performing
image segmentation and thresholding. To obtain droplet size distribution, droplet
diameters were categorized with intervals of 30 pwm. For each interval, the
number of droplets in that range occurring in all the analyzed frames were
counted and divided by the total number of droplets in all the analyzed frames to
obtain the percentage distribution of that droplet size. Thus the droplet size
distribution averaged over a period of time could be obtained for each surface for

purposes of comparison. The diameters of droplets involved in isolated and serial
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coalescence events in 500 frames (two sets of 250 frames selected from the ~3000
frames for each surface) were measured manually. For the drops that remained
anchored to the surface, the final drop diameter and number of coalescence drops
was recorded. For the coalescence events that culminated in drop departure, the
final drop diameter was estimated from the measured diameters of the

coalescence drops.

Figure 4-15. Confirmation of jumping condensate departure. High speed light microscopy showing
examples of mobile coalescence water droplets on P-40 superhydrophobic surface resulting in (a) out-of-plane
droplet ejection and (b) rolling or shedding with gravity.

To confirm the occurrence of mobile coalescence events, we imaged the
condensation process at 12000 frames per second using a high-speed camera
placed on the side of the superhydrophobic surface. The images in Figure 4-15a
show post-coalescence out-of-plane droplet motion, but the images in Figure
4-15b show that after coalescence larger droplets can also roll or shed with

gravity in the vicinity of the surface. In the following sections we describe in
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depth our investigation of the impact of microscale topography on the droplet
coalescence dynamics and wetting states during the condensation process.
Top-down imaging of the condensation process using high speed optics
revealed several droplet shedding modes (see Figure 4-16). These events can
consist of multiple neighboring drops coalescence locally (Figure 4-16a) or drops
being sequentially swept up in a domino-like process across distances of even
several millimeters (Figure 4-16, panels a— f). The multi-drop coalescence events
were likely triggered by mobile coalescence, resulting in formation of a flying
droplet that subsequently collided with another neighboring or distant drop (see
Figure 4-16, panels a, c, and g—i); The spontaﬁeous droplet motion is typically
described as being purely normal to the surface,"®*'™ but to trigger the serial
coalescence the droplet motion must possess a tangential component (see
schematics in Figure 4-16, panels f and g). The tangential component of the
droplet’s motion could be caused by coalescence of uneven sized drops, pre-
coalescence tangential movement of one of the drops, or asymmetric adhesion of
the droplets to the microscale topological features. Once triggered, the domino-
like serial coalescence can sweep up droplets in any direction. For example
droplets in Figure 4-16a—c and Figure 4-16d were swept with and against gravity
while those in Figure 4-16e were swept laterally. However, we observed that serial
coalescence events involving drops with diameters larger than about 300 pm
typically resulted in the drops shedding with gravity. Also, such drops did not
necessarily sweep up all droplets in their path (Figure 4-16, b and c), but it was
difficult to determine whether in the sweeping mode the droplets remained in
contact with or were slightly detached from the substrate. Irrelevant of the mode,
ultimately the isolated and serial coalescence events resulted in formation of a

drop that had either departed or remained anchored to the surface (Figure 4-16,
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panels h vs i).

Figure 4-16. Multiple-drop coalescence and tangential departure. High-speed light microscopy images
showing examples of serial coalescence events resulting in coalescence of multiple droplets that culminate in
formation of (a and d) an anchored drop and (b, ¢, and e) a departed drop. Note that large droplets can
depart the surface in shedding mode as in (b) as well as in jumping mode in (c and e); Schematics of mobile
coalescence involving two drops with (f) purely out-of-plane motion and (g) motion containing a tangential
component which results in collision and dislodging of neighboring droplet, which in turn can trigger (h)
domino-like sweeping coalescence or (i) non-localized collision coalescence, both of which can culminate in

formation of a (j) departed or (k) anchored drop.

-



Superhydrophobic Textures

To study post-coalescence drop adhesion to the hierarchical
superhydrophobic surface, we quantified the number of serial coalescence events
which culminated in formation of a drop which had departed or remained
anchored to the surface from .50,0‘h\igh speed optical images collected during one
second of operation of the conderrsation apparatus. The results presented in
histograms in Figure 4-17 specify the number of drops involved in these events as
well as the dia,meter range of the final droplet (30—100, 100—200, and above 200
um). These results highlight the predominance of serial coalescence events over
isolated coalescence events. Speoiﬁcally, isolated coalescence events occurred
almost solely for droplets with merged diameter in the 30—100 pm range and
even in this size regime comprised of at most 15% of the total drop coalescence
events. The majority of coalescence events in this size regime were serial and
involved between three and six droplets For the P-0, P-120, P-40, and P- 30
about 30% of the drop coalescence events that produced drops with diameters in
the range 30—100 nm ended w1th departure of that drop. In contrast, on the P-64
surface about 60% of drop coalescence events producing drops in this size regime
ended with departure of the dropT The percentage of departing drops with
diameters in the 100—200 pm and above 200 um ranges varied from 0% to 45%
and 0% to 63%, respectively. We did not observe any clear relation between the

microscale topography and merged drop adhesion in this size regime.
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Figure 4-17. Quantification of droplet departure events. Analysis of binary (2 drop) and serial (more
than 2 drops) drop coalescence events culminating in formation of a drop in the range of 30 to 100 pum, 100
to 200 pm, and above 200 pm regime which departed or remained anchored to the (a) P-0, (b) P-120, (c) P-

4, (d) P-40, and (e) P-30 surfaces during one second of condensation in the condensation apparatus. The

number of droplets involved in the droplet coalescence events is also indicated.

To gain an insight into the physical mechanism of post-coalescence drop

adhesion to the superhydrophobic surface, we investigated the droplets wetting
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states occurring on these surfaces. Following Verho et al.,'™ we distinguished
droplet wetting of the mnanoscale and the microscale topological features
illustrated in Figure; 4-18a as nano-Wenzel, nano-Cassie, micro- Wenzel, and
micro-Cassie states. We noge that droplets in the micro-Cassie and micro-Wenzel
states can also locally wet the nanostructure through formation of nanoscale
capillary bridges. Miljkovic et al.** and Rykaczewski et al.**® previously observed
formation of micro-droplets with diameters below ~20 pm in the nano-Wenzel as
well as the nano-Cassie states. We confirm their results with the side-on ESEM
images in Figure 4-18, panels ¢ and d, which clearly show droplets in both of
these wetting states. The final wetting state of the micro--droplets depends on
the location of nucleation of nano-droplets, which combine to form the larger
droplets. The side-on ESEM image in Figure 4-18b demonstrates that the nano-
droplets can nucleate on bottom as well as on top of the nanograss, yielding
micro-droplets in nano-Wenzel and nano-Cassie states. Irrelevant of the wetting
state, micro-droplets with diameters greater than 10 pm grow primarily by
coalescence with neighboring droplets. Coalescence of two micro-droplets in the
nano-Cassie state is much more likely to result in the post-coalescence
motion.*""® If a micro-droplet in the nano-Wenzel state is involved in a
coalescence event, it can serve as an anchor and prevent the newly formed drop

from moving.
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Figure 4-18. Wetting states on different scales. Possible wetting states of droplets condensed on a
hierarchical superhydrophobic surface: (a) representative schematic, (b—d) side-on ESEM images of example
droplets condensed on the nanotrees in nano-Wenzel and nano-Cassie states, (e) light microscopy and side-
on ESEM images of water droplets in micro-Wenzel and micro-Cassie states; the red circles mark smallest
observable drops in the micro-Cassie state, and (f and g) close-up examples demonstrating formation of

capillary bridges between larger droplets and the nanoscale topography.

We observed that formation of droplets in the micro-Wenzel and the micro-
Cassie states is intimately related to the geometry of the microscale topography.
The close up ESEM images in Figure 4-18e clearly show that large droplets on

the P- 64, P-40, and P-30 surfaces can bridge tops of the microscale features
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without penetrating the space between them. Moreover, we were able to image
formation of multiple smaller droplets within the gaps below the large droplet. In
contrast, on the P-120 surface va,ll the la.rger droplets filled-in the volume in-
between the microscale features. To confirm the direct side-on ESEM
observations with a larger number of droplets, we evaluated the brightness of the
droplets observed using top-down light microscopy. Droplets in the micro-Cassie
state appear brighter bécaﬁse they have a smooth bottom water-gas interface and
reflect light in a nﬁrror—like specular fashion (see Figure 4-18e¢). In turn, droplets
in the micro-Wenzel state appear darker because they have a rough bottom
interface and reflect light in a diffuse fashion (see Figure 4-18e). Using this
approach, we confirmed that the micro- Cassie state occurs only on the
superhydrophobic surface with. the center-to-center distance of the microscale
features equal or smaller than .64 um. Furthermore, we observed that in order to
be in the micro- Cassie state dfoplets had to have diameters of at least 120—160,
100—140, and 80—120 pm on the P-64, P-40, and P-30 superhydrophobic surface,
respectively. In other terms, the droplets had to have diameters two to three
times greater than the center-to-center distance between the microscale
topological features. We also observed that on the micro-Cassie enabling surfaces
the maximum observed drop diameter is only ~500 pm as compared to the ~1000
pm observed on the P-120 and the P-0 surfaces. However, not all larger droplets
formed during sequential coalescence events on the micro-Cassie enabling surfaces
departed because of the nanoscale capillary bridges forming between the drop and
the tops of the microscale features (see Figure 4-18, panels f and g). A random
number of these capillary bridges form due to coalescence with satellite micro-
droplets in nano-Wenzel state.”'*® The capillary bridges significantly increase the

local adhesion force and thus can act as anchors preventing merged droplet
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departure.

We re-evaluated the post-coalescence drop adhesion on the hierarchical
superhydrophobic surface in light of the wetting states of condensed droplets.
Specifically, we plotted the absolute size data in Figure 4-17 in scaled form of
merged droplet diameter to microscale topography center-to-center distance ratio

(d,

TOP.

/P). The cumulative number of departed and anchored drops are plotted in
Figure 4-19a and b. We observe that irrelevant of their absolute number, the
cumulative number of departing drops saturates for all samples at d,,,/P ratio of
two to three. Since fhis value of d,,/P is also the minimum threshold for
occurrence of the micro-Cassie state, we used to define a border between “small”
and “large” merged drops in the histogram in Figure 4-19c. No large droplets
depart the P-120 surface, because they remained anchored in the “sticky” micro-
Wenzel state. In contrast, on all of the micro-Cassie enabling surfaces about
20—25% of the drop coalescence events resulted in formation of a large drop that
departed the surface (see Figure 4-19d). This general observation implies that
adhesion of Cassie-state droplets condensed on hierarchical superhydrophobic
surface is governed by the number of microscale features in contact with the drop.
For the small droplets, the percentage of departed drops was unaffected by the
microscale topological features with the exception of P-64 surface. On this
hierarchical superhydrophobic surface the fraction (Figure 4-19c) and the total
number of small departing drops (Figure 4-19a) was two to three times higher
than on any of the hierarchical superhydrophobic surface as well as the solely
nanostructured P-0 surface (25—35% of drops depart this surface after
coalescence). This trend is also reflected in the rather uniform drop size
distribution curve for the P-64 surface in Figure 4-19d. Because of their efficient

shedding, the percentage of small drops on the P-64 surface is less than on the
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other surfaces.
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Figure 4-19. Cumulative droplet departure diameter. Cumulative number of drops which have (a)
departed or (b) remained anchored to the surface in terms of the ratio of the drop diameter to the microscale
feature center-to-center distance (d,.,/P), (c) Percentage of drops with diameters below or above the
dy,.,/P = 2 threshold which have departed the surface, and (d) Size distribution of drops with diameters
above 30 nm for P-0, P-120, P-64, P-40, and P-30 surfaces. An individual point refers to the percentage of
total drops on the surface that have diameters within 30 pm interval starting at the value of the point.

The microscale topological features on the P-64 surface are spaced closely
enough to enable transition of large droplets into the micro-Cassie state, while at
the same time providing sufficient space in-between the features for coalescence of
two small droplets with diameters above d,, (see Figure 4-19b). As a result mobile
coalescence can occur between two small drops condensed in-between the features.
Consequentially, the mobile droplets can trigger numerous multi-drop coalescence

events that lead to formation of easily departing drops in the micro-Cassie state.

In contrast, the schematic in Figure 4-19a illustrates that on surfaces with P <

104



Superhydrophobic Textures

2dth (P-40 and P-30 superhydrophobic surface), only micro-droplets with
diameter below dth can coalesce in- between the features, decreasing the number
of mobile coalescence events between small drops. In addition the probability of
mobile coalescence events decreases in this case because the edges of the
microscale topological features are more prone to defects in the nanostructure.
Lastly, despite large solely nanostructured area, we do not observe numerous
small departing drops on the P-120 surface because large fraction of the area is

occupied by large droplets in immobile micro-Wenzel state.

(a)

(d) P-64

Jumping threshold:

el [0-15 um

50 um

Figure 4-20. Departure diameter threshold. Schematic showing the relation between postcoalescence
mobility of droplets with ddrop/P = 2 on hierarchical superhydrophobic surface with the center-to-center

distance of the microscale topological features (P) (a) equal to or smaller and (b) greater than two times the
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mobile coalescence threshold diameter (dth); (c—f) top-down SEM images of P-120, P-64, P-40, and P-30
surfaces and schematic showing two pairs of drops with dismeters of 10 and 15 wm.

In this work we explored the relation between droplet coalescence dynamics,
droplet wetting states, and the micro- scale topography of the underlying
hierarchical superhydrophobic surface. We showed that for mobile coalescence to
occur between two droplets on any of the superhydrophobic surface, the drops
need to have diameters of at least 10 to 20 um. However, we also showed that
coalescence of two drops producing a drop with diameter above 30 pm is
infrequent as compared to serialk coalescence events involving three or more drops.
The multi-drop coalescence e\;énts occurred when neighboring droplets combined
or when drops were sequentially swept up in a domino-like process. These novel
droplet shedding modes were triggered by mobile coalescence resulting in a
tangentially departing droplet that subsequently collided with another
neighboring or distant drop. Irrelevant of the mode, the serial coalescence events
culminated in formation of a drop that either departed or remained anchored to
the surface. Analysis of post-coalescence adhesion of drops with diameters in the
30—100, 100—200, and above 200 pm ranges demonstrated strong influence of the
microscale feature geometry;‘ however no clear trend was evident from the data
presented in these absolute terms. To gain an insight into the post-coalescence
adhesion data, we studied the effect of the microscale topology on the wetting
states of the condensed droplets. We confirmed that micro-droplets can be in
nano- Wenzel and nano-Cassie states, dependent on the location of nanodroplet
nucleation on the nanostructure. The capillary bridges connecting droplets in the
nano-Wenzel state to the substrate were likely responsible for occurrence of
immobile coalescences between two small microdrops. Next, we found that drops

condensed on hierarchical superhydrophobic surface with microscale feature
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center-to-center distance equal or less than 64 pm did transition into the micro-
Cassie state. In order to tramsition into this microscale nonwetting state the
drops had to have diameters two to three times greater than the center-to-center
distance between the microscale topological features. Rescaling of the
postcoalescence drop adhesion data in terms of merged diameter to microscale
feature center-to-center distance ratio revealed clear trends. Specifically, if a
hierarchical superhydrophobic surface architecture did not promote formation of
drops in the micro-Cassie state, the postcoalescence drop adhesion was
dramatically increased as compared to solely nanostructured surface. In turn, on
micro-Cassie state enabling architectures about 20—25% of droplets with d,.,,/P
> 2 departed after coalescence with other drops. The formation of drops in a
micro- Cassie state also correlated to a decrease in the maximum observed
diameter from ~1000 pm to ~500 pm (P-0 and P- 120 vs P-64, P-40, and P-30
superhydrophobic surface). For droplets with dd,op/P < 2, about 25—35% of drops
formed in a drop coalescence event departed the P-0, P-120, P-40, and P-30
superhydrophobic surface, while 60% departed the P-64 superhydrophobic surface.
The architecture of the P-64 surface is optimal for shedding microdroplets
because it enables higher mobility of droplets with d,,,/P > 2 through formation
of Cassie state while at the same time provides sufficient spacing in-between the
microscale features for mobile coalescence of two droplets with diameters above

dth‘
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5 Lubricant-Imbibed Textures

5.1 Steam condensation

Since Cassie droplets have minimal contact with the surface, they can be
easily shed.” However, under condensation, many natural and synthetic
superhydrophobic surfaces display poor drop mobility due to nucleation of
droplets within texture features (Figure 5-1a, b) that ultimately results in sticky,
Wenzel droplets (Figure 5-1c).**®%1% To overcome these limitations, hybrid
hydrophobic-hydrophilic surfaces that prométe Cassie condensation and micro-
nano textures that promote coalescence-induced self-propélled dropwise
condensation have been developed.’®'*?'! Though promising, these approaches
require surface textures with intricate designs and morphologies that are
vulnerable to damage and defects. Furthermore, although this technique is
applicable to working fluids with large surface tension such as water, it is unlikely
that a superhydrophobic state could be maintained when condensing low-surface
tension fluids.'®

In this chapter we present an alternate approach to promote dropwise
condensation in which the condensing surface is microscopically textured and
imbibed with a lubricating liquid immiscible with the condensed liquid (Figure
5-1d). Such surfaces have recently been shown to display low contact angle
hysteresis, self-cleaning, self-healing by wicking upon damage, repellency to
variety of liquids and anti-icing properties.®* Furthermore, the shedding velocity
of droplets from such surfaces has been shown to be inversely dependent upon

viscosity.® In this chapter we show that by appropriately choosing the lubricant

and designing the geometry and chemistry of the texture, enhanced condensation
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can be achieved (Figure 5-le-f). We demonstrate that condensate droplets of
water as small as 100 pm become mobile on such surfaces, continually sweeping
them and creating fresh areas for further nucleation (Figure 5-le-f). We capture
the growth and shedding of the condensing droplets through direct imaging in an
environmental scanning electron microscope (ESEM) as well as in a controlled-
environment condensation apparatus. We also investigate the effect of surface
texture and the interplay of the interfacial energies of the lubricant, textured

surface, and droplets in order to facilitate design of such surfaces for enhanced

condensation.

e 0.0 sec 24.4 sec 36.6 sec 48.8 sec

Figure 5-1. Comparison of condensation of water vapor on superhydrophobic and lubricant-
imbibed surfaces with identical texture. (a) Schematic of condensation on a superhydrophobic surface
showing the formation of droplets throughout the texture. (b) ESEM image sequence of condensation on a

hierarchical superhydrophobic surface comprising nano-textured micropost arrays (see Figure 5-4e). Droplets
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randomly nucleate on the top and within the texture features, grow and coalesce, and eventually (t >>1000
sec) form (c) a large Wenzel droplet that is highly pinned. (d) Schematic of condensation on a lubricant-
imbibed surface showing that droplets remain afloat on a lubricant film without impaling into the surface
texture. (¢) ESEM image sequence showing growth and motion of microscopic droplets on a nano-textured
micropost array surface imbibed with ionic liquid. Drop B moves against gravity and coalesces with another
randomly moving droplet A at 48.8 seconds, thereby clearing the surface for further nucleation. (f) ESEM
image shows even after long time (>1000 s) small droplets remain mobile and clear the surface for further
nucleation. The ESEM experiments were conducted under identical conditions (pressure = 1000 Pa,
substrate temperature ~4.5°C, beam voltage = 25 kV and beam current = 1.7 nA; the surfaces were titled
by 15° to the vertical).

We begin by describing the conditions necessary to imbibe a lubricating
liquid into a textured surface and subsequently prevent its possible displacement
out of the texture once condensate droplets start to form. Preventing lubricant
displacement is important to avoid droplets from impaling the texture and
becoming stuck.” For simplicity, we refer to the lubricant as oil and condensate
droplets as water. It has been shown that an oil will imbibe a textured surface if
Qosiw) < 4., Where g,,,,is the contact angle of oil (subscript 'o') on the smooth solid
(subscript 's') in the presence of vapor (subscript 'v'), and ¢, is the critical
contact angle for impregnation given by: ¢.=cos'[(1-f) / ( 7- f)].* Here, fis
the fraction of the projected area of the textured surface that is occupied by solid
and r is the ratio of total surface area of the textured surface to its projected area.
For example, in the case of microposts, f=a®/(a +b)®> and
r=1+ 4ah / (a+ b)?, where a is post width, b is edge-to-edge spacing between
posts, and h is the post height. In the special case of g,,,) = 0, the entire texture
is covered with oil. When this condition is not met, portions of the texture are
left uncovered above locations where the local contact angle of oil equals g, -

Once water droplets begin to form on the textured surface, they can displace the

oil from the texture unless g,,,,)< ¢,, Where g,,,, is the contact angle of oil on the
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smooth solid in the presence of water (subscript 'w').”® Again, if g,,,) = 0, the
entire texture underneath the water droplets would be covered with oil, whereas
when this condition is not met, portions of the texture will remain uncovered and
exposed to water. In addition to the above two conditions, a less obvious task in
designing lubricant imbibed surfaces is to consider the possibility of cloaking (or
encapsulation) of water droplets by the imbibed 0il.® This can happen when the
spreading coefficient of oil on water in the presence of vapor is positive, i.e.,

S,

ou(y) > 0, Where S,,) = 94, — 9o, — 9. » and gis the interfacial tension between

the phases i and 5!

It is important to consider cloaking because it may
prevent condensate growth, accelerate oil depletion from the texture, and
contaminate the droplets. Conversely, the condensate may completely spread on
oil if S,,, > 0, where S,y = 9,,~ 94 — 9w , leading to filmwise condensation.
This scenario may occur during condensation of low-surface energy liquids such

as refrigerants and organic liquids. Therefore, in order to avoid cloaking and

promote dropwise condensation, S, < 0 and S, < 0.

5.1.1 Lubricant selection

Based on the above considerations, we chose two different lubricants for our
study: a fluorinated oil (Krytox-1506, DuPont) and an ionic liquid (1-butyl-3-
methylimidazolium bis(trifluoro-methyl-sulfonyl) imide, [BMIm*][Tf,N]) which
we will refer to as BMIm for simplicity. Water was used as the condensing fluid.
The condensing surfaces were well-defined cubical microposts of silicon (a = 10
pm, b = 10 pm, and h = 10 pm) fabricated by standard photolithography. A low
energy silane (octadecyltrichlorosilane - OTS) was coated on the textured
surfaces using solution-based deposition in order to render them hydrophobic
(advancing water contact angle = 110° & 4°) and preferentially wet by the

lubricants (see Supporting Information for experimental details). Lubricants were
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imbibed into the textured surfaces by dipping them into a bath of lubricant and
then withdrawing at controlled rates using a dip coater.'®® This procedure ensured
high reproducibility and no excess imi)regnation of the lubricant. Two different
types of experimental approaches were used to study the condensation
phenomena: at the microscale, an ESEM was used at low supersaturation
conditions to analyze the early stages of condensation, whereas at the macroscale,
a controlled-environment condensation rig connected to a 20 kW boiler was used
to examine droplet shedding and departure diameters. Contact angles of both
lubricants on smooth OTS-coated silicon surfaces were measured in the presence
of air as well as water. In addition, the interfacial tensions of lubricants in the
presence of water were measured using the pendant drop method.'® All of the
above parameters, along with the relevant physical properties of the lubricants
are listed in Table 5-1, from which several points are noteworthy. First, S,,, < 0
for both lubricants, implying that water vapor would condense as droplets in
both cases. Second, §,,, < 0 for BMIm, but for Krytox, S,,, > 0, indicating
that Krytox would cloak the condensed water droplets, whereas cloaking would
nbt be expected in the case of BMIm. Third, g, is non-zero but less than g, for
both Krytox and BMIm indicating that the micropost tops will be left uncovered
after impregnation. Fourth, since ¢, < g, for both Krytox and BMIm, water
droplets are expected to remain suspended rather than impale into the texture.
Finally, both lubricants have extremely low vapor pressure, especially BMIm,

which mitigates the concern of lubricant loss through evaporation.
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Parameter Units Krytox BMIm
gov45 mN /m 17 34
Zow® mN/m 49 13
Saw(v) Y mN/m 6 -5
Srwory® mN / m -40 -63
Gos(v) deg. 28+ 4 64+4
Gostw) deg. 28+ 4 37+4
9. deg. 65 65
Density“® kg /m’ 1860 1430
Dynamic

viscosity“’ Pas 0.116 0.032
Vapor pressure mmHg <4x107 <10

5.1.2 Spreading Coefficients of Krytox and Ionic Liquid

The equilibrium spreading coefficient, for Krytox and BMIm on water is
given by S,y = Goo — 9w — 9o, and the equilibrium spreading coefficient for water
on the lubricant is given by S, = 9o = 9w — 9or In these definitions, g,,, g,.
and g¢,, are the surface and interfacial tensions between phases. at equilibrium,
that is, after water and the lubricant become mutually satura.ted. These surface
and interfacial tensions can be calculated from the profile of a pendant drop.'®*
The details on spreading coefficient calculations are given below, and values of all

the surfaces and interfacial tensions and the resulting spreading coefficients are

provided in Table 5-2.

Table 5-2. Spreading coefficients of water-Krytox and water-[BMIm|[Tf,N] systems.

G Gov Youw Supof) Souu)
(mN/m) (mN/m) (mN/m) (mN/m) (mN/m)
Krytox 72 17 49 -40 6
Ionic liquid 42 34 13 -66 -5

The ionic liquid used in the current study ([BMIm*][Tf,N]) is hydrophobic
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and considered to be almost completely immiscible with water.'® However, it is
slightly hygroscopic and has a very low solubility in water (70.77% wt/wt).}%
The properties of BMIm upon saturation with water are available for surface
tension (g,,),""" density'® and viscosity.® In the absence of information on surface
tension of water saturated with ionic liquid, we measured this value directly.
Solutions comprising different concentrations of ionic liquid in water were
prepared. Solutions were sonicated to completely dissolve the ionic liquid in water
and a 5 pL drop taken from the resulting solution was used to calculate the
interfacial tension (g,,). The results of surface tension at different concentrations
of ionic liquid in water are given in Figure 5-2. The saturated value of surface
tension of water in presence of ionic liquid was found as 42 mN/m, calculated

when ionic liquid/water weight% was ~1.0%. The spreading coefficients of water

on BMIm (S,,) and of BMIm on water (S,,) are given in Table 5-2.

75
70 L & 4
65 L J
'E 60} . .
% ™
= 55 -
I~ ]
?_‘E 50} J
45} .
.
»
40 i f 1
0 05 1 15 2
Tonic liquid/water (wt/wt) / %

Figure 5-2. Surface tension of water with increasing concentration of ionic liquid. Decrease in surface tension
of water due to partial miscibility of ionic liquid saturates at low values due to reaching critical micelle

concentration.

We first analyze the effect of lubricant cloaking on the early stages of
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condensation using environmental scanning electron microscopy (ESEM)
performed in a Zeiss EVO-55 and Zeiss EVO-LS10 equipped with a Peltier cooler.
A custom copper fixture was fabricated to mount the samples and ensure
adequate thermal contact with the Peltier device. All experiments were
performed under identical conditions of pressure, electron beam parameters, beam
scanning rate etc. The beam settings used were found to be best optimal settings
for obtaining better imaging contrast of water droplets on the lubricants,
especially Krytox. Videos from ESEM experiments were analyzed using ImageJ
software.”” Droplet growth analysis was performed using methods described
elsewhere.” From the videos, the frames were extracted for analysis of droplet
mobility that was performed using ImageJ. To obtain scaling for converting the
pixel information into actual sizes, a reticule (10mm scale / 100 div) was
photographed at the same focal distance as during the experiment. The change in
droplet location (As) in time At was used to calculate droplet speed as
V= As/ At. This droplet speed is associated with a droplet of size
D, = (D, + D,) / 2 where D, and D, are diameter of droplet at time ¢ and t+ At
respectively. Since droplet coalescence is an extremely rapid process, performing
such droplet mobility measurements over a longer period of time and having large
sample space can provide a time-averaged value of mobility for a given droplet
size. 1000 drops of different sizes were chosen randomly and analyzed for
determining droplet mobility on lubricant—irhbibed and un-imbibed nano-textured
superhydrophobic surface (Figure 5-5¢). The resolution of droplet displacement
measurements was 10 ym. To obtain a representative value of mobility, droplet
diameter was rounded to the nearest multiple of 100 um, and a median for
droplet speed of all the droplets with the same size was calculated.

The experiments were conducted at low subcoolings (substrate temperature,
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T,” 3.6°C, saturation temperature T,,= 3.8°C at P = 800 Pa) so that the
condensation rate was not too high to be captured in ESEM (imaging rate 0.5
fps). These results are shown in Figure 5-3, which reveals that the droplet growth
patterns obtained with the two lubricants are substantially different. On the
Krytox imbibed surface (Figure 5-3a, S,,, > 0), condensation is significantly
inhibited as the droplets (black spots in the images) grow or coalesce little
compared to those on the BMIm imbibed surface (Figure 5-3¢, S,.) <0).
Furthermore, droplets attain barrel shape (time ¢ = 111.9 sec) on the BMIm
imbibed surface as the dry hydrophobic post tops pin (Figure 5-3d) and confine
droplets during the growth process. We calculated droplet coverage in each case
by measuring the fraction of the total area of the images that was occupied by
droplets. These results are given in Figure 5-3e, which clearly shows that the
coverage of water droplets is both much faster and larger on the surface imbibed
with BMIm compared to ‘the one imbibed with Krytox. The suppression of
droplet growth in the case of Krytox imbibed surface becomes more clear when -
we plot the number density of droplets with time and compare it with the BMIm
imbibed surface. These measurements are shown in Figure 5-3f and reveal that
the droplet number density first increases sharply due to nucleation and then
decreases due to coalescence in the case of BMIm imbibed surface. Compa,ratively,
the droplet number density on the Krytox imbibed surface increases weakly
showing that droplet growth was significantly inhibited in this case. Furthermore,
the condensed droplets on the Krytox imbibed surface could not be evaporated
even under high superheat conditions (7, - T, = 20°C). The above findings
suggest that cloaking occurred during condensation on the Krytox imbibed
surface (Figure 5-3b) and did not occur on the BMIm imbibed surface (Figure

5-3d), as predicted by their respective spreading coefficients (Table 5-1). It
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should be noted that cloaked droplets can grow through coalescence by draining
the lubricant film between them,* which could be achieved through droplet
confinement (e.g. within textures) while increasing their number density using

higher supersaturation.
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Figure 5-3. Effects of lubricant spreading coefficient on condensate growth. (a) ESEM image
sequence of condensation on a micropost surface imbibed with Krytox that has positive spreading coefficient
on water (S,, > 0). Condensation is inhibited as Krytox cloaks the condensed droplets. (b) Illustration of
cloaked condensate droplet depicting the thin film of condensate that spreads on the droplet. (¢) ESEM
image sequence of condensation on micropost surface imbibed with BMIm that has negative spreading
coefficient with water (S,, < 0). (d) Ilustration of uncloaked condensate droplet depicting the three phase
contact line of the water-vapor, water-lubricant, and lubricant-vapor interfaces on one end and pinning of
the droplet at the dry post tops at the other end. (e) Plot comparing variation of surface area fraction

covered by condensed water droplets versus time on surfaces imbibed with Krytox (S,, > 0, solid squares)

and BMIm (S,, < 0, open diamonds). (f) Plot comparing number of water droplets per unit area versus time

ow
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on surfaces imbibed with Krytox (solid squares) and BMIm (open diamonds). The ESEM experiments were
conducted under identical conditions (pressure = 800 Pa, substrate temperature ~ 3.6°C, beam voltage
=25kV and beam current = 1.7 nA). In the analysis, t = 0 s is defined as the first frame in which water
drops can be identified.

As shown in the frames showing microscopic growth, water droplets exist as
micro-lenses on the surface of the ionic liquid during the growth process. This
suggests that the change of surface tension of water occurs at times scales much
smaller than condensation time scales. It should be noted that similar behavior
has been noted with benzene and 1,1-diphenyl-ethane.'® Camphor has also been
observed to dissolve slightly in water, and this partial miscibility results in a
decrease in the surface tension of water.'®

Next, we analyze the effect of surface texture on the mobility of condensed
droplets using ESEM. Figure 5-4a shows condensate drops (indicated by A-F)
growing and coalescing on a micropost surface imbibed with BMIm. Although the
drops grow, either by coalescence (droplets A and E, and B and C) or by direct
condensation (droplets D and F), they remain largely immobile. This suggests
that the drops were pinned to the texture probably at the post tops (Figure 5-4d),
which is plausible since both g¢,,,, and g, Were non-zero in the case of BMIm.
Also, the presence of a small drop of BMIm instead of a thin film on the post top
(Figure 5-4c), along with the formation of barrel-shaped drops between the posts
(Figure 5-2c), indicate that the post tops were uncovered by BMIm. To reduce
pinning and enhance drop mobility we added a smaller level of roughness by
etching nanograss on posts (Figure 5-4e) and imbibed it with BMIm. The
additional capillary force imparted by the nanograss stabilizes BMIm even on
post tops (Figure 5-4f), thereby reducing the uncovered solid where condensing

drops could pin (Figure 5-4g). Consequently, when we condensed water vapor on

119



Lubricant-Imbibed Textures

this surface, we observed a dramatic increase in droplet mobility (Figure 5-1e):

drops as small as 100 pm move rapidly across the surface.

a 0.0 sec 244 sec

Figure 5-4. Effects of pinned fraction on micropillars and nanograss. (a) Image sequence showing
growth of water droplets during condensation on micropost surface imbibed with BMIm. The images show
that large droplets appear to grow and coalesce while still remaining at same location; there is no significant
movement of drops. Also evident is the water-lubricant-vapor contact line that is pulled above the substrate.
(b) SEM of a single smooth micropost. (¢) Top-view SEM of smooth microposts imbibed with BMIm. A
stable BMIm droplet can be seen on the surface indicating that the post tops are dry. (d) Schematic of a
droplet on a textured surface that has been imbibed with a liquid for which #,,,, > 0 depicting the exposed
post tops beneath the water droplet and the pulled-up water-lubricant-vapor contact line. (e) SEM of a
single micropost with etched nanograss structures. (f) SEM of imbibed surface with nano-textured
microposts. (g) Schematic of a droplet on the nanograss micropost surfaces that has been imbibed with a
lubricant. The nanograss allows for the lubricant to imbibe the post tops, resulting in reduced condensate-
solid pinned fraction. The ESEM experiments were conducted under identical conditions (pressure = 1400

Pa, substrate temperature ~ 7.7°C, beam voltage =25kV and beam current = 1.7 nA).

Finally, we investigate the macroscopic behavior of condensed droplets on
BMIm imbibed surface and compare it with a superhydrophobic surface having
the same texture (microposts with nanograss) and chemistry (coated with OTS).
These experiments were performed with saturated steam (60 kPa, 86°C) in the
condensation rig of 2.1with a constant surface cooling flux (160 kW m™) and the
condensing droplets were photographed using a digital video camera (Nikon

D300s, 24 fps) equipped with a macro lens system (Nikon 105 mm with two 2X
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teleconverters) and a microscope lens (Navitar 6232). Sample surfaces were
mounted to the face of a cylindrical copper cooling block instrumented with
thermocouples to measure the cooling heat flux. The copper block was cooled by
a water-cooled heat exchanger (NESLAB II, Thermo Scientific) and inserted into
a vacuum chamber. After drawing vacuum of less than 100 Pa to remove non-
condensable gas from the chamber, steam was introduced until the chamber
reached a sfeady pressure of 60 kPa. Ultra-pure saturated steam was produced by
an electric boiler (SR-20, Reimers Boiler Co.) supplied with 5 M} deionized
water passed through a nanoporous membrane degassifier (Extra-Flow, Liqui-Cel)
to obtain dissolved oxygen content of less than 1 ppm.

We find that under identical conditions, condensation occurs first on the
imbibed surface and is delayed on the un-imbibed surface, indicating that the
nucleation energy barrier is lower for imbibed surfaces, consistent with the trends
reported on bulk liquids.'™ The results for droplet motion are shown in Figure 5-5.
As seen in Figure 5-5a, droplets on the superhydrophobic surface were highly
pinned, which was apparent by the non-spherical shape of the contact line of
large droplets due to stretching by gravity. On the other hand, condensed
droplets on the BMIm imbibed surface moved rapidly, which is shown in Figure
5-5b by drawing circles around some of the droplets to show their motion. While
large droplets (T 1 mm) moved primarily in the direction of gravity, small ones
(T 100 pm) moved in random directions creating a sweeping effect, as shown by
circles and arrows in Figure 5-5b. To further characterize droplet mobility, we
analyzed the motion of more than 1000 condensing droplets of various sizes on
both the surfaces. We plot the speed of a representative droplet moving on the
BMIm imbibed surface with time and compare it to that on the

superhydrophobic surface. This is shown in Figure 5-5¢, which shows that the
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droplet on the superhydrophobic surface remained mostly immobile except when
it coalesced with a larger drop, resulting in a sudden increase in its speed (spikes
in Figure 5-5¢). On the other hand, the droplet on the BMIm imbibed surface
was predominantly mobile with a speed that was several orders of magnitude
higher than that on the superhydrophobic surface. Figure 5-5d assembles data of
Figure 5-5c for a range of droplet sizes (from ~ 100 pm to gravity-induced
departure) and plots their median speeds on the BMIm-imbibed and
superhydrophobic surfaces. It can be seen that the median speed of droplets on
the superhydrophobic surface remains negligible until the droplets grow
sufficiently large to move by gravity (about 3.5 mm in diameter). In contrast, the
median speed of droplets on the BMIm imbibed surface is much higher as early
as when they are 100 pm in diameter. Moreover, the median speed remains
consistently high and increases even further for higher droplet sizes until they
begin to shed due to gravity. This data reveals a remarkable difference between
the two surfaces: while droplets on the BMIm imbibed surface display gross
continual motion, droplets on the superhydrophobic surface mostly "nudge"
intermittently. The continual motion with high speeds on the BMIm imbibed
surface is extremely beneficial as it induces a sweeping effect on the condensing
surface and paves the way for nucleation of new drops. Since the condensation
heat transfer is a strong function of droplet mobility,!* we expect the BMIm

imbibed surface to exhibit superior heat transfer performance.
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Figure 5-5. Comparison of condensation on a hierarchical superhydrophobic and BMIm-imbibed
surfaces with identical texture at macroscale. (a) Representative image of condensation on
superhydrophobic surface comprising nanograss microposts; large pinned droplets are seen before shedding
from the surface. (b) Representative image of condensation on nanograss microposts imbibed with BMIm.
Both small and large droplets are highly mobile; colored circles are provided as a guide to eye for depicting
droplet motion. (c) speed of a representative droplet (initial diameter “420 pm) as a function of time for un-
imbibed (black circles) and imbibed surfaces (orange circles). (d) median speed of droplets as a function of
drop diameter for un-imbibed (black circles) and imbibed surfaces (orange circles). The velocities of the
immobile drops which moved by less than 1 pixel were below the measurement threshold of our apparatus,
and therefore were assigned a value of zero The data are plotted on a mixed linear/logarithmic scale to

capture both the zero value and substantial range of magnitudes in droplet speed.
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In summary, we show that condensation of water droplets on lubricant-
imbibed nanotextured surfaces occurs with enhanced droplet mobility compared
to superhydrophobic surfaces. The enhancement results from the fact that the
condensed droplets stay afloat on the lubricant with minimal pinning to the
surface compared to superhydrophobic surfaces where droplets grow within
textures and get strongly pinned. We describe the conditions required to ensure
droplet floatation and demonstrate the effect of key pmaﬁeters, such as texture
geometry, surface energies of various phases, and lubricant cloaking on droplet
growth and mobility. The extremely high mobility and the resultant sweeping
effect of condensed drops observed on lubricant imbibed surfaces makes them
promising for enhanced condensation heat transfer. We identify several
phenomena, such as lubricant cloaking and pinning reduction ‘using .pa,rtia,lly-wet
nanotextures, that are expected to have broad implications for other applications

of these surfaces such as anti-icing, self-cleaning, and anti-fouling.
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5.2 Low-sigma condensation

Here, we investigate the condensation of a variety of liquids with low surface
tensions (12 to 28 mN/m) on lubricant-imbibed surfaces and compare the
behavior to smooth oleophobic and textured superomniphobic surfaces.
Specifically, we used a custom built condensing chamber to study condensation of
perfluorohexane, pentane, hexane, octane, isopropanol, ethanol, toluene, and, as a
reference, water. The surfaces tested in the present study include both smooth
and textured silicon wafers functionalized with fluorosilane coatings. The
textured samples were vapor-deposited alumina-silica nanotextures'™ (Figure
5-6a), spray-coated re-entrant structures'™ (Figure 5-6b), and microposts (Figure
5-6¢c). Wettability and condensation of all the textured surfaces was studied
before and after imbibition with Krytox perfluorinated oil (Krytox-1506 from
DuPont, Figure 5-6d, e, f). This lubricant was selected primarily because its
surface tension (y, = 17 mN/m) is low enough to promote dropwise condensation

58,63

of most condensed fluids while avoiding cloaking,”* and also because of its low

vapor pressure, broad chemical inertness, and immiscibility with most of the

condensed fluids.

Advancing and receding contact angles and hysteresis of the condensing liquids on the smooth oleophobic,
nanotextured, and Krytox-imbibed nanotextured surfaces were measured using the pendant drop method.
On the nanotexture, although the advancing contact angle of water was greater than 160° with a contact
angle hysteresis less than 5°, we found that all low-surface tension liquids spread over the texture. On the
superomniphobic surface, ethanol wet in a Cassie-Baxter state with an advancing angle of 147 & 3°,' and
thé n-alkanes wet in the Wenzel state with an advancing contact angle of ~50°. Since the surface is 50%
PMMA, it was incompatible with toluene and isopropanol. Perfluorohexane spread completely on all surfaces
due to its low surface tension, and since it is almost completely miscible with Krytox, also spread on all
lubricant-imbibed surfaces. The contact angles of the non-spreading liquids on the smooth oleophobic surface
and Krytox-imbibed nanotexture are shown in Textured surfaces before and after lubricant

impregnation. (a) vapor-deposited alumina-silica nanotexture. (b) re-entrant superomniphobic texture. (c)
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(d) Krytox-imbibed nanotexture.

superomniphobic texture. (f) Krytox-imbibed microposts.

Table 5-3.

Figure 5-6. Textured surfaces before and after lubricant impregnation. (

silica nanotexture.

photolithography.

(b)

(d) Krytox-imbibed nanotexture.

Krytox-imbibed microposts.

re-entrant

superomniphobic

texture.

(c)

(e) Krytox-imbibed superomniphobic texture. (f)

Silicon microposts

(e) Krytox-imbibed

a) vapor-deposited alumina-

etched via

Table 5-3. Surface tension, ¢, advancing contact angle, #, receding contact angle, #, and contact angle

hysteresis, A#, of non-spreading condensing liquids measured on smooth oleophobic surface and Krytox-

imbibed nanotexture.

smooth oleophobic surface

(y. = 10.1 mN/m)

Krytox-imbibed nanotexture
(yn =17 mN/m)

6,(25°C) 0, o, A0 0, 0, A0

liquid [mN/m]  [deg] [deg] [deg] [deg] [deg] [deg]
water 127 119.5:£2,1 603+ 1.7 59.3+3.2 1188+ 1.0 116.8+0.5 2.0+0.8
toluene 27.9 753412 450+ 14 30.3+1.5 66.0+1.0 353+£25 307+3.1
ethanol 24.8 66.5+06 373+1.9 293 %22 57.8+4.0 0.0 57.8+4.0
isopropanol  20.9 583+£25 355+24 22.8+1.7 41326 0.0 413+2.6
pentane 15.1 303505 2 93+1.7 41.0+22 353 £0:5 52421 20115
hexane 18.0 57325 307£12 26.7+1.5 440+ 1.0 11338 32.7+4.0
octane 2001 66.7+0.6 34.7+0.6 240+1.0 553+0.6 43.0+3.6 12:3+ 3.8
perfluoro- 12.0 0.0 0.0 0.0 0.0 0.0 0.0
hexane
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5.2.1 Condensation behavior

Next, we investigated condensation behavior of all fluids on four surfaces:
smooth oleophobic wafer, dry superomniphobic texture, and the Krytox-imbibed
and unimbibed nanotexture. On the flat oleophobic surface, we observed
continual formation and shedding of drops of all fluids with exception of
perfluorohexane (Figure 5-8a). For the fluids with which the superomniphobic
_texture was compatible, namely water, ethanol, and the n-alkanes, the surface
exhibited filmwise condensation. On the unimbibed nanotexture, although
condensation of water led to self-propelled jumping droplet motion, all of the low-
surface tension fluids flooded the surface (Figure 5-8b). Finally, on the Krytox-
imbibed nanotexture, condensation of water, toluene, pentane, octane, and
hexane led to continual formation and shedding of drops (Figure 5-8¢c) whereas
condensation of perfluorohexane, ethanol, and isopropanol, led to filmwise
condensation.

Visualization of the condensation behavior of different fluids was performed
inside a condensation chamber (Figure 5-7). After mounting of the sample using
double-sided copper tape on the aluminum back-plate, the bottom of the chamber
was filled with 25 mL to 100 mL of the liquid. Perfluorohexane (99%, Sigma-
Aldrich), pentane (99%, Sigma-Aldrich), n-hexane (95%, J. T. Baker),
isopropanol (99.99%, Fisher), ethanol (99.5%, Sigma-Aldrich), n-octane (99%,
anhydrous, Sigma-Aldrich), toluene, (99.8%, Sigma-Aldrich) and deionized water
were used as working fluids. The pressure within the chamber was reduced using
house vacuum down to about 50 kPa. After pumping down for about 30 s to 60 s,
the vaculim valve was closed and temperature of the sample was reduced using a

water-cooled Peltier element mounted to the outer side of the back-plate.

!
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Temperatures were monitored using a K-type thermocouple placed in a recess
drilled into the back-plate. To minimize the thermal contact resistance, silicon
thermal grease (Dow-Corning) was applied between the Peltier element and the
aluminum back-plate. The sample was illuminated using a ring light (Nikon) and
imaged using a CMOS camera (ImagingSource) with a 10x objective lens. Images
of the condensation process were captured for a period of 30 to 90 minutes with
frequency of 5 Hz to 0.2 Hz, dependent on the rate of condensation of particular
fluid. The images were manually analyzed using FIJI image analysis software. All
reported diameter values are averages of six measurements with associated
standard errors reported with a coverage factor of one. To ensure that residual
water vapor in the chamber did not affect the condensation process, a control
experiment was carried out by evacuating the chamber without a liquid and
reducing the temperature of the back-plate to -5°C. No condensation or frost
formation was observed on the back-plate and mounted silicon wafer after 30
minutes of cooling, indicating a negligible amount of residual moisture in the

chamber.

I --— water in

_ water chiller

— water out
~Peitier cooler

hotplate

Figure 5-7. Schematic of condensation chamber. The bottom of the chamber was filled with a small amount of
working fluid and evacuated. A Peltier cooler at the rear of the device provided cooling flux and temperatures were

measured with a K-type thermocouple.
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pentane hexane octane isopropanol ethanol toluene water
18 mN/m 25 mN/m 72 mN/m

perfluorohexane
12 mN/m

Figure 5-8. Effect of condensate interfacial tension on condensation mode on different surfaces.
Condensation of various low-surface tension fluids on a (a) flat oleophobic surface, (b) unimbibed
nanotexture, and (¢) Krytox-imbibed nanotexture. DWC and FWC stand for dropwise and filmwise
condensation, respectively.

The continual shedding of drops of all liquids (with exception of

perfluorohexane) from the smooth oleophobic surface can be explained by its

combination of moderately high contact angle and low contact angle hysteresis.”
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However, since the advancing contact angles of all of low-surface tension fluids on
the silanized solid was significantly below 902 (see Table 5-3), the addition of any
surface roughness should amplify the wetting properties of the surface according

to Wenzel’s equation:'*"'™

cosf, =rcosé, Equation 5-1

where 6, and 6, are the Wenzel and Young equilibrium contact angles,
respectively, and r is the Wenzel roughness: the ratio of the actual and projected
areas. Hence, flooding of a textured silanized surface would be expected whenever
condensing a low-surface tension fluid with an equilibrium contact angle less than
90°. However, such wettability arguments cannot be used to explain condensation
behavior on the re-entrant superomniphobic surfaces. These surfaces have been
shown to repel macroscale drops of ethanol and other low surface tension liquids
due to their re-entrant geometrical features, where the wetting state is described
by a modified Cassie-Baxter equation.’*'” During condensation, since nuclei of
condensing liquids have critical diameters of only a few nanometers,” they can
easily nucleate within the roughness features of the re-entrant texture, similar to
what was shown previously for Water..5“’55’1“""“’15’57 This behavior prevents formation
of the Cassie-Baxter wetting state necessary for omniphobicity® and leads to the
flooding observed on the spray-coated superomniphobic surface during
condensation.

Impregnation of the textured surfaces with the perfluorinated oil
dramatically alters macroscale wetting and condensation behavior of all the fluids
and highlights the importance of the surface morphology. The wetting states for
all of the condensing liquids on the Krytox-imbibed nanotexture, except for
perfluorohexane since it is miscible with Krytox, are calculated from Equation 5-2

and depicted in Figure 5-9a, b, c¢. It has been shown that if the spreading
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coefficient (S,) of the lubricant (subscript 1) on the solid (subscript s) in the
presence of condensate (subscript c¢) is greater than zero, i.e. Sy, >0, then the
condensate drops will float on a thin film of lubricant with virtually no pinning
(Figure 5-9¢).” If S, <O, then in order to prevent the condensate from
displacing the lubricant (Figure 5-9a), the surface lubricant and solid must

possess surface energies in relation to the surface roughness such that

_(r—l )<M<0 Equation 5-2
r—¢

Ve
where r is the ratio of the actual surface area to the projected surface area and ¢

is the solid/condensate fraction.”

a b c

water
isopropanol
ethanol
toluene
pentane
hexane
octane

|
'
1
I
|
|
|

3

T T T ‘)L
e T4
r—9, nanotexture r—¢ superomniphobic

Figure 5-9. Wetting states of condensing fluids on Krytox-imbibed surfaces. The z-axis shows the

spreading ratio of the lubricant on the solid in the presence of condensate. Dotted vertical lines correspond

to roughness ratios on nanotexture and superomniphobic texture.

We observed that isopropanol and ethanol exhibited filmwise condensation.
These liquids have a higher liquid/vapor interfacial tension than pentane and

hexane, thus it was surprising to see that they display filmwise behavior while
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pentane and hexane displayed robust dropwise shedding behavior. This behavior
can be explained by noting that the spreading coefficient of Krytox in the
presence of isopropanol and ethanol is much lower than with pentane or hexane
(Figure 5-9d), so the former two liquids act to destabilize the lubricant film and
impale the solid texture. These experiments highlight the importance of the
spreading coefficients of the lubricant on the solid surface not only in the

presence of vapor but also in the presence of the condensate.

Table 5-4. Condensate/lubricant interfacial tensions and spreading coefficients.

O Or Sterw) S

[mN/m] [mN/m] [mN/m] [mN/m]
water 72 49 6 -104
toluene 28 8 -38 -19
ethanol 23 8 -32 -15
isopropanol 22 7 -32 -11
pentane 16 3 =30 -1
hexane 18 4 -32 -5
octane 22 5 -34 -10
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The average base diameters of shedding drops were measured (see

Table 5-5) to further investigate the effects of wetting state on condensation
behavior. We observe a difference in shedding diameter of the different liquids on
the same surface, which do not follow the same trend as the departure diameters
on the smooth oleophobic surface. We attribute this behavior to the difference in
wetting state of the lubricant film beneath the condensate drops. The small
departing diameters of toluene (1.3 = 0.2 mm) and pentane (1.2 + 0.1 mm)
compared to hexane (2.4 + 0.1 mm) and octane (2.2 + 0.2 mm) can be explained
by their larger spreading ratio. Since the spreading coefficient of Krytox in the
presence of toluene and pentane is larger than with hexane and octane, the
former two liquids tend to stabilize the lubricant film underneath condensate

drops, leading to reduced pinning and thus smaller departing diameters.

Table 5-5. Base diameters of condensing drops shedding from flat oleophobic surface and Krytox-imbibed

nanotexture measured at 10-minute intervals.

smooth oleophobic Krytox-imbibed

surface nanotexture

dpase dpas(0 Min)  dpas (10 min)  dpye (20 min)
liquid [mm] ’ [mm] [mm] [mm]
water 2.2+0.2 1.0+0.1 1.0+0.1 1.0£0.1
toluene 2.7£0.6 0.8+0.1 1.3+0.2 1.5+0.1
ethanol 2.0+0.1 filmwise filmwise filmwise
isopropanol 1.9+0.2 filmwise filmwise filmwise
pentane 1.5+0.1 0.8+0.1 1.2+0.1 1.5+0.2
hexane 2.5+0.1 2.3+0.2 2.4+0.1° 2.84+0.2°
octane 1.8+0.3 2.1+0.2 2.2+0.2 2.3+0.2

*measured at 7.5 min and 15 min
Average drop departure diameters from the imbibed nanotexture measurably increased over time, and are

given in

Table 5-5 at the initial moments of dropwise condensation, after 10 minutes,
and after 20 minutes. On the smooth oleophobic surface, we did not observe any

change in condensation behavior over time. On the imbibed nanotexture, on the
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other hand, we observed that drop circularity decreased while departure size
increased during condensation. We attribute this increase in shedding diameter
over time to a gradual depletion of the lubricant film when the texture becomes
exposed and thereby pins the drops.® To determine the effects of excess lubricant
during condensation, we performed an additional condensation experiment in
which the excess lubricant layer was not removed with a nitrogen jet. The
sequence of images in Figure 5-10a shows that condensation of pentane on this
surface led to rapid emulsification of the lubricant. Most of the excess lubricant
was removed by the shedding of this emulsion-like heterogeneous mixture of
pentane and Krytox drops during the first 7140 sec of condensation. Subsequent
pentane condensation behavior resembled that observed on the imbibed
nanotexture without the excess lubricant layer (Figure 5-8c). Thus, the presence
of the excess lubricant layer is not beneficial for condensation and is quickly
removed during the process.

To further elucidate the interplay of texture on the stability of the lubricant
film, we investigated the condensation of pentane on the imbibed
superomniphobic and micropost textures (Figure 5-10b, c). We observed that the
behavior of pentane condensation on these surfaces was strongly influenced by
the underlying solid texture. As Witil condensation on the imbibed nanotexture,
the imbibed superomniphobic texture exhibited sustained shedding of drops
(Figure 5-10b). We also observed that the pinning of shedding droplets increased
over time on the imbibed superomniphobic texture. The drops shown in Figure
5-10a and b illustrate that this effect was much more pronounced on the

superomniphobic texture.
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a nano-LIS

b micro/nano-LIS

C micro-LIS

Figure 5-10. Effect of texture of lubricant-imbibed surfaces on condensation. (a) Condensation on
Krytox-imbibed nanotexture with excess lubricant, clearing off by T140sec. (b) Krytox-imbibed
superomniphobic texture with highly-pinned drops. (¢) Imbibed microposts are displaced by condensing

pentane.

The increased pinning to the imbibed superomniphobic texture can be
explained by the larger exposed area fraction of the roughness features. The SEM
images in Figure 5-6d and e show topology of the imbibed nanotexture and
superomniphobic texture after about 10 minutes of pentane condensation. The

high area fraction of microscale topological features protruding above the
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lubricant level on the imbibed re-entrant texture explains the higher degree of
drop pinning observed on this surface as compared to the relatively smooth
imbibed nanotexture.’®%

On the imbibed microposts, the behavior was starkly djffereﬁt from the
other two i’mbibedv tektures. ’On'l‘y a small number drops formed and ‘éither
remained stationary or shed and aggregated at the bottom of the sample (Figure
5—100). We also find during these experiments that contact between drops did not
necessarily lead to their coalescence, and that in some cases secondary drops on
top of primary drops were present.”® After 30 sec, further cooling of the surface
did not result in formation of any additional drops. We observed that after
evaporation of pentane, triggered by raising the cooling plate temperature, the
sample had exhibited significant morphological heterogeneities not present prior
to condensation.

We attribute the unusual behavior on the imbibed microposts to the
displacement of the lubricant by the condensate as predicted by Equation 5-2.
Since the roughness of the micropillars is much lower than that of either the
imbibed nanotexture or superomniphobic texture, the critical spreading ratio that
leads to impalement is not as low for this surface. As indicated by Figure 5-9, all
liquids except water have a spreading ratio that is sufficiently low to cause
impalement of the microposts by the condensate. This hypothesis is further
supported by observation of the morphology of the surface after pentane
evaporation. Figure 5-9 shows that the heterogeneities after condensation
correspond to regions in which oil was displaced from the surface. Additionally,
the image sequences in Figure 5-10c shows that the Krytox, which accumulated
at the bottom of the sample after dewetting, slowly wicks back in-between the

micro-pillars leading to self-healing of the lubricant-imbibed surface.
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5.2.2 Heat transfer coefficient

To determine the enhancement of dropwise over filmwise condensation
modes, we measured the heat transfer coefficients for ethanol, pentane, and
hexane on flat hydrophilic and flat oleophobic surfaces. The corresponding values
for dropwise condensation were also estimated theoretically by substituting the
experimentally measured droplet departure diameters and average contact angles
into Kim and Kim’s model. For filmwise condensation an equivalent heat transfer
coefficient was estimated using a linear fit to the Nusselt model over AT range of
0 K to 10 K. The plot in Figure 5-11 shows close agreement between the
measured and calculated values. This plot also demonstrates a four to eight-fold
enhancement in heat transfer coefficient for dropwise vs. filmwise condensation
for the three fluids. We also used the two models to predict the heat transfer
~ coefficient enhancement for the remaining fluids on both smooth oleophobic
surfaces and Krytox-imbibed nanotexture. The plot in Figure 5-11 shows that for
all fluids the predicted heat transfer coefficient enhancement on smooth
oleophobic surfaces was in the four to eight-fold range, but was smaller, in the
two to six-fold range, for the Krytox-imbibed nanotexture. The difference in the
enhancement value on these two types surfaces stems from the thermal resistance

introduced by the lubricant layer.
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Figure 5-11. Measured and predicted enhancement of heat transfer coefficients. The predicted
filmwise HTC was calculated from linear fit to Nusselt model and the predicted dropwise HTC on smooth
oleophobic surface and Krytox-imbibed nanotexture was calculated using Equation 1-2 with experimentally
determined departing diameters from Table 5-5. Experimental measurements are indicated with points.
Heat transfer coefficients were measured by introducing vapor to a chilled
sample surface with diameter 50mm held in an evacuated chamber. The back side
of the sample was chilled by forced cooled water. A vial of condensate liquid was
immersed in a circulating water bath held at 35-40°C depending on the vapor
pressure of the condensate. A vacuum vent was held near the point of heat
transfer measurement to exhaust any non-condensable gases that may have
accumulated in the chamber. Exhaust rates were less than 1 sccm and did not
noticeably perturb condensation behavior. Sample temperatures were measured
by 2252 kOhm thermistors (T337, Redfish Sensors) embedded 25 mm into a
metal block behind the sample surface at precisely known locations. The
thermistors were calibrated to £ 0.01°C using a platinum resistance probe (T100,
Isotech) immersed in a circulating bath (FP-25, Julabo) filled with 50/50
water/ethylene glycol held to £+ 0.01°C. The measurements of dT/dx, along with
the thermal conductivity of the block, were used to determine the surface

temperature. Saturated vapor temperature was determined from an Arrhenius

138



Lubricant-Imbibed Textures

correlation fitted to the range of 5-20°C, with residuals less than 0.01°C.
Saturation pressure was measured by a high-accuracy pressure transducer (PX01
Omega) calibrated to + 0.15% reading against a precision manometer (629B,
MKS Instruments). Subcooling temperatures were thereby measured to accuracies
better than 0.08°C. Measurements were taken after the apparatus had been

allowed to reach steady state for 30 min.

Figure 5-12. Vapor condensation heat transfer measurements. A sealed vial of vapor was immersed in
a recirculating temperature bath and introduced into a vacuum chamber through a needle valve. The test
surface in the vacuum chamber was cooled by forced chilled water and the resulting condensate drained back

into the vapor vial.

In summary, we studied the condensation modes of fluids with surface
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tension in the range of 12 - 30 mN/m on oleophobic, superomniphobic, and
lubricant-imbibed surfaces. We demonstrated that smooth oleophobic and stable
lubricant-imbibed surfaces promote continual droplet formation and shedding of a
majority of the studied fluids, whereas unimbibed superomniphobic textures
become flooded due to nucleation within their re-entrant texture. By promoting
dropwise condensation, we anticipate the increase in heat transfer coefficient to
be at least two to four fold vs. filmwise condensation. Further increases in heat
transfer coefficients on lubricant-imbibed surfaces could be realized by using
higher thermal conductivity lubricant, minimizing the solid pinned fraction or
using a lubricant-solid pair that have positive spreading coefficient in the
presence of the condensate, which may also reduce lubricant drainage. Although
the results for most of the studied fluids are promising, this study demonstrates
the significant difficulty in promoting dropwise condensation of ultra-low-surface
- tension liquids, specifically fluorocarbon liquids. Future work should be directed
toward the development of durable ultra-low-surface energy modifiers, and also to

lubricants that are not non-wetting to fluorinated liquids.
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6 Conclusions

6.1 Review of heat transfer coefficient

It is important when analyzing the performance of a particular component
of a larger to take into consideration the system as a whole. In this case, it is
helpful to start with an analysis of the overall heat transfer coefficient of a
surface condenser. We will consider the case of shell-and-tube configuration since
this type of condenser is used most commonly in power plants.”

The heat transfer through a condenser may be simplified into three
dominant resistances. Although there are other sources of thermal resistance,
such as non-condensable vapor and tube fouling, we will consider here the
idealized case where the overall heat transfer coefficient is determined by three

individual heat transfer resistances, shown below in Figure 5-2.

[KW/m’K]  p, h, h,

filmwise Q.7 199 10.2
dropwise 9.7 199 385

Figure 6-1. Thermal resistances in condenser tube. The thermal resistances of a condenser tube are
dominated by three principal resistors, or inverse heat transfer coefficients: convection from coolant water to

the inside of the tube A, conduction through the tube h,, and condensation on the outside of the tube h,
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which in filmwise mode is dominated by convection through the condensate film.

First, heat is transferred from saturated steam to the surface of the tube. In
the case of filmwise condensation, which we will use as a point of comparison, all
thermal processes may be lumped into a single heat transfer coefficient, given
below by the Nusselt correlation:!™

123

/“k(Tm _Tw)

Ni, =0.728 Equation 6-1

Were h;,’ is the modified enthalpy of boiling. Evaluating at the conditions of

a typical power plant condenser given in Table 2-1:

Table 6-1. Operating conditions of a typical power condenser.%

Parameter Value Units

P 3.98 kPa condenser pressure

q" 30.68 kW/m*  heat flux '

T, 28.89 °C steam temperature

Tein 15.5°C coolant inlet temperature
Teou 20.1°C coolant outlet temperature
d, 254 mm tube outer diameter

d; 24.0mm tube inner diameter

k, 16 W/mK tube thermal conductivity

the resulting filmwise condensation heat transfer coefficient is 10.23 kW/m’K.
The equivalent heat transfer coefficient of the very thin tube wall h, may be
approximated as h, = k,/t where t is the wall thickness: d-d; / 2. Evaluated at
the conditions of the model condenser, the equivalent heat transfer coefficient
‘through the tube wall is 19.98 kW/m’K. Finally, the convection heat transfer

coefficient may be evaluated using the Gnielinski correlation:

_ (£ /8)(Re,~1000)Pr*>
Nu, =
1+127/f /8(Pr**-1)

Equation 6-2

where f is the friction factor, given by f= (0.79 In(Re,)-1.64)>. Evaluating at
the conditions of a model condenser, we arrive at a convection heat transfer
coefficient of 9.74 kW/m’K. Notably, all three heat transfer coefficients are of the

same order of magnitude. Owing to the presence of the other two heat transfer
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coefficients — conduction through the tube wall and convection inside the tube —
increasing the steam-side heat transfer coefficient will only have a limited effect
on increasing the overall heat transfer coefficient as the other two resistances

become dominant:

-1
U= (_1_ + L + i) Equation 6-3

We now estimate the effect of increasing the heat transfer coefficient on the
efficiency of the entire steam cycle. We first define the overall heat transfer
coefficient as a function of the three individual heat transfer coefficients due to
internal convection, conduction through the wall, and condensation of steam
given by Equation 6-3. Next, we hold the thermal duty of the plant constant to

relate the log-mean temperature difference (LMTD) across the condenser:

Q=rih, =U-A-LMTD
U, A'LMID,, =U, -A-LMID,,
U Equation 6-4
= LMID,  =LMTD,, =
Udmp

Using the definition of the LMTD, we can solve for the saturated

temperature of the steam in the augmented condenser:

T T Tc.iu - me exp _T_Cﬂd__—_DT__:_IL)
IMID w T =T} 7 -

T,-T, . -
ln( g c.in 1_ exp( T;,mu T::.in )

T,-T.
With this new steam steam temperature we can now find the change in

Equation 6-5

c,out

pressure by utilizing an augmented condenser by either consulting a steam table
of using a pressure-temperature relationship for saturated steam, such as the
Goftf-Gratch relationship:

AP =P, (T, )~ P (Toary) Equation 6-6

Finally, using empirical studies relating changes in turbine efficiency to
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4

changes in condenser pressure,”! we arrive at the change in the overall steam

cycle efficiency:

An=(1:15)AP Equation 6-7
where efficiency is given in units of percent, and pressure is given in units of kPa.
The range of 1-1.5% / kPa represents the uncertainty of the empirical studies.
The results of this calculation are presented below in Figure 6-2, which shows
that there are diminishing returns as a result of the three individual heat transfer
coefficients of the condenser occurring in series. Also shown in this figure are the
measured heat transfer coefficients of a number of the surfaces evaluated in this
thesis: thin polymer films deposited via initiated chemical vapor deposition
(iCVD), lubricant-imbibed nanotexture (LIS), rare-earth oxide (REQO), and a

superhydrophobic surface that exhibits jumping condensation (jumping).

n (%]

0.6}

0.4f

0.2}

0% 20 20 50 80 100 120

h [kW/mZ2K]
Figure 6-2. Change in steam cycle efficiency as a function of condensation heat transfer
coefficient. Points are plotted to represent the measured values of condensation heat transfer coefficient for
the surfaces evaluated in this thesis.
For the application of steam-based power plants, it is clear that even small
increases in the condensation heat transfer coefficient can have a profound effect
on increasing the overall steam cycle efficiency. However, owing to the

diminishing returns of a higher heat transfer coefficient, is it also clear that most
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of the benefit of implementing dropwise condensation is captured by hydrophobic
functionalizations. There may be other applications in which the extreme values
of heat transfer coefficients of superhydrophobic surfaces may be desirable, but
there are additional concerns with such surfaces including fragility of
nanotextures and fabrication cost.

This thesis has shown that focusing on the development of robust
hydrophobic functionalizations shows promise as a route that captures most of
the benefits of dropwise condensation while benefiting from simpler

implementation than textured superhydrophobic or lubricant-imbibed surfaces.
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