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ABSTRACT

Around 70% of global electricity is produced from steam-cycle power plants. Utilizing a
hydrophobic condenser surface within the steam cycle has potential to enhance the overall cycle
efficiency by up to 2%, demonstrating a profound impact on the global energy landscape as well
as on carbon footprint. Moreover, past research has shown that mixed-liquid repellency (hybrid
wettability) of condenser surface can significantly enhance the condenser performance. However,
main challenges are scalable fabrication of mixed hydrophobicity or hybrid/ biphilic surfaces, and
lack of durability of the hydrophobic promoters. Also, traditional hydrophobic chemistry is not
suitable in many applications (organic Rankine cycles) where low surface tension liquids are used,
alternatives are proposed with limited focus on durability improvement. Here, we develop a
simple, scalable, rapid stamping method for hybrid surface fabrication which is substrate and
coating independent. From fundamental physics-based understanding of hydrophobic layer
degradation mechanism, we develop a robust hydrophobic coating for steam condensation, which
has outstanding mechanical and thermal properties that enable durability in moist (> 3 years
condensation), abrasive (> 5000 cycles), and high temperature (> 300°C) environments. For
condenser surface where low surface tension liquids are used, we demonstrate design methods and
longevity statistics and develop fundamental design guidelines for creating durable hydrophobic
surfaces. In contrast to generation, the electric energy from power plant is used in all electronic
devices and rapid miniaturization of electronics had led to significant growth in the power density
of modern devices and systems, which demands effective thermal management to avoid unwanted
failure due to overheating. Here, by adapting device level macro-machining and additive
manufacturing we develop advanced thermal solutions for both air and liquid cooled electronics
for different mobile applications. Our developed air cooled (modular heat sink) and liquid cooled
(polymer-metal hybrid cold plate) based advanced thermal solutions offer system level volumetric
and gravimetric power density enhancement, also improve the system reliability by enabling
isothermalization of devices. The techniques and insights presented here will open new avenue of
research to adapt advanced multiscale manufacturing to improve the performance of different

energy systems.
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Schematic of the microtipped PDMS stamp and surface fabrication process flow.
(@) Formation of multiple pits using KOH etching on a polished Si wafer. (b)
Patterning using photolithography of SU8. (c) PDMS molding of the stamp. (d)
Stamp removal after curing at 70°C for 1 hour. (¢) Isometric-view scanning
electron microscopy (SEM) image of a fabricated microtipped stamp. (f) Top-
view SEM image of an individual tip. (g) Top-view SEM image of the fabricated
PDMS pyramid structure for a dense stamp design. Schematics showing key
pyramidal dimensions for (h) top and (i) side Views.................oooviiinin.n, 11
Schematics of the fabrication steps for post-stamped and pre-stamped hybrid
surfaces. To fabricate post-stamped hybrid surfaces (a) the sample is
functionalized with an HTMS SAM, (b) stamped, resulting in (c) selective
removal of the HTMS SAM and creation of the (d) hybrid surface. To fabricate
pre-stamped hybrid surfaces, (e) the PDMS stamp is preloaded to the sample to
mask functionalization of HTMS SAM. (f) The pre-stamped functionalized
surface is removed from the oven with the PDMS tips attached, and (g) the PDMS
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hydrophilic uncoated spots where the PDMS tips were in contact with the
substrate, and HTMS SAM hydrophobic background.............................. 13
(@) Schematic and (b) photograph of the experimental setup used to test
condensation behavior on the fabricated hybrid surfaces. To control the
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(@) Top-view SEM images of the stamped hybrid surfaces. (b) Magnified view of
the blue solid box in (a) showing the un-stamped superhydrophobic background
consisting of boehmite nanostructures. (c) Magnified view of the brown dotted
box in (a) showing the stamped section with boehmite removed. Time-lapse
ESEM (d)-(e) top view and (f) 30° tilted images of water vapor condensation on
the stamped hybrid surface. Due to removal of the superhydrophobic boehmite
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spectra showing the (g) F 1s and (h) Al 2p peaks on the original and stamped
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Top-view optical microscopy (OM) images of atmospheric water vapor
condensation. Condensation on a (a) pre-stamped HTMS-coated hybrid surfaces
having hydrophobic background with ¢ = 65 um (Fig. 1i). At t = 0, the
hydrophilic stamped regions are false colored blue for clarity. Time t = 0 was
defined as the time when water nuclei were first observed. For 0 <t < 5 min,
nucleation of droplets occurred mainly on the hydrophilic stamped regions. At
later times (5 < t < 10 min), secondary droplets appeared in the field of view. (b)
SEM image of the nanostructured boehmite surface used to create
superhydrophobic background hybrid surfaces. (c) Top-view high-speed OM
time-lapse images of droplet nucleation on the hybrid boehmite surface
demonstrating continuous nucleation, self-organization, coalescence, jumping,
and re-NUCIEALION. ... ... .o 23
Top-view environmental scanning electron microscopy (ESEM) image of primary
droplets nucleating on a stamped hydrophilic spot (center), and secondary
droplets forming on coated the hydrophobic background (bottom

Top-view optical microscopy images of atmospheric water vapor condensation.
Individual rows represent different samples, while columns represent different
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on the (a) homogeneous superhydrophobic and (b) hybrid boehmite surface. From
t =0.23 to 0.69 ms, coalescence dynamics on the hybrid surface showed clear
signs of pinning due the presence of hydrophilic spots, resulting in delayed droplet
jumping. The pinning spots are demarked by red Crosses........................... 26
Multi-droplet coalescence induced jumping. (a) False-color time-lapse top-view
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condensation on the smooth un-coated hydrophilic Cu tube. The chamber vapor
pressure P, = 2.67 + 0.15 kPa was identical for both tests. (c) Experimentally
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CHAPTER 1. INTRODUCTION

1.1. Background

Condensation heat transfer is crucial to the energy-efficient operation of a range of
applications such as building environmental control,[1] power generation,[2] and high-heat-flux
thermal management.[3] Steam condensing on high- or low-surface-energy substrates forms a
liquid film or distinct droplets, respectively.[4, 5] The latter, termed dropwise condensation, is
desired due to its 10X higher heat transfer coefficient.[6, 7] To further enhance dropwise
condensation heat transfer, researchers have recently proposed the use of suitably designed
superhydrophobic (SHP) surfaces.[8-13] When two or more condensate droplet coalesce on an
ultra-low adhesion nanostructured superhydrophobic surface, the resulting droplet jumps away
from the surface. This process is termed coalescence-induced droplet jumping and is
fundamentally governed by inertial-capillary energy conversion.[9, 12] By enabling droplet
jumping, the average droplet size on the surface is reduced, decreasing the condensate thermal
resistance and enhancing the overall heat transfer by > 2X when compared to dropwise
condensation.[14] However, the enhancement is fundamentally limited by the significantly
decreased individual droplet growth rate associated with superhydrophobic states having large
apparent contact angle.[15] Surfaces with spatially varying wettability, commonly referred to as
hybrid or biphilic surfaces, have the potential to overcome condensation-related limitations of
homogeneous superhydrophobic surfaces by striking a balance between the advantages of
hydrophobicity and hydrophilicity.[16] Hybrid or biphilic surfaces have been shown to enhance
fog harvesting,[17-22] icing prevention,[23-25] condensation and boiling heat transfer.[16, 26-32]
Furthermore, hybrid surfaces increase flooding resistance when compared to homogenous

superhydrophobic surfaces,[27] a key limitation to the implementation of superhydrophobic
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materials for condenser applications. However, significant challenges remain related to the
manufacture of hybrid patterns on large area samples. Unlike scalable homogenous functional
surfaces,[33] past hybrid surface fabrication processes, typically involving conventional mask-
based lithography with selective removal of the background material,[16, 17, 34] direct-patterning
by inkjet printing,[35, 36] laser processing,[37] and a direct combination or stacking of materials
with distinct wettabilities [22, 24] have not focused on scalabilty. All of the aforementioned
techniques are substrate dependent, are not scalable (~ cm), and suffer from long fabrication times
(~ hours).

Wettability control requires functionalization of the surfaces with hydrophobic coating.
However, designing a suitable hydrophobic coating has been the main decades-long challenge to
deploying dropwise condensation in real power systems. To overcome this challenge, five coating
requirements need to be met simultaneously. 1) The coating needs to be fabricated scalably and
must be applicable to a variety of potential substrate materials. Typical condensers in a power
station are fabricated from different metals or metal alloys depending on the region, and they are
relatively large (~10 m) often containing thousands of tubes in a bundle. 2) The coating needs to
be thin (< 5 um) so that the coating parasitic thermal resistance does not off-set the benefit of high
dropwise condensation heat transfer coefficient[38]. 3) The coating needs to resist delamination
caused by the condensate capillary force. Specifically, condensation-induced blistering, which is
the most direct coating degradation mechanism, enables condensate penetration between the
interface of the coating through surface defects. This penetration causes localized pressure, and
gradually results in complete coating delamination[39]. 4) The coating must be thermally stable at
elevated temperature steam environments. 5) The coating needs to resist mechanical abrasion

during condenser fabrication, assembly, maintenance, and operation. Classical artificial



hydrophobic materials such as low surface energy polymers cannot meet these requirements and
cannot be utilized due to their low elastic modulus, and poor thermal and mechanical stability. In
an attempt to finally craft durable hydrophobic coatings, past strategies have generally focused on
optimizing the coating geometric and structural design. By doing so, these have demonstrated that
coating robustness can be enhanced by surface structures which act as a protective or sacrificial
armor[40-42]. However, these hierarchical protective structures make the overall coating thick
(> 10 um), and unusable for condensation heat transfer. Furthermore, armor approaches are
relatively difficult to scale to arbitrary substrates and materials. Thus far, little progress has been

made on enhancing the coating intrinsic properties in order to overcome the durability challenge.

Usage of low surface tension liquid has grown substantially in recent years due to their
implementation as alternative energy sources, biofuels, and refrigeration applications.[11, 43-47]
Traditional hydrophobic or superhydrophobic surfaces fail to repel low surface tension liquids,[48,
49] with adsorption of organic contaminants such as proteins, cells or bacteria compromising
repellency.[50-52] Although complex re-entrant geometries can achieve repellency of deposited
low surface- tension liquids,[53-55] they fail during condensation, where the presence of random
nucleation sites leads to flooding and film formation.[56, 57] Hence, the development of durable
surfaces that are repellant to low surface tension fluids are needed. Inspired by the Nepenthes
pitcher plant, a new class of surface called the slippery liquid-infused porous surface (SLIPS) has
been proposed.[58] Due to their superior repellant properties to a variety of liquids, SLIPS have
been demonstrated to promote stable dropwise condensation of low surface tension organic vapors
and enhanced dropwise condensation heat transfer.[59-62] The life span of SLIPS is of crucial

importance for both system performance and economic considerations. A lack of fundamental



understanding of condensation-induced degradation mechanisms has held back the successful
development and demonstration of surfaces capable of achieving stable dropwise condensation.
One of the largest barriers to success is the long experimental timescale required to quantify life
span. A limited number of studies have focused on conducting long-term condensation durability
tests on functional surfaces.[63-69] To the best of our knowledge, no study has quantified the long-
term (multi-month) condensation durability of SLIPS. The majority of past work has focused on

short term robustness quantification for icing/frosting, biofouling, corrosion, and ageing.[70-77]

In contrast to generation, the electric energy from power plant is used in all electronic
devices and rapid miniaturization of electronics had led to significant growth in the power density
of modern devices and systems, which demands effective thermal management to avoid unwanted
failure due to overheating. Macroscale device level advanced design consideration has profound
impact on performance improvement of energy systems. Such as in thermal management of
air/liquid cooled power electronics. For air cooled based thermal solution, heat sink is very
common. In the past, researchers have optimized different parameters of air-cooled heat sink
topologies focusing on heat sink design [78-81], heat sink fabrication processes [82-84], different
power electronics system layouts [85, 86], various heat sink geometries [87, 88], heat sink
materials [89], hybrid cooling approaches [90, 91], coolant flow modifications [92], and overall
thermal performance [93-95]. With the integration of power converters into mobile machinery
such as aircraft, ships, on-road vehicles, or off-road equipment, a desire exists to enhance converter
power density and performance without integration penalty [96, 97]. The heat sink in an air-cooled
power converter is typically the heaviest part [92, 98]. A key parameter governing the required

heat sink is the thermal performance of the gap pad between the PCB and heat sink. Although gap



pads are required for electrical isolation and mechanical compliance, their added thermal
impedance stemming from their poor thermal conductivity (<5 W/(m-K)) ensures oversizing of
heat spreading components to minimize non-pad thermal resistances and hence enhance overall
junction-to-air heat transfer. The need for coupling of the heat sink with multiple heat generating
components operating at different voltage potentials inherently increases complexity and mass. To
ensure compliance, the heat sink is oversized to overlap with all components to and to ensure that
the gap pad material is present at the interface of all devices to provide electrical isolation. In many
applications, especially for high density power electronics, the air cooling is not sufficient. Liquid
cooled cold plate based thermal solution is used in those applications. Traditional commercial off-
the-shelf (COTS) cold plates are all metal and heavy. So, COTS cold plate provides limited scope
of system level volumetric and gravimetric power density enhancement. Moreover, isothermal
profile generation, which is needed for system reliability improvement, is challenging due to

limited design freedom of COTS cold plate.

1.2. Outline of The Dissertation

The dissertation aims to understand and develop the solutions of the problems outlined
above. The dissertation consists of seven interconnected chapters where nano-to-macroscale
advanced manufacturing methods are demonstrated for overcoming different challenges discussed

above to improve surface to device level performance enhancement in different energy systems.

Chapter 2 presents a simple, rapid, and scalable stamping method to manufacture hybrid
surfaces on arbitrarily sized materials. Chapter 3 investigates and uncover important new physical
effects and uses them to develop a unique multilayer micro-scale thick coating to finally solve a

decades-old challenge of durable (years) hydrophobicity. In continuation of the durability



investigation, chapter 4 further studies and develops guidelines for manufacturing scalable and
durable slippery liquid infused (SLIPS) hydrophobic surfaces for low-surface-tension fluids.
Finally, when focus to macro-scale device level cooling solution such as heat sink and cold plate,
it is observed that the micromanufacturing creates the scope to improve thermal performance of
the systems. To enhance the volumetric and gravimetric energy density of the system, chapter 5
and 6 develop aggressive thermal solutions for air cooled (modular heat sink and liquid cooled (
polymer-metal hybrid cold plate) electronics focusing on macro-machining and additive

manufacturing. Chapter 7 presents detailed conclusions from this study.



CHAPTER 2
High-Throughput Stamping of Hybrid Functional Surfaces

2.1. Introduction

Inspired by nature [99, 100], engineered structured surfaces have attracted great interest
due to their self-cleaning,[101] electrostatic energy harvesting,[102] anti-dew,[103, 104] anti-
icing,[105-107] and enhanced heat transfer[33, 62, 108-112] performance. Of these phase change
processes, water vapor condensation has seen a particular focus due to its wide utilization in power
generation,[113] thermal management,[114] and air-conditioning.[115-117] To enhance
condensation using functional surfaces, researchers have recently proposed coalescence induced
droplet jumping[9, 10, 13, 118-121] on rationally designed superhydrophobic surfaces as a means
to remove droplets from the surface. Droplet jumping on superhydrophobic surfaces can enhance
condensation heat transfer by more than 100% when compared to state of the art dropwise
condensation.[33, 122] The superhydrophobicity of a surface relies on successfully maintaining
air gaps between micro/nanostructures.[123] Recent studies have shown that the water repellency
of homogeneous superhydrophobic surfaces is lost at high subcooling,[109, 124] due to ‘flooding’
of the surface stemming from condensate droplet transition to the Wenzel state. In addition to
flooding, many superhydrophobic surfaces do not enable spatial control of heterogeneous

nucleation due to the high nucleation energy barrier stemming from the presence of homogeneous

*This chapter was mostly reprinted (adapted) with permission from Langmuir 2020, 36, 21, 5730—
5744. Copyright © 2020 American Chemical Society. Muhammad Jahidul Hoque is the first author
and he contributed to the study via conducting experiments, analyzing data, and writing the
manuscript. Dr. Nenad Miljkovic and Dr. Seok Kim guided the research and revised the manuscript
and are the corresponding authors.



low-surface energy chemistry. To overcome these limitations, researchers have demonstrated the
spatial control of heterogeneous nucleation by manipulating the local intrinsic wettability of the
surface.[24, 125, 126] Surfaces with spatially varying wettability, commonly referred to as hybrid
or biphilic surfaces, have the potential to overcome condensation-related limitations of
homogeneous superhydrophobic surfaces by striking a balance between the advantages of
hydrophobicity and hydrophilicity.[16]

Hybrid or biphilic surfaces have been shown to enhance fog harvesting,[17-22] icing
prevention,[23-25] condensation and boiling heat transfer.[16, 26-32] As was the case of the lotus
leaf, hybrid surfaces were inspired from natures Namib Desert beetles, which harvests water via
its dorsal surface comprising of microscale wax-free hydrophilic bumps distributed on a wax-
coated superhydrophobic background.[127, 128] Water vapor is captured and collected at the
hydrophilic bumps, while the superhydrophobic background promotes water drainage.[17, 128]
Hybrid surfaces induce spatial control of heterogeneous nucleation[24, 126] and enhance droplet
growth due to the reduced thermodynamic energy barrier for nucleation[126] and droplet
conduction thermal resistance.[129] Condensation heat transfer on rationally designed hybrid
surfaces shows a 63% enhancement when compared to state-of-the-art dropwise condensation.[16]
Furthermore, hybrid surfaces increase flooding resistance when compared to homogenous
superhydrophobic surfaces,[27] a key limitation to the implementation of superhydrophobic
materials for condenser applications.

Significant challenges remain related to the manufacture of hybrid patterns on large area
samples. Unlike scalable homogenous functional surfaces,[33] past hybrid surface fabrication
processes, typically involving conventional mask-based lithography with selective removal of the

background material,[16, 17, 34] direct-patterning by inkjet printing,[35, 36] laser processing,[37]



and a direct combination or stacking of materials with distinct wettabilities[22, 24] have not
focused on scalabilty. All of the aforementioned techniques are substrate dependent, are not
scalable (~ cm), and suffer from long fabrication times (~ hours).

In this chapter, we show a simple, rapid, and scalable stamping method to pattern well-
defined hydrophobic and hydrophilic regions on arbitrarily sized materials, which overcome the
challenges of conventional hybrid surface micro and nanomanufacturing. The microtip-patterned
polydimethylsiloxane (PDMS) stamps were utilized to form arrays of hydrophilic regions on
homogenous hydrophobic and superhydrophobic surfaces. To demonstrate hybrid wettability,
water condensation phenomena were visualized which resulted in the spatial control of
heterogeneous nucleation, with droplets initiating on hydrophilic domains as small as 1 pum. To
demonstrate the versatility of our stamping approach, a variety of coating materials and substrates
with hydrophobic and superhydrophobic backgrounds were tested. In addition to nucleation, the
self-organization, droplet growth dynamics, and coalescence induced jumping behavior on a
variety of different hybrid surfaces was analyzed. The stamping technique developed here not only
enables the scalable manufacture of substrates having spatial control of heterogeneous nucleation
of water, but presents design guidelines for the development of scalable hybrid surfaces for the

study of controlled phase change phenomena such as frosting, icing, evaporation, and boiling.



2.2. PDMS Micro-Tip Stamp Fabrication

The fabrication of the microtipped stamp involved molding and demolding of PDMS (Sylgard
184, Dow Corning; 5:1 mixture of base to curing agent) against negative templates as illustrated
in Figures 2.1(a-d).[130, 131] The negative template consists of an Si wafer (100) and an epoxy
layer (SU8 50, MicroChem Corp., 250 um thick). To define pyramidal pits (Fig. 2.1a) the Si wafer
was anisotropically wet etched in a potassium hydroxide (KOH) solution at 80°C with a
lithographically patterned mask made of silicon nitride (SiN, 100 nm thick, formed using PECVD,
PlasmaTherm), which takes around 2~3 hours. After etching the Si wafer to form square openings
(5 x 5 mm, Figure 2.1b) epoxy was spun coated and lithographically patterned on the wafer.
Casting the prepolymer to PDMS (base oligomer and crosslinking agent) against the functionalized
(trichlorosilane, United Chemical Technology) surface of the negative template, thermally curing

the PDMS at 70°C for >1 h (Fig. 2.1c), and demolding it from the negative template, produces the

desired elastomeric microtipped stamp (Fig. 2.1d), which takes total of about 2.5 hours. The

isometric image of a fabricated microtipped stamp is shown in Figure 2.1(e), with a top-view
magnified image in Figure 2.1(f). Figures 2.1(h), and 2.1(i) illustrate key schematics of the
pyramidal dimensions on the stamps. As shown in Table 1, four different microtipped stamps were
fabricated following the same procedures, and keeping the same base to base spacing (b = 25 um)
while changing the squared base size (a = 30 um to 60 um). The pyramid spacing was selected for
three reasons. First, the particular spacing ensured that pyramids were distinguishable and do not
interfere with one another when the stamp is placed against surface for patterning. Second, with
denser spacing, the hydrophilic patterns on the functional substrate would be too close to each
other, making observation of the water droplet wettability contrast difficult. Lastly, with reduced

base spacing, the pyramid height reduces (assuming the same angle dictated by the anisotropic wet
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etch). Creating stamps with shorter pyramid heights places a constraint on surface alignment needs.
The alignment between the PDMS stamp, and surface to be stamped needs to be tighter in order
to obtain a homogeneous pattern across a large area substrate. The height of each microtip is
determined by the pyramid base size, since the etch rate of 111 crystal plane is significantly lower
than that of 100 or 110 plane (Table 2.1).

Table 2.1 Summary of the dimensions of the fabricated PDMS stamps. Symbols represent
dimensions outlined in Figure 2(h, i). Uncertainty for all reported dimensional measurements

was + 500 nm.
Base, a [um] | Spacing, b [um] | Pitch, c [um] | Height, h [um]
30 55 53
40 65 70
50 25 75 88
60 85 105
(a) silicon (100) (b) Sus (c) 4 PDMS

Top view Side view

Figure 2.1 Schematic of the microtipped PDMS stamp and surface fabrication process flow.
(a) Formation of multiple pits using KOH etching on a polished Si wafer. (b) Patterning using
photolithography of SUS. (¢) PDMS molding of the stamp. (d) Stamp removal after curing at 70°C
for 1 hour. (e) Isometric-view scanning electron microscopy (SEM) image of a fabricated
microtipped stamp. (f) Top-view SEM image of an individual tip. (g) Top-view SEM image of the
fabricated PDMS pyramid structure for a dense stamp design. Schematics showing key pyramidal
dimensions for (h) top and (i) side views.
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2.3. Hybrid Surface Fabrication using Stamping

Hybrid surface fabrication is a two-step method involving functionalization and stamping.
Figure 2.2 illustrates the fabrication steps for post-stamped (Fig. 2.2a-d) and pre-stamped (Fig.
2.2e-h) self-assembled monolayer (SAM) based hybrid surfaces. For both stamping methods,
fabrication starts with cleaning smooth substrates for hybrid surfaces having hydrophobic
backgrounds, or fabricating micro/nanostructures for hybrid surfaces having superhydrophobic
backgrounds[132]. To fabricate the post-stamped hybrid surface, the substrate is first
functionalized with Heptadecafluorodecyltrimethoxy-silane (HTMS, TCI America, CAS #:
83048-65-1) using atmospheric pressure vapor phase deposition (Fig. 2.2a).[133] Briefly, the
substrates were placed in a glass beaker with a vial of HTMS toluene solution (5% v/v). A glass
lid was placed on top to seal the container, followed by heating in an atmospheric pressure oven
(Thermo Scientific, Lindberg Blue M) at 80 + 5°C for 3 hours to allow conformal HTMS SAM
deposition [132]. After SAM deposition, the functionalized surface was stamped with the pre-
fabricated PDMS micro-tipped stamp (Fig. 2.2b), resulting in selective removal of the HTMS
SAM and creation of the hybrid surface (Fig. 2.2d). To facilitate the alignment and stamping, a
precise three-axis stage was used (Newport). The substrate was fixed to a reference plate and the
stamp was allowed to move vertically to come in contact with the substrate. For both pre and post
stamping, 5 to 10 N/cm? pressures were applied on the back side of the PDMS stamp, as measured
by weight calibration on the back face area. For pre-stamping, the applied load and the strong
adhesion of PDMS to the substrate surface ensure great affixation of the PDMS stamp even after
releasing the load. Hence, the stamp was kept attached to the substrate to act as a mask for HTMS
SAM deposition without an applied load (other than gravitational forces). The substrate, stamp,

and HTMS solution were placed into the oven (Fig. 2.2e) and the sample functionalized using
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vapor phase deposition.[133] The pre-stamped functionalized surface was then removed from the
oven with the PDMS tips still attached to the sample (Fig. 2.2f), which is removed by fixing the
substrate on a stage while vertically pulling the stamp away from the surface in the normal
direction. Once the PDMS sample was removed, the hybrid surface was formed with hydrophilic
uncoated spots where the PDMS tips were in contact with the substrate (mask), and an HTMS
SAM coated hydrophobic background (Fig. 2.2h). It is important to note, we tried using solid Si
micropillar stamps for hybrid surface fabrication. The solid stamps had limited success due to
alignment issues, stiffness of the stamp features, and potential for gap formation. Notably, pre-
stamping did not work due to the presence of microscale gaps between the pillars and substrate
prior to SAM functionalization. Table 2.2 provides a comparison of the developed stamping
technique with conventional methods.[24, 126, 134-142] The techniques developed here are

simple, rapid, and scalable.
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Figure 2.2. Schematics of the fabrication steps for post-stamped and pre-stamped hybrid surfaces.
To fabricate post-stamped hybrid surfaces (a) the sample is functionalized with an HTMS SAM,
(b) stamped, resulting in (c) selective removal of the HTMS SAM and creation of the (d) hybrid
surface. To fabricate pre-stamped hybrid surfaces, (¢) the PDMS stamp is preloaded to the sample
to mask functionalization of HTMS SAM. (f) The pre-stamped functionalized surface is removed
from the oven with the PDMS tips attached, and (g) the PDMS sample is removed, resulting in the
creation of the (h) hybrid surface with hydrophilic uncoated spots where the PDMS tips were in
contact with the substrate, and HTMS SAM hydrophobic background.
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Table 2.2. Comparison of the developed stamping technique with currently avaiable hybrid
surface fabrication techniques.

L. . Inkjet Bottom Spray .
Fabrication Process Lithography Printing Up Coating Stamping
Timescale Prototyping ~ hours ~ hours
Mass ~hours ~hours ~hours .
. ~minutes ~ seconds
Manufacturing
Reusability* N/A N/A N/A N/A Stamp is reusable
Scalability ~cm ~cm ~cm ~m ~m
Pattern Uniformity High High High Poor High
Substrate Independence No No No Yes Yes
. . . High: Mold
Equipment _ Medium _ Medium Low: Stamp
Cost Labor High Low Medium Low Low
Material Medium Medium
[24, Micro-printing[125,
Reference [123114:33' 15’;’ ' 13 56] 147, [149] 130, 131, 150]
' ' 148] Stamping - this work

*Reusability is used here with respect to the stamp only, and not the coating material that is removed.

The stamping techniques (pre and post) are substrate and coating independent. The timescale for
prototyping of a new mold and stamp is ~4 hours, which is comparable to existing methods (Table
2.2). However, the manufacturing timescale is ~1 second. Moreover, the same mold and stamp can
be used repeatedly. We created more than 100 samples using the same stamp with negligible
quality difference between the hybrid surfaces from first to last. Use of PDMS as the stamp
material was done in order to ensure good mechanical compliance when the stamp contacts the
substrate. Previously, elastomeric PDMS stamps were used for transfer printing in micro-masonary
[130, 131] and to pattern surfaces for condensation applications.[125, 150] Past studies have used
PDMS stamps to achieve micro-contact printing where a PDMS stamp was coated with functional
coating after which it was stamped against the substrate to transfer print the coating.[125, 150] Our
work differs in that the PDMS micro-tips are used to stamp the already functionalized substrate to
selectively remove the coating. To demonstrate the versatility of our approach, seven different
hybrid surfaces were fabricated using post and pre-stamping (Table 2.3). For post-stamping, we

studied HTMS, polymeric octafluorocyclobutane (C4Fsg),[151] as well as slippery omniphobic
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covalently attached liquids (SOCAL)[152] deposited on polished Si wafers. With pre-stamping,
the PDMS stamp acts as a mask and the HTMS creates monolayer irrespective of the substrate.
This was not possible with C4Fg and SOCAL based hybrid surfaces due to their different coating
recipes and inability to place arbitrary materials in the C4Fg deposition chamber. Hence for pre-
stamping, only the HTMS SAM was used. To fabricate hybrid surfaces having superhydrophobic
backgrounds, microstructured copper oxide (CuO) on bulk copper (Cu) substrates[33] and
nanostructured boehmite (AIO(OH)) on bulk aluminum (Al) substrates were used.[153] To obtain
smoother hybrid surfaces and to enable better visualization, boehmite nanostructures were also
formed on sputtered Al on a Si wafer. The superhydrophilic boehmite nanoblades were developed
on a silicon sputtered Al surface. In doing so, silicon wafers were first ultrasonically cleaned with
acetone for 5 min and rinsed with ethanol, IPA, and DI water and dried with a clean nitrogen
stream. Then a 50 nm thick Al layer was sputtered on the cleaned Si wafer using an AJA Orion-8
Magnetron Sputtering System and to form the nanoblades, the Al coated Si wafer was placed in
hot DI water at 90°C for 10 minutes. To fabricate the superhydrophobic boehmite nanoblade
surface, boehmite surfaces were functionalized with HTMS (TCI America, CAS #: 83048-65-1).
After surface fabrication, all coated surfaces were stamped using four pyramidal designs (c = 55,
65, 75, and 85 um). Ellipsometric characterization of smooth Si wafers coated with HTMS, CsFs
and SOCAL coating showed thicknesses of 2.5 nm,[153] 100 nm,[154] and 4 nm,[152, 155]

respectively.
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Table 2.3. Substrate material, coating material, apparent advancing (6,), and apparent receding
(6,) contact angles of water droplets on the background material (non-stamped), and
manufacturing method used to develop the hybrid surfaces. All samples were prepared using four
pyramidal pitches having c = 55, 65, 75, and 85 um (Fig. 2.1i).

Substrate Coating Tﬁﬁiﬁ'}ggs* Apparzr;tgféontact Wetting to Water Stamping
HTMS 25nm 0, = 111%+ 1°
6, = 103°+ 2°
6, =121°+1° .
C.Fs 100 nm 6, = 99°+ 1° Hydrophobic
Si Wafer SOCAL 4nm 6a =103 1" i
6, =102 +1°
Boehmite + HTMS Zi _ 122 i : Superhydrophobic
6,=111+1° ]
HTMS 9, = 103+ 2° Hydrophobic Pre
250m 9, =170+3° _
Cu Tab CuO + HTMS 9, = 168 + 3° Superhydrophobic Post
. 0, =169+ 2° ]
Al Tab Boehmite + HTMS 9, = 165 + 4° Superhydrophobic Post

*Considering only the thickness of functionalizing layer

2.4. Experimental Procedures

Optical Microscopy: A customized top-view microscopy setup (Fig. 2.3) was built using an
upright optical microscope (Eclipse LV100, Nikon) linked to a high-resolution camera (Nikon DS-
Qi2), which was used to observe top-view condensation behavior on the hybrid surfaces.[141, 156]
The setup consisted of a cold stage (TP104SC-mk2000A, Instec) that held the sample horizontally
and cooled the sample surface to 5 £ 0.5°C to condense water vapor from the laboratory ambient
air having a temperature T, =22 + 0.5°C and relative humidity ® =45 + 5% (Roscid Technologies,
RO120). With the help of two objective lenses 20X and 50X (TU Plan Fluor EPI, Nikon)
condensate behavior was recorded at 4 frames per second (fps). An LED light source (SOLA SM
I Light Engine, Lumencor) was selected for illumination due to its high intensity but low power
consumption (2.5 W) that minimized heat generation at the surface due to light absorption.
Moreover, the flexibility of manual control of increasing the camera exposure time and reducing

the condenser aperture diaphragm opening size helped us to minimize local heating effects during
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condensation experiments. Additional details of the visualization technique can be found

elsewhere.[141, 157-159]

(a)

Moist air
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Humidifier
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- — ——— Cold Stage =

Z X-Y-Z Stage
Figure 2.3. (a) Schematic and (b) photograph of the experimental setup used to test condensation
behavior on the fabricated hybrid surfaces. To control the environmental humidity, a cool mist
humidifier was placed adjacent to the microscope, which was curtained off from the rest of the
laboratory environment.
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Environmental Scanning Electron Microscopy (ESEM): Microscale condensation experiments
were also studied with the fabricated hybrid surfaces using ESEM (FEI Quanta FEG 450, FEI
Company). The water vapor pressure in the ESEM chamber was maintained between 1067 to
1200 Pa. Samples were placed on a cold stage and in order to achieve nucleation of water droplets
on the sample from the saturated water vapor inside of the chamber. The cold stage temperature
was maintained between 8 to 9.5°C. To visualize and capture images, a beam potential of 20 kV
was maintained. To limit droplet heating effects, the electron beam current was carefully

controlled.[160]

Side-View Droplet Jumping Imaging: To study coalescence-induced droplet jumping and to
eliminate interference from multiple droplets, we interfaced a high-speed camera (Phantom v711,

Vision Research) with a piezoelectric micro-goniometer (MCA-3, Kyowa Interface Science). The
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sample was horizontally placed on a movable stage with three-dimensional positioning ability.
Back illumination was supplied by an LED source (TSPA22x8, AITECSYSTEM). The
piezoelectric dispenser was placed above our surface with a spacing ranging from 5to 10 mm. To
grow droplets on the substrate, the piezoelectric dispenser was turned on to generate monodisperse
droplets having diameters ranging from 30 to 40 um. Thus, monodisperse droplets accumulated
on the sample surface by coalescing to form a single droplet with targeted size. The piezoelectric
dispenser had voltage and frequency control. During experiments, 7 V and 10-100 Hz were used
and no droplet resonance was observed for these operating conditions. A customized cage was set
up to screen external airflow disturbances to the dispensed and deposited droplets. Imaging was
performed at a 25X magnification with a capture rate of 13,001 fps. Experiments were conducted
in ambient conditions T, =22 +0.5°C and & =45 £ 5% (Roscid Technologies, RO120). Additional

details of the visualization technique can be found elsewhere.[159]

Hybrid Sample Surface Chemistry: The diameters of stamped spots on the hybrid surfaces were
small (~ 1 um). Chemical analysis utilizing X-Ray photoelectron spectroscopy (XPS), or Energy-
dispersive X-ray spectroscopy (EDS) of individual spots was challenging as the analyzed data
included the spectrum of the surrounding homogenous background material along with the
underlying substrate. To overcome these spatial-resolution challenges, two 20 mm x 20 mm
superhydrophobic boehmite surfaces were fabricated. The superhydrophilic boehmite nanoblades
were developed on a silicon sputtered Al surface and also on mirror polished Al plate (6061 Al,
McMaster). In doing so, both silicon wafers and Al plates were first ultrasonically cleaned with
acetone for 5 min and rinsed with ethanol, IPA, and DI water and dried with a clean nitrogen
stream. A 50 nm thick Al layer was sputtered on the polished Si wafer using an AJA Orion-8

Magnetron Sputtering System and to form the nanoblades, the Al coated Si wafer was placed in
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hot DI water at 90°C for 10 minutes. Whereas, after cleaning the Al plates were kept in hot DI
water at 90°C for 60 minutes. To fabricate the superhydrophobic boehmite nanoblade surface,
both boehmite surfaces were functionalized with HTMS (TCI America, CAS #: 83048-65-1. After

functionalization, the boehmite nanowire surfaces became superhydrophobic with apparent
contact angles 8, ~ 169° and 6, = 165°. Then PDMS (Sylgard 184, Dow Corning; 5:1 mixture of

base to curing agent) was poured in a well-cleaned 2 inch diameter glass Petri dish up to a pre-
marked height so that the thickness of the PDMS was 4 mm. The PDMS was then thermally cured
at 70°C for 1 h in a vacuum furnace (Thermo Scientific, Lindberg Blue M). A 20 mm x 20 mm
PDMS flat elastomer was cut and one of the two superhydrophobic surfaces was stamped. X-ray
photoelectron spectroscopy was then perform on both the PDMS stamped and unstamped surfaces
to compare the surface chemistry change after stamping. The XPS was performed using a
monochromatic Al Ka source (Kratos Axis Ultra, Kratos Analytical). The size of the source beam
was 2 mm x 2 mm, and the size of the analyzed region was 0.3 mm x 0.7 mm. The instrument was
maintained at a pressure of 10~ Pa during the experiments. The spectra were post-processed with

CasaXPS software to determine the change in composition of the sample surfaces.

2.5. Characterization of the Hybrid Surface

To prove that the stamping method can selectively remove HTMS molecules or structures, we
conducted SEM and XPS studies of pre and post-stamped samples. Figure 2.4 shows that stamping
induces hydrophilicity at locations where the PDMS micro tip contacts the HTMS SAM. For
structured surfaces, stamping not only removes HTMS, but also can remove the structure.
Figure 2.4(a) shows top-view SEM images of post-stamped nanostructured boehmite on a Si

wafer. Prior to stamping, the boehmite was uniform (Fig. 2.4b). After stamping, mechanical
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contact and adhesion to the PDMS tips resulted in the removal of the boehmite from the Si wafer
(Fig. 2.4c). Removal of the superhydrophobic boehmite layer during stamping resulted in exposure
of the hydrophilic substrate, and preferential heterogeneous nucleation of water droplets on the

exposed hydrophilic spots as observed with ESEM (Fig. 2.4d to 2.4f).
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Figure 2.4. (a) Top-view SEM images of the stamped hybrid surfaces. (b) Magnified view of the
blue solid box in (a) showing the un-stamped superhydrophobic background consisting of
boehmite nanostructures. (c) Magnified view of the brown dotted box in (a) showing the stamped
section with boehmite removed. Time-lapse ESEM (d)-(e) top view and (f) 30° tilted images of
water vapor condensation on the stamped hybrid surface. Due to removal of the superhydrophobic
boehmite layer during stamping, the hydrophilic Si wafer is exposed, resulting in preferential
heterogeneous nucleation of water droplets. High-resolution XPS spectra showing the (g) F 1s and
(h) Al 2p peaks on the original and stamped hybrid surfaces.

To further quantify the removal efficacy, XPS analysis elucidated the cause of patterned
hydrophilicity. After stamping, HTMS was indeed partially removed as evidenced by the
decreased intensity of the characteristic fluorine (F) peak (Fig. 2.4g). The XPS results point to a

damage mechanism of HTMS due to the remnants of a small F peak, rather than the ideal removal
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of all molecules via stamping. Due to the small size of the stamped spots, we could not characterize
the apparent contact angle locally to identify intrinsic wettability. Furthermore, due to the removal
of boehmite nanostructures, the underlying Al substrate was exposed (Fig. 2.4h) as evidenced by

the appearance of a strong Al peak after stamping.

2.6. Water Droplet Nucleation on Hybrid Surfaces

Condensation experiments were conducted using optical microscopy (Fig. 2.3) on both pre and
post-stamped hybrid surfaces having hydrophobic and superhydrophobic backgrounds. Figure
2.5(a), shows atmospheric water vapor condensation on a pre-stamped HTMS-coated hybrid
surface with a hydrophobic background having ¢ = 65 pm (Fig. 2.11). At time t = 0, defined as
the time when condensation was first observed, water droplets nucleate on the stamped hydrophilic
regions. At later times (5 min <t < 10 min), due to the presence of defects in the SAM coating as
well as elevated supersaturations as the sample cools down further, secondary droplets appeared
in the field of view that nucleated between stamped features. The growth rate of primary droplets
growing on the hydrophilic spots was higher than secondary droplets, with secondary droplets
eventually engulfed by the faster growing parent droplets on the hydrophilic spots, depicting the
stamp pattern.[161] During coalescence of secondary and primary droplets, two mechanisms
dictate the motion of secondary droplets towards primary droplets, hence, maintaining the stamp
pattern. The smaller size of secondary droplets results in a higher Laplace pressure when compared
to their primary counterparts, resulting in coalescence and motion of the liquid from smaller to
larger droplets.[151, 162] Furthermore, the presence of hydrophilic regions implies higher contact
angle hysteresis,[140, 142, 163] with greater mobility of secondary droplets due to their growth

on homogeneous hydrophobic or superhydrophobic backgrounds.
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To compare the nucleation behavior under identical atmospheric conditions for the
background and stamped regions, we characterized the average spacing () between nucleating
droplets. The average spacing between spatially random nucleating droplets on the homogeneous
hydrophobic background was [ = 10.5 + 3.5 um (Fig. 2.6). The spacing can be used to estimate a
nucleation site density (~1/12), which was determined to be 10° droplets/m? on the homogenous
coated background. This nucleation density was within the range of previous experimental values
10° -10% droplets/m?, [164-167] and is dictated by the quality of the coating and number of
exposed defect sites.[151] However, the distance between microscale primary droplets nucleating
on the hydrophilic regions was 1.6 + 0.45 pum, indicating significant wettability contrast and hence
lower nucleation energy barrier for the hydrophilic spots. The local nucleation site density on the

stamped hydrophilic regions was 44X higher when compared to the homogenous background.
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Figure 2.5. Top-view optical microscopy (OM) images of atmospheric water vapor condensation.
Condensation on a (a) pre-stamped HTMS-coated hybrid surfaces having hydrophobic background
with ¢ =65 pm (Fig. 11). Att = 0, the hydrophilic stamped regions are false colored blue for
clarity. Time t = 0 was defined as the time when water nuclei were first observed. For 0 <t <5
min, nucleation of droplets occurred mainly on the hydrophilic stamped regions. At later times (5
<t < 10 min), secondary droplets appeared in the field of view. (b) SEM image of the
nanostructured boehmite surface used to create superhydrophobic background hybrid surfaces.
(c) Top-view high-speed OM time-lapse images of droplet nucleation on the hybrid boehmite
surface demonstrating continuous nucleation, self-organization, coalescence, jumping, and re-

nucleation.
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Hybrid surfaces having superhydrophobic backgrounds showed similar condensation
behavior. Figure 2.5(b) shows SEM images of the SAM-coated boehmite surface used to create
hybrid surfaces having a superhydrophobic background. Figure 2.5(c) shows top-view optical
microscopy time-lapse images of droplet nucleation and growth on the hybrid boehmite surface.
In addition to continuous nucleation, and self-organization (as observed in Fig. 2.5a), the surface
showed coalescence, jumping, and re-nucleation. In addition to the exemplary results of Figure
1.5, condensation behavior on pre-stamped HTMS-coated hybrid surfaces having ¢ = 55 um,
post-stamped HTMS-coated hybrid surfaces having ¢ =75 and 85 pm, post-stamped SOCAL
surfaces, CsFg-coated hybrid surfaces, and a CuO-HTMS hybrid surface, were analyzed and are

shown in Figure 2.7.

Figure 2.6. Top-view environmental scanning electron microscoy (ESEM) imge of primary
droplets nucleating on a stamped hydrophilic spot (center), and secondary droplets forming on
coated the hydrophobic background (bottom left).
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Flgure 2 7. Top-v1ew optical microscopy images of atmospheric water vapor condensation.
Individual rows represent different samples, while columns represent different times.
Condensation on (a)-(b) post-stamped HTMS-coated hybrid surface having ¢ =75 pm and ¢ =

85 um pitch, (c) pre-stamped HTMS-coated hybrid surfaces having ¢ = 55 um pitch,
respectively, (d) a post-stamped SOCAL surface, and (e) a C4Fs-coated hybrid surface. For t =0,
the hydrophilic stamped regions are false colored blue for clarity. The time t = 0 was defined as
the time when water nuclei were first observed. (f) SEM image of the nanostructured CuO surface
used to create the hybrid surfaces with a superhydrophobic background. (g) Top-view high-speed
optical microscopy time lapse images of droplet nucleation and growth on the hybrid CuO surface
demonstrating spatial control of heterogeneous nucleation with poor control of adjacent nucleation
of small water droplets.
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2.7. Coalescence Induced Droplet Jumping

Due to the removal of nanostructures at the PDMS-substrate contact regions, the stamped
superhydrophobic surface showed hybrid wettability with local hydrophilicity distributed against
the background of global superhydrophobicity. To confirm the hybrid wetting of the stamped
surface, we visualized the droplet-surface interaction during droplet coalescence and jumping.
Visualization was performed by dispensing two equally-sized water droplets (R = 188 + 4 um) on
the surface using the piezoelectric microdroplet dispensing and positioning system.[159, 168]
Placing of the stamped samples on the side-view setup showed that droplets impinging on the
superhydrophobic background resulted in frequent rebound and lack of microscale droplet
formation. Motion of the stage and sample until droplets impinged on the stamped features,

resulting in droplet formation, was done in order to locate the periodic stamped regions.
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0.08 ms 0.16 ms 0.23 ms
mNOum ﬁ E
0.31 ms 0.46 ms 0.69 ms 146 ms
0.08 ms 0.16 ms 0.23 ms
0.31 ms 0.46 ms 0.69 ms 177 ms

.ﬁ-.ﬂ’--ﬂ_—

Figure 2.8. Side-view high-speed time-lapse images of droplet coalescence induced jumping on
the (a) homogeneous superhydrophobic and (b) hybrid boehmite surface. From ¢t = 0.23 to 0.69
ms, coalescence dynamics on the hybrid surface showed clear signs of pinning due the presence
of hydrophilic spots, resulting in delayed droplet jumping. The pinning spots are demarked by red
Crosses.
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Figure 2.8, shows that the merged droplet had delayed separation from the hybrid surface
during the liquid bridge development stage (¢t = 0.16 to 0.31 ms) due to the additional adhesion
stemming from the hydrophilic spots.[159] As a result of the local pinning, the coalesced droplet
on the hybrid surface showed a reduced jumping velocity of 0.11 m/s, 34% lower than observed
on the unstamped superhydrophobic surface (0.17 m/s), where liquid-surface separation (t = 0.23
ms, Fig 2.8a) was observed prior to the eventual droplet detachment.

The hybrid surfaces increase droplet density and mobility, resulting in frequent
enhancement of multi-droplet jumping.[169, 170] Figure 2.9(a), shows false colored time-lapse
high-speed images of six droplet coalescence-induced jumping. In contrast to the homogenous
superhydrophobic surfaces, the hybrid surfaces induced controlled nucleation of primary droplets
which improved droplet mobility towards the hydrophilic stamped regions, yielding enhancement

of multi-droplet jumping. Figure 2.9(b) shows that on a homogenous superhydrophobic surface,

70% of jumping events included two droplets (N = 2).

However, for the hybrid surface, two-droplet jumping decreased to 25% due to the increase in N
> 2 events. For N > 6, the hybrid surface showed a 14X higher rate of jumping. It is important to
note, although the hybrid surfaces showed a significantly higher probability of multi-droplet
jumping, fewer total jumping events occurred when compared to the homogeneous
superhydrophobic surface due to the additional surface-droplet adhesion that prevented small
droplets (comparable to or smaller than the hydrophilic spot size, = 3 um) from departing upon

coalescence, further confirming the effectiveness of the hydrophilicity of the stamped spots.
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Figure 2.9. Multi-droplet coalescence induced jumping. (a) False-color time-lapse top-view high-
speed images of a droplet cluster (N = 6) coalescing and jumping from the hybrid surface with a
superhydrophobic background. (b) Percentage of jumping events as a function of the total number
of droplets partaking in the jumping event (N) on the hybrid surface (hatched blue bars) and
homogenous superhydrophobic surface (solid red bars). The percentage was obtained by
normalizing the number of events with the total number of observed jumping events on the surface
over a time span of 20 minutes, which was = 350 and =~ 165 for the homogeneous and hybrid
surfaces, respectively.

2.8. Dynamics of Droplet Growth and Self-Organization

Hybrid surfaces having superhydrophobic backgrounds are capable of inducing multidroplet
jumping which has the potential to improve condensation heat transfer.[28, 149] Moreover, these
surfaces show higher droplet nucleation density, and self-organization behavior, compared to
hybrid surfaces with hydrophobic backgrounds. Figures 2.10(a) and (b) show droplet nucleation
and growth dynamics on a hydrophobic hybrid surface and superhydrophobic hybrid surface,
respectively. As observed in Figure 2.10(c), during the initial stages of water vapor condensation,
the growth rate of secondary droplets (shaded red band) on the hydrophobic hybrid surface is
comparable to primary droplets growing on the hydrophilic regions (shaded blue band). On
superhydrophobic hybrid surfaces (Figure 2.10d) the growth rate of primary and secondary
droplets was approximately the same for 0 < t < 450 s. During this initial phase, droplets grew

mainly via direct molecule accommodation at the liquid-vapor interface and no interaction with
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adjacent droplets occurred. Due to the presence of non-condensable gases in the experiment, the
growth rates of droplets on the hydrophobic and superhydrophobic hybrid surfaces were identical
during the initial stages of condensation for isolated droplets. However, once droplets begin to
interact and coalesce, the growth dynamics of primary droplets began to diverge on the two
surfaces. The divergence was mainly due to the motion of secondary droplets towards primary
droplets in the stamped region during coalescence, resulting in a sudden jump in growth rate (t >
450 s) for primary droplets (Fig. 2.10c). For t > 450 s, re-nucleation of isolated secondary droplets
occurred having growth rates slower than primary droplets due to their coalescence mediated
growth. Due to higher droplet mobility on the superhydrophobic hybrid surface (i.e. lower contact
angle hysteresis of the background ) as well as the higher fraction of exposed condensing area near
the contact line, primary droplets growing on the superhydrophobic surface showed higher growth
rates when compared to secondary droplets (Fig. 2.10d).

For t > 900 s, the majority of the hybrid surface was covered by coalesced droplets (Fig.
2.11). Coalesced droplets on the surface yielded irregular patterns, with the SHP demonstrating
vigorous droplet jumping with fresh droplets re-nucleating at the stamped hydrophilic spots.

The superhydrophobic hybrid surface also exhibited higher nucleation effectiveness ()
compared to the hydrophobic surface (Fig. 2.10e). The nucleation effectiveness (1) was defined as

the ratio of primary droplets, n, which nucleated on stamped regions to the total number of
droplets (n, + ngs) nucleating on the surface, where ng represents the number of secondary
droplets (n = n,/(n, + n)). For hydrophobic hybrid surfaces,  had a local minimum for 0 <
t <450 s (Fig.10e). During initial nucleation (¢t = 0 s), multiple droplets formed in the hydrophilic
regions due to the low nucleation energy barrier, with a limited number of secondary droplets

forming on the background (n, > ny), resulting in a high 7. For longer times (0 < t <100 s), a
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number of secondary droplets (ns) nucleated on the surface, while the number of primary droplets
decreased due to the coalescence of droplets in the hydrophilic regions, decreasing 1. For t > 100
s, secondary droplets began to coalesce with the primary droplets resulting in n, > ng, and hence
increased 7. Due to the better self-organization behavior on the superhydrophobic hybrid surface
(Fig. 2.10e), the local minimum was shallower at early stages of condensation (0 < t < 200 s).
Due to higher droplet mobility, faster growing primary droplets engulfed secondary droplets,

increasing the effectiveness, which approaches n = 1 in later stages of condensation.
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Figure 2.10. Top-view optical microscopy images of water vapor condensation on the
(a) hydrophobic and (b) superhydrophobic hybrid surfaces. Growth rate of primary droplets
(artificially shaded light blue) which nucleate on stamped spots and secondary droplets (shaded
red) as a function of time on the (¢) hydrophobic, and (d) superhydrophobic hybrid surfaces. (e)
Nucleation effectiveness (17) on the hydrophobic and superhydrophobic hybrid surfaces. Error bars
were obtained with propagation of error analysis.
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Figure 2.11. Top-view optical microscopy images of atmospheric water vapor condensation on
(a) hydrophobic, (b) superhydrophobic hybrid surface at longer time showing irregular droplets
pattern due to droplet coalescence and re-nucleation of fresh droplets, this corresponds to the
Figure 7 in the manuscript.

2.9. Discussion

Previous studies have shown that asymmetric droplet-surface adhesion is responsible for non-
perpendicular droplet departure which promotes multi-droplet jumping and enhances condensate
removal.[159, 169, 171-174] Indeed, as observed on our stamped surfaces having
superhydrophobic backgrounds, six or more droplets (N > 6) with similar sizes were involved in
a single droplet jumping event in the absence of surface-structure mediated oblique jumping[159,
173] or jumping relay.[172, 175] The asymmetric adhesion that causes the multi-droplet jumping
observed here (Fig. 2.9a) may be due to the slight difference in stamped spot areas (Fig. 2.4a). A
larger stamped area provides more local nucleation sites, resulting in a larger droplet size prior to
coalescence. Additionally, large surface pinning sites act as pivots for rotation of the coalesced
droplets, thus promoting in-plane motion of the merged droplet that is beneficial to multi-droplet
jumping.[159] To achieve droplet jumping involving more droplets, it will be interesting to
incorporate stamp tips with differing sizes, shapes, and patterns into a single stamp to fabricate
hybrid surfaces with an optimized multi-droplet jumping performance by altering droplet

coalescence and jumping dynamics through delicately tuning asymmetric surface pinning.
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Though we have shown that the presented stamping method based on mechanical stamp-
substrate contact is effective for introducing hybrid wettability on various coatings, molecular
diffusion at the stamp-coating interface might promise an alternate way to alter local surface
chemistry. Indeed, interface diffusion is a common phenomenon at metal/ceramic interfaces
present in numerous energy and electronic devices.[176, 177] In the future, it would be interesting
to study interfacial atomic or molecular diffusion and its effects on local surface wettability by
creating different interface diffusivities between the stamp and substrate. Furthermore, work is
needed to study the effects of the developed stamping technique on thicker coatings (> 100 nm
thick), key to demonstrate durability of the hybrid surface. The week long tests conducted here
represent a good starting point, however are insufficient to demonstrate durability [132].

Though PDMS is a robust elastomer, as shown by the negligible degradation after 100 uses,
the key limitation of our approach is the sensitivity of the pyramidal micro tips to stamping load.
Under pressure, the micro tips have elastic deformation. At elevated loading, the square shaped
pyramid base becomes visible on the surface. At loads < 5 N/cm?, no significant stamp marks
appear on the surface, whereas for > 5 N/cm?, the square pattern becomes more obvious (Fig.
2.12). For samples stamped with 10 to 50 N/cm? loads, droplets showed higher adhesion to the
surface during condensation experiments. The higher adhesion occurred because the tips remove
the coating from larger areas with increased stamping load, which results in jumping of larger size
droplets [159].

Although controlling the hydrophilic spot size while stamping was enabled due to the
elastomeric properties of the PDMS stamp, future work is needed to enable tighter control of spot
size variation due to its importance on both nucleation density and jumping behavior. In addition,

spot pitch (spacing) plays a key role in condensation and boiling.[26, 30, 178-180] Smaller pitch
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leads to denser hydrophilic spots with lager nucleation site density and higher work of adhesion
that delays droplet detachment. Indeed, previous studies on biphilic surfaces have suggested an
optimal pitch in terms of jumping-droplet condensation heat transfer.[16] Future work is needed
to examine the fabrication limitations of creating stamps what can enable variable spot pitch not

considered in this study.

(a) | PEeneoRg oy . 15N 25N 50N

Figure 2.12. Top-view optical microscopy images of (a) hybrid surfaces stamped with different
stamping loads, and (b) water vapor condensation on the stamped hybrid surfaces (with SN, 15N,
and 50N loads) after 10 minutes of condensation. Surfaces stamped with larger loads showed large
size droplets involved in jumping due to higher pinning.

Non-elastomeric (metal or resin) materials that are not deformable are good candidates for
future stamps that can create hydrophilic spot sizes. Additively manufactured stamps with nano-
tipped features are a potential solution to tackle the elasticity issue of PDMS. Moreover, nano 3D
printing can be used to make negative templates of nano tipped resin stamps, which can be used
to generate nanotip metal stamps by electrodeposition of metal on the template.

In this study, the microtip pitch range (¢ =55 to 85 um) was too narrow to study meaningful

droplet dynamics and jumping behavior. Micro tips with pyramidal geometries were fabricated

due to the advantages of well-controlled fabrication using anisotropic etching in Si and also to
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obtain small radii of curvature (less than ~100 nm) at the pyramid tips under no preload
conditions.[131] Hence, fabrication of hybrid surfaces with nanometer scale pitch is challenging
with the developed method. A promising method to overcome this challenge is to integrate the
stamp with a programmable three-axis stage to mimic the stitching approach.[181, 182] High
resolution stitching through programmable offset stamping not only enables higher hydrophilic
spot density using low complexity stamps, but increases the scalability of the fabrication technique.
Significant opportunities exist to extent the approach developed here for hybrid surface fabrication
on curved surfaces (tubes) using roll-to-roll methods.[183-185] Roll-to-roll manufacturing of
curved hybrid surfaces would involve two adjacent rollers, where the first roller (the donor) would
have the micro/nano scale features while a second roller (the target) would be a coated sample.
The fabricated hybrid tube surfaces with variable spot sizes and pitches can be used to visualize
condensation phenomena and also study condensation heat transfer performance. Indeed,
condensation on hybrid or biphilic surfaces has been shown to enhance heat transfer by allowing
selective drainage of the condensate film on hydrophilic regions.[186-189] In addition to roll-to-
roll, future work is needed to develop the stamping approach on surfaces having multi-axis

curvature[190] or even arbitrary shaped surfaces, using flat stamps.

2.10. Conclusions

In this work, we demonstrated a simple, scalable and rapid stamping technique to fabricate hybrid
surfaces. The technique involves using a pre-fabricated stamp, which is reusable and can be used
to stamp various coated hydrophobic/superhydrophobic surfaces. The hybrid surfaces fabricated
here show approximately 44X higher droplet nucleation site density enhancement. Atmospheric

vapor condensation and coalescence-induced droplet jumping experiments showed that
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superhydrophobic hybrid surfaces possess global superhydrophobicity with local hydrophilicity,
resulting in an almost 14X improvement in multi-droplet jumping compared to homogenous
superhydrophobic surfaces. The hybrid surfaces fabricated here demonstrate spatially controlled
heterogeneous nucleation of condensation, enhance droplet nucleation density, and a narrower
droplet distribution. Our study not only presents an effective and high-throughput approach to
fabricating hybrid surfaces using a facile stamping technique, but also provides insights into the
interplay between the dual wettability of the hybrid functional surfaces during condensation heat

transfer.
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CHAPTER 3

Resilient Hydrophobic Surfaces Enabled by Multi-Layer
Fluorinated Diamond Like Carbon

3.1. Introduction

In chapter 2, we demonstrated a simple method for developing mixed wettability surfaces,
which requires functionalization of the surfaces with hydrophobic coating. However, designing a
suitable hydrophobic coating has been the main decades-long challenge to deploying dropwise
condensation in real power systems. To overcome this challenge, five coating requirements need
to be met simultaneously (Fig 3.1). 1) The coating needs to be fabricated scalably and must be
applicable to a variety of potential substrate materials. Typical condensers in a power station are
fabricated from different metals or metal alloys depending on the region, and they are relatively
large (~10 m) often containing thousands of tubes in a bundle. 2) The coating needs to be thin (<
5 um) so that the coating parasitic thermal resistance does not off-set the benefit of high dropwise
condensation heat transfer coefficient[38]. 3) The coating needs to resist delamination caused by
the condensate capillary force. Specifically, condensation-induced blistering, which is the most
direct coating degradation mechanism, enables condensate penetration between the interface of
the coating through surface defects. This penetration causes localized pressure, and gradually
results in complete coating delamination[39]. 4) The coating must be thermally stable at elevated

temperature steam environments. 5) The coating needs to resist mechanical abrasion during

*This chapter was mostly reprinted (adapted) with permission from Nature Energy. 2022,
Submitted. Copyright © 2022 Nature Energy. Muhammad Jahidul Hoque, Longnan Li, Jingcheng
Maequally contributed to the work. As the lead first author Muhammad Jahidul Hoque contributed
to the study via sample fabrication, conducting experiments, analyzing data and writing the
manuscript. Dr. Nenad Miljkovic guided the research and revised the manuscript and is the co-
corresponding author.
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condenser fabrication, assembly, maintenance, and operation. Classical artificial hydrophobic
materials such as low surface energy polymers cannot meet these requirements and cannot be

utilized due to their low elastic modulus, and poor thermal and mechanical stability.

Fabrication
Scalability &
Substrate
Versatility
. . Where we
want to be
Condensation Thermo-
Durability mechanical
(>1 year) Robustness

Figure 3.1. Focal point of fabricating a robust hydrophobic coating for energy applications.

In an attempt to finally craft durable hydrophobic coatings, past strategies have generally
focused on optimizing the coating geometric and structural design. By doing so, these have
demonstrated that coating robustness can be enhanced by surface structures which act as a
protective or sacrificial armor[40-42]. However, these hierarchical protective structures make the
overall coating thick (> 10 um), and unusable for condensation heat transfer. Furthermore, armor
approaches are relatively difficult to scale to arbitrary substrates and materials. Thus far, little
progress has been made on enhancing the coating intrinsic properties in order to overcome the
durability challenge.

Interestingly, a coating material which can potentially achieve the required coating intrinsic
properties for steam condensation applications is diamond-like carbon (DLC). The intrinsic

properties of DLC thin films gives them the desired mechanical and thermal stability[191-193].
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Moreover, the abrasion resistance and corresponding interfacial adhesion of these DLC coatings
can be enhanced by adapting multilayer designs[194, 195]. However, the utilization of such
structures for phase-change heat transfer has been under-explored. Specifically, the majority of the
past studies have explored tribological, medical, mechanical, wettability, and dielectric property
improvement with a focus on altering the fabrication method, recipe modification, and doping.
[194, 196-204] Limited focus has been places on substrate versatility, or the long-term
sustainability of enhanced properties. Furthermore, no past study has synergistically considered
the crucial parameters required to achieve robust hydrophobic coating design or demonstrated
continual dropwise condensation under sustained long-term (> 1 year) steam exposure.

In this chapter, we demostarte a hydrophobic coating synthesis and application approach
using multilayer fluorinated diamond-like carbon (F-DLC) that meets all requirements to enable
the sustained dropwise condensation of steam. By using scalable co-deposition of a short chain
fluorocarbon with well-established DLC (a-C:H), we demonstrated a hydrophobic coating having
a surface energy characteristics of non-polar polymers, with a high Young’s modulus approaching
that of metals. We demonstrate the versatility of F-DLC on a wide range of substrates including
crystalline, non-crystalline and common engineering metals, all showing similar surface energy
after coating. Multilayer fluorinated diamond-like carbon not only demonstrates enhanced
dropwise condensation heat transfer, but also durability in moist environments for a period of more
than three years. Characterization of the compatibility of multi-layer F-DLC in elevated air and
inert gas temperature environments exceeding 300°C and sustainability after 5000 mechanical
abrasion cycles demonstrates thermo-mechanical resiliency. The outcomes of our work not only
develop a low surface energy coating capable of implementation for a plethora of versatile

applications, they demonstrate a means to overcome fundamental barriers for generating
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hydrophobic surfaces that can achieve extended lifetime during exposure to harsh thermo-
mechanical environments, thus paving the way for direct enhancement of energy efficiency for a

majority of large-scale energy production infrastructure.

3.2. Hydrophobic Coating Design Strategy

The rational design of the multi-layer F-DLC coating was guided by our physics-based
understanding of condensation-induced blistering. The quantitative parameter that describes
blistering, 2, demonstrates that delamination of a hydrophobic coating will occur if 2 > 1 [39].
Specifically, 2 is governed by the pinhole size, Ry, the base radius of the pinhole-adjunct
delaminated region, R,, the liquid-vapor surface tension of the working fluid (water) y, as well
as the coating intrinsic properties including its wet adhesion G, Young’s modulus E and thickness

h:

1
0= (1-04’Rb0) y* * (3.1)
Ry EG3h

For a typical 100-nm thick fluoropolymer deposited on a metal (R, = 5Rq4, E = 1 GPa,

G ~ 10 mJ/m?), 2 ~ 3.6. Hence, polymers are unable to prevent delamination, unless their
thicknesses exceed 10 um (where 2 = 1.0). Our multi-layer F-DLC coating decreases {2 by using
several synergistic and rationally selected approaches. By co-depositing short-chain PFCs with the
top DLC (a-C:H) surface, we enable high Young’s modulus of E =78 GPa and low surface energy
of ~ 30 mJ/m?. By deploying a well-established titanium bonding layer approach, we enable an
interfacial toughness of ~ 10 J/m?. Utilizing the Ti-DLC-FDLC multilayer, we eliminate pinholes,

resulting in an ultra-low 2 < 4 x 10 via the design of a 1-um thick multi-layer F-DLC coating.
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The Ti-DLC-FDLC multilayer focuses primarily on blistering and delamination, and
satisfying abrasion resistance and high temperature stability requires further layer design. In
addition to the aforementioned 3-layer design, we included an additional layer of co-deposit DLC
and silica (a-C:H:Si:0O) between the DLC (a-C:H) layer and the Titanium adhesion layer, which
we termed DLN. Such design is well-adapted in conventional DLC multilayers to 1) Enhance the
adhesion with the Ti layer by silica infusion, 2) provides good thermal stability and acts as stress
reliever, and 3) further decrease the pinhole density. As a result, the multilayer F-DLC coating
designed here not only promises reliable adhesion between the coating and a variety of arbitrary
substrates, it also decreases interfacial stresses from abrasion or thermal expansion by increasing

the numbers of layered interfaces.

3.3 Experimental Procedures

F-DLC Nanofabrication Method. The four-layer F-DLC coating manufacturing process uses a
combination of PVD sputtering and PACVD. The Ti layer is sputtered on the substrate and while
the remaining three layers are deposited with PACVD in a vacuum chamber at 250°C. On the Ti
coated substrate, DLN is deposited by PACVD. Hydro-carbonated DLN gases integrated with
silicon and oxygen provide the deposition of a soft DLN (a-C:H:Si:O) layer. Next the DLC layer
is deposited in the same environment. Finally, the fluorine precursor in liquid form is introduced
to the system which is then vaporized and co-deposited with the final DLC layer at the end of the
deposition process yielding a top fluorinated DLC (f-DLC) layer.

Cross Sectional SEM. The cross-section imaging of a multilayer F-DLC coating on a polished

silicon substrate was prepared through focused ion beam (FIB, Thermo Scios2 Dual-Beam
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SEM/FIB) milling. The ion beam voltage and current were set into 30 kV and 15 nA, respectively.
After milling, the coating cross-section was imaged by ultra-high resolution SEM.

Energy Dispersive X-ray Spectroscopy (EDS) analysis. Qualitative chemical element analysis
for each layer of the F-DLC coating was conducted with EDS (JEOL JSM 7000F Analytical
SEM/EDS). The accelerating voltage was set to 10 kV during the analysis.

X-ray photoelectron spectroscopy (XPS). XPS was performed using a monochromatic Al Ka-
source (Kratos Axis Ultra, Kratos Analytical). The size of the source beam was 2 mmx 2 mm, and
the size of the analyzed region was 0.3 mm x 0.7 mm. The instrument was maintained at a pressure
of 107 Pa during the experiments. The spectra were post processed with CasaXPS software to

determine the change in composition of the sample surfaces.

Time-domain Thermo-reflectance (TDTR). Prior to thermal conductivity measurement, the
sample was coated with a 111 + 2 nm-thick Al film by magnetron sputtering (AJA Orion3 Sputter
Coater). It was assumed that the film was free of adsorbed water because the sputtering procedure
involved pumping the sputter chamber down to ~1.33x107° Pa. The TDTR system uses a mode-
locked Ti:sapphire laser tuned to 785 nm and a repetition rate of 74.6 MHz.[39] The output laser
was split into separate pump and probe beams by a polarizing beam splitter. The power of the
pump beam was set to 10 mW, and the probe beam power was set to 5 mW. The intensity of the
pump beam was modulated with an electro-optic modulator at f =10.1 MHz synchronized with
an RF lock-in amplifier. The time delay of the arrival of the pump and probe beam to the surface
was adjusted by a mechanical delay stage in the path of the probe beam. The pump and probe
beams were overlapped on the sample and the beams were focused using a 5X objective lens. The
laser spot size was =~ 10.7 um. A photodiode was used to detect the reflected probe beam and the

light from the pump beam was blocked from reaching the detector by spatial filtering and two-tint
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wavelength filtering. The signal was measured by a lock-in amplifier connected to the photodiode.

The thickness of F-DLC (1.65 + 0.05 um) is measured by cross-section SEM imaging. VkC =
(1.07 + 0.05) x 1073 (W-s*?)/(m-K). The heat capacity of amorphous carbon film is usually
within the rage of 2.5 J/(cm?®-K),[205] hence the thermal conductivity of the film k = 0.46 + 0.05

W/(m-K). The error comes from experimental uncertainty (~10%).

Surface Energy Measurement. The surface energy was measured by the contact angle
method[206] using Fowkes theory and the Young-Dupre equation.[207] The dispersive, EY and
polar, EP components of the free surface energy were determined by measuring the intrinsic
advancing contact angle between the surface and two test liquids with known surface energy
components. A non-polar test liquid, diiodomethane was first used to obtain the dispersive
component, E9 , where the polar component, EP is negligible. Then, deionized (DI) water was
used to obtain the polar component, EP with known dispersive component, E¢ from the previous
measurement. All apparent contact angles were measured using a microgoniometer (MCA-3,

Kyowa Interface Science).

Atmospheric Water Vapor Condensation Experiment. To induce water droplet condensation
in the atmospheric laboratory environment having air temperature T, = 25 + 1°C and a relative
humidity RH = 50 + 5% (R0O120, Roscid Technologies), we placed the samples horizontally on a
cold stage (Linkam T95-PE) and reduced the stage temperature to T. = 2.0 + 0.1°C to enable
observation of water vapor condensation on the substrates using a top-view optical microscopy

(Nikon Eclipse LV100) coupled to a monochrome camera (Nikon DS-Qi2).[132]
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HTMS SAM Hydrophobic Surface Fabrication. Polished aluminium and copper tabs were first
ultra-sonicated in acetone (10 min), followed by IPA (10 min), then thoroughly rinsed in DI water
and dried under a clean N2 gas stream. To fabricate the hydrophobic surface, the Al and Cu tabs
were functionalized with heptadecafluorodecyltrimethoxy-silane (HTMS, TCI America, CAS #:
83048-65-1) using the vapor phase deposition method.[208] Briefly, the substrates were placed in
a glass beaker with a vial of HTMS toluene solution ( 5% v/v). A glass lid was placed on top to
seal the container, followed by heating in atmospheric pressure oven (Thermo Scientific, Lindberg

Blue M) at 80+ 5°C for 3h to allow conformal HTMS SAM deposition.

Long-term Condensation Durability. The durability tests were performed in a customized
vacuum compatible environmental chamber (Kurt J. Lesker). The main environmental box
chamber (16 inch by 16 inch by 16 inch in size) consists of a front door to access all samples inside,
10 view ports (DN100CF, Kurt J. Lesker), and 17 feedthrough apertures for various components.
The front door was sealed with a rubber gasket; all CF flanges were sealed with silver plated copper
gaskets; and, KF flanges were sealed with stainless steel centering rings accompanied by nitrile
rubber O-rings. Resistive heating cables (AWH-101-040D, HTS/Amptek) were wrapped around
the exterior of the chamber walls to prevent condensation on the inside chamber walls and view
ports. The heaters were controlled by a voltage regulator (DNG-600PH-DK, Lutron). The chamber
wall temperature was maintained at ~40°C throughout the experiment. Heating cables were
insulated to prevent unnecessary condensation and limit heat losses to the ambient environment.
Cooling water was supplied to the aluminum cold plates in the chamber from a large capacity
chiller (Merlin M150, Thermo Fisher Scientific) via KF fluid feedthroughs (Kurt J. Lesker). To
monitor the coolant water flow rate, an electromagnetic flow meter (FMG93-PVDF, Omega) with

an accuracy of £1% of the reading was integrated along the coolant inlet line.
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To remove non-condensable gasses prior to the experiments, a bellows valve (Ideal Vacuum) was
attached to the top of the environmental chamber and connected to a rotary vane vacuum pump
(KJLC-RV212, Kurt J. Lesker). An inline liquid nitrogen (LNZ2) cold trap (Kurt J. Lesker) was
incorporated into the line from the environmental chamber to the vacuum pump via bellows tubes
(Kurt J. Lesker) to remove any moisture from the pumped air from inside of chamber, which also
helps produce a lower base pressure and achieve faster pump down. A secondary bellows valve
(Kurt J. Lesker) was integrated onto a tee flange between the vacuum pump and the LN2 trap to
release the vacuum to ambient once the pump down process is finished. In order to monitor the
pressure within the chamber, a vacuum pressure transducer (925 Micro Pirani, MKS) was installed
on top of the chamber. A tertiary bellows valve was attached to the environmental chamber as a
leak port between inside of the chamber and the ambient to release the vacuum once the
experiments are finished.

A secondary stainless-steel water reservoir (or degassing chamber) was installed to supply water
vapor inside the environmental chamber. The water reservoir was connected to the environmental
chamber via bellows tubes (Kurt J. Lesker) and two diaphragm valves (SS-DSS4, Swagelok).
Bellows tubes were wrapped with tape heaters (HTWC101-010, Omega) to prevent condensation
and icing during the pump down process. Five 6.35 mm (1/4 inch) diameter access tubes were
welded directly on top of the degassing chamber flange and were attached with three independent
diaphragm vales (SS-DSS4, Swagelok), a pressure relief valve, and a thermocouple. The first
diaphragm valve was connected to the vapor supply line connecting the top of the water reservoir
to bottom of the environmental chamber. The second valve was connected to the liquid condensate
drainage line connecting the bottom of the water reservoir to the environmental chamber. The third

value was connected the top of the water reservoir to the ambient air to establish a water filling
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port. The water reservoir was wrapped by a resistive heater (AWH-101-040D, HTS/Amptek) and
insulated to limit heat losses. Heating power was controlled by a voltage regulator (DNG-600PH-
DK, Lutron). To prevent over-pressurization of the water vessel, the water temperature was
monitored using a K-type thermocouple located inside the water reservoir. A pressure relief valve
(SS-RL3S4 , Swagelok) was set at 303.975 kPa (3 atm) to prevent overpressure. The mass of the
water reservoir was monitored with a digital mass scale (CPWplus 75, Adam Equipment Inc.).

Four cold plates (12.0 inch by 3.5 inch, CP10G05, Lytron) forming heat sinks were installed inside
the environmental chamber using aluminum frames and connected to the external chiller loop to
promote condensation. The heat sinks were customized to hold up to 40 specimens (1 inch by 2
inch samples sizes). Screw threads were created on each cold plate to mount samples. The samples
were mounted on the heat sinks using Polyether ether ketone (PEEK) screws and washers
(Misumi), while the other sides of the cold plates were insulated with PEEK sheets (Misumi) to
limit condensation outside of the specimen area. The PEEK material was chosen as an insulation
material due to its low outgassing rate, low thermal conductivity, and excellent chemical and
thermal resistance. The PEEK screws were chosen in order to limit potential for galvanic or
electrochemical corrosion when connecting dissimilar sample materials to the aluminum cold plate.
In order to monitor temperatures within the system, K-type thermocouple bundles were connected
to the chamber via thermocouple feedthroughs (TFT5KY00008B, Kurt J. Lesker). Inside the
chamber, the temperature of the cold plates, side walls, water vapor, and collected condensate were
monitored throughout the three year experiment. The thermocouples and pressure transducer were
electrically connected to a data acquisition (DAQ) system which was built on a CompactDAQ
Chassis (cDAQ-9174, National Instruments). All collected data was analyzed with in-house

LabVIEW code. The DAQ system includes a thermocouple module (NI-9213, National
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Instruments), a digital signal module (NI-9423, National Instruments), an analog signal module
(N1-9209, National Instruments), and a terminal block (N1-9923, National Instruments). Finally,
multiple DSLR Cameras (K-50, Pentax) were placed in line with all view ports on the chamber for

visual recording of steam condensation process on samples to track coating degradation.

(@)

=~

Computer Pressure  Bellows
transducer  yapye

DAQcard Vacuum

pump

Bellows valve

Thermocouple
Feedthrough
(2ea) To chiller

nhy
LN
[}

From chiller !
To ambient

DSLR camera

b

Viewport
Voltage
regulator

Water filling port \

DSLR camera

Viewport

Insulation

Heating cable

Bellows valve

~ Vapor
wﬂ_ Tinlet valve
[*— Thermocouples (e
Insulation /I ples (¢)
Heating cable - 7o DAQcard 1
Voltage jo— Degassing chamber
regulator e _ .
m—ﬂl To computer
(b) Environmental

Chamber

Chiller Vacuum

Pump

LN2
Trap

Water
reservoir

Figure 3.2. (a) Schematics of experimental setup (not to scale). (b) Photograph of the
experimental setup from the front.

46



A set of strict procedures were followed to ensure consistency throughout the experiments. First,
the chamber interior and sample mounting rig were thoroughly cleaned with isopropyl alcohol
(IPA) to remove any contaminants. The water reservoir was filled with deionized (DI) water. The
heating cables wrapping the environmental chamber were energized to maintain the chamber walls
at =~ 40°C. The chamber walls were heated to dry out the inside of the chamber prior to pump down
and prevent condensation during the experiments. The test samples were mounted on the
aluminum cold plates using PEEK screws and PEEK washers. Then, the test rig with cold plates
were connected to the coolant line. Simultaneously, thermocouples were attached to cold plates
and chamber walls.

Given the long period of the durability test (> 1 month), a leak test was performed to ensure that
no leaks were present before each experimental trial. All diaphragm valves on the degassing
chamber and the leak port bellows valve on the environmental chamber was closed. The LN2 trap
was filled with LN2. The bellows valve connecting the vacuum pump to the ambient was closed,
and another bellows valve connecting the environmental chamber and LN2 trap was opened. Then,
the vacuum pump was turned on to initiate the pump down process. The chamber pressure was
monitored using the pressure transducer. In the middle of pump down process, the large capacity
chiller was turned on, and the coolant temperature was set to 10°C. The inflow rate of the coolant
was monitored using the electromagnetic flowmeter. This process took approximately one hour to
achieve the target vacuum conditions (P < 5 Pa). Whenever necessary, the LN2 trap was refilled.
The LN2 trap was cleaned midway during the pump down process, since frost would form on the
LN2 trap and block the vacuum line during pump down. When the target pressure was achieved,
the valve connecting the environmental chamber and the LN2 trap was closed, and the pump was

turned off. Then, the valve connecting the vacuum pump and the ambient was opened to release
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vacuum in the pump line. The chamber was left under vacuum for >24 hours to perform the leak
test, and the chamber pressure was monitored with the pressure transducer. The leak rate was
characterized to acquire the fidelity of the data. The initial leak rate was controlled to less than
1 Pa/min, with the long term leak rate controlled to less than 0.1 Pa/min. When the leak test was
finished, the vacuum was released by opening the valve connecting the environmental chamber
and the ambient.

Once the leak test was finished, the experiment was initiated. The vapor supply diaphragm valve
and the water filling valve on the water reservoir were opened, and the tape heater around the water
reservoir was turned on with the voltage regulator set to maximum output to boil the water. During
the boiling process, the excess water that spilled from the water reservoir was removed. In the
meantime, most of the dissolved gas in the water was removed. The temperature of the water and
reservoir were monitored using thermocouples. Once the water temperature reaches slightly higher
than 100°C for at least 10 minutes, the voltage regulator was turned down, and all the valves were
closed. Then, the vacuum pump down process was repeated.

When the target pressure (P < 5 Pa) inside the environmental chamber was reached, the bellows
valve connecting the environmental chamber and LN2 trap was closed, the vacuum pump was
turned off, and the valve connecting the vacuum pump and the ambient was opened to release the
vacuum. Immediately after closing the bellows valve on the environmental chamber, the vapor
supply valve and condensate drainage valve on the water reservoir were opened. Steady state
conditions were typically reached after approximately 30 min of full operation. Throughout the
experiments, the data (temperatures, pressure, and mass scale) was collected, and the images of

each sample were recorded using the DSLR cameras.
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Bond Number Calculation to Predict Filmwise to Dropwise Condensation Transition. The
droplet Bond number is defined as Bo = R? /1%, where R is the characteristic lateral length of
the liquid droplet, taken to be its final equilibrium radius immediately before departure. The
droplet departure size R¢ can be calculated from a force balance between the gravitational body

and contact line pinning forces and is defined as:[154]

R — 6y (cosf,. — cosB,)sin 6,
F7 ||mpg(2 — 3cosb, + cos36,)|’

where 8,, and 6, are the apparent advancing and receding contact angles, 6, is the equivalent
contact angle immediately before shedding from the condensing surface, defined as:

0. = cos™1(0.5 cos 8, + 0.5 cos 8,.).
Here, [, represents the capillary length defined as, [, = \/m where y and p are the
condensate surface tension and density, respectively, and g is the gravitational constant. A
previous study showed that the critical Bond number, Bo..; = 1.4, forms the transition boundary,

with Bo > 1.4 indicating filmwise condensation transition.[154]

3.4. Nanofabrication and Structure Properties

The F-DLC fabrication process is a multi-layer film comprised of a primary adhesion layer
deposited via physical vapor deposition (PVD) sputtering followed by plasma assisted physical
vapor deposition (PACVD) to build the remaining three layers. The PACVD coating is done in a
vacuum chamber at 250°C, maintaining localized filaments to assist in homogenous plasma
conditions throughout the vessel. Hydro-carbonated DLN gases which give the elemental structure
were introduced in the system which was deposited on the Ti-coated substrate. Then a fluorine
precursor as a liquid form is introduced to the system which was vaporized and co-deposited with
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the DLC layer at the end of the deposition process. In our study, a ~0.29 um-thick layer of PVD
sputtered Titanium (Ti) on the substrate ensures strong adhesion between the subsequent multi-
layer deposition and the substrate. The Ti PVD process is followed by the deposition of a ~0.3 pum-
thick DLN (a-C:H:Si:O) intermediate layer, a ~0.51 pum-thick DLC (a-C:H) layer, and finally a
~0.5 um-thick fluorinated DLC (f-DLC) layer (a-C:H:O:Si:F), in sequential order.
Cross-sectional SEM of the coating shows a total thickness of ~1.65 + 0.05 um (Fig. 3.3a
inset). As shown in Fig. 3.3a, energy-dispersive X-ray spectroscopy (EDS) analysis of each layer
ensures the presence of the required respective components. The multi-layer F-DLC film not only

generates a pinhole-free coating but also improves the mechanical resiliency of the surface.
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Figure 3.3. Design and structure of F-DLC. (a) Layer structure and chemistry of F-DLC
obtained from EDS. Peaks of Au and Cu stem from impurities present in the EDS chamber. Inset:
cross-sectional SEM image of F-DLC deposited on a polished silicon wafer. (b) Load-depth curve
showing F-DLC has a ~20X higher Young’s modulus when compared to amorphous C-F
materials. Inset: schematics of the atomic structures of the top f-DLC coating in the F-DLC stack

and the amorphous C-F coating.

To evaluate and compare the elastic properties, nanoindentation (Hysitron TI 950
Tribolndenter) was performed on both the F-DLC multiplayer coating and a control sample
consisting of an amorphous carbon-fluorine (CFx) film of equivalent thickness. The depth of the

indent was controlled by the applying force from the indenting tip (Berkovich TI-0039 standard
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tip, Bruker) to the samples. As shown in Fig. 3.2b, the F-DLC coating shows a ~20X higher

Young’s modulus when compared to amorphous carbon-fluorine materials.

3.5. Surface Characterization and Wettability

The thermal conductivity of the fabricated multi-layer F-DLC sample was measured using time-
domain thermoreflectance (TDTR). Figure 3.4a shows the surface reflectivity change as a function
of the time delay At between the pump and probe pulses for the test sample, yielding a thermal
conductivity of the coating of k = 0.46 + 0.05 W/(m-K) by assuming a volumetric heat capacity

consistent with previous measurements on DLC materials, C = 2.5 J/(cm®-K).[209] Due to the

limited thermal penetration depth of the TDTR measurement, d = \/W ~ 100 nm, we
measure the thermal conductivity of the top fluorinated f-DLC layer. As the top f-DLC layer is the
most amorphous among all layers due to the fluorination process, it has the lowest thermal
conductivity of all layers, ensuring that our measurement represents the lower-bond thermal
conductivity of the entire multilayer coating.

The mechanical properties of DLC-like materials are strongly related to the hybridization
of sp? and sp® carbon bonding. To quantitatively measure the carbon composition of the top layer,
we used X-ray photoelectron spectroscopy (XPS, Fig. 3.4b). The main peak of the C1s spectrum
was decomposed into three components: the sp® (C-C) bond at 284.4 eV, the sp? (C=C) bond at
285.2 eV and the C-O or C=0 bonds at 286.6 eV. We did not observe noticeable amounts of C-Si
bonding, which should be located at ~283 eV. The area of the decomposed peaks indicates that
relative content of the sp* and sp? bonds is 47 + 10% and 35 + 10%, respectively, where the
uncertainties were calculated from the uncertainty of the sp? peak position (0.1 eV). The relative

content result indicates that although the top layer contains fluorine, the carbon bonding structure
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does not deviate appreciably from typical DLC materials and maintains a high Young’s modulus
and hardness (Fig. 3.3b). The F1s spectrum showed that most fluorine atoms are bonded with
carbon by covalent and semi-ionic C-F bonds.

The surface energy (E) of the F-DLC coating was measured by probing the advancing
contact angle of deionized (DI) water and diiodomethane (Dii) on the F-DLC surface, which
yielded E; = 24 + 1 mJ/m?. Details of the surface energy measurement can be found in the
Experimental Section.[206] Although the surface energy is 25% higher when compared to Teflon-
like materials having surface energy of ~20 mJ/m?, the F-DLC coating maintains a ~20X higher
Young’s modulus. Figure 3.4d shows the surface energy and Young’s modulus of many commonly
used engineering materials, demonstrating that F-DLC combines the merits of both low surface
energy and high mechanical modulus.

To demonstrate versatility, we deposited F-DLC on a variety of substrates, showing
substrate-independent wetting. The wettability of the F-DLC coated substrates were determined
by performing water contact angle measurements using a microgoniometer (MCA-3, Kyowa
Interface Science). The apparent advancing contact angle on an F-DLC coated smooth silicon
wafer (University Wafer) is, 8, = 97.5 + 1° (Fig. 3.4e). Figure 3.4e shows the apparent advancing
(6,) and receding (6,) contact angles of water on a wide variety of F-DLC coated substrates. A
slight variation in the apparent advancing contact angle (8,), and contact angle hysteresis (A8 =
6, — 6.) among the substrates occurred due to the variability in topological homogeneity
(roughness) of the surfaces.[154] Surface roughness homogeneity also affects the droplet
distribution and droplet shapes during water droplet condensation. Figure 3.4f shows top view

optical microscopy images of atmospheric water vapor condensation on the different F-DLC
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coated substrates demonstrating spherical droplet morphologies with highly mobile contact lines,

key to attaining high quality hydrophobicity.

1.10 T

a I b o EX| i C
. " i periment R X
o5 111nm Al/ 1650 nm F-DLC/ Si | 4t 1!~ —Model Best Fit] o A\, o Experiment
09 sptcabon ¥ & s Semi-ionic C-F ¢ | \¥, —— Model Best Fit
—_ N sp? carbon — 684.8 eV
S (284.4eVv) ¢ = (684.8 eV)
1.00 < 3F { | (286.2 eV) <
3 - >
2 095 z 3
3 : 52 1 5
" 0.0 ©  Experimental D 2 ! C-OorC=0 £,
’ Model Best Fit X, (2866eV) I
- - +10% Agpic ir 8
0.85
- -10% Arpic
0.80 L L L 0 L N L 1 L M L L
200 500 1000 2000 5000 280 282 284 286 288 290 680 682 684 686 688 690
Time, t [ps] Binding Energy, Eg[eV] Binding Energy, Eg[eV]
10° T T 120
d ALO, e 7] Advancing Contact Angle 6, Y] Receding Contact Angle 6,
—_ [m} DNi
[
o
o 10°F * (] (m] I 7 i’ 57 5’ ;} % ? ? ;} 7] %
Ti
w )
o f-DLC Glass . N N g
g g N % N '8 R N N K
ERL =
3 10 g el
<]
= Ps @ Parylene g
% PMMA £
10° E L
3 QO Polymeric Materials © 30
> OPTFE O Inorganic Materials
Y This Work
10-1 1 1 O
10* 10* 10° 10* Si  Bronze C.Steel Glass Ni P.Al  P.Cu Sapphire SS304 SS316  Ti
2
Surface Energy, E¢[mJ/m?] Substarte
f Si Wafer Sapphire :

o
: l.%
= 35
e —
T
{

4 Carbon ‘steel ||

O

o

Figure 3.4. Surface characterization, wettability, and versatility of F-DLC coatings. (a) TDTR
surface reflectivity as a function of the time delay At between pump and probe pulses on the F-
DLC coating. The measured thermal conductivity was k = 0.46 + 0.05 W/(m-K). The TDTR
sample consisted of a 111 nm sputtered Al layer on a 1650 nm F-DLC multi-layer stack. (b) X-ray
photoelectron spectroscopy (XPS) of the C1s peak demonstrating the three components consisting
of sp® (C-C) bonds at 284.4 eV, sp? (C=C) bonds at 285.2 eV, and C-O or C=0 bonds at 286.6 eV.
(c) The XPS F1s spectrum showed the highest amount of fluorine atoms are bonded with carbon
by covalent and semi-ionic C-F bonds. (d) Surface energy and Young’s modulus of different
commonly used engineering materials, showing that F-DLC combines the merit of both low
surface energy and high mechanical modulus. (e) Measured apparent advancing and receding
contact angles of DI water droplets on a variety of substrates coated with F-DLC. (f) Optical
microscopy top-view images of atmospheric water vapor condensation on the different F-DLC
coated substrates, showing the substrate versatility with similar hydrophobicity of the F-DLC
coating.
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3.6. Steam Condensation Heat Transfer Performance

Due to the demonstrated F-DLC conformity, low surface energy, and good thermal conductivity
compared to polymeric hydrophobic coatings, the F-DLC coating has high potential to enhance
condensation heat transfer performance. To determine the overall condensation heat transfer
performance, an F-DLC coated copper (Cu) tube was fabricated following the same process
described for the flat coupons and condensation heat transfer experiments were performed in a
chamber with a controlled environment (Fig. 3.5a). Condensation heat transfer behavior and
condensate shedding was benchmarked by comparison to an uncoated Cu tube sample having
identical diameter and length. Prior to performing the experiments, the water vapor supply was
boiled, and the test chamber was evacuated to a pressure P < 1 Pa to eliminate noncondensable
gases and eliminate diffusional mass transfer resistances, key to obtaining high fidelity
measurements.[210-213] Throughout the experiments, the chamber pressure and temperature were
continuously monitored to ensure saturated conditions. The temperature of the sample tubes was
independently controlled via a cooling loop, and the inlet and outlet tube temperatures were
measured using high accuracy resistance temperature detectors to determine the coolant enthalpy
change and relate it to the measured condensation heat flux. For all experiments, the cooling water
inlet temperature was kept constant at 7 + 1°C with a coolant flow rate of 8 £ 0.2 L/min, resulting
in fully turbulent internal flow with Reynolds number, Rep = 24,000. Condensation heat transfer
performance was tested within the vapor pressure range of 3.5 < B, < 10 kPa, which are common
conditions used for condensers in steam cycle power generation applications.[214, 215] The
complete description of the experimental setup with all components is discussed in detail in the

published work.[216, 217]

54



a

Pressure sensor — — Electrical feedthrough

/

Vacuum-line valve

Coolant inlet

Vacuum
pump

Vapor-inlet valve

Vent line

’ \
e Steam
7 generator
/, \
4 \
’ ) 60 ~ T : T T T g T T
b C , ™ Bare-CuExp ® F-DLCExp
: — — Filmwise Model — — Dropwise Model
P00 O U LR UC () (U LI i H } _% i 3 _H {i } %
: i T S L e — ( - -L ==
g | bt
~— = El
S>30 3§ i
20
— v I
3] >|
< Q-Iﬂéiéng;;a
L 1 * N
15 e
[
[
1
0 1 1 . 1 n 1 " L n
0 2 4 6 8 10

Vapor Pressure, Py, [kPa]

Figure 3.5. Enhanced condensation heat transfer of F-DLC. (a) Schematic of the chamber (not
to scale) used for the condensation heat transfer experiments. The Cu tube sample having outer
diameter Dgp = 9.53 mm, inner diameter D;p = 8.0 mm, and length L = 134.6 mm was cooled via
chilled water flowing inside of the tube at 8 + 0.2 L/min. (b) Optical images during condensation
showing (top) dropwise condensation on the F-DLC coated smooth Cu tube, and (bottom) filmwise
condensation on the smooth un-coated hydrophilic Cu tube. The chamber vapor pressure P, = 2.67
+ 0.15 kPa was identical for both tests. (c) Experimentally measured and theoretically computed
steady-state condensation heat transfer coefficient (h.) as a function of saturated steam vapor
pressure (P,) on the F-DLC coated Cu (dropwise) and bare Cu (filmwise) tubes. Error bars were
computed using the propagation of error. The theoretical prediction for dropwise condensation
(red dotted line) was obtained using the classical droplet growth and distribution model. The
theoretical prediction for filmwise condensation (blue dotted line) was obtained using the Nusselt
filmwise condensation model for a single horizontally oriented tube.

55



3.6.1. Heat Transfer Calculations and Error Analysis

Overall heat transfer coefficient (U). The overall condensation heat transfer rate (Q) was calculated
using an energy balance on the cooling water flowing inside the tube, as shown in Equation 3.2:
Q = mcy(Tour — Tin)d » (3.2)
where @ is the overall condensation heat transfer rate, m is the cooling water mass flow rate, c, is
the liquid cooling water specific heat, and T, and T;, are the outlet and inlet temperatures,
respectively. The overall heat transfer rate (Q) was then balanced with the overall heat transfer
coefficient, U as:
mep(Toue — Tin) = UAGAT MTD (3.3)
where A, is the tube outer surface area (4, = mdopL, Where dgp =9.35 mm, L =134.62 mm) and

ATy mrp 1S the log mean temperature difference defined by:[218]

T, = Tin) — (Ty — Tour)
AT mtp = " [ ~“Ty) : ) (3.4)

out)

where T, is the temperature of the surrounding saturated vapor inside the chamber (T, = Ts.:(R,)).
The overall heat transfer coefficient (U), which is only a function of experimentally obtained
parameters, can thus be calculated as:

Tth (Tout - Tin)
AOATLMTD

7= (3.5)
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Internal convection heat transfer coefficient (h;). The calculated U is a measure of the overall heat

transfer performance from the vapor to the cooling water. It includes the convective resistances on
the inner and outer walls and the conductive resistance through the copper wall and hydrophobic
coating. Further calculations were performed to isolate the thermal resistance on the outer wall to
quantify the condensation heat transfer coefficient, h., as measured from the vapor to the tube
outer surface.

To extract h., the conductive resistance was calculated using the thermal conductivity of
hollow conductive cylinder assembly and the internal resistance was calculated by estimating the
internal heat transfer coefficient. The water-side heat transfer coefficient (h;) was estimated by the
Petukhov correlation (Equations 3.6-3.8), which is relevant to the coolant flow conditions and has

an accuracy of approximately 6%:[219]

- £ (é) RePr &>n.
" (vor ez () (i=1)) -
Re — PVjID . (3.7)
f =1[0.791n(Re) — 1.64] 2. (3.8)

In Equations 3.6 to 3.8, f represents the pipe friction factor, Re is the cooling water Reynolds
number, Pr is the cooling water Prandtl number, p is the cooling water density, k; is the cooling
water thermal conductivity, and u;, and ug are the cooling water dynamic viscosities at the bulk

and tube wall temperatures, respectively.
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Thermal resistances. The overall heat transfer performance from vapor-to-cooling water can be

expressed as a series sum of four individual thermal resistances: the internal convective resistance
R.onv, the radial conduction tube wall resistance R4, the conductive resistance through the

coating, Rcoating: and condensation heat transfer thermal resistance Rcondensation: S Shown in Fig.

3.6.
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Figure 3.6. Thermal resistance network for condensation of steam on an F-DLC coated tube
sample. Resistors not to scale.

Considering the coating thickness of the F-DLC as h, the thermal resistance of the coating on a

tube with length, L is:

In (dOD + h)
dop

2nilkg_pLc

(3.9)

)

Rcoating -

where dgp is the outer diameter of the bare copper tube and kg_p; ¢ is the thermal conductivity of

the F-DLC multilayer coating. Similarly, the conductive tube wall resistance can be calculated as:
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d
1 ( OD)
r o \dp) (3.10)
wall ZT[LkCu )

where dgp and d;p are the outer and inner bare tube diameters, respectively and k¢, is the thermal
conductivity of multipurpose copper. The internal convection resistance and external condensation

resistance can be calculated as:

1

Regpy = ————. .
conv = j g7 (3.11)

1 (3.12)
Riondensation = m .
c

Condensation heat transfer coefficient (h.).

The overall heat transfer coefficient can be expressed as Equation 3.13 by considering all four
thermal resistances in series:

1
= Rconv + Rwall + Rcoating + Rcondensation ’ (3-13)
UA,
where A, is the tube outer surface area (4, = mdgpL). Knowing h;, a closed form solution can be
obtained for h. by combining all the relevant thermal resistances (internal convection and radial

conduction through the tube wall and coating):

-1

1
hc = (ﬁ - Ao(Rconv + Rwall + Rcoating)) : (3'14)
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Tube surface temperature (T,.). The tube surface outer temperature, T, s, Was used to calculate

the supersaturation for each test condition. The outer wall temperature was calculated using the
total heat transfer rate and the conductive and water-side convective thermal resistances, as shown

in Equation 3.15:

Q Tsurf Tavg
In (@> ' (3.15)
hiAiL 27'[th

where Taye = (Tout + Tin)/2 . Rearranging Eq. 3.15, the tube surface temperature can be

calculated as:

d0D>
1 In (m

Tourf = Tavg + me (Tout — Tin) h:A:. L + 2mLkc
i u

(3.16)

Finally, the supersaturation, S, defined as the ratio of the vapor pressure to the saturation pressure

corresponding to the tube sample surface temperature is given by:

P
S= —nr—, (3.17)
Psat(Tsurf)

Error analysis. The uncertainty of the overall heat transfer coefficient, U, was calculated by

propagating the instrument uncertainty of each measured variable (Table 3.1), as shown in

Equation 3.18:

2 2 . 2 . 2
Eg = 7 (E_m) n ( E(Tout—Tin) ) n ( EA) n ( EATLMTD) . (3.18)
m (Tout — Tin) A AT mTp

As the condensation heat transfer coefficient, h. is a product of powers, the error is determined as

a function of the first partial derivatives of h with respect to its components:
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ohe h;®
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where R.is the thermal resistance of the tube wall given by:

Table 3.1. Uncertainties corresponding to experimental measurements.

Experimental Measurement

Uncertainty

Cooling water temperature (Tyyt, Tin)

0.15°C +0.12%

Saturated vapor pressure (R,)

1%

Saturated vapor temperature (T,)

Tsat(1.01(Pv))-Tsar(Pv)

Cooling water mass flow rate (1)

1%

Sample surface area (Agp)

2%

Petukhov correlation heat transfer coefficient (h;)

6%

3.6.2. Dropwise Condensation Model

(3.19)

(3.20)

(3.21)

(3.22)

To calculate the overall condensation heat transfer, we first calculate the heat transfer through a

water droplet. Then, we multiply the individual droplet heat transfer with the droplet distribution

density to get the overall condensation heat flux. To calculate the droplet heat transfer, we study

the thermal resistance network. For a droplet residing on a surface, the dominating thermal

resistances are the conduction resistance within the droplet, the surface conduction thermal

resistance (coating), and the interfacial thermal resistance at the liquid-vapor interface. The

conduction resistance is determined by following our previous study.[220] Due to the sufficiently
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small size of condensing droplets, convection inside of the droplet is low and is neglected.[221]
Here we consider a droplet with radius R on a plain surface which is coated with F-DLC, as shown
in Fig. 3.7. The contact angle 8 of the F-DLC coated hydrophobic surface is assumed to be fixed
regardless of the droplet size, surface temperature and vapor temperature. Knowing the vapor
saturation temperature, T, and F-DLC coated tube surface temperature, T, ¢, the heat transfer
rate Q can be calculated by considering all thermal resistances.

Considering the droplet nucleation site density, Ns,[222] the effective coalescence radius

of the droplets, R. above which droplets starts to coalesce can be calculated by:

R, =1/,/4N;. (3.23)
Droplet critical nucleation radius (R,;,) Was calculated by:[221]

2T O (3.24)
hfgp(Tsat — Tsurf)

Rpmin =

where g, p, and hyg are the liquid-vapor surface tension, density, and latent heat of vaporization of

water, respectively. Tt

0

E surf

F-DLC coating
Substrate

Figure 3.7. Schematic of a condensate water droplet with radius R growing on the F-DLC coated
(hydrophobic) condensing surface having a total coating thickness of d.

The heat transfer rate through a single droplet with radius R is:
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R...;
nRZ(Tsat - Tsurf) (1 - %)
1 ROPP 5 (3.25)

+
2hi(1 — cos@:PP) * 4kysingPP  kycsin26,7P

q(R) =

where, k., and ky are thermal conductivity of water and F-DLC, respectively. Here O:°" is the
apparent advancing contact angle of condensate droplets, h; is the interfacial heat transfer
coefficient and is determined by the Schrage equation:[220, 221, 223]

2a 1 h?
h = fe (3.26)

2—a A/ ZﬂRgTsat VgTsat ’

where a is the accommodation coefficient ranging from 0 to 1, representing the ratio of vapor

molecules that will be captured by the liquid phase to the total number of vapor molecules reaching

the liquid phase, and Ry is the specific gas constant of vapor.

To calculate the overall condensation heat flux we combined the individual droplet heat transfer
with the total number distribution of droplets on the condensing surface. For a hydrophobic
surface, a droplet distribution theory to account for the fraction of droplets on the surface of a
given radius R for surfaces undergoing shedding and jumping is used. For small droplets (R <
R.), the size distribution n(R) is determined by:[224]

~

R

2
1 (Re>_§ R(Re — Rpin) AR + Ag

R)=—
n(R) R— Ry AR, + As

_ exp(B; + B,), (3.27)
37TR2R p(B; 2)

where, where R is the effective maximum droplet radius. For large droplets (R > R,) growing due

to coalescence, the droplet distribution N (R) is determined from:[225]

2

N(R) = — (R—)3 (3.28)
3mRZR \R

The parameters A4, A,, Az, B1, B, are constants defined as:[220]
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AT

A = ) 3.29
hfgpw(l — cos Hspp)z(Z + cos ijp) (329)
gapP
A, =—2 | 3.30
? 4k, sin@."P (.30)
A = 1 s ° 331
> 7 2R (1 — cos 82PP)  kyc sin? 67PP (3-31)
A, [R? — R? R — Rpin
B, =— Ryin(Re —R) — R%. 1 (—) 3.32
1 TAl 2 + mln( e ) min n Re _ len ( )
A3 R— Rmin
B, =——|R,— R — Ryl (—)] )
2 TA1 [ e min 11 Re _ Rmin (3 33)
3R2(A,R. + A:)?
. ¢(AzR. + A3) (3.34)

- A;(114,R% — 14R.Rppin + 84A3R, — 11A3Rin)
The total surface steady state condensation heat flux (q") for a hydrophobic surface is obtained by
incorporating the individual droplet heat transfer obtained from Equation 3.25, with the droplet

size distributions (Eqns. 3.27 and 3.28):
R

Re
q"=f ¢(RIn(R)dR + f G(RN(R)AR . (3.39)

Rmin Re

The overall condensation heat transfer coefficient is calculated by:

_ Gtot

he = Tor, (3.36)

where AT is the temperature difference between the ambient vapor saturation temperature, Tg,¢

and the condensing surface temperature, Tg,pr (1.€. AT = Tsar — Tsurf)-

3.6.3. Filmwise Condensation Heat Transfer Model

To model filmwise condensation of steam on the hydrophilic copper tube samples, the classical
Nusselt model was used:[218, 226]
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,-0.25

api(pr — py) ki heg
tdopAT '

he fiimwise = 0.729 (3.37)

heg' = hgg + 0.68¢, AT, (3.38)

where g is acceleration due to gravity (g = 9.81 m/s?), p, is the vapor density, p, is the condensate
liquid density, g is the condensate liquid dynamic viscosity, hfg' is the modified latent heat of
vaporization accounting for the change in specific heat of the condensate and ¢y, is the condensate

liquid specific heat.

Figure 3.5b shows optical images obtained during dropwise condensation on the smooth
F-DLC-coated hydrophobic Cu tube (top image) and during filmwise condensation on the clean,
uncoated hydrophilic Cu tube (bottom image). As expected, on the bare Cu tube, vapor condensed
and formed a thin liquid film that covered the entire surface. On the F-DLC coated Cu tube, stable
dropwise condensation ensued. To maximize the tube internal heat transfer coefficient, the cooling
water mass flow rate was held constant at 8 £ 0.2 L/min for all experiments (1.01<S5<1.7,8.5<
T, <25 °C, where S is the supersaturation and Ty is the extrapolated tube surface temperature. The
condensation heat transfer coefficient (h.) was calculated from the measured condensation heat
flux and overall heat transfer coefficient. By calculating the well-validated thermal resistances of
the internal tube single-phase forced convection, radial conduction through the Cu tube wall, and
F-DLC coating thermal resistance using the measured thermal conductivity, the steady-state
condensation heat transfer coefficient at the tube outer surface, h., was calculated. Figure 3.5¢c
shows calculated and predicted heat transfer coefficient as a function of vapor pressure. The F-
DLC coated Cu sample showed a ~3X higher condensation heat transfer compares to the uncoated
Cu tube over a wide range of vapor pressures. To compare the experimental results to theoretical
predictions, we calculated the dropwise condensation heat transfer coefficient (red dotted line in

Fig. 3.5c) using the droplet growth and distribution model and the filmwise condensation heat
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transfer coefficient (blue dotted line in Fig. 3.5¢) using the Nusselt condensation model on a
horizontal tube. The experimentally measured dropwise and filmwise heat transfer coefficient are
in good agreement with the well-validated dropwise and filmwise condensation models,

respectively.

3.7. Long-Term Steam Condensation Durability

The F-DLC coating provides a conformal, pin-hole free, adherent solution for the rational design
of multiple layers that can enable enhanced condensation heat transfer (Fig. 3.8). The demonstrated
condensation heat transfer results are not unique, showing similar performance with previously
developed hydrophobic materials[33, 210, 227, 228]. However, the potential durability of F-DLC
when compared to classical hydrophobic coatings makes it beneficial. To evaluate the long-term
durability of the F-DLC coating during steam condensation, we built a separate vacuum-
compatible condensation chamber (Fig. 3.8a and b). To accelerate the condensation process and
increase the condensation heat flux, the testing samples were mounted on an aluminum cold plate
(Fig. 3.8c) and placed in the custom-built environmental chamber commissioned in 2017. The
environmental chamber was first evacuated to P < 5 Pa to remove non-condensable gases, then,
hot steam was injected into the chamber from a boiler after following a detailed degassing
procedure. Cold water at ~10°C was supplied to the cold plate inlet via a chiller, which reduces
the surface temperature of the mounted samples. As the steam comes in contact with the F-DLC
surfaces it forms water droplets and initiates dropwise condensation. Due to the good droplet

mobility on the hydrophobic F-DLC surfaces, the condensed water droplets shed from the surface
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toward the condensate collector at the bottom of the chamber and finally the condensate returns to
the boiler by gravity. During the long-term test, the chamber pressure ranged from 2 to 3 kPa.

A total of three F-DLC coated substrates consisting of a polished silicon wafer, a Cu tab,
and an Al tab were tested in the chamber system for the full-time duration. The condensation
conditions of each sample were recorded at least twice a week via visual observation, which has
been used in the past to identify the condensation mode (dropwise or filmwise condensation). Due
to inherent leaks into the chamber from the pressure difference arising from the atmosphere and
the saturated steam at lower pressure, the system had to be shut down periodically (once every
month) in order to vacuum out the chamber and ensure pure saturated conditions. During
shutdown, the chamber was not opened and simply was vacuumed to remove non condensables,
with shutdown lasting no more than 3 hours.

Figure 3.8d shows time-lapse images of condensation on each sample mounted in the
vertical orientation. The images show that condensing droplets on the F-DLC surfaces have clear
circular shapes and grew to 3.2 to 3.5 mm in diameter prior to departing the surface throughout
the testing period, which lasted for 3 years (> 1095 days). Even after the long-term exposure to
saturated steam conditions, the F-DLC coating exhibited continued dropwise condensation during
tests, regardless of the base substrate. This was not true for control samples consisting of Cu and
Al tabs coated with self-assembled monolayers of heptadecafluorodecyl-trimethoxy-silane
(HTMS), which failed via transition to filmwise condensation after less than one month of testing
(Table 3.2). After exposing to steam for 3 years, the DI water contact angle on the F-DLC coating

changed from 6,/6, = 99.1°/86.2° to 6,/ 6, = 70.5°/57.1° (Table 3.2).
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Figure 3.8. Long-term steam dropwise condensation on F-DLC. (a) Schematic and
(b) photograph of the facility used to conduct long-term condensation experiments. (c) Image of
the cold plate and sample assembly placed inside of the vacuum chamber for experiments.
Throughout the experiment, the surface temperature of the samples was maintained by supplying
coolant at 10°C to the cold plate from a dedicated chiller. Steam is generated inside a separate
degassing chamber connected to the bottom of the chamber. (d) Time lapse images of steam
dropwise condensation on the vertically oriented surfaces consisting of F-DLC coated: (top row)
polished Cu, (middle row) polished Al, and (bottom row) polished Si wafer. All results showed
hydrophobicity of the F-DLC coating irrespective of substrate for a period lasting more than 3
years at the time of writing this manuscript (March 2022).
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Table 3.2. Condensation durability test samples and summary

of test results.

Operation
Coating | Thickness | Substrate 0, 0, AQ Time Durability
[days]
Si 99.1°+0.4° | 86.2° +0.4° | 13° >1095 Good
Polished o o o o o
E-DLC 1.65 pum cu 98.4° +0.8° | 82.7° +1.1° | 15 >1095 Good
PO"AS’PEO' 99.0° +0.5° | 85.3°+0.8° | 14° | >1095 Good
PO'(':SJ‘Ed 120°+0.8° | 94.6° +1.2° | 26° <29 Poor
HTMS | 2nm 5 ished
Al 111°+1.9° | 71.1° +0.5° | 41° <29 Poor

Post-experiment XPS analysis was conducted on the tested samples to investigate the

possible surface chemistry change after continual 3 years of condensation. The results show the

content of fluorine of the top f-DLC layer reduced from 9.5% to 4.9% during the 3-year test (see

Table 3.3), which indicates that the surface energy increases during long exposure to water vapor,

thus reducing the apparent contact angle. However, the F-DLC surfaces still maintain a low droplet

Bond number (Bo = R? /12, where Ry is the characteristic lateral length of the liquid droplet, taken

to be its final equilibrium radius immediately before departure, and [, is the capillary length)

representing the ratio of equilibrium droplet radius immediately before departure to capillary

length scale of water. The Bo number mediated dropwise-to-filmwise transition occurs at Bo.pi; =

1.4, with Bo > 1.4 predicting gravitationally dominated puddle formation and filmwise

condensation.[154] Calculations of Bo for each F-DLC surface tested for durability (after 3 years)

based on the final surface contact angle measurements reveal a maximum Bo ~ 0.5 (Table 3.4).

Since Bo < Bojt, capillary-dominated hemispherical droplet shapes are maintained at departure,

ensuring dropwise condensation and high droplet mobility.
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Furthermore, TDTR measurements of the post-experiment samples show insignificant
change (<1%) in the thermal conductivity of the coating (Table 3.3). The ability to conserve similar
droplet mobility and thermal conductivity indicates that even after three years of steam exposure,
the F-DLC coatings will provide similar heat transfer performance as freshly prepared surfaces.
As of March 2022, the long-term durability test are still ongoing and will continue indefinitely

until transition to filmwise condensation is achieved.

Table 3.3. Surface property comparison of the F-DLC coated fresh sample and samples after
exposing in the steam environment for 1095 days. The sample substrates were polished Si wafers.

Coating
property

0,/0, 99.1°+ 0.4° / 86.2°40.4° 70.5°+ 1.0° / 57.1°+1.3°
Chemical | F% | O% | N% | C% | Si% | F% | 0% | N% | C% | Si%
composition | g5 | 275 | 2 [389 | 241 | 49 | 337 | 0 |385]| 229

Thermal
conductivity 0.46 £ 0.05 0.42 £0.04
k [W/(m-K)]

As coated After 1095 condensation days

Table 3.4. Bond number (Bo) comparison between fresh F-DLC coated samples and condensation
durability tested samples after 1095 days. Durability tested samples still maintain Bo smaller than
the critical Bond number, Bo..;; = 1.4, ensuring dropwise condensation.

Before Test After 1095 condensation days
Substrate
0, AG Bo 0. AQ Bo
Si 99.1°+0.4° | =13°| 0.2 70.5°+1.0° ~14° | 0.47
Polished Cu | 98.4°+0.8° | =15° [ 0.26 73.2°+£0.6° ~16° | 0.51
Polished Al 99.0°+0.5° | =14° | 0.22 71.0°+1.1° ~14° | 0.49
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3.8. Thermal Stability

Abrasion resistance and stability at elevated temperatures is required for a broader array of
hydrophobic coating applications. The thermal stability of the F-DLC coating was tested by
heating samples in a furnace (Lindberg 2” Tube Furnace) with a flow of inert gas for various times
and temperatures. A continuous flow of N2 gas (~ 3 LPM) in the tube furnace was used. After
heating for a prescribed time and allowing the sample to cool back down to room temperature, the
apparent advancing (68,) and receding (6,.) DI water droplet contact angles were measured using a
microgoniometer (MCA-3, Kyowa Interface Science). The heating temperature ranged from
100°C to 600°C and at each temperature, five identical F-DLC coated samples were placed in the
furnace. After 1 h, the first sample was taken out, followed by the rest of the samples taken out
sequentially at 2, 4, 8, and 16 hours. The change in apparent contact angle represents an indication
of coating integrity due to the intrinsic hydrophilicity of the substrate (metal or native oxide)
beneath the F-DLC coating.

To characterize the effects of potential oxidation in non-inert (atmospheric pressure)
conditions, identical experiments were also conducted in an atmospheric pressure oven
(Lindberg/Blue M Moldatherm Box Furnace). The thermal stability of the F-DLC coating was
compared to a control sample consisting of a HTMS SAM hydrophobic coating deposited on
identical substrates. As shown in Figs. 3.9a and 3.9b, the F-DLC coating maintains consistent
hydrophobicity up to 300°C exposure temperatures both in N2 and air environments, with air
exposure creating slight degradation in hydrophobicity due to substrate oxidation. However, on
the HTMS coated control samples, 300°C exposure resulted in complete degradation
(hydrophilicity) after 2 h of heating due to silane desorption. In the inert N2 environment, the F-

DLC coating maintained continual hydrophobicity up to 450°C (Figs. 3.10a and 3.10b). In air at
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350°C (Fig. 3.10c) and 400°C (Fig. 3.10d), F-DLC degrades at a similar rate for 2 h of heating

time. Then, at later times (> 2h), the oxidation rate was observed to significantly accelerate for the

400°C case.
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Figure 3.9. Thermal stability of F-DLC. Thermal stability of the F-DLC coating compared with
HTMS SAM at 300°C in (a) Nitrogen (N2) and (b) air environments as measured by the change in
apparent advancing contact angles (ACA) and receding contact angles (RCA) with DI water
droplets. Contact angle hysteresis (CAH) represents the arithmetic difference between ACA and
RCA. Legends are same for (a) and (b). (c) During high temperature exposure in 300°C conditions
(air), the HTMS surface in transitions to filmwise condensation, while the F-DLC coating
maintains dropwise condensation.

Consistent with the previous wettability characterization during heating in air at 300°C, the
HTMS coated surface showed a drastic increase in droplet Bo with little change for the F-DLC
coating (Fig. 3.9¢). In the inert environment, the F-DLC coating did not show filmwise transition
(Bo < 1.4) until exposure to 600°C for ~10 h (Fig. 3.10e). However, the filmwise transition on the
F-DLC coating is predicted to occur after exposure to 400°C in air after ~ 10h (Fig. 3.10f). Since

the F-DLC coating showed good hydrophobicity in both air and inert environments for up to 16

hours of exposure at 300°C, we extended the heating time up to 128 hours to try to observe the
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filmwise transition. As shown in Fig. 3.9c, even after 128 hours of exposure to hot air (300°C) the

F-DLC coating maintain dropwise condensation (Bo ~ 0.9 < 1.4).
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Figure 3.10. Stability of the F-DLC coating in different thermal environments. (a) Advancing,
and (b) receding DI water droplet contact angle of the F-DLC coating in inert environments (N2
gas) for different temperatures showing good hydrophobic properties up top 450°C. (c)-(d)
Comparison of F-DLC degradation process in air and N2. Calculated Bond number (Bo) for the F-
DLC coated surfaces in different thermal environments, showing a filmwise transition (Bocrit >
1.4)[154] temperature in the () 600°C inert environment, and (f) 400°C non-inert environment.
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3.9. Mechanical Robustness

To evaluate long-term mechanical durability of the F-DLC film against abrasion and wear,
cyclic abrasion resistance tests were performed on a Taber abrasion tester (Figure 3.11). The
abrasion resistance of the F-DLC coating on the polished silicon substrate was tested using a Taber
Reciprocating abraser (Model-5900). A sliding specimen platform moves in a horizontal,
reciprocating motion under a stationary abradant (Calibrase® CS-10, Taber Industries). A silicon
wafer coated with F-DLC was placed underneath an abrasive tip with a defined preload of 1 N on
the tested surface. Then, a fixed speed linear reciprocating motion was applied to the sample stage
to model abrasion, followed by DI water contact angle measurements on the abraded surface area
at a prescribed number of abrasion cycles. Prior to contact angle measurement, residuals consisting
of mainly abrasive nanoparticles and binder material on the test surface from the abrasion tips were
cleaned by sonication of samples in ethanol. This ensured that the measured change in contact

angle was due to damage during abrasion, and not parasitic material deposition.

Figure 3.11. Photograp of a reciprocating abrasion tester used to characterize the mechanical
stability of the F-DLC coated samples.
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Figure 3.12. Mechanical robustness of F-DLC. To characterize the effects of abrasion, the (a)
DI water droplet apparent advancing contact angle (blue solid curve) as well as the contact angle
hysteresis (blue dashed curve) is plotted as a function of abrasion cycle. The apparent advancing
contact angle on F-DLC reduced to ~81° after 5000 abrasion cycles due to (b) increased surface
roughness and (c) reduced thickness of the top f-DLC layer after abrasion. After 5000 abrasion
cycles, the thickness of the F-DLC coating reduces from ~ 1.65 um to ~ 1.61 pm, resulting in
exposure to lower fluorine content regions and reduced hydrophobicity. (f) Dropwise condensation
modelling reveals that the droplet Bond number (Bo) is ~ 1.14 after 5000 abrasion cycles, less than
the critical Bond number (Bo.; = 1.4) for dropwise to filmwise transition.

Figure 3.12a demonstrates that after 5000 abrasion cycles, 6, on the tested F-DLC surface
decreased gradually from ~97.5° (fresh F-DLC surface) to ~81.0°. The contact angle hysteresis
(A6 = 0.- 6) of the tested surface increased from ~8.0° to ~37.0°. The wettability changes due to
the combined effects of increment of local surface energy from partial removal of the top
fluorinated layer (f-DLC), and formation of local micro-scale surface roughness (Fig. 3.12b). The
EDS line scan (Fig. 3.13) of the F-DLC cross section shows the concentration of fluorine in the
top f-DLC layer decreases from top to bottom, resulting in a surface energy gradient along the
thickness of the f-DLC layer. Cross-sectional SEM analysis shows that after 5000 abrasion cycles,

the total coating thickness reduces from ~ 1.65 pum to ~ 1.61 um, only a removal of ~ 40 nm of

the top f-DLC layer, exposing the surface to the lower fluorine content depth, and reducing

75



hydrophobicity (Fig. 3.12c). Here we observe that < 10% the material was removed after 5000
abrasion cycles, mainly due to the wear resistance originating from the coefficient of friction
(COF) DLC material.[229] The observed abrasion resistance of our F-DLC coating is even better
than H-terminated DLC because the two fluorine terminated DLC surfaces sliding against each
other would exert higher repulsive forces compared to two H-terminated surfaces. Thus, the mutual

interaction of two F-DLC surfaces results in a lower COF.[230]
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Figure 3.13. EDS line scan result for Fluorine at a cross-section of the multi-layer F-DLC coating.
The blue colored area indicates the f-DLC top layer.

Although the F-DLC surface can be characterized as hydrophilic (6. < 90°) after 50
abrasion cycles, dropwise condensation and exceptional droplet mobility is maintained due to the
maintenance of low contact angle hysteresis.[154] In fact, the F-DLC surface is predicted to
maintain dropwise condensation even after 5000 abrasion cycles due to the maintenance of low
droplet Bond number (Bo < 1.4). Calculations of Bo for each tested surface based on the abraded
surface contact angle measurements reveal a maximum Bo ~ 1.14 after 5000 abrasion cycles. Since
Bo < Bogj;: dropwise condensation and high droplet mobility are predicted for the abraded
samples. Continued abrasion experiments up to 10000 cycles show that our F-DLC coating
eventually transitions to droplet pinning and filmwise condensation behavior with Bo ~ 1.9 (Fig.

3.12d).
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3.10. Discussion

Many exciting applications requiring hydrophobicity are limited to laboratory scale experiments
simply due to durability limitations. Low surface energy hydrophobic coatings are needed in
condensation applications, with the majority of coatings developed in the past decades have been
shown to degrade within one month of exposure to moist environments. In addition to wet
conditions and condensation, hydrophobic coating resiliency to mechanical deformation or
abrasion during application, handling, manufacturing, and operation is a critical bottleneck to
coating implementation. Hydrophobic coatings capable of maintaining low surface energy and
good thermo-mechanical robustness for an extended period of time in harsh environments or
manufacturing conditions are needed in order to finally enable industrial utilization.

When compared to previously reported coatings[39, 231-233], our developed F-DLC
coating represents a synergistic combination of parameters required to achieve robust
hydrophobicity. Moreover, our F-DLC coating presents a pathway to improve the longevity of low
energy coatings not only in applications undergoing harsh thermo-mechanical degradation, but
also in manufacturing, biomedical, and marine applications, owing to its tribological and
mechanical properties as well as demonstrated corrosion resistance, biocompatibility, and
hemocompatibility.[234-239]

Achieving stable dropwise condensation on hydrophobic surfaces has a profound impact
on global energy production, water conservation, and hence the carbon footprint of industrialized
and developing nations. The Electric Power Research Institute (EPRI) reports that a 1% heat rate
increase of a 500 MW, power plant operating at 80% capacity saves approximately $700,000 in
annual costs and reduces CO2 emissions by 40,000 tons per year[240]. Seventy percent of global

electricity is produced by steam power plants (natural gas, coal, nuclear, biofuel), which use an
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estimated 100 trillion gallons of water each year for cooling[241]. Power plant efficiency highly
depends on the condenser performance. Dropwise condensation enhances the vapor-side heat
transfer coefficient of the condenser and increases the difference between the evaporation and
condensation temperatures across the power cycle. Thus, the overall system can operate at a higher
efficiency or a decrease in overall size, weight and ultimately capital cost[242]. However, while
designing the hydrophobic condenser, greater focus is needed to enhance the hydrophobic coating
durability rather than the coating hydrophobicity. The overall power plant efficiency gains stagnate
after a certain threshold of condensation heat transfer coefficient in achieved[242, 243]. As a clear
and economically viable use case, integration of our durable F-DLC surfaces within condensers of
steam-cycle power plants represents an opportunity for long-term power cycle efficiency
enhancement, societal greenhouse gas emissions reduction, as well as reduced levelized cost of
electricity (LCOE). Implementation of our F-DLC coating on a power cycle condenser has the

potential to reduce LCOE by 1.9% by enhancing the overall power plant efficiency by 2%.[243]

3.11. Conclusions

In summary, our developed multilayer F-DLC coating has low surface energy
characteristic of non-polar polymers, with a high Young’s modulus approaching that of pure
metals. We demonstrate the versatility of F-DLC on a wide range of substrates including
crystalline, non-crystalline and common engineering metals, all showing similar surface energy
after coating. The F-DLC not only demonstrates enhanced dropwise condensation heat transfer,
but also unprecedented durability in wet environments for a period of more than three years.
Characterization of the compatibility of F-DLC in elevated temperature environments exceeding

300°C and sustainability after 5000 mechanical abrasion cycles demonstrates extreme resiliency.
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The outcomes of our work not only develop a low surface energy coating capable of
implementation for a plethora of versatile applications, it solves the decades-old problem of
generating hydrophobic surfaces that can achieve extended lifetime during exposure to harsh

thermo-mechanical environments.
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CHAPTER 4

The Lifespan of Slippery Lubricant Infused Surfaces

4.1. Introduction

Usage of low surface tension liquid has grown substantially in recent years due to their
implementation as alternative energy sources, biofuels, and refrigeration applications.[11, 43-47]
Traditional hydrophobic or superhydrophobic surfaces fail to repel low surface tension liquids,[48,
49] with adsorption of organic contaminants such as proteins, cells or bacteria compromising
repellency.[50-52] Although complex re-entrant geometries can achieve repellency of deposited
low surface- tension liquids,[53-55] they fail during condensation, where the presence of random
nucleation sites leads to flooding and film formation.[56, 57] Hence, the development of durable
surfaces that are repellant to low surface tension fluids are needed.

Inspired by the Nepenthes pitcher plant, a new class of surface called the slippery liquid-
infused porous surface (SLIPS) has been proposed.[58] Here, a textured solid is infiltrated with a
physically and chemically confined immiscible lubricant to create a smooth liquid over layer
capable of addressing the challenges associated with maintaining stable air-pockets. SLIPS are
omniphobic, exhibit essentially no contact line pinning, are stable at high pressures,[58, 244] and
display self-healing to mechanical damage.[58] Moreover, SLIPS have ultralow contact angle
hysteresis and show rapid droplet shedding of low-surface tension liquids owing to the presence

of a chemically homogeneous and atomically smooth interface for both deposited and condensing

*This chapter was mostly reprinted (adapted) from ACS Applied Material Interfaces. 2022, 14, 3,
4598-4611. Copyright © 2020 American Chemical Society. Muhammad Jahidul Hoque is the first
author and he contributed to the study via conducting experiments, analyzing data and writing the
manuscript. Dr. Nenad Miljkovic guided the research and revised the manuscript and is the
corresponding authors.
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liquid droplets.[158, 245, 246] Due to their superior repellant properties to a variety of liquids,
SLIPS have been demonstrated to promote stable dropwise condensation of low surface tension
organic vapors and enhanced dropwise condensation heat transfer.[59-62] Dropwise condensation
of ethanol and hexane on SLIPS in pure vapor environments shows a 200% heat transfer
enhancement when compared to smooth hydrophobic or hydrophilic metal surfaces during
continual 7-hour tests.[217, 247] However, the majority of technologies promising for SLIPS
implementation have longevity timescales at a minimum of months (consumer products), with the
majority having operating lifetime requirements of multiple years (industrial equipment).

The life span of SLIPS is of crucial importance for both system performance and economic
considerations. A lack of fundamental understanding of condensation-induced degradation
mechanisms has held back the successful development and demonstration of surfaces capable of
achieving stable dropwise condensation. One of the largest barriers to success is the long
experimental timescale required to quantify life span. A limited number of studies have focused
on conducting long-term condensation durability tests on functional surfaces.[63-69] To the best
of our knowledge, no study has quantified the long-term (multi-month) condensation durability of
SLIPS. The majority of past work has focused on short term robustness quantification for

icing/frosting, biofouling, corrosion, and ageing.[70-77] In this chapter, we show rigorous multi-

month durability studies of SLIPS during relevant steam and ethanol condenser conditions. We
focus our degradation conditions to condensers given the clear and promising use case for SLIPS.
Specifically, we design and test a holistic array of durability conditions which aim to emulate
realistic scenarios that SLIPS would encounter if implemented within large scale shell and tube
condensers. These include: single-phase vapor shear (condenser inlet), elevated temperature

exposure to air (manufacturing), long-term condensation tests (condensation), and immersion for
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prolonged periods within water and ethanol (condenser outlet). We use rationally designed ultra-
scalable nanostructured copper oxide (CuO) SLIPS impregnated with vacuum grade lubricants
covering a wide range of viscosity (9.7 mPa-s to 5216 mPa-s). Our work forms the basis for

science-based fabrication of durable SLIPS.

4.2. Fabrication and Wettability of SLIPS

To fabricate the SLIPS, we used Copper (Cu) as a base substrate. Commercially available Cu tubes
with outer diameters, dop = 9.52 mm, inner diameters, d;p = 8.73 mm, and lengths L = 108 mm
were used as the test samples. The fabrication process starts with cleaning the un-capped Cu tube
by dipping it for 15 min in acetone, ethanol, isopropanol, and deionized (DI) water, in succession,
followed by rinsing with DI water. The tubes were then dipped into a 2.0 M hydrochloric acid
solution for 2 min to remove the native oxide layer on the surface, then rinsed multiple times with
DI water and dried with clean nitrogen gas stream. Afterwards, dense blade-like nanostructured
CuO surfaces were formed by immersing the capped cleaned tubes into a hot (90 £ 5°C) alkaline
bath of NaClO2, NaOH, Na3PO4-12H,0, and DI water (3.75:5:10:100 wt%).[132] Surfaces were

then functionalized using atmospheric pressure chemical vapor deposition (CVD) of a fluorinated

silane (heptadecafluorodecyltrimethoxy-silane, HTMS, Gelest, CAS #83048-65-1).[248]
Lubricants of choice were next impregnated into the functionalized superhydrophobic CuO samples
by dipping them into the lubricant. After dipping the samples in the lubricant for 10 mins, drainage
of the excess lubricant from the surface was ensured by leaving the tubes in a vertical position for
24 hours in ambient conditions followed by drying in a clean nitrogen stream. Gravitational
drainage of excess oil from the surfaces for 24 hours ensures the presence of lubricant only within

the nanostructures, which was shown to be independent on the oil viscosity.[217] From a
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theoretical perspective, we estimate the amount of oil retained in the CuO structure by considering
that irrespective of the oil viscosity, the lubricant fills the CuO microstructures (structure height h
~ 2 um, solid fraction ¢ ~ 0.023). Thus, at initiation of the experiments, the SLIPSs have ~ 2
mL/m? (= 3.8 g/m?) of lubricant per unit condenser surface area.[249]

Here we used, Krytox 16256 (5216 mPa-s at 20°C), Fomblin 25/6 (524 mPa-s at 20°C), Krytox
1525 (496 mPa-s at 20°C), Carnation oil (9.7 mPa-s at 20°C), and GPL 101 (14.7 mPa-s at 20°C), as
the infusing lubricants. These lubricants were rationally selected to cover a wide range of vapor
pressures at room temperature (4.0 x 105 kPa to 1.3 x 10® kPa), viscosity (9.7 mPa-s to 5216

mPa-s), and to some extent surface tension (18 to 28 mN/m).

Table 4.1. Physical Properties of Different Infused Oil at Room Temperature (~20°C).

Qil Spreading Coefficient
Infused Oil Type Density [ Dynamic .?g:;?gﬁ Vapor Pressure P J
; o
Oil [Kg/m®] [ Viscosity [mN/m] at 20°C [kPa] Water Ethanol
[mPa:s]
Carg?l“o” Mineral | 810 | 97 28 10°? 6.6 1011
GPL101 1890 14.7 18.8 N/A 2.9 0.0
Fomblin 8
Y25/6 1900 524 20 6 x 10 1.76 -1.22
Krytox  |Fluorinated) g5 | 496 19 13x10°8 2.70 10.20
1525
Krytox 15 i
16256 1920 5216 19 4x10 2.70 0.20

Fluorinated and mineral oils were selected as lubricants due to their immiscibility with
water and ethanol, as well as their differing spreading behavior at the condensate/oil interface

(Table 4.1).[250] Figures 4.1(a), and 4.1(b) show scanning electron micrographs (SEM) of a
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functionalized CuO and lubricant (Krytox 1525) infused CuO SLIPS, respectively. The contact
angle of water and ethanol on each sample was measured using microgoniometry (MCA-3, Kyowa
Interface Science), where liquid droplets (100 nL) were dynamically grown to measure the
apparent advancing contact angles. The microgoniometer droplet dispenser was then turned off
and the deposited droplets were allowed to continuously evaporate to obtain the apparent receding
contact angle.[141, 159, 251] All SLIPS surfaces showed < 5° contact angle hysteresis (Figure
4.1c). Ethanol droplets made a thin film after impacting the superhydrophobic CuO surface,
making it difficult to measure the contact angle (Figure 4.1c). Similarly, condensation of ethanol
on the superhydrophobic CuO surface resulted in liquid film formation (Figure 4.1d). As
expected,[217] all SLIPS showed dropwise condensation during short term (< 1 day) condensation

experiments.
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Figure 4.1. Surface wettability characterization of different SLIPS. Scaning electron microscopy
(SEM) images of a (a) superhydrophobic CuO surface and (b) Krytox 1525 infused CuO SLIPS.
(c) Goniometric contact angle measurements of DI water and ethanol droplets on the studied
samples. (d) Optical images of external condensation of steam and ethanol vapor on different
SLIPS and the superhydrophobic CuO surface. SLIPS infused with Krytox 1525, Krytox 16256,
and Fomblin are named K-1525, K-16256, and F-Y25/6, respectively. Sueprhydrophobic CuO is
termed CuO SHP. Contact angle of ethanol on the CuO SHP surface is difficult to measure and is
not reported as as ethanol completey wets the surface.
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4.3. Experimental Setup and Approaches

Condensation Durability Test Setup. To evaluate the condensation durability of SLIPS for
prolonged periods of time, we built a customized vacuum chamber which was mounted on a
stainless-steel frame integrated on a movable cart (Figure 4.2a). The main environmental
cylindrical chamber (16.5” diameter and 26 long) consists of a top opening, three customized side
optical view ports, and six apertures for various components around the side walls. The top opening
was sealed with a rubber gasket and a custom-made stainless-steel view port (Kurt J. Lesker) which
has three circular glass windows (2 with a 6” diameter and the third with a 4.5 diameter). The top
windows were used for visualization of the condensation phenomena inside the chamber. Among
the six apertures, two were used as feedthrough connections to the chiller inlet and outlet, one was
connected to the vacuum pump line, one was connected to a tee-joint for sensors and venting, other
the remaining two were sealed. All feedthroughs used high-vacuum compatible CF flanges having
silver plated copper gaskets. Other KF flanges were sealed with stainless steel centering rings
accompanied by nitrile rubber O-rings.

A Cu tube in the form of a water jacket was soldered around the entire body of the chamber
helically in the axial direction (Figure 4.2a and 4.2¢g) through which tap water at 65°C was supplied
from a hot water bath (1C1551256, PolyScience, Figure 4.2b). The hot water jacket helped to
maintain the chamber wall temperature at ~55°C throughout the long-term experiment, which
helped to reduce the amount of condensation occurring on the inside the chamber wall and side
view ports. A heater (3631K44, McMaster-Carr) with an adjustable temperature controller was
wrapped around the outer wall of the chamber near the base occupied by the working fluid inside
of the vessel (Figure 4.2g). A second tape heater (AWH-171-020, HTS/Amptek) controlled with

a variable voltage controller was attached to the outer-bottom surface of the chamber. These two
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heaters were calibrated and adjusted at voltages to maintain constant boiling of the working fluid
inside of the chamber. The heating water jacket and all the heaters were insulated to limit heat
losses to the ambient environment.

Cooling tap water was supplied to the chamber from a high-capacity chiller (N0772046,
PolyScience) via the KF fluid feedthroughs (Kurt J. Lesker, Figure 4.2a and 4.2b). To monitor the
water flow rate, an electromagnetic flow meter (FMG93-PVDF, Omega) with an accuracy of £1%
of the reading was integrated in series with the coolant inflow line (Figure 4.2¢). To remove non-
condensable gases prior to the experiments, a bellows valve (Ideal Vacuum) was attached to top of
the environmental chamber for connection to a rotary vane vacuum pump (KJLC-RV212, Kurt J.
Lesker, Fig.4.2¢). An in-line liquid nitrogen (LN2) cooled trap (Kurt J. Lesker) was incorporated
into the evacuation line from the environmental chamber to the vacuum pump via bellows tube
connection (Kurt J. Lesker). The LN2 trap enabled removal of moisture from the air which also
helped to produce a lower base pressure and faster pump down time (Figure 4.2b).

To monitor the pressure within the chamber, a vacuum pressure transducer (925 Micro
Pirani, MKS) was installed (Figure 4.2d). A secondary valve (Kurt J. Lesker) was integrated with
a tee flange between the pressure transducer and capped end to release the vacuum to ambient once
the experiment was finished (Figures 4.2a and 4.2b). As the working fluid was poured into the
chamber prior to pump down, complete removal of non-condensable gases (NCGs) was not
possible. To monitor temperatures within the system, K-type thermocouple bundles were
connected to the chamber via the thermocouple feedthroughs (Kurt J. Lesker). Outside of the
chamber, two thermocouples monitored the inlet and outlet temperatures of the coolant. Inside of
the chamber, the temperature of the side walls, vapor and ambient, and working fluid/condensate

were monitored throughout experiment.
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The thermocouples, flow meter and pressure transducer were electrically connected to a
data acquisition (DAQ) system (cDAQ-9174, National Instruments), and data was continuously
recorded throughout the experiment with all collected data was analyzed with LabVIEW. The
DAQ system included a thermocouple input module (NI-9213, National Instruments), a digital
module (NI-9423, National Instruments), a voltage input module (NI-9209, National Instruments),
and a terminal block (NI-9923, National Instruments). A stainless steel manifold (Swagelok) was
built to hold the test samples. Care was taken while making the manifold so that none of the
samples resided in the same vertical plane (Figure 4.2h). Furthermore, manifold design was such
that close hydraulic balancing (equivalent flow lengths) was achieved for each sample to ensure
similar coolant flow rates for all tube samples. This prevented condensate drainage from top
samples to lower samples. Finally, a DSLR camera (K-50, Pentax) was placed outside of the top
view port of the chamber for visual observation of coating degradation (Figure 4.2a).

A set of strict test procedures were followed to ensure consistency throughout the
experiments. First, the chamber interior was thoroughly cleaned with isopropyl alcohol (IPA) to
remove any contaminants. Then the chamber was filled with 15 liters of the working fluid (DI
water or ethanol). The hot water bath (Cu jacket heater) and tape heaters were turned on to heat up
the chamber walls for drying out inside of the chamber prior to pump down and to prevent
condensation during the experiments. The test samples were fixed using Swagelok connections to
the customized manifolds holding the samples. The manifolds were then connected to the coolant
loop via the inlet and outlet feedthroughs (Figure 4.2h). Simultaneously, thermocouples were
attached to the chamber walls using Cu tape and placed inside the working fluid residing on

bottom.
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Figure 4.2. Condensation chamber for durability experiments. @) Schematic and (b) image of the
test rig showing all system components. (c) Vacuum line showing the flow path from the main
chamber to the vacuum pump, where the LN2 trap is placed. Photograph of the (d) pressure
transducer, (e) flowmeter, and (f) DAQ system. (g) Photograph showing the Cu tube water jacket
soldered on the main chamber, helping to reduce condensate accumulation on the chamber walls.
(h) Photograph of the Swagelok manifold built for holding the test tube samples.

Condensation Durability Testing Protocols. Given the long period of continuous condensation (>
1 month), a leak test was performed to ensure no leaks were present before each experimental trial.
After sealing all openings, all valves of the chamber were closed. The LN2 trap was first filled
with liquid nitrogen. After closing the vent valve, the pump is turned on and then the valve
connecting the bellows the vacuum pump via the LN2 trap is slowly opened to initiate the pump
down process. The chamber pressure was monitored using pressure transducer. In the middle of

pump down process, the chiller was turned on, and the water temperature was set to 5°C. The

inflow rate of the coolant was monitored using the electromagnetic flowmeter and was maintained
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at 10 LPM. The pump down process took approximately 30 minutes to achieve a vacuum level of
P ~ 5 kPa. Due to the presence of the working fluid in the chamber, it is not possible to completely
remove all NCGs unless a full freeze pump thaw cycle was enacted. However, the partial vacuum
conditions reached were maintained in the chamber which reduced the amount of heat required to
boil the working fluids. Whenever necessary during pump down, the LN2 trap was refilled. The
LN2 trap was cleaned midway, since frost formed on the LN2 trap and blocked the vacuum line
during the pump down process.

When a steady base pressure was achieved, the valve connecting the environmental
chamber and the LN2 trap was closed, and the pump was turned off. Then, the valve connecting
the vacuum pump and the ambient was opened to release vacuum in the pump line. Before
conducting the experiment, the leak test was performed. At that time, the chamber was filled with
required amount of working fluid and dummy samples were connected to the Swagelok manifolds.
For the leak test, the chamber was left in the vacuum state for >24 hours, and the chamber pressure
was monitored with the pressure transducer. The leak rate was characterized to acquire the leak
rate of air into the chamber. When the leak test was finished, the vacuum was released by opening
the valve connecting the environmental chamber and the ambient. Once the leak test was finished,
an actual experiment was performed. In actual experiments, steady state conditions were typically
reached after approximately 30-40 minutes of operation. Throughout the experiments, data
(temperatures, pressure, and flow rate) was collected, and the images of each sample were recorded
using the DSLR camera. To maintain the same level of pressure though the long-tern durability
test, the condensation rig had to be shut down once per month in order to pump down the chamber
to the desired pressure level to remove non-condensable gases. This was done due to air leaking

into the chamber at a slow rate from the atmosphere-to-saturated vapor (sub-atmospheric pressure)
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pressure difference. During shutdown, the chamber was not opened and only the cooling water
flowing through the tubes was arrested. During shutdown, the chamber was vacuumed through a
valve feedthrough to remove non condensable gases, with shutdown lasting no more than 3 hours

per month. For the remaining time, continual 24-hour a day condensation occurred in the chamber.

4.4. Long-Term Durability during Steam Condensation

To conduct condensation durability studies on SLIPS relevant to thermoelectric power generation
applications, we exposed the samples to continual steam condensation. Four SLIPSs infused with
Carnation Qil, Fomblin (F-Y25/6), Krytox 1525 (K-1525), Krytox 16256 (K-16256) and one
superhydrophobic (SHP) CuO sample were placed in the chamber. Condensation experiments and
visualization was continuously conducted. The long-term condensation durability experiments
were conducted in a customized chamber maintaining a pressure of ~ 5 kPa.

Condensation of steam on the surfaces was visualized over long periods of time to evaluate
surface degradation (Figure 4.3). For steam condensation, degradation or loss of hydrophobicity
indicates that the DI water apparent advancing droplet contact angle decreases below 90 degrees
along with significant reduction of the receding contact angle. As a result, the contact angle
hysteresis increases when compared to the freshly made sample. Visualization of the condensation
transition from regular spherical shaped droplets (dropwise) to a surface flooded with irregular
shaped droplets or thin condensate films provided a qualitative measure of surface degradation.
The superhydrophobic CuO surface and Carnation oil infused SLIPS degraded after 10 days of
exposure to steam condensation, with both surfaces flooding with a three-week period of initiating

steady condensation (Figure 4.3).
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In contrast, the F-Y25/6 and K-1525 infused SLIPS showed good shedding behavior for
up to one month of steady-state steam condensation. Among all samples, K-16256 infused SLIPS
showed no sign of degradation after 45 days of exposure to steam condensation. The viscosity and
spreading coefficient of the impregnated oils play a vital role on the long-term durability of SLIPS
during condensation. Variation in the longevity among the different SLIPS stems from the
difference in oil ridge formation, cloaking phenomena (right schematic in Fig. 4.3 and Fig. 4.4),
and contrast in the rate of oil depletion with shedding condensate droplets resulting from the
viscosity differences of the infused oils. Condensate encapsulation or cloaking of the condensate
droplets by the infused oil was observed when the spreading coefficient of the oil on the condensate
(Soi) is positive (S, > 0).[252-254] The spreading coefficient S,; is defined as, S,; =
Ydroplet — Yoil — Yoil-droplet: WNEIE Ydroplets Yoil: Yoil-droplet F€Present the surface tension of the
condensing droplet, lubricant oil, and interfacial tension between the droplet and oil, respectively.
Cloaked condensate sheds from the surface and over time reduces the slipperiness of the surfaces
by depleting the infused oil layer (right schematic in Figure 4.3). Carnation oil has a negative
spreading coefficient (Scarnation = -6.6 < 0), which prevents cloaking.[250] However, both K-
1525 and K-16256 have positive spreading coefficients (Skrytox = 2.7 > 0). Hence, the oil can
spread and encapsulate the condensed water droplet.[250] Even though K-16256 has positive
spreading coefficient, the shedding of the cloaked droplets from the K-16256 infused SLIPS had
the lowest oil depletion rate due to the highest viscosity (u = 5216 mPa-s) among the tested
samples. Due to its negative spreading coefficient, carnation oil hinders cloaking. However, the
surface loses its slipperiness in a very short period of time because the infused carnation oil has a

very low viscosity (u = 9.7 mPa-s) and is removed via shear induced drainage.

91



Our results show that even in the presence of droplet cloaking, the viscosity of the infused
oil plays a more dominant role on the lifespan of SLIPS during condensation. Past studies have
shown that a major source of oil depletion happens during oil ridge formation near the base of the
departing droplet.[255, 256] To evaluate the effects of oil viscosity variation on the droplet wetting
ridge-driven oil depletion, we performed a scaling analysis to compare with cloak-layer-driven oil
depletion. The volume of a condensate droplet (Vgropler) With an apparent advancing contact
angle, 6 and radius R, can be expressed as,[220] Vgropier = (7/3)[(1 — cos 8)*(2 + cos O)R?].
The volume of a cloak layer (Vijoak1ayer) ON the condensate droplet can be calculated from the
difference between original droplet size and size increment due to a cloak layer with a thickness
t. Thus, Veoaklayer = (/3)[(1 = cos8)*(2 + cos 0)] [(R + t)* — R®*]. Assuming, a 2 mm
diameter condensate droplet with a contact angle of 120° having a 10 nm cloak layer, the volume

of the cloak layer becomes, Vijoak 1ayer = 1.06 x 10713 mS. The volume of the oil ridge around a

condensate droplet can be expressed as,[256] Viigge = Ryhi® /,ulCag , Where Ry, is the base radius
of the droplet, h; is the initial lubricant film thickness, u; ~ 0.5, is the limiting size of the wetting
ridge for a given set of experimental conditions,[256] and Ca =nU / y is the capillary number.
Here n is the oil viscosity, y is the surface tension of the oil, and U is the droplet shedding velocity.
For a departing condensate droplet ( R, = 2 mm) shedding at 2 mm/s on K-16256 (n = 5216
mPa-s; y = 19 mN/m) and K-1525 (n = 496 mPa.s ; y = 19 mN/m) infused SLIPS with an initial
oil layer thickness, h; = 2 pm, the oil ridge volumes are, Vyigge k-16256 = 1.78 x 107** m®and,
Viidgek-1525 = 4.09 X 10713 m3, Our analysis shows that for SLIPS with high viscosity oil (K-
16256), the cloak-layer-driven oil depletion dominates ridge-induced oil depletion ( Veipak layer =

1.06 X 107" m® > Vyjq0e k-16256 = 1.78 X 107* m®). However, this ratio of depletion rates
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becomes smaller for lower viscosity 0ils (Vyigge k—1525 = 4.09 X 10713 m® ~ Vjgak 1ayer). DUE t0
having the same order of magnitude oil viscosities, both K-1525 and F-Y25/6 show similar
behavior.

Lifespan Prediction. By combining the estimated volume of oil drainage per droplet with the
experimentally observed droplet count, we can predict the idealized lifespan of a SLIPS surface.
In our condensation experiments in pure steam conditions, we observed that the number of droplet
shedding events from a SLIPS infused with K-16256 was approximately 30 droplets/min. In pure
ethanol condensation, this number was ~60 droplets/min. For both cases, the vapor pressure was
maintained at ~6 kPa in an environmental chamber and experiments performed on a SLIPS tube
sample having 3/8” (0.0095m) external diameter with 3 (0.0762 m) length. In our simplified
scaling analysis, we showed that for K-16256 infused SLIPS, the volume of oil drainage due to
the cloak layer and oil-ridge induced droplet shedding are, V¢joak 1ayer = 1.06 X 10713 m® and
Vridge = 1.78 x 107** m®, respectively.

Due to the negative spreading coefficient of K-16256 (Sk_16256ethanol = —0.20) with
ethanol condensate, we assume only the wetting-ridge-induced oil drainage is present. Hence, the
amount of oil drainage during ethanol condensation is (60 droplets/min) x (1.78 x 10~ m?®) =
1.07 x 1072 m3/min.

Due to the positive spreading coefficient of K-16256 (Sx_16256 steam = 2.70) with steam
condensate, extra oil will drain with shedding droplets due to cloak layer formation along with the
presence of the oil-ridge. Hence, the amount of oil drainage during steam condensation is (30
droplets/min) x (1.78 x 10~** m® + 1.06 x 1073 m®) = 3.7 x 10~*2 m*/min.

Furthermore, at the initiation of the experiments, SLIPS with CuO microstructures

(structure height A = 2 pm, solid fraction ¢ = 0.023) have approximately 2 mL/m? (= 2 x 107°
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m3/m?) of lubricant per unit condenser surface area.[249] So, the total amount of impregnated oil
on a 3” long and 3/8” diameter SLIPS is 7 X 0.0095 m X 0.0762m X 2 x 10~°m®m? =
4.55 x 1079 m?

Hence, the ideal lifespan (tworking fuia) for a K-16256 infused SLIPS during ethanol and
steam condensation are:
tethanol = (4.55 X 1072 m®) / (1.07 x 10712 m¥/min) = 4252.34 min = 2.95 days.
tsteam = (4.55 X 1079 m?) /(3.7 X 10712 m3/min) = 1229.73 min = 0.85 days.

Similarly, the lifespan of a SLIPS infused with an order of magnitude lower viscosity oil
(K-1525) is:
tethanolk—1525 = (4.55 X 1072 m®) / (3.7 x 10~** m¥/min) = 122.97 min = 2.05 hours,
where 90 ethanol condensate droplets shed per minute maintaining a negative spreading coefficient

(Sk-1525,ethanol = —0.20) with the infused oil. And the oil-ridge volume for K-1525 is, Vjgge =

4.09 x 10713 m3,

The predicted lifespan of SLIPSs is far less than the actual timeline observed in the
experiments. Although qualitatively the scaled lifetimes are in agreement (i.e. ethanol
condensation results in lower SLIPS drainage and lower viscosity oil drains faster), multiple
factors lead to the variation between the experimentally observed and theoretical estimated lifetime
of the SLIPS. Although our scaling analysis is elucidating in identifying the volumetric
contribution of lubricant loss due to cloaking and oil ridge formation, it does not consider kinetics.
The cloak layer formation timescale or oil ridge formation timescale depend on the viscosity of
the infused oils, the method of condensate formation (deposition vs condensation), as well as the
shedding rate and droplet lifetime on the surface. Past work has shown that the initial cloak layer

formation timescale for higher viscosity oils (K-16256) is an order of magnitude higher than
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moderate viscosity oils (K-1525, F-Y25/6).[253] Also, the theoretical model assumed a uniform
cloak layer thickness irrespective to the droplet size and oil viscosity. However, the cloaking layer
is spatially and temporally non-uniform when compared to the lubricant underneath and behind a
moving droplet.[255, 256] Moreover, for simplification, we assumed same shedding droplet size,
and similar droplet shedding velocity irrespective to the SLIPS surfaces and condensation
environments (steam/ethanol). Oil depletion due to the oil ridge formation is a function of the
departure velocity and oil viscosity. As the viscosity of the infused oil increases, the departure
velocity decreases.[255] Depending on the droplet size, not only will the shedding velocity change,
but so will the cloak layer thickness and oil-ridge pattern.

Moreover, the model used assumes a scenario of a single droplet moving on a SLIPS
surface at a relatively constant velocity. This condition differs from that of droplet being formed,
coalescing, and shedding during long-term condensation experiments (as conducted in this study).
The droplet dynamics studied here involve multi-droplet coalescence, departure, and re-nucleation.
In reality, continuous droplet-nucleation-re-nucleation, multi-droplet coalescence, and
restoring/wicking phenomena exist[257], which together lead to the continuous formation-rupture-
reformation of the cloaking layer and oil-ridge. The existing theoretical framework used for the
scaling analysis and lifespan estimate do not capture these Kinetics.

In addition, we assume that the total volume of oil present in the cloak layer and oil ridge drain
with the shedding droplet and that all droplets shedding from a surface contribute equally to the
oil depletion throughout the lifespan of the surface. In reality, these are simplified assumptions.
As the infused oil starts to drain, it leads to the gradual exposure of the CuO microstructure tips,
changing the interfacial phenomena between the condensate and underlying oil-infused

microstructures. We hypothesize that overtime, due to this reduction of oil volume fraction, the
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timescale of the cloak layer and oil-ridge formation increases, which decreases the oil drainage
rate and results in enhanced lifespan of the surfaces as observed in our experiments.

Future studies are needed to validate our hypotheses and to develop higher fidelity models of
SLIPS lifespan that focus on the effects of oil viscosity, type of working fluid, and multi-droplet
coalesce dynamics on cloaking oil layer formation, oil ridge formation, droplet shear dynamics,
and time dependent oil-drainage, which all holistically combine to govern lubricant depletion

dynamics on SLIPS.
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Figure 4.3. Steam condensation durability. Time-lapse optical images of the samples during steady
steam condensation. The superhydrophobic (CuO SHP) tube surface and the carnation oil infused
SLIPS sample degraded after 10 days, with both surfaces transitioning to filmwise condensation
within 20 days after test initiation. The F-Y25/6 and K-1525 infused SLIPS performs well for
approximately 21 days, with transition to filmwise condensation within 28 days. The highly
viscous K-16256 infused SLIPS did not show filmwise condensation after 45 days of continuous
steam condensation. Schematics (not to scale) on right: Oil with positive spreading coefficient
forms an oil cloak around the condensate, clocked condensate shedding increases the oil depletion
rate results in reduction of slippery lifespan.
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4.5. Long-Term Durability during Ethanol Condensation
To conduct condensation durability studies on SLIPS relevant to organic Rankine cycle and
petrochemical separations condenser applications, we exposed the samples to continual ethanol
vapor condensation conditions. In addition to the high viscosity SLIPS (F-Y25/6, K-1525, and K-
16256), we also tested a SLIPS infused with a very low viscosity oil (GPL-101, 14.7 mPa-s).
Although the carnation oil has a negative spreading coefficient in both water and ethanol
( Scarnationwater = —6.6;  Scarnation,ethanol = —10 ), it was not included in the ethanol
condensation tests due to its demonstrated poor durability during steam condensation (Figure 4.3).
Similarly, GPL-101 was not used during steam condensation due to its positive spreading
coefficient ( Sgpriorwater = 2.9 >0) and low viscosity (u = 14.7 mPa-s). For ethanol
condensation, we included GPL-101 because of its unique spreading coefficient with ethanol
condensate (SgpL101 ethanol = 0, Table 4.1).

Experiments revealed that the low surface tension ethanol condensate (24.8 mN/m) forms
a film on the superhydrophobic (SHP) surface immediately after condensation initiation
(Figure 4.4). As expected, due to its low viscosity, the GPL-101 infused SLIPS degraded within
14 days of continuous exposure to ethanol condensation. For ethanol, since the apparent advancing
contact angle was already below 90° on the fresh surfaces, the indication of loss of ethanol-
repellency was measured by the increase in contact angle hysteresis stemming from the substantial
decrease in the receding contact angle, which leads to irregular droplet shape (or film) formation
during condensation.[154] The Krytox oil infused SLIPS (K-1525 and K-16256), and Fomblin (F-
Y25/6) have negative spreading coefficients with ethanol condensate (Table 4.1), resulting in the
absence of cloaking and delayed oil depletion. By preventing cloaking, high viscosity SLIPSs

show longer durability to ethanol condensation when compared to steam condensation (Figure 4.4
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and Table 4.2). Due to the negative spreading coefficient, the condensates are not cloaked.
Furthermore, evaporation of the infused oil is negligible as the volatility is low at ambient
temperatures. Hence, oil mainly depletes due to oil ridge formation and condensate shear beneath
shedding droplets (right schematic in Figure 4.4). As shown in Figure 4.4, compared to steam
condensation, SLIPS infused with high viscosity oils (K-1525, K-16256, and F-Y25/6) showed
continuous ethanol condensate shedding for more than 5 months of continual testing. In agreement
with the steam condensation experiments, the K-16256 infused SLIPS had the greatest longevity,
demonstrating stable dropwise condensation for more than 8 months (250 days) of continual
ethanol condensation.

Condensate droplet dynamics of ethanol differ from water due to two different reasons.
The first is that ethanol condensate and water have different surface tensions. The second is due to
oil layer depletion from the underlying structure and resulting exposure of the underlying structure.
The latter acts to decrease the lubricant-condensate interface area and increase the structure
condensate interfacial area, which acts to alter the condensate-sample surface energy during long
term exposure to condensation. As seen in Figure 4.3, after 20 days of steam condensation, F-
Y25/6, K-1525, and K-16256 showed the formation of irregular shaped droplets, demonstrating a
slow transition to filmwise condensation within a week for the low viscosity SLIPS. Ethanol
showed regular small condensate droplet formation at the very early stages of condensation (Figure
4.4, <1 day). For longer condensing times, the surfaces transitioned to a hybrid dropwise-filmwise
condensation mode (Figure 4.4) which was stable in time. As seen in Figure 3, after 60 days of
exposure to ethanol condensation, the high viscosity SLIPS showed the hybrid mode of

condensation which is stable for K-1525, and F-Y25/6 for up to 5 months of exposure. The SLIPS
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impregnated with the highest viscosity oil (K-16256) held this hybrid stability for more than 8

months.
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Figure 4.4. Ethanol condensation durability. Time-lapse optical images of the samples during
steady ethanol condensation. The superhydrophobic (CuO SHP) tube surface shows filmwise
condensation immediately after starting condensation (¢t = 0). The GPL-101 infused SLIPS
degrades in 14 days, showing filmwise transition. The F-Y25/6, and K-1525 infused SLIPSs
degraded at 5 months of continual ethanol condensation exposure, with the highly viscous K-
16256 infused SLIPS degrading after 8 months. Unlike steam condensation, SLIPSs samples
exposed to ethanol condensation show stable filmwise-dropwise hybrid condensation before
eventual transition to filmwise. Schematics (not to scale) on right: oil with negative spreading
coefficient does not cloak the condensate, however, due to condensate shear, oil depletes at a very
slow rate delaying the oil depletion and hence increased the lifespan of the SLIPS. The oil layer
on the trailing edge of the shedding droplet does not imply the actual mechanism of oil depletion.

To quantify if the continual condensation durability tests affected the dropwise
condensation heat transfer, the condensation heat transfer was measured after completing the 150
day ethanol condensation durability test. The condensation heat transfer coefficient measurement
for pure ethanol was conducted in a separate controlled environmental chamber.®® The K-16256
SLIPS sample, which showed the best condensation durability, was measured to maintain the same
condensation heat transfer coefficient as that of a freshly made sample, which was measured to be

7.3 + 3.1 kW/(m?-K). The result is in line with the observations of continual dropwise
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condensation. Although we observed that oil viscosity significantly alters SLIPSs durability,
variation in oil viscosity does not affect the condensation heat transfer coefficient, as the coating
thermal resistance for varying oils are significantly lower than the condensation heat transfer and

internal single-phase convection heat transfer resistances ( See section 4.5.1).

Table 4.2. Characterization of samples after steam and ethanol condensation durability tests. The
measured AB,,ter aNd ABehanol Characterize the water droplet and ethanol droplet contact angle
hysteresis prior to conducting condensation experiments. Lifetime is defined as the condensation
exposure time required to transition the condensation mode from dropwise or hybrid dropwise-
filmwise to classical filmwise condensation.

Steam Ethanol
Surface Infused Oll ” [mPa-S] Aewater [O] Aeethanol [O] Llfetime Llfetlme
[Days] [Days]
CuO-
HTMS N/A N/A 4.1 N/A 20 1
Carnation Oil 9.7 28+1.1 8.7+1.3 20 N/A
cLo GPL101 14.7 3.2+1 28+1.2 N/A 10
uo- 5
HTMS Fomblin 524 29+27 22+3.1 30 150
Krytox 1525 496 2726 23+29 30 150
Krytox 16256 5216 3.2+29 28+3.2 45 250

4.5.1 Effect of Oil Viscosity to the Heat Transfer Coefficient

The overall heat transfer performance from the vapor to the cooling water can be expressed as a
series sum of four individual thermal resistances: the internal convective resistance R qpy, the
conduction copper tube wall resistance R,,.;, the conductive resistance imposed by the

nanostructures and infused lubricant oil Rcoating, and the condensation heat transfer resistance
Rcondensation-

Considering the maximum coating resistance, i.e. t = 2 um layer (= height of CuO

nanostructures) of lubricant on the tube outer surface given Kxrytox < Kcuo (Kkrytox ~ 0.25 W/
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(m - K), kcyo ~ 33 W/(m - K)), the thermal resistance of the coating for a Cu tube with outer
diameters, dop = 9.52 mm, inner diameters, d;p = 8.73 mm, and lengths L = 108 mm is:

In (dOD + t)

dop -
R. . =— %op /1935103
coating 2Lkgyrytox W

(4.1)

Similarly, the conductive tube wall resistance can be calculated by knowing the thermal

conductivity of the wall (k¢, = 386 W/(m - K), and using:
dOD
n (2) K 42)

Compared to these two resistances, for a standard experimental conditions (h; ~ 25 kW/(m? - K),
h ~ 10 kW/(m? - K)) the internal convective resistance and condensation heat transfer resistance

are significantly larger.[217, 258]

K
= ~ = (4.3)
Reony = g ~ 0.0135 5,

R i — ~ 0.03 )
condensation hitdonl W

Thus, both the tube wall and the additional coating thermal resistances are significantly lower than
condensation and internal convection resistances.

Moreover, the thermal conductivity of the lubricant oils does not vary with oil viscosity. For all
viscosities of the oil tested here, the thermal conductivity of the oils ranges from 0.1 W/(m - K)

to 0.25 W/(m - K), even though the viscosity ranges by orders of magnitude.
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4.6. Durability to High-Speed Gas Shear

In a real shell-and-tube condenser to be used in large-scale energy applications, vapor comes in
contact via impingement with the condenser tubes at a certain velocity.[259] To ensure durability,
SLIPS should withstand the potential vapor shear stemming from the incoming high velocity vapor
to the condenser tubes. To evaluate the vapor shear resistance of SLIPS tubes, we performed high
velocity air (N2 gas) shear tests on our fabricated tube samples. As shown in Figure 4.5(a), SLIPS
were first attached to a sample holder and placed horizontally to a stiff optical table. Clean N2 gas
was supplied from a pressurized gas cylinder and guided on the top surface of the SLIPS (pointing
down to the ground with gravity) through a nozzle. The oil layer deformation and possible oil
depletion was monitored with a high-speed camera (Phantom v7.1, Vision Research) from the side
(Figs. 4.5a and b). Prior to testing, the flow velocity was measured and calibrated using a hot wire

anemometer. A flow velocity of Ug,s = 10 m/s was used during testing based on the typical values

of steam inlet velocity encountered in large scale power generation surface condensers as well as
petrochemical separations condensers.[260, 261] A SLIPS infused with K-1525 oil was selected
due to its proven durability in both steam and ethanol condensation. As shown in Figure 4.5(c),
even after exposing the surface to 10 m/s N2 gas flow for a continual 90 minutes, no oil depletion
was observed from the SLIPS. Only localized wrinkles formed (Figures 4.5¢ and 4.5d) due to gas
shear forces at the N2 gas exposed area due to the pressure distribution. These wrinkles disappeared
after gas shear was removed due to self-healing of the lubricant driven by capillary pressure.
Micro-goniometric DI water contact angle measurement of a fresh sample and a 10 m/s N2 gas
exposed sample showed identical values of approximately 120°.

The lack of lubricant displacement from the tube can be understood through an analysis of

the driving force for lubricant breakup, which can be quantified by the flow Weber number (We =
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PgasUéasl/VK—lszs, where pg,s is the N2 gas density, [ is the structure pore radius (~ 2 pm), and
Yk-1s525 IS the lubricant liquid-vapor surface tension (= 0.019 N/m). Here, We represents a ratio
of the gas inertia force leading to lubricant breakup to the surface tension based capillary force
keeping the lubricant within the structured surface pores. For the gas velocities tested here and the
SLIPS surfaces chosen (K-1525), We < 0.009, well below We_.;; = 0.75 required to break up the
liquid film and entrain lubricant droplets in the gas flow.[262] In fact, scaling reveals that the
required gas velocities needed to initiate failure are U, > 95 m/s which approaches the velocity
at the exhaust of the steam turbine and which is limited by the National Electrical Manufacturers

Association to 137 m/s.[260]

) N, Suppl N
2 2upply N
| N
' W =
High Speed N>Outlet
\ i Camera 5
L[‘Lp1 ' ~ l N, gas
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Holder

SLIFS High Speed
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Figure 4.5. Gas shear durability testing. (a) Schematic (not to scale) and (b) Image of the N2 gas
shear test apparatus for SLIPS tube samples. The N2 gas is supplied on top of SLIPS from a gas
cylinder through a nozzle having a 20 mm diameter and visualization was performed with a high-
speed camera from the side. (c) Time-lapse high-speed images of the SLIPS after exposed to (N2
gas impingement with a 10 m/s speed (pointing downward). The images show wrinkles forming
in the thin oil layer due to the pressure distribution with no oil depletion (entrainment) observed.
(d) Simplified schematic (not to scale) of oil wrinkles.
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4.7. Thermal Stability in Air

In addition to condensation durability, condensers undergoing manufacture or operation may
encounter conditions where low or elevated ambient temperatures are encountered. For example,
condenser tubing located near the shell-and-tube inlet can encounter superheated steam at high
face velocities, significantly heating the surface and leading to degradation.[263] To evaluate the
durability of SLIPSs at both low and elevated temperatures, we selected and focused on the oils
that were demonstrated to be durable to steam and ethanol condensation, F-Y25/6, K-1525, and
K-16256. For the elevated temperature exposure experiments (50°C to 250°C), the samples were
placed in an atmospheric pressure oven (Lindberg/Blue M Moldatherm Box Furnace). For low
temperature exposure experiments (-50°C to 10°C) the samples were placed in a freezer (Ult390-
3-a31, Revco). At each temperature, five identical samples of each SLIPS were placed in the
furnace or freezer. After 1 h of thermal exposure, the first sample was taken out, followed by the
rest of the samples taken out sequentially at 2, 4, 8, and 16 hours. After exposing the samples for
a prescribed time and allowing the samples to equilibrate with the room temperature, the apparent
advancing (6,) and receding (6,) DI water droplet contact angles were measured on the
microgoniometer (MCA-3, Kyowa Interface Science).

As demonstrated in Figure 4.6(a), the surfaces did not show any significant change in
contact angle after exposing for 16 hours at -50°C to 150°C. However, samples exposed higher
temperatures (>150°C) showed changes in hydrophobicity. The observed wettability change at
high temperatures was independent of oil viscosity tested, and did not result due to oil degradation.
To verify this, we measured the room temperature oil viscosity after exposing the oils to elevated
temperatures using a commercial rheometer (Table 4.3). Figure 4.6(b) shows that the F-Y25/6 and

K-1525 infused SLIPSs become superhydrophobic after exposing the samples to 200°C conditions
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for 1 hour. The infused oil film evaporates at the elevated temperature,[264] leaving the silane
coated CuO exposed (Figure 4.6e). However, the K-16256 exposed to 200°C did not lose all of its
infused oil, showing only reduced hydrophobicity for longer exposure times (Figure 4.6b). This is
due to the lower evaporation rate (vapor pressure) of more viscous Krytox 16256 oil, which fails
to expose the CuO-HTMS base surface. After exposing the samples to higher temperatures (250°C)
for 1 hour, all samples became superhydrophilic (Figure 4.6b and Figure 4.6e, inset). The transition
to superhydrophilicity occurs due to the majority of the oil evaporating (Figure 4.6€) in addition
to the reference substrate CuO-HTMS desorbing its hydrophobic HTMS promoter.

Table 4.3. Experimentally measured viscosity of two oils after exposure to different
temperatures and allowing them to settle back to room temperature.

Exposure Measured Viscosity after Exposure [mPa-s]
Temperature [°C] Carnation QOil Krytox 16256
-50 9.689 5216.008
20 9.693 5215.987
200 9.702 5215.991

To test our hypothesis, we fabricated a CuO-HTMS superhydrophobic surface and placed
it in the same atmospheric pressure oven at 250°C. As shown in Figure 4.6(c), the
superhydrophobic surface (CuO SHP) starts to degrade (reduced hydrophobicity) after 30 minutes
of exposure to 250°C air, failing completely within 1 hour. To understand if the elevated
temperature degradation is substrate dependent, we did the same experiments on a silicon wafer
based superhydrophobic surface. A thin layer (~50 nm) of aluminum (Al) was sputtered (AJA3
Sputter) on a polished silicon wafer, which was then boehmized by immersing it in hot DI water

at ~90°C for one hour, followed by HTMS salinization.[248] Unlike CuO-HTMS, the Si-based

105



superhydrophobic surface maintained excellent superhydrophobicity after 250°C exposure due to
stronger bonding of the silane to the native AIO(OH). Similar behavior was also observed on the
SHP samples made from Al tubing following the same boehmite formation and salinization
process. The results indicate that boehmite-HTMS has better thermal stability when compared to
CuO-HTMS. Due to the better thermal stability of the Si-substrate boehmite surface, we also
fabricated Si-based boehmite SLIPS by infusing Krytox 16256 (Si K-16256) following the same
Si-based superhydrophobic boehmite fabrication process described previously. As shown in
Figure 4.6(c), after exposing the Si-based boehmite SLIPS to 250°C for 16 hours, the surface
maintained hydrophobicity.

The reason for the better SLIPS thermal stability of Si-based boehmite SLIPSs when
compared to the CuO-based SLIPSs is due to two possible reasons. The first is due to the inherently
different structure length scales of boehmite (< 150 nm) and CuO-based (2 um) SLIPSs. The
configuration of the lubricant infused in the microstructures is different, with the boehmite
confining the lubricant to a much thinner region near the substrate.[245] From our experimental
observation of oil evaporation differences between the CuO microstructure and boehmite
nanostructure, we note that the structure solid fraction of boehmite samples is higher than CuO
(~0.023),[249] due to nanoscale porosity of boehmite,[265] resulting in slower oil evaporation
rates. Although we hypothesize that slower oil evaporation occurs due to increased interaction
between the structure and oil (closer proximity and higher interfacial area and capillary pressure),
further work is needed to confirm this mechanism. The second reason for greater thermal stability
is the higher surface coverage of the HTMS silane with boehmite when compared to CuO, which
acts to slow the degradation of the underlying HTMS layer. As in the first mechanism, the second

needs further work to verify the proposed hypothesis.
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Figure 4.6. SLIPSs thermal stability in air. (a) Apparent advancing DI water contact angle (6,)
and contact angle hysteresis (A8 = 6, — 6,) of F-Y256/6, K-1525, and K-16256 SLIPS for a wide
range of air temperatures (-50°C to 150°C). (b) The F-Y25/6 and K-1525 infused SLIPS become
superhydrophobic (SHP) after exposing then to 200°C air for 1 hour. The K-16256 SLIPS begins
to lose hydrophobicity at 200°C, with complete failure at 250°C. SEM images of (c) F-Y25/6
SLIPS after 16 hours of exposure to 150°C air, K-1525 SLIPS after 16 hours of exposure to 150°C
air, and K-16256 SLIPS after 16 hours of exposure to 200°C air. The SEM images show the
presence of oil infused within the CuO structured surfaces. SEM images of (d) F-Y25/6 SLIPS
after 1 hour of exposure to 200°C air, K-1525 SLIPS after 1 hour of exposure to 200°C air, and K-
16256 SLIPS after 16 hours of exposure to 200°C. (e) Contact angle change of Cu and Si based
superhydrophobic and silicon based SLIPSs. At 250°C, the CuO surface starts to lose
hydrophobicity and become completely superhydrophilic within one hour of exposure.

4.8. Durability to Condensate Flooding

Large shell and tube condensers collect the condensate product at the bottom of the shell section
sometimes termed the hotwell. During operation, parts of the tubes near the hotwell may be
inundated or completely immersed in the collecting condensate, resulting in prolonged times of
direct immersion within the condensate,[266] requiring rigorous degradation quantification to
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single-phase liquid immersion conditions. To test SLIPSs durability during prolonged condensate
exposure, we submerged the SLIPSs in a variety of different working fluids for extended time
periods to characterize any change in functionality (contact angle). We simplified our tests by
keeping the fluid stagnant while the surfaces were completely immersed in the fluid in a sealed
container to reduce the rate of evaporation of the working fluid. For the test liquids, we selected
room temperature (~20°C) water and ethanol. Test samples included the CuO based SLIPSs
infused with K-1525, K-16256, and F-Y25/6. During the room temperature water and ethanol test,
five identical samples of each SLIPS were immersed in each liquid and sealed in separate glass
bottles. After 1 day, the first sample of each type from each liquid was taken out followed by 2, 4,
8, and 16 days. Before submerging the samples, the working fluids were changed after each run to
avoid possible contamination. After removing the samples, drying was done on a hot plate at ~60°C
for 15 minutes followed by resting the samples at room temperature. After each test, when all
samples reached room temperature, the apparent advancing (6,) and receding (6,.) DI water droplet
contact angles were measured on the microgoniometer (MCA-3, Kyowa Interface Science). More
quantifiable methods of sample changes such as mass difference before and after immersion were
difficult to measure due to limitations of available analytical balance mass scale sensitivity for the
differences in mass obtained in the experiment. As shown in Figures 4.7(a-b), no observable
change in contact angle of the SLIPS surfaces was observed in the tested immersion conditions.
The SEM images showed the presence of the infused lubricant on the different SLIPS surfaces
even after immersing them into the working fluids for 16 days (Figure 4.7d). To study the
degradation of the infusing oil, we performed an oil aging experiment where each type of oil (K-
1525, K-16256, and F-25/6) was mixed (50 v%) with ethanol and kept in a sealed glass bottle for

~12 months. After the test, SLIPS samples were fabricated following the same CuO-HTMS surface
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fabrication then immersing them in the aged oil mixtures followed by the same post immersion
treatment (oil drainage and drying). Then, the DI water contact angle of these samples was
measured. As shown in Figure 4.7(c), comparison of the SLIPS made with fresh infused oil with
the SLIPS infused with the 12 months aged oil did not show any discernable difference in apparent

contact angle behavior.
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Figure 4.7. SLIPSs durability to prolonged condensate immersion. Advancing contact angle (0,)
and contact angle hysteresis (A@) of the SLIPSs surfaces after submerging in (a) 20°C water, and
(b) 20°C ethanol for a variety of different times. Legend is the same for (a) and (b) and is shown
on top of a-b. (c) Contact angle comparison of SLIPS infused with fresh oil and aged oil. Oil was
aged by mixing it with ethanol and allowing it to rest for 12 months. Comparison shows no
significant change in contact angle, depicting no property change of the oil as a response to
prolonged ethanol exposure. (d) SEM images of SLIPSs samples after submerging them in ethanol
for 16 days showing no apparent degradation of surface quality. Scale bars all represent 5 um.

4.9. Discussion

The results reported here have important implications for the potential development of scalable
and robust surfaces for long-term dropwise condensation applications, both for steam and for low-
surface-tension fluids. Systems that use refrigerants,[267, 268] and hydrocarbon fluids[269-271],

stand to significantly benefit from dropwise condensation. Achieving stable dropwise
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condensation of steam on hydrophobic surfaces has a profound impact on global energy
production, water conservation, and hence the carbon footprint of industrialized and developing
nations. Dropwise condensation on durable hydrophobic condenser surfaces in shell and tube
condensers of a thermoelectric or nuclear power plant has the potential to lead to ~2% increase in
overall power plant energy efficiency.[272] Although the clear advantages of dropwise
condensation have been understood for over a century, designing robust hydrophobic surfaces that
can survive long-term operation with unchanged heart transfer performance has not been
successful, severely limiting practical application.

Our work demonstrates the rational design of SLIPS for long-term stable dropwise
condensation of both steam and ethanol condensation, indicating the importance of lubricant
selection and degradation conditions. Our low temperature exposure durability study showed no
change in wettability after exposure. However, exposing the surfaces to lower temperatures for
extended periods (months) may alter these findings. Especially if the surfaces are exposed for a
long time near the pour point of the lubricant or at a lower temperature which may change the
physical properties of the lubricant. The pour point of a lubricant is the lowest point at which it
becomes too viscous and loses its flow properties. Pour points of K-1525, K-16256, and F-Y25/6
are - 48°C, - 15°C and - 35°C, respectively. SLIPSs infused with these oils may show altered
surface wettability if they are exposed to their respective pour point or lower temperatures for
prolonged periods.

The condensation results demonstrating multi-month durability present a promising
approach to enable the long-term operation of SLIPS condensers. Typical large scale condenser
systems require multi-year longevity with continual operation. Some require more than a decade

of operation prior to shut down. The lack of miscibility between the lubricants studied here and
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the condensates tested presents an interesting opportunity to use active re-lubrication of the
surfaces after prescribed timeframes.[249] Compared to brushed lubricant impregnation,[273] our
proposed contactless re-lubrication is attractive due to its simplicity. For example, the installation
of spray nozzles capable of injecting lubricant into the steam inlet section of the condenser for re-
lubrication presents a promising route to multi-year durability. The lack of miscibility enables the
relatively easy separation of any drained lubricant outside of the condenser, which can be re-used
and re-sprayed on the external condenser tubing. In fact, past approaches to achieve durable
dropwise condensation and corrosion protection have developed methods to apply additives to
external condenser tubes using similar approaches, demonstrating the added benefit of corrosion
protection in addition to heat transfer enhancement.[274]

To evaluate the reusability of the multi-month durability tested samples after failure, we
recoated the tested samples following the same SLIPS fabrication processes to emulate the
proposed re-spray technique. For recoating, we selected the durable samples, F-Y25/6, K-1525,
and K-16256 from the ethanol condensation experiments. We conducted the same ethanol
condensation experiment with the recoated samples, which showed stable dropwise condensation
as was observed with the fresh samples (Fig. 4.8). The findings indicate that long-term
condensation exposure does not degrade the silane layer or underlying CuO structure. In fact, the
oil layer acts as a protective shield to the silane layer and the performance degradation of SLIPS
mainly occurs due to oil depletion, which can be remedied by re-coating. Although the revival of
SLIPS performance with recoating reveals a clear added benefit of SLIPS over solid hydrophobic
coatings, further studies are needed to compare the surface chemistry change between the freshly

fabricated and re-coated SLIPSs after prolonged exposure and spray cycles.
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F-Y25/6

K-16256

Figure 4.8. Ethanol condensation on re-lubricated LIPSs after log-term durability test. After
continuous durability test the failed SLIPS samples were re-lubricated with fresh oil and
condensation experiment was conducted in the same chamber. Re-lubricated samples show similar
condensation behavior as of fresh samples.

Past studies have quantified the effect of oil viscosity on shear-driven surface failure
focusing on external single-phase fluid flow.[275, 276] Here, we experimentally prove that high
viscosity oils can delay SLIPSs failure in the presence of condensate droplet shedding-driven oil
depletion. Although higher oil viscosity enhances the lifespan of SLIPSs, future studies are needed
which focus on the effects of oil viscosity, type of working fluid, and multi-droplet coalesce
dynamics on cloaking oil layer formation, oil ridge formation, and droplet shear dynamics, which
all govern the coupled mechanics of lubricant depletion. Moreover, our study focused on CuO-
based superhydrophobic surfaces infused with different oils. Our high temperature air stability
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tests indicated that boehmite structures, due to their inherently different structure length scale when
compared to CuO, result in enhanced lifespan at elevated temperatures. We hypothesize that this
phenomenon occurs simply due to the higher surface roughness, nanoscale pore geometry, and
enhanced surface interaction potential (thinner films). Future studies which can decouple the oil
viscosity effects and nanostructure effects[277] (such as hierarchical surfaces with variable length
scale roughness[278]) are needed to evaluate the combined effect of oil viscosity and optimized

structure on the improved lifespan of SLIPS in different degradation conditions.

4.10. Conclusions

In this chapter, we rigorously demonstrate the lifespan of a variety of SLIPSs in both water and
ethanol condenser applications. The majority of SLIPSs show short lifespans (<1 month) during
steam condensation due to cloaking of the condensate by the infused lubricant. Among the tested
samples, surfaces infused with highest viscosity lubricants (Krytox-16256) exhibited dropwise
condensation for up to 45 days. During ethanol condensation, SLIPSs infused with high viscosity
lubricants (K-1525, F-Y25/6, and K-16256) showed stable dropwise condensation for multiple
months due to the absence of cloaking, reducing oil depletion. Similar to steam condensation, the
Krytox-16256 infused SLIPS was the most durable during ethanol condensation, demonstrating
stable dropwise condensation for more than 8 months. To quantify durability to elevated
temperatures as encountered by superheated gases in condensers, the K-1525 and F-Y25/6 infused
SLIPSs showed good durability after exposure to 150°C air for 16 hours. The K-16256 infused
surface was shown to be durable to 200°C, finally degrading at 250°C within 1 hour. To quantify
durability to immersion in a liquid, we subjected the SLIPSs to water and ethanol immersion

conditions. All SLIPSs showed stable hydrophobicity even after 16 days of continual immersion.
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Our work presents design guidelines for the rational selection of lubricants for fabricating durable
SLIPSs having wide applicability with both steam and ethanol condensation. Our results outline

future directions towards the development of next generation durable SLIPSs.
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CHAPTER S

Modular Heat Sinks for Enhanced Thermal Management of
Electronics

5.1. Introduction

In the last three chapters we showed that micro-nanoscale manufacturing considerations have
profound impact on performance improvement of energy systems. In this chapter we focus on
macroscale device level advanced manufacturing. We develop innovative thermal solution for
power electronics focusing on volumetric and gravimetric power density enhancement.

The design of power electronics involves consideration of many factors such as size, noise, cost,
maintenance requirements, complexity, and robustness [279, 280]. Although silicon (Si) devices
are the most popular material for power semiconductor applications, wide band gap materials such
as silicon carbide (SiC) and gallium nitride (GaN) are gaining popularity due to their ability to
operate at elevated junction temperatures [279]. Furthermore, these materials enhance efficiency
by providing lower parasitics, such as on-state resistance, package inductance, and output
capacitance, and smaller physical package size [281, 282]. Currently available solder materials,
reliability considerations, packaging technologies, and cost constraints limit the maximum
junction temperature of SiC and GaN devices to approximately 175°C [91, 283]. As the package
size decreases and the power processed remains the same (or possibly increases), the surface area

to cool the device dramatically decreases and the capacity to extract heat with conventional

*This chapter was mostly reprinted (adapted) with permission from Journal of Electronic
Packaging, Jun 2021, 143(2): 020903. Copyright © ASME. Muhammad Jahidul Hoque is the first
author of the publication. Dr. Nenad Miljkovic guided the research and revised the manuscript and
is the corresponding author.
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methods decreases. For example, employing thermal interface materials (TIMs) constrains
improvements in power density and specific power of the complete system due to the necessity for
a large heat sink [284]. Furthermore, poor thermal management of electronics not only lowers
device performance but also significantly shortens lifespan, with 55% of power electronics failures
due to elevated temperature [285].

Current thermal management strategies for power electronics cooling include air [78, 286-
290], liquid [291-294], and two-phase cooling [295-305]. Although air as a coolant is less
attractive due to its low thermal conductivity (~ 0.026W/(m-K)) and small Prandtl number (~0.70),
air cooling approaches have a number of advantages when compared to other cooling strategies.
There advantages include: simplicity and low cost to implement, easy to maintain, highly reliable,
do not require complex and expensive sealing, air is not electrically conducting, lower pumping
power, and air is readily available from the ambient in most applications. Hence, for decades, air
cooling has been the preferred method for managing heat in power electronics applications [306].
Recently, ambient-air-cooled converters [307] and inverters [308] have been demonstrated to have
reduced overall system complexity compared to single-phase liquid cooling [309, 310]. Although
forced air cooling is a good option for low power (< 1 MW) converters [311], the need for a finned
heat sink results in decreased power density [312, 313]. Furthermore, the need for higher power
density of modern devices is pushing the limits of conventional heat sink designs [314-316].
Therefore, air-cooled heat sink optimization is needed [317-320]. In the past, researchers have
optimized different parameters of air-cooled heat sink topologies focusing on heat sink design [78-
81], heat sink fabrication processes [82-84], different power electronics system layouts [85, 86],
various heat sink geometries [87, 88], heat sink materials [89], hybrid cooling approaches [90, 91],

coolant flow modifications [92], and overall thermal performance [93-95].
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With the integration of power converters into mobile machinery such as aircraft, ships, on-
road vehicles, or off-road equipment, a desire exists to enhance converter power density and
performance without integration penalty [96, 97]. The heat sink in an air-cooled power converter
is typically the heaviest part [92, 98]. A key parameter governing the required heat sink is the
thermal performance of the gap pad between the PCB and heat sink. Although gap pads are
required for electrical isolation and mechanical compliance, their added thermal impedance
stemming from their poor thermal conductivity (<5 W/(m-K)) ensures oversizing of heat
spreading components to minimize non-pad thermal resistances and hence enhance overall
junction-to-air heat transfer. The need for coupling of the heat sink with multiple heat generating
components operating at different voltage potentials inherently increases complexity and mass. To
ensure compliance, the heat sink is oversized to overlap with all components to and to ensure that
the gap pad material is present at the interface of all devices to provide electrical isolation.

In this chapter, we study modular and electrically-floating heat sinks (MHSSs) to achieve
ultra-efficient thermal management of power converters. The MHS approach utilizes a finite
number of discrete and disconnected MHSs strategically placed on hot spots (devices), removing
the need for gap pads. Elimination of the gap pad ensures better cooling performance due to direct
contact between the devices and heat sinks, while also reducing overall volume and mass due to
downsizing of the heat sink. We demonstrate our approach by benchmarking MHS cooling with
two conventional copper (Cu) pin fin heat sinks mounted on a 650 V, 5-level 2 kW, power
converter utilizing gallium nitride (GaN) switches cooled from the back side with Cu thermal vias.
Benchmarking of the prototype was achieved by using two conventional Cu pin-fin heat sinks
having short (4 £ 0.05mm) and tall (23 £ 0.05 mm) pins with center-to-center spacing of 1+ 0.1mm

and 1.2+ 0.12 mm, respectively, which were mounted using a conventional gap pas material. To
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investigate the heat transfer physics from junction-to—fluid, and to help co-design the MHS
solution, we used three-dimensional (3D) finite volume method simulations coupling the fluid
flow and converter heat transfer. Infrared imaging was used to validate simulations and provide
loss model estimates for power distribution within the converter. To test the modular approach,
MHSs were machined from same Cu heat sinks and prototype characterization was performed. In
addition to direct contact mounting with and without a TIMs, the best performing heat sink
assembly was chosen to test direct soldering to the Cu vias for further improvement of thermal
performance. Volumetric and gravimetric power density improvement of the MHS approach was
characterized when compared to the benchmark approaches, showing 22% and 73%
improvements, respectively. Our work not only demonstrates the use of MHSs as a power dense
thermal management option for power converter cooling in applications, it offers insights into
alternate avenues for performance improvement and multi-functional design of components for

power electronics.

5.2. Electrical Prototype

An experimental power converter was developed as a test platform to benchmark and demonstrate
the effectiveness of the MHS air-cooling solution. Due to their modular nature and reduced
commutation loops, flying capacitor multi-level (FCML) converters have demonstrated high
power density power conversion when paired with GaN power switches. For this experiment, we
tested a bi-directional 5-level FCML with 650 V GS66508B GaN systems transistors. Table 5.1,
shows the converter specifications and Table 5.2, lists the components used. To improve the
mechanical assembly and to enable MHS integration, bottom side cooled transistors were included

in the design and a single sided electrical design was implemented, as shown in Figure 5.1.
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Table 5.1. FCML converter specifications.

Specification Value
Input Voltage 500 VDC to 1000 VDC
Output Voltage 25 VDC to 200 VDC
Peak Output Power 2.0 kW
GaN Switching Frequency 167 kHz

Table 5.2. Used components in the FCML converter.

Component Manufacturer and Part Number Parameters
GaN FETs (S) GaN Systems GS66508B 650V, 50 mQ
Capacitors (C1 & C») TDK C5750X6S2W225K250KA % 10 450V, 2.2 uF
Capacitors (Cin) TDK C5750X6S2W225K250KA % 12 450V, 2.2 uF
Capacitors (Cout) TDK C5750X6S2W225K250KA x 4 450V, 2.2 uF
Inductors (L) Vishay IHLW5050EZER56MO1 x 2 22 A, 5.6 uH
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Figure 5.1. (a) Top and (b) front view of the FCML power converter electrical prototype. The
views do not show the thermal management system (heat sink), which is mounted on the backside
(opposite side of image in (a)). Components labeled on the pictures are identified in Table 5.2,

To provide a thermal path to the backside of the PCB, Cu thermal vias were included under
the source pad of the GaN transistors (S1 to Sz in Fig. 5.1). One of the tradeoffs faced during layout
electro-thermal co-design were the switching commutation loops, shown in Figure 5.2.
Electrically, a small commutation loop is desired to reduce parasitic inductance and thus reduce
switch voltage ringing [321]. In addition to reducing the commutation loop area, we implemented
an inner layer shielding plane in the first Cu layer below the switching commutation loop [322] to
further reduce parasitic inductance and improve electromagnetic interference (EMI). However, the
tightly packed GaN switches and inner Cu layer reduced the area available for thermal vias. As a
compromise, the inner Cu layer was reduced to minimize the interference with the thermal vias,
and additional thermal vias were placed beyond the bounds of the GaN device package. With these
design choices, we placed over 120 thermal vias for each GaN switch, well within design

guidelines [323].
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Figure 5.2. (a) Complementary GaN switches form a commutation loop (current path shown in
red) through local bypass capacitors. (b) An inner copper layer acts as a shield plane (induced
current shown in green) underneath the commutation loop to reduce EMI and switching noise.
Thermal vias provide a path for heat to transfer to the backside of the PCB.

5.3. Thermal Management

Conventional thermal management for the developed power converter would involve integration
with a single full metallic heat sink (FHS) that covers all Cu footprints as well as additional non-
metallic FR4 material on the backside of the PCB (back of Fig 5.1a). As shown in Fig. 5.3(a), the
area within the white dotted border encompasses all Cu footprints as well as large non-metallic
portions of the PCB. Here, the Cu footprints were separated based on their electrical potentials,
which demands electrical isolation when using a FHS. As shown in Fig. 5.3(b), to achieve
electrical isolation between the Cu pads and the FHS, a gap pad is required. Conversely, employing
MHS ensures individual Cu pads are not connected (Fig. 5.3c). Due to the same potential of each
Cu pad, the MHS approach does not require the use of a gap pad, reducing the junction-to-air

thermal resistance. As depicted in Fig. 5.3(d), a thin layer (=100 um) of thermal paste or TIM
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between the MHSs and Cu pads ensures better thermal contact by overcoming possible microscale
gaps due to roughness. It is important to note, the removal of the gap pad results in electrical
connection between the Cu pad and MHS, resulting in safety considerations that need to be
accounted for due to the heat sinks becoming electrically live (at a fixed voltage). Another
advantage of the MHS approach is in top side cooled applications where component height varies
across the PCB. Utilization of a FHS results in significant complexity with alignment and ensuring
good thermal contact between multiple components having variable height, typically resulting in
milling of a negative of the PCB structure on the base plate of the heat sink. However, use of MHSs

obfuscates these issues as individual heat sinks are mounted to components on the front.

(b)
Thermal vias

e ———

Single Full Heat Sink

(d)

sE==sss

Modular Heat Modular Heat
Sink 1 Sink 2

Figure 5.3. Images and schematics of heat sink design approach. (a) A conventional FHS covers
the entire backside (back of Fig 1a) as depicted by the white dotted line, which includes Cu
footprints and bare FR4 on the PCB. (b) Schematic depicting the thermal gap pad mounted between
the PCB and FHS. (c) A MHS layout includes multiple disconnected heat sinks for each Cu
footprint. (d) The MHS approach does not require the use of a gap pad, with only a thin layer of
thermal paste (TIM) or direct soldering of the Cu heat sink to the thermal vias possible. Devices 1
and 2 in (b) and (d) represent any active or passive heat generating component on the PCB.

To gain a better understanding of the key thermal resistances of the MHS approach as well
as the more conventional FHS approach, we considered different assemblies of the converter

prototype thermal management layout with their corresponding 1D thermal resistance circuits
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(Fig. 5.4). Depending on the heat sink arrangement, design, and TIM application method, the
overall thermal resistance (Riota) from junction-to-air is shown in Table 5.3. To enable comparison
of different Cu fin designs, we utilized two finned heat sink profiles in our calculations and
experiments: a low profile Cu pin-fin heat sink (Enzotech, SLF-1) and a high aspect ratio Cu pin-
fin heat sink (Enzotech, CNB-S1) delineated in Table 5.3 as ‘short’ and ‘tall’, respectively.
Furthermore, given the range of possible air flow rates, fin resistance calculations were done for
two average air side heat transfer coefficients, h = 50 W/(m?-K) and 100 W/(m?-K). The chosen h
values were based on previous experimental studies of pin-fin heat sinks assuming reasonable air
flow rates (1 to 5 m/s) [310, 324, 325]. The thermal resistance analysis revealed that the heat sink
resistance presents the major bottleneck in the overall junction-to-air thermal pathway for both
low and high airside heat transfer coefficients. Although the airside thermal resistance for the MHS
approach is higher compared to the FHS due to higher spreading resistance and lower fin number,
our analysis reveals that using MHSs and eliminating the gap pad reduces the interfacial resistance

(GaN and heat sink interface) by 84% and 99% for TIM thermal paste and solder, respectively.

(a) (b) T,
Device Device ____I___-
¥
Solder, Thermal Paste, or Gap Pad % Rpcy
e
e
Air T

Figure 5.4. (a) Cross-sectional schematic of two GaN devices mounted on a PCB with a FHS
assembly for different interface materials (solder, TIM, or gap pad) representing a multi-
component converter thermal management layout. (b) Schematic of a 1D thermal resistance circuit
showing the equivalent resistance approach for the converter system with temperature difference
from device junction (Tj) to air (Tair), where “n” varies with the number of devices (dev),
corresponding TIM layers (TIM) and heat sinks (HS).
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Table 5.3. Calculated thermal resistances for different heat sink arrangements. All thermal
resistances are in units of K/W. Schematic shown in Fig. 5.4(a) depicts the thermal resistance
circuit used in the analysis.

Design IR | 2Rpg Reg" “REg Riotal
Air-side heat transfer coefficient h = 50 W/(m2-K)
Tall MHS Soldered 0.001 0.87 0.98
Tall MHS with TIM 0.025 0.87 1.00
Tall FHS with Gap Pad 0.08 0.029 0.16 0.47 0.70
Short MHS with TIM 0.025 3.50 3.60
Short FHS with Gap Pad 0.16 1.50 1.75
Air-side heat transfer coefficient h = 100 W/(m?-K)
Tall MHS Soldered 0.001 0.45 0.56
Tall MHS with TIM 0.025 0.45 0.58
Tall FHS with Gap Pad 0.08 0.029 0.16 0.23 0.50
Short MHS with TIM 0.025 1.74 1.87
Short FHS with Gap Pad 0.16 0.74 1.00

!Device thermal resistance was obtained from the device manufacturer [326] and equivalent resistance was calculated considering six GaN and two
inductors (Fig. 5.1a) and corresponding resistance circuit (Fig. 5.4b).

2pCB thermal resistance was calculated by considering maximum heat sink face area (Fig. 5.5) and 2 oz board thermal conductivity [327].

3Pad thickness was assumed to be 2 mm with a thermal conductivity of 3 W/(m-K), while the paste and solder had thickness of 100 um. Equivalent
TIM resistance for each assembly was calculated considering the face area of each heat sink (Fig. 5.5) and corresponding resistance circuit (Fig.
5.4b).

“Equivalent heat sink resistance corresponds to each assembly (Fig. 5.5) and respective thermal circuit (Fig. 5.4b). This includes the material and
fin resistance of each heat sink.

The 1D conduction resistance was calculated usingR.,,q = t/kA, where t, k, and A are the thickness, thermal conductivity and face area of the
medium. Fin resistance was calculated by considering the convective fin tip condition and using: Rg, = f (15,), Where 7 is the fin efficiency.

5.4. Experiments

Two different fin profiles (short and tall) were used to develop the FHS and MHS thermal
management approach. The low profile (short) heat sinks (Enzotech, SLF-1) were made of Cu and
had fin radii of 600 £ 50 pum, fin center-to-center spacing of 1 + 0.1 mm, fin height of 4 £ 0.05 mm,
with a heat sink base thickness of 2 £ 0.05 mm. The high aspect ratio (tall) heat sinks (Enzotech,
CNB-S1) had fin radii of 850 + 50 um, fin center-to-center spacing of 1.2 = 0.12 mm, fin height

of 23 £ 0.05 mm, with a heat sink base thickness of 2 + 0.05 mm . The two distinct designs yielded
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four different heat sink arrangements for the prototype converter, as demonstrated in Figure 5. Due
to the finite size of the procured heat sinks, assembly of three heat sinks adjacent to one another
formed the FHS as depicted in Fig. 5.5(a, b) and 5.5(c, d) for the tall and short FHS, respectively.
To fabricate the MHS for each backside pad, we cut the procured heat sinks to the required
dimensions of each individual Cu pad such that overlap was ensured when mounting on the back.
To mount the FHSs to the prototype, a double-sided sticky thermal pad (BERGQUIST GAP PAD
HC 3.0) was used with a 3D printed (Lulzbot TAZ 6, with polylactic acid, PLA) mount used to
apply pressure to the heat sinks at the extended edges (Fig. 5.5a and c) to ensure good thermal
contact with the PCB Cu pads on the backside. To mount the MHS, tapped through holes were
manufactured on the PCB and on the MHS. Thin screws (94690A711, McMaster-Carr) were used

through the PCB to the threaded holes of the MHSs to ensure a tight hold.

Figure 5.5. Images of the FHS and MHS arrangements. Photograph of (a) top and (b) side views
of the tall FHS, (c) top and (d) side views of the short FHS, (e) top and (f) side views of the tall
MHS, and (g) top and (h) side views of the short MHS. Scale bar in (h) is representative for all
images.
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To characterize the electro-thermal performance of the converter, an experimental testbed
was developed (Fig. 5.6a). Table 5.4 lists the instruments used for the experiments and
corresponding specifications and measurement uncertainties. The converter was operated at a fixed
switching frequency and conversion ratio for all tests. The test section had the FCML converter
(Fig. 5.1) integrated with the heat sink, with fans supplying air guided towards the heat sinks from
the side through a 3D printed air duct (Fig. 5.6b). Ambient temperature room air was supplied by
fans which were installed at a distance of 12 £ 2 cm to achieve an air velocity of 2 + 0.2 m/s as
measured with an anemometer (HHF-SD1, Omega). The air duct was designed and 3D printed
(LulzBot TAZ 6) with polylactic acid (PLA). The air duct ensured that only the bottom side of the
PCB was cooled by guiding the air to the backside of the PCB through the heat sinks. Experiments
were conducted in a laboratory having room temperature of 22 + 0.6°C and relative humidity of
45 + 2.5%. As shown in Fig. 5.6(a), an infrared camera (FLIR A600-series) was installed to
monitor the thermal profile of the converter from the backside (top down in Fig. 5.6b) during
testing. The top side of the FCML converter was painted black with a thin layer (= 50 pum) of
spray paint to ensure a high spectrally averaged emissivity (=0.94) for IR thermal measurements.
Temperature measurements were recorded using FLIR software for thermal videos at a sample
rate of 1Hz.

For the short and tall FHS assemblies (Fig 5.5a-d), a thermal gad pad (BERGQUIST GAP
PAD HC 3.0) was used. The short and tall MHS assemblies were tested with a thin layer (100
+ 50 um) of thermal paste (OMEGATHERM “201”) to ensure good thermal contact between the
MHSs and PCB Cu pads. Furthermore, the MHS assemblies were also tested by soldering the
MHSs directly to the Cu pads. In doing so, a thin layer (~ 100 um) of Sn42/Bi57.6/Ag0.4 solder

(SMDLTLFP10, Chipquik) was applied in between the PCB and each modular heat sink area. Hot
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air at 300°C from an air gun (SEEKONE 1800W) was used to melt the solder and allow it to spread
in the gap while pacing the MHSs in their respective locations. Once spread, the solder joints were
allowed to cool down to room temperature for permanent bonding. In addition to soldering the Cu
MHS base to the Cu pad, the MHS edges were soldered using lead free solder (Kester SAC305
48) to the Cu pad for secure bonding. The metal alloy soldering paste reduced the interfacial
resistance by improving the contact between the MHSs and PCB. It is important to note, the applied
paste and solder goes into the hollow Cu thermal vias on the PCB, resulting in increased thermal
flow paths and lower conduction and spreading resistance on the FCML PCB. In contrast, the solid
gap pad used for the FHS approach has poorer compliance and flexibility, resulting in poorer heat

conduction due to the trapped air in the hollow vias.
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Figure 5.6. Photographs of the (a) experimental facility and (b) test section (dotted blue box in
(a)). The test section consisted of fans, FCML-heat sink assembly, and 3D printed air duct (blue
material) to ensure only bottom side cooling of the PCB.
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Table 5.4. List of experimental sensors with measurement uncertainties for the experimental
setup depicted in Fig. 5.6.

Measurement Instrument Range Uncertainty

Ambient Temperature | OMEGA-HX93BDCTemp/RH | -30°Cto 75°C +0.6°C
Relative Humidity Transmitter 0 to 100% +2.5%
Air Velocity Hot Wire Anemometer 0.2 to 20 m/s +5.0%

Mass AND FX-300i 0to320 ¢ +0.001 g
Surface Temperature | FLIR T62101 Infrared Camera | -40°C to 650°C +2°C

Input VVoltage 500 V +0.05%

Input Current . 2A +0.05%
pPower Keysight PA2200 1KW +0.1%
Losses - +0.1%

5.5. Results and Discussion

Figure 5.7 shows the experimentally characterized efficiency (black solid line) and power loss
profile (blue dotted line) of the FCML converter as a function of input power. The range tested
was for low voltage testing, where the converter is current/thermally limited. The converter is rated
for 10 A output current (I) due to inductor limitations, with 50 V output used for our tests. Due to
this constraint the current experiment was conducted up to a power of 500W. For the full load
(2kWe) converter testing, a 200 V and 10 A output current were used. As observed from Fig. 5.7,
the efficiency decreases with higher power/current due to higher losses at higher powers stemming
from conduction (/2R) losses, where R is the device electrical resistance. As conduction losses

increase, GaN devices heat up, further increasing the switching resistance and losses.
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Figure 5.7. Power loss (thermal, blue dotted curve, right axis) and energy-conversion efficiency

(black solid line, left axis) of the FCML converter system (Fig. 5.1) as a function of input power
with soldered tall MHS. Power loss error bars (right axis) are smaller than the symbols and hence
are not plotted for clarity.

Figures 5.8(a) and (b) show the experimental and simulated temperature distributions on
the FCML front side (Fig 5.1a), respectively for the tall FHS assembly. The simulation geometry
included the GaN devices, the multi-layer PCB, Cu vias, inductors, capacitors, and cabling
connected to the electronics. The GaN devices (S1 to Sz) shown in Fig. 5.1(a) dissipated heat,
creating hot spots on the front side of the PCB, as shown in Fig. 5.8. Converter device heat
dissipations were input parameters and varied in the simulations. The simulations were conducted
using ANSYS Icepack commercial software with airflow modeled past the backside to determine
convective losses and local heat transfer coefficients. The boundary conditions of the fluid flow
domain included a uniform inlet air velocity of 2 m/s on the backside with uniform inlet
temperature of 22°C and ambient pressure outlet. The front side boundary condition was quiescent

ambient air. The backside airflow cabinet size was set to be equivalent to the 3D printed flow

guidance structure (13 cm x 6 cm face area).
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Figure 5.8. Steady-state (a) top-view IR thermal image and (b) simulated temperature contour of
the FCML front side (exposed to ambient air, Fig 1a) with the tall MHS assembly mounted on the
back. (c) Simulated maximum case temperatures on the FCML converter as a function of input
power for different heat sink assembly configurations. (d) Comparison of the modeling results
with the experimentally measured maximum converter front side local case temperature for the
different heat sink arrangements as a function of FCML converter input power level. The data
points were obtained using the IR images as shown in (a). Maximum temperatures were always
observed to occur on the GaN switches. For the images shown in (a) and (b), gravity points into
the page. The temperature error bars for the experimental data was +2°C stemming from the
calibrated IR thermal measurement. Range of individual color band is different for simulation and
experimental scale bars.
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The PCB along with electronic components were imported into the software, and heatsinks
with TIM were integrated based on the chosen heatsink assembly for different modeling cases.
Meshing was performed in ANSY'S Icepack whereby a physics-controlled hexahedral mesh was
used for the fluid as well as FCML PCB domains. Through control of mesh parameters, face
alignment (< 0.15) and skewness (< 0.95) of the mesh were achieved with mesh independence
satisfied. Flow over the backside was modelled using a turbulent model and the enhanced two
equation k-¢ (k-epsilon) model, due to its better suitability for near wall and low Reynold number
flows. We used the stationary solver with a relative tolerance of 0.001 for flow and 10 for energy,
with temperature fields for surfaces generated. As part of the post processing, heat flows into the
heatsinks and heat transfer coefficient over the heatsinks was found using the post processing tool.
All heat sink arrangements were simulated in order to enable experimental comparison. The
excellent agreement between simulation and experiment (Fig. 5.8c and d) demonstrated that the
simulation was successful at predicting the heat spreading effects inside the FCML PCB and to
the heat sinks on the backside, and could be used to determine and validate key thermal resistances
and heat transfer coefficients used in the 1D thermal resistance network (Fig. 5.4). As shown in
Fig. 5.8(c and d), the short MHS had the worst thermal performance (maximum GaN case
temperature) for a wide range of power inputs, which stems from its highest overall thermal
resistance (Table 5.3). However, the thermal resistance for the TIM or solder interface is lower
than the gap pad, with a further 50% lower heat sink thermal resistance of the tall FHS, leading to
a lower overall resistance (Table 5.3) and better thermal performance, as verified in Figs. 5.8(c
and d).

Figure 5.8(d), shows the comparison of the modeling results with the experimentally

measured (IR) FCML converter maximum local case temperature for the different heat sink
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arrangements as a function of input power. Interestingly, comparison of the experimental
maximum temperatures among the four heat sink arrangements (Fig. 5.5) show that the tall MHS
had the best thermal performance. The short FHS and MHS reach temperatures >80°C at input
power of 300 W due to smaller air side surface area and larger overall junction-to-air thermal
resistance (Table 5.3). The short MHS design had the worst performance (highest temperatures)
due to airside heat transfer limitations present in the short pin fin design. Although having less
overall area for heat transfer when compared to the FHS, the tall MHS design showed better
thermal performance than the tall FHS due to the ~6.5X smaller interfacial thermal resistance
between the Cu pads and heat sinks (Table 5.3). Our experiments revealed the inability of the
simulations to consider the enhancement in thermal pathway (lower thermal resistance) due to the
flow of TIM or solder into Cu vias on the FCML PCB. As shown in Fig.5.9, the ability of the
thermal paste (TIM or solder) to fill the 700 hollow Cu vias (individual diameter ~330 um, and
Cu thickness ~25 um) located on the FCML PCB results in significant reduction of the effective
PCB thermal resistance. The solid, less compliant, thermal gap pad used for the FHS tests cannot
fill the Cu vias and hence has a poorer effective PCB thermal conductivity due to the presence of
trapped air. Although this is also the case for short pin fins, the short MHS has a 71% higher air
side thermal resistance when compared to the short FHS, which dominates the overall junction to
air thermal resistance and hence overshadows any improvement due to conduction in the PCB.
Conversely, for the tall MHS, the air side thermal resistance is only 40% higher than the FHS (Fig.
5.10), reducing the overall junction to air thermal resistance. Hence, the tall MHS showed the best
performance among the four arrangements in terms of minimizing the maximum GaN case
temperature. When comparing the use of thermal paste (T1M) or solder to attach the tall MHS to

the PCB, soldering resulted in a lower thermal resistance with a further 8°C reduction in maximum
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GaN case temperature when compared to the tall MHS attached with a commercial thermal paste
(Fig. 5.8d). This is due to the fact that soldering facilitates the air tight bonding of the MHSs to the
PCB owing to capillary wicking of highly wetting solder-flux combinations, eliminating possible
microscale air gaps while using screws to hold the MHSs. Furthermore, the Sn42/Bi57.6/Ag0.4
solder thermal conductivity is much higher (= 20 to 60 W/(m-K)) than that of the thermal paste
(= 1 W/(m-K)), resulting in lower thermal resistance and better overall performance.

Figure 10 shows that the surface averaged heat transfer coefficient values vary for different heat
sink assemblies. Here, we define heat transfer coefficientas h = qg/([4[T (x) — Ts, ]dAg), Where
qr 1s the fin transfer rate and Ay is the total, including the fin tip, fin surface area. Differences in h
among the assemblies stem from the different heat transfer area, amount of heat flux from the heat
sink base and corresponding heat sink base temperature for the same ambient conditions. At a
particular power, as the full and modular heat sink of both short and tall profiles had different
surface areas for air-side heat transfer, hence h varied for each one. The minimum and maximum
values of h corresponding to the full and modular heat sinks for the tall pin fins are 95 and 126
W/(m?-K), respectively and for the short pin fins are 41 and 60 W/(m?-K), respectively. The
variation of the heat transfer coefficient among heat sink assemblies yields different overall heat
sink resistances (Fig. 5.10). However, the surface averaged heat transfer coefficient for the tall and
short pin-fins is estimated to be approximately 110 and 50 W/(m?-K), respectively, in close
agreement with our previous modeling assumptions based on previous experimental studies of pin-
fin heat sinks (Table 5.3). Furthermore, the simulations revealed fin efficiencies approaching 90%
and 98% for the tall and short fins, respectively. The simulations revealed that the tall MHS have

a 40% higher surface averaged heat transfer coefficient (h) due to their shorter lateral dimensions
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and thinner boundary layer development length, with a 50% lower heat transfer area (A4), when

compared to tall FHS.
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To estimate the effect of the differing thermal management strategies, we considered the
effect of overall system level (electrical and thermal) FCML converter gravimetric and volumetric
power density. For specific power calculation, the power of the converter was divided by the mass
of the whole system including the components of the FCML converter and individual heat sink
assembly with respective TIM. When comparing the short and tall FHS system mass, utilization
of short and tall MHSs results in a mass reduction of 33% and 42%, respectfully. This mass
reduction leads to specific power enhancement of the MHS FCML converter. Figure 5.11(a),
shows the specific power comparison among the heat sink arrangements of the converter system.
The short MHS assembly has the lowest system mass, which leads to highest specific power
improvement with sub-optimal thermal performance. However, in addition to the best thermal
performance, the tall MHS assembly showed a 73% specific power enhancement resulting from a
42% reduction of the system mass in comparison to the conventional tall FHS design. The
observed trends were also promising when considering volumetric power density improvement.
Volumetric power density variation was obtained by taking the ratio of the FCML converter power
to overall system volume. Though dominated by the volume of the FCML PCB and electronics
components, an overall 18% volume reduction for the tall MHS design resulted in an average 22%
volumetric power density enhancement in comparison with the conventional tall FHS design. It is
important to note, when computing overall volume of the FCML converter, we used maximum
boxed volume of the converter, and did not consider the individual boxed volume of all
components and heat sinks. This was done as it is the norm in power electronics volumetric power
density benchmarking. As seen from Figure 5.11(c), when considering individual boxed volumes
for the components and heat sinks, the volumetric power density for the tall MHS approach would

be 175% higher than the tall FHS approach, due to mainly ~77% reduction of redundant heat sink
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volume owing to modularity. Another point to note here, this sudden jump of the volumetric
density resulted from the elimination of ~90% empty space volume of the maximum boxed volume
case. However, modularity effect stemming from the heat sink material reduction is more definite
while actual heat sinks volume is considered. As shown in Figure 5.11(c), while considering the
actual volume, the tall MHS shows ~35% enhancement of the volumetric density compared to the
tall FHS design, this is stemming from the ~62% reduction of heat sink material. The improvement
of specific and volumetric power density was the same for the tall soldered MHS, due to the
insignificant change of system mass and volume compared to tall MHS with thermal paste (TIM).
Among all heat sink arrangements considered here, the tall soldered MHS showed the best overall

FCML performance in terms of both specific and volumetric power density enhancement.
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Figure 5.11. Comparison of the (a) specific and (b) volumetric power density of FCML power
converter integrated with the varying thermal management approaches. (c) Comparison of the
volumetric power density among different thermal management approaches while considering
maximum boxed volume, individual boxed volume, and actual volume of all components of the
FCML converter at the full load (2 kWe) condition. The tall soldered MHS assembly was excluded
from the plot due to its insignificant difference when compared to the tall MHS assembly (the
curves can be considered identical).
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5.6. Discussion

Although the current study outlines a readily available method to further enhance the power
density of air-cooled power converters in addition to reducing cost due to heat sink material
minimization, more work is needed. The proposed modularization technique results in higher
performance at the expense of potential safety considerations. The floating of the modular heat
sinks at different voltage potentials requires the development of powering protocols when
considering maintenance issues related to power converter usage. The approach is naturally
advantageous in environments where power converter access is not readily available to the user,
and were strict protocols on usage are available. In addition, although demonstrated here for an
air cooled FCML power converter, the approach has utilization for a variety of other cooling
methods including dielectric fluid single phase cooling, where the fluid side heat transfer
coefficients will be higher and hence weight on the interface and mounting method increasing. In
addition, although demonstrated here for cooling, the developed approach can be readily integrated
for multi-functional electronics component development. For example, given that the voltage
potentials of each pad are different and isolated from one another, the mounted conducting heat
sinks can both act as thermal management tools in addition to providing current to devices. This
can eliminate the use of Cu traces in the FCML PCB, further simplifying converter layout and
enhancing reliability and performance.

The proposed approach here is similar to recent work investigating modularization of heat
sinks on isolated individual power devices. Although past studies have not used electrically
floating heat sinks, much can be learned in terms of heat sink design using individual and modular
small-scale fans to further limit pressure drop and maximize performance [328]. Furthermore, the

heat sink performance results presented here are valid for the FCML power converted used in this
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study, and do not represent the best design for any power converter in the literature. Our work
develops the method and design methodology, rather than suggesting one particular design for any
and all converters.

We show that soldered modular heat sinks yield better thermal and power density
performance irrespective of the via configuration (assuming a reasonable via design). This is
because the thermal resistance through the vias is not the major thermal resistance in the network
(junction to air) for the designs considered in our work. Both simulations and experiments
demonstrate that the thermal interface material and the air side thermal resistance dominate the
heat transfer, hence the via design is insensitive assuming reasonable via implementation. In a real
system, the main limitation on modular heat sink design is proximity to other areas having differing
voltage potential. Though the purpose of the current study focusing on the FCML converter
prototype was not to optimize vias of the Cu pad design, it leaves much to be investigated to
achieve a more holistic optimization considering different via configurations, via layouts (which
affect the heat sink design as well), minimization of spreading resistance in the PCB, and variable
heat sink topologies (pin design, height, density). These considerations may become very
important if alternate cooling fluids are used (i.e. liquid cooling) with the modular approach, which
may put more emphasis on via design and spreading thermal resistance. Detailed electro-thermal
co-design and optimization is required to develop these design guidelines considering loop
inductances, parasitic capacitances, EMI considerations, and reliability limitations.

Furthermore, it is important to clarify here, the main advantage of using modular heat sinks
may not be lower device junction temperature. The use of a full heat sink with gap pad may result
in equivalent or lower junction temperature depending on board layout and heat sink selection.

One of the main advantages of the modular approach developed here is that the power density can
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be increased for similar thermal performance. For example, the mass of the integrated system can
be reduced by 50% as the heat sink typically constitutes the heaviest component of the power
converter assembly for air cooled designs. Power density and junction temperature are two
interdependent variables, both of which are considered as output metrics of a particular power
converter design, hence, focusing on one without considering the other may not be beneficial.
Lastly, the presence of modularization of heat sinks opens up a secondary approach not
considered here to enhance air-side heat transfer. In addition to the observed lower boundary layer
thickness, and enhanced developing length for modular heat sinks, the use of individual modular
heat sink structures to induce secondary flow structures along the PCB opens us a new avenue of
thermal-hydraulic design for the modular heat sinks considered here. Our work not only
demonstrates the use of modular heat sinks as a power dense thermal management option for power
converter cooling in applications, it offers insights into alternate avenues for performance

improvement and multi-functional design of components for power electronics.

5.7. Conclusions

We propose, design, simulate and experimentally study modular heat sinks that are
electrically floating to achieve thermal management of highly power dense power conversion
systems. Thermal performance of the modular and full heat sink approaches was compared
considering two different pin-fin heat sink profiles (tall and short). Using finite volume method
simulations, we showed that for high power converter operation ~1kW, the converter system
requires a certain fin profile to maintain GaN device temperatures within reasonable operating
ranges < 175°C (junction temperature). Among the four different heat sink assemblies, the tall

modular heat sink showed the best thermal performance when it was soldered to the FCML
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converter PCB. The tall soldered modular heat sink reduced the maximum system temperature up
to 8°C by increasing heat transfer through the PCB. Moreover, the tall modular assembly reduced
the system (FCML converter and thermal management) mass by 42% and volume by 18%,
resulting in a 73% higher specific power with 22% higher volumetric power density when
compared to the tall full heat sink. The proposed modular heat sink design approach promises
thermal performance improvement of electronics by removing the need for electrically isolating
and thick thermal gap pads, and hence reduces system mass and volume through elimination of
heat sink oversizing to compensate for the added gap pad thermal resistance. Our work not only
demonstrates the successful integration of modular heat sinks to a prototype power converter with
enhanced power density, it develops design guidelines for the performance enhancement of
electronics in different mobile applications in addition to developing additional directions for

multi-functional component electro-thermal co-design.
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CHAPTER 6:

Additively Manufactured Hybrid Cold Plates for Efficient Thermal
Management of High-Power Density Electronics

6.1 Introduction

Power electronics use different cooling approaches including natural convection air
cooling [329] , forced air cooling [330], single phase liquid cooling [331-333], air [334] and liquid
jet impingement [19], and solid-to-liquid phase change [303]. In last chapter, we demonstrated air
cooled based thermal solution. However, many applications, especially for high-power density
electronics, air cooling is not a sufficient thermal solution, instead it requires liquid cooling. A
common mode of liquid cooled based thermal solution is all metal cold plate. The heat transfer
performance of liquid cooled thermal solutions can be enhanced by introducing microchannels or
fins. Pioneering work by Tuckerman and Pease showed the exciting promise of how microchannel
heat sinks dissipate high heat fluxes [335]. The flow channel geometry can be modified to obtain
trade-offs between thermal-hydraulic performance. The performance of a microchannel is very
sensitive to the magnitude of its hydraulic diameter. Reducing the hydraulic diameter yields higher
heat transfer performance at the expense of a non-linear increase in pressure drop [336]. A
commercial off-the-shelf cold plate developed by Wieland offers good thermal solutions for high
heat flux applications with the integration of high-power density Wolfspeed XM3 half-bridge SiC
power module [337]. However, this all metal cold plate has limited scope to reduce system mass
and improve power density for mobile applications.

In addition to that, the device reliability represents yet another design constraint for thermal

management systems. Multi-chip power electronics modules can suffer from differences in device-
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to-device junction temperatures, which can lead to lateral temperature gradients, increased
stresses, and premature failure [338, 339]. Device-to-device junction temperature inhomogeneity
where devices are used in parallel can also lead to imbalanced current sharing [340], creates the
necessity for additional electronics control approaches [341]. Therefore, any successful thermal
management solution should not only reduce the overall junction-to-coolant thermal resistance,
but also the chip-to-chip temperature difference.

In this chapter, we demonstrate an aggressive thermal solution which is metal-polymer
hybrid cold plate (HCP). We characterize the leak proof HCP design in harsh operating condition
such as high-pressure fluid flow and elevated shock-vibration conditions. Compared with the
commercial off-the-shelf (COTS) cold plate, our developed HCP can reduce ~40% of the system
mass leading to specific power enhancement. Moreover, HCP shows comparable thermal
performance to COTS cold plate. In addition, due to its design freedom, the HCP has the potential
to provide inter-module isothermal profile. By integrating the lab scale experiments with the
ANSYS Icepak modeling we show that the HCP provides an efficient thermal solution for high
power density electronics and can enhance the system reliability by ensuring module level

isothermalization.

6.2 Design

A common method to achieve high-performance cooling of multi-chip power modules is to mount
the module on a liquid cooled all-metal heat sinks or cold plate as shown in Figure 6.1(a). For
example, the reference design for the high-power density Wolfspeed XM3 half-bridge SiC power
module family uses Microcool-series cold plates from Wieland [337]. This commercial off-the-

shelf (COTS) cold plate provides good the thermal solution for high power density liquid cooled
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electronics. However, COTS has limited scope to improve system’s power density and reliability
improvement. In portable electronics such as in mining vehicles, aviation industry, system level
mass reduction can significantly reduce the operating cost, moreover, maintaining isothermal
profile in electronics.

To overcome the challenges of COTS cold plate, we propose a metal-polymer coupled
hybrid thermal solution. Our developed hybrid cold plate (HCP) consists of an additively
manufactured (AM) fluid manifold, while has the similar heat sink design on top as of COTS for
thermal conduction path (Fig. 6.1b). The interface between the top heat sink and the liquid flow
manifold is fitted with a sealing gasket to ensure leak-proof performance. We employ polymer
manifold manufactured using AM. The manifold was fabricated from Nylon PA12 with Selective
Laser Sintering (SLS). We use PA12 as the build material as it offers the benefits of low density
(~930 kg/m®) compared to its metal counterparts (~2700 kg/m?® for Al-6061), reasonable tensile
strength (~48 MPa tensile strength) when compared to other common polymeric materials (~20
MPa for Polyethylene). AM using PA12 provides enough packing density to prevent leaks and
enable high glass transition temperature (up to 163°C), ideal for operation with a coolant at
elevated temperatures (~105°C). A simple calculation reveals that if the cold plate manifold was
made from PA12 instead of Al, a reduction in cold plate mass of 70% is achievable when compared
to a commercial cold plate (Wieland Microcool). This cold plate mass reduction results in an

overall power module and heatsink mass reduction by 40% when compared to the COTS design.
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Figure 6.1. (a) Photograph of the conventional thermal management approach of an all-aluminum
cold plate developed by Wieland [56]. (b) 3D exploded view of the proposed thermal management
approach using a polymer additively manufactured coolant manifold, gaskets, and top heat sinks.
Internal-top view of the (c) COTS cold plate, and (d) HCP, cross-sectional view of the fin section
of (¢) COTS cold plate, and (f) HCP.

To characterize the performance of the cold plates, a customized characterization loop was
developed (Fig. 6.2a). The cooling loop consists of a chiller (Durachill 1.5HP, Polyscience), flow
loop and sensors. A bypass line was designed to add flexibility to the fluid flow control (Fig. 6.2a).
A magnetic flow meter (MIM, kobold) monitors the coolant flow through the loop. An absolute
(PX605, Omega) and a differential pressure transducer (PXM409, Omega) monitor the absolute
pressure and pressure drop in the loop. Two RTDs are installed at the inlet and outlet of the cold
plate two monitor the coolant temperature. All sensors are connected to data acquisition system

(CompactDAQ, National Instrument)
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Figure 6.2. (a) Schematic (not to scale) of the experimental cooling loop for cold plate
characterization. (b) Hydraulic characterization of the HCP showing leak poof design (no sudden
jump in pressures). (c) Shock profile and (d) corresponding mass profile of HCP assembly (HCP-
liquid) after shock test. Even under high acceleration (g), the HCP assembly did not show any
liquid leak, the slight change in mass comes from the polymer material loss due to the friction
between the mounting screw and HCP while in operation.

For leak testing, hybrid cold plate assembly was connected to the cooling loop and water-Ethelyn
glycol (WEG) mixture (50v%) was supplied at a flow rate of 16LPM. Test was continued for 10
hours, and values from both absolute and differential pressure transducers were monitored and
recorded with the DAQ interfaced LabView program. During the testing period, no sudden jump
in pressure was observed which depicts no leak of the coolant (Fig. 6.2b). To evaluate the
compatibility of the HCP in high shock and vibration environment such as in mining vehicle or
airplane, we also performed the shock testing. We selected high acceleration which are common

in such elevated shock environment (Fig. 6.2c). For the shock testing, HCP assembly filled with
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working fluid (WEG) is arranged as a closed loop and securely fastened to the shock testing bed
(inset in Fig. 6.2d). At 10 minutes interval, HCP assembly was disconnected from the shock testing
bed and mass was monitored on a sensitive mass scale (EX24001, Ohaus Explorer). Irrespective
to the shock profile (Fig. 6.2c), no loss of fluid was monitored, however, there is a gradual
reduction in assembly mass. This mass reduction comes from the material loss of the polymer due
to the friction with fastening screw, as after each run HCP assembly was disconnected from the

bed to measure the mass.

6.3 Thermal Characterization

As shown in Fig. 6.1b, there are three different fin section of the cold plate, on top of which the
power modules (HT3000, Wolfspeed) are placed [342]. To emulate the power source of the
module, we develop a simple alternative heating source using a copper block and heaters (Fig.
6.3a). Copper block was designed in a way so that it covers the same surface area of the devices
in the module. A cylindrical hole was generated in the copper block to place cartridge heater (Fire
rod, Watlow). Copper block-heater assembly was then placed on a power module without having
any active devices. This is done to replicate the exact thermal resistance due to the presence of the
base plates of the module. Fig. 6.3b shows the schematic of the heating arrangement. A thin layer
(~100um) of thermal paste (Arctic MX-4) is placed at the interface between the base plate-cold
plate and copper block-base plate. To monitor the cold plate surface temperature, thermocouple
slots were prepared on the cold plate (Fig. 6.3c). For each module location, there are two
thermocouples and average of these two are taken as that module temperature. In total, three such
assembly were placed on the cold plate and to ensure thermal insulation a Teflon block was

designed and placed on the top (Fig. 6.3d). In real applications, modules are operated at different
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power loss [342]. Here, we selected 7:1:7 ratio of losses among module 1,2, and 3 (M1:M2:M3)
to emulate a standard loss distribution profile of an inverter system [342]. For thermal
characterization we selected two different fluid inlet temperatures, 25°C and 35°C and total loss of
500W and 700 W, which was distributed among the heaters covering each module location. For
controlling the thermal loss, two different heaters having 500W and 300 W power rating are used
at each module location. At the middle location, due to low thermal load, one heater was used.
Variable transformers (Beeleb Variac) were used to control the amount of heating from each heater
for individual module location. Similar heating and controlling arrangement were maintained for
COTS cold plate. As shown in Figures 6.3d and 6.3e, as the fluid flow rate increases, the maximum
temperature of the cold plate is decreases due to enhanced convection heat transfer. Maximum
temperature indicates the highest temperature obtained from the six thermocouples assembled on
the cold plate. The farthest thermocouple from the inlet always shows the hot spot, due to the
highest pressure drop at the region. Compared with the COTS cold plate, the HCP shows slightly
higher temperature profile (~5°C), this is because of the less heat conduction path of the HCP due

to the presence of polymer manifold.
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Figure 6.3. (a) Image and (b) schematic of copper-heater assembly for the cold plate at each
module location. (c) Image of the thermocouple arrangement for monitoring the cold plate
temperature. (D) Image of the experimental section (heating-insulating assembly). Thermal profile
comparison of the HCP and COTS cold plate for total () 500W and (f) 700 W loss distributed
among three-module locations. Legends shown on top are same for both (e) and (f).
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6.4 Modeling and High-Power Applications

We also developed an ANSYS Icepak model of the cold plate assembly to predict temperature
profile at different operating conditions. For modeling we assumed same 700W loss distributed as
7:1:7 ratio among M1:M2:M3. Model predicted temperatures similar trend with the experimentally
measured temperature readings at same operating conditions (Fig. 6.4a). Observed slight deviation
in the model is due to the difference in temperature measurement location between the model and
experiments. As shown in Fig. 6.3 ¢, thermocouples are placed on the cold plate center and the
maximum temperature is the reading of the sixth cold plate (farthest from the inlet). However, in
the model, it is observed that the hot spot is not in the middle of the third module, rather it is
towards the outlet flow channel (fig. 6.4b). This is because of the higher pressure drop ( less coolant
flow) and heat accumulation of the coolant towards to flow direction. In high density power
electronics, losses from the modules are much higher. To evaluate the performance of the HCP we
conducted modeling at higher thermal load. The considered power modules in this study are used
in real inverter system and they are usually operated at higher efficiency (>95%) [342]. still the
power loss of these inverters is in KW scale. A 6-module inverter system with 99% efficiency has
a power loss ~3kW [342]. Assuming half of the loss in a three-module system we have ~1500W
loss. Distributing 1500 W loss among three modules yields, 700 W loss for M1 and M3, and 100
W loss for M2 (following 7:1:7 ratio). The reason of the same thermal load for M1 and M3 is that
the modules function as a pair. For a 6-module inverter system, pairs are like, M1-M2, M3-M4,
M5-M6, where first module of each pair (M1,M3 and M5) operates at ~ 7X higher loss than second
module of each pair (M2,M4, and M6). In real inverter cooling, the working fluid (WEG) is used
from an existing cooling loop in the system, often time this fluid comes from the outlet of a

secondary loop at high temperature (70°C up to 105°C). Here, we used WEG as working fluid at

150



an inlet temperature 105°C to emulate the performance in harsh environments. Our thermal
modeling and comparison with the COTS show that the HCP gives comparable but a bit higher
temperature profile than the COTS (Figs. 6.4c-d),similarly as we observed in our experiments
(Figs. 6.3e and 6.3f). For both cold plates, due to larger pressure drop at third module location

(M3) the temperature is highest. Similarly, compared to significantly lower thermal load, M2

shows lowest temperature for both cases.

a 75 T T T T T T T T b
—— COTS Experiment —@— Hybrid Experiment

— P - COTS Model - O - Hybrid Model
O .
o, 70} B

3

=
|_
g 65 B
IS
ki
c 60 [ B
=}
E
3 55} 1
=

50

2 4 6 8 10 12 14 16 18
Flow rate [LPM]

L -

igoll | | | | W 146°C 110cc IHINNEE "M 152°C

Figure 6.4. (a) Comparison of model and experimental results for COTS and hybrid cold plate.
Total loss was 700W and distributed as 7:1::7 ratio among M1:M2:M3. Coolant was WEG at an
inlet temperature of 35°C. (b) Ansys Icepak modeled thermal profile for a COTS cold plate for
700W total loss with 35°C coolant (WEG) flowing at 7.5LPM rate. Icepak modeled thermal profile
at power application for (c) COTS cold plate, and (d) HCP. For both cases, total loss was 1500 W
and distributed as 7:1::7 ratio among M1:M2:M3. Coolant was WEG at an inlet temperature of
105°C and flow rate of 7.5 LPM.
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6.5. Isothermal Temperature Profile

More closer observations on the Icepack generated thermal profiles (Figs. 6.4b, 6.4c and 6.5a)
reveal that even the modules (M1 and M3) are dissipating same thermal load, however, the cooling
solution cannot maintain same temperature profile among them. Which leads to inter-module non-
isothermal profile. Though M1 and M3 has similar losses, due to the pressure drop in the cold
plate channels leads to flow imbalance among modules. As M3 is the farthest from the flow inlet,
it experiences highest pressure drop, which results in lowest coolant flow at M3, thus is the hot
spot. This is also true M2, even it has significantly lower thermal load compare to M3, the
difference in temperature between M2 and M3 is just ~10°C. This inter-module temperature
mismatch among modules can lead to the failure of devices in the module due to overheating
emerging from poor thermal management. Which can drastically reduce the reliability of the
systems. Generation of isothermal temperature profile can improve the system reliability.
Hydraulic flow balancing is a potential route to overcome the pressure drop among modules.
Standard design of the cold plates has a primary flow channel and equal sized opening for
secondary flow toward each module location (Fig. 6.5b). By tuning these secondary flow openings,
it is possible to make sure that hot spot (M3) gets highest flow among the three modules. This
hydraulic flow balancing is challenging for COTS cold plate as it comes a single piece of metal.
Whereas our HCP allows us simply tuning the AM manifold design for isothermal profile
generation while keeping the other components of the assembly same. Fig. 6.5d shows isothermal
temperature profile of the HCP, where maximum flow was allowed for the M3 and the opening

size of the other two modules (M1 and M3) are tuned.
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Figure. 6.5. (a-1)-(a-iii) Icepak modeled thermal profile showing different temperature at different
module locations indicating non-isothermal temperature profile. (b) Standard coolant profile inside
a hybrid cold plate which generates non-isothermal profile as shown in (a). (c) Hydraulically
balanced flow profile for inter-module isothermalization. (d-i) —(d-iii) lcepak modeled isothermal
temperature profile after implementing the flow balancing as shown in (c). Simulation was done
for total loss of 1500 W loss distributed among modules as 7:1::7 (M1:M2:M3). Coolant was WEG
at an inlet temperature of 105°C and flow rate of 7.5 LPM.

6.6. Conclusions

Single phase liquid cooled cold plates are a preferred for thermal management in many power
dense electronics cooling applications. However, traditional cold plates offer limited scope for
system level performance improvement. Here, we show how an additively manufactured (AM)
polymer-metal hybrid cold plate can provide high performance cooling for power electronic
converters. From experimental thermal characterization we show that HCP provides comparable
thermal performance with state-of-the-art (SOA) all metal cold plates. However, HCP reduces
~40% mass of the power converter subsystem. We develop an ANSYS Icepak model to predict
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the performance of HCP at high power density applications. For high power application inter-
module power losses leads to the non-isothermal profile generation, which raises reliability
concern of the electronics. Conventional all metal cold plates cannot offer isothermal profile in
such condition due to lack of design freedom. By adapting a simple flow balancing, we show that
our HCP cold plate can provide inter-module isothermal profile leading to system level reliability
enhancement. Our developed HCP not only provides an aggressive light wight thermal solution

for high power density electronics but also improve the lifespan of the electronics.
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CHAPTER 7

Conclusion and Outlook

7.1. Scalable Hybrid surfaces

To overcome the challenges of the state off the art techniques, we demonstrated a simple,
scalable and rapid stamping technique to fabricate hybrid surfaces. The technique involves using
a pre-fabricated stamp, which is reusable and can be used to stamp various coated
hydrophobic/superhydrophobic surfaces. The hybrid surfaces fabricated here show approximately
44X higher droplet nucleation site density enhancement. Atmospheric vapor condensation and
coalescence-induced droplet jumping experiments showed that superhydrophobic hybrid surfaces
possess global superhydrophobicity with local hydrophilicity, resulting in an almost 14X
improvement in multi-droplet jumping compared to homogenous superhydrophobic surfaces. The
hybrid surfaces fabricated here demonstrate spatially controlled heterogeneous nucleation of
condensation, enhance droplet nucleation density, and a narrower droplet distribution. Our study
not only presents an effective and high-throughput approach to fabricating hybrid surfaces using a
facile stamping technique, but also provides insights into the interplay between the dual wettability
of the hybrid functional surfaces during condensation heat transfer.

7.2. Durable Hydrophobicity for Steam Condensation

From the fundamental understanding of the coating robustness, the developed multilayer
F-DLC coating shows low surface energy characteristic of non-polar polymers, with a high
Young’s modulus approaching that of pure metals. We demonstrate the versatility of F-DLC on a
wide range of substrates including crystalline, non-crystalline and common engineering metals, all

showing similar surface energy after coating. The F-DLC not only demonstrates enhanced
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dropwise condensation heat transfer, but also unprecedented durability in wet environments for a
period of more than three years. Characterization of the compatibility of F-DLC in elevated
temperature environments exceeding 300°C and sustainability after 5000 mechanical abrasion
cycles demonstrates extreme resiliency. The outcomes of our work not only develop a low surface
energy coating capable of implementation for a plethora of versatile applications, it solves the
decades-old problem of generating hydrophobic surfaces that can achieve extended lifetime during

exposure to harsh thermo-mechanical environments.
7.3. Durable Hydrophobicity for Low Surface Tension Liquid

Here, we rigorously demonstrate the lifespan of a variety of SLIPSs in both water and ethanol
condenser applications. The majority of SLIPSs show short lifespans (<1 month) during steam
condensation due to cloaking of the condensate by the infused lubricant. Among the tested
samples, surfaces infused with highest viscosity lubricants (Krytox-16256) exhibited dropwise
condensation for up to 45 days. During ethanol condensation, SLIPSs infused with high viscosity
lubricants (K-1525, F-Y25/6, and K-16256) showed stable dropwise condensation for multiple
months due to the absence of cloaking, reducing oil depletion. Similar to steam condensation, the
Krytox-16256 infused SLIPS was the most durable during ethanol condensation, demonstrating
stable dropwise condensation for more than 8 months. To quantify durability to elevated
temperatures as encountered by superheated gases in condensers, the K-1525 and F-Y25/6 infused
SLIPSs showed good durability after exposure to 150°C air for 16 hours. The K-16256 infused
surface was shown to be durable to 200°C, finally degrading at 250°C within 1 hour. To quantify
durability to immersion in a liquid, we subjected the SLIPSs to water and ethanol immersion
conditions. All SLIPSs showed stable hydrophobicity even after 16 days of continual immersion.

Our work presents design guidelines for the rational selection of lubricants for fabricating durable
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SLIPSs having wide applicability with both steam and ethanol condensation. Our results outline

future directions towards the development of next generation durable SLIPSs.

7.4. Modular Heat Sink

We propose, design, simulate and experimentally study modular heat sinks that are
electrically floating to achieve thermal management of highly power dense power conversion
systems. Thermal performance of the modular and full heat sink approaches was compared
considering two different pin-fin heat sink profiles (tall and short). Using finite volume method
simulations, we showed that for high power converter operation ~1kW, the converter system
requires a certain fin profile to maintain GaN device temperatures within reasonable operating
ranges < 175°C (junction temperature). Among the four different heat sink assemblies, the tall
modular heat sink showed the best thermal performance when it was soldered to the FCML
converter PCB. The tall soldered modular heat sink reduced the maximum system temperature up
to 8°C by increasing heat transfer through the PCB. Moreover, the tall modular assembly reduced
the system (FCML converter and thermal management) mass by 42% and volume by 18%,
resulting in a 73% higher specific power with 22% higher volumetric power density when
compared to the tall full heat sink. The proposed modular heat sink design approach promises
thermal performance improvement of electronics by removing the need for electrically isolating
and thick thermal gap pads, and hence reduces system mass and volume through elimination of
heat sink oversizing to compensate for the added gap pad thermal resistance. Our work not only
demonstrates the successful integration of modular heat sinks to a prototype power converter with
enhanced power density, it develops design guidelines for the performance enhancement of
electronics in different mobile applications in addition to developing additional directions for

multi-functional component electro-thermal co-design.
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7.5. Hybrid Cold Plate

Single phase liquid cooled cold plates are a preferred for thermal management in many power
dense electronics cooling applications. However, traditional cold plates offer limited scope for
system level performance improvement. Here, we show how an additively manufactured (AM)
polymer-metal hybrid cold plate can provide high performance cooling for power electronic
converters. From experimental thermal characterization we show that HCP provides comparable
thermal performance with state-of-the-art (SOA) all metal cold plates. However, HCP reduces
~40% mass of the power converter subsystem. We develop an ANSY'S Icepak model to predict
the performance of HCP at high power density applications. For high power application inter-
module power losses leads to the non-isothermal profile generation, which raises reliability
concern of the electronics. Conventional all metal cold plates cannot offer isothermal profile in
such condition due to lack of design freedom. By adapting a simple flow balancing, we show that
our HCP cold plate can provide inter-module isothermal profile leading to system level reliability
enhancement. Our developed HCP not only provides an aggressive light wight thermal solution

for high power density electronics but also improve the lifespan of the electronics.

7.6. Societal Impact

Over the last two decades, the share of global electricity generation provided by solar photovoltaic
(PV) and wind energy installations has risen from 0.2% in 2000 to 10.1% in 2021.[343] However,
as much as 70% of global electrical power generation is still generated using traditional steam
power cycles which use either a fossil fuel or nuclear fission to create the energy source. Therefore,
increasing the overall efficiency of steam power plants has a profound impact on global energy
production and the carbon footprint of developing and developed nations. Among the several

strategies proposed to increase power plant efficiency, such as deploying supercritical steam
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cycles[344], and optimizing power station infrastructure[243], a relatively simple, well known,
and promising path is to maximize the steam condensation heat transfer inside the power cycle
condenser. Doing so has been shown to result in a 2% net increase in power plant energy efficiency
and reduce the levelized cost of electricity by 1.9% [243]. In 2022, this efficiency enhancement is
equivalent to: an additional 700 billion kWh/year electrical power generation, 83% of the global
electricity produced by solar photovoltaics, a decrease of 460 million tons of CO, emissions/year,
and a decreased use of 2 trillion gallons of cooling water per year [240]..

A key process of the steam power cycle is the condensation of steam on metallic shell-and-
tube condensers. The hydrophilicity of these metal tube surfaces results in the condensate forming
a water film on the condenser surface, termed filmwise condensation, which slows thermal
transport[345]. However, it has been well established for multiple decades that the filmwise
condensation rate can be enhanced by modifying the condenser surface with a thin hydrophobic
coating. On hydrophobic surfaces, steam condensate forms discrete droplets that easily shed due
to dropwise condensation resulting in up to a 2000% enhanced condensation rate. This enhanced
condensation rate translates into the potential 2% net increase in power plant energy efficiency
stemming from the ability to run the condenser at a lower steam pressure, and to extract more
enthalpy from the working fluid[14, 222]. Furthermore, use of hydrophobic surfaces in power
plants also provides valuable corrosion and erosion protection for condenser tubing[346],
increasing up-time for power plant condensers, and decreasing power plant operating expense.
This research proposed robust wettability surface design and implementation in actual ssytem can
make profound impact on global power production, economy, and environment.

Electrical systems are ubiquitous in today's world and it is necessary that they do not fail due to

overheating. Regardless of the cause of overheating, the general and primary effect of overheating
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on an electronic component is damage. Circuit systems within electronics work best at lower
temperatures. Allowing systems to run for prolonged periods of time in high temperatures can
decrease the longevity and reliability of devices. It is generally accepted that operating
temperatures above this range reduce life expectancy: Every ten-degree rise in temperature
shortens the average reliability of electrical/electronic components by 50%. So, proper thermal
management of electronics is necessary to ensure its prolonged functionality and at the same time
advanced thermal solution is needed to increase power density requirement, especially for mobile
applications. This research shows new avenue to develop advanced thermal solutions for high
power density electronics to enhanced system level power density and reliability improvement,

which can provide greater impact on economy.

7.7. Outlook

This research clearly shows the benefit of hydrophobicity of the condenser surface and
advanced thermal management of electronic devices to enhance performance of different energy
systems. However, there is a need for proper interfacing with industrial research, applications and
evaluation of performance on real systems. Robust hydrophobicity and hybrid wettability show
the condensation performance improvement. Integration hybrid wettability and durable
hydrophobic surfaces (F-DLC/Durable SLIPS) in real condenser prototype and operation in actual
power generation environment is needed. Similarly, coupling the developed thermal solutions in
real environments such as mining vehicles, electric airplane and evaluation of performance in such
conditions for prolonged time is necessary. This integration can further bring new challenges and
open new avenue of research for both academia and industry. In parallel, it is more important to
do detailed economic analysis or develop a prediction model to evaluate the benefit of integration

with real systems.
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