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ABSTRACT OF THE DISSERTATION

Design, Fabrication, and Evaluation of Superhydrophobic (SHPo) Surfaces

for Drag Reduction in Turbulent Boundary Layer Flows

by

Muchen Xu
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2017

Professor Chang-Jin Kim, Chair

Sustaining a gas layer on them in liquid, superhydrophobic (SHPo) surfaces have attracted
enormous attention due to the possibility of reducing friction drag in numerous flow applications.
Although many SHPo surfaces proved to reduce drag significantly (e.g., > 10%) in microchannel
flows and certain SHPo surfaces proved to have an unprecedentedly large slip length (e.g., > 100
microns), a significant drag reduction is still elusive in turbulent flows that reflect most
applications, such as watercraft in marine environment. Recognizing the gas layer (called plastron)
as the key and studying its robustness under water of varying depths, we first conclude that the
SHPo surfaces capable of a significant drag reduction cannot maintain the plastron indefinitely if

submerged deeper than a few centimeters. By developing a high-resolution shear sensor for



centimeters-size sample surfaces and using silicon SHPo surfaces that keep plastron more robust
than others, we obtain up to ~25% drag reduction in turbulent boundary layer flows at Reynolds
numbers up to 1.1x107. Obtained at a high-speed water tunnel and a high-speed tow tank, the
results also indicate that the drag reduces more with increasing Reynolds number, corroborating
the numerical studies in the literature. Moreover, we develop and conduct SHPo drag experiments
using a real boat in marine conditions for the first time, achieving ~20% drag reduction. Finally, a
scalable fabrication process is developed for scale-up manufacturing of both passive and semi-
active SHPo surfaces. For the semi-active SHPo surfaces, i.e., SHPo surfaces with self-regulating
gas restoration capability, we propose and demonstrate a gas generation mechanism that does not

require any external power input.
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Chapter 1 Introduction

1.1 Backgrounds

Mother nature has always been the greatest magician showing numerous “magic” phenomena,
inspiring human beings to uncover the “tricks”. When people saw water rolling off the lotus leaf
effortlessly [1], diving bell spider living completely submerged for their whole lives [2], and water
striders strolling on the water surface like on the ground [3], they started to wonder what are the
“tricks” behind all these magics. The mechanisms behind these amazing natural “magics” have
begun to be understood recently, and the one thing behind them is called superhydrophobic (SHPo)
surface. It is a masterful way for the nature to manipulate air-water meniscus at small scale so
pockets of air could be trapped stably in between solid and liquid. With this air layer, called

plastron, all the above magics have come true.

1.1.1 Definition of SHPo Surface

As early as 1805, Thomas Young has defined the contact angle @ (Figure 1-1(a)) of a liquid

droplet on a solid surface surrounded by a gas:

Vse = Vs t71cCOSE (2-1)

where y,. , 7 and y . are the interfacial tension between the solid and gas, the solid and liquid

and the liquid and gas, respectively, determined by materials properties. The Young's equation is
generally used to describe the contact angle on flat surface. When the interfacial tension between
solid and liquid decreases (i.e., the liquid “likes” the solid), the contact angle decreases and vice

versa. Meanwhile, when a droplet is about to slide off on a tilted surface (Figure 1-1(b)), the titling



angle is defined as roll-off angle « and the different between advancing contact angle ¢, and

receding contact angle 6, is defined as contact angle hysteresis.

However, when it comes to rough surfaces, Young's equation cannot be directly applied to

calculate the contact angle of the droplet, which is defined as apparent contact angle ¢, , as shown

on Figure 1-1(c)(d). But Young's equation still applies locally at the triple contact point where
gas-liquid meniscus meets solid (Figure 1-1(b)). The local contact angle is also known as intrinsic
contact angle which is determined by Equation (2-1) (i.e., materials properties). The apparent
contact angle is usually different from the intrinsic contact angle, depending on the roughness
geometry and materials properties. Superhydrophobic (SHPo) surfaces are conventionally defined
as the surfaces where the apparent contact angles of a water droplet on it exceed 150° with roll-off
angle or contact angle hysteresis less than 10°. To achieve this high apparent contact angle and

low roll-off angle, SHPo surface must be a rough surface that is locally hydrophobic.



(a) (b)
() (d)

Figure 1-1 Schematics of droplet on different surfaces. (a) Droplet on flat surface with Young's

angle 6. (b) Droplet on a tilted surface with roll-off angle «, advancing contact angle &, and

receding contact angle 6, . (c,d) Droplet on rough surfaces with apparent contact angle 6, .

Two classic models, Wenzel [4] and Cassie [5] model, have systematically studied the apparent
contact angle on surfaces with different roughness and surface properties. The Wenzel model
(Figure 1-1(c)) describes the case when the roughness is filled with liquid, and the Cassie model

(Figure 1-1(d)) describes the case when the roughness is filled with gas.
For Wenzel model, the apparent contact angle is [4]:

cosd,,,, =rcoso (2-2)



where r is the roughness (actual surface area versus projected surface area). The Wenzel model
predicts that the roughness amplifies a surface wettability by making a hydrophilic surface more

hydrophilic and hydrophobic surface more hydrophobic.
For Cassie-Baxter model, the apparent contact angle can be described as [5]:
cosb,, =Dy cosf—(1-Dy) (2-3)

where @ is an area fraction of liquid-solid interface. The Cassie-Baxter model predicts that a

surface becomes more hydrophobic as the contact area between the liquid and solid (i.e., solid

fraction) decreases regardless of the intrinsic contact angle on the surface.

For different surfaces with different roughness dimension and surface property, either Cassie or

Wenzel state can be thermodynamically more stable. The critical intrinsic contact angle is [6]:

1- D,
r—@,

cosé, = (2-4)

When the intrinsic contact angle is larger than the critical contact angle, Cassie state is more
favorable, and when the intrinsic contact angle is smaller than the critical contact angle, Wenzel
state is more favorable. In reality, Cassie and Wenzel state can coexist on the same surface [7], i.e.,
one state can exist even when the other state is more stable [7] because both of the states can be
locally stable with an energy barrier between them. When not disturbed enough to overcome the
barrier, the system could stay in the meta-stable state. Assuming the Wenzel state has a lower
energy, more stable, than the Cassie state, Figure 1-2 shows the schematic view of Gibbs free
energy of the two states along with the impalement configuration [8]. Cassie-to-Wenzel state

transition (i.e., wetting transition) is usually caused by pressure [9]. When external pressure



overcomes the supporting force by surface tension on the top of the roughness, wetting transition
occurs. On the other hand, Wenzel-to-Cassie state transition (i.e., de-wetting transition) would

need external energy input like vibration [10] or electrical current pulse [11].

Gibbs
energy \ !

Wenzel

Impalement
state

Figure 1-2 Schematic view of the Gibbs free energy of the Cassie-Baxter and Wenzel states. [8]

The superhydrophobicity generally refer to Cassie state in which the gas can be retained and
droplet can roll off easily. To use superhydrophobicity, impalement of the liquid into the surface
roughness (i.e., wetting transition) should be prevented. However, when the SHPo surface is fully
immersed underwater, the wetting transition mechanisms are quite different from droplet on SHPo
surface. Firstly, the pressure of the isolated air pockets can change by the pressure of the
surrounding liquid. Second, the mass exchange (i.e., diffusion) between the isolated air pockets
and the surrounding water should be considered. Third, Wenzel to Cassie state transition is more
difficult since gas need to be created in between the roughness. Fourth, vapor pressure of water in
the air pocket needs to be considered, too. The wetting dynamics of underwater SHPo surface is

studied rigorously in Chapter 2.

1.1.2 Examples of SHPo Surfaces in Nature



Many creatures in nature have utilized the SHPo surfaces much earlier than human did. There are
two categories of applications in nature: one is droplets-related application and the other is
underwater application. While the first application is mainly for self-cleaning [12] or sliding [3],
the second application is usually for underwater breathing based on the air capturing properties of

SHPo surface [13, 14].

For the droplets-related application, the most famous example is the so-called “Lotus Effect” of
lotus leaves, where water droplets can roll off the leaves and pick dirty particles with them. As
shown in the scanning electron microscopy (SEM) picture in Figure 1-3(a) [12], microscale bumps
are covered with microepicuticular wax crystalloids on a lotus leaf. Since the wax is hydrophobic,
the water droplets only contact the top tip of all these bump, greatly reducing solid-liquid
contacting area and adhesion. This SHPo surface structure leads to the water-repellent and self-
cleaning property of the lotus leaves. A liquid drop only redistributes dirt particles while it slides
down a surface on a smooth surface, while a liquid drop picks up dirt particles and removes them
while it rolls off the surface on a SHPo surface [12]. Evolution of such features is advantageous to
the lotus especially because it usually grows in an environment close to water and mud. Dryness

and cleanness of a lotus leaf is desirable for the gas exchange needed for photosynthesis and

protection against pathogen attack.




Figure 1-3 Examples of SHPo surface in nature. (a) Mercury droplet on Lotus leaf [12]. (b) Wings

of butterfly [15]. (c) Backswimmer with microscale hair on its back [16].

Most SHPo surfaces in nature are for droplet-related applications with the gas retained on the
SHPo surface connected to atmosphere, like the wing of butterfly [15] (Figure 1-3(b)). There are
some, although rare, natural applications of underwater SHPo surfaces [2, 13, 14, 17, 18]. For
example, the family of backswimmers Notonectidae are able to exchange oxygen between their
hemoglobin and plastron to breath [13, 14] with the help of micro/nano hairs on its back (Figure
1-3(c)). The aquatic spider Argyroneta aquatica can carry air to a “diving bell” consisting of a 1-3
mL air bubble enmeshed within a tightly woven web [18]. Penguins dive to ocean depths with air
bubbles trapped between their feathers to reduce drag [17]. However, since the air trapped in SHPo
surface are metastable [19] and tends to diffuse into water at high immersion depth [20], most of
the underwater SHPo surfaces in nature live at very shallow water [13, 14, 18] or for short time
[17]. For more details regarding different natural SHPo surfaces, please refer to recent review

papers [21, 22].

1.2 SHPo Surfaces for Drag Reduction

Friction is often undesirable in applications related to flow. It contributes to 60-70% of the total
drag on a cargo ship and 80% on a tanker [23]. Shipping alone consumed 280 million metric tons
of oil in 2001 [24], ~7.5% on the global oil consumption that year [25]. In 2012, shipping
accounted for ~2.6% of global CO2 emissions and expected to reach ~17% by 2050 [26]. It also
accounted for ~13% and ~15% global SOx and NOx emissions [27], which are particularly
hazardous for human's heath. So even a mild drag reduction has a global impact for energy saving

and greenhouse gas reduction.



When people saw water droplets rolling off the SHPo surface easily with very small friction, they
started to wonder if similar reduction for friction can also happen if water flows pass the surface.
However, on this subject, there is little help from nature with very few examples [17] to learn from.
Watanabe et al. [28] was one of the earliest experimental studies on this subject, and they obtained
22% drag reduction in laminar flow, although the reported reduction is likely an over-
estimation[29]. Since then, this subject has attracted enormous interest, leading to great advances
in understanding of SHPo surface drag reduction mechanism and demonstration of drag reduction
in both laminar and turbulent flows in different experiment conditions. However, after decades of
research, there is still no successful demonstration of drag reduction in practical turbulent flows.

Much work still needs to be done to achieve that goal.

1.2.1 Amount of Drag Reductions in Different Flow Conditions

When fluid flows over solid boundary, shear stress will occur on that boundary. The shear stress

for a Newtonian fluid with constant viscosity is proportional to the velocity gradient:

7(u) = VU (2-5)

where u is the dynamic viscosity. The flow speed at the solid-fluid boundary is negligibly small

and generally regarded as zero, referred as no-slip condition (Figure 1-4(a)). But at some height
from the boundary the flow speed must equal to that of the fluid. This flow velocity change leads
to velocity gradient at the boundary and shear stress, known as skin frictional drag. However, if
the fluid flows over gas boundary (Figure 1-4(b)), the speed at the boundary won't be zero, known
as slip. Slip is quantified as slip length b, which is defined as an extrapolated distance relative to
the wall where the tangential velocity component vanishes [29], as shown in Figure 1-4. For liquid

flows over a solid surface covered with a uniform gas layer, as shown in Figure 1-4(b), assume the



dynamic viscosity of liquid and gas are given by 4, .., and .. and the gas layer thickness is h,

then the slip length is:

b= h(/uliquid //ugas _1) (2-6)

However, this scenario is only imaginary since the gas film is thermodynamically unstable. If fluid
flows over SHPo surface. which traps gas in between surface roughness as shown in Figure 1-4(c),
the slip length cannot be as high as that on uniform gas layer with same thickness, since there must
be liquid-solid boundary which introduce no-slip condition. Nevertheless, the slip enhancement
was found still significant compared with smooth solid surfaces in both laminar and turbulent
flows. Most importantly, the gas-liquid interface can be stable on the rough source unlike that on

a solid surface covered with a uniform gas layer (Figure 1-4).

(a) (b)

Figure 1-4 Liquid flow over a solid surface with a slip quantified as slip length (b). (a) Liquid
flows over a hydrophobic solid surface with a negligibly small (tens of nanometers) slip length.
(b) If hypothetically there exists a gas layer between a liquid and a solid, a liquid would flow with
a large effective slip length because the gas has a much lower viscosity than the liquid. (¢) When
a composite interface with solid and gas is formed on a structured surface, a liquid may flow with

an effective slip length approaching that of (b). [29]



SHPo surface drag reduction in laminar flows has already been reasonably understood [29, 30].
Drag reduction only depends on effective slip length, independent of flow conditions (e.g., Re).
Slip length mainly depends on surface structural parameters. Analytical models, numerical
simulations and experiments have agreed well on relationship between structural parameters on
slip length for simple patterns [31-35] such as grates, posts and holes. According to these studies,
for a given pattern type, the structural pitch (i.e., structure periodicity) and the gas fraction are the

two most important parameters to determine slip length [29].

Compared with laminar flow, turbulence proposed many new challenges for SHPo surfaces.
Complicated flow structures, such as streaks, eddies and vortices, can form in turbulent flows [36]
and interact with SHPo surface structures. While the numerical studies generally predicted drag
reduction of SHPo surface in turbulent flows, the experimental studies have shown large
discrepancies. Depending on the microstructure geometry of the SHPo surface and the flow
condition tested under, some experiments obtained a reduced drag by as much as ~75% [37] while
some obtained an increased drag [38]. The relationship between drag reduction and surface
geometry or flow condition is still an open topic for turbulent flows. Generally, drag reduction has

been demonstrated at low Reynolds number range (Re. <1000 or Reyx < 10°) but rarely seen at

high Reynolds number range. The studies on SHPo surface in turbulent flow will be reviewed in
detail in Chapter 4.
1.2.2 Gas Layer Stability on SHPo Surface

Despite occasional reports of high drag reduction in some experiments, wetting transition from
Wenzel state to Cassie state is one of the main technological challenges for realistic applications

of SHPo surfaces [39]. For SHPo surfaces that can reduce drag, the diffusion of trapped gas on
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SHPo surfaces will inevitably cause the wetting transition at a usual immersion depth for
commercial applications [20]. Moreover, the environmental factors, include marine fouling,
external pressure change or physical damage, would also cause wetting transition. Many works
have been done to make the SHPo surface more robust against wetting transition. One way is to
introduce so-called hierarchical structure with two length scales: a large scale governing the
effective wetting properties of the surface, and a much smaller scale that prevents the final stage
of impregnation [40] by increasing the critical transition pressure. Another method would involve
a back-pressurization of the underlying gas layer, notwithstanding subtle geometric properties of
the pressurized Cassie state with pressure induced menisci curvature impacting both static and
dynamic responses of the interface [41, 42]. However, none of these methods can prevent the SHPo
surface from wetting transition underwater due to gas diffusion. To fundamentally solve this
problem, recent studies [43, 44] introduced an active gas restoration mechanism on SHPo surface,
as shown in Figure 1-5. After the SHPo surface gets wetted (Wenzel state), the gas restoration will
be triggered and Wenzel-to-Cassie transition will happen. Since the gas restoration process starts
by itself only when and where SHPo surface is wetted and stops by itself when and where SHPo
surface is dewetted, it is called a “semi-active” surface to note its “self-regulating” nature of power
consumption. The semi-active SHPo surface differs from the active surfaces, which consume

power constantly to provide a gas shroud or bubbles or release a polymer.

Nonwetted state Wetted state Dewetting

Restoration of nonwetted state
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Figure 1-5 Dewetting process on SHPo surfaces using semi-active gas restoration process. [43]

1.2.3 Mass Production of Economical SHPo Surfaces

Based on the surface micro/nano structures, the SHPo surface can be divided into two categories:
random structures and ordered structures. Random structure SHPo surface can be fabricated using
a wide range of fabrication techniques, like colloidal assembly [45, 46], electrochemical deposition
[47] or etching [48], nanofilament [49], and so-gel process [50]. There have been commercial
products that can be applied by two-step spraying process (NeverWet, Rust-Oleum Inc.). Most of
the random structure SHPo surfaces are compatible for mass manufacturing. However, as shown
in recent turbulent drag reduction tests [51], random structure SHPo surfaces has its fundamental

limitations in reducing drag at high Reynolds numbers, especially in open water.

Compared with random structure SHPo surfaces, SHPo surfaces with ordered structure, especially
grating structures aligned in streamwise direction, have unambiguously shown drag reducing
capability [51]. However, most of the ordered structures were fabricated in cleanroom environment
using silicon-processing technologies [35, 37, 43, 52]. It is unlikely to use such fabrication process
for realistic large-scale application. There have been some studies making SHPo surfaces using
imprinting process [53, 54], which is compatible for mass manufacturing. But most of the resulting
microstructures require an additional hydrophobic coating, which is unreliable in long-term
application and prone to peeling off in harsh marine environment. We decide to develop mass

manufacturing technologies using inherently hydrophobic materials.

1.3 Scope of The Research
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We focus on addressing the three issues proposed above for SHPo surface drag reduction in
realistic turbulent flow conditions. Chapter 2 studies the stability of gas layer on underwater SHPo
surfaces with a rigor. We establish the theoretical model for wetting dynamics of underwater SHPo
surface and verify the model experimentally. For the first time, we observe gas layer with infinite
lifetime on artificial SHPo surfaces, reproducing the astonishing capability of backswimmer insect
in nature. However, our results also show that the SHPo surface capable of drag reduction under
realistic conditions (e.g., high immersion depth, environment change) will inevitably get wetted in
a relatively short time (i.e., minutes to hours). Although this result breaks the fantasy that one can
develop a SHPo surface robust to wetting transition for realistic application, it showed the
importance of active dewetting mechanisms. In Chapter 3, to conduct flow test in different large
flow facilities (e.g., towing tank, water tunnel, boat), we develop a high-resolution shear stress
sensor that is compact, low profile, reliable, and robust. Different SHPo surfaces can be repeatedly
attached and detached from the sensor for shear stress measurement. With its low profile and
robustness, the sensor can fit into different facilities and be tested under different environments.
Chapter 4 discusses the drag reduction tests of different SHPo surfaces in turbulent boundary layer
(TBL) flows at large Reynolds number (10°-107), i.e., in flows that resemble the hull of marine
vessels, using the shear sensor developed in Chapter 2. Beside confirming drag reduction
capability, the experiments studies the Reynolds number effect of SHPo drag reduction in turbulent
flows, which has been predicted in numerical studies and small flow systems but not confirmed
yet in large flow systems. Moreover, we conducted the first field test of SHPo surface on real
marine vessel at high speeds and demonstrated drag reduction. Lastly, Chapter 5 discusses the
design and fabrication of a new semi-active SHPo surface that does not use any external power for

gas restoration. A hot-embossing process to fabrication such surfaces is developed to be scalable
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for mass production for the passive and semi-active SHPo surfaces. Although the size of the
molded SHPo surface is currently limited due to the availability of the equipment, the developed
fabrication is essentially a one-step hot embossing process scalable for commercial large-area hot
embossing facilities for mass production. Chapter 6 summarizes the dissertation and suggests

future research directions.
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Chapter 2 Longevity of Underwater Superhydrophobic

States

The materials in this chapter have mostly been published in [1, 2].
2.1 Introduction

Stability of the air layer on superhydrophobic (SHPo) surfaces fully submerged in water is of
critical importance because their key anticipated applications, such as drag reduction [3-6] and
anti-biofouling [7], are under water. Unfortunately, the air film on the underwater SHPo surface,
often called plastron, is fragile [3, 8]. Over time, the air initially trapped on the SHPo surface
diffuses away into the surrounding water, collapsing the air-water interface and causing a transition
from the dewetted to wetted state [9]. Recent experimental studies showed that the lifetime of the
underwater SHPo state is influenced by various environmental parameters [8, 10-12]. However,
most of the studies only reported statistical information, such as average wetting time, while more
direct knowledge such as air-depletion dynamics or the effect of roughness geometries is needed
to design SHPo surface more robust against wetting. While some underwater insects boast a long-
term or even indefinite (tested up to 120 days [13]) plastron, all artificial SHPo surfaces retained
their plastron much shorter (mostly less than an hour and rarely days [8, 10, 14-16]). To date, no
artificial SHPo surface has been demonstrated to retain an air layer indefinitely unless assisted

[17].
2.2 Theoretical Model

2.2.1 Gas Diffusion
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Let us first analyze how the trapped air is depleted from a hydrophobic trench after being
submerged based on previous works [16, 18, 19]. Consider a simple trench with width w, length I,
and depth h, as defined in Figure 2-1(a), and the radius of curvature of the air-water interface R,
as defined in Figure 2-1(b). Since the trench length is much larger (~10 times) than its width, the
meniscus was straight along the length of the trench in the middle section over a significant period
of time before reaching the bottom, as shown in Figure 2-4(a), supporting the 2D diffusion model

as a crude but useful approximation. According to Henry's law, the partial pressure of a gas
equilibrated in water is: p=kyC, where ky is Henry's constant and c is the dissolved gas

concentration in water. Right after submerging the sample from atmosphere (pawm) to immersion
depth H at hydrostatic pressure pw, the air in the trench is compressed to pw,o and the meniscus

forms the radius of curvature Ro.

(a) ~ (b) sz ||
NN > Air-water
meniscus tibe
/ Camera
/ lens

—  Teflon°FEP ¥ wB
200 pm transparent
& ( P ) Anti-vibration stage

Figure 2-1 The sample and testing setup for SHPo surface wetting dynamics. (a) SEM images of
single-trench sample with the microscale trench characterized by length I, width w, and depth h.

(b) Schematic illustration of the experimental setup to visualize the air-water meniscus inside the
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trench throughout the depletion process. One sample was immersed in water of height in a clear

tube and observed from side as indicated by the arrow A in (a).

When the above-prepared Teflon FEP sample is immersed in water, the air at atmospheric pressure
is entrapped in the microscopic trench. Assuming the sample surface crosses the free surface of
water very slowly so that the trench is closed off with a flat air-water meniscus, we can say at the
crossing the trapped air has the pressure of atmosphere pam and the volume of trench Vi determined
by the trench width w, depth h, and length I. As the sample is lowered to depth H, the trapped air
is compressed by the hydrostatic pressure p+ to a volume of Vo at pro at time t = 0. If the meniscus
is pinned at the top edge of the trench, the compression makes the meniscus bend down into the
trench, and the capillary pressure by the air-water interfacial tension o helps counter the hydrostatic
pressure. Assuming the air is ideal gas and compressed isothermally [19], Laplace equation and

the ideal gas law lead to:

Patm + PH - ptr,O =ol RO (3'1)

pathlr - pZV,OVO (3'2)
By combining the above two equations, the initial radius of curvature Ro after submerging the

sample to a depth H can be calculated as:

S

R, = (3-3)
patm(l_Vtr /VO)+pH

where Vo can be expressed in terms of Vi and Ro. Since Vo <Vy and R, 3 s/ p,,with the equality

for an infinitely deep trench (i.e., # — ), this equation indicates that at fresh immersion (i.e.,

before diffusion starts) the meniscus bends down less on a shallow trench than on a deep trench.
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If pyo >kye, air in the trench will start to diffuse out through the meniscus. The volume rate of

dissolution (i.e., dissolution rate) of the trapped air into the water is limited by the diffusion of
dissolved air in the water, which is related to the temporal and spatial evolvement of concentration

field by Fick's law approximated [19] as:

S e AP O (3-4)

where V is the air volume, k; is the mass transfer coefficient of air across the air-water interface,
P IS the air pressure in the trench, and A is the meniscus area. Combining Equation (3-4) with

Laplace equation across the meniscus p .+ p,. - p, =s /R, where ¢ is the air-water interfacial

tension, we get:

v _ O i
dt - kpA(t)[pH R(t)"'patm I(HC] (3 5)

In Equation (3-5), The interface diffusion coefficient ky is affected by the meniscus curvature, as
studied in the diffusion-limited drop evaporation theory [20], which assumed quasi-stationary,
diffusion-controlled evaporation in still air. Its boundary conditions at the meniscus and infinity
were similar to our study. In the theory, the mass transfer rate is:

dm(t) _ ki, (C/ r)sing,
dt 2sin@

(3-6)

where @ is the angle of meniscus with respect to the horizontal surface with & as its initial value,
r is the meniscus radius with rg as its initial value, and k is a constant. Related to 6, C/r has its

empirical polynomial estimated from [20]. The ratio between two mass transfer rates of two

different curvatures is:
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dm) _ Cy/(rsiné)
=), =AY

3-7
dt C,/(r,sin6,) 37

k=D

When the meniscus is flat so that ¢, is 0°, C,/(r,;sing,) =2/ p =0.63 [20]. When the meniscus

forms the advancing contact angle on the trench sidewall (&gv = 130° in this study) so that é is
40°, C, 1 (r,sing,)=0.73, and the ratio K is about 0.86. However, this result is for a spherical

droplet. Having about half the value, the curvature of the meniscus on the long trench of this Letter
is expected to affect the mass diffusion rate less than the above discussion. To calculate the
interface diffusion coefficient kp, we eventually used the diffusion length, which assumes a
constant mass transfer rate and was used in recent work [16]. The interface diffusion coefficient

ko can be estimated using “film theory” for mass transfer across interfaces [21]:

. M
I(H Pair

kp =

| O

(3-8)

Here, &is the “diffusion length”, typically around 0.1 mm for short diffusion time (i.e., ~ 10% s)
[16, 21]. Other values are obtained from reference [22] measured at 22 °C: M is the molecular
weight of air (i.e., 29 g/mol); p.ir is the density of air (i.e., 0.0012 g/cm®); D is the diffusion constant
of air in water (i.e., 1.75-2.00x10" cm?/s); and ky is Henry's constant (i.e., 1.21-1.34 atm/mM).
Henry's constant is invariant of hydrostatic pressure, unless the immersion depth is very large (e.g.,
Hr only increases by 14% at ~1000 m of water depth [23]). By substituting these values in Equation
(3-8), kp is calculated to be around 3x10712 cm/(secePa), which is around the extracted value from

Figure 2-4(b) or 2.5x10'? cm/(secePa).

2.2.2 Meniscus Dynamics

Here, we consider only depinning impalement (not sagging [24, 25]) because the trench is much

deeper than wide. The wetting process goes through two stages: (i) Stage | involves the contact
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line pinned to the top edge of the trench, and (ii) Stage Il involves the contact line sliding on the

sidewall of the trench.

For the pinned stage of Stage I, R can be numerically calculated with initial condition Ro and
boundary condition Rc. Based on the 2D schematics in the right column named “B (midsection
view from end)” of Figure 2-4(a), i.e., assuming an infinitely long trench, the area of the meniscus
A and the volume of the trapped air V can be obtained from the trench dimensions and the radius

of curvature of the meniscus R as:

W
A=2Rarcsin(— 3-9
(ZR) (3-9)

2
na

y (3-10)

V:Wh-[RZarcsin(ﬂ)-w R
2R" 2

The rate of the air volume change can be expressed as the rate of the meniscus radius change as:

dv(t) _dV(R) dR(t)
d¢  drR dt

(3-11)

where dV(R)/dR can be obtained from Equation (3-10). After substituting Equation (3-11) into
Equation (3-5), the resulting first-order differential equation was solved numerically for R, and the

meniscus position s was calculated from

s=R—,/R2—(w/2)2 (3-12)
and drawn in Figure 2-4(b) as theoretical curves. Since the depinning occurs when the angle of the

meniscus on the sidewall reaches the advancing contact angle 6,4, [24], R, =—wW/2c0S 0, .

For the sliding stage of Stage I, since R =R, =constant for the simple trench, the meniscus slides
down the vertical sidewall at constant speed u=d(V / A)/ dt, which can also be obtained from

24



Equation (3-5). The meniscus movement was estimated from video recordings, assuming a smooth
sidewall. The scallops on the sidewalls were too small (~ 500 nm apart) to appear in the optical
images (e.g., Figure 2-4(a)) used for the measurement. If diffusion rate dV(t) / dt can decrease to
zero during the pinned stage (Stage I), the meniscus will reach a stable state and the air loss will
cease. However, once the meniscus depins and proceeds to the sliding stage (Stage Il), the
meniscus curvature and pressure py will not change anymore. Defined as the maximum immersion
depth beyond which the air-water meniscus has no stable state, the critical immersion depth Hc is

the depth where air diffusion rate decreases to zero at the end of Stage I. By substituting dV/(t) / dt

=0andR=R, =w/2cosb,y, into Equation (3-5), we obtain:

20 COS G4, N Ky € — Pym

H, =
wpg pale

(3-13)

where p is the density of water and g is the gravitational acceleration. Note that K C— Pa is the

difference between the pressures of the dissolved air at the immersion depth and the atmospheric

air just above the water. If the dissolved air is in full equilibrium with the atmosphere so that

Ky C— Pam =0, Equation (3-13) reduces to the well-known relation below [26]:

H, =— 20 C0S O,4, (3-14)

wpg

Assuming equilibrium, Equation (3-14) simply states that the critical immersion depth is when the
hydrostatic pressure at the depth equals the Laplace pressure sustainable by the interface at the
trench. In contrast, Equation (3-13) further specifies how the critical immersion depth is affected
when the condition diverges from the equilibrium. Because the environmental parameters (e.qg.,

temperature, atmospheric pressure) keep changing in reality, the dissolved air at the immersion
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depth is always in the process of equilibrating through diffusion, so ki,C— pym #0 in reality. The

above analysis is based on a single component gas but still applies to multiple component gases

(e.g., air) since partial volumes and partial pressures can be added.

2.3 Experimental Verification of Theoretical Model

2.3.1 Experiment Sample and Setup

In order to systematically study the effect of geometric parameters of the surface structures for an
intended goal, SHPo surfaces made of regular structures would be far more informative than those
of random structures that produce only statistical data. Furthermore, for drag-reduction application
in particular, SHPo surfaces with parallel trenches [4, 5, 27, 28] have been found to outperform
those with random structures [29, 30], making SHPo surfaces with trenches a good candidate to
study. Since multiple trenches are in parallel and isolated from each other, a single trench can
represent the whole SHPo surface as far as the stability of the trapped air is concerned. The
potential over-estimation of the depletion speed on single trench compared with the parallel
trenches due to the edge effect [31, 32] is considered minor to our goal. Importantly for our purpose
instead, a sample with single trench would allow clear images of one air-water meniscus; in

comparison, multiple menisci in multiple trenches would overlap and blur the images.

The single-trench sample was fabricated from Teflon FEP by hot embossing with a silicon mold,
as illustrated in Figure 2-2. The mold was fabricated by deep reactive ion etching (DRIE) on a 500
pm-thick silicon wafer using photoresist as etching mask. A thin Teflon FEP sheet (McMaster-
Carr Supply Co., Inc.) was pressed into the silicon mold at temperature higher than its glass
transition temperature (265 °C [33]). After transferring the silicon-FEP-glass onto a cold plate and

allowing a cooldown, the Teflon FEP sample was manually demolded from the silicon mold. The
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resulting sample is semi-transparent and intrinsically hydrophobic with advancing contact angle
on smooth surface ~ 115° [34]. Figure 2-1(a) shows scanning electron microscopy (SEM) images

of the single-trench sample. The sidewall of the trench has nanometer-scale roughness, as it was

replicated from the “scalloped” surface [35] on the DRIE silicon mold.

Sample

s ] g Pressure

Simold | Teflon FEP — > —

Figure 2-2 Molding process to form an optically clear Teflon FEP single-trench sample.

300 °C, 4 min

Silicon mold is ~500 pum thick; glass plate is ~1 mm thick; and Teflon FEP sample is around 10

mm x5 mm x 0.5 mm.

In order to elucidate the dynamic process of air depletion and trench wetting, a setup was
developed to directly visualize the meniscus, as schematically illustrated in Figure 2-1(b). Unlike
the confocal microscopy based [8, 16, 24] studies, a cool LED (NuGreen Flexible Neck LED Desk
Lamp, Newer Technology) was used as the light source to allow long-term observation without

heating.

For large amount of sample testing just for lifetime data, all the samples were tested simultaneously
in 19 tubes of varying water levels, using multiple low-cost cameras (Dino-Lite) as shown in
Figure 2-3. Two identical samples, i.e., of an identical trench geometry, were placed in a tube to
produce two data points for each of all test conditions. Although this setup does not provide the

vertical position or shape information of the meniscus shown in Figure 2-1(b), it can still
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conclusively determine whether the meniscus touched the bottom of the trench, i.e., reached the
lifetime. Since the samples were placed vertically in the tube for the lifetime tests for convenience
(e.g., to fit in the narrow bottom of the tube, make the sample handling easier, and ease the
adjustment of lighting, etc.), the immersion depth varied along the channel length. However, the
channel length (I = 1 mm) was much smaller than the immersion depth (H > 50 mm) so that the

length effect was negligible in the lifetime data.

Enclosed lab bench

- v -
Clear
tube
L~
H
Camera

Single-trench sample

Figure 2-3 Schematic illustration of the experimental setup to monitor the lifetime. Each tube has
two identical samples (although only one is drawn for clarity) at the bottom and is filled with water
to an assigned height H. By employing multiple cameras, 38 samples were monitored
simultaneously for the entire testing period (> 1200 hours). Water loss by evaporation was
compensated once a day using the reserve water in a bottle kept in the same bench throughout the

experiment.
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The meniscus stability in the trench was found to be very sensitive to environment fluctuations,
especially if the surrounding water was of a large amount. When various parameters (e.g., pressure,
temperature) of the environment change, the corresponding parameters in the water (e.g., the
dissolved gas concentration, temperature) change slowly with a time lag. The lagging responses
make the states of water at a given moment somewhat different from the states of water in full
equilibrium with the surrounding, leading to a deviation from the theoretical model, which was
based on full equilibrium. In order to emulate the equilibrium states as close as possible, the
experiment was carried out with small-diameter (~1.5 cm) tubes in an enclosed lab bench with no
air flow, no agitations, and minimal temperature variations. Deionized water was left in the bench
for a minimum of 2 days before using so that the water is fully saturated with surrounding air [15].
The temperature (21.3 £ 0.5 °C) and relative humidity (53 £ 3 %) in the lab bench were monitored
throughout the experiment (> 1200 hours) using a barometer (Wireless Weather Forecaster,
SpringField Precision, Inc.). In order to compensate for the water loss by evaporation, which
decreases the immersion depth, the tubes were refilled once a day using a water bottle kept in the
same bench with the tubes. The variation of the water level in the tube was less than ~ 5 mm

throughout the experiment.

2.3.2 Underwater SHPo Surface Wetting Dynamics

As shown in Figure 2-4(a), curved across the width of the trench, the meniscus appears as a dark
strip, whose upper border is the two contact lines on the two sidewalls and lower border is the
lowest position between the two sidewalls. When the sample was just immersed in water, the
meniscus was almost flat and pinned at the top edges of the trench, as shown in the image att =0
hr. At t = 0.5 hr, the meniscus bent down as some of the trapped air diffused out, but the meniscus
was still pinned to the top edges. As more air diffused out, the meniscus continued to bend down
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until finally depinning from the top edges and moving down the sidewall, as shown in the image
at t = 4 hr. When the meniscus touched the bottom of the trench, the meniscus split into two and
spread rapidly towards the ends to satisfy the local contact angle (~120°) on the bottom surface,
turning the contact line along the trench length convex and in compensation making that along the
trench width concave. The spreading slowed down as the spreading menisci started to compress
the air trapped at the corners, as suggested by the curvature change of the contact line. The trapped
air continued to diffuse into the water and disappeared eventually. In this study, we define the
“lifetime” of the trapped air in the trench as the time between the moment of immersion and the
moment of the meniscus touching the trench bottom. However, this definition should not be
considered universal. For SHPo drag reduction, as an example, the time to the meniscus depinning,

after which the designed reduction is compromised, may define the lifetime better.

In Figure 2-4(b), the meniscus movement shown in Figure 2-4(a) was quantified for a sample
immersed at two different depths. For small immersion depth (i.e., H =50 mm), the meniscus bent
down and stayed relatively stable, remaining in Stage | for many hours. However, for large
immersion depth (i.e., H = 165 mm), the meniscus bent down, depinned, moved down, and touched
the bottom. The meniscus position decreased faster at the beginning during Stage | but slowed

down to a constant speed (i.e., linear trend) during Stage Il. The lines are drawn from Equation
(3-5) with kyc—Py, =0, which are consistent with [19], using Ro and kp derived and using
measured 6,4,. In addition to helping us define the lifetime, the results in Figure 2-4 confirm the

theoretical model based on two stages of wetting and suggest the existence of stable menisci, i.e.,

infinite lifetime.
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Figure 2-4 Observed air depletion and trench wetting. (a) Air-water meniscus visualized by the
setup shown in Figure 2-1(b) with the viewing direction A shown in Figure 2-1(a). Images from
top to bottom show meniscus starting to bend, depinning, sliding down, touching trench bottom

and fully wetting the trench. Shown on the right are the corresponding cross-sectional schematics
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with the viewing direction B. (b) Experimental and theoretical data of meniscus position over time
reveal two distinctive stability conditions, determined by the immersion depth H. The meniscus
position is defined as the distance from the top edge of the trench to the lowest position of meniscus.
Experimental data were obtained from continuous microscopy images of the air-water meniscus,
as shown in Figure 2-4(a), using samples with w = 147 pm, h = 85 pm, | = 1 mm. Uncertainty of
the position measurement (~ 3 um) is shown in the figure. Calculated for the same trench geometry
and immersion depth, the solid line fit the data best with k, = 2.5x107"? cm/(sec*Pa), while the
dotted lines show the influence of k, with 2x10?2 cm/(secsPa) and 3x10"? cm/(secePa),
respectively. The dot-dash line denotes the maximum deflection of the meniscus while remaining

pinned at the top edge.

The advancing contact angle a4y 0n the trench sidewall was determined by observing an air bubble
shrinking inside the trench. Figure S3 shows an image right before the bubble depinned from the
top edge of the trench. The advancing contact angle was measured to be ~130°, larger than that on

a smooth Teflon FEP surface (~115° [34]) because of the rough sidewall shown in Figure 2-1(a).

t=11hr - . ~—lrench top

e U SLDOREL

Figure 2-5 Measurement of advancing contact angle on trench sidewall. The advancing contact
angle was read using the bubbles shrinking at the two ends of the trench after the meniscus touched
the bottom. The picture is the frame when the left bubble’s triple contact line at the top edge of the
trench was about to depin. The advancing contact angle is estimated to be ~130°. The right bubble
had already depinned.
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2.3.3 Effect of Surface Geometry and Immersion Depth

If only lifetime data of the air pocket is needed without the depletion dynamics above, the setup
can be simplified by placing the sample sideways and observe the trench from above its opening
with a low magnification camera, as schematically illustrated in Figure 2-3. Three exemplary
images captured from a video clip are shown in Figure 2-6(a). The total reflection of the light from
behind the sample made the meniscus in the trench appear darker to the camera, compared with
the rest of the sample. These observations were confirmed consistent with the detailed dynamics
of Figure 2-4, validating the simplified setup, which allowed us to monitor multiples samples

simultaneously and continuously in a controlled environment.

Figure 2-6(b) shows the lifetime of the trapped air of multiple samples tested at varying immersion
depth. All samples (10 mm x 5 mm x 0.5 mm Teflon FEP piece) have one trench with the same
length (I = 1 mm) and depth (h ~ 85 um) but three different widths. For all three trench widths the
lifetime increased as the immersion depth decreased, which is consistent with Equation (3-13) and
previous experimental results [8, 14, 16]. However, when the immersion depth was smaller than a
certain value, the trench retained the air pocket for a very long time. We declared the lifetime
“infinite” after 1200 hours (50 days) and terminated the recording, but some tests were left to
continue with no sign of wetting. For each trench width, the critical immersion depth H¢ should be
between the last data (i.e., the smallest depth) among those that got wet and the first data (i.e.,
largest depth) that showed an indefinite lifetime, indicating the uncertainty of measuring instability
data. As shown in Figure 2-6(c), the experimentally obtained ranges of Hc matched the theoretical
reciprocal curve based on Equation (3-14). As expected, trenches with a smaller width can be

submerged deeper without losing the air pocket. Since the environmental fluctuation cannot be
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completely eliminated, the experimental data is slightly smaller (i.e., shallower) than the

theoretically predicted depth in Figure 2-6(c).
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Figure 2-6 Observed lifetime of trapped air. (a) Air-water meniscus seen from above the sample
with low-magnification camera. The meniscus appears black. The black strip at t = 0 hr, the broken
strip at t = 8.5 hr, and the disappearance of strip at t = 16 hr indicate beginning, touching bottom,
and full wetting, respectively, corroborating the observation in Figure 2-4(a). (b) Lifetime of
trapped air as a function of immersion depth with trench width of 147 um (M), 96 um (@), and 46
pm (4) as the parameter. The measurement errors of immersion depth (i.e., + 2.5 mm due to

evaporation) and lifetime (i.e., the interval between snapshots) are too small to appear in the given
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scales. The symbols with an arrow indicate at least 1200 hours, considered “infinite” in this study.
Each of the three colored shades indicates the uncertainty range of critical depth Hc for a given
trench width. (c) Critical immersion depth Hc as function of trench width w. The experimental
results are from the uncertainty ranges (i.e., the colored shades) in (b). The solid line is the
theoretical prediction of Equation (3-14) with 130° as the advancing contact angle measured on

the trench sidewall.

2.3.4 Discussion

To the best of our knowledge, this is the first experimental verification of infinite lifetime of
entrapped gas on microstructured surfaces fully submerged in water. Compared with previous tests,
we note several aspects critical to our success. (1) The surface should be tested at a smaller depth
than the critical immersion depth. However, this basic requirement was not always met before (e.g.,
[16]). (2) The samples in this Letter had a simple and distinctive geometry and were carefully
examined to avoid any defect. Assuming a similar dimensional scale, an ordered structure is
favored over random structures [8, 14, 15], because the latter get wetted more easily as discussed
in SM. (3) Made entirely of Teflon FEP, the samples in this Letter did not need any hydrophobic
coating, which is a typical source of defects for SHPo surfaces. Many used self-assembled
monolayer (SAM) [15, 16, 26], which was found to degrade under water over time [36]. (4) The
experimental procedure was carefully controlled and environmental fluctuations minimized, as
detailed in SM. This extreme care was especially important when the testing depth was close to

the theoretical limit.

It would be informative to relate the current results with different surfaces reported in the literature,

e.g., schematically drawn for random protrusions of lotus-leaves-like surfaces [8] in Figure 2-7(a)
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and parallel microtrichia of underwater insect skins [13, 18] in Figure 2-7(c). Assuming same
material (i.e., same contact angle) and similar structure spacing, their morphologies would
determine the critical radii of curvature R and thus the critical immersion depth Hc. For the random
structures of Figure 2-7(a), the sloped sidewalls and non-uniform heights make R larger and Hc
smaller. On the other hand, for the parallel structures of Figure 2-7(c), the re-entrance of the
structures makes Rc smaller and Hc larger, explaining the observation for indefinite plastron.
Importantly, the habitat of these underwater insects is much shallower (e.g., H~ 15 cm [13]) than
the Hc value calculated from their surface structures (e.g., He > 15 m for ~0.5 um microtrichia [13],

assuming local advancing contact angle of 120°). We speculate that the large safety factor (~100x)

helps their plastron resist the large environmental fluctuations present in nature.

Figure 2-7 Schematic representations of three different SHPo surfaces of same material with
different surface topography and corresponding air-water meniscus shape. (a) SHPo surface with
random protrusions (e.g., [8]) with slightly convex meniscus can hardly support any hydrostatic
pressure unless the spacing is in nanometer scale. (b) Trench structure with reasonable convex
meniscus (e.g., this study) can support some hydrostatic pressures with spacing in micrometer
scale. (c) Parallel setae with highly convex meniscus (e.g., [13, 18]) and micrometer scale spacing
can support more hydrostatic pressure due to their re-entrant shape. In reality, the environmental

fluctuations make the air depleted much easier than the theory based on the equilibrium state. As
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result, the indefinite retention of the air was observed only when the environmental fluctuation

was minimized for (b) (this study) or when the spacing was in nanometer scale for (c) [13, 18].

In summary, we applied a theoretical model to describe the depletion dynamics and re-arranged it
to prescribe the stable state of the air trapped in a simple hydrophobic trench under water. Then
we verified the model through direct observation of air-water meniscus and experimentally
obtained a stable air pocket in the trench. Lifetime of the air pocket was obtained as function of
immersion depth with the trench width as a parameter. The infinite lifetime (> 1200 hours) was
obtained by minimizing the environmental fluctuations in the experiments. The critical immersion
depth, within which the indefinite plastron is possible, was confirmed to depend reciprocally on
the trench width. While verifying indefinite plastron can exist as predicted by the theoretical model,
this study conversely attests to the delicate fragility of the plastron on SHPo surfaces. To keep a
plastron stable under realistic conditions, where environmental parameters would fluctuate
significantly, one should use the SHPo surface at a much shallower depth than the theoretical
critical immersion depth. Although performed under near thermodynamic equilibrium
environment far from realistic conditions, this study nevertheless teaches us (1) that the indefinite
SHPo state does exist, (2) how to design SHPo surfaces to retain the air better, and (3) that the
indefinite SHPo state would not be possible for many applications unless energetically assisted
[17]. In particular for drag reduction, which requires trench width larger than ~20 um [28], the
results indicate long-term (e.g., > days) operations not possible in field conditions unless the

immersion is very shallow (e.g., mere centimeters) or the gas is replenished [17].
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Chapter 3 Shear Stress Sensor Development

3.1 Introduction

3.1.1 Fluid Shear Stress Measurement Methods

Shear stress measurement is a crucial topic in fluid mechanics. It not only provides insights into
complex flow phenomena which helps the design of marine vessels or aircraft, but also may serve
as a feedback for flow-control [1]. For our study, shear stress measurement is needed to quantify
the drag reducing ability of superhydrophobic (SHPo) surfaces under different flow conditions.
There are two broad approaches for shear stress measurement: indirect measurement and direct
measurement. Indirect measurement obtains the shear stress value by measuring certain properties
of the flow (e.g., velocity, pressure, etc.) and convert it into shear stress value. Indirect
measurement methods are usually easier to conduct, but often rely on certain theoretical models
and associated assumptions, which might be inaccurate if the flow is complex. Well-known
indirect shear stress measurement methods include pressure drop [2], thermal sensors [3], micro-
pillar sensors [4], laser Doppler velocimetry (LDV) and particle imaging velocimetry (P1V) [5].
On the contrary, direct measurement obtains the momentum transfer, which is the shear force at
the wall. It usually includes a floating element flush-mounted into the wall and displaced by the
wall-bounded flow. The force is typically obtained by measuring structure deflection (i.e., floating
element), bending or twisting capacitively [6, 7], piezoresistively [8, 9], or optically [10, 11].
Direct measurement methods do not require prior knowledge of the flow conditions, which has

great advantages in complex flows.
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Among the direct measurement methods, micro-electro-mechanical-systems (MEMS)-based shear
stress sensors are promising for shear stress measurement because of its compactness, monolithic
structure, high sensitivity and accuracy, and high spatial and temporal resolution [12, 13].
However, the size of the floating elements is limited to a few centimeters by the wafer used for
MEMS fabrication. Also, changing sizes of the floating element requires new sets of
photolithography masks, which are not cheap, making MEMS sensors usually too expensive for
small-batch and customized measurement tasks. Moreover, MEMS sensors are usually not robust
when subject to water or particle impingement, and are thus constrained by the packaging
technique. Finally, MEMS devices usually use silicon for the mechanical structure, which is too

brittle for applications in harsh environments, as well as for frequent sample replacement.

Another well-known direct measurement method is single pivot shear stress senor using
piezoelectric sensor to characterize the pivot deflection [9, 14, 15]. This type of sensor uses a single
pivot structure that deflects under shear force. Piezoelectric sensors are usually used to measure
the deflection and quantify the shear force. However, this type of sensor is usually assembled of
parts instead of monolithically fabricated. The need to assemble the device increases the chance
of floating element misalignment and increases the cost. Due to the nature of piezoelectrical
sensing mechanisms, the single-pivot sensor is sensitive to temperature and fluid pressure change
and usually needs calibration prior to testing [14]. Since the pivot is perpendicular to the shear
plane, the single pivot sensors are usually thick compared with other in-plane sensors, which
employ beams deflecting in the same plane as the shear plane. This thick profile is problematic for

some applications that require a low profile (e.g., airplane wing, ship hull).

3.1.2 Shear Stress Measurement for SHPo Surfaces in Turbulent Flows
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Many different methods have been applied, including both indirect and direct methods, to measure
the skin friction on SHPo surfaces. The measurement techniques for the drag on SHPo surface in
laminar flow has been well reviewed [16]. The methods include pressure drop measurement,
micro-PIV, rheometer and built-in strain gauge. However, in turbulent flow, the measurement is
more difficult. Firstly, the turbulent flow is more complicated in nature compared with laminar
flow. It includes secondary structures including streaks, eddies and vortices [17]. The interaction
between SHPo surface and these structures might also play a role in reducing skin friction drag
[18, 19]. The turbulent boundary layer (TBL) is also more complicated with a thin viscous sublayer
that is usually only several microns thick. Since indirect methods rely on assumptions and theories
of the flow conditions, complicated flow conditions make the measurement more difficult.
Secondly, the testing environment is more violent (e.g., larger pressure fluctuation) than laminar
flows. This harsh condition is a challenge for the robustness of the sensor. Lastly, many sensing
mechanisms require special apparatus, which are often not applicable for large flow facilities. For
example, towing tank is one of the most useful flow facilities testing the flow conditions
resembling marine vessels. However, since the test is in open water with limited space, shear stress

measurement methods such as pressure drop, LDV/PIV, and rheometer are not applicable.

In recent studies on SHPo surface turbulent drag reduction, methods similar to those used in
laminar flows measurement were used. Pressure drop measurement has been used to quantify the
drag reduction of SHPo surface turbulent drag reduction in small channels [2]. Another indirect
measurement method used to measure shear stress on SHPo surface is micro-PI1V [20-24]. In these
methods, liquid velocity profile is visualized by tracing fluorescent particles dispersed in water.
This method not only detects the shear stress at the wall but also provides the velocity profile near

SHPo surface to investigate the influence of SHPo surface on flow structures. However, the
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measurement of PIV is limited by determination of the wall location and the interaction of the
particles with the wall. The accuracy becomes even more substantial for turbulent flows, which
have a thinner boundary layer compared with laminar flows. Moreover, some study [22] using
micro-PIV found no velocity increase near the wall, indicating no drag reduction. However, the
Reynolds shear stress was decreased at the same time, indicating drag reduction. The discrepancy
might be caused by limited resolution and uncertainty on air-water meniscus position, especially

for SHPo surface with random structures.

As a direct measurement method, commercial rheometer has shown to be a convenient tool when
measuring shear stress of SHPo surface [25] including turbulent flows [26-28]. In rheometric
measurement, two parts usually rotate relative to each other with one coated with a SHPo surface.
Then the shear stress is measured by measuring the torque applied to rotate one part. This relatively
simple and straightforward method is limited by the flow condition it can create and measure. The
Taylor-Couette flow created in rheometer is essentially different from boundary layer flows of the
marine vessels. MEMS sensor with floating plates for direct measurement of SHPo drag reduction
has been used successfully in turbulent flows in a small water tunnel [29, 30]. The monolithic
shear stress sensor has two floating plates in parallel with one plate fabricated with micro-gratings
and coated with Teflon and the other plate left smooth and coated with Teflon. The displacement
of the two floating plates was measured optically using high speed camera looking at micro-scales
etched onto the back of the sensor. This sensor offered high measurement accuracy and fidelity.
However, the silicon micro-beams were fragile [13] and the instrumentation for the optical reading

was bulky.

Finally, a widely used method, especially for large flow facility, is piezoelectric deflection senor

[14, 31, 32]. In this method, the floating element is connected to the substrate using either a single
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pivot [14] or multiple ones [31, 32]. The setups were usually made of metal, which is more robust
for high Reynolds number experiments at large flow facilities. However, the lack of accuracy
usually requires the samples to be large (e.g., tens of centimeters) [31, 32], making the sample
preparation difficult and time-consuming. Even with improved accuracy, the instability against

pressure and temperature fluctuation require precise water pressure and temperature control [14].

Table 3-1 Methods used to measure friction drag of SHPo surface in turbulent flows

Methods Pros Cons

Pressure drop Simple setup * Only channel flow
* Low accuracy

Particle image * TBL flow capability * Bulky & complex
Indirect | velocimetry * Visualization of velocity * Not in open water
(PIV) profile » Large uncertainty
Rheometer * Simple setup * Only Taylor-Couette flow
* High accuracy
MEMS floating * High accuracy * Bulky optical setup
element (optical) | * TBL flow capability * Fragile structure

* Size limit
» Fabrication challenge

Direct
Pivot sensor * High accuracy * Assembly difficulty
(piezoelectric) * TBL flow capability * Temperature& pressure
* Robust structure sensitivity

In this study, we first developed a MEMS floating plate sensor similar to [13] but with improved
design and fabrication process. Based on the design of the MEMS shear stress sensor, we further
developed a compact whole-metal shear stress sensor. The robust sensor is targeted for
measurement in different flow facilities (e.g., small/large water tunnel, towing tank) and field test
on boats. Meanwhile, it can also be applied to aerodynamic tests. It has several advantages over

the MEMS sensor and single-pivot senor for SHPo surface shear stress measurement:
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(1) The sensor is made monolithically out of metal (e.g., aluminum, stainless steel, titanium
alloy). The use of metal makes the deflection beams structurally robust and allows repeated
attachment and detachment of the surface samples. The monolithic construction decreases
the chance of misalignment and reduced the assembly cost.

(2) The sensor uses optical measurement mechanism, which provides an ultra-high accuracy
(i.e., up to 2 nm displacement) and robustness against environmental parameters change
(e.q., pressure, temperature).

(3) The sensor has a compact size and a low profile to be compatible with different testing
facilities (e.g., water tunnel, towing tank, boat, etc.).

(4) The sensor fabrication cost is low compared with MEMS sensors and scalable for mass
production. Meanwhile, the fabrication process is also cost-friendly for small quantity and

customized needs.

3.2 MEMS Shear Stress Sensor

3.2.1 Motivation

The floating plate MEMS shear stress sensor developed in [13] is one of the first MEMS shear
stress sensors that can directly measure drag reduction of SHPo surfaces in turbulent flows.
However, the through-wafer etching from both sides makes the fabrication process complicated
and increased the chance of microbeams breaking. Also, the relative small area of the floating plate
requires thin and delicate beams for enough resolution but also increased the chance of beam
breaking during device releasing. We further improved the sensor design to enlarge the shear force

measurement area with larger shear force, so thicker beams could be used. Moreover, the
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fabrication process was also improved so that only single-side etching is needed, greatly simplifies

the fabrication process and reduces the chance of beam breaking.

3.2.2 Sensor Principle and Design

The drag reduction of SHPo surface relative to smooth surface is measured by reading how much
the SHPo surface is displaced compared with the smooth surface. The two sides of the floating
plate on this sensor were made SHPo and smooth respectively, as shown in Figure 3-1. For both
SHPo and smooth surfaces, they were suspended by identical springs and considered to experience
the same flow condition. If the two plates displace in different amounts, the difference is solely
due to the difference in the skin-friction drag acting on their surfaces. Figure 3-1 schematically
illustrates how to measure the shear stress using the proposed shear sensor in the flow test. After
finishing measuring the shear stress on one side (e.g., SHPo surface as shown in the figure), the
sensor is flipped and the shear stress of the other side is measured to calculate the relative drag
reduction. The sensor (2.7 mm x 2.7mm x 0.3 mm) includes one floating plate suspended by
folded-flexure beams. The beams are designed to be narrow (50 um) but thick (300 um) so the
sensor is flexible in the streamwise direction but stiff in all other directions, making it sensitive to
the streamwise shear stress but insensitive to forces in spanwise (transverse to the flow) and out-
of-plane (vertical to the wall) directions. With flow passing the sensor, the floating plate will
displace in streamwise direction. Since air was filled underneath the sensor plate, as shown in
Figure 3-1(b), there is no significant shear force from the backside. The drag reduction can be
measured by comparing the displacement of the floating plate using both sides, since the
displacements are proportional to the shear force with same spring constant. In order to accurately

measure the displacement in microscale, micro-rulers are etched onto the sensor frame. The rulers
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are fabricated to both sides of the sensor so the displacement can be measured through a transparent

window.

To determine the detailed beam dimension, several constraints should be considered: (1) flow
condition (2) optical displacement measurement resolution (3) limitation on fabrication. The target

flow condition of this sensor is TBL flow with Reynolds number Re, ~5x10° and frictional
Reynolds number Re_ =u_d/v ~650. This Reynolds number is the highest Reynolds number

that can be obtained with our in-house water tunnel. For other flow conditions, new beam
dimensions need to be designed. Firstly, for the floating plate size, the floating plate area should
be large enough to host multiple near-wall turbulence vortices. These turbulent structures are

known to be of nondimensionalized diameter D* =Du, /v ~100 and apart from each other
Z*=Zu, /v~30-50 [33]. Under current flow condition, the diameter D ~1.8 mm and the

distance Z ~0.9mm. So, the current size (21 mm x 21 mm) can host multiple turbulence vortices.
Secondly, for the spring constant design, the total shear force and the optical measurement
resolution need to be considered. Under this flow condition, the shear stress on the smooth surface
is estimated to be around 3 Pa [34, 35]. So the total shear force is around 1300 uN for smooth
surface considering the total area. The optical measurement resolution is about 5 um. With that
resolution, we would like to have the force measurement resolution of ~ 130 uN, 10% of the total
force. Therefore, the spring constant is about 130 uN / 5 um = 25 N/m. Based on this spring
constant, the total size of the sensor and the fabrication capability of UCLA Nanoelectronics
Research Facility (Nanolab), we designed folded beam that is 50 um wide, 16 mm long (but folded

into two 8 mm sections) and 300 um thick.
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Figure 3-1 Schematic drawing of the MEMS shear stress sensor in flow test. (a) 3D view with
sensor flush-mounted on the wall for flow test. (b) Cross section view of the sensor assembly (c)
Picture of the sensor, beams and ruler. For this sensor, the shear on the smooth surface is obtained

by flipping the silicon die to expose the bottom (smooth) surface to the flow.

3.2.3 Sensor Fabrication

3.2.3.1 Sensor Etching

This shear stress sensor was monolithically fabricated from on silicon wafer using one-side
through-wafer deep reactive ion etching (DRIE), as illustrated in Figure 3-2. A double-sided
polished 300 um silicon wafer is used. Firstly, the ruler on backside is defined by a 5 min RIE
etching (Technics RIE, SF6, 100 mTorr, 300 W) with a ~1.5 pum-thick photoresist AZ5214 as the

etching mask. The etching depth was measured to be ~750 nm, which can vary as long as the ruler
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is visible under microscope. The photoresist mask and any polymer residual from the RIE process
were then removed by O2 plasma (300 mTorr at 300 W) for 3 mins, followed by a Pirahna cleaning
(98 wt.% H2S04 : 30 wt.% H20- = 4:1) for 10 mins and BOE (Buffered oxide etch) cleaning for 5
mins. Secondly, the 300 um wafer was flipped over and a ~1.6 pum silicon dioxide was deposited
on the front side using PECVD. The SHPo grating oxide mask were then defined by a 4.5 min RIE
etching with a ~1.5 pum-thick photoresist AZ5214 as the etching mask. The photoresist mask and
any polymer residual from the RIE process were then removed using the same process as the first
step. Then, the suspended beams as well as the front ruler was defined by a 35 min DRIE etching
(Unaxis Versaline Series FDRIE I11) with a 7.5 pum-thick photoresist AZ4620 as the etching mask.
The etching depth was time-controlled and measured to be 250+5 pm, followed by the same
cleaning process as previous step to remove the photoresist mask and any polymer residual from
the DRIE process. Individual sensor was then diced off the wafer (four sensors per wafer) and was
mounted on a 500 um thick carrier wafer using cool grease (Tech Spray Heatsink Compound) as
an adhesive layer. Another DRIE process was performed to define the floating plate and beam, as
well as to create ~50 um tall micro-gratings for the SHPo surfaces. This second DRIE step require
careful etching time control near completion to minimize over-etching. After etching through, the
device along with the carrier wafer were immersed in Baker ALEG 350 solution at 100 °C for 2
hrs to strip off the photoresist and DRIE-induced polymer residues, disperse the cool grease, and
thus release the device from the carrier wafer. After sensor cleaning, it was dip coated by 0.2 wt.%
Teflon AF1600 and baked at 165 °C for 15 mins and 330 °C for 30 mins to make the smooth side

hydrophobic and the etched side SHPo.
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(a) RIE on backside Device wafer (b) RIE oxide mask Oxide mask
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() DRIE on frontside  Photoresist (d) Bond sensor to carrier wafer Cool grease

Carrier wafer

(¢) DRIE through-wafer etching (f) Device releasing and hydrophobic coating

Figure 3-2 Fabrication of the MEMS shear sensor. (a) RIE on backside defines the optical ruler (b)

The device wafer is flipped and oxide mask is defined. (¢) DRIE etching the beam structure (d)
Bond the device wafer to carrier wafer. () DRIE etching through the beam structure and define

the grating structure. (f) Device releasing.

In [13], one problem with DRIE of flexure beams was the undercut of the beam during DRIE
leading to nonuniform beam. The beam width may vary by over 10 um with total width of 15 pm
[13]. The beams were then very easy to break during the releasing or testing stage at the “bottleneck”
part, which is only several microns. Also, the two sets of beams supporting two floating plate
might be different due to DRIE etching nonuniformity. A dummy structure to reduce undercut
was used in [13] to reduce beam undercut. However, the size and placement of dummy structure
varies with different processing equipment, geometric details of the sensor and other process
variations. In this updated design, since the beam are 50 um wide, the 10 um undercut won't lead
to beak breakage. Also, both smooth and SHPo surface share exactly the same beam, the beam

nonuniformity won't cause any measurement error.
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Another problem regarding the fabrication process in [13] was the second DRIE process. Firstly,
the etching time needed to be very precisely controlled or the beam will be etched from the top.
Secondly, the air trapped in the structure etched in the first DRIE from the other side may get
heated up and pop the sensor from the carrier wafer. However, in this updated design, since
structures were etched only from one side, a little over-etching won't significantly change the
beam. Also, there are no voids between the sensor and the carrier beam so the cool grease could

conduct heat very well during DRIE.

3.2.3.2 Device Releasing

As discussed in [13], the releasing process of the device is one of the most critical steps in the
whole process. Due to the delicate 15 pm-wide beam, viscous and heavy solvent (Baker ALEG
series) and liquid surface tension, the beams are very easy to break during releasing. With the
updated design, firstly, since thicker beams are used, the beams are much robust than those in [13].
Moreover, we found most of the beams in [13] broke at the very last step when it was pulled out
of water and the large surface tension of water usually caused the beam to “stick” onto the sensor
frame. To solve this problem and increase yield, we added another step of acetone bath. After the
ALEG and water bath, the sensor was transferred to an acetone bath while still immersed in water
in asmall container. Then the container was taken out of the acetone bath with the sensor immersed
in acetone. The acetone evaporated and left a dry sensor sample. With this method, mechanical
shock and vibrationwere minimized. Moreover, the low surface tension of acetone solved the

“sticking” problem so the beams were much less likely to break.

3.2.4 Sensor Characterization and Verification
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The water tunnel and sensor holder used for this sensor were the same as the setup described in
[30], as shown in Figure 3-3. The water tunnel has a test section of 610 mm x 50 mm x 50 mm in
the streamwise, vertical and spanwise directions, respectively. The flow condition at the sensor

location TBL flow with frictional Reynolds number Re, =u.6/v ~650 , which roughly
corresponds to Re, ~5x10°, an increase from [30]. The sensor was mounted onto a sensor holder
and made flush to the top inner wall of the water tunnel. A high-speed camera (Vision Research
Phantom V7.2) together with a light source and a microscopic lens (x20) was used to record the
displacement relative to the ruler at 500 frames per second (f.p.s). The recorded displacements
were analyzed to obtain the time-average displacement with ImageJ software. Both the SHPo
surface side and the smooth side of the floating plate were tested at the same flow speed.

To high-speed camera
Lighting

Objective lens

iy

|
. Plug
P assembly
- L3N = :
/] \
Flow £ Turbulent boundary layer T.rml?par et
=) é (Re, ~250) viewing window
e 450 mm .l Sample

Figure 3-3 Cross section view of the low-speed water tunnel and the testing setup. [30]

Figure 3-4(a) shows the temporal variation of displacement measured for SHPo surface and
smooth surface and Figure 3-4 (b) shows the drag ratio compared to previous tests. As shown in
the figure, the SHPo surface of 100 um pitch and 50 % gas fraction shows a distinctively smaller
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displacement that the smooth surface. After averaging the displacement data for bother surface,
the drag reduction is calculated to be ~48%. This sensor successfully confirmed the drag reduction
effect of SHPo surfaces in TBL flows and the drag decreased as Reynolds number increased when
comparing to result in [30]. Moreover, the improved design and simplified fabrication process
compared with direct shear stress sensors used in [13, 30] made it easier to fabricate multiple

sensors with different beam designs to measure the SHPo surface drag reduction in multiple flow

conditions.
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Figure 3-4 Drag reduction results using MEMS shear sensor. (a) Displacement of both SHPo and

smooth surface of current sensor at Re_ ~ 650. (b) Drag ratio of current test (*, 100 pum pitch)
compared to previous tests: B and @, Re_ ~ 250[30]; A 60 pm pitch, Re_~180[2]; <40 pum

pitch, Re_~100[24].

3.3 Monolithic Metal Shear Stress Sensor

3.3.1 Motivation
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Even though the updated design and fabrication process of the MEMS shear sensor made it more
attractive for SHPo surface drag reduction measurement, it still retained several limitations when
applied to open water with high Reynolds number, which is the application environment of the

SHPo surface for drag reduction:

(1) Size limitation: To better quantify the drag reduction effect of SHPo or other surfaces, large
area is preferred since the boundary layer changes when the flow just meets the SHPo
surface and needs certain distance to reach a stable state [36-38]. Also, the eventual
application is to cover the entire underwater part of the marine vessel with SHPo surfaces.
However, for silicon-based MEMS shear sensors, the sensor size is restricted by the size
of the wafer processed by lithography and DRIE etching. Moreover, the wafer thickness
limits the beam height, which is important to prevent displacement vertical to sensor
surface that will introduce a measurement error.

(2) Packaging limitation: The MEMS shear sensor in [13,28] and here used a bulky high speed
camera and objective lens system, which makes the sensor system too bulky for ship hull
or towing plate test. Moreover, the limitation on the optical resolution with the high-speed
camera (~ 5 um) requires large displacement of the floating plate to ensure measurement
accuracy. However, the large gap leads to more disturbance to the boundary layer of the
flow.

(3) Incapability to attach samples: Due to the material property of silicon material and the thin
beam used in MEMS sensor, it was very hard to attach and detach sample surfaces on and
from the floating plate without breaking the beams. One sensor with certain beam design

could be used for only certain flow conditions with one type of SHPo surfaces. In order to
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test new type of SHPo surface or under new flow conditions, a new device needed to be

fabricated using a new photomask, both of which are costly and time consuming.

To overcome the above shortcomings and allow testing large area SHPo surface in open water
(e.g., towing tank, boat in the ocean), a novel direct shear sensor is designed and developed. The

new sensor has the following characteristics:

(1) Flexible in size. Since the sensor is fabricated out of a metal plate, instead of silicon wafer,
using wire electrical discharge machining (EDM), the size of the floating plate is not
limited. It could be large or small depending on the application.

(2) Low profile. The sensor uses an optical method to measure floating plate displacement,
making it robust against pressure or temperature change. However, different from the
MEMS sensor discussed above, it uses a diffraction-based optical encoder that is compact
and low profile (only 6 mm tall) and can reach high resolution up to 2 nm. With no need
of the objective lens or the high-speed camera, the sensor system could be designed to be
compact and low profile so it can be incorporated into plates or ship hull for open water
test.

(3) Capability to attach samples. Using metal for the beams with much higher spring constant,
the beams are much more robust mechanically than the silicon beams used in the MEMS
shear sensor discussed above. So different kinds of customized samples could be attached
onto the floating plate repeatedly to measure the shear stress.

(4) High Resolution and robustness. With the optical encoder have resolution up to 2 nm, the
novel shear stress sensor could still detect small shear force with relatively larger beam
spring constant compared with previous MEMS sensors. The large spring constant makes

the sensor more robust.

56



(5) Low cost. The novel manufacturing process developed for this shear stress sensor greatly
reduced the cost for customized sensors, as well as processed the potential for mass

manufacturing.

Although the novel shear stress sensor is designed for measuring shear stress on SHPo surface, it
can also be used the measure the shear stress on other surfaces under difference environments and
flow conditions. Comparison to other commercial shear stress sensors will be further discussed in

the Summary section.

3.3.2 Sensor Principle and Design

3.3.2.1 Sensing Principle

As shown in Figure 3-5, the shear sensor has one or two floating element suspended by folded
beams, similar as the MEMS shear senor discussed before [29]except it is made monolithically
from a metal plate (e.g., aluminum alloy, titanium alloy). For non-uniform flow field, single plate
sensor (Figure 3-5(a)) was used and tested twice with smooth surface and SHPo surface with the
same flow speed [14, 32]. The measurement is accurate as long as the flow conditions are
controlled well for both tests. For uniform flow field like water tunnel, a dual plate design (Figure
3-5(b)) was used similar to [13, 30]. The two plates are designed to be the same except with
different surfaces attached onto them. The beams suspending the plates are designed to be identical
and both spring constants will be calibrated after manufacturing. The two plates are also expected
to experience the same flow condition if the flow field is relatively uniform since the measurement

takes place at the same time.

Figure 3-5 (a)(d) schematically illustrates the structure of the shear stress sensor. The sensor

includes a floating plate suspended by folded-flexure beams. The size of the floating plate and the
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beams are flexible based on the SHPo and smooth sample size. The testing samples are fixed onto
the floating plates using screws. A cover plate is also fixed onto the sensor to ensure the flushness
of the top surface of the sample to the rest of the surfaces, which is critical to minimize
measurement error [14, 39]. Also, the gap between cover plate and the sample surfaces are
minimized using feeler gauge to further reduce measurement error. Furthermore, the beams are
fabricated with high aspect ratio to ensure that the sensor is flexible in streamwise direction but
rigid in all other directions. As a result, the sensor is only sensitive to shear force in the streamwise
(parallel to flow) direction and insensitive to forces in both the spanwise (traverse to flow) and

out-of-plane (vertical from the wall) directions.

(b)

A-A
(c)
Cover plate Sample Optical Scale Beams
N \

wiuwi g~

Main plate

Floating plate Encoder Encoder plate
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Figure 3-5 Schematic drawing of the monolithic metal shear sensor. (a) Schematic top view of the
shear stress sensor. (b) Top view picture of single-plate shear stress sensor and the folded beams
with scale bar indicating 500 um. (c) Top view picture of double-plate shear stress sensor. (d)

Schematic cross section view of the shear stress sensor.

Knowing spring constant of the beam after sensor characterization, which is discussed in 3.3.4, the
shear stress can be directly measured by reading the displacement of the plates. As shown in Figure
3-5(d), an optical encoder (M2000 linear encoder, Celera Motion Inc.) is used to measure the
displacement. The optical scale is attached onto the back of the floating plate while an encoder
head is sealed into the encoder holder and fixed to the substrate. The optical encoder shines laser
onto the scale and sense the change in diffraction patterns from the reflected lights with resolution
as high as 78 nm (2 nm for advanced models of encoder). The encoder holder is attached to the
sensor plate to ensure the alignment requirements between the encoder head and the optical scale,

as well as seal encoder.

3.3.2.2 Sensor Geometry Design

In designing the sensor dimension, flow condition, encoder resolution, manufacturing limitation
and resonance frequency should be considered. The first step is to determine the spring constant,
which should be designed to ensure that (1) the actual displacement is much bigger than the
encoder resolution, (2) the displacement should be less than a few viscous lengths to reduce
disturbance to the boundary layer [40] (3) the resonant frequency is designed to be away from the

environmental noise frequency to avoid resonance.

Firstly, the spring constant of the folded beams needs to be designed to meet the requirement (1)

and (2). The designing process is similar as previous MEMS sensor, as discussed in Section 3.2.2.
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For example, for target TBL flow at Re, of O(10°), which is the range for small boat, the shear

stress ¢ is estimated to be at the level of O(10°Pa). We prefer the SHPo sample to be as large as

possible to reduce “entrance effect”’[36] and better represent large area application on large marine

vessels. Due to current SHPo surface fabrication limitation, the sample size is about 4 cm x 7 cm.

The encoder resolution is O(100nm), pre-defined by the manufacturer. Using Hook's law, the

spring constant should be O(1000N /m).

Meanwhile, since this sensor is designed for applications with large vibration (e.g., large water
tunnel) and more violent turbulent flow, resonant frequency needs to be considered to avoid sensor
resonance. Different from a simple one-spring system where the displacement is between the
moving element and the wall, here the displacement is between the floating plate and the encoder
holder, which is not fixed to wall and might also vibrate. Figure 3-6 (a) showed the vibration model
where mo is the encoder holder, m; is the floating plate, x(t) is the relative distance between

encoder holder and floating plate, d(t) is the relative distance between encoder holder and the wall.

The motion equation on the floating plate is:

m(x+d)"+cx'+kx=0 (4-1)
Using Laplace transform:
(ms® +cs+k)X(s)+ms*P(s) =0 (4-2)
So the transfer function:
2
rR-|X0) o (4-3)

PO Jk-maty + ot
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With natural frequency @, =./k/m and damping ratio & =c/(2ma,), the transfer function is then:

TR = ik (4-4)
J@-B)? +(2£B)?

where S =w/ w,. Figure 3-6(b) plot out the transfer function at different damping ratio. As can

be seen from this figure, the system is a “low filter” system where the vibration frequency higher
than the natural frequency will remain and lower frequency will be filtered. As a result, we prefer
to increase the resonant frequency of the system to suppress vibration. To do that, we need to either
increase the spring constant and/or reduce the mass of the floating element (floating plate and the
sample). However, increasing the spring constant will decrease the displacement, which requires

high sensor resolution. A tradeoff in displacement and vibration design is usually needed to ensure

optimal performance.
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Figure 3-6 Frequency response of the shear sensor. (a) Schematic drawing of the vibration system.

(b) Transfer function of the shear sensor system.
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Once the spring constant is decided, the detailed beam dimensions need to be designed. For folded
beams shown in Figure 3-5, the spring constant is:

|3

k= 4-5
12El (4+5)

| is the beam length, E is the Young's modulus, | is the second moment of area. In designing the
beam dimensions, sensor size, plate thickness and manufacturing limitations should be considered.
High thickness-to-width ratio is preferred to make the sensor only sensitive to streamwise shear
force. The metal beams were fabricated using wire EDM. Considering the processing limitation of
the wire EDM vendor (Wire Cut Company, Buena Park, California), we set the beam to be 0.5
mm wide, 6.5 mm thick, and 50 mm long (but folded into two 25 mm long sections. With the
above design, the resonant frequency is ~100 Hz, which is above the usual environmental vibration

frequency (~30-60 Hz).

3.3.3 Finite Element Analysis

To predict the mechanical performance of the sensor, including spring constant, sensitivity and
resonant frequency and associated mode shapes, finite element analysis (FEA) was performed
(Comsol Multiphysics). We want to assure that the floating plate will displace a reasonable
distance close to the theoretical estimation by the target flows and has minimal displacements in
any other direction. To simplify the model, we didn’t include the smooth or SHPo surface sample
in the model but replace them by an added mass onto the floating plate, as shown in Figure 3-7.
First, to study the floating plate sensitivity in all directions, loads in all three directions are applied

to the floating plate, which are F, (spanwise direction), F, (streamwise direction) and F,

(vertial-to-shear-plane direction). In actual flow condition, the streamwise direction load is much
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larger than loads in other diirections. We set both to be the same here to purely compare the

sensitivity of the flexural beams in these two directions.

Figure 3-7(a)-(c) shows the FEA result for the floating plate with # =18.6mN, F =18.6mN,

and F =18.6mN. This is the approximated minimum shear force for towing tank test used in next

the next chapter. The floating plate displace ~1.95 um in the streamwise direction, while shifting
~0.05 um in the spanwise direction and ~0.07 um in vertical-to-shear-plane direction. This
indicates that the folded beams are ~ 40 and ~30 times stiffer in the spanwise and vertical-to-shear-
plane directioncompared with streamwise direction. For streamwise direction displacement, spring

constant k, ~8000 was derived. For the target flow condition Re, ~10°-107, the displacement

of the floating plate is from ~2 um to ~36 um. For the smallest displacement, the sensor resolution
(0.078 pm) is only ~ 4% of the measured value, ensuring measuring accuracy. For the largest
displacement, the displacement is only twice the viscous sublayer thickness similar to single-pivot
sensor used in previous study [14], and minimizing the disturbance to the flow [40]. Figure 3-7(d)
shows the maximum stress inside the beams at the maximum displacement in flow. The value,
3.75 MPa, is still far less than the yield stress of aluminum 6061 (~250 MPa) which is the material

used for the sensor. So the beam structures are considered safe under the flow.
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Figure 3-7 Displacement and stress analysis of metal shear sensor using FEA. (a) Floating plate
displacement (~1.95 um) with 18.6 mN in steamwise direction. (b) Floating plate displacement
(~0.05 pum) with 18.6 mN in spanwise direction. (c) Floating plate displacement (~0.07 pm) with
18.6 mN in vertical direction. (d) Stress (max 3.75 MPa) inside the beam with maximum

displacement (~ 36 um) in flow.

Meanwhile, resonant frequencies and associated mode shapes for the floating plate were studied
using FEA. Figure 3-8 shows the first four mode shapes of the sensor together with the resonant

frequencies. As can be seen in the figures, the lowest resonant frequency for vibration along the
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streamwise direction is ~120 Hz, which is much higher than regular environmental noise (~ 60 Hz)

we encountered at different flow facilities. So the floating plate won't encounter resonance during

flow tests.
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Figure 3-8 Resonant frequencies of the metal shear sensor.

3.3.4 Sensor Fabrication

The metal floating plate was monolithically manufactured from one metal plate using wire EDM
after machining the pockets and holes using traditional milling and drilling. A cover plate, encoder

holder and sample holder were also machined using milling and drilling and assembled to the
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floating plate. The biggest challenge during the sensor fabrication was the wire EDM of extremely
flexible beams and the floating plate. The most flexible folded beam machined was 50 mm long,
6 mm thick and 0.25 mm wide. Ideally, the beams and floating plate can be fabricated monolithic
out of a metal plate using wire EDM using any path. However, using the current state of the art
wire EDM techniques, such highly flexible beams would undergo non-negligible amounts of
deflection during the wire EDM process due to thermal stress, dielectric liquid flushing,
mechanical vibration, etc., causing non-uniform or broken beams. Similar challenges were

expected for other slit-cutting methods, such as waterjet cutting and laser machining.

In order to solve this problem, we have designed special cutting path and sequence that employ
temporary connections. This machining concept is composed of three steps: (1) while by making
cuts to define the flexure beams and floating plate, leave temporary connections at certain strategic
locations, (2) release the flexure beams by cutting some of the temporary connections, (3) release
the floating plate by cutting the remaining temporary connections. Figure 3-9 illustrates one
example of cutting paths and sequences with wire EDM that use temporary connections to obtain
the floating plate. As seen in Figure 3-9(a) and Figure 3-9(b), individual cuts are sequentially
made to define parts of the designed flexure beams and the floating plate. However, these cuts are
isolated (not yet connected to each other) so all the flexure beams and the floating plate are still
fixed to the frame plate by temporary connections. In Figure 3-9(c), some of the isolated cuts are
connected to form the folded beams. These short cutting actions in the rigid directions (to connect
neighboring isolated cuts) to remove the temporary connections do not deflect the beams and do
not affect the integrity of the flexure beams, while releasing very flexible beams (e.g., single-
folded beams shown). For the releasing steps, other types of temporary support (e.g., wax) could

also be used. In Figure 3-9(d), the floating plate is released at the four corners, completing the
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machining process of the plate. It is also possible to leave other locations for the temporary
connections for the same design of flexure beams and floating plate. Different designs of floating
plate and flexure beams would require different temporary connections, but following a similar

process of leaving temporary connections that are later removed.

(a) (b)
]
]

(c) (d)

Figure 3-9 One example of cutting paths and sequences with wire EDM in fabricating the metal

shear sensor.
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Another problem found in the wire EDM process is the residual stress built during the process
causing the beams to bend after releasing. The bent beam might even touch the sensor frame,
causing measurement error. The key to solve this problem is to avoid any machining onto the beam

area during milling or do a stress-releasing heat treatment right before the EDM process.

3.3.5 Sensor Characterization and Verification

3.3.5.1 Resonant Frequency Measurement

As mentioned before, the resonant frequency characterization is important for this shear sensor
since it is designed for a wide range of flow facilities with potential large vibration and more
violent turbulent flow. The resonant frequency was measured through a step-load method. The
floating plate was pulled along the streamwise direction and released, as shown in Figure 3-10(a).
The resonant frequency could be obtained by extracting the resonant frequency out of the damping
curve using FFT. Figure 3-10(a) shows an example of the damping curve, with resonant frequency

of 115 Hz extracted using Fast Fourier Transform (FFT).
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Figure 3-10 Natural frequency and spring constant measurement of shear sensor
3.3.5.2 Spring Constant Calibration

Spring constant if the beams needs to be calibrated for precise shear stress measurement. Two
methods have been applied to measure the spring constant of different flexural beams depending
on their spring constants. The first method applies when the beams have relatively large spring
constant. The sensor was secured perpendicularly so the floating plate could displace along
streamwise direction. Since the spring constant is large so the floating plate won't touch the sensor
frame. Different weights were hung onto the floating plate while the output is recorded. During
the measuring process, the hung weight is kept still to prevent any forms of pendulum action that
introduces measurement error. An exemplary measurement curve is shown in Figure 3-10(b) for
two floating plates sensor (Figure 3-5(c)). As can be seen from the figure, both of the floating

plates showed good linearity and very close spring constant.

However, if the spring constant is very small, the above method might not work since the floating
plate might displace too much and hit the sensor frame when placed vertically. For extremely
flexible beams, resonant frequencies are used to calibrate the spring constant. The resonant
frequency was first measured without any extra mass on the floating plate. Then an extra known
mass was attached onto the floating plate using double-sided tape and the resonant frequency was
measured again. The spring constant and floating plate mass can be obtained by solving the

following equations:

1 [k
fi=—"\|— 4-6
1= o (4-6)
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1 k

=— 4-7
27\ m+Am (4-7)

fZ

where f, and f, are the natural frequencies measured using FFT and Am is the extra known mass

added to the floating plate.

3.4 Summary

Two types shear stress sensor were developed in this chapter. The MEMS shear stress sensor was
developed by improving the existing sensor [13] designed specifically for measuring SHPo surface
drag reduction at in-house water tunnel. Compared with the existing sensor, the updated design
and fabrication process greatly simplified the fabrication and increased the sensor robustness.
However, due to the inherent drawbacks of silicon-based MEMS sensor, a novel metal shear stress
sensor was developed to measure drag reduction of SHPo surfaces with larger area under different
flow conditions. Not limited to water flows, the metal shear sensor developed is useful to measure
friction drag of different surfaces for not only hydrodynamic applications but also aerospace
applications. The following table compared this novel shear sensor with other two categories of

commercial shear sensors and showed its advantages:

Table 3-2 Shear stress sensor comparison between MEMS sensor, single-pivot sensor and
monolithic metal sensor

Sensor Advantages Disadvantages
Slender beam: Difficult packaging:
-High sensitivity (e.g., 0.1 nN) -Often not robust to

. i water/particle impingement
MEMS Monolithically made: Sive limitatior
sensor -Negligible misalignment .
-Hard to measure mean shear

stress over large area
DRIE etching:

-Immune to thermal expansion
Small gap O(lum):
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-Hydraulically smooth

-Less pressure-gradient error

Small mass:

-Insensitive to vibration/acceleration

-Beam thinning down

Mature technology
Harsh Environment:
-Applied at elevated temperature/pressure[9]

Non-monolithic:
-Sensor misalignment
-Thermal expansion

Single-pivot | single pivot support -Assembly difficulty

sensor . N .
-Stiff along the pivot direction Sensitive to
-Insensitive to vibration/acceleration temperature/pressure

change
No size limitation
Monolithically made: Bubbles/particles in water
-Negligible misalignment may block the optical path
-Immune to thermal expansion
Robustness:
o -Could be applied at elevated
Monolithic

metal sensor

temperature/pressure

-Insensitive to temperature/pressure change
No Size limitation

Wire EDM:

-Uniform beam with high aspect ratio
-Insensitive to vibration/acceleration
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Chapter 4 Drag Reduction of Superhydrophobic Surfaces in
Turbulent Boundary Layer Flows

4.1 Introduction

Reducing the skin friction drag using superhydrophobic (SHPo) surfaces has attracted strong
interest since early 2000s. In laminar flow, SHPo drag reduction has been reasonably well
understood, and slips large enough to affect regular-scale flows have been obtained [1-5]. The
amount of slip, generally quantified with a slip length, is mainly determined by the structural
features of SHPo surfaces, such as the pitch, solid fraction, and pattern type, and further affected
by secondary factors, such as the state of the liquid-gas interface [1]. Compared with laminar flow,
turbulent flow covers a wider range of potential drag reduction applications including most marine
vessels. However, research on turbulent drag reduction using SHPo surfaces is still an open topic
with discrepancies reported among different experimental and numerical studies [6, 7]. While most
numerical studies have shown definite drag reduction and suggested valuable insights into the
drag-reducing mechanism, experimental studies showed either substantial or negligible drag
reducing effect of SHPo surface in turbulent flow. Important trend unveiled in numerical studies,
such as the effect of Reynolds number [8, 9], has not been verified in experiments or has even been
contradicted [7]. Moreover, most experimental studies were limited to channel flows. The few
experiments performed in open water were with a small model boat at relatively small Reynolds
numbers [10-12]. Solely missing is zero-pressure-gradient (i.e., open water) turbulent boundary
layer (TBL) flows at a high Reynolds number, which represent the main applications such as
marine vessels. As far as we know, the only SHPo test performed at such realistic flow conditions

found drag reduction at low Reynolds numbers but drag increase at high Reynolds numbers [13].
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4.1.1 Turbulent Boundary Layer Flow

Zero-pressure-gradient TBL flow is the flow condition best describing the friction drag on the hull
of marine vessels, which represent the most prominent application of drag reduction. Different
from turbulent pipe or channel flows, TBL flow is bounded by only one wall with TBL growing
downstream. Even though it is traditionally accepted that, upon appropriate normalization,
turbulent pipe, channel and boundary layer flow can be regarded the same in the near wall region,
these three flows are actually different in both near-wall and off-wall region [14] . This indicates
that the SHPo drag reduction obtained for channel flow may not represent the scenario for TBL
flow well. Moreover, a flow in channel or pipe tends to have pressure gradient in streamwise
direction. Since most channels are a closed system in a loop, at high speed the water pressure may
be lower than the atmospheric pressure in the test section, presenting an environment
fundamentally different from those encountered by watercraft. Considering traveling water vessels,
we are interested in zero pressure gradient TBL flows at hydrostatic pressure above the atmosphere.
The water pressure has a major impact on the plastron shape, position and stability on SHPo
surface [15, 16], which affect the drag reduction capability of SHPo surfaces greatly [6]. To
confirm the performance of SHPo surface for applications on marine vessels, preferred is (1) direct

measurement of friction drag (2) in open-water TBL flows, (3) especially at high speed.

The skin friction coefficient (C, ) on different surfaces is the criteria to compare drags. The

average skin friction coefficient on a surface can be calculated with experimental data:

Cf,avg = 0 5D/':JQZS (5'1)
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where p is the density of the water, U is the free stream speed and S is the area of the sample.

There has also been a widely-accepted empirical equation for skin friction coefficient on smooth

surface [17] in TBL flow:

C, (x)=(2lg(Re,) - 0.65)** (5-2)

where Re, =Ux/v is the Reynolds number based on the distance x measured from the beginning

of the TBL and p is the dynamic viscosity of the fluid. Equation (5-2) predicts the skin friction
coefficient at a certain point x. To compare with the averaged skin friction coefficient obtained in

experiments, the theoretical value should be calculated by integrating the C. (x) over the area of

the sample and then divided by the area:

Crag = é [[c; ()axdz (5-3)

However, since the sample size is much smaller than the whole flow facility, the variation of

C;(x) on the sample is small. The integration is simplified to approximate C, using the
theoretical skin friction coefficient at the center of the sample:
C ag = (2lg(Re, ) —0.65) (5-4)

where L is the distance from the beginning of the TBL to the center of the sample.

4.1.2 Motivation

With very few experimental studies in TBL flow [6, 10-13] and especially with the increasing drag
at high Reynolds numbers [13], this study aims to address the doubts of SHPo drag reduction in

TBL flows, with an ultimate goal of experimentally studying zero-pressure-gradient TBL flows at
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high Reynolds numbers. In the course, we would also like to learn how Reynolds number and
surface geometry affect the drag reduction. In this study, we conducted experiments using different
SHPo surfaces, mostly silicon grating microstructures of 50 um pitch and 90% gas fraction, at four
different facilities: low speed channel, high-speed channel, high-speed towing tank and in marina.

All four provided TBL flow condition with the latter three reaching high Reynolds numbers

(Re~10°-10") and the last with actual marine vessel. During all these experiments, our interests
were the effect of wetting transition, structure type and surface geometry, and Reynolds number.
One of the main discrepancies between experimental and numerical results was the Reynolds

number effect, especially in large flow facilities [7].

4.2 Review of Recent Studies on SHPo Surface Turbulent Drag Reduction

4.2.1 Numerical Studies

So far, most of the studies on SHPo turbulent drag reduction have been numerical. Most numerical
studies assumed surface structures that are truncated on top (i.e., of a uniform height) and air-water
interfaces that are flat and flush with the structure top. The geometries studied were usually ordered
structures like gratings and posts. Very recently, curved air-water meniscus [18] or meniscus
fluctuation [19] began to be incorporated into numerical studies. Despite the assumptions,
advances in numerical simulations have provided valuable physical insights on the mechanisms of
turbulent drag reduction. A given SHPo surface has been found to reduce drag more in turbulent
flow than in laminar flow [20], indicating additional drag reducing mechanisms in turbulent flow
[21]. It was also found that the effective slip length should be on the order of the viscous sublayer
thickness, which is about five in viscous wall units (i.e., y* ~ 5), in order to have an impact on

skin-friction drag in turbulent flows [8]. Regarding the drag reduction mechanisms of SHPo
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surfaces, some works [8, 22] indicated the drag reduction is an indirect effect through a
modification of near-wall turbulence structures, while other works saw it as a direct effect of the
slip or shear-free regions [23, 24], similar to the drag reduction in laminar flow. However, despite
the discrepancies on drag reducing mechanisms, SHPo drag reduction in fully developed turbulent
flow has been confirmed in almost all numerical studies and further shown to increase with

Reynolds number [8, 9, 22].

4.2.2 Experimental Studies

Experimental studies on SHPo drag reduction in turbulent flow have been elusive with significant
inconsistency compared with numerical studies. Table 4-1 and Figure 4-1 summarized recent

experimental studies of SHPo drag reduction in turbulent flows. Since many different flow
facilities were used, we compared the results based on frictional Reynolds numbers Re_ estimated

from each report [7]. As seen from the table and graph, results are widely inconsistent between
different experiments, even for tests with similar SHPo surface structure and flow conditions.
While some studies reported substantial drag reduction (up to ~75% [6]), others showed negligible
drag reduction or even drag increase. In reviewing all these results, we are trying to develop some
insights into the factors affecting SHPo drag reduction in turbulent flow as well as the reasons for

discrepancies between experimental and numerical results.

Table 4-1 Surface parameters and flow conditions of the SHPo turbulent drag reduction studies in

the literature

. Sample
Reference Microstructure Flow type Re, length (cm)
Water tunnel:
Henoch et al. [25] Posts TBL flow 500-600 20
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Water tunnel:

Daniello et al. [26] Gratings 100-300 100
Channel flow

Peguero & Breuer Gratings, Water tunnel: 200 43
[27] posts, random Channel flow
Woolford et . Water tunnel:

al.[28] Gratings Channel flow 3-100 8
. Water tunnel:

Park et al. [6] Gratings TBL flow 250 2
Water tunnel:

Zhao et al. [29] Random TBL flow 1700-3000 80
- Water tunnel:

Aljallis et al. [13] Random TBL flow 520-5170 122
. Water tunnel:

Bidkar et al. [30] Random TBL flow 1000-5000 15
Water tunnel:

Hu et al. [31] Random TBL flow 320 40
- Rheometer:

SI‘II’]IV?;;;] etal. Random Taylor-Couette 480-3810 60

flow

. Water tunnel:

Tian et al. [33] Random TBL flow 480 20
Water tunnel:

Zhang et al. [34] Random Channel flow 329-467 68
Hokmabad & Water tunnel:

Ghaemi [35] Random Channel flow 246 >0
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Figure 4-1 Drag ratio (i.e., drag on sample surface / drag on smooth surface) of SHPo drag

reduction in turbulent flow experiments. (a) full Reynolds number range (Re, =0-6000). (b)

Magnified for low Reynolds number range (Re_=0-600).

4.2.2.1 Ordered Structures: Gratings and Posts
The microstructures on SHPo surfaces can be categorized as two types: random structure and

ordered structure. As can be seen from Figure 4-1, flow experiments for ordered structure (e.g.,
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gratings, posts) were conducted at relatively low Reynolds numbers while flow experiments with
random surfaces were conducted over a full range of Reynolds numbers. This is probably because
SHPo surface with ordered structures, typically involving photolithography in cleanroom, are
made in a relatively small size (e.g., < 2 cm). As high accuracy drag sensors compatible with both
such small samples and large flow facilities (e.g., towing tank, large water tunnel) are not available,
the SHPo surfaces with ordered structures could not be tested at high Reynolds numbers. In
comparison, SHPo surfaces with random structures can be made in large size, allowing for high
Reynolds number experiments in large flow facilities. Based on the results in Figure 4-1 [6, 26-
28], SHPo surfaces with micro gratings aligned in the streamwise direction appear to reduce drag
unambiguously [7]. However, gratings transverse to the flow direction were reported to increase
the drag [28]. The effect of grating orientation in experiments matches the predictions in many
numerical studies [8, 22, 36, 37], which suggested that streamwise slip would reduce drag while
spanwise slip would increase drag. Grating structures aligned with flow will facilitate streamwise
slip and suppress spanwise slip, reducing drag, while grating structures transverse to the flow will

increase spanwise slip and suppress streamwise slip, increasing drag.

Using grating-structured SHPo surface, Daniello et al. [26] studied the drag reduction in turbulent
channel flow. They found no observable drag reduction of SHPo surface in laminar regime, as
expected from their relatively large channel geometry. Note the drag reducing effect of SHPo wall
diminishes as the hydraulic diameter of the channel increases with respect to the slip length of the
SHPo wall. However, as the Reynolds number increased to turbulent regime, the drag was reduced
by up to 50%. Both of the upper and lower walls of the channel were covered with the SHPo

surface. They also found the onset of drag reduction is when the viscous sublayer approaches the
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scale of the SHPo feature size, which roughly represents the slip length [1,2]. In their tests, the

SHPo drag reduction increased as Reynolds number increased.

Woolford et al. [28] tested grating SHPo surface with both streamwise and spanwise alignment.
With smaller pitch but higher gas fraction than Daniello et al. [26], they observed the drag reducing
by ~11% for streamwise-aligned SHPo surface in a similar Reynolds number range. Note only one
wall of the channel was covered with the SHPo surface. They also found the relative drag would
increase when the SHPo surface gratings were aligned spanwise to the flow. The water pressure
in their experiments was well controlled to prevent Cassie-to-Wenzel wetting transition on SHPo
surface. Unlike Daniello et al. [26] and numerical studies [8, 9, 22], the drag reduction (~11%)

seemed to be uniform across the entire Reynolds number range.

More recently, drag reduction as high as 75% was obtained by Park et al. [6] using grating SHPo
surfaces in TBL flow in a water channel. They studied the influence of the grating geometries on
SHPo drag and found the drag ratio reduced more with increasing gas fraction and pitch of the
gratings. This is the largest turbulent drag reduction of SHPo surface obtained in experiments. The
relationship between drag reduction and surface geometry unveiled in this study is crucial for

future design of SHPo surface for real-world application.

There are less experimental studies using SHPo surface made of posts compared with gratings.
Henoch et al. [25] studied the drag reduction of SHPo surface made of nanoscale posts (nanograss).
Large drag reduction as high as 50% was observed in laminar regime. However, as the Reynolds
number increased to turbulent regime, the drag reduction decreased to ~15%. Peguero & Breuer
[27] used similar nanograss SHPo surfaces and found no definitive evidence of drag reduction.

Based on the numerical studies [8, 22, 36, 37] and the experimental studies of Woolford et al. [28],
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spanwise slip will increase the drag. Compared with grating structures aligned to the stream, post

structures are expected to have more spanwise slip and thus less drag reduction.

4.2.2.2 Random Structures

There have been many experimental studies on SHPo drag reduction using different random
structures in a wide range of Reynolds numbers. As can be seen from Figure 4-1, both drag
reduction and drag increase have been observed in different tests at different testing facilities. Also,
the detailed geometry and morphology of random structures used in these tests are quite different.
Several studies [7, 13, 34, 35] used the same spraying product (i.e., NeverWet®, Rust-Oleum) to
make SHPo surfaces, but note the resulting surface structures still vary vastly by the coating
process. Alijallis et al. [13] tested two different random SHPo surface for a wide range of Reynolds
number in TBL flows using a high-speed tow tank. The surface with smaller surface roughness
increased the drag compared with smooth surface. The surface with higher roughness decreased
the drag compared with smooth surface at low Reynolds numbers in transitional regime but
maintained or even increased the drag compared with smooth surface at high Reynolds numbers
in fully developed regime. Zhang et al. [34] tested similar surfaces in channel flow and obtained
10% to 24% drag reduction at relatively low Reynolds number. They also observed the drag ratio
decreasing more with the Reynolds number as well as turbulent structures reducing, as predicted
in numerical studies. However, no evident of drag reduction was found in the experiments of
Hokmabad et al. [35] at similar Reynolds number as Zhang et al. [34]. Golovin et al. [7] evaluated
same product in channel flow and found no noticeable drag reduction and instead found even drag
increase compared with smooth surface at high Reynolds numbers. From the above independent
studies, it is suggested that the drag reduction for these types of random SHPo surface is negligible

or even negative at high Reynolds numbers. At low Reynolds numbers, there seem to be some
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drag reduction compared with smooth surfaces depending on the flow facilities. Alijallis et al. [13]
observed depletion of plastron along with drag increase compared with smooth surfaces at high
Reynolds number. However, with submicron scale roughness on the tested SHPo surface and
relatively shallow immersion depth, pure gas diffusion is not expected to deplete all trapped gases
[16, 32]. This consideration suggests more violent depletion factors, possibly highly fluctuating
pressure, caused gas depletion at high Reynolds numbers. Besides the different surface structure
morphology and geometry due to different spraying methods, the discrepancy of the data using the
same spray product may have also come from different flow conditions. For example,
supersaturated water or microbubbles often existing in water tunnel can sustain large (thick) gas

plastron on a random roughness, which would lead to an impractically large drag reduction.

Other customized SHPo surface with random roughness have also been tested. Bidkar et al. [30]
studied 12 types of random-structured SHPo surfaces with different roughness and chemical
composition. Some types increased the drag ratio while others decreased the drag ratio compared
with smooth surface. They have concluded the effect is caused by different surface roughness and
found a critical surface roughness that is 1/10" of the viscous sublayer thickness. Only when
surface roughness was below the critical value the drag ratio was found decreasing. The roughness
effect is explained as the form drag caused by wetted protrusions into the water. With the smallest
roughness SHPo surfaces tested, they obtained drag reduction of 20% to 30 % even at very high
Reynolds number. Other higher roughness SHPo surface samples caused drag increasing
compared with smooth surfaces. However, in Alijallis et al. [13], the SHPo surface with lower
surface roughness (SH-1) generated more drag than both the high-roughness SHPo surface (SH-2)
and smooth surface, which cannot be explained solely by the discussion of roughness vs. viscous

sublayer. While higher roughness surface might introduce more form drag by wetting protrusions,
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it can also capture a thicker plastron for drag reduction. Even if the random surface has small
roughness than the threshold, it does not have the gas plastron that provides enough streamwise
slip. So the drag of random SHPo surface should be a combination of surface roughness and other

factors (e.g., morphology, structure geometry, surface chemistry), which require further studies.

It is also worth noting that no significant wetting was observed for all surfaces tested by Bidkar et
al. [30], while Alijallis et al. [13] observed gas depletion at similar Reynolds number range. From
the SEM npictures, the surfaces by Alijallis et al. [13] seems to have even smaller feature size and
pitch than those by Bidkar et al. [30], meaning those by Alijallis et al. [13] should have more
robust meniscus and less gas depletion. Instead of the roughness, we suspect the difference in the
result was caused by the difference in the flow condition, e.g., water pressure and gas saturation
level. Alijallis et al. [13] tested the SHPo surface in towing tank with zero pressure gradient and
hydrostatic pressure above the atmospheric pressure. On the other hand, Bidkar et al. [30]
conducted the test in water tunnel, where the water pressure could be below the atmospheric
pressure at high flow speed in a closed system. The supersaturated water and gas bubbles in the
water below the atmospheric pressure would help sustain the gas plastron and even grow it thicker

than usual [15].

Srinivasan et al. [32] tested random-structured SHPo surface in Taylor-Couette flow using
rheometer. They found little reduction of drag ratio at low Reynolds number but reductions as
much as ~22% as Reynolds number increased, verifying the Reynolds number effect predicted by
many numerical studies [8, 9, 22]. To better sustain the gas plastron on their SHPo surface, the
SHPo surface was intentionally connected to outside atmosphere so the loss of air through
diffusion could be replenished to maintain the gas plastron during the testing period. In contrast,

they showed isolated plastron would have much less drag reduction, especially at high Reynolds
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number. As shown in Figure 4-2(a), the plastron on their surface resides on the tall protrusions,
forming a continuous gas plastron with high gas fraction. However, as verified previously [15, 16],
such gas plastron is very fragile if isolated underwater even at low immersion depth, as shown in
Figure 4-2(b). Most recently, the same group tested a very thick (~40 microns) plastron by heating
the surface to above Leidenfrost point [38]. As predicted from the thick and continuous (i.e., gas
fraction = 100%) gas layer and resulting very large slip length, drag reduction as much as 90%
was obtained. However, the heating power needed to sustain the Leidenfrost state was more than
100 times the torque power saved by the reduced drag.
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Figure 4-2 Confocal microscopic picture of air-water meniscus on SHPo surfaces with random
roughness. (a) Confocal microscopic picture of the surface roughness and meniscus position on
SHPo surface tested in [32]. (b) Confocal microscopic picture of the surface roughness and

meniscus coming down in [16], immersed at 0.5 m.
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Many other experiments have been conducted with random-structured SHPo surface, as shown in
Figure 4-1. Random-structured surfaces generally could reduce drag ratio in low Reynolds number
but maintains or even increases drag ratio at high Reynolds number, especially in large flow facility.
Most random-structured SHPo surfaces have uneven structures composed of tall and short
protrusions. As shown in Figure 3-2(a), the tall roughness initially supports thick and significantly
continuous air plastron [16, 32] which could reduce drag. However, without additional gas
stabilization mechanism like supersaturated water or connection to atmosphere, the large plastron
will soon be lost even in static water [16]. It is less robust than the gas on ordered structures with
similar scale, especially reentrant structures [15]. Once the air-water meniscus starts to move down
into the structural voids, wetted protrusions sticking into water will increase the form drag.
Moreover, random structured surface doesn't have preferential streamwise or spanwise orientation

in its structures, where increased spanwise slip will increase the drag [7].

Despite the popularity, we believe the random roughness is not the right approach for drag
reduction in most flow applications of practical importance. Firstly, the homogenous nature of
random SHPo surface does not provide the slips in preferential direction. Secondly, random
structures are usually uneven in height, causing form drag once some protrusions impales and stick
into water [7, 30]. Thirdly, the plastron that can induce drag reduction is less stable compared with
grating structures [15]. The submicron scale air pockets on random surfaces are usually very robust
[15, 16], but they cannot cause significant drag reduction. Note one needs a plastron continuous
along flow direction [7, 8, 28]. While thick and large gas plastrons may form on random SHPo
surface momentarily, such a plastron is more fragile in shear and pressure than that on ordered

structures, encountering structures protrusions and eventual drag increase [15]. Overall, we do not
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expect any significant drag reduction on SHPo surfaces made of random roughness in high-

Reynolds number TBL flows in open water.

4.2.3 Discussion

4.2.3.1 Ideal Microstructure for Turbulent Drag Reduction

Based on the recent numerical and experimental studies, SHPo surface with textures aligned in the
streamwise direction is preferred for turbulent drag reduction [7]. As predicted in many numerical
studies [8, 22, 36], the streamwise slip would facilitate drag reduction while the spanwise slip
should increase the drag. The ideal structure to maximize streamwise slip while suppress spanwise
slip is grating structures. While the grating structure is ideal in terms of performance, its biggest
drawback is the large-scale fabrication [7], which is difficult and expensive using current silicon
processing technology in cleanroom. The mass manufacturing of grating-structured SHPo surface

is crucial and will be another important topic in this dissertation.

4.2.3.2 Meniscus Stability and Reynolds Number Effect

As mentioned earlier, numerical studies [8, 9, 22] have almost unanimously shown the drag ratio
decreasing more as Reynolds number increases. This is an exciting trend for practical applications,
where high speed applications could enjoy enhanced drag reduction. However, the experiment
results are quite inconsistent on this topic. Rheometer experiments [32] has shown a trend

consistent with numerical studies that the drag ratio reduced more as Reynolds number increased.

Srinivasan et al. [32] also derived a skin friction law that shows the dimensionless slip length b*
scales with Re”?, which was also supported by the experimental results. In small channel flows,

Daniello et al. [26] also showed the drag ratio decreasing more with Reynolds number until
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saturating. However, recent studies [7, 39] showed possible measurement problems in small

channels, which could inaccurately portray the full effect of turbulence over SHPo surfaces.

However, in large-scale flow facilities with high Reynolds number, an opposite trend has been
observed as shown Figure 4-1. Random-structured surfaces have shown drag reduction
deteriorating [13, 35] or saturating [30] at high Reynolds number. Accordingly, there has not been
any fully developed turbulent channel or TBL flow where the drag ratio decreasing more with
increasing Reynolds number. Golovin et al. [7] concluded the discrepancy to several reasons. First,
the increased Reynolds number may increase the spanwise slip without increasing the streamwise
slip for random-structured SHPo surfaces, compromising the drag reduction. Second, the high
fluctuation of pressure causes the air-water interface to slide down or bend into the structures. If
the meniscus slides down into the structures and exposes the protrusion in water, the form drag
will be added to the total drag known as roughness effect. Also, even if the meniscus only bends
down towards the structure without the wetting protrusion, recent numerical study [18] showed

the drag reduction will be deteriorated.

All in all, the unstable air-water interface and the wetting protrusions at high Reynolds number are
the main reasons causing the discrepancy between numerical studies and experimental studies on
Reynolds number effect. Random SHPo surface may sustain a thick and significantly continuous
air plastron in small flow setup like rheometer. However, this delicate plastron is unlikely to sustain

in large flow facilities with much significant pressure fluctuation at high Reynolds number.

4.3 SHPo Surface Fabrication
Three major types of SHPo samples were fabricated to test drag reduction in TBL flow: silicon

based SHPo surface coated with hydrophobic Teflon AF 1600 coating, Teflon FEP based SHPo
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surface, SHPo surface with random structures using NeverWet spray. For silicon based samples,

different geometries of micro gratings were also fabricated.

Silicon dioxide

ﬁ E =B _®m B =
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Figure 4-3 Fabrication process of silicon SHPo surface.

The fabrication process of silicon-based SHPo surface is shown in Figure 4-3. It starts with a 500
pm thick silicon wafer with 1 pum silicon dioxide layer on top. Then the silicon dioxide layer was
patterned using photolithography and reactive ion etching (RIE). The oxide gratings served as a
mask for the following deep-reactive-ion-etching (DRIE), which define the micro trenches on the
silicon wafer with different depth. After the DRIE etching, the samples were cleaned using oxygen
plasma to remove the polymer residuals left during plasma etching. Then the samples were coated
with a thin layer of photoresist AZ 5214 and diced to rectangular shape. The photoresist, serves as
a protection layer, is to protect the sample from getting dirty during the dicing. After dicing, a
thorough cleaning using Piranha solution (98 wt.% sulfuric acid : 30 wt.% hydrogen peroxide =
4:1) and oxygen plasma was needed. After that, the Teflon AF 1600 were spin coated and baked
in two stages: 165 °C for 15 minutes and 330 °C for 10 min following manufacturer’s specifications.

Figure 4-4(a)(b) shows the silicon SHPo surface with zoomed-in views showing the structure of
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the tip. As can be seen from Figure 4-4(a), the top of the grating has “reentrant structure” from
undercut of silicon during etching. However, in Figure 4-4(b), the silicon grating with smaller
dimension doesn't have “reentrant” structure. This is probably caused by longer etching time when

fabricating structures in Figure 4-4(a).

The Teflon FEP based SHPo surface was fabricated using hot embossing process. Silicon mold
with the reverse feature of the SHPo surface was manufactured using DRIE and RIE etching. Then
Teflon FEP film is pressed into the micro trenches on the mold at elevated temperature (~275 °C).
The mold was then cooled down and the SHPo surface was demolded from it. The detailed process
parameters for mold fabrication and hot embossing will be discussed in Chapter 5. Figure 4-4(c)
show the micro grating structures of the Teflon FEP SHPo surface with the end-view of the grating
(Figure 4-4(c)). No reentrant structures exist on top of the micro-gratings, and the corners of

grating top are even round as shown in Figure 4-4(c).

The SHPo surfaces with random structures were made using a two-step coating process using
commercial SHPo spraying product (NeverWet, Rust-Oleum, LLC). In step one, an acrylic-based
polymer solution was applied as a binder layer on silicon rectangular piece that is already diced to
the right dimensions. In step two, hydrophobic nanoparticles dispersed in ethanol were sprayed as
a topcoat on the binder layer, while the binder layer was flashed for a few minutes. The topcoat
solutions contain 3%-4% of nanoparticles in dispersion. The topcoat attaches the hydrophobic
nanoparticles to the base layer and leads to form nanoscale surface texture. 1%-2% of
microparticles is also included in the solution. It enhanced the bonding sites between the binder
and topcoat and resulted in higher roughness of the surface texture. Figure 4-4(d) shows the surface
texture and morphology of the coatings at different magnifications. As can be seen from the figure,

the surface has both micro-scale roughness and nano-scale roughness.
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To simplify the notation for different SHPo surfaces used in flow test, we assigned numbers for

each different type of SHPo surface, as shown in Table 4-2.

Table 4-2 Summary of all SHPo surfaces parameters used in flow test

Notation Description
SHPo#1 Silicon SHPo surface with micro-gratings.

The gratings have 50 pm pitch, 90% gas fraction and 60 um height.
SHPGH2 Silicon SHPo surface with micro-gratings.

The gratings have 25 pm pitch, 90% gas fraction and 25 um height.
SHPO#3 Teflon FEP SHPo surface with micro-gratings.

The gratings have 50 pm pitch, 85% gas fraction and 40 um height.
SHPo#4 | NeverWet SHPo surface with random roughness

Silicon SHPo surface with micro-gratings.

The gratings have 50 pm pitch, 90% gas fraction and 30 um height.

SHPo#5

SHPo#1 SHPo#2

eentran
structure

Oxide
rSilicon

Oxide
Teflon®
Silicon FEP

(a) (b) (c) (d)

Figure 4-4 Structures of different SHPo surface used for drag reduction test. (a)(b) Silicon SHPo

surface. (c) Teflon FEP SHPo surface (d) NeverWet random SHPo surface
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For the examinations of the wetting properties of different SHPo surfaces, static contact angles
were measured. As shown in Figure 4-5, the static contact angle was measured by placing a
deionized water droplet (~ 7 pL in volume, ~2 mm in diameter) on the surface. For SHPo surface
with ordered structures (Figure 4-5(a)(b)), the measured contact angles were consistent with
theoretical contact angle calculated using Cassie state theory (~160°), confirming the air-water
meniscus is on top of the trenches. For random SHPo surface, the contact angle result was similar

to the previous study [13], confirming the superhydrophobicity of the coating.

SHPo#1 SHPo#3 SHPo#4

(a) (b) (c)

Figure 4-5 Contact angle on different SHPo surfaces used in drag reduction test. (a) silicon SHPo
surface (SHPo#1). (b) Teflon FEP SHPo surface (SHPo#3). (c) NeverWet random SHPo surface
(SHPo#4).

4.4 Low-Speed Water Tunnel Test

4.4.1 Flow Facilities and Testing Methods

The low speed water tunnel is the same as the one used in [6], as shown in Figure 4-6. The water
tunnel has a test section of 610 mm x 50 m x 50 mm in the streamwise, vertical and spanwise

directions respectively. The highest free stream speed is ~1.2 m/s and the testing section is ~0.45
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m from the inlet, which corresponds to frictional Reynolds number Re, =u &/v ~ 650 at the

testing section location base on the frictional velocity u_, boundary layer thickness & (both

estimated from the boundary layer theory [17] and verified using LDV in [6]) and Kinematic
viscosity v . The flow condition at the testing section is fully developed turbulent boundary layer
flow, as confirmed in [6] by matching the measured velocity profile with “log law” of turbulent

flows and showing no effect of adverse pressure gradient.

Sensor plate

@ . (b)

Tank wall

Tunnel
wall

(c)
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Figure 4-6 Picture and schematic drawing of low-speed water tunnel and shear sensor. (a) Picture
of water tunnel and testing section. (b) Picture of attaching mechanism of shear stress sensor onto
water tunnel. (c) Schematic drawing (not to scale) of the cross-section view of water tunnel and

shear stress sensor.

The schematic drawing and pictures of the water tunnel is shown in Figure 4-6. The shear stress
sensor discussed in previous chapter was installed at the bottom of the water tunnel to avoid big
air bubbles floating on the top of the water tunnel. The air bubbles might cause a thick air layer
formed on top of the microstructures of the SHPo surface, which will lead to over estimation of
the drag reduction. However, the sensor plate was wider than the width of the water tunnel due to
the length of the beam needed for high sensing resolution. To reduce the spanwise flow caused by
leakage, a water tank was made to enclose the sensor. During the flow test, the tank was filled with
water so that the static water pressure outside the tunnel in the tank is the same as that in the tunnel.
When the flow pressure changed, the water leaked in or out will decrease or increase the water
level in the tank, balancing the pressure across the water tunnel wall and suppressing spanwise

flow.

4.4.2 Results

SHPo surface #1 composed of micro gratings was used in this test. The gratings had 50 um pitch,
90% gas fraction and 60 pm grating height. The sample size was 2 cm x 7 cm. Figure 4-7(a) shows
the skin friction coefficient of both smooth surface and SHPo surfaces at different Reynolds
numbers by varying the flow speed in the water tunnel. The theoretical line is Equation (5-4) using
the distance from the beginning of the water tunnel test section (i.e., virtual origin) to the center of
the sample, which is 0.45 m. The skin friction coefficient in experiment showed good agreement

with theoretical values. Figure 4-7(b) showed the drag ratio of SHPo surface over smooth surfaces.
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Throughout the test, the SHPo surface stayed shiny (i.e., plastron existing), with no noticeable
wetting transition. As the Reynolds number increased, the drag ratio started to decrease (i.e., drag
reduction increases) with maximum drag reduction ~15% at highest speed. Moreover, drag
reduction increased as the Reynolds number increased, consistent with the trend predicted in

numerical studies [9, 22, 39] and observed in rheometer tests [32].
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Figure 4-7 SHPo surface testing results in low-speed water tunnel. (a) skin friction coefficient of

smooth and SHPo surfaces (b) drag ratio of SHPo surfaces in low-speed water tunnel.

4.5 High-Speed Water Tunnel Test
4.5.1 Flow Facilities and Testing Methods

Figure 4-8 shows the schematic drawing and the picture of the window used for high-speed water
tunnel test at the Naval Underwater Warfare Center (NUWC) in Newport, Rhode Island. The main
plate and the encoder were both inside the water tunnel with encoder sealed inside “encoder plate”
and looking at the optical scale through a glass window. The encoder plate was attached onto the

main plate using screws with cables come through the window through a watertight wire gripper.
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Then the main plate was attached onto the window also with screws and vibration-absorbing spacer

in between them. The top surface of the main plate was made flushed with the top surface of the

=
/
¢

window by adjusting the tightness of the screws.

Tunnel wall Main plate

ncoder plate

(b)

Figure 4-8 High-speed water tunnel experimental setup. (a) Picture of the high-speed water tunnel
(provided by NUWC). (b) Schematics (not drawn to scale) of cross-section view of the water

tunnel and shear sensor.

One issue when using the high-speed tunnel is the vibration problem. The large vibration from the
pump, especially when the flow speed is high, may cause the floating plate to vibrate too much

and hit the surrounding cover plate. To avoid the hitting, the gap between the floating plate and
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the cover plate could be made very large but that will affect the measuring accuracy. Based on
shear sensor analysis in previous chapter, this vibration system is a low-filter system where outside
vibrations lower than the natural frequency tends to be filtered. One way to solve this problem is
to increase the resonant frequency to be above environment noise frequency. The environmental
vibration was measured to be 30-50 Hz. To increase the natural frequency of the folded beams, the
floating plate and the sample holder were machined to be hollow, as shown in Figure 4-8, to reduce
the weight. Another way to reduce the vibration of the floating plate is to use vibration absorbing
material to damp the vibration transferred to the main plate. Vibration absorbing material

“sorbothane” (Sorbothane Inc.) was used as spacer in between the main plate and the window.

Another issue of flowing tests is the air bubble generated in water because the pressure in the test
section dipped below the atmospheric pressure at high speeds. Figure 4-9 shows the pressure-flow
speed relationship of the high-speed water tunnel provided by NUWC. The water pressure was
measured to go below the atmospheric pressure by as much as 5 psi at highest speed. The bubbles
created in between the encoder plate and the main plate would block the path of the laser beam
shining on and reflected from the optical scales. To solve this problem, water was highly degassed
by removing the dissolved gas through boiling. The main plate and the encoder plate was
assembled in the degassed water in a pot inside the water tunnel. After the water tunnel was filled
with water, the sensor assembly was moved out of the pot and installed onto the water tank window.
In this way, the water in between the encoder holder and the main plate would be undersaturated,

slowing down gas bubble generation at high speed.

Actual experiments at the high-speed water tunnel were performed by Gintare Kerezyte with

technical support from the team at NUWC.
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Figure 4-9 Pressure inside the high-speed water channel at different speeds (provided by NUWC)

4.5.2 Results

Three different SHPo surfaces have been tested: SHPo#1, SHPo#2, and SHPo#5. All the SHPo
surface were silicon-based SHPo surfaces composed of micro gratings. Teflon AF 1600 was coated
on the surface to ensure hydrophobicity. For each surface, three rounds of tests were conducted
with the flow speed first increasing from the lowest to the highest speed, followed by decreasing
to the lowest, and then increasing again. Figure 4-10 shows the skin friction coefficients and drag
ratio for different SHPo surfaces. The skin friction coefficients of all SHPo surfaces were lower
than that of the smooth surfaces. More specifically, the SHPo surfaces with smaller pitch (25 pum)
showed higher skin friction coefficient and drag ratio compared with those of higher pitch (50 pum),
consistent with the previous study [6]. The drag ratio decreases as the Reynolds number increased
for all surfaces, clearly showing the Reynolds number effect. Drag reduction up to ~25% was

obtained.
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Figure 4-10 SHPo surfaces testing results in high-speed water tunnel. (a) skin friction coefficient

and (b) drag ratio of different SHPo surfaces at different Reynolds numbers.

Compared with towing tank test discussed in next section, much less wetting was observed during
the experiments even with similar Reynolds number range. We think this robustness of gas layer
attributes to the supersaturated water (i.e., vacuum pressure as shown in Figure 4-9) in the water

tunnel at high speeds. As shown in Figure 4-9, pressure inside the water tunnel dropped below
atmosphere pressure after ~4 m/s, corresponding to Re ~4.7x10°. In Figure 4-11, the surface

dewetted at Re ~ 4.7x10°, consistent with the pressure change. The negative pressure would first
cause the existing gas inside the SHPo surface to expand, pushing the water out at wetted area.
Meanwhile, since the water was supersaturated, gas started to diffuse into the plastron on SHPo
surface. However, as the Reynolds number continues to increase, the front of the SHPo surface
started to get wetted again possibly due to high shear and pressure fluctuation. The wetting caused
the drag ratio to increase again at the highest speed (Figure 4-10(b)). All in all, this is the first time
that Reynolds number effect was observed in high speed water tunnel, showing the wetting

transition is the key element that prevented the Reynolds effect showing up in other studies [30].
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Figure 4-11 Pictures showing wetting of SHPo#1 at different speeds during high-speed water

channel experiments. Other types of SHPo surfaces had similar wetting behavior.

4.6 High-Speed Towing Tank Test

4.6.1 Flow Facilities and Testing Methods

4.6.1.1 Towing Tank Facility and Shear Sensor Attachment

Towing tank facility (95.4 m long, 3.6 m wide, and 1.8 m deep) at the Davidson Laboratory of the
Steven Institute of Technology was used to create high-speed TBL flows. The aluminum towing
plate shown in Figure 4-12 is 1.4 m long, 0.7 m wide and 0.02 m thick. As shown in Figure
4-12(a)(b), the towing plate is suspended vertically in the tank by two struts, which in turn hang
from a carriage rail. As can be seen from the figure, the rotating axis is kept at an angle from the
moving direction. This design is to reduce the yaw angle caused by asymmetry of the towing plate.
The asymmetry could not be avoided because our towing plate was too thick for the clamp and
thus screwed in to the center from one side. When the towing plate is not symmetric, a pressure
difference on two sides of the plate will cause the plate to turn. However, the none parallel rotating

axis will cause the plate to have an angle of attack, which will balance the pressure difference

102



caused by the pressure asymmetry. Meanwhile, an inclinometer is attached to the top of the towing
plate so the yaw angle could be measured in real time. The technical team at the Davidson
Laboratory has supported the experiments.

(a)

Carriage rail Carriage rail

Carriage

Pivot axis

‘ — Camera
! 1.4m | housing

¢

1mnuu:j—lmunlLlll>

Figure 4-12 High-speed towing tank experimental setup. (a) Schematics (not drawn to scale) of
towing tank experimental setup. (b) Picture of the towing plate. (c) Schematics (not drawn to scale)

of cross-section view of the shear sensor.

Figure 4-12(c) shows the schematic cross section drawings of the sensor attachment. The shear
stress sensor was attached onto the towing plate using screws. To eliminate any potential bubble

trapped in between the encoder plate and the main plate, the encoder plate was installed underwater
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onto the main plate after bubbles were carefully blown away from the back of the main plate. The
encoder cables went through a slot on the back of the towing plate, which was sealed by tape to

reduce the disturbance. The shear stress sensor was installed and tested at different speeds.

4.6.1.2 Honeycomb Towing Plate Development

The towing plate shown in Figure 4-12(b) was made wide (tall) to increase SHPo surface
immersion depth and made thick to make sure the shear sensor was flush with the plate surfaces
on both sides. Compared with the previous towing tank test [13], the increased thickness of our
towing plate would lead to two problems: (1) difficult handling due to the increased weight (2)
bigger splash at high speed due to increased thickness. To solve these two problems, (1) we made
the inside of the plate hollow with honeycomb structure to reduce weight while keeping the
structural strength. The weight was eventually reduced more than 50% compared with solid plate.
(2) We shaped the front and rear end of the plate streamlined (by American Best Manufacturing,

Burbank, CA) to reduce the wave and splash during high-speed tests.

As shown in Figure 4-13, the honeycomb panel with aluminum honeycomb in between two thin
aluminum sheets was made by Kerr Panel Manufacturing (KPM) in Henderson, Colorado, to form
the main body of the towing plate to reduce weight. The front and rear end parts were made
streamline shape was designed by us and machined by American Best Engineering in Burbank,
California, and inserted into the honeycomb panel to reduce the wave and drag caused during the
high-speed test. The solid bars on the sides are used to increase the strength of the whole plate. All
the seams and gap were sealed using underwater epoxy to ensure watertight sealing of the
honeycomb. Two openings were made on the sensor plate holder at different positions to hold the

shear stress sensor at different immersion depth.
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Figure 4-13 Design of the honeycomb towing plate for towing tank test.

4.6.1.3 Compact Real-Time Underwater Camera Development

Monitoring the SHPo surface wetting during the test is crucial to understand the drag data, as
shown later in the results. Unfortunately, no commercial underwater camera was found small
enough to fit into the camera housing that we designed to be streamlined and small enough in order
to minimize the drag and disturbances against the towing experiment. Also, most commercial
underwater cameras can only do recording instead of real-time monitoring, which is critical for us
to identify any potential problems right away during the test. To solve this problem, we have

developed our own underwater miniature camera system.
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The camera used here is a spy camera (Adafruit) designed for Raspberry Pi computer. The small
size (8.5 mm tall, 11.5 mm long and wide) of the camera allows us to fit it into a small camera
housing with streamlined shape. Figure 4-14 shows the configuration of camera system. The
camera was first sealed into a metal case with a removable glass top, which allowed easy
adjustment of the focal length of the camera by twisting the camera lens and re-seal. The camera
case was then placed into the housing with adjustable viewing angles. Using a 2-meter ribbon
cable, the camera was connected to the main Raspberry Pi computer, which was controlled
remotely. Once immersed in water, the glass window on the housing was open to fill the void
inside the housing with water to avoid any image distortion. Then a thin rubber band was used to
fix the glass window underwater at high speeds. This underwater camera was developed together

with undergraduate student Jeong-Won Lee.

Camera cable

Sealant

Figure 4-14 Design of underwater camera for real-time SHPo surface monitoring
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4.6.1.4 Drag Ratio on Dewetted Area of SHPo Surfaces
For SHPo surface with massive wetting during the experiments, we also extracted the drag ratio

only for dewetted area (i.e., Cassie state). When there are both wetted and dewetted areas on the
SHPo surface at the same time, the drag ratio of the whole SHPo surface D, is the weighted

average of drag in wetted area and dewetted area:

D,

total

=D,S,+D,S, =D,S, +D,(L-S,) (5-5)

D, and D, are the drag ratio of the wetted area (i.e., Wenzel state) and dewetted area (i.e., Cassie
state), S, and S, are the area ratio for wetted area and dewetted area, respectively. We first

obtained the area ratio of wetted area by calculating the ratio of dark area S, from the picture of
SHPo surface using ImageJ. We then experimentally measured the drag ratio of wetted area (i.e.,
Wenzel state) D,, for each sample at different speeds by intentionally wetting the whole SHPo

surface. Then Equation (5-5) was used to obtain the drag ratio of dewetted area (i.e., Cassie state)

D

c*

4.6.2 Results

Figure 4-15(a) shows the skin frictional drag coefficient (C,) of the reference (smooth) and

different SHPo surfaces measured at speed range of 2-10 m/s. The value of theoretical skin
frictional coefficient is determined using Equation (5-4) with the distance between the sample
center and the leading edge being 1.1 m. The theoretical skin friction coefficient shows good
agreement with the experimental data with smooth surfaces. The four separate runs of the smooth
surface correspond to four separate installments for the test setup to show the repeatability of the
shear stress sensor measurement as well as the repeatability of the flow conditions. Figure 4-15(b)
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shows the drag ratio of different SHPo surfaces compared to the smooth surface. The detail

geometry and dimension of the surface structure for different SHPo surface is shown in Table 4-2.
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Figure 4-15 SHPo surfaces testing results in high-speed towing tank. (a) Skin friction coefficient
of smooth and different SHPo surfaces tested in high-speed towing tank. (b) Drag ratio of different

SHPo surfaces tested in high-speed towing tank.
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For silicon SHPo surface with 50 pm pitch, 90% gas fraction and 60 pum trench depth (SHPo#1),

the drag ratio first decreases by 25% to about 75% as the Reynolds number increases. However,

after Re ~ 6x10°, the drag ratio starts to increase as the Reynolds number increases and eventually

reaches 100 %, which indicate no drag reduction. The trend of drag change matches well with the

wetting behavior of the SHPo surface, as shown in Figure 4-16. Before Re ~6x10°, most area of

the surface stays bright (dewetted), indicating the existence of gas. Then as the Reynolds number

increases passing Re ~6x10°, massive wetting started to show up at the front of the sample and
expands as the Reynolds number increased. Eventually, more than half of the area got wetted and

the total drag increased to similar as smooth surface (i.e., no drag reduction).

(a) U=2.1 m/s (b) U=3.1 m/s (c) U=4.0 m/s

—

Flow

(d) U=5.2 m/s (e) U=6.1 m/s (f) U=7.0 m/s
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Flow Flow

(g) U=8.2 m/s (h) U=9.1 m/s (i) U=10.1 m/s

—

Flow Flow

Figure 4-16 Pictures of SHPo surface (SHPo#1) showing wetting area after each testing speed.
SHPo surface is the rectangle shape in the center of each picture. Dark area indicates wetted state
(Wenzel) while bright area indicates dewetted state (Cassie). Flow direction is from left to right.

From (a) to (i), the flow speed increases.
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For the drag ratio curve on Si SHPo surface with 25 um pitch, 90% gas fraction and 25 um trench
depth (SHPo#2), the trend is similar as the one for 50 pum pitch SHPo sample. Meanwhile, the skin
friction drag and drag ratio are higher than 50 pm pitch SHPo sample, as predicted in

computational studies [22] and experiments [6]. The trend of drag change also matches the wetting

behavior of the SHPo surface (Figure 4-17). Before Re~5x10°, most of the surface stays

dewetted and the drag decreased with the Reynolds number increasing. However, after

Re ~5x10°, massive wetting (dark area) started to show up in the front of the sample and the total
drag started to increase, as shown in Figure 4-17(d). Due to the lack of reentrant structures (Figure
4-4(b)), the wetting started earlier than SHPo#1 tested previously. Meanwhile, different from 50

pm pitch SHPo sample, the drag increased slower as Reynolds number increases after the threshold,

maintaining ~13% drag reduction eventually even at highest Reynolds number of Re ~1.1x10’.

(a) U=2.1 m/s (b) U=3.1m/s (c) U=4.0 m/s
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U=8.2 m/s (h) U=9.1 m/s (i) U=10.1 m/s
o
Flow Flow

Figure 4-17 Pictures of SHPo surface (SHPo#2) showing wetting area after each testing speed.
SHPo surface is the rectangle shape in the center of each picture. Dark area indicates wetted state
(Wenzel) while bright area indicates dewetted state (Cassie). Flow direction is from left to right.

From (a) to (i), the flow speed increases.
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For the drag ratio curve of FEP SHPo surface with 50 pum pitch, 85% gas fraction and 40 um trench

depth (SHPo#3), the Reynolds number (Re~4x10°) where the drag start to increase is smaller
compared to that of silicon SHPo surface. Possibly due to the lack of reentrant edge and rounded
corners on the top of the trench, as shown in Figure 4-4(e), the surface wetted more than silicon

SHPo surfaces which leads to higher drag, as shown in Figure 4-18. As the Reynolds number

increases, the drag ratio first decreases by ~18% at Re ~3.5x10°and then the reduction increased

back to ~5% at the highest Reynolds number.
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Figure 4-18 Pictures of SHPo surface (SHPo#3) showing wetting area after each testing speed.
SHPo surface is the rectangle shape in the center of each picture. Grey area indicates wetted state
(Wenzel) while yellow area indicates dewetted state (Cassie). Flow direction is from left to right.

From (a) to (i), the flow speed increases.

For the rough NeverWet surface (SHPo#4), the drag ratio is above that of smooth surfaces for all
speeds, indicating drag increase (Figure 4-15). However, no significant wetting was observable
even at highest speed (Figure 4-19). As summarized in [7] over several independent studies,

NeverWet surface might have drag reduction at low Reynolds number turbulent flow depending
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on the surface roughness and flow condition (e.g., pressure, water saturation). However, all
previous studies [7, 13] showed NeverWet surface cannot have drag reduction in high Reynolds

number turbulent flow.
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Figure 4-19 Pictures of SHPo surface (SHPo#4) showing no wetting area after each testing speed.
SHPo surface is the rectangle shape in the center of each picture. Flow direction is from left to

right. From (a) to (i), the flow speed increases

4.6.3 Discussion

Firstly, drag ratio reduced significantly down to ~75%, providing a significant drag reduction

(~25%) for the first time at Reynolds numbers up to Re~6x10° in towing tank facility,
demonstrating the robustness of our silicon-based SHPo surface against wetting. Secondly, drag
reduced more with higher Reynolds number, confirming the Reynolds number effect on the drag
reduction predicted numerically. As discussed in section 6.1.4, the effect of Reynolds number on
turbulent drag reduction has been an open-ended topic. In both numerical [8, 22] and
rheometer/microchannel experiments [26, 32], the drag reduction has been confirmed to increase
with the Reynolds number. However, in larger-scale, fully developed turbulent boundary layer
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flow, the opposite trend was observed [7]. To our best knowledge, this is the first time that drag

reduction increasing with Reynolds number has been observed in fully developed TBL flow.

The consistency between wetting and drag ratio supports our argument that wetting is the main

reason for drag increasing after Re ~6x10°. To calculate the drag ratio of only dewetted area after
mass wetting had occurred, the skin friction coefficient of wetted area was first measured for
Equation (5-5). The samples are wetted right after previous drag reduction test at all speeds. Figure
4-20 shows the skin friction coefficient of wetted (Wenzel) area for different SHPo surfaces at
different speeds. Interestingly, for SHPo surface with 50 um pitch (SHPo#1), the skin friction
coefficient first decreased and then increased as the Reynolds number increased. For SHPo surface

with 25 pum pitch (SHPo#2), the skin friction coefficient first decreased as Reynolds number

increased.
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Figure 4-20 Skin friction coefficient of completely wetted SHPo surface at different speeds in

towing tank test.
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For the interesting trend shown in Figure 4-20, riblet drag reduction was applied to explain the
results. As shown in Figure 4-21, |} :\/K/5 where A is the cross-section area of the space in
between two gratingsand ¢ is the turbulent boundary layer wall unit. We obtained the relationship
between drag ratio and |, for different SHPo surfaces at different Reynolds numbers. For SHPo
surface #1, | is larger due to large pitch while SHPo surface #2 has smaller 1. Figure 4-21 (a) is

the experimental (solid circle) and numerical results (void triangle) for riblet structure [40]. The
experimental trend in Figure 4-20(a), reproduced here as Figure 4-21Figure (b) for convenience,

matches the results for riblet structures in Figure 4-21 (a) with minimum drag ratio near |; ~10.

This result suggests the SHPo surface in Wenzel state performed like riblet structures, providing

drag reduction in only a certain range of Reynolds numbers.
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Figure 4-21 Drag ratio of riblet drag reduction and completely wetted SHPo surfaces. (a) Previous
experimental (solid circle) and numerical (void triangle) studies [40] on riblets structure drag

reduction showing relationship between drag ratio and nondimensionalized | . (b) Relationship
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between drag ratio and nondimensionalized |, for two different SHPo surfaces in Wenzel state at

different Reynolds numbers.

Using Equation (5-5) and the skin friction coefficients obtained in two tests, the skin friction
coefficients and drag ratio only for the dewetted area were calculated and plotted in Figure 4-22(a).
Two tests with the same SHPo surface of 50 pum pitch (SHPo#1) showed good consistency in skin
friction coefficient and drag ratio. A SHPo surface with 25 pm pitch (SHPo#2) showed higher skin
friction coefficient and drag ratio compared with SHPo#1, consistent with previous studies [6],
which reported a more drag by a large pitch. Figure 4-22(a) indicates that the drag would decrease
to as low as 60% (i.e., drag reduction as much as 40%) if the SHPo surface stayed without any
wetting in high Reynolds number flow. This resistance against wetting would be difficult for
passive surfaces with similar geometry scale. The current surfaces of SHPo#1 already had
reentrant structures at the top of the grating to enhance the air-water meniscus robustness. To
overcome this wetting transition, active surfaces that could restore Cassie state [41] after wetting

transition would be needed.

After obtaining the drag ratio data for dewetted area on SHPo surfaces, we apply analytical
equation concluded from previous numerical [21] and experimental study [32] for SHPo surface

drag reduction to obtain the dimensionless slip length:

oY Ly Lioq(/Drag i
b _Ufo (\/Fag 1 Klog( Drag) (5-6)

The obtained dimensionless slip lengths at different Reynolds number was plotted against JRe

and shown in Figure 4-22(b). From the figure, it is evident that b™ is linear to JRe for both types
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of SHPo surfaces. This result matches the SHPo surface drag reduction test results obtained in

rheometer test [32].

The experimental data was also compared directly with the numerical data in [21], as shown in

Figure 4-22(c)(d). The dimensionless width of shear free interface is: d* =u_d /v . The friction

velocity is obtained from experiment skin friction data: u_ =./z/p =,/0.5C,U? . The width of

shear free interface d =Pitch-GF is the spacing between two gratings. Even though the
numerical study [21] didn’t cover d* range in the experiment, the experimental data generally
match the extension line converging to point (0, 1) indicating smooth surface. Note that the
numerical study assumes flat air-water interface flush with the top of the surface microstructures,
while the air-water interface in actual experiment tends to bend downwards and slide down into
the micro-structures. This deviation from the flat-flush assumption is known to decrease the slip

length, and will compromise drag reduction according to other studies on turbulent flow [18, 42].
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Figure 4-22 Drag ratio on SHPo surfaces considering only the dewetted area (i.e., Equation (5-5)).

(a) drag ratio of the dewetted area on different SHPo surfaces at different Reynolds numbers. (b)

Dimensionless slip length that is obtained using Equation (5-6) from numerical study [32] at

different Re. The dash lines are linear fit to both types of SHPo surfaces. (c)(d) Variations of drag

ratio with the dimensionless width of shear free interface (d*). The numerical data are from [21]

for grating SHPo surfaces. Numerical#1: Gas fraction = 91.7%, Re_, =140. Numerical#2: Gas

fraction = 87.5%, Re_,,

in [21].
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4.7 Demonstration of SHPo Surface Drag Reduction in Field Test
4.7.1 Motivation

As described in Chapter 1, reducing the frictional drag of marine vessels would have a substantial
impact both economically and environmentally [43]. However, while a few studies were reported
using small model boats [10, 11] or model submarine [12] at low Reynolds numbers

(Re, ~10* —10° ), there has been no field test of SHPo surface on actual marine vessel at high

Reynolds numbers. Most of the turbulent drag reduction tests of SHPo surfaces were conducted in
water tunnel, rheometer or even micro-channels, where flow condition and other environmental
conditions were quite different from the flow near marine vessel in seawater. One test that are
closest to marine vessel conditions is the towing tank test [13]. However, no drag reduction or

even drag increasing was observed at high Reynolds number.

For actual field test, there has been few suitable sensor for evaluating SHPo surface drag reduction.
Covering the whole ship with SHPo surface and conduct long-term trip test would be too expensive
and time-consuming. Moreover, the long-term fouling of SHPo surface and gas replenishing after
wetting remain a problem. For small sample of SHPo surface, there lacks a reliable sensor that can
be incorporated into the hull of marine vessels while providing high resolution and robustness
against environmental change. The commonly used piezoelectrical sensor [30] is usually too bulky
and sensitive to temperature and pressure fluctuation in field test. Other equipment used in
experiment environment like PIV or LDV are also too bulky for marine test. Furthermore, the
robustness of SHPo surface at high Reynolds number is another critical issue. As shown by Aljallis
et al. [13], even random-structured SHPo surface with nanoscale roughness may get partially

wetted in high Reynolds number flow, causing loss of drag reduction capability.
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Here, we conducted the first field test on a boat in seawater using the newly-developed sensor
discussed in Chapter 2. First, the sensor developed is compact enough to be incorporated into boat
hull. 1t also has high resolution to sense small shear force applied on our small (4 cm x 7 cm) SHPo
surface sample and high robustness against the environmental parameters change during the field
test. Second, the reentrant structure on silicon SHPo surface makes it robust against wetting

transition as high as Re, ~ 4x10°.

4.7.2 Testing setup on modified boat

A Boston Whaler boat was modified for this test. A picture of the boat is shown in Figure 4-23(a).
The boat hull is 13.3 feet long, 5 feet wide and 2 feet tall. With three people on board, it has a
draught of ~30 cm. The boat is powered by one engine in the back and the maximum speed with

three people on board is about 10 knots (~5 m/s).
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Figure 4-23 Pictures of the experiment setup of the modified boat. (a) 13’ Boston Whaler boat
used in the test (b) Shape of the boat hull viewed from the front. (c) Customized well in the boat
(d) top view of the test well and the sensor holder. (e) Schematic cross section view (not drawn to

scale) of the boat and sensor.

To be able to incorporate the shear sensor onto the boat, a “test well” was made into the boat hull

by Byron Pfeifer of the UCLA Marina Aquatic Center, as shown in Figure 4-23(c)(d). The well is
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a rectangular through hole on the ship hull with a tank on top to hold the water. A sensor holder
was attached onto the sidewall of the well and the sensor plate is mounted onto the sensor holder.
The bottom of the sensor holder was made flush with the bottom of the boat hull to ensure
continuous boundary layer over the sensor. “Breathing holes” were made on the sensor holder at
the rear end of the flow direction. Since the main rectangular hole will be sealed after the sensor
plate is mounted, these “breathing holes” are to ensure there is no pressure difference across the
sensor plate, which may push the floating plate vertically and affect the measurement. The real-
time underwater camera (not shown on picture) was also used to observe the SHPo surface

underwater in real time, similar as towing tank test.

Even though the sailing speed could be precisely measured using both GPS and speedometer, it is
still difficult to define the flow conditions (e.g., Reynolds number) because of unknown size of
wetted area. Firstly, as shown in the front view of a Boston Whaler (Figure 4-23(b) [44]), the hull
shape evolved from the Hickman Sea Sled with two runners on the two sides. The double “V”
shape under the boat is used to trap air and lift the boat out of water at high speed [45]. However,
the lifting is affected by speed, wave, bow angle and other factors and changes with time. This
indicates the wetted area of the boat bottom is changing. Second, with engine in the back, the boat
tends to have a bow-up angle during sailing. This angle is also affected by the angle of the propeller,
waves and sailing speeds. Because it is difficult to control flow conditions under the boat, it is
necessary to test both SHPo surface and smooth surface in parallel at the same time to ensure fair
comparison. The sensor is composed of two floating plates in parallel with similar spring constants,
as shown in Figure 3-5(c). SHPo surface sample and smooth surface sample with the same size
will be placed on two floating plates respectively. The displacement readings from the optical

encoders for both plates were obtained at the same time, ensuring same flow conditions.
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4.7.3 Results

4.7.3.1 Double Floating Plate Sensor Validation

Since the location of the two floating plates are slightly different, we first conducted an experiment
with two same smooth surfaces mounted on two floating plates to confirm the same flow
conditions at both locations. Figure 4-24 showed the tested results. As can be seen from the figure,
we tested at three different speeds with one or two tests at each speed. The absolute shear force
values were different for different tests even for the same speed reading, possibly due to different
bow-up angle and currents in seawater. However, the relative difference between the two parallel
floating plates remained very small for each test. This has verified that both floating plates are
experiencing the same flow condition at the same time and the small difference in location doesn't

affect the result.

(a) (b)
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Figure 4-24 Testing with two same smooth surfaces in boat test. (a) Skin friction coefficient and

(b) drag ratio of smooth surfaces at different speeds in field test.
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4.7.3.2 SHPo Surface Drag Reduction Test

Silicon SHPo surface coated with Teflon AF 1600 was used in the drag reduction test. The SHPo
surface has a pitch of 50 um, gas fraction of 90% and grating height of 60 um (SHPo#1 in Table
4-2). Figure 4-25 shows the pictures of SHPo surface throughout the test at speed of ~3 m/s. As
can be seen from the figure, there were bubbles originated from the seawater and got trapped on
the SHPo surface before test started (Figure 4-25(a)). During the test, due to shallow draught of
the boat, bubbles created in the front of the boat flew passing the SHPo surface. Small bubbles
were seen passing the SHPo surface at high speeds (Figure 4-25(b)) while large bubbles showed
up as the boat started to decelerate (Figure 4-25(c)). Eventually after the boat stopped, the SHPo

surface remained shiny without any bubble attached or wetting areas (Figure 4-25(d)).

As has been observed from the previous towing tank test, same SHPo surface began to show
massive wetting after 4 m/s which corresponds to shear stress of ~23 N/m?2. However, during the
boat test, no wetting was observed up to the highest speed tested (~ 5 m/s) with shear stress of ~
50 N/m? for smooth surface. This is probably because the bubbles passing by the SHPo surface
replenished the loss of gas, sustaining the plastron even at higher shear rate. Meanwhile, the
increased drag at lowest speed might be caused by the form drag from initially trapped bubble

(Figure 4-25(a)).
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Figure 4-25 Pictures of tested SHPo surface in boat test (~3m/s).

Figure 4-26 shows the shear stress data from the sensor reading and drag ratio between SHPo
surface and smooth surface for each test. At low speeds, the SHPo surface has more drag than the
smooth surface, indicating the potential extra form drag created by the bubbles trapped on the
surface. As the boat sped up, the bubbles were swept away, and the drag started to decrease. At

the highest speed tested of ~ 5 m/s (Re, ~ 7x10°), the drag decreased by ~20% to ~80% of the

smooth surface.
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Figure 4-26 SHPo surface performance in boat test. (a) Skin friction coefficient and (b) drag ratio

of SHPo surfaces at different speeds in field test.

4.7.4 Discussion

As a preliminary test, this experiment for the first time verified the drag reduction capability of the
passive SHPo surface in high-speed boat tests. More importantly, the drag reduced more as
Reynolds number increased. This trend is consistent with previous numerical studies [8, 9, 22] and
our towing tank test (section 4.5). Due to the small size and speed limit of current boat, the
Reynolds number (Re ~10°-107) near the sensor is still much lower compared with other
commercial marine vessels (Re ~108 - 10°%). However, according to Reynolds number effect, higher

drag reduction is expected for larger marine vessels if SHPo surface stay dewetted.

Meanwhile, it needs to be pointed out that the bubbles in water and the shallow immersion depth
of current boat helped the SHPo surface to stay dewetted throughout the test. The flowing bubbles
created by the boat replenished the SHPo surface which would otherwise get wetted at such high

shear rate, according to our recent towing tank test (section 4.5) and other experiment results [13].

125



However, with other large commercial marine vessels with higher immersion depth and more
streamlined shape, we won't expect the existence of similar bubbles flows. On the contrary, the
high immersion depth and biofouling would accelerate the SHPo surface to wetting process [15,
16]. In those circumstances, active gas replenishing methods [41] to dewet the SHPo surface will

be needed.

All in all, even though high drag reduction has been achieved for the first time in seawater field
test, much work still need to be done to (1) sustain the gas on SHPo surface at large immersion
depth and high Reynolds number (2) scale up the manufacturing of grating-structured SHPo

surface for large area application.

4.8 Flow Tests Summary
Figure 4-27(a) summarized the drag ratios of all the SHPo surfaces tested above, together with all
previous SHPo surface turbulent studies. Figure 4-27(b) summarized all our open water high-

Reynolds number tests with only one previous study [13]. In summary:

(1) We obtained drag reduction up to 25% at high Reynolds number range

(Re ~3.0x10° —1.1x10") in open-water TBL flow for the first time.

(2) We observed drag reduction increasing with Reynolds number in large flow facilities for the

first time, confirming previous numerical studies [8, 22] and rheometer experiment [32].

(3) Even though surface wetting prevents us from getting even higher drag reduction, we believe
the semi-active gas replenishing mechanism [41] will eventually solve this problem, leading to

much higher (Figure 4-22(a)) and sustainable drag reduction.
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Figure 4-27 Summary of all SHPo surface flow tests in turbulent flow. (a) SHPo surface flow tests
in turbulent flow (Figure 4-1) with our current tests (shown as empty circles in figure). (b) Open-

water TBL flow test results [13] with our current open-water TBL flow tests.
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Chapter 5 Whole-Teflon Superhydrophobic Surfaces for

Sustainable Drag Reduction

5.1 Introduction

5.1.1 Teflon as the Material for Functional Microstructures

Polytetrafluoroethylene (PTFE)-based formulas — best known as brand name Teflon by DuPont —
is well known for its great hydrophobicity, superior inertness to almost all chemicals, and non-
stick properties. They also show excellent resistance to molecular adsorption from and material
leaching to surrounding solutions [1]. These unique properties are crucial for many functional
microstructures, such as superhydrophobic (SHPo) surfaces and microfluidic chips. Especially for
the key applications of SHPo surfaces (e.g., drag reduction, anti-biofouling), the surface material
should remain hydrophobic over the entire service period under water. For many microfluidic
chips, the surface should be inert to different solvents, do not adsorb or absorb molecules, and do

not leach its molecules to the surrounding solutions [1].

In order to meet the above requirements, for many years coatable PTFE-based formulas (e.g.,
Teflon AF of DuPont, Cytop of Asahi Glass, and FluoroPel of Cytonix) have been widely used for
both SHPo surfaces [2-5] and microfluidic chips [6-9]. However, the inherently low energy of
Teflon makes the coated film prone to defects and susceptible to peeling, restricting the reliability
and lifetime of the functional microstructures. Also, the high-temperature (e.g., 330°C) required
for baking after coating is not compatible with many structural materials, especially polymers. As
the underlying structural materials are mostly made of silicon or glass, microfabrication of the

surface structures (typically lithographic etching) is too expensive for commercialization. In recent
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years, microstructures made entirely of Teflon [1, 10, 11] have shown promising performances.
These whole-Teflon microstructures not only possess all the key properties of Teflon but also
showed good long-term performance, since the whole structure is intrinsically hydrophobic.
Moreover, the hot-embossing method employed to form the whole-Teflon microstructure greatly

reduced the fabrication cost and time.

5.1.2 SHPo Surfaces with Self-Regulated Gas Restoration Mechanism

SHPo surfaces have shown promise to traverse in water with an appreciably smaller (i.e., by >10%)
friction than the existing surfaces [4, 12-14]. This reduction of drag is caused by the lubrication
effect of the air trapped in their hydrophobic microstructures under water. However, unlike the
SHPo surface supporting water droplets in air environment, SHPo surface fully immersed under
water cannot keep the air for long [15], undermining the fundamental premise of SHPo drag
reduction. The short lifetime (typically < 1 hr) of the trapped air under water is currently the main
challenge against the use of SHPo materials for underwater applications [15, 16]. A recent
breakthrough solved this problem by engineering a self-regulated (i.e., self-initiated, self-limited,
and externally powered) gas-restoration mechanism using electrolysis, which made the trapped air
sustainable under water indefinitely by supplying a minimal amount of electric power [3, 16].
Electrolysis was preferred over boiling or pneumatic means for its low power consumption, easy
actuation control, efficiency at small scales, and most importantly the possibility of self-regulation.
When water impregnated any microstructures occasionally under water, the surface “healed” and
recovered the lost gas, as illustrated in Figure 5-1. Power was consumed only when and where the
surface was wetted. This surface has shown strong robustness against defects and high hydrostatic

pressure (measured up to 70 m depth) [17], which mimicked marine conditions.

133



<

Partially wetted

De-wetting

Liquid \‘

<

Dewetting

rd
Gas

Figure 5-1 Self-regulating gas restoration mechanism. Voltage is always applied between water
and the electrodes on the microstructure bottom. (Top) Full Cassie state. The electrochemical
circuit is open, consuming no power. (Middle) Water impregnates a portion of microstructures and
contacts the electrode, closing the circuit locally. (Bottom) A gas is generated by electrolysis,
restoring Cassie state and re-opening the circuit. (Right) The key is how to make the generated gas

grow within the structures rather than forming bubbles and leaving

This semi-active mechanism consumed little power (e.g. battery-powered) due to the self-
activating and self-limiting nature of its gas generation. The key for the success was forcing the
generated gas to spread within the microstructures rather than leaving as bubbles, even though the
former scenario was energetically less favorable in general [3]. After impregnation, the seed gas
between the structures should spread only laterally when pressurized by an influx of additional
gases. If allowed to grow vertically off the structures, additional gas would escape the surface
rather than covering more of the surface. To achieve the feat, the bubble expansion should
encounter less resistance in the lateral direction along surface structures than in the vertical

direction off the surface once the liquid-gas interfaces reach the top of the structures. This
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challenging goal was obtained by having the surface structures satisfy certain criteria for the given

surface pattern (e.g., ridges, posts) of the microstructures [3].

5.1.3 Motivation

Several studies on SHPo surface drag reduction has demonstrated significant drag reduction in
turbulent flows in laboratory conditions [4, 12-14]. However, the fundamental problem against its
applications remains to be the short-lived air on the SHPo surfaces fully submerged under water
[16], as well as scale-up fabrication of such surfaces [18]. The self-regulated gas restoration
mechanism described above uses a minimal amount of external electrical power [3, 19] and has so
far been the only verified solution that makes the trapped air sustainable under water. However,
the surface developed in previous work [3] used semiconductor process and silicon as material
which are too expensive for mass manufacturing. Also, the Teflon AF coating applied on the

photoresist and silicon surface are easy to be peeled off after electrolysis.

Inspired by the whole-Teflon microstructures and the self-regulating gas restoration mechanism,
in this chapter we further develop (1) a one-step hot embossing process to fabricate a whole-Teflon
SHPo surfaces with embedded electrodes for self-regulated gas recovery for mass manufacturing
and (2) a self-powered gas restoration mechanism that not only has all the advantages as previous
work but also doesn’t need any external power supply for gas restoration. Semi-active SHPo
surfaces with the self-powered gas restoration mechanism can be applied onto the ship hull without
the need of external electrical connection. This self-powered SHPo surface is expected to not only
produce significant (i.e., > 10%) drag reduction found in several laboratory studies [4, 12-14] but
also sustain the drag reduction in practical conditions by sustaining the gas layer under water

without external power supply. Moreover, the materials chosen and fabrication approach employed
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to make these semi-active SHPo surfaces make the proposed manufacturing approach scalable for

ultimate mass production in the future.

5.2 Microstructure Design

5.2.1 Geometry Design

As has been discussed in Chapter 4, grating structures are a desired structure for SHPo turbulent
drag reduction. Compared with other geometric design (e.g., posts, random microstructures), SHPo
surfaces made of micro-grating structures have shown the highest and most consistent drag
reduction in turbulent flows [4, 18, 20]. The geometric design of micro gratings is discussed in the

following to optimize drag reduction, air-water meniscus stability and gas replenishing process.

5.2.1.1 Maximize Drag Reduction

The drag reducing capability of SHPo surface is mainly affected by pitch and gas fraction at the
top of the grating. Studies have shown that the drag reducing capability will be greatly
compromised once the air-water meniscus depins from the grating top [21]. The effect of pitch and
gas fraction of micro-grating on the drag reduction capability has been well-studied in laminar
flow both analytically [22] and experimentally [23]: the slip length b increase linearly with grating
pitch and exponentially with gas fraction. However, in turbulent flow, no analytical theory has
been established. Even though the numerical [24, 25] and experimental studies[4, 20] have not
match with each other yet, they all demonstrated similar trend that the drag reduction increases as
the pitch and gas fraction increase. Also, as shown in Figure 5-2 [4], when the gas fraction is
approaching 100% (i.e., complete gas layer), the drag reduction is more sensitive to gas fraction
changes compared with pitch changes, and increase dramatically as the gas fraction increases [4,

24]. This trend is quite similar to the trend in laminar flow.
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Figure 5-2 Effect of grating geometry of SHPo surface on drag ratio in TBL flow. [4]

Grating height will also affect the drag reduction capability. If the gratings are too low, the curved

or fluctuating air-water will touch the grating bottom, leading Cassie to Wenzel transition known

as sag impalement [26]. Beside this, the grating height can still affect the drag reduction in two

other ways: drag between trapped gas and wall, and meniscus shape. Since the gas in between

gratings is trapped underwater, the shear stress on air-water interface drives the gas to flow and

circulate inside the cavity, as shown in Figure 5-3(a). This circulation will cause shear stress

between gas and the solid wall, increasing drag on SHPo surface [27]. The thicker the gas layer

(i.e., larger grating height), the smaller this gas circulation effect is [27].
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Figure 5-3 Effect of grating height on SHPo surface drag reduction. (a) Circulating gas flow in

SHPo surface gas layer [27] (b) Effect of meniscus curvature on skin friction coefficient [28].

The grating height will also affect meniscus shape, which will affect drag reduction (Figure 5-3(b)).
As found in recent numerical [29] and experimental studies, the drag reduction will decrease as
the meniscus bends into the gratings. For example, Crowdy [28] showed that for grating SHPo
surface with 90% gas fraction, when the angle of the meniscus curved from flat to -30° into the
gratings, the slip length decreased by approximately 14%. Once the SHPo surface is immersed,
the meniscus will bend toward the solid surface due to hydrostatic pressure. Meanwhile, since all
the gas is trapped, pressure will build up inside the cavity and resist further meniscus bending. The
smaller volume of the gas, the smaller meniscus bending once immersed [15], as shown in
Equation (3-3). Moreover, the pressure usually fluctuates in turbulent flow, smaller grating height
will lead to smaller meniscus fluctuation, which could cause higher drag reduction. However, as
discussed in [15], diffusion of gas will eventually lead to an equilibrium state or depinning of
meniscus, independent of grating height. An optimal grating height for drag reduction is beyond

the scope of this dissertation.

5.2.1.2 Increase Meniscus Stability
The pitch and gas fraction of the micro-gratings determine the drag reduction capability and the

air-water meniscus stability. The meniscus stability is determined by the following equation:

_20C0s0,
LD

AP (6-1)

Where AP is the maximum pressure difference across the meniscus that the micro-gratings can

sustain, o is the surface tension of water, 6, is the advancing contact angle of the meniscus on
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the grating top, L is the pitch and @ is the gas fraction. For pitch and gas fraction, there is a
tradeoff between drag reduction and meniscus stability: we want to increase them for large drag
reduction but decrease them for stable meniscus. However, because the drag reduction is more
sensitive to gas fraction when gas fraction is high while the meniscus stability is equally sensitive

to both. Large gas fraction with small pitch is a better option.

The above equation only considered 2D scenario while the actual sample is 3D. The grating
geometry at the ends of the sample also needs to be considered. Since the turbulent boundary layer
is expect to have dramatic change at the starting and ending area of the micro-gratings, it has been
found that the areas near the ends of the micro-gratings are prone to wet first. As illustrated in
Figure 5-4, three different end structures have been considered for grating SHPo surfaces: closed
end, open end and semi open end. Closed-end structure has the best performance in term of
meniscus stability due to the extra edge that the meniscus could pin to. However, the whole-Teflon
SHPo surface was fabricated using high-temperature molding process and the surface will
experience shrinkage after cooled down. We found that the closed end gratings were likely to be
distorted at the corner during demolding process. Meanwhile, while the open-end grating can stay
intact after demolding, they are easier to get wetted. Thus, we designed a semi-open structure with
additional short gratings in between long gratings. The added gratings will make the air-water

meniscus more robust and could also stay intact after demolding.
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Figure 5-4 SHPo surface with different grating ends. (a) Closed end. (b) Open end. (c) Semi-open

end.

It has also been found that making the top surface hydrophilic will help the gas retention inside
the SHPo surface [30]. However, we didn’t apply hydrophilic top to whole-Teflon SHPo surface

due to the difficulties in integrating the process into current mass manufacturing process.

5.2.1.3 Facilitate Gas Replenishing

The gas restoring mechanism used in [3] was applied to whole-Teflon SHPo surface. Based on [3],
the micro-gratings should be designed that the generated gas at the bottom is more favorable to
propagate along the grating laterally rather than out of the top of the grating vertically. The process

is described in the equation [3]:

—(@+cos@, ..)D
( + b,rec) (6-2)

2cos@, . —2sing,

g,rec t,rec

H/L>

where L is the pitch, H is the grating height, ® is gas fraction, g, .. is the receding contact

is the receding contact angle on the sidewall surface and 6,

t,rec

angle on the bottom surface, 4

g,rec

is the receding contact angle on the top surface of the grating.
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As shown in Equation (6-2), to facilitate gas propagation, we prefer to reduce right-hand side while
increase left-hand side. Firstly, smaller pitch and gas fraction are preferred. Secondly, taller grating
is more favorable for gas propagation. However, as shown in previous study [15], taller grating
increases the time of wetting process when meniscus sliding down. During the wetting process,
little drag reduction exists [21]. For high drag reduction capability, we prefer the meniscus to slide
down fast once it depins so the gas restoration process could be triggered. Therefore, low gratings
are preferred as long as (1) there is no sag impalement (2) gas still prefer to propagate along the

gratings (3) there is not much gas-circulation-induced shear force.

The surface properties play a big role in affecting receding contact angles in Equation (6-2). To
minimize the right-hand part, the receding contact angle on the top surface of the grating needs to
be as small as possible and ideally equal or less than 90°. The receding angle on the sidewall and
the bottom surface needs to be as high as possible, ideally 180°. However, due to fabrication
constraints, we only increased the bottom surface receding contact angle using “nanograss” made
of Teflon, as shown in Figure 5-5. The structures are the reverse replica of nanoholes on the mold

top surface.
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Figure 5-5 “Nanograss” structure at the bottom of the SHPo surface micro-gratings.
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5.2.2 Self-powered Gas Restoration

While the self-regulating gas restoration mechanism in [3] could restore the drag reduction
capability of SHPo surface even after it get wetted, it relies on outside power source for electrolysis.
This will introduce the problems of wire connection and sealing especially for large area
applications. To solve this problem, a self-powered gas generation mechanism was developed so
no external power source is required for gas restoration. The structure of self-powered SHPo
surface is shown in Figure 5-6, metal 1 and metal 2 are electrically connected to each other and
chosen to have distinctively different electrode potentials. When a portion of the micro-trenches is
filled with electrolyte (e.g., seawater), which connects metal 1 and metal 2, an electrochemical
(galvanic) reaction ensues, and the reduction reaction on metal 1 generates a gas (e.g., hydrogen)
within the microfeatures. If the micro-trenches are of a proper geometry, as discussed in [3], the
generated gas will fill the micro-trenches rather than forming individual bubbles and leave the
surface. The gas generation self-regulates itself and effectively maintains the gas inside the micro-
trenches against any wetting events. Moreover, no external power supply is needed to generate the

gas. The chemical reactions on different electrodes in typical seawater are:

Cathode:2H* +2e = H, T
Anode:M —e" =>M"

(6-3)

where M is the metal 2.
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Figure 5-6 Gas replenishing mechanisms of self-powered SHPo surface. (a) Both electrodes are
underneath the micro-gratings. (b) Cathode is underneath the micro-gratings while anode is

immersed in water.

Electrode material selection is a crucial part of this gas generation mechanism. Both of the
electrodes should (1) meet the electrode potential requirements, (2) be compatible with the
molding process, (3) be economical. For electrode potential, the cathode material should have
higher potential than hydrogen ion in water so it is not involved in the reaction. Also, the cathode
material should have low hydrogen evolution potential so hydrogen is easy to be generated on it.
Meanwhile, the electrode potential of anode material should be lower than that of hydrogen ion in

water so it will be involved in the reaction. The gas generation speed is affected by the material
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selection, reaction area and environment parameters (e.g., temperature). The reaction speed
shouldn’t be too high that the reaction is too violent to stop. It also shouldn’t be too slow that the
gas generation is slower than gas depletion. We eventually used magnesium as anode material with

nickel or copper as cathode material.

5.3 Mass Manufacturing Process Development

Due to the high glass transition temperature of Teflon FEP, hot embossing is the optimal method
to fabricate whole-Teflon microstructures. It also has the potential for mass manufacturing of
larger area sample due to its relatively straightforward process. Hot embossing of thermoplastic
materials to fabricate microstructures has been studied extensively in recent years [31-39].
However, hot embossing with Teflon for microstructures was reported only recently, using Teflon

PFA or FEP [1, 11, 34].

5.3.1 Mold Fabrication

Teflon FEP and PFA has been applied to the fabrication of microfluidics structures [1]. However,
in previous studies, the mold was fabricated using PDMS with tuned composition to withstand
high temperature. The mold itself might change shape during cooling and cause bad fidelity, which
is critical for us since our SHPo surface gratings has smaller (~5 um) feature size. Moreover, the
mold itself might get abraded after many times of repeated mold and demolding cycles.
Considering all the factors, we decided to use silicon to fabricate the mold. The mature MEMS
fabrication process will precisely define the mold feature size. Also, the silicon material is hard

and difficult to be abraded even after multiple cycles of molding and demolding practices.

The fabrication process, shown in Figure 5-7(a)-(f), started with a single-side polished silicon

wafer that is 500 um thick. First, the surface was patterned using DRIE to obtain the micro-
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trenches that is about 55 um deep. Then the wafer was cleaned in oxygen plasma to remove the
fluoropolymers deposited during the DRIE process. The oxide mask was then removed using
buffered oxide etch (BOE) containing hydrofluoric acid and buffer solutions. After thorough
cleaning using Piranha solution (98 wt.% H2S04:30 wt.% H20> = 4:1), the wafer was etched again
in RIE to widen the top part of the micro-trenches and reduce the scalloping structures on the
sidewall. The wafer was cleaned in oxygen plasma after that. The nanoholes on the mold were
fabricated using silver-nanoparticle-assisted silicon etching [40]. To fabricate nanoholes on the
mold, the wafer was first cleaned using Piranha solution for 10 mins and BOE solution for 5 mins
respectively. After drying, the sample was immersed into Ag deposition solution (3.71 mol/L HF
and 0.004 mol/L AgNOs) for 1 mins to grow silver nanoparticles. After cleaning using DI water,
the sample was transferred to Ag etching solution (HsPO4:HNO3:CH3COOH:H,0 = 3:3:23:1) for
10 mins in to reduce the Ag nanoparticle size. After cleaning, the wafer was dipped into silicon
etching solution (6.57 mol/L HF and 0.18 mol/L H20.) for 1 minute to achieve nanoholes on

silicon wafer. Eventually, the residual silver was etched away using nitric acid solution.

The RIE etching process was proven to be a critical process for successful demolding of the SHPo
surface. Firstly, the DRIE etched sidewall will have negative angles [41] (i.e., reentrant) so the
micro-grating structure is “locked” inside, making demolding very difficult. The RIE process will
etch the top part of the trench faster than the bottom part, resulting a positive tapered angle (Figure
5-7(g)), which will facilitate demolding. Second, the “scalloping” structure on the sidewall of the
DRIE will increase the friction on the sidewall during demolding. The RIE process will etch the

nanostructure, smoothing the sidewall.
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Figure 5-7 Teflon FEP SHPo surface mold fabrication. (a)-(f) Silicon mold fabrication process. (g)

SEM picture of typical silicon mold showing tapered sidewall profile.

5.3.2 Molding Process

Teflon FEP is used in the molding process due to its lower glass transition temperature and cost

compared with Teflon PFA. The molding process is shown in Figure 5-8, first, the electrodes were
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placed between FEP film and mold (Figure 5-8(a)). The electrodes were placed perpendicular to
the grating direction so that the electrodes do not substantially cover the micro-trenches. A
transparent glass block was placed on top of the FEP film so the molding process could be
visualized. The low heat conduction rate of glass could also ensure the Teflon FEP was not cooled

from the top to ensure better temperature uniformity across the FEP film. During the molding

process under applied pressure (~0.25 MPa) and at an elevated temperature (~275 “C ), the Teflon
FEP flew around the electrodes and filled into the trenches on the mold, as shown in Figure 5-8(b).
The molding time was about 4 mins. After the molding was completed, the molding pressure
remained while the hot plate was actively cooled down using circulating cooling water inside the

hot plate. The molding pressure was released after the temperature dropped to room temperature.

Electrodes

(a) (b)

(d)
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Figure 5-8 Active whole-Teflon SHPo surface fabrication process. (a) Electrodes were placed on
silicon mold. (b) Molding process with Teflon FEP flew into the trench while electrodes are still
in contact with mold. (c) Demolding after the mold was cooled down. (d) Final whole-Teflon SHPo

surfaces with exposed electrodes at the bottom of the micro-gratings.

During the demolding process, a thin razor blade was inserted into the gap between the glass stock
and the silicon mold, as shown in Figure 5-9. If the glass surface had a stronger adhesion with the
Teflon FEP surface than the mold, the FEP surface would come up with the glass for successful
demolding (Figure 5-9(b)). However, if the Teflon FEP SHPo surface had a stronger adhesion with
the mold, the SHPo surface would stay on the mold after the glass comes off (Figure 5-9(c)). Then
the SHPo surface was peeled from one end. The SHPo surfaces that came off with the glass were
found to have better structure integrity. Therefore, the glass surface could be roughened to increase

the adhesion to Teflon FEP.

Razor | | | |

| i TTrrvT
Glass
(a)

(b) (c)

Figure 5-9 Demolding process. (a) Demolding using razor blade. (b) FEP came off with glass. (c)

FEP stayed on mold after the glass comes off.

Conventional embossing or imprinting of microstructures with functional materials in between the
microstructures usually requires separate fabrication steps of molding the microstructures and
placing the functional materials in between the molded microstructures. The current process
completes the process with only a single molding step without leaving residual layer on the

148



functional materials, keeping the simplicity of traditional embossing/imprinting techniques while
obtaining functional materials exposed in between the microstructures. The SEM pictures in Figure

5-10 shows the exposed electrode in between the Teflon FEP gratings after molding process.
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Figure 5-10 Good exposure of copper wires at the bottom of the Teflon FEP gratings with

nanostructures.

5.3.3 Electrode Exposure

The key issue of this molding process is to keep electrodes exposed at the bottom of the micro-
gratings rather than covered with Teflon FEP. To do this, the electrodes must be in firm contact
with the mold throughout the molding process to prevent melted Teflon FEP flowing onto the
electrode. Figure 5-11 showed the comparison of exposed and covered electrodes on the same

surface.
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Figure 5-11 Exposed and covered electrode on semi-active Teflon FEP SHPo surface. (a) Exposed

electrode. (b) Partially covered electrode.

To achieve good electrode exposure, firstly, the molding parameters, including the temperature,
pressure, and time, need to be well controlled. The molding time needs to be minimized. The
molding temperature should not be too much above the glass transition temperature of Teflon FEP.
If the temperature is too high or molding time is too long, the Teflon FEP film will be completely
melted and there will be no pressure pushing the electrodes to the mold, resulting covered
electrodes. Moreover, the molding pressure and temperature need to be uniform across the sample
since the overall molding time depends on the lastly finished area. If the pressure is not uniform,
the firstly finished area will experience longer molding time compared with the lastly finished area,
which will cause the electrodes to be covered at the firstly finished area. Lastly, it is important to
keep pressure while cooling. Due to the high temperature used in the molding process and the thick

glass as a heat source, it is hard to cool down the Teflon FEP film instantaneously. If the pressure
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is released during the cooling process, the hot and melted Teflon FEP can still reflow onto the

electrodes’ surface.

Another way to improve the electrodes’ exposure is to twist the electrodes (circular metal wire)
after molding, as shown in Figure 5-12. If the Teflon FEP film covered on electrodes is thin, the
shear stress during the twisting could remove the thin Teflon FEP film and expose the electrodes.
However, if the electrodes are buried too deep inside the Teflon FEP, twisting the long and thin
wire would be very difficult and might distort the grating structures as well. Therefore, controlling
molding parameters is always required for optimal electrode exposure while twisting the wire
could only improve the electrode exposure locally on top of good molding process.

Electrodes
“~4 covered

Electrodes
) exposed

Figure 5-12 Twisting the electrode wire to exposed covered electrode locally.

5.3.4 Hot Embossing Machine

Based on requirements to ensure electrodes exposure, the hot embossing machine should be able

to:

(1) precisely control the hot embossing temperature, pressure, and time.

(2) have uniform pressure and temperature distribution.
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(3) have active cooling mechanisms.

As shown in Figure 5-13, our customized hot embossing machine was built on top of a commercial
manual press. The dial gauge on top will display the downward displacement of the press head.
Knowing the spring constant of the press head, as shown in Figure 5-13(b), the pressure can be
calculated and well-controlled. The hot plate was electrically heated with feedback temperature
control (not shown in figure). Cooling tubes are incorporated inside the hot plate for fast cooling
using circulating tap water. The camera on the side is to observe the molding process. The pressure
head, as shown in Figure 5-13(b), has a swivel pad on top which could freely rotate. The free
rotation ensures the molding force to be perpendicular with the top surface of glass even with non-
uniform thickness of the sample. Multiple springs were used on the press head to provide molding
force. Since the Teflon FEP film thickness will decrease during the molding process, using springs
instead of hard contact could ensure consistent pressure. Also, the point contact of the screw tips
would prevent fast heat transfer from the top of the glass to keep molding temperature uniform

across the Teflon FEP film.

152



Pressure

Swivel

Camera

Springs

Figure 5-13 Customized hot embossing machine for fabricating semi-active Teflon SHPo surfaces.

5.4 Demonstration of Gas Restoration
5.4.1 Direct Visualization of Meniscus in Gas Generation Process

Firstly, whole-Teflon single trench sample was fabricated to visualize the meniscus change during
the dewetting process from the side, similar as sample used in Chapter 2. The fabrication process
is the same as described in Figure 2-2, except with electrode at the bottom using process described

in Figure 5-8. The schematic of the sample is shown in Figure 5-14.
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Figure 5-14 Schematic drawing of single trench semi-active SHPo surface. (a) Schematic drawing

of the single trench sample and dimensions. (b) Cross section view of A-A during testing

Firstly, aluminum strip was embedded at the bottom of the single trench and tested in acid solution
(hydrogen chloride solution with pH~5) to visualize the meniscus propagation inside the single
trench, as shown in Figure 5-15. The single trench was initially wetted intentionally (Figure
5-15(a)). As the aluminum strip began to react with HCI solution, hydrogen was generated on the
aluminum (Figure 5-15(b)) and the hydrogen bubble grew sideways (Figure 5-15(c)). Eventually,
the whole trench was filled with hydrogen and the reaction stopped. As more area was covered by
gas, the reaction became slower and slower, as can be seen from the time. Similar as [42], this test
directly verified the gas propagation theory proposed before for active surfaces [3], which is
crucial in designing SHPo surface geometry for active gas restoration. Moreover, it showed pure
chemical reaction can also achieve “self-regulation” same as electrochemical process [3], where

the reaction stops by itself once the dewetting process is finished.
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Figure 5-15 Gas restoration in Teflon FEP single trench by pure chemical reaction. (a) single trench
was initially wetted (b) hydrogen bubbles began to showed up and grew (c) hydrogen began to

propagate inside the single trench (d) single trench filled by hydrogen, reaction stopped

However, previous sample with aluminum can only be used in acid solutions. We then tested
sample with nickel and magnesium electrodes in artificial seawater (24.53 g/L sodium chloride,
5.20 g/L magnesium chloride, 4.09 g/L sodium sulfate based on [43]), which is the main
application environment for our active SHPo surfaces. As shown in Figure 5-16, nickel strip was
embedded at the bottom of the single trench and connected to another magnesium strip outside the
sample immersed in seawater (not shown in picture). The sample was initially dewetted, as shown
in Figure 5-16 (a). At time zero, the gas in the trench was intentionally blew away (Figure 5-16
(b)). Then the gas restoration process started and quickly refilled the single trench in ~2 seconds
(Figure 5-16 (c) and Figure 5-16 (d)). Compared with previous test, the reaction was much faster.
This was because the large magnesium strip (~1 cm?) outside the sample reacted fast with seawater.

Meanwhile, with this self-powered process, the gas restoration was still self-regulating.
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Figure 5-16 Gas restoration in Teflon FEP single trench by electrochemical reaction. (a) Single
trench was initially dewetted. (b) Gas was blew out of the trench. (c) Hydrogen began to generate

and propagate inside the single trench. (d) Single trench filled by hydrogen, reaction stopped.

5.4.2 Gas Generation with External Power Source

After verifying the gas restoration process in single micro trench made of Teflon, we fabricated
actual semi-active SHPo surface made of micro-gratings for gas restoration test. Firstly, we only
embedded one electrode underneath the SHPo surface gratings, as shown in Figure 5-17. The
micro-gratings had 100 pum pitch, 50% gas fraction and 150 pm grating height without
nanostructures at the bottom of the gratings. The wire was connected to outside power source with
constant current (~0.1 mA). The sample was initially wetted in seawater (Figure 5-17(a)). As can
be seen from the figure, the gas (dark lines) began to propagate along the gratings once the power

was on (Figure 5-17(b)(c)) and eventually stopped (Figure 5-17(d)). However, the whole surface
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had not fully dewetted yet. Some gas columns stopped growing before reaching the ends. This is
because there were imperfections (e.g., bumps, particles) in the trench between the gratings. The
imperfections caused too much resistance for gas propagation and the exposed electrodes was

covered by gas and reaction stopped before the gas could overcome the resistance.

etal wire
t=0s [ i =
- -

A 'I
\ - ;n.lm
(a) Wetted ‘
t=40s &%‘ — “':
L= = S

(c) Dewetting ' (d) Dewetted

Figure 5-17 Gas restoration on whole-Teflon SHPo surface with single electrode and no

nanostructure at bottom of micro-gratings.

To solve this problem, we embedded more electrodes underneath the micro-gratings, as shown in
Figure 5-18. The SHPo surface had the same size and surface parameters as the one discussed
above. As can be seen from this figure, gas (dark lines) started to propagate from all electrodes

and different gas columns merged with each other (Figure 5-18(b)(c)). Since there were more than
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one gas generating sites in each micro-trench, the final dewetted area was larger compared with

that of single electrodes showed above.
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Figure 5-18 Gas restoration on whole-Teflon SHPo surface with multiple electrodes and no

nanostructure at bottom of micro-gratings.

However, the multiple-electrodes sample used above still requires high aspect ratio gratings for
successful gas propagation due to relatively low receding contact angle on grating sidewall and
bottom. This is challenging for the fabrication process, especially the demolding process.
Moreover, dirty particles in seawater were found to be left on the bottom of the grating after one

run, making it less hydrophobic and hampering gas propagation. After several runs, the gas tended
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to bulge out instead of propagating due to reduced hydrophobicity and increased resistance at the
grating bottom. To solve these problems, we added nanostructure “nanograss” at the bottom of the
gratings, as shown in Figure 5-5. The nanostructures were also fabricated during the molding
process and didn't add additional complications to the whole process. Figure 5-19 showed the
performance of SHPo surface with nanostructures at the bottom with bright lines indicating gas.
This SHPo surface had 100 pm pitch, 50% gas fraction and only 50 um grating height. Constant
current of ~0.5 mA was used through the single metal wire. As can be seen from this figure, much
less time was needed due to reduced grating height (less gas needed) and higher current. The SHPo
surface was initially wetted (Figure 5-19(a)). Once the power was on, gas started to generate all
over the surface, different from previous cases. With nanostructure at bottom, we found there was
usually a residual gas layer at bottom supported by the nanostructure, which was very stable [15].
Once the gas generation started at the electrodes, instead of propagating, the whole residual gas
layer started to grow up since they are connected, as shown in Figure 5-19(b)(c). The whole surface

was eventually dewetted (Figure 5-19(d), resulting better gas coverage than previous cases.

With nanostructure at the bottom, demolding became more difficult so a hydrophobic layer (e.g.,
fluoropolymer coating) is needed. However, the reduced grating height could prevent grating
distortion especially when the grating gets thin with high gas fraction SHPo surfaces. Moreover,
less gas was generated which led to less power consumption. Lastly, with high water-repellent
“nanograss” at the bottom and a residual layer of gas, hydrophilic particles and organisms in
seawater were more difficult to reside [44] at the bottom, which makes the surface more robust.

The above surface was tested 20 more cycles of dewetting process without indication of fouling.
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Figure 5-19 Gas restoration on whole-Teflon SHPo surface with nanostructures at bottom of

micro-gratings.

5.4.3 Gas Generation with Built-in Power Sources

To verify the self-powered gas restoration mechanism, we fabricated whole-Teflon SHPo surface
with built-in electrochemical reactors. As shown in Figure 5-20, two types of surfaces were tested:
the first type of SHPo surface (Figure 5-20(a)(b)) had copper wires embedded underneath the
gratings and connected to outside magnesium strip, which was immersed in water. The different

electrode potential between these two materials will trigger electrochemical reaction once the
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copper gets wet. Then gas would be generated on copper surface. The second type of SHPo surface
(Figure 5-20(c)(d)) has both magnesium and copper underneath the grating which were electrically
connected to each other. Once both of these two materials get wet, the electrochemical reaction

will be triggered and generate gas on copper surface.

Cu wires

Electrical
connection

(c) (d)

Figure 5-20 Schematic drawing and pictures of self-powered semi-active whole-Teflon SHPo
surface. (a) SHPo surface with magnesium outside. (b) SHPo surface with magnesium underneath

gratings.
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Figure 5-21 shows the gas restoration for self-powered whole-Teflon SHPo surface with copper
electrodes underneath micro-gratings and magnesium electrodes outside the sample (not shown in
figure). The geometry of SHPo surface was same as the one shown in Figure 5-17. The SHPo
surface was initially dewetted with gas shown as dark lines (Figure 5-21(a)). At time = 0, the gas
was intentionally blow away and the reaction started (Figure 5-21(b)). The gas propagated
similarly as the SHPo surface with outside power source (Figure 5-21(c)). The whole surface was

eventually dewetted and reaction stopped (Figure 5-21(d)).
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Figure 5-21 Gas restoration on self-powered whole-Teflon SHPo surface with copper electrode

underneath micro-gratings and magnesium electrode immersed in seawater.

Figure 5-22 shows the gas restoration for self-powered whole-Teflon SHPo surface with both
copper (thin wire) and magnesium electrode (thick wire) embedded underneath the micro-gratings.

The geometry of SHPo surface was the same as previous one. Wide magnesium strips were used
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due to unavailability of commercial thin magnesium wires. The SHPo surface was initially
dewetted with gas shown as dark lines (Figure 5-22(a)). At time = 0, the gas was intentionally
blow away and the reaction started (Figure 5-22(b)). The gas propagated much slower than
previous type of surface with magnesium immersed in water. This reduced reaction speed is due
to reduced magnesium reaction area. Moreover, parts of the surface were never dewetted since the
copper wires were too far from each other with thick magnesium strip sitting in between. The
reaction didn't stop even after the copper wire was covered by gas. This is because the magnesium
strips were too wide and hydrophilic to be covered by gas with magnesium itself reacting slowly

with seawater. As a result, bulging bubbles were observed at the end of the test (Figure 5-22(d)).
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Figure 5-22 Gas restoration on self-powered whole-Teflon SHPo surface with both copper

magnesium electrodes embedded underneath the micro-gratings.

5.5 Summary

In summary, we developed a novel mass-manufacturing process to fabrication whole-Teflon SHPo
surfaces. The one-step hot embossing process can incorporate electrodes into the SHPo surface for
self-regulating gas restoration process, which is the key technology to make the drag reduction

sustainable under realistic conditions. Lastly, we developed a self-powered gas restoration
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mechanism, which could dewet the SHPo surface without any external power input. The mass
manufacturing process as well as the self-powered gas restoration mechanism was successfully

demonstrated. The electrode geometry and material selection could be further optimized.
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Chapter 6 Summary and Outlook

6.1 Summary

In this dissertation, we systematically explored the idea of using superhydrophobic (SHPo)
surfaces for drag reduction in realistic turbulent flows. Our research has focused on three critical
issues in achieving practical drag reduction using SHPo surfaces: robustness and lifetime of the
plastron, i.e., the gas layer on SHPo surface under water; drag reduction amount at high Reynolds

number turbulent boundary layer (TBL) flows; and mass manufacturing of SHPo surfaces.

We began with the study of plastron robustness on immersed SHPo surface, since the plastron is
the foundation of SHPo drag reduction. By varying the SHPo surface geometry and sample
immersion depth, we unveiled the relationship between the lifetime of underwater
superhydrophobicity and geometric parameters, as well as immersion depth. An analytical model
was built to predict the lifetime, as well as the “critical depth”, above which the plastron could last
infinitely. With experimental data matching analytical model well, infinite underwater
superhydrophobicity was obtained on artificial SHPo surface for the first time. However, this study
showed this infinite lifetime is not possible for the SHPo surfaces capable of providing a significant

drag reduction. Active gas replenishing is necessary.

After understanding the gas robustness for underwater SHPo surfaces, we started to quantify the
drag reduction of SHPo surfaces in TBL flow, which reported large discrepancies in previous
studies. Due to the lack of reliable and compact sensors that are compatible with a variety of flow
facilities, novel shear stress sensors with superior performance was developed first. Using the new
sensor, single SHPo surface sample with different surface geometries could be tested repeatedly
and accurately at different flow facilities (e.g., towing tank, water tunnel). Drag reduction as high
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as ~25% was observed for the first time at high-speed towing tank facility, which holds the closest
resemblance to actual marine vessels. The Reynolds number effect, predicted in numerical studies
but never observed in large flow facilities, was confirmed in both high-speed water tunnel and
towing tank. Moreover, the very first seawater field test with SHPo surfaces on actual marine
vessels was conducted and ~20% drag reduction was achieved with more reduction at higher

speeds.

Finally, we explored the mass manufacturing technologies, which pose the main roadblocks
preventing large-scale application. Maintaining the simplicity of one-step hot embossing process,
our novel process managed to obtain hierarchical SHPo surfaces with electrodes embedded at the
bottom of the microstructures. The embedded electrodes allowed us to use electrolysis for gas
restoration to realize realistic infinite lifetime and minimum energy consumption. The whole SHPo
microstructure was monolithically made of Teflon, known for its superior hydrophobicity and
chemical resistance. Moreover, a self-powered gas restoration mechanism was developed with
SHPo surface sample fabricated using the developed mass manufacturing technology. This new
type of SHPo surface could restore dewetted state without external power input and terminate the
reaction by itself after the surface dewetted. All in all, with demonstrated drag reduction in high
Reynolds number turbulent flow and mass manufacturing technology to fabricate robust SHPo
surface that could actively maintain gas layer, we expect this study will accelerate the progress

towards realistic drag reduction.
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6.2 Outlook

Passive SHPo surfaces have shown ~25% drag reduction at high Reynolds numbers but also
experienced wetting transition in significant portions of the surface. Semi-active SHPo surface
developed using the new mass manufacturing technology should be tested at high Reynolds
number with the expectation of higher drag reductions. With semi-active SHPo surface that stays
in the Cassie state and the advancement in numerical studies, the discrepancies between numerical
and experimental results may be finally eliminated. This will greatly help understand SHPo drag

reduction mechanism in turbulent flows with reliable drag reduction predictions.

For practical applications, with the successful demonstration of drag reduction in field condition,
it is time to test larger-scale applications on larger marine vessels. To do this, machineries that
could implement current hot embossing process and fabrication large-scale SHPo surfaces need to
be developed. Current hot embossing technique also needs to be improved for better electrode
exposure. Meanwhile, current testing boat has shallow immersion depth with large waves, creating
bubbles in favor of the drag reduction. Larger and deeper marine vessels are desired to test the
drag reduction performance without being assisted by the bubbles, especially for the semi-active
surfaces. Overall, to realize the decades-long dream of covering the entire vessel with SHPo

surfaces to reduce energy consumption or increase speed, much work still needs to be done.
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