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This dissertation discusses the technology to reduce friction drag of water flow using 

superhydrophobic surfaces. Water drops show very diverse and interesting behavior when 

interacting with solid surfaces of different wettabilities. Depending on the texture of the 

underlying surface and the solid surface energy, the water drop may display states ranging from 

super-wetting (superhydrophilic) to near-perfect non-wetting (superhydrophobic). 

Superhydrophobicity, in particular, refers to a state that occurs on a textured surface, on which 

the liquid may not penetrate into the surface asperities. Consequently, the drop partially sits on 

air that is entrapped between numerous asperities of the textured surface. The entrapped air 

forms a barrier between the solid surface and the liquid drop, thus forming a solid-liquid-air 

composite interface. Among various properties of a superhydrophobic surface, one particularly 

interesting and of potential impact is the reduction in skin friction drag. The air layer entrapped 

in the noted composite interface functions as a lubrication layer for bulk water, and it has been 

known that, at least theoretically, it is possible to decrease the viscous dissipation in the 
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boundary layer for water flowing past a superhydrophobic surface. The objective of this current 

research is to comprehend the role of surface texture on the static and dynamic interactions of the 

liquid with such superhydrophobic surfaces, and to incorporate the obtained understanding to 

develop superhydrophobic surfaces that display large reduction in drag. 

The first part of this dissertation introduces the basics of wetting and non-wetting 

phenomena on solid surfaces, both smooth and textured. Emphasis will be laid on understanding 

the correlation between the texture topography of a surface and its wettability to liquids, and how 

superhydrophobic surfaces form composite interfaces and display high repellency against water.  

The second part of the dissertation delves into the dynamics of water on the textured surfaces, 

with the focus on the correlation between the texture topography and the slip length, a measure 

of drag reduction. This research discusses how it is virtually impossible for a superhydrophobic 

surface with a single-scale texture to achieve a large slip length without compromising the 

robustness against external perturbations. The current study then presents the key hypothesis – a 

hierarchically-textured superhydrophobic surface can achieve both large slip length and high 

robustness simultaneously. The current study validates the said hypothesis through empirical 

study of the reduction in drag in laminar and turbulent regime, using rheometry and particle 

image velocimetry respectively. The final part of the dissertation gives an outlook on the future 

work that is necessary for further improvement of this field of wetting science. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introductory Remarks 

Many research groups over the past few decades have conducted detailed research on 

SuperHydrophobic Surfaces (SHSs) for drag reducing applications.1-6 A SuperHydrophobic 

Surface, by definition, is a surface that has strong repellency against water. Such repellency is 

usually characterized by large static water contact angles (> 150°) and low contact angle 

hysteresis (< 10°). Nature has provided us with a wide variety of surfaces exhibiting 

superhydrophobicity, which makes a water drop bead up and roll off of the surface (for e.g. a 

Lotus leaf7-9). All the SHSs occurring in nature have two common features: 1) their surface 

profile is not smooth (i.e., they have a texture) and 2) they possess a low surface energy.10 As 

such observations suggest, the superhydrophobicity is achieved by combining surface texture 

with surface chemistry. When water comes into contact with one such SHS, air gets entrapped 

between surface asperities, forming a composite interface (a solid-liquid-air interface). The 

formation of a composite interface on a textured surface is of particular interest because the 

composite interface leads to the interesting behavior of the water such as water droplets rolling 

off of the textured surface.5,11 The surface chemistry aids in the reduction of the surface energy 

of a textured surface, assisting the formation of a composite interface.12-14 Recent studies confirm 

the importance of the surface texture, more so than the surface chemistry, to render the surface 

superhydrophobic by entrapping air between the surface asperities.4,15 This effect has been 

known for a long time. The first analytical model explaining how a textured surface can form a 
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composite interface with water was first discussed in the seminal research published by Cassie-

Baxter in 194411 and was later confirmed by others.16,17 Enthusiasm on this topic has become, 

however, re-ignited when Barthlott et al. and multiple other biologists recognized that a wide 

variety of natural surfaces, both from flora and fauna, display superhydrophobicity through the 

same physics. Multiple interesting characteristics have been exhibited by these SHSs like self-

cleaning properties of leaves of lotus plants, 5,7,18 water striders’ ability to walk on water19-21 and 

so forth. Since the discovery, researchers have been trying to mimic the texture and the 

chemistry of natural surfaces to attribute similar properties to the engineered surfaces. The 

biomimetic SHSs include SHSs textured with canonical features, with random roughness, to a 

hierarchical texture.  

More recently, researchers began to realize that the composite interface can lead to the 

reduction of friction drag. Friction drag is due to the viscous dissipation, which is directly 

proportional to the shear rate of the flow. When a solid object moves in liquid or liquid flows 

near a solid object, the shear rate becomes particularly high near the solid-liquid interface. This 

phenomenon is because the liquid flow over a solid surface is generally constrained by a widely 

accepted boundary condition, referred to as “no-slip” boundary condition22, which disallows any 

net relative motion between the solid and the liquid at the solid-liquid interface. However, SHSs 

entrap a layer of air in the texture resulting in the heterogeneous three-phase interface. Liquid 

flowing on such a composite interface experiences near-free slip boundary condition at least on 

the pockets of air, leading to the reduction in viscous dissipation. The no-slip boundary condition 

still applies, however, only on the surface asperities where the liquid contacts the solid. 

Consequently, the reduction in drag on SHSs depends on the details of the surface texture, and 
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thus there has been a significant research on this topic, to enhance the drag reduction by 

changing the morphology of surface texture. Indeed, the theoretical23 and experimental 

investigations24,25 performed on patterned SHSs reported a reduction in drag and more 

importantly, they report that the parameters expected to influence the drag reduction are the solid 

fraction (ϕs) and the characteristic feature wavelength (L) of the patterns. The wavelength is 

directly correlated with drag reduction whereas the solid fraction inversely correlates with the 

drag reduction. 

Research to use SHSs to reduce drag in laminar flows26,27 have already led to successful 

results. On the other hand, the attempts to apply the same technology to turbulent flows, where 

the inertia forces dominate, faced many challenges that need to be overcome. Issues such as the 

destabilization of the composite interface or the formation of the eddies made the development of 

SHS for turbulent drag reduction extremely difficult.28 

Nonetheless, theoretical studies29-32 with the help of direct numerical simulations (DNS) 

predict a significant reduction in friction drag in turbulent flow regime on regularly patterned 

SHSs with a variety of surface textures (e.g. posts and ridges) and offer key insights into the 

interfacial interactions. The computational models considered the interactions between the solid-

liquid and the liquid-air interfaces as no-slip (no net relative motion at the wall) and shear free 

boundaries respectively, and the lumped effect from two regions into an “effective slip” 

boundary (non-zero net relative motion at the wall), which allows the fluid to slip, leading to a 

reduction in friction drag.32 Although the surface textures studied by these research groups were 

different, the summary of the observed results is significantly similar. The experimental 
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investigations33-35 confirmed the theoretical predictions on the patterned SHSs. Randomly 

textured SHSs behave differently when compared to their patterned counterparts, the details of 

which will be discussed in the subsequent chapters. 

Although there has been enough research on the drag reducibility using SHSs, most of 

the reported SHSs are not scalable.33,34,36 The current study aims to achieve three objectives. 

First, the study aims to understand the role of the surface texture of the SHSs in the drag 

reduction for both laminar and turbulent flows. Second, the study aims to understand the physics 

behind drag reduction on SHSs with hierarchical or multiscale (micro scale walls textured with 

nano scale texture or hierarchical) texture. Finally, the study reports the cost-effective fabrication 

methods to produce drag-reducing SHSs that are easily scalable. 

In the rest of this chapter, the basic physics of the composite interface between three 

phases (solid-liquid-air) will be discussed before extending to other research topics in this 

dissertation. First, the discussion will be on the well-accepted theories on the wetting and non-

wetting phenomena of liquids (mostly water) on the solid surface, smooth and textured. Second, 

the effect of the surface texture on the wettability will be scrutinized, giving an overview of the 

Cassie-Baxter model on superhydrophobicity. Here the general emphasis is on the theory of 

super liquid-repellency and the liquid-slip phenomena and eventually the drag-reducing ability of 

the composite interface formed when the air layer is entrapped in the nano and micro texture of 

the surface beneath the contacting liquid. The discussion in this chapter will provide a basis for 

the concepts to be presented in the oncoming chapters.  
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1.2 General Introduction 

1.2.1 Wetting and non-wetting phenomenon 

Wetting may be defined as the ability of the liquid to maintain contact with the solid surface. The 

surface wetting and non-wetting phenomenon depends on the characteristics of the liquid and the 

solid surface. More precisely, the extent of surface wetting depends on the force balance between 

the adhesive and cohesive forces. The most common and intuitive measure of quantifying the 

surface wetting is the static contact angle. Static contact angle θ, is the angle the liquid makes on 

the solid surface, measured from the liquid-vapor interface to the solid-liquid interface. The 

static contact angle of a liquid drop is closely related to the equilibrium contact angle as 

described below. 

Figure 1-1 shows a spherical liquid droplet on a smooth, hysteresis-free surface. The drop 

forms an equilibrium contact angle θE that minimizes the free-energy of the whole system, i.e., 

the sum of solid-liquid-air interfacial energies reaches a minimum (The effect of gravity may be 

neglected for a small drop). Thomas Young derived a mathematical model to interpret Figure 1-1 

in 1805, and thus the equilibrium contact angle θE on a smooth surface is often called Young’s 

contact angle θY. This dissertation will use one symbol, θE, to represent both the equilibrium 

contact angle and Young’s contact angle. Young’s model explains that the contact angle of a 

liquid drop on such an ideal solid surface is defined by the mechanical equilibrium of the drop 

under the action of three interfacial tensions.37,38 Note that the interfacial tension emerges 

because of the difference between the cohesive force (between the molecules inside the same 

material) and the adhesive force (between the molecules of different material). Solving the free-
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body diagram in Figure 1-1, or trying to minimize the free energy from three interfaces, leads 

one to reach Eq. 1-1 that is referred to as Young’s equation.38 

 cos 𝜃𝐸 = 
𝛾𝑠𝑣 −  𝛾𝑠𝑙

𝛾𝑙𝑣
 (1-1) 

where γ is the interfacial tension between the surfaces. The subscripts s, l, v stand for solid, liquid 

and vapor respectively. With further research, the effect of gravity also taken in to account to 

give the generalized case.39 According to the above Young’s equation, if the surface energy of 

the solid decreases, the contact angle increases for a given liquid.37 Therefore, coating low 

surface energy polymers such as Teflon® or Neverwet® on solid surfaces leads to different 

applications such as the non-stick frying pans, rain-proof sprays on the windshields, anti-fouling 

and anti-icing40 purposes on aircrafts, liquid lubrication inside pipes6 and etc. 

 

 Figure 1-1. Liquid droplet at equilibrium on a smooth solid surface. 

 

On a smooth surface with few defects, the static contact angle of a given liquid is very 

close the equilibrium contact angle as predicted by Eq. 1-1. Most surfaces, however, are covered 

with physical asperities or chemical heterogeneity. Liquid meniscus becomes pinned on those 
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local defects, leading to the contact angle hysteresis. The contact angle hysteresis is the 

difference between the advancing (θA) and the receding (θR) contacting angles and serves as a 

measure for the stickiness of the surface. If we measure the contact angle while increasing the 

volume of the drop, eventually the triple-phase line (the line where three interfaces meet; see Fig. 

1-1) starts to advance. The contact angle measured at the onset of the noted de-pinning is the 

advancing contact angle θA. If we decrease the volume of the drop and measure the contact angle 

until the wetting line starts to recede, we can determine the receding contact angle θR. To 

summarize, the static contact angle and the contact angle hysteresis depend on the physical and 

chemical properties of the surface.  

Provided that the contact angle hysteresis is small, wettability can be classified into four 

categories based on the observed contact angles: super wetting or superhydrophilic (θ ~ 0°), 

wettable or hydrophilic (θ < 90°), liquid repellent or hydrophobic (θ > 90°) and 

superhydrophobic (θ > 150°). Figure 1-2 shows the different degrees of wettability commonly 

observed on the surfaces. Table 1-1 tabulates the degree of wettability, contact angle range, and 

the interfacial interactions. 

 

Figure 1-2. Wetting and non-wetting of the liquid drop. A. Super wetting, B & C. Partial/ High 

wettability, D. Liquid repellent, E. Highly-Repellent, superhydrophobic surfaces. 
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Table 1-1. Tabulation of different contact angle regimes and their corresponding degree of 

wetting and the interfacial interactions. 

 

Contact angle Degree of wetting Adhesive interactions Cohesive interactions 

θ ~ 0° Super wetting Strong Weak 

θ < 90° Hydrophilic Strong Weak 

90°< θ < 150° Hydrophobic Weak Strong 

θ > 150° Superhydrophobic Weak Strong 

 

1.2.2 Liquid wettability on a textured surface 

Wetting is enhanced when the surface tension of the liquid is lower than the surface tension of 

the solid, such as water on a smooth glass slide. It is thus possible to counter the surface wetting 

phenomena by understanding the underlying physics. The surface tension of water is γlv = 72.1 

mN/m, so the surface coating must have surface energy substantially lower than that of water for 

the solid surface to be able to behave as a hydrophobic surface. The lowest solid surface energies 

that have been reported are in the range of 6 mN/m41, which is approximately one twelfth of the 

surface tension of water. The highest contact angle of water reported on a smooth surface coated 

with the noted molecules is 125°.42 Contact angles around 120° lead to multiple applications 

such as non-stick frying pans43 or anti-rain windshields44, but numerous other interesting 

phenomena such as self-cleaning or anti-biofouling occur when the contact angles reach much 

higher.45-47 Unfortunately, surface coating alone is insufficient to achieve large contact angles as 

shown in Figure 1-2E. 
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Nonetheless, numerous natural surfaces display superhydrophobicity - a wide range of 

flora and fauna5,7-9,18-21 (See Fig. 1-3) have surfaces that easily repel raindrops or even float on 

the surface of the water in a pond. Some interesting common features between these surfaces are 

that they have a micro to nanoscale asperities as well as a waxy surface chemistry with low 

surface energy. Considering that the maximum contact angle achievable by surface chemistry is 

only 125°, it is no coincidence that all superhydrophobic surfaces available in nature have 

evolved to be textured with micro- to nanoscale asperities.  

 

Figure 1-3. The scanning electron micrographs of rough surfaces of A. Nelumbo nucifera and B. 

Colocasia esculenta with a layer of epicuticular waxes, C. Brassica oleracea leaves and D. water 

strider leg covered by microsetae gives a rough texture. The images A, B and C are from the 

work of Barthlott et al.7 (Purity of the sacred lotus, or escape from contamination in biological 

surfaces, 202, 1997, 1-8, Barthlott, W. and Neinhuis, C., © Springer-Verlag Berlin 

Heidelberg 1997, “With permission of Springer”. and the image in D is from the work of Feng et 

al.19 Reprinted with permission from Feng XQ, Gao X, Wu Z, Jiang L, Zheng QS. Superior 

water repellency of water strider legs with hierarchical structures: Experiments and analysis. 

Langmuir. 2007;23(9):4892-4896. Copyright (2007), American Chemical Society. Scale bar 

represents 10 µm. 
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The surface texture plays a very important role in achieving large static contact angles. 

When the liquid comes in contact with the rough textured surface, the macroscopic drop displays 

an apparent contact angle (θ*) that can be significantly different from Young’s contact angle. 

Two models describe the apparent contact angle of a liquid drop on a textured surface and the 

validity of each model depends on which wetting regime the drop experiences between the two 

states, a non-wetting Cassie-Baxter state11 or fully-wetted Wenzel state.48 

In Cassie-Baxter state, liquid reaches its equilibrium contact angle locally near the tops of 

surface texture, and thus the liquid does not penetrate into the troughs. As a result, a composite 

solid-liquid-air interface is formed and the liquid droplet sits partially in the air and partially on 

top of the surface texture11 (Fig. 1-4 A). If the liquid does not reach its equilibrium contact angle 

on the tops of local texture, the entire liquid meniscus penetrates into the gaps between the pillars 

of the surface texture, and Wenzel state emerges (Fig. 1-4 B). 

 

Figure 1-4. Water droplet on a textured surface. A. Water droplet sitting partially on air without 

penetrating into the texture (Cassie-Baxter state). B. Water droplet wetting the textured surface 

(Wenzel state). 

 

Multiple studies on both regimes lead to better understanding of the droplet behavior on 

textured and non-textured surfaces.11,42,49,50 With the advancement of theoretical models and the 
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development of nano- and micro- fabrication technologies, there are a large number of 

innovative applications including self-cleaning fabrics, anti-corrosive metals, ice-phobic 

coating,51 and so forth. In particular, Cassie-Baxter relation has become the basic model for drag 

reducing superhydrophobic surfaces (this is the focus of this research) while the Wenzel model is 

utilized to promote adhesion of paint, anti-fogging layer, or anti-corrosive coatings with the 

surfaces (this is not the focus of this research).  

Wenzel pointed out that the area of the solid-liquid and solid-gas interfaces increases 

when there are micro and nano features. Wenzel thus characterized the roughness of surface with 

a roughness factor “r” which is the ratio of the true area of the solid and the projected area48. 

This roughness factor comes into play when a different material (such as water or air) comes into 

contact with a solid of rough texture. Solving the free-body diagram with this modification, 

Wenzel modified Young’s equation to obtain the following result: 

 cos 𝜃𝑊 = 𝑟 cos 𝜃𝑌 (1-2) 

On the other hand, the contact angle displayed by a drop in the Cassie-Baxter state is 

determined by the ratio between the solid and air region beneath the drop. In general, when 

liquid contacts a surface comprising n heterogeneous materials, the average interfacial energy 

between the liquid and the solid surface becomes: 𝛾𝑆𝑉 =  ∑ 𝑓𝑖(𝛾𝑆𝑉)𝑖
𝑛
𝑖=1  and 𝛾𝑆𝐿 =  ∑ 𝑓𝑖(𝛾𝑆𝐿)𝑖

𝑛
𝑖=1  

where fi is the material fraction for the material i.  

Substituting these surface tensions in Young’s equation yields: 
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 cos 𝜃𝐶𝐵 = ∑ 𝑓𝑖

(𝛾𝑆𝑉 −  𝛾𝑆𝐿)𝑖

𝛾𝐿𝑉

𝑛

𝑖=1

=  ∑ 𝑓𝑖(cos 𝜃𝑌)𝑖

𝑛

𝑖=1

 (1-3) 

Equation 1-3 is known as Cassie-Baxter equation11 (CB equation).  𝜃𝑊 and 𝜃𝐶𝐵  in Eq. 1-2 and 1-

3 are the apparent contact angles in the two wetting states. 

In most engineering applications, water is in contact with only two other materials, solid and air. 

The CB equation can thus be modified as equation 1-4. 

  cos 𝜃𝐶𝐵 =  (𝑓𝑠 cos 𝜃𝑌 +  𝑓𝑎 cos 𝜋) = (𝑓𝑠 cos 𝜃𝑌 − 𝑓𝑎).  (1-4) 

Where fs (or ϕs) is the solid area fraction. Eq.1-4 predicts that, as the solid fraction decreases, the 

apparent contact angle increases, leading to superhydrophobicity. 

Both equations 1-2 and 1-4, predict the apparent contact angle which minimizes the 

surface free energy of the system. As seen from the equations, the wetting characteristics of both 

models are significantly different from each other. The correlation between the equilibrium 

contact angle and the apparent contact angle can be plotted as shown in Figure 1-5, with the 

surface moderately rough (r = 1.2) and solid fraction ranges between 0.2 and 0.4. 

In Figure 1-5, the apparent contact angle in Cassie-Baxter state is always greater than or 

equal to the apparent contact angle in the Wenzel state when the roughness is moderate. For a 

relatively larger r, 𝜃𝑊 surpasses 𝜃𝐶𝐵  when 𝜃𝐸  is beyond a certain value. Figure 1-5, in 

conjunction with Eqs. 1-2 and 1-4, suggest that a liquid drop in both Cassie-Baxter and Wenzel 

states can display very large apparent contact angle when the solid fraction is low (Eq. 1-4) or 
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when the roughness is severe (Eq. 1-4). Two states are not equal in achieving 

superhydrophobicity though because the drop exhibits widely different contact angle hysteresis 

(∆𝜃∗ =  𝜃𝑎𝑑𝑣
∗ −  𝜃𝑟𝑒𝑐

∗ ) depending on which wetting state the drop belongs to. In general, Cassie-

Baxter regime leads to small hysteresis as the fraction of solid in contact with water decreases. In 

contrast, Wenzel regime tends to increase hysteresis as the water meniscus can get pinned on 

numerous surface asperities. For the goal of this dissertation, reducing drag using the air layer as 

a lubrication layer, the formation of Cassie-Baxter regime is imperative. 

 

Figure 1-5. The evolution of Cassie-Baxter’s model with r = 1.2 and fs = 0.2 and 0.4 and 

Wenzel’s model with r = 1.2 with respect to Young’s contact angle on a flat surface. 

 

 For a solid surface with a given chemistry and texture, one state is energetically favored 

over the other. Although it is possible for each regime to emerge as a metastable state, in general, 

the regime that is thermodynamically stable (i.e., with lower overall free energy) is more 

commonly appearing state. It is known that the overall free energy of each regime can be 

computed by modifying the Wenzel and Cassie-Baxter equations, and one can prove that the 
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regime predicts a lower apparent contact angle for the given surface chemistry and texture is 

thermodynamically more stable. Chapter 2 describes more on the thermodynamic equilibrium 

state, based on previous work by Onda et al. Onda et al.52 predict that, for a surface with the 

same hydrophobic chemistry, while Wenzel state is preferred for moderately rough surfaces, 

Cassie-Baxter state is energetically favored for extremely rough surfaces. Empirical validation of 

Onda’s model can be done by measuring the contact angle hysteresis: as discussed, drops in 

Wenzel regime display larger contact angle hysteresis than the ones in Cassie-Baxter regime.  

 

Figure 1-6. The static contact angle of water on wax substrates, as a function of the substrate 

roughness. Both the advancing angle (open symbols) and the receding ones (full symbols) are 

displayed (from the work of Johnson and Dettre.53 Reprinted with permission from Dettre RH, 

Johnson RE. Contact Angle Hysteresis. Contact Angle, Wettability, and Adhesion. Vol 43: 

American Chemical Society; 1964:136-144. Copyright (1964) American Chemical Society. 

 

Johnson and Dettre53 measured the contact angle hysteresis of water on wax substrates, as a 

function of the substrate roughness (see Fig. 1-6). As roughness increases, a sharp transition is 

observed where the contact angle hysteresis decreases. This transition indicates the drops on 

‘rougher’ surfaces prefer the Cassie-Baxter regime. The goal of current research is to reduce 



 

15 

turbulent drag using superhydrophobic surfaces, and thus the maintenance of the Cassie-Baxter 

regime is imperative. One should note that, even when the Cassie-Baxter regime is 

thermodynamically stable, it is still possible to disrupt the regime by applying pressure or shear 

stress on the liquid-air interface. Therefore, the surface should retain the liquid-air interface 

against the perturbation from hydrostatic pressure, vortex formation, shear stress and so forth.  

This dissertation will later discuss the perturbation-driven transition from Cassie-Baxter regime 

to Wenzel regime in detail.  

1.2.3 Drag reduction on a composite interface 

A composite interface is an essential element for repellency of water on a textured surface, 

especially for a dynamic flow of water50. On a composite interface, liquid sits partially on the 

solid and partially on air layer. Then the well-known no slip condition applies only to the solid-

liquid interaction22, and the liquid in contact with the air layer practically slips over it and 

experiences little friction or drag. Such liquid-slip phenomenon occurs on each of the local air 

pockets. When the fraction of air and the size of the air pockets increases, the surface manifests a 

macroscopic drag reduction (see Fig. 1-7). Significant research is being conducted on the drag 

reducing capabilities of the surfaces for commercial purposes. 

The amount of “slip” on a textured surface may be quantified by defining a quantity 

called “slip length (bslip)” which is defined as the extrapolated distance below the wall where the 

tangential component of the velocity becomes zero (See Fig. 1-7). From the definition, the slip 

length may be written as the ratio of the liquid velocity to the applied shear rate; both measured 

at the wall54. 
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Figure 1-7. Schematic of the flow of water over the textured non-wetting surface with a slip 

length of bslip. The texture has vertical pillars spaced with a periodicity L, forming a composite 

interface with the conventional no-slip boundary condition on each of the vertical pillars. On the 

other hand, the liquid slips freely over the surface of the liquid-air interface.  

 

 𝑏𝑠𝑙𝑖𝑝 =  
𝑉𝑤𝑎𝑙𝑙

(𝑑𝑉 ⁄ 𝑑𝑦)𝑤𝑎𝑙𝑙
 (1-5) 

Note that, although the liquid-slip phenomenon is possible only on superhydrophobic 

surfaces, the two properties are not directly related. For example, the texture is important for a 

surface to display super-liquid-repellency but Young’s equation (Eq. 1-1) predicts that it is 

possible for a smooth surface to be super-liquid-repellant if the liquid surface tension is very 

high (e.g., the mercury drops on a plastic desk). In contrast, liquid slip phenomenon occurs only 

if the surface can retain an air layer. Further, the optimum shapes of surface texture for a surface 

to display superhydrophobicity and to exhibit drag reduction are only similar but not identical. 

The slip length is a function multiple parameters, including the shape and scale of the surface 

texture24. Optimizing the surface texture for drag reduction is highly tricky because the 

parameters that affect drag reduction also affect the robustness against the perturbation-driven 



 

17 

wetting transition that was discussed in section 1.2.2. Further discussion on this issue will be in 

chapters 2 and 3 in more detail.  

1.3 Dissertation objective and framework 

The objective of the current research is to understand the interactions between liquid and the 

SHSs, both in laminar and turbulent regimes. In chapter 1 of this dissertation, the emphasis is on 

understanding of how the regularly patterned surfaces behave in relation with roughness and the 

solid fraction of the surface. In chapter 2, the focus will be on the methodology of formation of a 

composite interface against water. Fabrication of different surfaces which vary from being 

hydrophobic to superhydrophobic will be discussed in the later sections of chapter 2. The 

surfaces are made with single, dual and triple length scale texture to understand the role of 

surface texture to achieve super-liquid-repellency. In chapter 3, the drag reduction for laminar 

flow, in terms of slip length, is quantified using rheometry. The discussion of the methodology of 

measuring the slip length on a rheometer and the quantification of the slip length is the core of 

this chapter, while the real correlation between the surface texture and the slip length can be 

understood from the theoretical models discussed in chapter 2. Chapter 4 discusses the drag 

reduction for turbulent flows. The chapter begins by laying out the theoretical importance of the 

interactions between the liquid and SHS in viscous sub-layer, by analytically explaining the 

equations of motion and the model for turbulent shear stress. The latter part of chapter 4 explains 

the method to acquire velocity measurements in the near-wall region of the turbulent boundary 

layer and the experimental results on the fabricated SHS. Chapter 5 summarizes and concludes 

the current research while highlighting the scope for the prospective future studies and 

unresolved issues encountered. 
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CHAPTER 2 

ENGINEERING SCALABLE HIERARCHICAL SUPERHYDROPHOBIC SURFACES 

2.1 Introduction 

In this chapter, the background of the relative motion at the triple interface, the geometrical 

parameters that are expected to affect the formation of a stable composite interface that aids in 

drag reduction and the qualitative model to explain large slip lengths on hierarchically textured 

SHS when compared to their single scale counterparts will be discussed. The latter part of this 

chapter describes the experimental methods incorporated in this research to fabricate single scale 

and hierarchically textured multiscale surfaces. 

2.1.1 Thermodynamic equilibrium of the Wenzel and Cassie-Baxter states 

Chapter 1 describes the importance of the interaction between the solid and liquid to be in 

Cassie-Baxter regime in order for the liquid to have a non-zero slip velocity at the interface and 

experience lower drag. This section begins by explaining the necessary condition for the non-

wetting Cassie-Baxter regime to be thermodynamically stable. Since the Wenzel48 and Cassie-

Baxter11 equations are results of the free energy analysis using the geometry of surface texture, it 

is vital to understand the type of surface texture that would be most favorable for the stability of 

Cassie-Baxter regime. By understanding the underlying physics, it is possible to engineer the 

surfaces to be always non-wetting unless substantial external perturbation is applied.15 
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Figure 2-1. A schematic showing the shape of solid-liquid and liquid-air interfaces. Symbols 

represent the areal fractions of each of the interfaces per unit projected area. A. Fully wetted 

Wenzel regime B. Non-wetting Cassie-Baxter regime. 

 

The governing principle for either regime is for the system to attain minimum 

thermodynamic free energy.52 Therefore, one can predict which regime between non-wetting 

Cassie-Baxter and fully wetted Wenzel regime is energetically preferred by comparing the Gibbs 

free energy (G) of two types of interfaces. Figure 2-1 shows the schematic of two types of 

interfaces and relevant parameters. Here 𝜙𝑠 represents the fraction of wetted solid, projected onto 

horizontal plane and 𝑟𝜙 is the roughness of that wetted region. Then the free energy of the two 

regimes may be written as follows: 

 

𝐺𝐶𝑎𝑠𝑠𝑖𝑒−𝐵𝑎𝑥𝑡𝑒𝑟 =  𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑠𝑜𝑙𝑖𝑑−𝑙𝑖𝑞𝑢𝑖𝑑

∗ 𝑎𝑟𝑒𝑎𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠𝑜𝑙𝑖𝑑−𝑙𝑖𝑞𝑢𝑖𝑑 +  𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑖𝑞𝑢𝑖𝑑−𝑎𝑖𝑟

∗  𝑎𝑟𝑒𝑎𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑙𝑖𝑞𝑢𝑖𝑑−𝑎𝑖𝑟 +  𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑠𝑜𝑙𝑖𝑑−𝑎𝑖𝑟

∗  𝑎𝑟𝑒𝑎𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠𝑜𝑙𝑖𝑑−𝑎𝑖𝑟

= 𝑟𝜙𝜙𝑠𝛾𝑠𝑙 + (1 −  𝜙𝑠)𝛾𝑙𝑣 + (𝑟 −  𝑟𝜙𝜙𝑠)𝛾𝑠𝑣 𝑎𝑛𝑑 

(2-1) 
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𝐺𝑊𝑒𝑛𝑧𝑒𝑙 =  𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑠𝑜𝑙𝑖𝑑−𝑙𝑖𝑞𝑢𝑖𝑑 ∗  𝑎𝑟𝑒𝑎𝑙 𝑓𝑟𝑎𝑐𝑖𝑜𝑛𝑠𝑜𝑙𝑖𝑑−𝑙𝑖𝑞𝑢𝑖𝑑

= 𝑟𝛾𝑠𝑙 

GCassie-Baxter - Gwenzel, or the difference between the two free energies, determines which 

regime is energetically more stable. GCassie-Baxter - Gwenzel can be simplified using Young’s 

equation to be written38 as − ((𝑟 −  𝑟𝜙𝜙𝑠) 𝑐𝑜𝑠(𝜃𝐸) + (1 −  𝜙𝑠)) 𝛾𝑙𝑣. One can assign crit, 

defined as  

 (𝑐𝑜𝑠(𝜃𝑐𝑟𝑖𝑡) =  − (1 − 𝜙𝑠) (𝑟 −  𝑟𝜙𝜙𝑠)⁄ ) (2-2) 

 

Note that crit is determined purely by geometric parameters, and tends to become lower 

when r value increases. Then GCassie-Baxter - Gwenzel can be simply written as (cos𝜃𝐸 −

𝑐𝑜𝑠𝜃𝑐𝑟𝑖𝑡)𝛾𝑙𝑣. The relative stability of the two wetting regimes is determined by the sign 

of (𝑐𝑜𝑠𝜃𝐸 − 𝑐𝑜𝑠𝜃𝑐𝑟𝑖𝑡)𝛾𝑙𝑣. If cos< coscrit (or crit) then Cassie-Baxter regime is the 

global equilibrium state for the water drop and thus a composite interface is thermodynamically 

stable. If crit, both regimes are equally stable and no regime is preferred more than the 

other. Otherwise, a fully wetted Wenzel state with no composite interface is favored. This 

expression can be interpreted along two contexts: First, when the chemistry of the solid and 

liquid is fixed (i.e., E is fixed), the droplet being in the Cassie-Baxter or the Wenzel state may or 

may not be in the global equilibrium depending on the shape of the underlying surface texture 

(i.e., by changing crit). It is also evident that it is possible to engineer surfaces so that a specific 

regime is more stable than the other by varying the roughness of the surface. Second, when the 
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shape of surface texture is fixed, the surface chemistry matters (i.e., by changing E). According 

to the equation 2-2, the global equilibrium of the droplet being in the Cassie-Baxter or the 

Wenzel state is purely a function of the underlying surface texture. It is also evident that it is 

possible to engineer surfaces so that a specific regime is more stable than the other by varying 

the roughness of the surface. Second, when the shape of surface texture is fixed, the surface 

chemistry matters (i.e., by changing E). Two interpretations can be summarized into a single 

sentence: to maintain a stable Cassie-Baxter regime, the surface needs to be coated with low 

surface energy molecules (to exhibit high E) and be textured with very high roughness (to 

possess low crit). 

It should be noted that this analysis is based on the ideal case where external perturbation 

is absent. This research is to investigate the use of SHSs for drag reducing applications, and thus 

surfaces are submerged in various flows of water. For such cases, even if Cassie-Baxter regime 

is thermodynamically stable, it is still possible for the air layer to be disrupted by water flow if 

the perturbations by pressure or shear stress are substantial. If such dynamic perturbations are 

temporary, plant leaves or synthetic SHSs that are exposed to air can restore the original Cassie-

Baxter state by entrapping air from ambient after the perturbation.14 For SHSs for drag-reducing 

applications, on the other hand, it is impossible for disrupted air layer to re-emerge because the 

surface is fully submerged in water. For one to replenish air layer for such cases, additional 

energy is invested (for example, hydrolysis or boiling can re-generate air layer). The need for the 

robustness against perturbation will be discussed in detail in Chapter 3.  
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2.1.2 Slip length on a single-scale textured surface 

Navier in 1823 proposed that the slip velocity, us, of the liquid on the solid surfaces is 

proportional to the shear rate at the wall.54 A non-zero slip velocity at the interface indicates a 

proportional decrease in the shear force along the surface which ultimately leads to drag 

reduction. On a smooth surface, the slip velocity is insignificant, and thus a no-slip 

approximation is used to describe the flow near a smooth solid surface. In contrast, when liquid 

in contact with a textured surface reaches a thermodynamic equilibrium in Cassie-Baxter regime, 

the contact leads to a composite (three-phase) interface which causes the liquid to display 

substantial slip velocity by allowing the surface to entrap numerous air pockets over which water 

can freely slip.55,56 The free slip of water over the air pockets is usually quantified by slip length, 

bslip, which is the ratio between the non-zero slip velocity and the shear rate near the wall. From 

equation 1-5, the effective slip lengths on a textured SHS with a composite interface and the slip 

velocities (u,v,w) for streamwise (x), wall normal (y) and the spanwise (z) components 

respectively, may be related as: 

 𝑢𝑠 =  𝑏𝑠𝑙𝑖𝑝,𝑥   
𝜕𝑢

𝜕𝑦
|

𝑤𝑎𝑙𝑙
, 𝑣𝑠 =  0 , 𝑤𝑠 =  𝑏𝑠𝑙𝑖𝑝,𝑧   

𝜕𝑤

𝜕𝑦
|

𝑤𝑎𝑙𝑙
 (2-3) 

 

The net resultant relative motion at the composite interface leads to a proportionate 

decrease in the gradient of velocity in the wall normal direction leading to a decrease in the local 

shear rate at the interface. Since for a Newtonian fluid such as water, the viscous shear stress is 

proportional to the shear rate, any change in the shear rate results in a proportional change in the 

average shear stress at the interface.  
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The average shear stress at the interface may be defined as: 

 𝜏𝑤 =  𝜂 · �̇�𝑠 (2-4) 

 

where �̇�𝑠 is the local shear rate in the proximity of the solid surface and η is the viscosity of 

liquid. Thus the existence of a non-zero effective slip length is predicated on the existence of the 

composite interface and is directly related to the reduction in wall shear stress or the friction 

drag.57-59 

On a hypothetical surface that is covered by a homogeneous layer of air, an air layer with 

a thickness of 10 µm can lead to a slip length of 570 µm (the ratio between the slip length and the 

thickness of the air layer is equal to the ratio between the viscosities of water and air). However, 

on a real SHS, average slip length decreases due to the interaction of the liquid with a fraction of 

a solid wall (ϕs) while only the liquid interacting with the fraction of air (1 - ϕs) can slip. 

Therefore, the effective slip length, or the weighted average between the slip lengths of two 

regions, depend on the detailed shape of the composite interface. There have been multiple 

attempts to utilize the air layer to reduce friction drag.60-62 Such attempts, however, have 

achieved limited success mostly because the two important performance parameters–the 

reduction in drag and the robustness of the entrapped air layer, depend on the same set of 

geometrical parameters–length scale of the surface texture and the fraction of solid, but in a 

rather opposite way. The noted negative coupling between the slip length and the robustness can 

be understood through a dimensional analysis as discussed below.  

Ybert et al.23 derived a scaling law that predicts the dependence of effective slip length 

beff on two parameters. Since the viscous shear stress at the boundary results from the friction due 
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to the liquid viscosity and the interaction of the liquid with the solid boundary, the residual stress 

is only imposed on the solid parts23 leading to a spatial average shear stress(brackets represents 

the spatial average): 

 〈𝜏𝑤〉 =  𝜙 · 𝜂 · �̇�𝑠 = (
𝑎

𝐿
)

2

· 𝜂 · �̇�𝑠 (2-5) 

Ybert et al. approximated the unknown �̇�𝑠 with two assumptions: i) the flow near the wall would 

be in the Stokes regime and ii) the flow becomes roughly a plug flow with a uniform velocity U 

when the distance from the wall is on the same length scale as the surface asperity (a in Fig. 2-2). 

Then, for a surface textured with square posts (See Fig. 2-2), the shear rate for the flow at the 

distance ‘a’ from the wall can be estimated to be U/a, which combines with Eq. 2-4 to give Eq. 

2-5: 

 〈𝜏𝑤〉 ∝  ɸ · 𝜂 ·
𝑈

𝑎
 ∝ 

𝑎

𝐿2 · 𝜂 · 𝑈 (2-6) 

 

Figure 2-2. A schematic showing a typical superhydrophobic surface textured with square posts, 

with periodicity L and width a. 

 

On the other hand, the spatial average shear rate on an SHS is given by:  

 〈�̇�𝑤〉𝑠 =  〈𝜏𝑤〉𝑠 𝜂 ∝  
𝑎

𝐿2
⁄ · 𝑈 (2-7) 



 

25 

Combining equations 2-3 and 2-7, the effective slip length on a superhydrophobic surface with 

shown pillar geometry scales as: 

 𝑏𝑒𝑓𝑓 ~ 𝛼
𝐿

√𝜙𝑠

 =  𝛼
𝐿2

𝑎
=  𝛼

𝑎

𝜙𝑠
   (2-8) 

where α is a surface constant that depends on the underlying geometrical texture. 

From equation 2-8, it is evident that large slip lengths are possible with optimized 

geometrical texture. Based on Ybert et al.’s work, to achieve slip length on the order of 100 µm, 

for a given surface of solid fraction 2%, the periodicity L, has to be on the order of 50 µm. It is 

almost very tempting to increase the periodicity L, of the surface to increase the effective slip 

length. But, it is intuitive that the increase in the length scale of the surface texture would lead to 

easy destabilization of the liquid-air meniscus on top of an air pocket. Hence it is essential to 

understand the connection between the length scale and the robustness against pressure, of the 

surface. 

Consider a water droplet sitting on a simple geometry: a micropore of diameter D, on 

which the liquid-air interface destabilizes due to the pressure-induced deformation. For 

simplicity, the bulk modulus of air inside the pore is ignored. The Laplace pressure ΔP can be 

written as ∆𝑃 =  2𝜎 𝑅⁄ , where R is the radius of curvature of the interface and σ is the surface 

tension of water (72.8 mN/m). Water meniscus would begin to penetrate into the pore when the 

bulging meniscus reaches its Young’s contact angle on the side wall of the pore (ignoring contact 

angle hysteresis). Assuming that the Young’s contact angle of water on hydrophobic wall is 

120°, the radius of curvature of the interface at the onset of destabilization can be approximated 
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as the diameter of pore, D. Srinivasan et al.25 have derived an equation for breakthrough pressure 

given as 

 𝑃𝑏 ~ 
𝜙𝑠

𝐿
  (2-9) 

 

Figure 2-3. A schematic showing the destabilization of the liquid-air interface due to pressure-

induced deformation (Left). A graph showing how the breakthrough pressure varies as the pore 

diameter changes (Right).  

 

From Figure 2-3, it is evident that the Laplace pressure decreases as the pore diameter 

increases, suggesting that it is easier for the water drop to penetrate a larger pore and vice versa. 

The negative correlation of the slip length and robustness against pressure becomes apparent on 

the single-scale texture. From Figure 2-3, it only takes 3 kPa or 3% of atmospheric pressure to 

wet a pore of 50 µm diameter. The alternative way to increase the effective slip length on a 

surface, from equation 2-8, is to decrease the solid fraction. Such approach also leads to the 

reduction of the robustness against pressure.25 Not only pressure causes perturbation, but other 
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destabilization occurs when shear stress is applied on top of the micropore, which was discussed 

in the works of Ali Mani et al.63 

2.1.3 Dual scale texture 

Equation 2-7 and Figure 2-3 clearly indicate an inherent negative coupling between the slip 

length and the robustness, implying that, for an SHS with a single-scale texture, any effort to 

increase slip length by adjusting L or ϕ would lead to a decrease of robustness and subsequent 

disruption of the liquid-air interface. This negative coupling has been a bottleneck for the large-

scale application of SHS-based drag-reducing techniques. As a result, most studies relevant to 

drag reduction focused on applications with rather small length scale, such as microfluidic 

channels64,65, low Reynolds number flows4, or drag reduction in small pipes.6,66 

One of the key hypotheses of the current study is that one can enhance the slip length 

without compromising the robustness through the use of hierarchical texture, i.e., by texturing 

the walls of micro texture (e.g., posts in Fig. 2-2) with nanopores or nano pillars. Figure 2-4 

shows a schematic illustrating the hypothesis: now the shear stress is applied only to the tops of 

nano-texture, not on the entire micro texture. Then additional liquid slip phenomenon should 

occur due to the air pockets entrapped between nano-texture. Noted liquid slip follows the same 

scaling law (Eq. 2-8), and thus the effective slip length on nano-texture should be: 

 

 𝑏𝑒𝑓𝑓,𝑛𝑎𝑛𝑜  ∝ 𝑎′ 𝜙′⁄  (2-10) 
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where 𝑎′ and 𝜙′ represent the width and solid fraction of nano-texture respectively. 𝑏𝑒𝑓𝑓,𝑛𝑎𝑛𝑜  

should be small as it scales with nanoscopic 𝑎′. The effect of small but non-zero 𝑏𝑒𝑓𝑓,𝑛𝑎𝑛𝑜, when 

the SHS is hierarchically textured, is that the velocity profile near the tops of microtexture 

changes due to the non-zero slip phenomenon on microtexture. Figure 2-4 B illustrates the effect: 

non-zero 𝑏𝑒𝑓𝑓,𝑛𝑎𝑛𝑜 decreases the effective width of micro asperities from the original width a 

to 𝑎 − 2𝑏𝑒𝑓𝑓,𝑛𝑎𝑛𝑜. Such reduction in size can be substantial when 𝑏𝑒𝑓𝑓,𝑛𝑎𝑛𝑜 is comparable to a, 

leading to significant reduction of drag or the spatial average wall shear stress <w>s from the 

value predicted by Eq. 2-4 to the one by Eq. 2-11: 

 〈𝜏𝑤〉𝑠 ∝
𝑎 − 2𝑏𝑒𝑓𝑓,𝑛𝑎𝑛𝑜

𝐿2
· 𝜂 · 𝑈 (2-11) 

 

 

Figure 2-4. A. Liquid flowing over a hierarchically textured SHS. aʹ and Lʹ represent the width 

and periodicity of exemplary nano-texture (array of nanoposts), and the solid fraction of the 

nano-texture should be ϕʹ = (a′ / L′)2. B. Liquid slip phenomenon on nano-texture leads to slip 

length beff,nano, and the velocity profile around the microtexture is shaped as if the no-slip 

boundary condition applies to a hypothetical micro texture of width a–2beff,nano.  
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Equation 2-11 suggests that it is possible to reduce the average shear stress for the same 

near-wall flow velocity or increase the near-wall flow velocity for the given shear stress, both 

leading to the reduction in drag. The derivation of equation 2-11 and its empirical validation are 

the key achievements of this research. Note that the robustness of hierarchical texture does not 

decrease as the size of micropores does not change. On the contrary, although the scaling 

analysis did not cover the effect of nano-texture on the robustness, adding another level of 

surface texture is known to increase the robustness or the water repellency of an SHS. This is 

because, since the walls of micro texture become superhydrophobic, it becomes more difficult 

for water to penetrate into troughs between micro texture. Same physics is believed to lead to the 

near-perfect water repellency of lotus leaves, combined with their robustness against the 

dynamic impact of rain drops.7 Studies using synthetic SHSs with hierarchical texture revealed 

similar results.67 Eq. 2-11 is a qualitative model to understand the increase of slip length, not as 

accurate an equation to predict slip length. In particular, the reduction of the width of micro 

asperities is based on the assumption that the slip on the side wall of micro asperities would 

follow the same scaling law as the slip on their top, an assumption that has not been thoroughly 

validated. Nonetheless, the prediction by Eq. 2-11 reasonably matches with the empirical results 

which will be discussed in Chapter 3. For simplicity, the symbol beff will be consistently used to 

represent the slip length on SHSs with a single-scale or hierarchical texture. 

One may imagine that adding another level of smaller texture (nano pillars) on the tops of 

existing nano-texture leads to a further modification of equation 2-11 by decreasing the solid 

fraction of the textured surface further thereby enhancing the slip length. Chapter 3 will 

investigate this hypothesis using the “triple length scale” textures. 
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2.1.4 Randomness 

Although SHSs with highly periodic and well-defined patterns58 are used for fundamental studies 

on wetting and non-wetting phenomena, most natural SHSs are covered with random texture. 

Having a random texture on the SHS is an incentive because, when the SHS comes into contact 

with water and forms a composite surface, water meniscus sits on top of the tallest feature and 

not wet the pores that are formed by relatively smaller features. The varying height of the 

asperities reduces the effective adhesion between the water droplet and the solid surface. Figure 

2-5 depicts the phenomenon. Herminghaus15 theorized that the hierarchical texture of roughness 

could render any surface non-wettable. Barthlott et al.7,9,68 observed the hierarchical texture of 

the lotus leaves and several other plant leaves and theorized that the water meniscus comes into 

contact with only a fraction of papillae, which in conjunction with the compressed air, exert a 

repulsive force on the water meniscus.  

 

Figure 2-5. A schematic of a water drop in contact with papillae of a leaf with superhydrophobic 

properties. A. The papillae in contact with the water drop exert neutral force in the absence of 

pressure perturbations when the meniscus is flat and adhesive forces as the pressure 

perturbations advance the water meniscus B. As the meniscus advances further into the texture, 

the papillae exert a repulsive force. (From the work of Ensikat et al.68 Copyright © 2011, Ensikat 

et al; licensee Beilstein-Institut) 
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This study experimentally validated the theory that the water meniscus comes into 

contact with only a fraction of papillae, by fabricating a transparent micro channel on PDMS 

(Polydimethylsiloxane) with pillars of varying heights in both micro and nano scale. Figure 2-6A 

shows the fabricated microchannel with pillars of different heights in micro and nano scale. 

When water flows in the microchannel with substantial pressure, the air entrapped between the 

pillars gets compressed and allows the water meniscus to advance into the gap between the 

pillars. But due to the synergic action of superhydrophobic nature of the PDMS and the bulk 

modulus of the compressed air between the pillars, the water comes into contact only with the 

tallest of the pillars. As the pressure increases, the water meniscus advanced further into the gap 

coming into contact with the next tallest features in the microchannel. The pressure to penetrate 

further is higher because the gap between shorter pillars is only half of the gap between tall 

pillars, and thus water penetration stops. Once the pressure perturbation was removed, the water 

meniscus receded back to the tallest peak keeping an almost flat meniscus. Therefore, this 

surface should display large slip length when water flows with small perturbations, while the 

surface does not become wetted even when the perturbation from pressure or shear stress 

increases (Fig. 2-6B). Extending the same idea to the dual textured surface is expected to 

increase the robustness (against pressure) of the SHS. Therefore, this dissertation discusses the 

superhydrophobicity of both periodically-textured and randomly textured SHSs. The rest of this 

chapter discusses the fabrication of the periodically-patterned and randomly textured surfaces.  
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Figure 2-6. A. A transparent micro channel with micro and nano features. B. Water meniscus 

advancing into the gap between the micro pillars. 

 

2.2 Experimental Methods 

2.2.1 Substrate fabrication – periodically-textured silicon SHS 

Periodically-textured (patterned) SHSs is not the focus of this study, but the current study 

fabricates these surfaces to demonstrate the negative coupling between the drag-reducing 

capability and robustness of a composite interface forming on a single-scale textured SHS. 

Figure 2-7 shows the schematic of the process layout for the photolithography process that is 

used to fabricate the single-scale textured samples. The first set of single-scale textured surfaces 

were fabricated on silicon wafers. P-type 4” test grade silicon wafers of thickness 500-525 

microns were purchased from University Wafer Inc. HMDS (Hexamethylenedisiloxane) is used 

to coat the silicon wafers in YES 310 vacuum oven for 20 minutes. This step ensures less wafer 

contamination in addition to enhanced adhesion and longevity of the photoresist (a light-sensitive 

material) on the silicon wafer surface even in the presence of high relative humidity. The 

substrate, silicon wafer, is then spin coated with S1813 (positive photoresist) at 3000 rpm for 1 

minute on CEE spin coater (Fig. 2-7A). A soft baking step is performed for 1 minute on a hot 
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plate at 115˚C to evaporate the solvent and densify the film. After cooling the substrate at room 

temperature for 3 minutes, the substrate is exposed to UV radiation using Karl Suss MA6B 

Contact Printer for a pre-determined amount of time, through a photomask, with hard contact for 

the optimum resolution. The sample is then post baked at 115˚C for 1 minute on the hot plate and 

then left to cool for 1 minute at room temperature. Post baking is performed for the formation of 

cross-linkages and solidification of the photoresist. After cooling the sample at room temperature 

for 1 minute, CPK Spin Processor/Solvent Developer is used to develop the patterns on UV 

exposed part of the silicon wafer (Fig. 2-7B). The samples are then observed under a microscope 

to ensure the uniform development of the patterns. Next step is to etch the silicon wafers 

patterned with a photoresist (Fig. 2-7C) using DRIE (Deep Reactive Ion Etching), performed in 

Plasma Therm-Versaline Plasma Processing System. Bosch process is used to ensure the 

anisotropic etching that creates deep trenches on the silicon wafers. SF6 plasma is used as an 

etchant during the etching process shown in Figure 2-7C. The last step before coating a thin layer 

of low surface energy coating is to strip the silicon wafer of any residual photoresist, in an 

ultrasonic bath tank using acetone for 5 minutes. The final step in fabricating the surfaces is to 

coat them with low surface energy molecules to maintain large equilibrium water contact angles 

and are characterized by measuring apparent water contact angles and hysteresis. The silicon 

wafers with single-scale textures are coated with a thin layer of low surface energy layer (Fig. 2-

7D). 
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Figure 2-7. Process flow of Silicon SHS A. Deposition of photoresist. B. Patterning the 

photoresist through photolithography. C. Etching the silicon and stripping off the photoresist. D. 

Coating low energy molecules. 

 

For an SHS to display a meaningful reduction in drag, the slip length should be at least 

tens of microns. The solid fraction and gap distance between textures were chosen so that the slip 

length on the fabricated SHSs can, if the composite interface remains intact, be 20 µm based on 

Ybert’s scaling analysis (see Eq. 2-8). The chosen two textures that were used for this study are 

i) an array of 12 × 12 micron square posts with a wavelength of 36 microns with respect to the 

adjacent post and ii) an array of  ridge patterns with 4.5 microns ridge width with a wavelength 

of 36 microns as shown in Figure 2-8 (A & B). The post and ridge patterns were clustered with 

walls separated by 11,520 µm, to prevent the spreading of any local wetting from spreading to 

wet the entire structure. Both the posts and ridges samples require a different set of etching time 

as the etching rate is a function of the dimensions of the pattern. In Figure 2-8 (C & D) we can 

observe the SEM images of the fabricated post and ridge structure with an etched depth of ~24 

µm and ~32 µm for posts and ridges respectively.  
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Figure 2-8. A schematic showing the mask dimensions of A. post patterns and B. ridge patterns 

to be transferred on to a silicon wafer. The Scanning Electron Microscope (SEM) image of 

fabricated samples with C. post and D. ridge textures. 

 

The final step in making the patterned surfaces superhydrophobic is to coat the surfaces 

with a layer that can decrease the surface energy of the samples. Two different methods were 

tested to coat low surface energy molecules. First, the patterned samples were functionalized 

using a low surface energy C4F8 polymer in the Plasma Therm-Versaline Plasma Processing 

System for 30 minutes at a process temperature of 120˚ C (Chemical Vapor Deposition process), 

to form a nanolayer of C4F8 on the patterned surface. This chemical vapor deposition process 

makes the surface hydrophobic, and water drops display apparent contact angles on smooth, 

post-textured and ridge textured surfaces as 118˚, 162 ˚ and 157 ̊, respectively. The thickness of 

C4F8 is approximately 400 nm (measured using ellipsometer). Alternatively, the single-scale 

textured silicon samples were sputter-coated with an ultra-thin layer (~40 nm) of PTFE 

(Polytetrafluoroethylene) polymer using ATC Orion sputter deposition system (AJA 

International). The contact angles on PTFE-coated substrates were essentially the same to the 



 

36 

ones on C4F8-coated surfaces (see Table 2-1). The difference between two approaches is 

substantial on aluminum-based SHSs, as further discussion will be presented in section 4.4. 

Owing to the complexities involved in fabricating hierarchically textured samples on a 

silicon wafer, only single-scale features were fabricated on silicon wafers. 

2.2.2 Randomly-textured aluminum SHS 

Due to the ease of fabricating hierarchically textured surfaces and having the incentive of being 

scalable, dual and triple length scale features were fabricated on aluminum. Single-scale but 

randomly textured SHSs were fabricated by sandblasting ultra-corrosion resistant aluminum 

plates (purchased from Mc Master Carr) with alumina sandblasting media of several grit sizes 

(Fig. 2-9). The feature diameter of a single pore is directly related to the grit size of the abrasive 

media, and the depth of penetration is related to the blast pressure, and thus the morphology of a 

pore is a function of both grit size and blast pressure. The sandblasted aluminum substrate was 

then cleaned in an ultrasonic bath and dried to remove any remaining contamination from the 

abrasive. Subsequent nanotexturing was performed through the hydrochloric acid etching or 

boehmitizing processes as described below. Noted two different approaches could introduce 

nano scale texture without significantly changing the morphology of micro texture, to create a 

hierarchical texture on aluminum surfaces. As the last step, textured samples were functionalized 

with a low surface energy polymer layer. Details of each process are described below. Acronyms 

in parentheses will be used later to represent the type of surfaces. 
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Figure 2-9. Scanning Electron Micrograph of alumina sandblasting media of A. grit-60 with a 

nominal sand grain size of 250 µm B. grit-80 with a nominal sand grain size of 160 µm C. grit-

100 with a nominal sand grain size of 115 µm and D. grit-150 with a nominal sand grain size of 

80 µm. The scale bar represents 100 µm. 

 

Sandblasting (SB): Ultra-Corrosion resistant 1100 Aluminum plates, purchased from 

McMaster-Carr, were cleaned with nitrogen to remove dust. The plates were then cut into 100 × 

100 mm2 samples for easier handling. Each of the plates was then sandblasted with a range of grit 

sizes of alumina abrasive media purchased from Fischer Scientific, using a robotic arm to ensure 

uniform blasting over the entire surface of the sample. Multiple blast pressure values were tested 

to achieve a diverse range of blast depths, and 100 psi was determined to be the optimum blast 

pressure of all the tested pressures. The resulting texture after the sandblasting process is, 

randomly distributed micropores. The samples were then cleaned in an ultrasonic bath with 

acetone for 5 minutes to remove any dust and loosely hanging alumina. See Figure 2-10 for 

fabricated texture. 
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Figure 2-10. Scanning Electron Micrograph of alumina sandblasted surfaces of A. grit-150 with 

a nominal sand grain size of 80 µm B. grit-100 with a nominal sand grain size of 115 µm C. grit-

80 with a nominal sand grain size of 160 µm and D. grit-60 with a nominal sand grain size of 250 

µm. The scale bar represents 10 µm. 

 

Acid Etching (E; nanotexturing method I): The sandblasted samples were then chemically 

etched in 12 M concentrated hydrochloric acid for 25 and 45 seconds at room temperature. The 

primary purpose of this etching process is to texture the inner walls of sand blasted micropores 

with closely packed nanopores on the length scale of ~ 200 nm69. The process also dislodges the 

abrasive media that is stuck to the surface, thereby slightly enhancing the size of the micropores. 

Different etch times were tested to identify the features that can maintain air pockets against the 

highest pressure perturbations. See Figure 2-11C for fabricated texture. 

Boehmitizing (B; nanotexturing method II): As an alternative process to create nano texture, 

we have also investigated the boehmitizing process, in which the sample is soaked in boiling 

water for 30 minutes. This process allows the growth of uniform, hair-like nano scale 

morphology on the order of 10 to 30 nm. See Figure 2-11D-F for fabricated texture. 
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Functionalization: After the micro- and nanotexturing processes are complete, the textured 

surfaces were functionalized with low surface energy molecules. An ultra-thin layer of a series of 

polymers was deposited on the samples by three different methods: chemical vapor deposition, 

spin coating and sputtering.  

 

Figure 2-11. SEM images of the sand blasted (With grit 150 alumina sandblasting media) 

samples in addition to nano- pores and nano- pillars. A. & B. The front and side view of the Sand 

blasted samples, C. Nanopores after etching the Al SB samples for 25 sec and D-F. Nano-pillars 

generated by boiling the Al SB samples for 30 mins. 

 

Chemical Vapor Deposition (CVD; functionalization method I): The first method tested was 

chemical vapor deposition of a fluoropolymer on sandblasted and etched aluminum samples. In 

the current study, 1, 1, 2, 2, 3, 3, 4, 4-octafluorocyclobutane is used to functionalize the 

aluminum sample, by coating a 430 nm thick layer which acts as a water repellant. This process 

was later proven to have an issue regarding durability: Since the existence of an unsaturated 

double bond in the polymer chain is more susceptible to corrosion by Sulphur and Oxygen, 

thereby compromising the longevity of the polymer layer and thus the robustness of the surface. 
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Spin coating (functionalization method II): As an alternative, commercially available 

NeverWet® water repellant was diluted in toluene, with different weight percentages of 

NevrWet® to determine the best coating layer. Thick solutions smeared the nanoscopic 

asperities, while thin solutions suffered from partial coverage of the surface. Experiments 

showed that 66 wt. % of NeverWet leads to the best result. The mixture was then spin coated on 

the sandblasted and etched aluminum samples at 3000 rpm for 2 minutes to achieve a thin layer 

of coating on the samples. 

Sputtering (functionalization method III): Finally, RF-magnetron sputtering70 of 

polytetrafluoroethylene (PTFE) was performed on the sandblasted, and etched samples at a base 

pressure of 2 x 10-7 Torr with the samples placed parallel to the PTFE target at a distance of 30 

cm. The RF-magnetron sputtering was performed under a constant Argon pressure of 4 mTorr. 

The RF power applied was fixed at 100 W and the sputtering time was controlled to achieve a 

range of film thicknesses. It has been observed that sputtering PTFE at 17°C results in a thin and 

a uniform layer that aids in the reliable formation of a composite interface.  

Although multiple coating methods and surface chemistries were incorporated in the 

current research, a major portion of the research was conducted on the samples that were sputter-

coated with PTFE. In the subsequent chapter, only a brief discussion on spin coating, and the 

chemical vapor deposition, as well as their respective surface chemistries to draw a comparison 

with sputter-coated samples will be presented. 

2.2.3 Static contact angle and contact angle hysteresis measurement 

Contact angles were measured using Rame-hart contact angle goniometer, Model 250. A 3 µl 

drop was used for the measurement of the apparent static contact angle and the contact angle 
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hysteresis. A syringe was used to dispense the exact volume, to measure and compare the results 

always with 3 µl drops. This is because the contact angles or the hysteresis might vary as a 

function of the drop size. Both advancing and receding angles were measured by volume 

dispensing (embedded needle measurements), by advancing / receding a small amount of liquid 

on to / from the surface. The width of the needle tip was 250 µm (small compared to the drop) so 

that the drop-needle adhesion does not distort the drop shape. For maximum accuracy of 

measurements, the expansion or contraction of volume was kept to be slow enough that the 

motion of the drop was quasi-static. In the volume dispensing method for advancing angle, the 

volume of the drop is increased by 0.2 µl increment. Same increment was used the receding 

angle measurement.  

The contact angle measurements are prone to errors due to the vibration of the periphery 

of the spherical drop, hence, all the static contact measurements were made in an environmental 

chamber at room temperature on the profiles of sessile drops using a goniometer fitted with a 

microscope (Rame-hart model 250, with a magnification of 5X), on a tilting stage, to minimize 

the effects from the ambient on the water drop. Ten measurements were performed on a given 

location for the static contact angle and at least five different locations were tested to find the 

averaged static contact angle. Each measurement was performed only after the water drop is 

relatively free from vibrations. The typical error in measurements was estimated to be ±2˚ and 

thus at least ten readings (once at each location) were taken to determine the contact angle 

hysteresis. 
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2.3 Results and discussion 

2.3.1 Superhydrophobicity and robustness on periodically-patterned silicon surfaces 

Owing to the impurities and imperfection on the surface, the degree of wetting weakly varies 

from one sample to the other. Depending on the surface chemistry, the contact angle may vary 

from 116˚ (CVD of C4F8) to 120˚ (Sputter coating of PTFE) on the smooth unpatterned silicon 

surfaces. Introducing a single-scale texture increases the contact angle significantly. The post and 

ridge textures were designed to have a very small solid fraction of 1/9 and 1/8 respectively to 

facilitate the composite interface to display superhydrophobicity. The contact angle on the post 

and ridge patterns was found to be 161˚ and 157˚ respectively with CVD of C4F8 polymer and 

slightly enhanced with sputter coating of PTFE. Unfortunately, as expected by Eq. 2-9, the 

robustness of the single-scale textured SHS is low. One exemplary result with an SHS coated by 

C4F8 surface chemistry is illustrated in Figure 2-12. While Figure 2-12A shows the SHS can 

repel a water drop impacting with a low velocity; the same SHS becomes easily wetted by a 

dynamic pressure of 490 Pa (Fig. 2-12B). It is possible to make single-scale SHSs with smaller 

pores so that the robustness becomes higher. Such an approach would not, however, lead to a 

drag reduction because, as I discussed in the previous section, the slip length is proportional to 

the length scale of micropores (see Eq. 2-8). Therefore, it can be concluded that a single-scale 

textured SHS cannot be used for drag-reducing applications for flows with substantial pressure 

or shear stress. 
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Figure 2-12. High-speed image of a water drop bouncing off from a single-scale patterned silicon 

SHS coated with C4F8 (row A) with an impact height of 4 cm. (row B) The same SHS getting 

impregnated with water at an impact height of 5 cm. Resultant dynamic pressure is 490 Pa. 

 

Table 2-1. A comparison of static contact angles on post and ridge geometry coated with C4F8 

and PTFE 

 

Substrate C4F8 PTFE 

Smooth Silicon Wafer 118.4˚ ± 2˚ 119˚ ± 2˚ 

Posts 161.6˚ ± 2˚ 162.4˚ ± 2˚ 

Ridges 157.5˚ ± 2˚ 157.7˚ ± 2˚ 

 

2.3.2 Superhydrophobicity on randomly-textured aluminum surfaces 

The current analytical model predicts that two approaches can improve the robustness of a 

composite interface without compromising the slip length. First method is to make hierarchically 

textured surfaces (chapter 2.1.3) and second is to imbue randomness to the texture (chapter 

2.1.4). Substrates fabricated through sandblasting, chemical etching, as well as boehmitizing are 

characterized by both traits (Fig. 2-11), suggesting that the samples would be superhydrophobic 



 

44 

with high robustness after coated with low surface energy molecules. Table 2-2 summarizes the 

wettability of six samples fabricated through different process combinations. For simple 

comparison, only one (sputter-coated PTFE) of four coating methods is listed in the table. The 

static contact angle on a smooth aluminum sample sputter-coated with PTFE is found to be 

119.6˚ (Sample 1). Single-scale (but randomly, not periodically) textured surface resulting from 

sandblasting and sputter coating displays a contact angle of 150˚ (Sample 2). Adding another 

scale of texture to the already existing micro texture changed the contact angle significantly to 

166˚ as can be seen from Sample 3 (sandblasted and etched) and Sample 4 (sandblasted and 

boehmitized). The change in contact angle can be attributed to lower solid fraction of the dual-

scale texture of the SHS compared to single-scale texture of Sample 2. Sample 5 (boehmitized 

only), which is covered with only nanotexture, displays contact angle as high as 168˚. This 

observation is somewhat unexpected, as hierarchically textured surfaces should possess lower 

solid fraction than that of the single scale textured surfaces. The discrepancy is within the 

experimental uncertainty, because the accuracy in determining the contact angle using the 

goniometer decreases beyond angle larger than 160˚. Finally, Sample 6 is treated by all three 

processes – sandblasting, acid-etching, and boehmitizing. The current study hypothesizes that the 

solid fraction of such a surface may be further reduced by adding nanopillars (boehmitizing) on 

the tops of nanopores (acid-etching). In other words, it can be speculated that boehmitizing 

would create nanopillars which acts as “pseudo” third scale texture, a “triple length scale” 

texture. Indeed, Sample 6 that is covered with the triple length scale textures and coated with 

PTFE displays a maximum contact angle of 170˚ and the contact angle hysteresis less than 2˚. 

Since the apparent contact angle of water on Sample 2 is almost 160°, over which the 
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measurement of contact angle becomes less accurate, superhydrophobicity of all five samples 

(Sample 2 ~ Sample 6) may not seem to be significantly different. Regarding the robustness 

against perturbations, however, substantial difference is observed. Hierarchically textured 

aluminum surfaces were found to be robust against high static and dynamic impact pressures as 

shown in Figure 2-13. As can be seen, even the drop impinging with 2.4 m/s velocity does not 

wet the surface. Instead, the drop simply shatters into small droplets upon impact, and the surface 

remains superhydrophobic. The dynamic pressure associated with the drop in Figure 2-12B is 

19.6 kPa. The increase of robustness against pressure perturbation is more than 50 times 

compared to the case of silicon-based periodically textured SHS (see Fig. 2-12). Table 2-2 

tabulated the static contact angles and the hysteresis on the noted samples. 

Table 2-2. A compilation of static contact angles and contact angle hysteresis values for various 

textured surfaces. SB (Grit 150), E (25 seconds) and B (30 minutes) refer to Sandblasting, 

Etching, and Boehmitizing respectively. 

 

Sample 

Process 

Chemical coating SCA CAH 

Base material Micro texture Nano texture 

1 Plain aluminum - - PTFE 119.6˚ ~ 30˚ 

2 Plain aluminum SB - PTFE 158.5˚ ~12˚ 

3 Plain aluminum SB E PTFE 166.0˚ 1.9˚ 

4 Plain aluminum SB B PTFE 166.2˚ 1.6˚ 

5 Plain aluminum - B PTFE 168.1˚ 1.6˚ 

6 Plain aluminum SB E + B PTFE 167.0˚ 1.5˚ 
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Figure 2-13. High-speed image of water droplet bouncing off from the dual textured aluminum 

surface (micropore and nanopore), when dropped from a height of A. 30 cm. B. 2 m. C. Water jet 

impact test on Sample 4, showing the sample remains superhydrophobic after the test. The 

velocity of the jet is 2 m/s, leading to the dynamic pressure of 8 kPa. D. The state of air layer 

(bright spots) on the fully immersed Sample 4, at gradually increasing hydrostatic pressure. The 

value of the gauge pressure is indicated at the bottom of each image. The bright spots exist at 

pressure levels lower than 54 kPa, but disappear at the level of 66 kPa. Thus, the interface could 

sustain a hydrostatic pressure at least up to 54 kPa when fully immersed in liquid. 

 

2.3.3 Effect of surface chemistry 

Four methods were developed for coating aluminum-based surfaces: A Chemical Vapor 

Deposition (CVD) of fluorinated polymer (C4F8) molecules, a spin-coating process using highly 

fluorinated Teflon®, a spin-coating process using commercially available NeverWet diluted with 

toluene and finally sputter coating process to maintain a thin layer of PTFE.  Each process is 

described in detail in the Experimental Methods section. All of these coating processes greatly 

lower the solid surface energy, and correspondingly increase the equilibrium contact angle when 

applied on a smooth surface. When applied on textured surfaces, sputter coating of PTFE proves 
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to be the optimum method for this research compared to the other methods. Spin coating of 

Teflon® solution leads to non-uniform thickness of Teflon® layer. In particular, Teflon® tends 

to fill in nanoscopic troughs. As a result, the hierarchically textured samples lose their 

nanotexture (see Fig. 2-14A). Spin coating of NeverWet has the same issue (Fig. 2-14C). 

Further, NeverWet solution has its own nanoparticles, and thus the morphology of final product 

is not relevant to the nanotexturing process used in this research. The results from NeverWet-

coated surfaces were not investigated further, to keep the complexity of the analysis to be 

reasonable. The CVD process leads to a thin layer of C4F8 and the fabricated samples display 

robust superhydrophobicity during a short period of time. Long-term durability is an issue for 

such surfaces because the samples become corroded when exposed to water for prolonged period 

of time (See Fig. 2-14B). Such weakness may not be an issue for the study of in-air 

superhydrophobicity, but it is a critical issue for this research theme – under water drag reduction 

(Fig. 2-15). On the other hand, spin-coating of PTFE leads to a very thin (~50 nm) nano layer on 

the textured surfaces, a layer that is thin enough that it does not significantly affect the 

morphology of nanotexture (Fig. 2-14D). Also, PTFE is found to be more stable and corrosion 

resistant than C4F8.  
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Figure 2-14. A. An SEM micrograph of a surface sandblasted (with grit 150), etched (25 

seconds) and spin coated with Teflon showing the smeared nanopores. B.  Image showing the 

corrosion on C4F8 coated samples left in water for extended periods (> 72 hours) of time. The 

C4F8 coated samples maintain the composite interface for up to 24 hours when left in water. C. 

An SEM micrograph of a surface sandblasted (with grit 150), etched (25 seconds) and spin 

coated with NeverWet® showing smeared nanopores, same as Teflon. D. An SEM micrograph 

of a surface sandblasted (with grit 150), etched (25 seconds) and sputter-coated with PTFE for a 

thickness of 45 nm, showing the nanopores are intact. 

 

 

 

Figure 2-15. The C4F8 coated samples showing signs of corrosion after 48 hours of drag 

reduction test in water. The wetted region in the picture has chemical corrosion as was described 

in Figure 2-14B. 
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2.4 Conclusions 

In the first part of this chapter, the thermodynamic stability of the composite interface, both in 

the absence of pressure and under pressure was discussed. The current study introduced a 

traditional scaling analysis on the correlation between the texture of SHS and the slip length 

displayed by the same surface. It was then concluded that one cannot simultaneously increase the 

slip length and the robustness as long as one uses single-scale textured SHSs. The current work 

offered a modified scaling analysis, suggesting that one can overcome noted negative coupling 

between slip length and robustness by incorporating hierarchical and random texture. 

To test the said analytical model, multiple SHSs were fabricated: periodically textured 

surfaces were fabricated through silicon semiconductor processes while hierarchically and 

randomly textured surfaces were developed by sandblasting, acid-etching, and boehmitizing. 

SHSs that are periodically textured display superhydrophibicity, but their robustness is 

insignificant. The noted result supports the first claim: single-scale textured surfaces cannot 

display both high robustness and practical drag-reduction. Hierarchically and randomly textured 

surfaces display very high contact angles with water and a 40-fold increase in the robustness 

against pressure. Observed result suggest that the areal fraction of the solid is very small and the 

composite solid-liquid-air interface is highly robust against perturbations. Noted two traits are 

the key properties for robust drag reduction. The quantification of the slip length on fabricated 

SHSs is explored in Chapter 3. 
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CHAPTER 3 

RHEOLOGICAL QUANTIFICATION OF SLIP LENGTH 

3.1 Introduction 

Several research groups have investigated the slip phenomena over superhydrophobic surfaces 

experimentally using rheometry,65,71,72 Particle Image Velocimetry55,73 (PIV) and pressure driven 

flows.4 In this chapter, a macroscopic measurement technique that is used to quantify the liquid 

slip phenomenon over a solid surface, rheomtery, will be discussed. A rheometer is an 

instrument that applies force or torque on the surface of the test liquid and measures the ratio 

between the applied force and the resultant deformation velocity or between the applied torque 

and the resultant angular velocity. Based on such ratios, rheometer can compute the 

viscoelasticity of the liquid. In this research, only Newtonian liquids such as water, were used 

and thus rheometer estimates only the viscosity. Although rheometer is not an equipment that 

was designed to quantify the liquid slip, one can convert the data from the facility into the form 

of slip length using simple principles of rheometry. The interpretation, as will be discussed in 

detail, is widely accepted as a valid form of macroscopic measurement of slip phenomena.25  

Section 3.1 provides a detailed account of the shear flow (generated by a combination of 

a moving and a fixed solid surface) of a Newtonian liquid near to a solid surface, followed by a 

discussion on the correlation of the rheometric parameters with the slip length on textured 

surfaces. Experimental methods to setup a rheometer of the measurement of slip length. The 

section will also cover common issues that need to be addressed to ensure the accuracy of the 

obtained data will be discussed in section 3.2. Section 3.3 discusses the rheological 
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quantification of slip lengths on various samples, followed by a summary and discussion of the 

results. 

3.1.1 Slip length and drag reduction 

A general way to express the velocity profile of a liquid in three dimensions is V = V(x,y,z,t). 

When a liquid flows over a solid surface, the layer of liquid that is in contact with the solid 

surface is said to assume the velocity of the solid in contact. For example, when water flows over 

solid boundary that is at rest, the water layer that is in contact with the solid boundary will also 

have a zero velocity. This is famously known as the no-slip boundary condition.22 Owing to the 

viscosity of the liquid, the velocity of the liquid varies from zero at the solid-liquid boundary to 

the bulk flow velocity at a large distance away from the boundary, giving rise to a velocity 

gradient along the wall normal direction. This velocity gradient gives rise to shear rate and a 

corresponding shear stress related as 𝜏 =  𝜂 · �̇� where η is the viscosity of the liquid. As a result 

of the no-slip boundary condition and the velocity gradient, viscous drag comes into play.  

No slip boundary condition is, however, an idealized condition and there are many 

studies that confirm the existence of relative velocity between the liquid and the SHS.74-77 For 

flows with such velocity discrepancy at the solid-liquid interface, Navier54 proposed a slip 

velocity, and suggested that the slip velocity would be proportional to the imposed shear rate. 

Then the ratio between the slip velocity and the imposed shear rate can be interpreted as the 

distance between the hypothetical surface where traditional no slip boundary condition applies 

and the real surface that is in contact with the liquid. The distance is called the slip length. See 

Figure 3.1A for a schematic drawing. Figure 3.1A is a repetition of Figure 1-7, and is inserted 

here only for the convenience of readers. For a Newtonian fluid of viscosity η, Navier hypothesis 
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can be written as 𝑏𝑠𝑙𝑖𝑝 =  
𝑉𝑊𝑎𝑙𝑙

(𝑑𝑉⁄𝑑𝑦)𝑊𝑎𝑙𝑙
 where (dV/dy)Wall is the shear rate near the wall and bslip is 

the local slip length. Since bslip on as SHS varies on the solid-liquid and liquid-air interfaces (Fig. 

3-1A), the effective slip length beff or the weighted average of local slip lengths is used to 

quantify the macroscopic slip phenomenon. For the detailed discussion on how the air pockets 

lead to non-zero slip lengths, see chapter 3. 

 

Figure 3-1. Liquid slip phenomenon on A. Composite interface in which the liquid follows a 

conventional no-slip boundary condition over the solid texture in contact while the fluid has a 

non-zero velocity over the air layer. B. A schematic of a laminar Couette flow between two 

plates where the bottom plate is a liquid-repellent SHS and the top plate satisfies the no-slip 

boundary condition. Effective slip length (beff) reduces the average shear stress between two 

plates for a given velocity of the top plate. 

 

The liquid slip phenomenon can be quantified using several idealized flows in which one 

can easily measure or estimate the shear rate and velocity near the solid surface. The two main 

types of flows with accurately predictable shear rate and the velocity on the surface of the solid 

are (i) A simple shear flow, where the shear rate inside the entire flow is constant, can arise when 

the liquid is constrained between two parallel plates (one fixed and the other moving) and (ii) A 

pressure driven Poiseuille flow, where a parabolic velocity profile establishes inside a cylindrical 

channel. The current research used a simple shear flow. Figure 3-1B shows a schematic drawing 

of the method to estimate the slip length on an SHS using a plate-plate simple shear flow. Ideal 

shear flow ensures that the shear rate of the flow confined between a moving top plate and a 
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stationary bottom plate is V/h everywhere (see Fig. 3-1B, assume the slip length is zero). Such a 

case will be called as the ‘reference’. In contrast, when the bottom plate is an SHS, a non-zero 

slip length beff reduces the shear rate from V/h to V/(h+beff) (Fig. 3-1B, with non-zero slip 

length). One can thus use the ratio between the shear rates from two tests to estimate the 

effective slip length. If shear rate cannot be directly measured, one can use the same liquid for 

the two tests, measure the shear stresses, and then use the ratio between shear stresses for the 

same purpose. 

While the basic idea underlying the measurement of slip length using rheometer is 

simple, actual tests are complicated. Real rheometry should be performed using small amount of 

liquid and small space, and thus most common rheometers use one of two set ups to generate a 

simple shear flow: i) a pair of parallel plates, with the top plate rotating or ii) a pair comprising a 

flat bottom plate and a rotating cone as the top geometry. For standard rheometry, cone-plate 

setting is preferred because the shear rate inside the entire test liquid volume is fixed while the 

plate-plate rheometry causes the liquid to experience different shear rates near the outer edge and 

near the center of the plate. Keeping a constant shear rate inside the entire liquid volume is 

particularly important when we test non-Newtonian fluid. Nonetheless, the current study used a 

plate-plate rheometry because of the following benefit: 

For a plate-plate rheometry, the liquid located at the radial coordinate r from the center of 

the plate would have the top plate moving with the local Vplate = rω. Here ω is the angular 

velocity of the top plate. Based on Figure 3-1B, the shear stresses on a reference and on a SHS 

are then given as the following: 
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  𝜏𝑟𝑒𝑓 =  
𝜂𝑟𝜔

ℎ
 (3-1) 

 

  𝜏𝑠𝑙𝑖𝑝 =  
𝜂𝑟𝜔

ℎ +  𝑏𝑒𝑓𝑓
 (3-2) 

where h is the gap distance between two plates (see Fig. 3-1B). The denominator (h + 

beff) in Eq. (3-2) is the effective gap distance that has increased from h due to the slip length. 

Equations 3-1 and 3-2 clearly indicate that the ratio between the two stresses does not depend on 

the radial coordinate (the ratio is always h / (h+beff)) although the each of shear stresses do 

depend on the radial coordinate. In contrast, cone-plate geometry has the gap distance between 

the top cone and the bottom plate varying as the function of radial coordinate. As a result, the 

ratio between two shear stresses (on a reference and on an SHS) varies as well, and thus the 

effect of beff is extremely complicated to analyze.  

Since the ratio between shear stresses is constant regardless of the local coordinate, the 

total frictions measured on two surfaces would from the same ratio for a plate-plate geometry. 

The viscous skin friction drag, in terms of torque T measured by a rheometer with a disc of 

radius R, is given by25 𝑇 =  ∯ 𝜏. 𝑟 𝑑𝐴 leading to ∫ 𝜏. 𝑟. 2𝜋𝑟. 𝑑𝑟
𝑅

0
 (see Fig. 3-2). Since 𝜏 =

 𝜂�̇� 𝑜𝑟  𝜂𝑟𝜔/ℎ, the total measured torque T is simply 𝑇𝑟𝑒𝑓 =  
𝜋𝜂𝜔𝑅4

2ℎ
 for the rotational plate-plate 

rheometry with the top plate rotating with angular velocity . Here τ, r and η are shear stress, 

radial coordinate, and viscosity of the liquid respectively. As discussed already, the liquid slip 

phenomenon reduces the average shear rate and stress on a SHS, and the torque to maintain the 

top plate to rotate with the same angular velocity  reduces from Tref to Tref * h / (h+beff). The 
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benefit of using a plate-plate rotating rheometry is this simple relation between torques measured 

on a reference and on an SHS bottom plate.  

 

Figure 3-2. A schematic of a torsional rheometer showing the velocity profile between two 

parallel plates with a movable top plate and a stationary bottom plate. 

 

During the real tests, the rheometer was set to operate in a ‘fixed shear rate’ mode. The 

name of the mode is misleading because, as was discussed in this section, the shear rate varies as 

a function of radial coordinate. In reality, when set to the ‘fixed shear rate’ mode, the equipment 

operates in a ‘fixed angular velocity’ mode. The rheometer then measures the torque to maintain 

the pre-set angular velocity, and calculate the viscosity of the liquid based on the ratio between 

the imposed angular velocity and the required torque. Hence, for a constant angular velocity of 

the upper plate, the ratio between the apparent viscosities on a reference (ηref) and on a SHS 

(ηslip) can be equated to the ratio between shear stresses on two surfaces: 

 
𝜂𝑟𝑒𝑓

𝜂𝑠𝑙𝑖𝑝
=  

𝑇𝑟𝑒𝑓

𝑇𝑠𝑙𝑖𝑝
=  

𝜏𝑟𝑒𝑓

𝜏𝑠𝑙𝑖𝑝
 (3-3) 

Eq. 3-3 can be combined with Eqs. 3-1 and 3-2, to utilize the ratio of the apparent viscosities to 

calculate the slip length as: 
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𝜂𝑟𝑒𝑓

𝜂𝑠𝑙𝑖𝑝
=  1 + 

𝑏𝑒𝑓𝑓

ℎ
 (3-4) 

Also, the laminar drag reduction associated with the textured SHS can be written as: 

 𝐷𝑅 = 1 −  
𝜂𝑠𝑙𝑖𝑝

𝜂𝑟𝑒𝑓
=  

𝑏𝑒𝑓𝑓

 𝑏𝑒𝑓𝑓 + ℎ
 (3-5) 

The larger the liquid-slip, the higher is the drag reduction, according to equation 3-5. 

This liquid-slip depends both on the surface chemistry and the surface texture. In the later part of 

this chapter, rheometry will be used to estimate slip lengths on SHSs that were discussed in 

chapter 2, and then try to correlate the measured slip lengths to the predictions of the current 

analytical models discussed in the upcoming sections. 

3.2 Experimental methods 

3.2.1 Rheological constraints 

A Discovery Series Hybrid Rheometer (TA Instruments model HR-3) with a standard parallel 

plate geometry was used to determine the slip length on fabricated surfaces, by imposing the 

shear rate to be in a specific range (10 to 150 s-1) while measuring the torque. The ratio between 

measured torque and shear rate were used to calculate the apparent viscosity of the test liquid on 

a control surface which acts as a reference and SHS, and the ratio between the noted average 

viscosities (over the entire shear rate range) was used to estimate the slip length as discussed in 

section 3.1.  The transducer torque resolution of HR-3, as given in the user’s manual is 0.05 nN 

m. And since the viscosity of pure water is too low to generate sufficient torque for the given 
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shear rate, 40 volume % of aqueous glycerol solution was used as the working fluid and radius of 

the plate used was 40 mm to ensure sufficient signal to noise ratio for the torque measurement. 

As pointed by many researchers, a major contribution to the errors arising from the use of 

rheometry can be attributed to the inertia and edge effects.78,79 The effect from inertia becomes 

significant as the shear rate and the Reynolds number of the flow increase, because the transfer 

of kinetic energy can create secondary eddies and disrupt the desired pattern of a simple shear 

flow. The viscosity of the test liquid was measured to be 4.33 mPa s using standard parallel plate 

rheometry, and the corresponding Reynolds number remained less than 100. In this Reynolds 

number regime, the effect of inertia does not create secondary flows.80 Small gap distances 

between the top and bottom plates result in high shear rates and can cause shear heating leading 

to erroneous results. The manufacturer recommended gap distance is between 0.5 to 2 mm (500 

µm to 2000 µm) while the range of gap distances tested in the current study are between 600 µm 

and 1600 µm.  

Edge effect can also compromise the accuracy of the measurement. The test liquid is 

entrapped between two plates, and thus the meniscus of the liquid forms a circular contact line 

on the bottom plate. If the shape of the contact line substantially deviates from its ideal circular 

pattern, a distortion of meniscus may result and can perturb the relation between the imposed 

shear rate and the resultant shear stress, leading to erroneous measurement. In the worst case, a 

small portion of liquid may escape the test area, leading to a drastic reduction of the shear stress. 

To prevent the distortion of the contact line, a hydrophilic ring pattern was added on the sample 

SHSs to contain the liquid inside the test area. The diameter of the ring was set to be the same 

diameter as the top plate, so that the liquid meniscus becomes pinned between the edge of the top 
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plate and the ring pattern on the bottom surface. The expected (and empirically validated) effects 

are i) the contact line of the test liquid is near-circular on the bottom surface and ii) the meniscus 

of the test liquid can form vertical interface. Figure 3-3 shows the result.  

Finally, even after resolving all noted issues, comparing the test results from SHSs with 

those from smooth surfaces is still known to be difficult, because the shape of menisci are 

different when the test liquid is placed on the standard smooth surface and on an SHS. The 

contact angles on SHSs are, by nature of SHSs, larger than the smooth reference surface. Test 

liquid spreads on the reference surface but not on the sample SHSs. While the ring-pattern 

mitigates the difference, it is extremely difficult to completely eliminate the difference in the 

shapes of menisci. To compensate for the errors from noted difference, various gap heights were 

employed to measure the relation between torques and shear rate. Multiple data points were used 

to perform the least square fit of equation 3-4, to estimate the slip length. This method can 

successfully compensate the error from the menisci deformation, as was originally suggested by 

Srinivasan et al.25 

 

Figure 3-3. Figure showing the ideal, flat glycerol meniscus between the rotating top plate and 

the fixed bottom plate (SHS) of the parallel plate rheometer arrangement. 
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Figure 3-4 shows a raw data from one of the rheometry runs, with the shear rate plotted 

on the X-axis and the viscosity on the Y-axis. The rheometer sheared the test liquid (40 wt. % 

glycerol in water) with the imposed shear rate from 0 to 150 s-1, on the top of an SHS fabricated 

through sandblasting and acid etching. ‘Imposed shear rate’ does not imply that the actual shear 

rate inside the test liquid was the same as the imposed shear rate. As discussed earlier, actual 

shear rate occurring in the test liquid can be lower if the liquid experiences slip phenomenon on 

the sample surfaces. Figure 3-4 shows that the viscosity stabilizes above a shear rate of 25 s-1, 

and the data used towards the quantification of slip length comes from the viscosity values 

estimated in the high-shear area. The fluctuation of the measurement at the low shear rate region 

is unclear, and one can speculate the low signal-to-noise ratio or the perturbations from 

aforementioned effects are particularly high in that region. The average apparent viscosity for the 

textured SHS showed in Figure 3-5 was measured to be �̅�𝑠𝑙𝑖𝑝 = 3.83 𝑚𝑃𝑎 𝑠 at the gap distance 

of 1000 m. On the other hand, a standard rheometry run, using the reference smooth, estimates 

the average viscosity of the same liquid to be �̅�𝑟𝑒𝑓 = 4.18 𝑚𝑃𝑎 𝑠 at the same gap of 1000 µm. 

The lower apparent viscosity observed on a SHS suggests the reduction in drag at the composite 

interface due to liquid slip. A plot of apparent viscosity versus shear rate is a precursor for the 

slip length quantification. As discussed earlier, determining the slip length or drag reduction 

using only one gap distance is prone to error, and thus the slip length was estimated by a linear 

regression of equation 3-4 at several gap distances mentioned earlier. 
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Figure 3-4. A plot showing viscosity versus strain rate graph for a gap distance of 1000 µm for a 

typical SHS.  

 

3.3 Results and discussion 

3.3.1 Drag reduction on single-scale textured surfaces 

Although the single-scale textured surfaces were fabricated on both silicon wafers and on 

aluminum substrates, SHSs based on silicon wafers are not sufficiently robust against pressure 

perturbations during rheometry tests. Slip length is thus quantified only on the aluminum 

samples that are sandblasted and sputter-coated with PTFE. From table 2-2, the sandblasted and 

sputtered sample has a contact angle of 158°, and the contact angle hysteresis is 12°. Although 

coated with PTFE, the sample was found to be pinning on surface asperities a lot, as evident 

from the hysteresis. Observed hysteresis suggests that the fraction of the wetted solid area is not 

extremely small, and the estimation of the solid fraction through equation 1-4 is about 10%. 

Rheometry tests were performed at six  gap distances from 600 m to 1600 m, and the obtained 

viscosity values were divided by the viscosity measured on the reference smooth surface to 

determine the viscosity ratio or the reduction in drag (see Eq. 3-4). Figure 3-5 shows the result 
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from all single-scale textured sputter-coated aluminum samples sandblasted with a range of grit 

sizes. Least square fit of six data points determine the slope of the linearized trend line, the slope 

of which gives the average slip length on the surface as discussed in section 3.2.1.25 

 

Figure 3-5. Slip length on a single-scale textured aluminum surfaces sandblasted with A. grit 150 

B. grit 100 C. grit 80 and D. grit 60 alumina sandblasting media. The slope of the least square fit 

line is the slip length. LCL and UCL mean Lower Confidence Limit and Upper Confidence 

Limit respectively. See Figure 2-10 for the surface texture of each of the samples. 

 

As expected by Ybert’s original scaling model (Eq. 2-8), the slip length is roughly 

proportional to the length scale of surface texture. The exception is the surface blasted with grit 

60, which displayed lower slip length than grit-80 surface. The possible reason for this exception 

is that the pores of the surface blasted with grit 60 were too large to sustain a robust composite 

interface against perturbations during the rhometry tests. Indeed the surface became partially wet 

after rheometry tests, suggesting that the interface was disrupted during the experiment. 
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Robustness tests using drop impact showed the same trend. Single-scale textured aluminum 

surfaces became easily impregnated with water, when a drop of water impact the surface from a 

height larger than 10 cm. 

3.3.2 Effect of acid etching 

Nano texture in this dissertation refers to either nanopores or the nano pillars, both of 

which are a result of two independent processes. The nanopores and nano pillars may be added 

to the single-scale micro texture either individually or together to fabricate dual or triple length 

scale textures respectively. Having nanopores in the surface texture reduces the solid fraction, 

and according to equation 2-11, the slip length increases when compared to the single-scale 

texture.  

As the first set of hierarchically-textured surfaces, the slip lengths of dual-scale textured 

surfaces (sandblasted and then acid-etched) were measured through rheometry with the same 

protocol as section 3.3.1. Figure 3-6 shows the result. As expected by Eq. 2-11, the slip lengths 

of dual-scale textured surfaces largely surpass those of single-scale counterparts.  

3.3.3 Effect of boehmitization 

Boehmitization leads to the formation of nano pillars. The experiments using acid etching 

(section 3.3.2) focused on the increase of the slip length on dual-scale textured surfaces with a 

single etching process and multiple types of microtexture. The same experiments were repeated 

using boehmitization process: four surfaces were fabricated through sandblasting and 

boehmitization. Boehmitization time was constant for all surfaces while the grit size for blasting 

process varied from grit 150 to grit 60.  
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Figure 3-6. Slip length on the dual-scale textured aluminum surface fabricated with sandblasting 

and acid etching processes. Sandblasting was performed with the same parameters as the single-

scale textured counterparts: blasted with A. grit 150 B. grit 100 C. grit 80 and D. grit 60. Acid 

etching and low surface energy coating processes were the same for all samples: samples were 

etched for 25 seconds in 12 M Hydrochloric acid and sputter-coated with PTFE. 

 

The final surface texture has micropores from sandblasting and nanopillars from boehmitizing. 

Figure 3-7 shows the data from rheometry. The trend in Figure 3-7 is the same as the one in 

Figure 3-6, as all SHSs display much large slip lengths than their single-scale counterparts. One 

very interesting and seemingly contradictory result from both Figure 3-5 and Figure 3-7 is the 

fact that the slip length decreases with the increase of micropore size (small grit number means 

larger texture length scale; see Fig. 2-9). This observation will lead to the derivation of the other 

equation, as will be discussed in section 3.3.6. 
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Figure 3-7. Slip length on the dual-scale textured aluminum surface fabricated with sandblasting 

and boehmitizing processes. Sandblasting was performed with the same parameters as the single-

scale textured counterparts: blasted with A. grit 150 B. grit 100 C. grit 80 and D. grit 60. 

Boehmitizing and low surface energy coating processes were the same for all samples: samples 

were boehmitized for 30 minutes and sputter-coated with PTFE. 

 

In addition to the study on the effect of microtexture size, the slip phenomenon on 

surfaces with the same microtexture but with different nanotexture were investigated. 

Boehmitization process grows nanoscopic aluminum oxide pillars on top of the aluminum 

surface, and the length of pillars is roughly proportional to the boehmitizing time. Different 

boehmitizing times were applied to three samples that had been sandblasted with grit 150, to test 

the effect of boehmitizing time on the slip length. It is evident from Figure 3-8 that, even though 

the microtexture of all samples is essentially the same, the slip length varies substantially as a 
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function of boehmitizing time. Figure 3-7D shows the result from a surface that was not 

sandblasted but only boehmitized. The drastic difference in the slip lengths between surfaces A ~ 

C and surface D suggests that a large slip length observed on hierarchically-textured surfaces are 

from the collective effect from both microtexture and nanotexture, not from any single length 

scale.  

 

 

 

Figure 3-8. A-C. The slip length on dual-scale textured surfaces, fabricated by sandblasting 

followed by boehmitizing. The boehmitizing time was A. 5 minutes B. 10 minutes and C. 30 

minutes. D. The slip length on a boehmitized-only surface. Boehmitizing time was 30 minutes. 

Samples A, B, and C are C4F8 coated. D is PTFE coated. 
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3.3.4 Triple length scale hierarchical textures 

Triple length scale textured surfaces in this thesis refers to the samples engineered to contain 

three features, namely, micropores, nanopores and nano pillars. Each of the features is a result of 

three independent processes. The motive for having three features on the SHS is to reduce the 

effective surface area of contact between water and the solid surface to an extremely degree 

without changing the size of micropores, thereby promoting the liquid slip without 

compromising the robustness of the composite interface (Fig. 3-9). Comparing Figure 3-9 with 

Figure 3-5, Figure 3-6 or Figure 3-7 suggests that the surfaces with triple-length-scale texture 

display consistently higher slip length than their single-scale or dual-scale counterparts. 

 

Figure 3-9. The slip length on triple length scale hierarchical textured samples with micro texture 

resulting from the sandblasting of A. grit 150 B. grit 100 C. grit 80 D. grit 60 alumina 

sandblasting media, nano-texture resulting from acid etching for 25 seconds and boehmitizing 

for 30 minutes. All samples are sputter coated with PTFE. 
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3.3.5 Robustness against static and dynamic impact pressure 

The observed increase in the slip length is useful only if the surfaces are robust against 

perturbations. The robustness of sample surfaces was quantified by two separate methods: i) drop 

impact tests and ii) hydrostatic submerging test. For the drop impact test, a drop is released from 

progressively higher point, until the drop does not bounce off but wets the surface. The 

maximum release height before the onset of wetting is used to calculate the dynamic pressure of 

the impinging drop that the sample surface can resist. All of the hierarchically-textured surfaces 

displayed extremely high robustness – all surfaces can withstand a dynamic impact from a height 

of 2 m, corresponding to 20 kPa of dynamic pressure. Same samples also remained 

superhydrophobic after 48 hours at hydrostatic pressures of about 2 kPa. Figure 2-12 shows a 

demonstration of the robustness of hierarchically-textured SHSs.  

To observe the hydrostatic robustness of the samples, they were placed under a water 

column of height 90 cm. The single-scale textured aluminum surfaces survived the hydrostatic 

pressure for less than 10 hours whereas the dual and triple length scale textured samples were 

found to be able to retain the air layer after 48 hours and remained superhydrophobic when 

retrieved from water. 

3.3.6 The enhancement of slip length on hierarchically textured surfaces 

The increase of the slip length due to the addition of nanotexture is drastic. For example, the slip 

length increases from 9.51 m (blasted-only, grit 150; see Fig. 3-5A) to 63.3 m (sandblasted by 

grit 150 and boehmitized; see Fig. 3-7C). Observed increase is as expected by from the analytical 

model (see Eq. 2-11), but in a magnitude that widely surpasses the slip length on the 
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nanotextured-only surfaces (7.49 m, with the empirical uncertainty of –16 µm ~ 30 µm; see Fig. 

3-7D). This section begins by discussing how the insignificant slip on nanotexture leads the slip 

length on hierarchical texture to increase by 54 m or by 7-fold.  

Imagine a flow of viscous fluid past a sphere of radius a (See Fig. 3-10). The drag force 

on the sphere can be derived as 6πηaU81. Where η is the viscosity of the fluid and U is flow 

velocity relative to the sphere. If the sphere were an SHS, there exists a net relative motion at the 

solid-liquid interface and the no-slip boundary condition would form beneath the physical 

surface. Unlike the case of a flat SHS, the slip length on a spherical SHS fictitiously reduces the 

effective radius of the sphere from a to a - bslip (See Fig. 3-10).  

 

Figure. 3-10. A schematic showing the interaction between the sphere and the liquid when the 

surface of the sphere is smooth (Left) and when the surface of the sphere is an SHS (Right). 

 

Similarly, on a hierarchical texture, the nano features produce a slip of beff, nano. Hence the 

effective dimension now becomes a-2beff, nano (refer Fig. 2-4B) or a·ξ where 𝜉 =  1 −
2𝑏𝑒𝑓𝑓,𝑛𝑎𝑛𝑜 

𝑎
. 

From Ybert et al.’s scaling law, the slip length on a single-scale texture is proportional to the 

length scale of the features and inversely proportional to the solid fraction of the surface.  
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 𝑏𝑒𝑓𝑓,𝑚𝑖𝑐𝑟𝑜 ~ 𝛼
𝑎

ϕ𝑠
 (3-6) 

For a hierarchical textured surface, the scaling now reflects the ξ factor 

 𝑏𝑒𝑓𝑓,ℎ𝑖𝑒𝑟 ~ 𝛼
𝑎𝜉

ϕ𝑠  ·   𝜉2
=  

𝑏𝑠𝑙𝑖𝑝,𝑚𝑖𝑐𝑟𝑜

𝜉
 (3-7) 

Equation 3-7 explains the large slip lengths possible on the hierarchically textured SHS 

compared to their single-scale counterparts. For example, a slip length on the nanotexture, as low 

as even 1 m, can substantially increase the slip length of the hierarchical texture by a factor of 

10 if the width of microasperities is on the same length scale (a - 2beff, nano → 0, causing  in Eq. 

3-7 to blow up to infinity). A behavior that is consistent with previous studies71, which observed 

a giant slip length on hierarchically textured SHS. The authors speculated the reason for the 

increase of the slip length is, the composite interface is more robust and hierarchically textured 

surfaces have relatively lesser solid fractions.   

Eq. 3-7, or the concept of reduction of the width of microtexture, also helps one 

understand the seemingly contradictory result of Figure 3-6. As discussed in the previous 

section, the addition of nanotexture increased the slip lengths of SHSs consistently. The slip 

lengths of Figure 3-6 A, B, C and D are greater than the ones on their single-scale counterparts of 

Figure 3-5 A, B, C and D. The magnitude of the increase, however, decreases as the grit size 

increases (e.g., 4.3 fold increase for grit 150, and 1.7 fold increase for grit 80). As a result, the 

slip length on hierarchically textured SHSs decreases as the length scale of microtexture 

increases. This observation is in direct conflict with Ybert’s original scaling law (see Eq. 2-8). 

The current model (Eq. 3-7) can resolve this conflict: As the microtexture of a hierarchically 
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textured SHS is enlarged, the effect of the given beff,nano on the width of microtexture diminishes 

(Fig. 2-4B). The ξ factor then approaches unity and the slip length on the hierarchically textured 

surface with enlarged micro texture gradually reduces back to the slip length on the single-scale 

textured counterpart as the length scale of microtexture increases. This rationale is in good 

agreement with the aforementioned contradiction between Figure 3-5 and Figure 3-6, which 

show that the slip length on the dual scale textured samples diminishes as the microtexture is 

enlarged although the trend is the opposite for single-scale textured SHSs. 

3.4 Conclusions 

The contribution of micro and nano level morphology towards the slip length has been analyzed 

to compare with the analytical model. The slip lengths on SHSs with dual-scale textures (Fig. 3-

6, Fig. 3-7) and triple-length scale textures (Fig. 3-9) are consistently higher than those on single-

scale counterparts (Fig. 3-6). This observation validates the key hypothesis of this study 

regarding the additional reduction in drag on hierarchically-textured SHSs. The increase also 

correlates with the detailed shape of microtexture or nanotexture. The reduction in the slip length 

on hierarchically textured SHS, as micropores become larger, can be confusing on the surface. 

This seemingly contradictory observation can, however, be explained by expanding the current 

analytical model: the addition of nanotexture leads to the increase of slip phenomenon through 

the reduction of the width of microtexture, an effect that dimnishes as the length scale of 

microtexture increases. Finally, comparison between the slip lengths on dual-scale textured and 

triple-scale textured SHSs reveals that the synergic effect of one micro level and two nano level 

morphologies leads to the largest slip length. 
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CHAPTER 4 

NEAR WALL DYNAMICS OF THE FLOW OVER SUPERHYDROPHOBIC 

SURFACES IN THE TURBULENT BOUNDARY LAYER 

4.1 Introduction 

In this chapter, the turbulent boundary layer flow over a flat plate will be analyzed, both smooth 

and superhydrophobic. First, the equations of motion for the external wall-bounded shear flow 

for turbulent boundary layer over a flat plate will be introduced, followed by a discussion on the 

velocity profiles within the viscous sublayer and the turbulent core. The velocity profiles 

determine the total shear stress, which is the sum of viscous shear stress and the Reynolds shear 

stress82. In the subsequent sections, the experimental procedure which was used for the near-wall 

velocity measurement will be discussed and present the results and discussion. 

Disclaimer: All experimental work in this chapter was performed by my colleague, Hangjian 

Ling, at Prof. Joseph Katz’s group of Johns Hopkins University. My contribution to the 

experimental set-up was minimal. My role during the collaboration was to interpret the result 

along the context of surface characteristics, which will be the topic of this chapter. In this 

chapter, whenever the data from Katz group is shown, proper citation or acknowledgement will 

follow. 

4.1.1 Turbulent boundary layer 

When a liquid flows over a stationary solid object (e.g. a wall), as a result of their 

interaction, hydrodynamic forces are generated. For a hypothetical flow with zero Reynolds 

number, the effect of the solid-liquid interaction propagates to the entire fluid instantly upon 
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contact. For real flows with finite Reynolds number, there has long been a debate how the solid-

liquid interaction propagates through the liquid until Ludwig Prandtl83 introduced the boundary 

layer theory in 1905. In a wall bounded flow, where the solid boundary is an infinite flat plate, 

the layer of liquid that is touching the wall has a zero relative velocity. The viscosity of the liquid 

slows down the layer of liquid that is in the immediate vicinity giving rise to a velocity profile 

with non-zero gradient as one moves farther away from the wall. This creates a thin layer of 

liquid near the wall where the tangential velocity changes from zero at the solid-liquid boundary 

to the free stream velocity as the coordinate increases along the wall normal direction. This layer 

of liquid is called as a boundary layer, as it occurs near the boundary of the solid and the liquid. 

Prandtl suggested that, the viscous effects are significant only inside the boundary layer whereas 

the flow can practically be assumed as inviscid outside the boundary layer84 (viscosity η = 0). 

His model has been extensively validated through numerous empirical studies, and it is now a 

standard model to understand the solid-liquid interaction for high Reynolds number flows. 

 

Figure 4-1. A schematic showing a typical boundary flow over a flat plate. The figure is not to 

scale. 

As the flow progresses over the boundary, more liquid is affected by the friction between 

the liquid molecules leading to an increase in the thickness of the boundary layer ( in Fig. 4-1), 
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and corresponding increase in the Reynolds number of the boundary layer flow. As all fluid 

flows are, the boundary layer flow can also be either laminar (the region near the leading edge of 

the plate in Fig. 4-1) or turbulent (the region in the downstream in the same figure) depending on 

the Reynolds number of the flow inside the boundary layer. In laminar flow, the liquid moves in 

smooth layers whereas in a turbulent flow, the liquid has a rather chaotic and disorderly 

movement85. Even for a turbulent boundary layer flow, there is a thin sublayer near the solid 

surface where the local velocity is low enough for the viscous forces outweigh the inertia forces. 

This region is called the laminar sublayer or the viscous sublayer because the flow is always 

laminar in this sublayer. The interactions between the viscous sublayer and the solid boundary 

are of particular interest for the study of drag reduction on SHSs86 because the amount of drag of 

the laminar flow is easy to estimate. The thickness of a viscous sublayer is estimated to be very 

thin (y < 5δv). Here, the viscous length scale δv is given by υ/uτ, where υ is the kinematic 

viscosity of the fluid and uτ is the friction velocity given by √
𝜏𝑤

𝜌
 and τw is the wall shear stress. 

Away from the viscous sub-layer, the flow is characterized with high Reynolds number and thus 

the flow can be turbulent. Consequently, two different types of shear stress are dominant in the 

two areas: while viscous shear stress is prevalent in the laminar sublayer, Reynolds stress 

becomes substantial in the upper region of the boundary layer. Therefore, it is imperative to be 

able to obtain the velocity profile inside the boundary layer to understand the type of interactions 

between the liquid and the SHS, and determine the drag applied on the surface. 
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4.2 Analytical equations for the turbulent boundary layer 

4.2.1 Equations of motion for the turbulent boundary layer 

 

Figure 4-2. Velocity of a turbulent flow at a certain location in a boundary layer as a function of 

time. 

 

Turbulent flow is usually characterized by unsteady eddies and vortices. These eddies produce 

large fluctuations in pressure and velocity (see Fig. 4-2), making it harder to solve the Navier-

Stokes equations analytically. Hence, the characteristics of the flow can only be modeled by 

understanding the velocity and pressure fluctuations statistically. Since the instantaneous 

velocity (and also the pressure) fluctuates, statistically we can write the velocity as the sum of 

time-averaged value and the fluctuation, a technique known as Reynolds decomposition: 

 𝑢(𝑡) = �̅� + 𝑢′ (4-1) 

where u is the streamwise velocity along the surface, �̅� is the ensemble (time) averaged value 

given by �̅� =  
1

𝜏
∫ 𝑢(𝑡)𝑑𝑡 

𝜏

0
and 𝑢′ is the fluctuating part whose time average equals zero. The 



 

75 

velocity components v and w along wall-normal and spanwise directions may also be written in 

the form of equation 4-1. 

The momentum conservation for the streamwise direction may be written as 

 𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
) =  −

𝜕𝑃

𝜕𝑥
+  𝜂𝛻2𝑢 (4-2) 

where η is the viscosity of the liquid 

Substituting Eq. 4-1 in Eq. 4-2 and taking a time average leads to 

 𝜌 (
𝜕�̅�

𝜕𝑡
+ �̅�

𝜕�̅�

𝜕𝑥
+

𝜕𝑢′2̅̅ ̅̅

𝜕𝑥
+ �̅�

𝜕�̅�

𝜕𝑦
+ 

𝜕𝑢′𝑣′̅̅ ̅̅ ̅

𝜕𝑦
) =  −

𝜕�̅�

𝜕𝑥
+  𝜂𝛻2�̅� (4-3) 

Inside the boundary layer, the rate of change of a quantity in the wall normal direction is much 

larger than the longitudinal flow direction (i.e., 1/ ∂y ≫ 1/ ∂x). Hence, Eq. 4-3 may be 

simplified for a steady flow as: 

 𝜌 (�̅�
𝜕�̅�

𝜕𝑥
+ �̅�

𝜕�̅�

𝜕𝑦
 ) =  −

𝜕�̅�

𝜕𝑥
+  

𝜕

𝜕𝑦
(𝜂

𝜕�̅�

𝜕𝑦
−  𝜌𝑢′𝑣′̅̅ ̅̅ ̅) (4-4) 

The quantity 𝜂
𝜕𝑢

𝜕𝑦
−  𝜌𝑢′𝑣′̅̅ ̅̅ ̅̅  is referred to as the total turbulent shear stress, which is the sum of 

viscous shear stress (𝜂
𝜕𝑢

𝜕𝑦
) and the Reynolds shear stress (−𝜌𝑢′𝑣′̅̅ ̅̅ ̅̅ ). The existence of this 

nonlinear Reynolds shear stress term gives rise to turbulence to general flows, and perhaps more 

importantly, drag on textured surfaces sometimes surpasses theoretical predictions because the 

rough asperities cause additional turbulent eddies to increase the Reynolds stress. Since there is 

no easy way to know the Reynolds shear stress without solving the Navier-Stokes equation, 
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modelling is required to guess the Reynolds shear stress. One can derive similar equations for the 

velocity components along the wall normal (y) and spanwise directions (z). 

4.2.2 Model for turbulent shear stress 

Viscous shear stress in Eq. 4-4 uses the time-average velocity and thus is easy to compute from 

any velocity profile obtained from empirical measurements. Reynolds stress, if the time-

averaged velocity profile is the only raw data, needs to be estimated through the theories of 

turbulence. The turbulent flow is usually characterized by a wide spectrum of eddy sizes. The 

larger eddies derive energy from the mean flow, and their translational velocity is expected to be 

on the order of the velocity of the mean flow. The momentum transfer from the larger eddies to 

the smaller eddies happens by viscous dissipation, and this causes the shear stress. Analogous to 

the molecular dynamics, where the molecules travel a certain distance (mean free path, λ) before 

colliding with another molecule, the larger eddies travel a certain distance before mixing with 

another eddy and transferring the momentum. This length, which is the distance between two 

mixing events, is referred to as Prandtl mixing length (l). Von Karman when defining a model 

for Prandtl mixing length assumed that Prandtl mixing length could be written as the product of 

Von Karman constant (k) and the wall normal distance87 (y). k is a dimensionless constant used 

in describing the velocity profile of a turbulent fluid flow near a boundary. For a flow with a 

known distribution of time-average velocity, the magnitude of the fluctuations (uʹ) is typically 

estimated as 𝑙 ·
𝜕𝑢

𝜕𝑦
. Assuming no strong directionality in the eddy length scales, vʹ is estimated to 

be on the order of uʹ. Hence the Reynolds shear stress may be written as 
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 𝜏𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 =  𝜌𝑙2 |
𝑑�̅�

𝑑𝑦
| (

𝑑�̅�

𝑑𝑦
) (4-5) 

where l = k·y; k ~ 0.4. The Reynolds shear stress is positive for positive shear in the wall normal 

direction, i.e., it increases the drag. 

Based on the shear stress equations, one can establish a theoretical velocity profile inside a 

boundary layer. Within the viscous sublayer, the viscous forces are dominant, and the primary 

source of the wall shear stress is the viscous force. The τw can be written as:  

 𝜏𝑤 =  𝜂 
𝑑𝑢

𝑑𝑦
 (4-6) 

Assuming that the shear stress is constant inside the viscous sublayer, one can integrate Eq. 4-6 

over the thickness of the layer to obtain Eq. 4-7 that predicts the velocity profile as a function of 

y coordinate: 

 𝑢 =  
𝜏𝑤

𝜂
 𝑦 (4-7) 

Equation 4-7 can be made dimensionless using the viscous length scale (δv) and the friction 

velocity (uτ) to denote in terms of wall units u+ = u/uτ and y+ = y/δv , which is referred to as Law 

of wall: 

 𝑢+ =  𝑦+ (4-8) 

Similarly, using equation 4-7, the velocity profile in the inertial sublayer, assuming the Reynolds 

stress is dominant, may be written in the dimensionless form as:  

 𝑢+ − 𝑢𝑐𝑙
+ =  

1

𝑘
ln (

𝑦+

𝑦𝑐𝑙
+) (4-9) 
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For external flows, ucl
+ = 10.8 and ycl

+ = 10.8 leading to the log-law velocity profile 

 𝑢+ =  2.44 ln(𝑦+) + 5 (4-10) 

Now that we have the equations of motion and the velocity profile inside the turbulent 

boundary layer, we can design experiments to measure the velocity in the near wall location and 

estimate the shear stress on a relatively smooth flat plate which acts as a reference. The 

measurements are repeated on an SHS, and the wall shear stresses are compared to calculate how 

drag reducing an SHS is. 

4.3 Experimental procedure 

4.3.1 Experimental tunnel setup 

The turbulent testing of the SHSs was performed in collaboration with a research group at Johns 

Hopkins University (JHU). Figure 4-3 shows the small water tunnel facility at JHU. The test 

setup consists of two centrifugal pumps with a maximum capacity of 15 HP located 5 m below 

the testing tunnel. Water from a reservoir holding up to a 1000 L of water, free from any bubbles, 

are used for the experiments. The flow passes through an electromagnetic flow meter (to gauge 

the flow rate) before entering a settling chamber where the flow passes through a honeycomb 

rectifier which suppresses unimpeded flow pattern to ensure no undesired vibration of the tunnel. 

The flow, after passing through the honeycomb enters into the test section via a 9:1 contraction. 

The facility has a capability to maintain the mean speed inside the tunnel (calculated from the 

flow rate), Um, between 2 and 20 m/s.  SHSs (152 mm × 50 mm) are flush mounted on the bottom 

wall of the transparent test section (406 mm × 61 mm × 50 mm), and the test section allows visual 

access for the cameras to acquire data. Tipping grooves are machined at the inlet of the test 
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section (165 mm upstream of SHSs) to influence the early transition of boundary layer to 

turbulence88. Micro particles are injected into the flow stream which are then tracked by Dual-

view inline Digital Holographic Microscopy (DHM). The micro particles are seeded into the 

flow through an orifice on the floor of the optical window. Figure 4-4 shows the detailed view of 

the transparent optical section respectively. The tunnel facility maintains a steady gauge pressure 

of 6 kPa inside the test section which is monitored by a pressure transducer and controlled by a 

compressor and vacuum pump.  

 

Figure 4-3. A schematic showing various components of the small water tunnel machinery at 

JHU (Image provided by JHU).  
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Figure 4-4. A detailed view of the optical test section showing the relative position of the noted 

tripping grooves and particle injector from the SHS (Image provided by JHU). 

 

4.3.2 Optical setup and Image analysis 

A dual-view inline DHM setup is employed for high-resolution velocity measurements as 

described by Ling et al.89 (illustrated in Figure 4-5). 2 µm diameter glass particles, coated with 

silver, are locally seeded into the flow close to the wall through twenty-five evenly distributed 

100 µm holes located at a distance of 100 mm upstream from the leading edge of the sample 

surface. The density of the glass particles is 0.8 g/cm3, which is lighter than water. A 10% by 

volume surfactant in water solution was used to uniformly disperse the glass particles in the 

solution by mixing. This solution containing uniformly dispersed glass particles was injected 

locally into the flow stream with an injection speed less than 0.08Um to reduce the effect of 

particle seeding on the flow. Size of the particles was selected based on two rules. First, particles 
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need to be large enough to scatter light for one to observe the interference patterns on the 

hologram. Second, without violating the first rule, particles should be as small as possible so that 

the particles can follow the flow accurately. Particles with small size also cause less disturbance 

on the flow pattern and suffer minimum buoyancy. The injection speed of the particles was kept 

low (less than 8% of the speed of the bulk flow), hence the particle injection is not expected to 

affect the flow significantly90.  The particles are illuminated by a collimated laser beam which 

produces interference pattern when observed on the hologram produced by the DHM setup. Two 

digital cameras record the interference between the light scattered by the glass particles. A 

microscope magnifies the images to achieve a desired spatial resolution of 0.68 µm/pixel. The 

sample window dimensions in x, y and z directions are 4.4 mm, 2.4 mm and 3.2 mm respectively. 

The calculation of the velocity field from the hologram is performed in several steps. 

First, the complex amplitude is estimated using diffraction theory91. By spatially convoluting 

these complex values with a Rayleigh-Sommerfeld kernel, a three dimensional (3D) intensity 

fields containing only the real images is reconstructed89. A hologram, which originally has both 

real and virtual images is now reconstructed to only show the real images. Then, following the 

methods described by Talapatra & Katz92, the fields are partitioned to create a map of three-

dimensional scatter distribution of particles. Finally, the tracked particles are mapped in the 

hologram pairs to find the velocity distribution of the particles. The readers are referred to the 

recent works by the JHU89,92,93 researchers for further information on the image analysis. 

The velocity field is calculated from the holograms following methods prescribed by the 

recent works92,93. Particle tracking is performed to match between 5000 to 10,000 particle pairs 

within the sample volume depending on the shape, size, and intensity of the particle on the 
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hologram. Designations u, v and w denote the instantaneous velocity in streamwise (x), wall 

normal (y) and spanwise (z) directions respectively. A uniform 3D grid is obtained from 

interpolating the randomly distributed vectors using the methods prescribed by Malkiel and 

Katz93 with a window spacing in x, y and z directions as 12.5, 1 and 25 times the viscous length 

scale respectively. The mean velocities (U and V), the normal stress components (〈𝑢′𝑢′〉, 〈𝑣′𝑣′〉) 

and the Reynolds shear stress (〈𝑢′𝑣′〉) are obtained by estimating the local (for each grid) 

ensemble-average of a significant number of instantaneous velocity realizations (more than a 

1000). 

 

Figure 4-5. DHM optical setup for velocity measurement in the turbulent boundary layer. (Image 

from the work of Ling et al.94 Reprinted with permission from Cambridge University Press) 

 

The results are averaged (all the quantities discussed here are spatially averaged unless 

specified otherwise) in the streamwise and spanwise direction to obtain data that is independent 

of the local roughness and are denoted with a bar, for e.g., �̅�. The spatially averaged viscous 

stress, τη, is given by 𝜏𝜂 =  𝜂 
𝜕𝑈̅̅ ̅̅

𝜕𝑦
 where 𝜂 = 1 ×  10−3 𝑘𝑔/𝑚𝑠 for water. The total stress is 

determined by 𝜏𝑡 =  𝜏𝜂 +  𝜏𝑅. Here 𝜏𝑅  is the Reynolds shear stress, given by 𝜏𝑅 =  −𝜌〈𝑢′𝑣′〉 
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where the density, ρ = 1000 kg/m3. The stresses at the wall, such as, 𝜏𝑤
𝜂

 (wall viscous stress), 𝜏𝑤
𝑅  

(wall Reynolds shear stress) and 𝜏𝑤 (total wall stress) are determined from the stresses at the 

wall normal distance of y = 0 for the reference sample and y = 2krms for SHSs. Here krms is the 

rms roughness of sample SHSs. Readers are referred to the recent works of Ling et al.94 for the 

implications of using the current elevations for the reference location. 

The slip velocity is estimated using the mean and spatially averaged velocity at the same 

location and is denoted as 𝑈𝑆
̅̅ ̅. The slip length is calculated as 𝜆 =  𝜂 

𝑈𝑆
̅̅ ̅

𝜏𝑤
𝜂⁄  . , instead of beff, is 

used in this chapter to represent the effective slip length as the interfacing software is pre-set for 

. Friction velocity can be obtained using the equation 𝑢𝜏 =  (
𝜏𝑤

𝜌⁄ )
1

2⁄
. A + symbol is used as a 

superscript to denote the quantities normalized by the friction velocity and the viscous length 

scale. A 0 symbol is used as a subscript to denote the reference sample data. The drag reduction 

is then given by: 

 𝐷𝑅 =  
(𝜏𝑤0 − 𝜏𝑤)

𝜏𝑤0
⁄  (4-11) 

where τw0 is the total shear stress on the reference sample. 

It is to be noted that uncertainty may arise depending on the location (y distance) chosen for data 

acquisition as described by the researchers at JHU.92,93 

Since the DHM measurements probe into the inner parts of the turbulent boundary layer, 

two-dimensional Particle Image Velocimetry measurements have also been conducted to obtain 

the boundary layer profile. Obtaining the holograms and the velocity information from the 
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holograms was performed at JHU using their in-house developed method to distinctively identify 

the real images from the virtual images. 

The uncertainty of the velocity measurements is estimated based on data being able to 

satisfy the continuity equation, as discussed by Sheng et al.93 and Talapatra and Katz.92 In the 

current setup, with a high resolution of 0.68 µm/pixel, the instantaneously interpolated 

streamwise and wall-normal velocities result in uncertainty on the order of 0.01Um. Upon 

ensemble averaging, the uncertainty in the velocity gradient is about 1%. 

4.4 Results and discussion 

This section delves into the examination of test results conducted on several experimental 

samples (a total of seven samples: one smooth aluminum plate, two SHSs coated with C4F8 and 

four SHSs coated with PTFE). A plain smooth sample is used as a reference, and the samples 

with different low surface energy molecule coatings, namely CVD of C4F8 and sputter coating of 

PTFE, are used as SHSs to examine the drag reducing capability. The CVD of C4F8 was 

performed on the samples sandblasted with grit 150 alumina sandblasting media. The 

sandblasted samples were then etched for a predetermined amount of time to introduce 

nanopores. Two SHS that were sandblasted, etched (one etched for 25 seconds and the other 

etched for 45 seconds) and CVD-coated with C4F8 were tested to observe the effect of nanopore 

size on drag reduction. The micropore and nanopore dimensions depend on the etching time. 

Additionally, four more samples that were sputter-coated with PTFE were tested to analyze the 

effect of both micropore and nanopore size on drag reduction. The first of PTFE coated samples 

is fabricated by sandblasted with grit 150 alumina and etched for 25 seconds while the second 

and third samples are fabricated by sandblasting (grit 150) + boehmitizing and sandblasting, 
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etching and boehmitizing respectively. and the fourth sample was sandblasted with grit 80 and 

etched for 25 seconds. The C4F8 coating layer has led to the corrosion issue of SHSs after 

prolonged exposure to water (refer Chapter 2), but I could obtain drag reduction during the early 

phase of the experiment  The difference between the grit 150 and grit 80 samples is the micro 

texture. 

4.4.1 Mean flow measurements on a smooth wall 

Johns Hopkins team94 conducted the mean flow measurements on a smooth wall at different 

friction Reynolds numbers (Reτ = δ/δv where δ is the boundary layer thickness) and compared 

with the existing literature82,95 to validate the efficacy of the measurement method. Figure 4-6 

shows the normalized mean velocity profiles for a smooth wall.  

 

Figure 4-6. A plot of mean velocity profiles for a smooth reference sample at different friction 

Reynolds numbers using DHM for near wall characteristics and PIV for wake region. (From the 

work of Ling et al.94 Reprinted with permission from Cambridge University Press). 

 



 

86 

The DHM data coincides with the law of wall (Eq. 4-8) and log-law (Eq. 4-10) for the 

viscous sub-layer and log region respectively. In the log region, the data from DHM and PIV 

coincide while the PIV data extends to the wake and free stream region. The data is found to be 

in good agreement with the results from the published literature. 

  

Figure 4-7. The streamwise (x) and wall-normal (y) velocity fluctuation on a reference sample. 

(From the work of Ling et al.94 Reprinted with permission from Cambridge University Press). 

 

Figure 4-7 shows that the velocity fluctuation in the streamwise direction peaks in the 

range of 10≤ y+≤20, suggesting that the turbulence of the boundary layer is strongest in that area. 

The peak shifts upwards as the Reynolds number increases.  The streamwise fluctuations are in 

good agreement with the previous work.96 The wall-normal velocity fluctuations are also 

consistent with the expectations. 

Figure 4-8 shows various stress profiles such as the viscous shear stress, Reynolds shear 

stress, and the total wall shear stress as indicated. The results obtained are consistent with the 

expectations from Equations 4-7 and 4-8. The Reynolds shear stress increases while the viscous 
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shear stress decreases for y+<70. The Reynolds shear stress decreases for y+>70, as the flow 

approaches the free stream. The total wall shear stress remains constant for y+ < 20. 

 

Figure 4-8. A plot of Reynolds shear stress (dotted), viscous shear stress (dashed) and the total 

wall shear stress (solid) on a smooth reference sample (From the work of Ling et al.94 Reprinted 

with permission from Cambridge University Press). 

 

4.4.2 Mean flow measurements on SHSs 

DHM measurements for the mean flow quantities was conducted on seven different samples: a 

smooth aluminum surface as the reference (Sample 1), SB (grit 150) + Etched (for 25 sec) + 

C4F8 coated (Sample 2), SB (150) + Etched (45 sec) + C4F8 coated (Sample 3), SB (150) + 

Etched (25 sec) + PTFE coated (Sample 4), SB (150) + Boehmitized (30 min) + PTFE coated 

(Sample 5), SB (150) + Etched (25 sec) + Boehmitized (30 min) + PTFE coated (Sample 6) and 

SB (80) + Etched (25 sec) + PTFE coated (Sample 7). The flow conditions are a mean speed of 

Um = 2.1 m/s, a boundary layer thickness of 9.1 mm and a friction Reynolds number of 863 (Reτ 
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= 863). The pressure in the transparent test section was maintained at 1.06 atm, to make sure that 

the air layer is not continuously suppressed. A shiny layer forms on the SHSs because of the 

entrapment of air which helps us to confirm the uniform air layer visually. The SHSs show a 

wide range of drag reduction or increase, varying from -31% to 20%. Although there is an 

increase in drag on one of the SHSs, it gives a good idea of how the micro and nano pore size 

affects the drag reduction as will be discussed. All the SHSs except the C4F8 coated surfaces 

remain superhydrophobic after the experiments. 

 

Figure 4-9. The profiles of shear stress on Samples 1, 2 and 3. The Reynolds shear stress 

(dotted), viscous shear stress (dashed) and the total shear stress (solid) profiles on Sample 2 (red) 

and Sample 3 (green). Results plotted are scaled by the inner smooth wall units. Gray color 

represents the reference surface. 

 

Figure 4-9 shows the result from Samples 2 and 3. The viscous shear stresses decrease on 

all surfaces as one goes away from the wall. The relative magnitudes are, however, substantially 
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different: at y+<30, the SHS shown in Sample 2 (red) has lower viscous shear stress compared to 

the smooth wall, suggesting that the friction drag on the wall is smaller. The Reynolds shear 

stress on Sample 2 is almost zero near the wall, and it increases with the distance from the wall 

increases. The Reynolds stress on Sample 2 is slightly larger than the smooth wall in the range of 

10<y+<100, perhaps due to the formation of additional eddies due to the surface asperities or the 

deformation of the air layer during the experiment. The total stress on Sample 2 is almost 

constant until y+=30 and peaks abruptly, also indicating the possibility of additional turbulence 

or the deformation of the composite interface. Nonetheless, the viscous drag on the wall is lower 

on Sample 2 than on the reference. Sample 3 (in green) showed significantly much larger total 

shear stress compared to the smooth wall and Sample 2. The reason for the increased drag is not 

because the fundamental principle of drag reduction is incorrect, but the composite interface on 

C4F8-coated SHS was not stable on Sample 3. During the experiment, bubbles of size 200 µm 

emerged from the surface implying a very unstable air layer on the SHS. The difference between 

Samples 2 and 3 is the etching time which affects the micropore and nanopore size. Sample 3 has 

significantly larger nanopores and relatively larger micropores when compared to Sample 2, 

hence making it harder for the air layer to withstand the shear, ultimately leading partial wetting 

and a drag increase. Both samples corroded after the experiment and they were not 

superhydrophobic (see Fig. 2-14B). 

Figure 4-10 gives the mean velocity profiles of Samples 2 and 3. As expected, Sample 2 

shows a large slip velocity (note the uniform upward shift of the velocity inside the viscous 

sublayer). The upward shift observed with SHSs needs to be interpreted with caution. 
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Figure 4-10. The mean velocity profiles of Sample 2 (red) and 3 (green). Gray color represents 

the reference surface. 

 

As was discussed in section 4.3.2, the asperities of SHSs prevent the data collection at the 

very proximity of the surface (y<2krms, corresponding to y+<1) and thus there is some uncertainty 

in determining the wall-normal distance of the target particle. Noted uncertainty is not, however, 

a serious issue because it does not affect the calculation of the total shear stress. However, 

Sample 3 deviates from the typical velocity profile of the viscous sublayer, suggesting strong 

velocity fluctuations caused by the partially wetted region on the sample. Indeed, the velocity 

fluctuation on Sample 3 is substantial even near the wall, as can be witnessed in Figure 4-11 for 

y+<10. 
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Figure 4-11. The streamwise (solid) and wall-normal velocity fluctuations (dotted) over Sample 

2 (red) and Sample 3 (green) scaled by inner wall units of smooth wall. Gray color represents the 

reference surface. 

 

Since the C4F8 molecules react with water, a more stable alternative to C4F8 was 

employed, the sputter coating of PTFE. A relatively thinner nano layer of PTFE was sputter 

coated onto Samples 4 thru 7. Figure 4-12 shows various shear stress profiles of the SHSs. The 

choice to plot the profile on each SHS separately is to prevent the confusion from too many 

overlays. 

Consistent with the expectations, all the samples show a decrease in viscous shear stress 

at the wall, compared to the smooth reference. For y+<10, all the surfaces show a slight increase 

in the Reynolds shear stress while for y+>10, since the surface asperities would increase the 

formation of turbulent eddies. 
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Figure 4-12. The profiles of Reynolds shear stress (dotted), viscous shear stress (dashed) and the 

total shear stress (solid) on A. Sample 4 (SB (150) + Etched (25 sec)) B. Sample 5 (SB (150) + 

Boehmitized (30 mins) C. Sample 6 (SB (150) + Etched (25 sec) + Boehmitized (30 mins) D. 

Sample 7 (SB (80) + Etched (25 sec)). Smooth wall inner units scale all the results. Gray color 

represents the reference surface. 

 

The Reynolds shear stresses are almost zero for Samples 4, 6 and 7, but Sample 5 shows 

an increase in the Reynolds shear stresses. The possible reason is the destabilization or the non-

uniform distribution of air layer, which was observed on Sample 3. The total stresses on all the 

samples decrease compared to the smooth reference. Ling et al.94 reported that the Reynolds 

stress can substantially increase due to the deformation of the composite interface, especially 

when the roughness of surface texture surpasses the viscous length scale because the surface then 

becomes ‘hydrodynamically rough’.  The rms roughness of all the surfaces used in this research 

is below the noted threshold, and thus it is speculated that the increase of the Reynolds stress, 
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observed on Sample 3 and 5, results primarily from the partial wetting of the composite interface 

than from the deformation of the interface. Indeed, the roughness of the current SHSs being 

smaller compared to the study conducted by Ling et al.94 may be the possible reason for the 

uniform nature of the total shear stress on most of the current surfaces. The reduction in drag on 

dual-scale textured SHSs agrees well with the results from rheometry. Sample 4 displayed higher 

reduction in drag (20%; Fig. 4.12A) compared to Sample 7 (5%; Fig. 4-12D), to match the 

laminar drag reduction shown in Figure 3-8. The reduction in drag on triple-scale textured SHS 

is unexpected though. The 5% reduction in drag shown in Figure 4-12C does not correlate the 

giant slip length measured by rheometry (Fig. 3-10A). The reason for this discrepancy is unclear, 

and analytical model is elusive as the analytical model (Eq. 3-8) applies only for dual-scale 

textured surfaces. 

Figure 4-13 shows the mean velocity profiles of the sputter coated samples with results 

fitted to the equations 4-8 and 4-10. For the drag reducing SHSs, the mean velocity profiles of 

surfaces 4 ~ 7 shifts upward from that of a smooth wall profile, which is again an expected and 

consistent behavior of drag reducing SHSs.29,34 For all the surfaces except Sample 5 (which 

suffered from partial wetting), the upward translation of the profile in the log region is uniform.  
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Figure 4-13. Mean velocity profiles on SHSs A. Sample 4 B. Sample 5 C. Sample 6 D. Sample 7 

and the corresponding smooth wall with the results scaled by the inner units of each own surface. 

Gray color represents the reference surface. 

 

Samples 4 thru 7 consistently show a similar trend of slight rise in turbulence inside the 

boundary layer for y+<10, which is expected for a flow on a textured surface (See Fig. 4-14). The 

velocity fluctuations almost collapse to the profile on a smooth reference for y+>10, except for 

Sample 7. Sample 7 has a larger mean roughness (as a result of SB with larger blast media of grit 

80) compared to the others which leads to increase in turbulence throughout the boundary layer. 
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Figure 4-14. The streamwise (solid) and the wall-normal (dotted) velocity fluctuation profiles of 

samples 4 thru 7 scaled by inner wall units of smooth wall. 

 

Recent studies29,34 confirm the possibility of both streamwise and spanwise slip, a 

situation where the slip phenomenon on the composite interface occurs both in streamwise and 

spanwise directions. Studies32,97 predict that, the velocity profile is more uniform for the surfaces 

with only streamwise slip. Also, such surfaces result in larger drag reduction compared to the 

surfaces with a non-zero spanwise slip. Figure 4-15 shows the theoretical correlation between the 

skin friction drag reduction and slip length for surfaces that display streamwise slip only. As the 

figure shows, the ratio between the drag reduction and the slip length on Sample 4 onto the 

theoretical curve almost perfectly, suggesting that the slip phenomenon is occurring only along 

the streamwise direction. The reason for this phenomenon is not yet understood. 
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Figure 4-15. Theoretical prediction of drag reduction and slip length relationship by Busse & 

Sandham97 (solid line) with DNS results by Park et al.32 (solid triangles). Sample 4 is marked by 

a red star. 

 

4.5 Conclusions 

Empirical result suggests that the hierarchically textured surfaces can reduce drag not only for 

laminar flows but also for turbulent boundary layer flows. All SHSs tested in this research 

display lower viscous drag on the wall, except one Sample 3 that suffered partial wetting issue. 

The observation of data suggests that the nanopore texture (Sample 4) is more favorable for drag 

reduction as compared to the nano pillar texture (Sample 5), but the result is not conclusive 

because Sample 5 might have experienced partial wetting. For dual-scale textured SHS with the 

same nanotexture, larger microtexture does not lead to larger drag reduction, as the comparison 
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between Sample 4 and 7 shows. This result agrees well with the laminar drag reduction observed 

on the same surfaces, and two reasons are i) the effect of increase slip length diminishes as the 

micropore size increases (see section 3.3.6), and ii) larger microtexture triggers more eddies, 

leading to higher Reynolds stress (see Fig. 4-13 and following discussion). Two unresolved 

mysteries are i) Triple-scale textured surfaces, which displayed huge reduction in drag for 

laminar flows, exhibited only modest reduction in drag for turbulent flows. ii) The slip on the 

current SHSs seems to occur only along the streamwise direction. Since this streamwise-only slip 

is beneficial for a SHS to display large reduction for the given slip length, the mechanism 

underlying the phenomenon needs to be investigated further. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The current research investigated the prospect of using randomly / hierarchically textured SHSs 

for drag reduction in both laminar and turbulent regimes. The present research extensively 

studies the interactions between the liquid and the textured surface to understand the role of 

surface texture in achieving large slip lengths and high robustness simultaneously. Section 5.1 

summarizes the prerequisites needed for a surface to be a drag reducing SHS. Section 5.2 

reviews the rheometry procedure while outlining the merits and demerits of the technique. The 

results obtained on the hierarchically textured surfaces are compared with their single-scale 

counterparts. Section 5.3 delves into the velocity measurement technique incorporated in this 

research to measure the reduction in drag. The section also compares the noted drag reducing in 

turbulent flows to the laminar drag reduction measured by rheometry. Section 5.4 concludes the 

dissertation by giving an explicit framework for the prospective future studies. 

5.1 SHSs for drag reduction 

A surface attains the definitional characteristics (large static contact angle and low contact angle 

hysteresis) of an SHS by a synergic combination of surface texture and surface chemistry.  A 

textured surface effectively reduces the surface area of contact between the liquid and the solid 

by entrapping numerous pockets of air, forming a solid-liquid-air composite interface. A suitable 

surface chemistry reduces the surface energy of the textured solid surface, enhancing the stability 

of the composite interface. Formation of a composite interface is a primary prerequisite for a 

surface to be water repellent. The robustness of the composite interface depends both on the 
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thermodynamic stability based on the free energy analysis and on the resistance against external 

perturbations. The drag reduction in both laminar and turbulent regimes demands a surface 

texture that is capable of retaining the air layer when there is substantial shear stress or pressure 

perturbations at the interface. For single-scale textured SHSs, it has been virtually impossible for 

one to develop SHSs that can achieve both goals – large reduction in drag and high robustness – 

because the geometric parameters that affect the two performance merits are negatively coupled. 

While reduction in drag or the liquid slip phenomenon strengthens as the length scale of surface 

texture increases and solid fraction decrease, such change in the surface morphology causes the 

robustness of the composite interface to decrease.  

The main hypothesis of this thesis was that a SHS that is covered with hierarchical 

texture can, unlike single-scale textured surfaces, achieve both goals simultaneously. The 

hypothesis is based on a scaling analysis, which is an expansion of Ybert’s scaling law, that 

predicts even a very small slip length appearing on nanotexture can significantly reduce the 

hydrodynamic interaction between liquid and microasperities. The two most important equations 

of this thesis are, therefore, Eqs. 2-11 and 3-7, which are two manifestations of the same physics. 

Provided that hierarchically textured SHSs can display much larger slip lengths than their single-

scale counterparts, the issue of robustness is automatically resolved because one can fabricate 

SHSs with sufficiently small microtexture to attain practically useful slip length. 

5.2 Slip length quantification using rheometry 

Rheometry offers an excellent means of quantifying the laminar slip length, but the method 

needs to be performed with caution to minimize empirical uncertainty. This research has 

developed a protocol to ensure the accuracy of rheometry runs to measure the viscosity of test 
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liquids, and to interpret the result into the context of drag reduction. Slip length can be 

determined by measuring the viscosity twice, once on a smooth reference surface and once on 

the sample SHS. Results on single-scale SHSs are is in good agreement with Ybert et al.’s 

scaling law. Results on hierarchically-textured SHSs confirm the current hypothesis: 

hierarchically-textured SHSs display slip lengths that are almost an order of magnitude larger 

than those on single-scale counterparts. The experiments have revealed another important 

implication of the current analytical model: for a given nanotexture, using a larger microtexture 

does not lead to the further reduction in drag. This observation is in stark contrast to the general 

scaling laws for single-scale SHSs. The analytical model has been modified to explain this 

seemingly contradictory result, using the concept of the reduction of the effective width of 

microtexture.  

Validated through rheometry, the scaling law model derived in the current study extends 

the understanding on the drag reduction to the hierarchical textured SHSs and predicts the slip 

length that is in good agreement with the empirical result. 

5.3 The reduction of skin friction drag on SHSs in turbulent regime 

The DHM technique developed by the researchers at JHU was used as a means to acquire the 

near wall mean velocity measurements in the turbulent boundary layer. Using the mean velocity 

profile, quantities like slip velocity and the wall friction can be calculated. The viscous shear 

stress on the wall, for all the surfaces except sample 3, is lower compared to the smooth 

reference surface. The reduction in drag observed on two different SHSs with the same 

nanotexture but with different microtexture shows that the drag reduction on hierarchically 

textured SHSs is superior when the microtexture is not too large, an observation that agrees the 
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result from rheometry. Sample 4 (SB + E), on the other hand led to a maximum drag reduction of 

20% for turbulent boundary layer flow with the friction Reynolds number of 863. The 

relationship between drag reduction and slip length falls onto theoretical curve for the 

streamwise slip only. This characteristic is believed to shift the velocity profile uniformly 

upwards compared to the smooth wall.29,34  

Considering how the perturbation in a turbulent flow is much larger compared to a 

laminar flow, the SHSs that are drag reducing in laminar regime may not be drag reducing in the 

turbulent regime. Indeed, while all hierarchically-textured SHSs in this research display laminar 

drag reduction, the turbulence poses a challenge for some of the SHSs. As a result, SHS with too 

large pores (Samples 3 and 7) displayed small drag reduction or drag increase. This observation 

indicates that one needs to consider the robustness issue more seriously when designing drag-

reducing SHSs for turbulent flows. 

5.4 Future studies 

The current study investigates the behavior of hierarchically textured SHSs in laminar and 

turbulent drag. This study also establishes the possibility of achieving significant drag reduction 

on hierarchical textured SHSs. However, the effect of the length scale and the solid fraction of 

microtexture and nanotexture on the drag reduction were not studied in accurate and quantitative 

way because of the limited resources. Instead, this study incorporates several grits of 

sandblasting media to establish a qualitative understanding on the role of surface texture in 

achieving large slip lengths and reduce frictional drag. Nevertheless, there are many challenges 

that still persist.  
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For example, it is very hard and challenging to determine a quantitative relationship 

between the surface texture and the corresponding drag reduction using randomly textured SHSs. 

As a result, the current analytical model (Eqs. 2-11 and 3-8) was tested only on the qualitative 

level. Further, an SHS proven to be drag reducing in the laminar regime may not reduce drag in 

the turbulent regime (e.g., Sample 3). Perhaps the development of an optimized surface texture 

for both laminar and turbulent drag reduction is needed to quantitatively validate the analytical 

model discussed in this research, ultimately to develop a universal model that can predict drag 

reduction based on the roughness, the details of surface texture (feature dimensions, periodicity 

and etc.), solid fraction, Reynolds number and the surface chemistry. 

There are unresolved mysteries, especially from the experiments on turbulent flows. The 

accurate reason for the failure of Sample 2 is speculated to be the deformation of the air layer, 

but is not conclusively known. The mechanism for the current SHSs to display streamwise-only 

slip remains elusive, but it may prove to be critically important for the design of highly efficient 

drag-reducing SHSs. 
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