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Abstract

A Comparative Study on the Performance of Bio-inspired Slippery Lubricant Impregnated and

Superhydrophobic surfaces in Droplet Impact and Shedding

Firoozeh Yeganehdoust, Ph.D.

Concordia University, 2021

The development of robust surfaces that repel liquid droplets has a broad impact on enhancing surfaces

in several applications of anti-icing/fogging, anti-biofouling, and anti-dewing. Despite high repellency fea-

tures in superhydrophobic surfaces, these surfaces may be ineffective when they are used in harsh environ-

ments. Inspiration from the natural non-wetting behavior of slippery surfaces of the pitcher plant has led

to the development of slippery lubricant impregnated surfaces (SLIPS/LIS). They are designed by creat-

ing micro/nano-structured surfaces that are infused with a low surface tension lubricant which can enhance

droplet mobility for a wide range of liquids with low surface tension properties. Designing slippery lubricant

impregnated surfaces is still ongoing research as it involves several parameters. The physics of the impact

and shedding of the liquid droplet on slippery surfaces remains elusive. In this regard, both experimental

and numerical tools have been used in this work to explore the associated physics in slippery surfaces and

their advantages and disadvantages compared to superhydrophobic surfaces.

The first goal was to evaluate the effect of an immiscible lubricant with different thicknesses on the

impact of a millimeter-sized water droplet for different impact velocities. A three-phase flow numerical

simulation based on a finite volume solution coupled with a volume of fluid method has been implemented.

The numerical model showed that the droplet spontaneous bouncing occurred due to the air entrapment

because of the deformation in both droplet and liquid film surface in which the details of the gas layer

thickness and dynamics of fluid motions were illustrated. It is observed that liquid film surfaces can enhance

the probability of droplet spontaneous bouncing.

The performance of superhydrophobic surfaces might fail their functions for micro-scale droplets as both
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the micro-structured surfaces and droplets are on the same scale. Thus, the anti-wetting performance of slip-

pery lubricant impregnated surfaces compared to superhydrophobic surfaces for different surface morpholo-

gies have been numerically investigated during droplet impingement. The effect of the surface structure has

been studied by considering different series of square-pillar arrays. A three-phase flow solver in conjunction

with an accurate contact angle method has been implemented. It was observed that slippery surfaces with

low±density micro-textured surfaces enhanced droplet mobility and repellency compared to superhydropho-

bic surfaces. Additionally, the quantitative results indicated that the droplet pinning decreased significantly

compared to superhydrophobic surfaces.

In order to assess the mobility of droplets under the effect of air shear flow on slippery surfaces and

superhydrophobic surfaces, an experimental study in conjunction with a numerical model has been con-

ducted. It is observed that the hydrodynamics of droplet motion is completely different on superhydropho-

bic compared to slippery surfaces. The wetting length and position of a droplet on all surfaces have been

measured. Although similar trends are observed in quantitative measurements for slippery surfaces, the

speed of droplets is greatly affected by the lubricant properties. A numerical simulation based on the VOF

method coupled with the Large Eddy Simulation turbulent model in conjunction with the dynamic contact

angle method has been used. A developed boundary condition is also implemented to consider the effect

of lubricant on slippery surfaces. The numerical simulations are compared with the experimental study to

provide further information on the experimental results.
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Chapter 1

Introduction

1.1 Background

Extensive research has been recently directed toward engineering and designing surfaces to enhance

liquid repellency i.e. hydro/oleo-phobic surfaces. These surfaces have been used in several industrial appli-

cations, such as self-cleaning [1, 2] and anti-biofouling coatings [3±5], anti-fogging/icing [6±9], microflu-

idics [10±12] and to enhanced heat transfer [13, 14]. Researchers have been inspired by the structures and

materials of biological surfaces such as butterfly wings, lotus leaf, water strider leg, Nepenthe’s leaf, etc.

For instance, water striders can stand and move quickly on water because of their remarkable non-wetting

legs due to the surface tension effect by secreted wax [15, 16]. Thus, bio-inspired surfaces can generate

properties such as low adhesion and liquid repellency features.

In superhydrophobic surfaces (SHSs), the fabrication of liquid-repellent surfaces has been imitated by

the micro/nano-structures of lotus leaves [17] (Figure 1.1a). These surfaces can hold air pockets underneath

a droplet placing on it and results in the forming of spherical shape droplet that reduces the adhesion be-

tween the liquid and solid surface. Besides the hierarchical roughness in SHS, the high droplet mobility is

due to the chemical hydrophobic material of surfaces [18]. In parallel with the superhydrophobic surfaces,

other recent non±wetting surfaces have been developed to enable repelling various liquids that are inspired

by the pitcher plant (Figure 1.1b), known as slippery lubricant impregnate surfaces (SLIPS/LIS) [19]. Inter-

estingly, the inner surface of these plants is in micro-structure patterns where extremely wettable by a nectar

wax which results in slippery liquid surfaces and insects able to slide easily within the plants. Slippery

lubricant impregnate surfaces are composed of lubricant which is locked within the micro/nano-structure
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surfaces. Thus, as most of the working liquids are immiscible with the lubricant, slippery surfaces can re-

pel or slide various liquids. Researchers have been analyzed SLIPS design in various applications such as

anti-biofouling [3], anti-icing [7, 8], and drag reduction [20].

(a)

(b)

Droplet Lubricant

(b)

Figure 1.1: (a) Lotus leaves and SEM image of its surface structure [21] (b) pitcher plant

There has been extensive research on the non-wetting superhydrophobic surfaces including the funda-

mental physics and design of surfaces. However, there have been still issues with the collapse of air pockets

or droplet pinning in SHSs [5, 22, 23]. The pinning might occur because of high droplet impact velocity, or

under high-pressure conditions or the droplets might be in the scale of the textured surface. Additionally,

despite their ice-phobic behavior in frost-free environments [24, 25], superhydrophobic surfaces may induce

ice nucleation at high humidity conditions at even a faster rate compared to smooth surfaces. This is due to

their higher surface area and thus larger nucleation sites, which result in droplet condensation [23, 26, 27].

It has been proved that slippery surfaces might overcome some limitations asspciated with SHS [28,

29], however, there are still complications in designing and understanding the physics of liquid droplets in

contact with the slippery surfaces. As the basic configuration of slippery lubricant impregnated surfaces in-

volve solid/lubricant/immiscible working liquid/air, it makes SLIPS more complicated to analyze compared

to superhydrophobic surfaces. There are still questions regarding the SLIPS performance compared to SHS

such as how the lubricant can play the role in the SLIPS? how the structure of the surface can affect droplet

hydrodynamics? how the SLIPS can be effective compared to SHS in case of droplet impact or shedding sit-

uations? This dissertation aims to answer some of the questions outlined above and to explore and compare

the fundamental physics underlying these low adhesion surfaces.
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1.2 Fundamentals of surface wettability

Once a droplet is in contact with a solid surface, several parameters such as surface tension, capillary

length, surface texture, and its chemistry can affect droplet formation and its dynamics. Specifically for

small droplets, the interfacial tension forces can be dominant compared to all other parameters. When a

liquid droplet is placed on a surface, depending on the capillary length, it can either shape as a spherical

droplet (sessile droplet) or it might spread on the surface. Once the radius of a droplet becomes less than the

capillary length κ−1 =
√︁

σ/ρg, where σ and ρ are the surface tension coefficient and droplet density, the

shape of the droplet is governed by the interfacial tension force whereas the gravitational force becomes neg-

ligible (for a water droplet condition, κ−1 = 2.7 mm). The wetting behavior of a surface is conventionally

quantified by the equilibrium contact angle which is defined as a result of the interaction between all three in-

terfacial tensions in the x-direction (along the surface) determining by Young’s equation, cos θe =
σsg−σls

σlg
,

where σsg, σsl and σlv are the surface tension between solid-gas, liquid-gas, and liquid-gas (as shown in

Figure 1.2a). If the surface energy is high, a droplet spreads on the surface and forms a contact angle less

than 90
◦

, such a surface is defined as a hydrophilic surface. On extremely low-energy surfaces, known as

superhydrophobic surface or a water-repellent surface, a droplet tends to keep its spherical shape and forms

an angle greater than 150
◦

. It is worth mentioning that surface energy is the energy needed for bringing

molecules out from the bulk to the surface. According to Young’s equation, lower surface energy leads to

higher contact angles.

Surface patterning or surface roughness is also a substantial contributing property that can affect the

wetting behavior of the surface. Thus, when a droplet comes in contact with a rough surface, there are

two distinct outcomes: a Wenzel state or a Cassie±Baxter state. In the Wenzel state, the droplet pene-

trates the roughness and forms a higher apparent contact angle (Figure 1.2b). The apparent contact angle

of a Wenzel state is defined by taking into account the surface roughness and modifying Young’s equa-

tion, cos θw = Rw cos θe, where θw and θe are the apparent contact angle and contact angle on a smooth

surface (Young’s equation) and Rw is the roughness factor which is the ratio of an actual contact area of

the solid-liquid interface divided by its projection on a flat surface. Thus, surface roughness enhances the

philic/phobic behavior. Despite the Wenzel state, air pockets may trap between the liquid and solid surface.

In a Cassie±Baxter state, the droplet remains on top of the surface asperities and forms a higher apparent

contact angle (Figure 1.2c). In this case, the effect of the heterogeneous interface is integrated into the
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calculation of contact angle. The apparent contact angle for a Cassie±Baxter state, θCB , can be defined as

cos θCB = ϕs(cos θe + 1) − 1, where ϕs is the solid-liquid fraction. Thus, the contact area between liquid

and solid is reduced compared to a flat surface.

eθ

(a) (b) (c)

lgσ

sg
σ

sl
σ

Figure 1.2: Droplet on (a) a flat solid surface-in an equilibrium state, (b) rough surface-Wenzel state and (c)

surface roughness- Cassie-Baxter state

A droplet can be transited from a Cassie-Baxter to Wenzel state if enough activation energy is provided.

For instance, by applying pressure to a droplet or if the liquid droplet has low surface tensions. Regarding

the surface free energy equations, the transition occurs when the contact angle reaches the critical value.

If the droplet wants to remain in the Cassie-Baxter state, its energy must be lower than in Wenzel state,

∆Ew > ∆ECB . In other words, the contact angle must be greater than the critical value, cos θe >
(ϕs−1)
Rw−ϕs

.

Besides the equilibrium apparent contact angle, another wetting parameter known as contact angle hys-

teresis (CAH) is required to describe the surface properties. A high contact angle cannot be alone results

in high droplet mobility and CAH is required to be small. Contact angle hysteresis is affected by surface

roughness and chemical heterogeneity. CAH is defined based on the difference between the advancing (θA)

and receding contact angle (θR). Advancing and receding contact angle is originally determined by the

angle of a droplet when starts to condensate (until it advances with a constant contact angle) and evaporate

(until it recedes with a constant CA), respectively. Similarly, the CAH can be obtained experimentally. Two

standard methods have been used to measure the θA and θR (as shown in Figure 1.2 ); (a) by adding and

withdrawing a droplet through a syringe, in which the liquid is pumping at a very slow rate (θA) and then the

droplet is slowly withdrawn (θR), as shown in Figure 1.3a and, (b) by placing a droplet on a substrate and

tilt the surface until at a certain inclination angle, the contact line starts depinning and the droplet deform

from a spherical cap to a tear shape. Prior to the detachment, θA and θR are denoted by the leading edge

and the trailing edge of a droplet, as shown in Figure 1.3b. Then, CAH is measured by taking the difference

between the advancing and receding angles.
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Figure 1.3: Contact angle hysteresis measurements by (a) needle method and (b) tilting method

Another important wetting parameter especially in slippery lubricant impregnated surfaces where a

working liquid is in contact with an immiscible lubricant is the spreading coefficient (S). This parame-

ter indicates whether the oil is able to completely wet the surface or not. Additionally, it implies whether

the droplet is cloaked by an immiscible lubricant or not. The spreading coefficient shows the ability of a

liquid to spread on a solid surface or another immiscible liquid, which is defined as the difference between

the adhesion work and cohesion work of two phases. For a complete spreading of a liquid on a solid sur-

face, the liquid must be energetically favorable to be in contact with the solid and air, rather than the air

with solid. Thus, the interfacial tensions results in σla + σls < σsa. It can be indicated by the spreading

coefficient, S = σla + σls < σsa, in which for S < 0, the liquid tends to spread on a surface. Ac-

cordingly, it can be deduced the water droplet cloaking by the oil layer based on the spreading coefficient,

Sow(a) = σwa − σwo − σoa. If the S > 0, it implies that the oil cloaks the water droplet.

When a droplet is deposited on SLIPS, it would be either in Wenzel or Cassie-Baxter state while the

lubricant can be in encapsulated or impregnated condition, as shown in Figure 1.4.
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Figure 1.4: Schematics of possible wetting states outside and underneath a droplet [30]

Considering the liquids energies with the surface and their interactions, 12 states have been found by

Smith et al. [30] that indicated which states are more favorable in SLIPS. Total interface energy per unit area

is described in Table 1.1 where A1 is the energy of the system which depends only on surface roughness.

A2 is the energy of a system where the oil is impregnated within the surface (Hemi-wicked by the oil) and

the tops of the pillars are exposed to the air. A3 indicates the energy for the encapsulated situation where

it depends on both the oil-air surface tension and surface roughness. W1 is completely impaled within the

surface and is replaced by the surrounding air. W2 and W3 are similar to A2 and A3 situations where the

surrounding air is replaced by another immiscible liquid (water).

Table 1.1: The total possible interface energies for a liquid droplet on a SLIPS [30]

Oil±Solid±Air Oil±Solid±Water

EA1 = rσsa EW1 = rσws

EA2 = (r − ϕs)σos + ϕsσsa + (1− ϕs)σoa EW2 = (r − ϕs)σos + ϕsσws + (1− ϕs)σow

EA3 = rσos + σoa EW3 = rσos + σow

Adding the possibility of droplet cloaking to the 6 mentioned possible states, the total possible states

rise to 12 states as shown in Figure 1.5 depicted by Smith et al. [30]. The high pinning effect in A3W1 and

A2W1 results in the lowest droplet mobility, while the highest droplet mobility occurs for A3W3 where

the lubricant layer is in encapsulated condition. However one of the challenges in SLIPS is to maintain the

lubricant layer. It has been observed that droplets are mostly meet the tops of the pillars without displacing

the oil within the substrate.
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Figure 1.5: Thermodynamic stable states for SLIPS [30]

Different methods have been used in terms of coating the lubricant layer, such as spin±coating or dipping

the surface within the oil liquid. It has been observed that the oil layer thickness change by the withdrawn

speed and the thickness will increase as the speed increases, according to Landau ± Levich ± Derjaguin

(LLD) equation. Based on this method, the thickness can be obtained as ho ≈ 0.94κ−1Ca2/3 for a flat

surface, where Capillary number is Ca = µV
σ . Moreover, a ridge of lubricant may occur around the droplet

during contact between the lubricant and droplet [30±32], as schematically shown in Figure 1.6 which is an

important issue in droplet mobility since most viscous dissipation occurs in this region.

Figure 1.6: Droplet resting on SLIPS surrounded by a wetting ridge [33]

The wetting ridge might rise complications in contact angle measurement and Young’s equation can no

longer predict the contact angle. One way to find the contact angle is to extrapolate the apparent SLIPS

contact angle by fitting a circle to droplet where it fits surface intersect which is introduced by Guan et

al. [34]. Semprebon et al. [35] demonstrated a correction to Young’s equation and derive a closed-form

expression for predicting the contact angle of the vanishing wetting ridge.
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1.3 Droplet impact dynamics

1.3.1 Droplet impact on solid surfaces

Droplet impact has been a topic of interest for a long time due to its countless applications such as inkjet

technology [36], fuel injection, spray coating and cooling systems [37, 38]. When a droplet impinges the

surface, different scenarios may occur as shown in Figure 1.7 [38, 39]. These different behaviors mainly

depend on the liquid and surface properties and their initial conditions such as droplet size and impact

velocity.

Figure 1.7: Droplet impact outcome on a solid surface (a) deposition (b) prompt splash (c) corona splash

(d) receding break-up (e) partial rebound (f) complete rebound [38]

Various non-dimensional numbers have been introduced that characterize the relative magnitude of

forces acting on the droplet during impact. These dimensionless numbers represent forces correspond-

ing to droplet impact dynamics such as Weber number(We = ρV 2D
σ ), Reynolds number (Re = ρV D

µ ) and

Ohnesorge number (Oh = µ√
ρσD

). In the deposition, droplet spreads and remains on a solid surface with-

out any breakup which mostly happens when the surface has no asperities that might affect the deposition

process. When the droplet impact velocity is high and the surface has a roughness, prompt splash might

occur which leads to generating many small droplets. In the corona splash, small droplets generate around

the rim after droplet collision, which mostly occurs when the droplet impact with high velocity on a smooth

surface. The receding breakup occurs when the receding contact angle decreases while the liquid retracts

from the maximum spreading. Thus, some small droplets are left behind during the receding stage. Partial

and complete rebound is mostly attributed to the impact on a superhydrophobic substrate which is due to the
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patterns of surface roughness which results in air entrapment and exhibits high contact angles. If the droplet

impact velocity reaches a high value, the air traps might collapse and the droplet can penetrate within the

asperities and partial rebound can occur.

Several studies have been investigated droplets bouncing on surfaces without the use of external forces.

The thickness of the air layer trapped between the droplet and the solid (which is typically on the order of

micro/nano±meters) is a key parameter that has a large influence on droplet dynamics. This air layer exerts

a lubrication force, which causes the droplet to bounce. It has been shown that droplets performed their

bouncing process as long as the air layer sustained its action as a lubrication force [40±45]. This situation

can be obtained in cases when external forces are acting on the system by vibration on liquid substrates or

gradual evaporation of Leidenfrost drops on heated substrates [46]. As a droplet approaches the surface,

pressure in the air gap increases, which results in bubble entrapment. Once the air gap thickness decreases,

the maximum air pressure below the droplet surface increases and the area of high pressure expands. This

high pressure deforms the droplet interface and causes the droplet to recoil from the surface before it makes

contact.

1.3.2 Droplet impact on liquid surfaces

Droplet impact dynamics on liquid surfaces might rise the complexity of droplet impact due to the

interacting dynamics of both liquids (droplet and liquid film). Further parameters such as Ohnesorge number

(Oh =
√
We/Re) and dimensionless film thickness (h∗ = h/D0, where h is the initial height of liquid film)

are also involved. Additionally, impact on liquid film accompanies different bubble entrapment depending

on the velocity and diameter of a droplet. Depending on the liquid film thickness (thin, shallow, and deep

liquid film), the droplet might bounce, coalesce with the liquid surface, or splash from the surface. There

have been several studies on the impact of liquid surfaces [47, 48]. However, few studies have been dedicated

to droplet impact on immiscible liquid film [45, 49, 50].

Tang et al. [50] illustrated the transition of bouncing-to-merging of droplet impact on liquid film with

different range of viscosities. The higher viscous liquid film tends to merge less due to the dissipation of

the impact kinetic energy. Their experimental and mathematical expressions demonstrated the prediction

for merging/bouncing for different liquids. Che and Matar [49] found different droplet hydrodynamics for

impact on a liquid surface. Different parameters such as Weber number, Ohsenorge number, Viscosity ratio,

and film thickness have been explored experimentally. Chen et al. [51] performed an experimental study
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of impact onto a thin liquid film of miscible and immiscible liquids. They observed that the miscibility can

affect the impact dynamics such as the crown formation and splashing, while the effect of film thickness is

more complex. Impact on immiscible liquid film can provide information on the effect of the liquid film and

its physics for impact on slippery lubricant impregnated surfaces.

1.3.3 Droplet impact on superhydrophobic surfaces

Superhydrophobic properties are associated with the Cassie-Baxter state of wetting [52]. The combina-

tion of surface roughness and low surface energy material (such as hydrophobic material) can minimize the

adhesion of water on the surface. Superhydrophobic surfaces have been prepared with different approaches

such as lithography, plasma treatment, etching, micro-machining, chemical vapor deposition, sol-gel pro-

cessing, etc [53]. Droplet impact dynamics and its deformation on superhydrophobic surfaces are mostly

governed by the droplet kinetic and surface energies. In an ideal well-structured superhydrophobic surface,

droplet rebounds from the surface and the amount of time that droplet is in contact with the substrates is the

contact time. In several applications, it has been attempted to reduce the contact time for instance in icing

conditions. For We ≪ 1, droplet behaves as a solid bulk impinging on a surface. For We ≥ 1, it has been

found that the contact time is independent of the impact velocity and is approximated by τo =
√︁

ρR3
o/σ,

where the droplet behaves as a spring-mass system. The contact time is also affected by the internal dis-

sipation and surface-liquid adhesion which is the combination of two different contact time correlations of

spreading and recoiling stage [54].

There have been several experimental, numerical, and theoretical analysis on droplet impact on super-

hydrophobic surfaces [55±62], where the effect of surface roughness and its topology, spreading of a droplet

and its dynamics, the contact time of droplet especially in the freezing conditions, have been mostly evalu-

ated. A review on history and recent advances in superhydrophobic can be found in [53]. For micro-scale

droplets, the impact dynamics would be different compared to macro-scale droplets as the surface tension

effect (capillary force) would be the dominant effect compared to inertial force in micro±droplets. Further-

more, the effect of micro±structured surface on the outcome of droplet dynamics become more noticeable

for micro±droplets. Though many experimental and numerical studies have been presented for macro±scale

droplet impact on SHSs, few experimental studies have been dedicated to the impact of micro±scale droplets

on SHSs [63±65].

One of the most important issues in superhydrophobic surfaces is the Cassie-Wenzel transition that can
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breakdown and hinders the bouncing feature in superhydrophobic surfaces [66, 67]. Several parameters

can affect this transition such as evaporating the sessile droplet, increasing the volume of a droplet, and the

topology of micro-structures (height, shape, or pitch of pillars). Additionally, superhydrophobic surfaces

are only limited to repelling water droplets while they can be wet by low surface tension liquids such as oils.

One of the parameters that affect this transition is the topology of micro-structures in SHS. Generally, once a

droplet impacts a surface, the capillary pressure (PC , due to the surface tension effect) and dynamic pressure

(PD, due to the inertia effect) play an important role in droplet dynamics. At high impact velocity such as in

the pipe flow, the water hammer pressure (PWH ) is also generated [68] (due to the compression of the droplet

by shock wave at larger impact velocity) at the contact area. The interplay between these pressure results in

complete bouncing, partial bouncing, and complete wetting situations. Once the dynamics pressure exceeds

the capillary pressure, the transition of a droplet to non-bouncing behavior is susceptible. Considering the

water hammer pressure, the criteria for complete bouncing, partial-bouncing and non-bouncing are PC >

PWH > PD, PWH > PC > PD and PWH > PD > PC , respectively [55]. There have been several studies

on analyzing and improving the morphology of superhydrophobic surfaces [69, 70].

Despite various advantages of using superhydrophobic surfaces, they are mostly limited to repelling wa-

ter and are likely wet by low surface tension liquids such as oils or other complex fluids low surface tension

liquids. Additionally, their non-wetting features might collapse during the frost formation or exposing to

high-pressure conditions [71±73]. Superomniphobic surfaces have been also introduced that can be applied

to a broad range of liquids which has been first introduced by Tsujii et al. [74] which were defined as

surfaces that have both superhydrophobicity and superoleophobicity features. Designing superomniphobic

surfaces is based on the hierarchically structured surface or using the re-entrant surface texture (i.e., convex

topography) in conjunction with surface chemistry. However, developing durable superomniphobic surfaces

is challenging and needs further improvements [75, 76]. Developing mechanical durable re-entrant texture

in superomniphobic surfaces has far been challenging. This is because their structures are comprised in

nano-scale and very delicate to get damage. Additionally, the repellency of wide ranges of liquids on these

surfaces has not been investigated thoroughly.

1.3.4 Droplet impact on slippery lubricant impregnated surfaces

Slippery lubricant impregnated surfaces (SLIPS/LIS) are another alternative for superomniphobic sur-

faces, where the micro/nano-textured or porous surfaces are filled with an immiscible liquid. Quere et al.
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[77] was the first who introduced the idea of replacing the air plastron with a fluid. Based on this idea,

immiscible liquids have been used in 2011 by Wong et al. [19] to lower the contact angle hysteresis which

can be used for repelling a broad range of liquids. The inherent feature of these surfaces exhibits a low

contact angle compared to SHSs, while the hysteresis angle is quite low. Wong et al. [19] introduced criteria

that are needed to create SLIPS, 1. The lubricating liquid and working liquid must be immiscible. 2. The

lubricating liquid must completely be absorbed by the surface and asperities 3. The working liquid must not

preferentially wet the substrate over the lubricating liquid. These criteria result in a droplet with a contact

angle hysteresis of 5◦ or lower.

The perfluorinated oils have been mostly used as they are capable of repelling different ranges of liquids.

The lubricants are able to adhere completely within the micro/nano-structured surface due to capillarity. In

this regard, silicone oils and Krytox oils have been used for infusing the structured surface. For instance,

the Dupont Krytox oils are mostly thermally stable and nonflammable. It is nonvolatile and useful over a

broad temperature range of −75◦C to 350◦C or higher. Its high resistance to ionizing radiation makes it

useful for the aerospace industry. However, depending on the applications, the toxicity of lubricant must be

taken into consideration. One of the challenges in SLIPS is the depletion of the oil layer when the substrate

is exhausted under conditions such as high temperature or abrasion which results in losing its repellency

ability. Several solutions have been introduced to obtain a more stable substrate [19, 78, 79]. For instance,

Shang et al. [80] have used a coating by mixing silicon oil-contained UV responsive micro-capsules. It

has been observed that once the coating is exposed to UV/sunlight, the silicone oil can be released for

the formation of a lubricant layer on the coating surface, which then results in a long-term self-repairing

liquid-repellent coating.

Despite the vast research on the mobility of droplets, few studies are dedicated to the dynamics behavior

of droplets [45, 81±83]. Kim and Rothstein [81] present the spreading and retraction dynamics of a droplet

impacting a series of LIS surfaces. They investigated the effect of viscosity ratio on droplet dynamics when

the droplet impacts LIS. They also compared their experimental results with their theoretical model that

can predict the maximum diameter of the droplet. Unlike their expectation, they observed that for low We

number, droplet spreading factor (the ratio of the maximum diameter of the droplet to its initial diameter) is

greater for LIS for the low viscosity lubricant compared to air-infused SHS. They deduced that the receding

contact angle is more susceptible to the oil viscosity than the advancing contact angle. Hao et al. [84] created

a superhydrophobic-like bouncing regime on a thin immiscible liquid film with tunable thickness. This new
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regime depends on the Weber number, film thickness, and viscosity. They found the critical We number for a

droplet that exhibits bouncing behavior. Lee et al. [82] experimentally investigated the impact of millimeter-

sized droplets on nanostructured surfaces infused with an oil layer (Krytox and other silicone oils). They

evaluated how the physical properties of the oil and the impact velocity can lead to different impact behavior.

They showed that oil viscosity has a limited influence on the maximal spreading radius, while the recoiling

dynamics and also the stability of the oil layer were affected significantly by this parameter. Other research

found that the maximum spreading radius was influenced by oil viscosity [81] which might be due to the

different Weber numbers in the experiments. A variety of complex phenomena may occur during the droplet

impact on oil-infused surfaces.

1.4 Droplet shedding dynamics

In addition to droplet impact, the mobility of droplets occurs frequently in nature and industrial ap-

plications. One of the driven forces for droplet mobility is the air shear flow, which is defined as droplet

shedding. A droplet can be shed or moved on the surface once the adhesion force of the droplet overcomes

the adhesion force. The incipient motion happens once the minimum air velocity leads to droplet move-

ment. For instance, the movement of water droplets on airfoils is vital in order to prevent ice formation [42].

Several other applications involved air shear flow, such as for enhancing oil recovery where the oil droplet

motion determines the oil recovery, for water managing in proton exchange membrane to remove excess

water droplets inside a channel [85]. In biological applications where it is shown that how the viscous force

can affect the cells spread and roll over the adhesion force [86].

As shown in Figure 1.8, at the incipient motion of droplet, the droplet deforms to a shape where the

upstream and downstream contact angles called the θmin and θmax, respectively. The adhesion force is the

surface tension force of a droplet on a surface with a wetting length of Lw. Once the drag force which is

the summation of both pressure integration component and shear stress component, overcomes the adhesion

force, droplet shedding occurs. It should be noted that numerous parameters can affect droplet sheddings

such as droplet size, droplet physical properties (surface tension, density, viscosity), surface topology, air

speed, and boundary layer thickness. Surface wettability is a significant factor amongst all the parameters

that affect droplet shedding. Surfaces with low adhesion properties have been used to enhance droplet

repellency and mobility.
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Figure 1.8: Schematic of droplet shedding under the effect of air shear flow

Several studies have been evaluated the performance of droplet shedding on superhydrophobic surfaces

because of their surface morphology which results in high contact angle (> 150◦) and low contact angle

hysteresis (∼< 10◦) [87, 88]. Milne and Amirfazli [88] studied the performance of droplet shedding on

different surface wettabilities. Their results showed that SHSs have the lowest critical air velocity. Some

studies were analyzed how the onset of droplet shedding was affected by the presence of the vicinity droplets

[89, 90]. They investigated the effect of arrangements of multiple sessile droplets by airflow. Four droplet

arrangements including the triangle, square, reversed triangle, and diamond have been analyzed. It was

found both the spacing between the droplet and their arrangements required different critical airflow for

droplet shedding. In the case of having multiple sessile droplets, several studies studied the effect of droplet

arrangements on their shedding [89, 90]. Different arrangements including the triangle, square, reversed

triangle, and diamond have been analyzed. It was found both the spacing between the droplet and their

arrangements required different critical airflow for droplet shedding. Moghtadernejad et al. [87] also inves-

tigated the physics of two droplets coalescence and shedding on superhydrophobic surfaces. Their results

showed that droplet coalescence results in better droplet detachment from SHS, especially in low air speed of

5m/s. Moghtadernejad et al. [91] conducted an experimental study of droplet shedding on superhydropho-

bic surfaces creating by a laser micro±machined approach. It was observed that droplet surface tension and

viscosity can significantly affect the shedding behaviors. Their results exhibit droplet pinning within the

asperities for ethylene glycol and propylene glycol whose surface tension and viscosity are low and high,

respectively. Thus, High mobility features in superhydrophobic surfaces can be collapsed.

Besides the high slipperiness of SLIPS, it has been observed that the slippery surfaces have great poten-

tial for drag reduction [84, 92]. They have been considered as surfaces to enhance droplet mobility because

of the low contact angle hysteresis feature that can be applied to a wide range of liquids. [93±96]. Stam-

atopoulos et al. [92] introduced a way to enable a complete transition of a Wenzel to a Cassie±Baxter state.

They used the hemi-wicking of low surface tension (LST) liquid as an intervening layer. They identified
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a critical tilted substrate and show a pseudo-Cassie±Baxter state. By increasing the tilting angle, a droplet

detached from the intervening layer and exhibited a traditional Cassie±Baxter wetting state. This technique

would enhance droplet mobility. Hao et al. [84] also used a thin liquid film to create a superhydrophobic-

like bouncing effect, showing the advantage of slippery surfaces in fast droplet shedding. Solomon et al.

[97] experimentally found that SLIPS can reduce the drag force in laminar flows, and they also presented a

model to show this capability in SLIPS. They showed that LIS could reduce the drag force to 16% for a ratio

of working fluid to lubricant viscosity of 260. Although superhydrophobic surfaces have better performance

in droplet mobility in comparison to SLIPSs, the slippery surfaces have the additional benefit of increasing

pressure stability, which is promising in microfluidics and turbulent flows.

1.5 Objectives

The goal of this thesis is to understand how the bio-inspired slippery lubricant impregnated surfaces

perform compared to superhydrophobic surfaces for the impingement of droplet dynamics and shedding

under the air shear flow conditions. Designing slippery lubricant impregnated surfaces is an essential key in

order to obtain surfaces that perform as an omniphobic-like behavior. Thus, analyzing critical parameters

including the effect of the immiscible liquid layer, impact velocity, and surface morphology is required. The

objectives of this study are summarized as follows,

1. Evaluating the physics of the immiscible lubricant layer underlying the SLIPS for different liquid

thicknesses and impact velocities (low Weber numbers) by implementing a three-phase flow model.

2. Analyzing the micro-pillars as the effect of surface morphology in SHS and SLIPS performance

(such as pinning effect, droplet spreading, and recoiling) for a micro-droplet impact with different impact

velocities using a three-phase flow model in conjunction with a dynamic contact angle method.

3. Investigating the shedding of a water droplet under the effect of air flow on SHS and SLIPS with dif-

ferent air speeds using both the experimental and numerical study to observe and compare physical behavior

of droplet mobility.
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1.6 Outline of thesis

This thesis is organized in a paper-based format which presents a fundamental study on the physics un-

derlying the bio-inspired slippery lubricant impregnated surface compared to the superhydrophobic surface

for droplet impingement and shedding conditions which can occur during the in-flight conditions.

Chapter 1 introduced fundamental parameters that can affect the surface wettability and its relevant

parameters. An introduction to droplet impact (solid, liquid, superhydrophobic, and slippery lubricant im-

pregnated surfaces) and shedding and possible attributed physical phenomena have been included in this

chapter.

Chapter 2 presents a numerical study on the impact of a water droplet on an immiscible liquid film layer

with different impact velocities (low Weber numbers) and different liquid film thicknesses (thin, thick, and

pool liquid surface). A three-phase numerical model has been implemented which was validated with the

theoretical model. The numerical simulation could capture the micro air layer beneath the droplet. Both

the droplet and the immiscible lubricant layer deformation have been analyzed. The effect of liquid film on

droplet impact that can induce spontaneous droplet bouncing has been investigated.

Chapter 3 presents more details on the effect of surface morphology on the performance of slippery

lubricant impregnated surfaces compared to superhydrophobic surfaces for droplet impingement problems.

The droplet is considered on micro-scale where the effect of surface morphology on droplet dynamics is

more highlighted. Different Weber numbers have been studied to characterize the performance of SLIPS

and SHS. The amount of droplet penetration within the micro-asperities has been evaluated which results in

significantly less pinning effect in slippery surfaces.

In chapter 4, the mobility of a droplet under the effect of air flow with different air speeds has been

studied experimentally. The performance of SHSs and SLIPSs has been evaluated in room temperature

conditions. The behavior of droplet motion in SHS was completely different than SLIPS. Superhydrophobic

surfaces resulted in a more spherical droplet shape and a higher drag force that led the droplet to detach from

the surface. In SLIPS, the droplet exhibit combination of sliding and rolling behavior, in which the mobility

of droplets depends on the viscosity of the coated lubricant on slippery surfaces. A numerical simulation

in conjunction with the experimental work is also presented to enhance our observations in experimental

results.

Finally, in chapter 5, a summary of our findings and further recommendations for future research are
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provided. To better track the whole study, the thesis layout is given in a chart as follows.

Figure 1.9: Schematics of thesis structure
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Chapter 2

A Numerical Analysis of Air Entrapment

During Droplet Impact on an Immiscible

Liquid Film

1

2.1 Abstract

The air entrapment during droplet impingement is responsible for spontaneous droplet bouncing on

an arbitrary solid surface at low Weber numbers. However, for the impact on liquid film surfaces, the

outcome would significantly change, making it more favorable for the fabrication of non-wetting lubricant

impregnated surfaces (LIS/SLIPS). In this paper, we describe a problem associated with the impact on

a liquid surface using a three-phase flow model that captures the details of the gas layer thickness and

dynamics of fluid motions. The numerical model was based on the finite volume solution coupled with

the volume of fluid method to track the phases. The model was validated with the analytical solution.

Consequently, the numerical tool was utilized to investigate the thickness of the entrapped air during the

impact process while the behavior of droplet and the immiscible liquid film was quantitatively measured.

The morphology of the interfacial gas layer was analyzed for key parameters including impact velocity and

film thickness. It was observed that the presence of liquid film can reduce the probability of rupturing the

1ªhttps://doi.org/10.1016/j.ijmultiphaseflow.2019.103175º.
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gas layer. The results for the profile of liquid film during droplet impact illustrated that the effect of film

thickness can considerably influence the bouncing behavior.

Keywords: Droplet impact, Liquid film, LIS, Spontanous bouncing

2.2 Introduction

The phenomenon of droplets impacting surfaces has been studied due to various interesting physical

phenomena and its importance in applications such as thermal spraying, coatings and inkjet printing [36,

98±100]. Depending on the application, the impact of droplet can be classified according to the impacting

surface which may be a dry, thin liquid film or a deep liquid pool surface. In all cases, droplet impact

consists of several discernible regimes including splashing, bouncing, and coalescing and understanding the

physics behind the phenomena are of critical importance [101±103].

The outcome of droplet impact dynamics is mostly the inteplaying between surface tension, inertia and

viscous force. Accordingly, these regimes have been characterized with the definition of dimensionless

numbers, such as the Reynolds number (Re), the Weber number (We), and the Ohsenorge number (Oh). In

the case of a wet surface, there are several key parameters such as liquid film thickness, liquid properties,

and impact velocity that modulate the droplet dynamics behavior. The interacting dynamics of both liquids

(droplet and liquid film) increases the complexity of the droplet impact process. Numerous experimen-

tal, theoretical, and numerical studies [104±106] have been conducted on droplet impacts on dry and wet

surfaces (thin, thick and deep pool liquid film) to further define these different phenomena under various

conditions..

An important associated phenomenon that can occur during the bouncing of a droplet from a solid

surface is the formation of a thin gas layer underneath the center of the droplet upon the impact. This thin

gas layer forms at low values of the Weber number and there have been few experimental observation using

optical techniques [42, 43, 107]. De Ruiter et al. [107] reported that a droplet can bounce off a hydrophilic

surface due to the creation of the thin air cushion, which they observed using reflection interference contrast

microscopy (RICM). Some studies have illustrated that a high-pressure air pocket forms between the droplet

and the substrate. This air pocket deforms the bottom surface of the droplet into a dimple-like shape and

may endure throughout the impact until the droplet bounces. Further experimental studies also measured the

thickness of the gas layer for a droplet impacting on a solid surface [41, 42, 107, 108]. Numerical simulation
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have also confirmed the presence of the air layer and have provided further details on its dynamics [44, 83,

109].

Although most studies have been dedicated to analyzing the air cushion during the impact process on a

solid surface, the mechanism for droplet impact on a liquid surface is still far from being fully understood.

Droplet impact on liquid surfaces is important in several industrial applications and recently in lubri-

cant impregnated surfaces (LIS) due to their promising applications in omniphobic surfaces [19, 82, 110].

Complicated phenomena may occur during impact on a liquid surface such as crown formation and splash-

ing that are influenced including different parameters of Weber and Reynolds numbers, dimensionless film

thickness and viscosity ratios. Regarding the splashing phenomena, several studies introduced threshold

splashing correlations for different conditions [111±113]. Chen et al. [51] performed experimental study

of impact onto thin liquid film of miscible and immiscible liquids. They observed that the miscibility can

affect the impact dynamics such as the crown formation and splashing, while the effect of film thickness is

more complex. Amongst complicated phenomena during impact on liquid film, the air entrapment has been

received less attention. For instance, characterizing the behavior of liquid film in LIS is vital for designing

the slippery surface. The impact on finite liquid film thickness results in merging or bouncing, Tang et al.

[114] demonstrated that for impact inertia less than the critical value, increasing the film thickness leads

to a non-monotonic transition from merging to bouncing to merging and finally to bouncing again. This

illustrated the role of the film thickness in the impact dynamics. Tran et al. [115] observed that for drops

impacting a liquid bath of the same material, the liquid±air interface of the bath deforms. They deduced

that the ruptures of the air film are related to the liquid viscosity and the impact velocity. Recently, few ex-

perimental studies have been performed to observe the interfacial gas layer during the impact of droplet on

immiscible liquid film [49, 50, 115]. Tang et al. [50] illustrated the temporal dynamics of the gas layer for

droplet bouncing on the liquid surface using high-speed imaging and color interferometry. They measured

the thickness of the gas layer under several conditions and demonstrated the importance of the liquid film

on droplet dynamics. Che and Matar [49] observed that at We = 3.84, the droplet impacting on a liquid

surface bounces several times due to the gas layer separating the droplet and the immiscible liquid. Exper-

imental studied demonstrated that due to the microscopic nature of the entrapped gas layer, characterizing

the dynamics of air entrapment, measuring its thickness and interface morphology is quite challenging [49,

50]. Hence, additional comprehensive investigations are required.

For this process to be understood more fully, the goal of the present study is using numerical analysis
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to investigate the profile of liquid film and droplet during impingement, measuring the air thickness and

capturing the phenomena during the droplet impact dynamics. Although there are a significant number of

studies in the literature on two-phase flows [61, 116±118], much less attention has been devoted to three-

phase flows [119±121]. This is mostly due to the complexity of modeling these systems because of their

phase interactions and the potential for triple-junctions to be present. To model the interaction between

different phases in three-phase flow, Smith et al. [122] also proposed a method to decompose the surface

tension coefficient. Another method is using the volume of fluid (VOF). In the current study, a volume of

fluid (VOF)-based numerical tool for modeling the three-phase flow system was developed and validated

using the analytical solution. Temporal characterization of the gas dynamics and fluid interface for different

film thicknesses and impact velocities were investigated. Meanwhile, we characterized the role of the air

layer on the behaviors of both the droplet and the liquid film using the two dimensionless parameters:

normalized film thickness h∗ = h
D0

, and Weber number We = ρwU2
wD0

σ , where ρw, Uw, D0, and σ are

droplet density, impact velocity, droplet initial diameter, and surface tension, respectively, and h is the

thickness of the liquid film.

2.3 Numerical methodology

Among different surface tracking methods that have been reported in the literature for computations of

flows with moving interfaces [123±126], the volume of fluid (VOF) method has proven to capture interacial

changes accurately due to its ability to conserve mass and handle sharp changes at the interface. In this

work, the VOF method combined with the continuum surface force (CSF) model [127] was implemented

in the open-source platform OpenFOAM [128]. Because of the symmetrical nature of this problem, a 2

dimensional axyisymmetric coordinate system (r, z) was used to model the flow dynamics, where r and z

correspond to the radial and axial coordinates, respectively.

2.3.1 Governing equations

For an incompressible, newtonian, laminar flow, the equations governing the physics are given as fol-

lows,

∇ · −→U = 0 (2.1)
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where ρ, µ, U and P are the density, dynamic viscosity, velocity field, and pressure of the flow, respec-

tively. The surface tension force is denoted by Fs, which is computed at the interface region based on the

continuum surface force (CSF) [127]. This force is computed as Fs = σκn̂δ , where σ is the surface tension

coefficient and κ is the interface curvature defined as −∇ · n̂, where n̂ is a unit surface vector.

In order to capture the dynamics of each phase, the volume of fluid (VOF) method was used for tracking

the interface, which is expressed by the volume fraction αi, in which a value of i was assigned to each phase.

The value of the volume fraction indicator αi ranges between 0 and 1, where ªαi = 0 º corresponds to cells

filled with gas, ªαi = 1 º corresponds to cells filled with liquid, and ª0 < αi < 1º represents the liquid/gas

interface. A schematic of the volume fraction distribution for a two-phase flow is shown in Figure 2.1a. The

evolution of the interface was computed using the following transport equation,

∂ραi

∂t
+∇ ·

(︂−→
U αi

)︂

+∇ ·
(︂−→
U rαi (1− αi)

)︂

= 0 (2.3)

where Ur is an artificial compression relative velocity at the free surface that is applied normally into

the interface to counteract the numerical diffusion and maintain a sharp interface defined as,

−→
U r = (min (Cαi

|U | ,max (|U |))) ∇αi

|∇αi|
(2.4)

where Cαi
is the compression coefficient, which determines the degree of compression.

2.3.2 Numerical method in three-phase flows

Since a three-phase flow system of a water droplet, an immiscible liquid film, and the surrounding air

was the focus of the current work, a multiphase flow solver was required for producing a numerical solution.

For a three-phase immiscible flow system (water±oil±air), the volume fraction distribution is shown in

Figure 2.1b. The volume fraction of each phase is distributed according to the transport equation, provided

that
n
∑︁

i=1
αi = 1, where n is the the number of phases. In this study, n = 3 as we have three different

immiscible flows. In regions where all three phases exist, the volume fraction is distributed as shown in

Figure 2.1b. In the case of three-phase flows, all variables of fluid properties such as density and viscosity
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are defined by their phase fraction and their values of ρi and µi, which define the density and viscosity

of each phase, respectively. Accordingly, the physical properties of fluids are calculated according to the

average weight of the volume fraction of each fluid. The physical properties of fluids are obtained as a

volumetric mixture value, ρ =
N=3
∑︁

i=1
αiρi and µ =

N=3
∑︁

i=1
αiµi where N is the number of phases.

In regions where all three phases exist (triple points), the complexity of three-phase modeling is much

higher than for two-phase modeling. Simultaneous modeling of three-phase interaction is challenging and

there are few studies carried out to model the interactions [121, 122]. For instance, Smith et al. [122]

proposed a method to decompose the surface tension coefficient based on the binary surface tension between

phases.

(a) (b)

Figure 2.1: Schematic of volume fraction distribution in VOF method for (a) two-phase: air αa )/water (αw

) (b) three immiscible phase: air (αa )/water (αw )/oil (αo). Values in each cell corresponds to the volume

fraction contained in the cell

In the current work, the surface normal and surface curvature are determined using the Dirac delta

function [120]. In the case of three-phase flows, this method calculated the surface tension force with

Fs =
3
∑︁

i=1

3
∑︁

j ̸=1

σijκijδij where σij and κij are the physical interfacial tension and the curvature between the

two phases of i and j, respectively. In fact, all the domain follows the two-phase flow algorithm except

the surface tension at the triple region (where all three phases meet) which is the summation of all binary

interfacial tension force. The Dirac delta function as implemented was,

Fs = −
3
∑︂

i=1

3
∑︂

j ̸=1

σij(∇ · ( αj∇αi − αi∇αj

|αj∇αi − αi∇αj |
))(αj∇αi − αi∇αj) (2.5)

The governing equations were then discretized by using the finite volume method and following the
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schemes detailed in Table 2.1. Finally, the simulation of the 2D axisymmetric geometry was performed in

parallel using the PIMPLE algorithm, which is a combination of the PISO (Pressure Implicit with Splitting

of Operator) and SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithms.

Table 2.1: Discretization schemes

Term Discretization scheme

∂
∂t

(ρU) Euler

∇ · (ρUU) Gauss Limited Linear V1 (TVD)

∇ · (αU) Gauss VanLeer

∇ · (Urα (1− α)) Gauss interfaceCompression

2.3.3 Adaptive time step

To optimize the computational time, an adaptive time-step control feature was applied. The time-step

control feature also ensured the stability of the solution procedure as it was adjusted based on the Courant

Friedrichs Lewy number (Co = ui∆t
∆x ) at the beginning of the time iteration loop. Using the values of the

velocity of the phase fractions and ∆t from previous time step, the maximum local Courant number (Co0)

was calculated and a new time-step was iteratively initiated.

∆t = min

{︃

Comax

Co0
∆t0;

(︃

1 + λ1
Comax

Co0

)︃

∆t0;λ2∆t0; ∆tmax

}︃

(2.6)

where Comax and ∆tmax were prescribed values for the Courant number and time step, respectively.

Moreover, in the beginning of the simulation at a very small initial time-step (∆tini ), an intermediate

time-step value was calculated by using the formula

∆t∗ini = min

{︃

Comax

Co0
∆tini; ∆tmax

}︃

(2.7)

Then, this intermediate value (∆t∗ini ) was used as ∆t0 in the new time-step calculation, providing a Co0

as close to the maximum Courant number. The size of time steps varied during the calculations because of

this Courant value maximization, which allowed the time step to be smoothly adjusted.
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2.3.4 Validation of the three-phase model

In this section, following the method of Boyer et al. [121], the model was validated for an equilibrium

droplet lens problem, which is a well-suited case for a three-phase flow model verification. The droplet lens

problem is the situation of a spherical water droplet spreading at the middle of a straight surface between

two immiscible fluids (oil and air). A schematic of the initial conditions are shown in Figure 2.2a. The

balance of interfacial forces leads the droplet to reach a final equilibrium condition (Figure 2.2b).

(a) (b)

Figure 2.2: Schematic of droplet spreading between two immiscible phases (a) Initial condition (b)

Equilibrium condition

In this model, we used a 1 mm droplet in the initial spherical position, and neglected the effects of

gravity. Therefore, the interfacial surface tension force between phases was entirely responsible for the

final configuration of the droplet. At the equilibrium state, the final diameter of the droplet D (shown in

Figure 2.2b) and the contact angle of each fluid were obtained according to the geometry and mathematical

balancing of the interfacial tensions. The details of calculating equilibrium diameter and contact angle are

presented in Appendix A.

To assess the accuracy of this model compared to the analytical solution, two cases for different interfa-

cial surface tension were simulated [33]. All details of quantitative and qualitative comparison of validation

results are illustrated in Appendix A. The results of the final droplet diameter and contact angles of phases

were compared to that obtained in the analytical model and it was observed that they were in good agree-

ments.

2.3.5 Computational set-up

A 2D axisymmetric geometry was performed for all cases. The droplet was located in the center of the

computational domain, which was sized about 5D0 × 10D0 to make sure that the hydrodynamics of the
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droplet were not affected by the domain boundaries (Figure 2.3). For high liquid film thickness (h∗ > 1),

since the liquid film deformation is more significant, the computational domain is expanded to 10D0×10D0.

As the thickness of the air layer is on the order of a few micrometers, the size of the cells in the computational

domain is around 1 micrometer.

Figure 2.3: Schematic of computational domain of the numerical model

A no-slip boundary condition applied to the bottom surface of the geometry with the gradient effect of

the pressure is considered to be zero. Since the top surface is subjected to the atmosphere, the boundary

conditions of atmospheric pressure with no gradient effect of velocity has been considered.

Regarding the fluids properties, a water droplet with a diameter of D0 = 2mm and a perfluorinated

liquid (Dupont Krytox 103) were used as the droplet and liquid film materials for this study, since this

system is used in various applications. The reason behind using this liquid film is due to its wide range

applications specially in the lubricant impregnated surfaces (LIS). This system also has the simplifying

advantage of low adhesion of the water droplet to the surface. The physical properties of the droplet and the

lubricant are presented in Table 2.2.

For droplet impact on liquid surface, according to what have been observed in experimental study, the
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Table 2.2: Physical properties of fluids

Fluids Density(kg/m3 ) Viscosity(Pa. s) Surface tension(N/m)

Dupont Krytox103 1900 0.15 0.017

Water 1000 0.001 0.07

presence of the liquid film influences the behavior of the droplet dynamics and air layer since the liquid film

is able to deform during the impact process [49, 50]. In this study, we carried out a numerical study of water

droplet impact on a liquid film for film different thicknesses and impact velocities, to identify this air layer

thickness (δ) quantitatively. Additionally, to better understand how the droplet and liquid film behave during

the impingement, we used two green and red points on the droplets and liquid film, as shown in Figure 2.4,

that better represent the similarities and differences for a visual comparison.

Figure 2.4: Schematic of droplet impact on a liquid film of lubricant

In the next sections, we discuss comprehensively the effects that impact velocity and film thickness had

on the mechanism of the impact events.

2.4 Results and discussions

2.4.1 I. Role of the droplet impact velocity on the air layer

To identify the behavior of the droplet and the liquid film, the impact of a water droplet on a liquid film

with a thickness of h∗ = 0.025 was studied at three different Weber numbers (We = 1.5, 5, and 10). The

liquid film can be treated as the thin film surface (h∗ < 1) [48, 50] which can be suitable candidate for

LIS applications [30, 84]. For a droplet at We = 1.5, numerical and experimental studies have shown the

presence of an air layer between the droplet and a solid surface [44, 107]. Analogously, we found that an air
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layers was entrapped during the impact of a droplet on a liquid surface, which results in the droplet bouncing

without touching the liquid film. At low Weber number, the base surface (liquid film) was slightly affected

by the droplet inertia, however the droplet follows the same hydrodynamics as was observed on solid surface

(i.e. spreading, rebounding, bouncing). Figure 2.5 illustrates this situation and compares the results from

the numerical modelling (droplet impact on thin liquid film) performed in this study to experimental results

(droplet impact on solid surface) conducted by De ruiter [107].

Figure 2.5: Comparison of droplet impact at We = 1.5 (a) On a solid surface, experimental results [107]

and (b) On a thin liquid film surface (h∗ = 0.025), numerical results

It can be seen that although both the droplet and liquid film interface was affected, droplet hydrodynam-

ics was similar to the case of droplet impact at low Weber number on a solid surface in the experimental

study.

As discussed, the liquid film was deformed during the impingement process. To investigate the defor-

mation in the liquid film and the droplet, the profile of the central points of both the water droplet and the
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liquid film were labelled to clearly identify their behavior during the impingement. Figure 2.6 illustrated

that the liquid film (lubricant) was deformed as the droplet started moving downward, and the air cushion

was generated beneath the droplet. The velocity vector field in fluids at few millisecond of impingement

demonstrated that how the thin liquid film would react to droplet impact and the squeezed air can deform

the liquid film. It can be seen that the central point of liquid film profile at low Weber number of 1.5 was

almost constant after the first deformation of the liquid film occurred.

Figure 2.6: Profile of water droplet and liquid film interface at the center of impact over time (We = 1.5
and h∗ = 0.025)

To investigate the effect of Weber number on droplet and the liquid film hydrodynamics, impacts at

two Weber numbers of We = 5 and 10 were also modeled. Since the droplet detached from the solid

surface by We ≃ 7 [107], it was expected that the droplet would display spontaneous rebounding from

the liquid surface below that threshold. However, the presence of a liquid film affected the impingement

hydrodynamics even at a very small liquid film thickness. By increasing the Weber number to We = 5,

droplet spread over a layer of entrapped air beneath the droplet, as shown in Figure 2.7. The droplet reached

its maximum diameter (t ≃ 3 ms ) and retracted due to the surface tension until it bounced from the liquid

surface (t ≃ 10ms ).
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Figure 2.7: Evolution of water droplet impact on a thin liquid film (We = 5 and h∗ = 0.025)

The air cushion can produce a dimple-like shape in the water droplet as reported for the impact of

a droplet on a solid surface [42, 115]. The interface profile of both the droplet and liquid film changed

significantly during the few milliseconds of droplet impact, as shown in Figure 2.8. In fact, during the

spreading stage, the pressure build-up would change both the interface profile of water droplet and liquid

film, even for a thin liquid film. This would indicate that the deformation occur in both water droplet and

liquid film, especially during the few milliseconds of impingement until it spread to maximum diameter.

After that, during the rebounding stage, more phenomena happen which would be illustrated in quantitative

details.

Figure 2.8: Profile of the water droplet and liquid film interface (We = 5 and h∗ = 0.025)

The profile of central points of the droplet and the liquid film was measured over time for the impact at

We = 5 (Figure 2.9). A significant deformation in the profile of both the droplet and the liquid film was
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observed. The deformation during the spreading stage until t ≃ 4 ms remained constant.

It is found that an air bubble is formed within the droplet (Figure 2.7) during the retraction process

(t ≃ 4 ms to t ≃ 5 ms). Due to the kinetic energy of droplet, droplet deformed into the pyramid shape

during the spreading stage due to the capillary waves. Accordingly, the air cavity was formed at the center

of the droplet which results in air bubble entrapment within the droplet that has been also observed in

experimental studies, such as impact on a superhydrophobic surface, soft and viscoelastic surfaces [129±

131]. This air bubble was not formed at We = 1.5, since the droplet deformation was not large enough to

generate the bubble. Then, the bubble was ejected from the droplet (t ≃ 7.5 ms), and, consequently, the

height of droplet profile increased slightly (at t ≃ 8ms) as the liquid film height decreased. Finally, droplet

bounced completely at t ≃ 10ms.

Figure 2.9: Profile of the water droplet and the liquid film interface at the center of impact over time

(We = 5 and h∗ = 0.025)

Further increase of the Weber number to We = 10 was also investigated. The temporal evolution of the

shape of the water droplet and thin liquid film is shown in Figure 2.10. Despite the failure of the droplet to

bounce from a solid surface at Weber numbers greater than around 7, we found that the bouncing behavior

of a water droplet from a liquid surface to be different. Figure 2.10 illustrates the qualitative comparison

of the numerically calculated results of droplet impact on a thin liquid film with the time lapse images

from the experimental droplet impacts performed by Hao et al. [84]. There was good agreement in the
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hydrodynamics of the droplet between the numerical model and the experimental results.

Figure 2.10: Comparison of water droplet impact on a thin liquid film (a) Experimental results [84] and (b)

Side-view of numerical results (We = 10 and h∗ = 0.025)

The spreading factor, defined as the ratio of maximum droplet contact length (Dmax) to the initial droplet

diameter (D0), was quantified and validated against experimental results [84]. Figure 2.11 illustrates the

result that the normalized droplet spreading length in the numerical model agreed well with the experimental

results.

32



Figure 2.11: Comparison of numerical study of spreading factor (Dmax/D0) of droplet impact at We = 10
on a thin liquid film of h∗ = 0.025 with experimental results [84]

The spreading factor alone cannot describe all of the details behind the droplet impact behavior. For this

reason, we characterized the deformation of the central point of the droplet and the liquid film over time. For

We = 10 we could subdivide the droplet bouncing mechanism into four distinct sections to better clarify

the process, as displayed in Figure 2.12. In section I, there was a slight increase in the droplet height and

a decrease in the liquid film height due to the dimple formation, which was also seen in the lower Weber

numbers (We = 1.5 and 5). After this region, the droplet started spreading until t ≃ 4ms and no significant

deformation in the liquids interface was seen during the spreading process. Once the water droplet began

to rebound, the liquid film moved downwards (section II). In section III, the droplet height increased during

the rebounding process. In fact, at the start of the droplet rebounding, a small bubble was entrapped within

the water droplet. It was then ejected from the water droplet, which led to an increment in droplet height

and a decrease in the liquid film height. Finally, the effect of the bubble on the fluid height dissipated and

the droplet bounced from the liquid surface in section IV.

33



Figure 2.12: Profile of the water droplet and liquid film interface at the center of impact over time

(We = 10 and h∗ = 0.025)

The interface profile of droplet and liquid film is plotted for We = 10 and h∗ = 0.025 in Figure 2.13.

Similarly, both of the droplet and liquid film interface were changing upon the impact.

We also calculated the thickness of the entrapped air layer (δ as shown in Figure 2.3) between the

droplet and the liquid film for models run at different Weber numbers, and plotted them in Figure 2.14a.

The air layer was maintained during almost all of the impingement process at the lowest Weber number

tested, We = 1.5, while considerable deformation of this layer was observed at the higher Weber numbers.

Additionally, the effect of the inertia force in the We = 5 and We = 10 case resulted in a squeezed air

layer, especially during the rebounding stage, except the rise in some cases because of the ejecting bubble

inside the droplet.

A scaling law for the dimensionless height of dimple formation for impact on a solid surface has been

suggested by Bouwhuis et al. [132], Hd/R ∼ St−2/3, where St is the Stokes number which is defined by

St = ρlRU/µg. For We= 5 and 10, it is observed that the dimple height on thin liquid film is slightly lower

(∼ 3− 5%) due to the damping caused by the thin liquid film comparing to the predicted height for impact

on a solid surface [132].
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Figure 2.13: Profile of the water droplet and the liquid film interface (We = 10 and h∗ = 0.025)

Figure 2.14: Evolution of air layer thickness for different Weber numbers

It can be observed in all cases that although the deformation of the very thin liquid film was largely

restricted by the solid surface, the presence of the liquid film and its movement during impingement sub-

stantially changed the conventional mechanism of impact on a solid surface and increased the probability of

the droplet bouncing.
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2.4.2 II. Role of the liquid film thickness on the air layer

In this part, we looked at the effect of the liquid film thickness at the same Weber number (We = 5)

for a range of three film thicknesses. It should be noted that different classifications of the liquid surface

have been used for different thicknesses, as they behave differently [104]. For instance, h∗ < 0.1 [47] is

recommended as a thin liquid film, while several investigations suggest that thin films are associated with

h∗ < 1. In this study, h∗ = 1 was used as the threshold to distinguish the liquid thin film regime from

the liquid pool regime. The results for liquid thin film of (h∗ = 0.025) for We = 5 were demonstrated

in previous section. The effect of the liquid film thickness on a thin film (h∗ = 0.1) and liquid pool film

(h∗ = 2.5) was also studied. Although the case of h∗ = 0.1 belongs to the group of liquid thin film (h∗ < 1),

this treatment could have a significant impact on the hydrodynamic changes of the liquid and the gas. For

the case of h∗ = 0.1, the time lapses of the impact process are displayed in Figure 2.15. The process of the

droplet rebounding from the liquid surface occurred due to the entrapped air beneath the droplet, which was

a similar mechanism to what has been explained in the previous section.

Figure 2.15: Evolution of water droplet impact on a thin liquid film surface (We = 5 and h∗ = 0.1)

The spreading factor (Dmax/D0) of the h∗ = 0.1 case was similar to the case of a thin liquid film of

h∗ = 0.025 (as shown in Figure 2.20). The profile of the droplet and the liquid film at the center point

of fluids were calculated and are shown in Figure 2.16. Both the droplet and the liquid film experienced

deformation through the impingement process. The plot of interface profile in Figure 2.17 is also provided

for the We = 5 and h∗ = 0.1. It was observed that although the thickness of liquid film is in the thin film

regime, the profile of the liquid film interface was tending to deform more significantly during the initial

impingement process comparing to the h∗ = 0.025.
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Figure 2.16: Profile of water droplet and liquid film interface at the center of impact over time (We = 5
and h∗ = 0.1)

Figure 2.17: Profile of the water droplet and the liquid film interface (We = 5 and h∗ = 0.1)

For the case of a deep liquid pool of liquid film where h∗ = 2.5 at We = 5, the evolution of the droplet

impact is shown in Figure 2.18. A more significant deformation in the deep liquid pool during the impact

process has been observed. The air layer was significantly squeezed during the impingement while the large
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deformation in the liquid film occurred. In fact, at this Weber number, the large pool thickness was less

constrained by the solid surface than was the thin film, and, consequently, the liquid surface adapted in

shape to the droplet impact.

Figure 2.18: Evolution of water droplet impact on a deep liquid film surface (We = 5 and h∗ = 2.5)

In Figure 2.20, the spreading factor of the droplet indicated that the droplet experienced less spreading

in the case of the liquid pool compared to impingement at lower values of h∗. This is because the liquid

film was less restricted by the solid surface, and, consequently, a large deformation of the liquid resisted

the droplet spreading outwards compared to the case of the thin liquid film. The delay in the rebounding of

the droplet from a deep liquid surface was also attributed to a higher penetration of both the droplet and the

liquid film, which had been also observed experimentally by Tang et al. [50].

In the case of deep pool of liquid film, the profile of fluids interface are presented in Figure 2.19. Since

the inertia force is not high and the liquid film is not constraint by the solid surface, it can be seen that the
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motion of liquid film is alongside the water droplet while the air film is captivated within the droplet and

liquid film. Thus, the dimple-shape is less significant in this case.

Figure 2.19: Profile of the water droplet and the liquid film interface (We = 5 and h∗ = 2.5)

Figure 2.20: Spreading factor over time at We = 5 and for different liquid film thicknesses ( h∗ = 0.025,

h∗ = 0.1 and h∗ = 2.5)

In order to quantify and analyze the dynamics of the deep pool of an immiscible liquid film on droplet

impingement, the variation of the droplet and liquid film profile at the center points were evaluated (Figure
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2.21). Both of the fluids deformed during the impact process. The droplet deformed substantially and

rebounded after reaching its maximum spreading, and a small bubble formed within the inside of the water

droplet during the rebounding stage. A slight increase in the height of the droplet and a decrease in the height

of the liquid film were demonstrated this incident according to eject of bubble inside the water droplet.

Finally, when the droplet detached from the liquid surface, the height of both fluids increased.

Figure 2.21: Profile of the water droplet and the liquid film at the center of impact over time (We = 5 and

h∗ = 2.5)

To better understand the effects of the entrapped air layer and its behavior, the air thickness (δ) was

measured for the mentioned three liquid film thicknesses of h∗ = 0.025, h∗ = 0.1 and h∗ = 2.5 at We = 5,

which is shown in Figure 2.22. It is interesting to note that there is a decrease in the air layer thickness

during the process of droplet approaching the surface (initial impingement), and the trend of this thickness

change between runs is that δh=50µm < δh=200µm < δh=5 mm. It is also observed that the dimple height

in higher liquid film thicknesses would be larger comparing to the introduced numerical correlation for the

case of impact on solid surface [132]. This is likely because the thin liquid film was constrained by the solid

surface, and the air layer was squeezed to a greater extent compared to the deep liquid pool case during the

spreading stage. Afterward this approach, the thickness of the interfacial gas layer in the deep liquid pool

decreased during the retracting stage. This is due to the easily deformed liquid surface that was adaptive to
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the impact during the droplet impingement.

Figure 2.22: Air layer thickness over time for different liquid film thicknesses (h∗ = 0.025, h∗ = 0.1 and

h∗ = 2.5)

Additionally, Tang et al.[50] observed a similar trend in their recent experimental study using high-speed

imaging and color interferometry. They showed that the air layer thickness decreased almost linearly with

time for both thin and thick liquid layers. We found that the rebounding stage was dramatically different

from the approaching stage. It is observed a substantial rapid increment in the air layer thickness for a deep

pool of liquid film, which started slowing down after rebounding until the droplet detached from the liquid

surface.

2.5 Conclusion

A three-phase flow solver has been developed to investigate the hydrodynamics change of a liquid film

(lubricant) and the entrapped air layer during droplet impact and bouncing. The numerical model was

validated against the analytical model based on the balance of the interfacial forces. In order to understand

and characterize the nature of the air layer underneath the droplet, droplet impact on an immiscible liquid

film at different film thicknesses and Weber numbers have been studied.
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It was observed that at low Weber number (We = 1.5 and h∗ = 0.025), despite the liquid film defor-

mation, the hydrodynamics change of the droplet on a thin liquid film was similar to that on a solid surface

which is caused by the presence of the air layer. For higher Weber number (We = 10), droplet sticks to

the solid surface whereas on the liquid film, droplet detaches due to the local deformation of the liquid film

interface caused by the entrapment of the air. For the liquid film in the deep pool regime, liquid deformation

was more significant due to the diminished constraints of the solid surface on this thicker liquid film. Fur-

thermore, in some cases, an air bubble was formed within the droplet during the retracting process, which

also facilitated the droplet rebounding process. The numerical results can provide valuable guidelines for

exploring the behavior of three-phase flow, especially in LIS.
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Chapter 3

A comparison of bioinspired slippery and

superhydrophobic surfaces: micro-droplet

impact

1

3.1 Abstract

Slippery lubricant impregnated surfaces (SLIPS/LIS) exhibit remarkable features of repellency and

droplet mobility to a broad range of complex fluids. Their performance in micro±droplet repellency has

received less attention. In this study, the anti-wetting performance of SLIPS in comparison to superhy-

drophobic surface (SHS) are investigated for micro±droplet impact on different textured surfaces. Different

series of square-pillar arrays are modeled to consider the effect of surface morphology on droplet hydro-

dynamics. A multiphase numerical model in conjunction with an accurate contact angle method has been

implemented to analyze details of three immiscible phases during droplet impact on SLIPS. Our findings

revealed that in SLIPS with low±density micro±textured surface where the effect of lubricant is more sig-

nificant, droplet repellency and mobility is improved compared to SHSs. It was illustrated that in SLIPS,

droplet pinning decreased significantly and in low Weber number cases where the effect of lubricant is more

1ªReproduced from Yeganehdoust, F., Attarzadeh, R., Dolatabadi, A., Karimfazli, I. (2021). A comparison of bioinspired

slippery and superhydrophobic surfaces: Micro-droplet impact. Physics of Fluids, 33(2), 022105, with the permission of AIP

Publishingº.
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noticeable, partial-bouncing occurred. It was also observed that slippery surfaces with a low±density of

micro±pillars exhibit bouncing behavior which indicated the repellency effect of lubricant in droplet hydro-

dynamics. Although micro±droplet failed to recoil in higher Weber number (We ≃ 160) in both SHS and

SLIPS, droplet penetration within the micro±structured surface was considerably smaller in SLIPS.

Keywords: Droplet impact, Slippery lubricant impregnated surfaces, Superhydrophobic surfaces, Micro-

droplet

3.2 Introduction

Engineered surfaces with non±wetting behavior have broad applications in anti±icing and anti±frosting

[133±135], anti± biofouling [136, 137] and condensation [31, 138, 139]. For instance, strikes of cloud-

sized droplets which are mainly in micro±scale could result in frost formation that can ultimately change the

airfoil aerodynamics and lead to serious performance degradation. Another significant application of micro±

droplet impact is associated to respiratory droplets that are exhaled during talking, coughing, or sneezing.

The average human exhales droplets are in the range of 1 µm±2000 µm. Small droplets (< 5 µm) evaporate

in a very short timescale (fraction of seconds). However, bigger micro±droplets can settle due to a slightly

longer evaporation lifetime [140]. Therefore, pinning of the respiratory micro±droplets within the micro±

structured surface are a critical factor in transmitting viral infections [140]. Thus, reducing the adhesion of

micro±droplets could reduce the transmission of respiratory disease.

Liquid repellent surfaces could be a passive way for designing non±wetting surfaces. Superhydropho-

bic surfaces (SHSs) possess anti±wetting property as they are composed of hydrophobic surfaces with

micro/nanometer±sized structures. The air is trapped within the textured surface due to surface tension

and decreases contact angle hysteresis which can prevent the pinning of water droplet into the gaps of the

surface.

Several experimental and theoretical analyses have been conducted regarding droplet impact on SHSs

[55±59]. Numerical simulations have been also performed to elucidate the physics of droplet impact in

SHSs [60] such as induced±jumping of droplets on SHS [116] or analyzing the effect of micro-textured

surface in conditions where the ice formation occurred [61, 62]. For micro±scale droplets, the impact

dynamics would be different compared to macro-scale droplets as the surface tension effect (capillary force)

would be the dominant effect compared to inertial force in micro±droplets. Furthermore, the effect of
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micro±structured surface on the outcome of droplet dynamics become more noticeable for micro±droplets.

Though many experimental and numerical studies have been presented for macro±scale droplet impact on

SHSs, few experimental studies have been dedicated to the impact of micro±scale droplet on SHSs ([63±

65]). Despite various advantages of using superhydrophobic surfaces, they cannot be fully functional in

many applications such as repellency of complex liquids with low surface tension, frost formation, and the

presence of mechanical defects on the surface [71±73].

To improve issues associated with SHS, slippery lubricant impregnated surfaces (SLIPS/LIS) have been

proposed [19]. These bio-inspired engineered surfaces have been developed such that the air pockets are

replaced by impregnating a low surface tension liquid film within the micro-structured surface. The liquid

oil can completely spread and wet the textured surface via capillary force which results in a smooth and

homogeneous surface with high slippery features due to very small contact angle hysteresis [30, 141]. The

SLIPS exhibits self-cleaning, anti-icing, anti±biofouling properties and are also able to repel various liquids

with lower surface tension than water [133, 142, 143]. They have also shown promising performance in

droplet manipulation in microfluidics systems [144] or reducing the frictional drag because of their enhanced

stability against high-pressure environments [20, 145].

To achieve slippery surfaces, the liquid oil should also act as an immiscible liquid against liquid droplet

[19]. Smith et al. [30] reported three different states of droplet and lubricant based on the interfacial tension

between water/oil/air. The oil can be in an encapsulated state at which a thin liquid film of lubricant exists

on oil-infused micro-pillars surface. Otherwise, the oil can become impregnated into the micro-structured

surface [30] (as shown in Figure 3.1b). Although the encapsulated status would be more thermodynamically

favorable [30], this might result in excessive lubricant depletion. It has been shown that the lubricant layer

would resist large static pressure and repels various kinds of liquid including those with low surface tensions.

Previous studies have also demonstrated that slippery surfaces can limit ice formation [133, 142]. Unlike

air-infused superhydrophobic surfaces, it was found that the lubricant layer can restore after abrasion and

impact of liquids [19]. Thus, lubricant can self-heal once defects occur on the surface due to the presence

of oil within the porous structure and capillarity [146, 147]. This would increase mechanical stability in

SLIPS comparing to the SHS. However, few studies have been dedicated to the performance of SLIPS for

millimeter/micrometer-sized droplet impact.

Kim and Rothstein [81] investigated the spreading and retraction dynamics of droplet impact on SLIPS
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with randomly rough micro±structures which were infused with different silicone oils of different viscosi-

ties. They found an increase in maximum spreading diameter and the retraction velocity by reducing the

viscosity of the infused silicone oil layer. For the lowest viscosity of oil, small changes in either the dynamic

advancing or the receding contact angle were observed. Muschi et al. [148] evaluated the effect of oil thick-

ness on the wetting properties and drop impact dynamics on SLIPS. They used a spin-coating technique

for tuning the oil thickness to reach a homogeneous distribution of liquid oil. They observed that droplet

spreading, or the bouncing dynamics were not strongly affected by the oil thickness if the infused oil layer

at the surface is mostly homogeneous. Lee et al. [82] studied droplet impact dynamics on the oil-infused

nano-structured surface. They observed that the oil viscosity can determine the stability of the infused lu-

bricant oil during the drop impact and the low viscous oil layer can be displaced by the impacting droplet.

They have also reported different instabilities during droplet impact for high Weber numbers. Designing

robust and sustainable slippery surfaces is essential to use the maximum of their features. Recent studies

have been more devoted to the study of more robust and stable slippery surfaces [1, 96, 149, 150]. Dif-

ferent parameters such as the surface morphology, lubricant, and surface properties can significantly affect

SLIPS performance. There have been few computational and experimental studies on the effect of surface

morphology in Slippery lubricant impregnated surfaces.

In the present work, we aim to elucidate the non±wetting performance of the slippery surfaces compared

to superhydrophobic surfaces for micro±droplet impact (typical droplet size in in±flight icing or respiratory

system) using numerical analysis. Different surface morphologies and impact velocities were studied. For

SLIPS, a layer of lubricant was infused within the micro-structured surface while there is air within the

micro±structured surface in superhydrophobic surfaces. The qualitative and quantitative comparison of

droplet impact hydrodynamics and the effect of surface morphologies were studied using the numerical

approach. Furthermore, a map that indicates different states of the droplet is presented based on different

surface morphology and impact conditions.

3.3 Problem set±up

In the current study, a three-dimensional numerical model of the droplet impact on slippery lubricant

impregnated surfaces in comparison with superhydrophobic surfaces have been studied. A micro-droplet

with a size of D0 = 30 µm was used in the present study to resemble the size of respiratory droplets or the

46



supercooled droplet which mostly initiates ice formation over critical surfaces [62].

In superhydrophobic cases, surfaces were composed of micro±structured arrays with square cross-

sectional pillars. Figure 3.1a illustrates a schematic image of the micro±structure used in the current study

in which the size of micro-pillars is 2 µm× 2 µm× 2 µm. For SLIPS, the air within the pillars of SHS was

replaced by an immiscible lubricant to make a slippery surface (Figure 3.1b).

(a) (b)

Figure 3.1: A schematic of (a) superhydrophobic surface (with the surface pattern of ªnwmpº where ªwº

and ªpº denote the width and pitch size (in µm) of pillars) and (b) slippery lubricant impregnated surface

The impregnated/emerged state was considered in all SLIPS impact conditions to reduce the probability

of lubricant depletion [30]. The Krytox GPL 101 was used in the present work [151]. The physical and

chemical property of oil can completely wick the low surface energy surface and increase the mobility

of working liquid on the surface [19, 30]. The physical properties of lubricant (Krytox GPL101), water

droplet and surrounding air are listed in Table 3.1. The interfacial tension between water±oil is considered

as γwo = 0.053 (mN/m).

Table 3.1: Physical properties of fluids

Fluids Density(kg/m3 ) Kinematic viscosity(cSt) Surface tension(N/m)

Dupont KrytoxGPL 101 1850 17.7 0.017

Water 1000 1 0.072

Air 1.2 15 -

In all cases, the surface properties are chosen to represent a surface which is coated with a thin layer

of stearic acid relevant to experimental studies [62, 152, 153]. The equilibrium, advancing, and receding

contact angles of a droplet on a smooth flat surface that is coated with stearic acid have been measured

as θE = 111◦, θA = 120◦ and θR = 86◦, respectively. The effect of surface topology was assessed by

considering different patterns of the micro±pillar arrangements. To distinguish the pattern of micro±pillars,
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each pattern was identified in a template of ªnwmpº as shown in Figure 3.1a, where ªnº and ªmº denotes

the width and pitch size of the micro±pillar. In all cases, the width and height of the pillars were consistent

while the pitch of pillars changed, m = 3, 5, and 7 µm. The combination of a hydrophobic coated layer

of stearic acid and a textured surface provided non±wetting surface depending on the pattern of the textured

surface and initial impact conditions.

Since both the textured surface and droplet are in micro±scale, a dimensionless number of ξ was intro-

duced as ξ = p/D0 to describe the surface morphologies on droplet dynamics. Thus, considering 30µm

droplet, three patterns of 2w3p (ξ = 0.1), 2w5p (ξ = 0.17) and 2w7p (ξ = 0.23) have been investigated.

The initial geometry, the boundary condition of the domain, and mesh distribution are illustrated in Figure

3.2. The geometry domain is considered for a quarter of droplet and substrate and the symmetry boundary

condition is applied on two faces. All the cases were simulated in an isothermal condition. The micro±

droplet was located in the center of the computational domain with a size of 4R0 × 4R0 and 100 cells per

droplet diameter. The top surface is subjected to the atmosphere. A boundary condition of atmospheric

pressure with no gradient effect of velocity is considered. A no-slip boundary condition is applied to the

bottom and side surfaces of the geometry while the gradient effect of the pressure is considered as zero. The

cell size in the refined region (as shown in Figure 3.2) is approximately 300 nm and around 2M cells were

considered in the model. The computational simulations were done in parallel with the 24 processor. The

run time was approximately 30 hours for each simulation.
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Figure 3.2: (a) The initial geometry and (b) mesh distribution of the computational domain for droplet

impact on SLIPS (for instance, 2w5p)
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3.4 Computational approach

Slippery surfaces involve three phases of air, water droplet, and infused lubricant within the micro±pillar

surfaces. A three-phase flow solver based on the volume of fluid (VOF) method in OpenFOAM [45, 128]

was used in conjunction with a modified contact angle model. Amidst different interface tracking methods

[125, 126, 154, 155], the VOF scheme was used in this study due to its accuracy, ability in capturing the

interfaces between multiple phases, and its inherent capability in the calculation of the surface tension [45].

3.4.1 Governing equations

For an incompressible, newtonian, laminar flow, the governing equations are given as follows,

∇ · −→U = 0 (3.1)

∂ρU⃗

∂t
+∇ ·

(︂

ρU⃗U⃗
)︂

= −∇P +

[︄

∇ · [µ(∇U⃗ +∇U⃗
T

2
)

]︄

+ ρ · g⃗ +−→
Fs, (3.2)

where ρ, µ, U and P are the density, dynamic viscosity, velocity field, and pressure of the flow, respec-

tively. Fs = σκn̂δ is the surface tension force based on the continuum surface force (CSF) [127].

Regarding the VOF method for tracking each phase interface, a volume fraction αi is introduced in

which the value of i = 1, 2, 3 that represents air, water and oil, respectively. The value of αi is in the range

between 0 and 1 and the physical properties of phases are defined based on the volume fraction average of

all fluids in the cell. Thus, density and viscosity would be ρ =
3
∑︁

i=1
αiρi and µ =

3
∑︁

i=1
αiµi.

The volume fraction is advected by transport equation and the evolution of the interface was computed

as follows,

∂ραi

∂t
+∇ ·

(︂−→
U αi

)︂

+∇ ·
(︂−→
U rαi (1− αi)

)︂

= 0. (3.3)

Generally in the VOF solvers, the interface between phases is smeared over several cells. Ur is an artificial

compression velocity at the free surface that acts normal to the interface to compress the free surface and

counteract the numerical diffusion and maintain a sharp interface [156]. Ur is defined in Equation 3.4,

−→
U r = (min (Cαi

|U | ,max (|U |))) ∇αi

|∇αi|
, (3.4)
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where Cαi
is the compression coefficient that determines the degree of compression. The surface tension

force for the case of three-phase flows is calculated as Fs =
3
∑︁

i=1

3
∑︁

j ̸=i

σijκijδij , where σij and κij are the

physical interfacial tension and the curvature between the two phases of i and j, respectively. Since the

surface curvature is calculated using the Dirac delta function [45, 120], the general form of interfacial

tension force is as follows,

Fs = −
3
∑︂

i=1

3
∑︂

j ̸=1

σij(∇ · ( αj∇αi − αi∇αj

|αj∇αi − αi∇αj |
))(αj∇αi − αi∇αj). (3.5)

The multiphase model was verified previously for three±phase flow systems [45, 83]. In conjunction

with the three-phase flow model, a dynamic contact angle method (Kistler method) [157] was extended for

three immiscible liquid phases. This method is one of the accurate methods in modeling dynamic contact

angle [158]. In the Kistler method, the dynamic contact angle (θD) is described as a function of contact line

velocity through Capillary number,

cos θD = 1− 2 tanh

(︄

5.16

[︃

Ca + fHl

1 + 1.31(Ca + fHl)0.99

]︃0.706
)︄

(3.6)

fHl0.706 =
1

5.16

[︁

1 + 1.31fHl0.99
]︁0.706

tanh−1

[︃

1− cos θE
2

]︃

, (3.7)

where θE is the equilibrium contact angle. Ca is the capillary number, Ca = µUcl

σ where Ucl, µ and σ

are the spreading velocity of the contact line, the dynamic viscosity and the surface tension of the liquid.

fHl is the empirical Hoffman’s function. The equilibrium angle (θE) is then replaced by either an advancing

or receding contact (θA or θR) respectively, depending on the sign of the velocity vector at the contact line.

In the present study which involved three±phase flow systems in SLIPS, the dynamic contact angle was

implemented based on the initial contact angle conditions (θA or θR) and physical properties of phases. The

accuracy of the numerical model for three±phase flow system was assessed and illustrated in Appendix B.

The results indicated that the numerical model is capable of predicting droplet dynamics for three immiscible

liquids which can be applied to SLIPS.
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3.5 Results and discussion

The performance of slippery surfaces in comparison to superhydrophobic surfaces is evaluated for

micro±droplet impact with three different Weber numbers (We = ρU0
2D0

σ ) of We = 10.4, 41.7 and 166.7

on surface patterns of ξ = 0.1, 0.17 and 0.23. Then, the effect of surface morphology is quantitatively

demonstrated.

For high-density micro±textured surface of 2w3p (ξ = 0.1), the effect of Weber number on droplet

hydrodynamics in both cases of SHS and SLIPS is shown in Figure 3.3. Three different Weber number

(We = 10.4, 41.7 and 166.7) were investigated to observe the performance of ξ = 0.1 for different impact

conditions. All snapshots of droplet impact at different Weber numbers are illustrated in dimensionless time

number (t∗ = tU0

D0
) which is defined as t∗ = tU0

D0
. The interface of water droplet and lubricant as well as

the velocity magnitude distribution of phases are shown. At We = 10.4 (Figure 3.3(a)) droplet exhibits

complete bouncing for SHS while droplet remains on the surface for SLIPS case.

Figure 3.3: Comparison of of micro±droplet impact on SHS and SLIPS for 2w3p (ξ = 0.1) textured pattern

with different Weber numbers of: column (a) We = 10.4, column (b) We = 41.7 and column (c)

We = 166.7- Solid white line: Water droplet interface, Solid yellow line: Lubricant interface
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Generally, droplet bouncing/non-bouncing can be theoretically predicted in SHS by comparing the dy-

namic pressure against capillary pressure [55, 59]. The emergence i.e. different regimes of complete bounc-

ing, partial bouncing and wetting depends on the balance of capillary pressure (PC) and dynamic pressure

(PD) which are estimated as PC = 4γ cos θa

(︂

ϕ
w(1−ϕ)

)︂

where ϕ = w2

p2
, and PD = 0.5ρV 2 for a square-

pillar micro±structured surface [55]. Accordingly, in the current case of SHS (ξ = 0.1), it is also expected

that droplet results in complete±bouncing as capillary pressure is approximately 5 times the dynamic pres-

sure. For higher impact velocity (We = 41.7 and We = 166.7), as shown in the Figure 3.3 b and c,

droplet started penetrating within the micro±pillars in SHS as the kinetic energy increased. In SLIPS with

a high density of square pillars, it can be seen in Figure 3.3 that droplet remained on slippery surfaces at

all Weber numbers. SLIPS cases in high±density textured surface (ξ = 0.1) behaved similarly to the flat

smooth solid surface and the effect of lubricant was not significant. Although both SHS and SLIPS revealed

non±bouncing behavior in higher Weber numbers (We = 41.7 and We = 166.7), droplet remained on top

of the textured surface in the SLIPS, unlike SHS which shows complete pinning within the micro±pillars

(Figure 3.3 ). To better understand the droplet dynamics in different Weber numbers for the 2w3p surface

structure, zoom-in views of the region near micro±pillars (stretched in vertical direction by a factor of 3) are

illustrated in Figure 3.4.

t*= 20 t*= 20 t*= 20

SHS SLIPSSHS SLIPSSHS SLIPS

SHS SLIPS SHS SLIPS SHS SLIPS

SHS SLIPS SHS SLIPS SHS SLIPS
t*= 10 t*= 10 t*= 10

t*= 2 t*= 2 t*= 2

(a) 2w3p, We= 10.4 (b) 2w3p, We= 41.7 (c) 2w3p, We= 166.7

Figure 3.4: The magnified images near the substrate region for micro±droplet impact on SHS and SLIPS

for 2w3p (ξ = 0.1) textured pattern with different Weber numbers of: column (a) We = 10.4, column (b)

We = 41.7 and column (c) We = 166.7- Solid white line: Water droplet interface, Solid yellow line:

Lubricant interface- The images are stretched in vertical direction by a factor of 3

Next, the pattern of textured surface was changed by increasing the pitch length to 5µm (ξ = 0.17).
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A comparison of droplet impact on SHS and SLIPS for three Weber number (We = 10.4, 41.7 and 166.7)

is illustrated (Figure 3.5). More details on droplet and lubricant near the micro±pillars regions are shown

in Figure 3.6. It can be seen in Figure 3.5 that droplet fails to bounce off the surface for all cases in SHS.

Thus, the non±wetting property of superhydrophobic surfaces is considerably restricted and sensitive to the

arrangement of micro±pillars. As the space between micro±pillars increased, the effect of lubricant in SLIPS

cases was more pronounced than the previous case. At We = 10.4, droplet remained on the surface for the

SLIPS case while the liquid oil layer prevented droplet from penetrating the gaps within micro±pillars (as

illustrated in Figure 3.6). It can be observed that once the kinetic energy increased and Weber number raised

to We = 41.7 (Figure 3.5 (b)), partial bouncing occurred and most parts of the droplet recoiled from the

surface and only a small droplet remained on the surface. In higher Weber number (We = 166.7), droplet

broke up during the receding stage and finally remained on the surface as shown in Figure 3.5 (c). In all

SLIPS cases, the lubricant is maintained within the micro±pillars while the droplet stayed on top of the

asperities even at a higher Weber number.

Figure 3.5: Comparison of of micro±droplet impact on SHS and SLIPS for 2w5p (ξ = 0.17) textured

pattern with different Weber numbers of: column (a) We = 10.4, column (b) We = 41.7 and column (c)

We = 166.7- Solid white line: Water droplet interface, Solid yellow line: Lubricant interface
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t*= 24 t*= 24 t*= 24

SHS SLIPSSHS SLIPSSHS SLIPS

SHS SLIPS SHS SLIPS SHS SLIPS

SHS SLIPS SHS SLIPS SHS SLIPS
t*= 10 t*= 10 t*= 10

t*= 2 t*= 2 t*= 2

(a) 2w5p, We= 10.4 (b) 2w5p, We= 41.7 (c) 2w5p, We= 166.7

Figure 3.6: The magnified images near the substrate region for micro±droplet impact on SHS and SLIPS

for 2w5p (ξ = 0.17) textured pattern with different Weber numbers of: column (a) We = 10.4, column (b)

We = 41.7 and column (c) We = 166.7- Solid white line: Water droplet interface, Solid yellow line:

Lubricant interface- The images are stretched in vertical direction by a factor of 3

Finally, the hydrodynamics of droplet impact on SHS and SLIPS with low-density micro±textured sur-

face (2w7p or ξ = 0.23) for three different Weber numbers (We = 10.4, 41.7 and 166.7) have been

evaluated (Figure 3.7). It can be seen in Figure 3.7 that SHS still failed in droplet recoiling in all three

cases. In ξ = 0.23 cases, slippery surfaces are composed of low±density of micro±textured surface which

specifies that more oil is presented in the system compared to other cases (ξ = 0.17 and ξ = 0.1). This leads

to the air entrapment formation between droplet and lubricant (Figure 3.8 and 3.9) and results in prevent-

ing the droplet from pinning to the surface and droplet bouncing in SLIPS with the morphology of 2w7p

(We = 10.4 and We = 41.7).
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Figure 3.7: Comparison of of micro±droplet impact on SHS and SLIPS for 2w7p (ξ = 0.23) textured

pattern with different Weber numbers of: column (a) We = 10.4, column (b) We = 41.7 and column (c)

We = 166.7- Solid white line: Water droplet interface, Solid yellow line: Lubricant interface

For higher impact velocity (We = 166.7), it can be seen in Figure 3.7(c) that droplet splashed into small

droplets and remained on the surface while the droplet completely penetrated within the pillars for SHS case.

In addition, it is clearly shown in column (c) that despite the large space between micro±pillars, the lubricant

did not fail its effectiveness in SLIPS cases and it was not displaced by water droplet noticeably.
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t*= 24 t*= 24 t*= 24

(a) 2w7p, We= 10.4 (b) 2w7p, We= 41.7 (c) 2w7p, We= 166.7

SHS SLIPSSHS SLIPSSHS SLIPS

SHS SLIPS SHS SLIPS SHS SLIPS

SHS SLIPS SHS SLIPS SHS SLIPS
t*= 10 t*= 10 t*= 10

t*= 2 t*= 2 t*= 2

Figure 3.8: The magnified images near the substrate region for micro±droplet impact on SHS and SLIPS

for 2w7p (ξ = 0.23) textured pattern with different Weber numbers of: column (a) We = 10.4, column (b)

We = 41.7 and column (c) We = 166.7- Solid white line: Water droplet interface, Solid yellow line:

Lubricant interface- The images are stretched in vertical direction by a factor of 3

It is worth noting that during the spreading stage of droplet impingement in all SLIPS cases, droplet

deformed into a dimple shape in the regions near the impregnated lubricant. Figure 3.9 demonstrates the

magnified image of droplet impact at We = 10.4 on SHS and SLIPS (ξ = 0.1 and ξ = 0.23) at t∗ = 0.5.

It can be seen that within the few milliseconds of droplet impingement, both droplet and lubricant are

deformed.

In SHS, the air is entrapped at We = 10.4, 2w3p while it gradually collapsed for higher Weber number

cases (We = 41.7 and We = 166.7). For SLIPS, the immiscible liquid film prevents the droplet from

penetrating within the micro±asperities while due to the lubricant deformation, the air entrapment occurs

in the regions between droplet and lubricant. This was also observed for the millimeter size droplet impact

on immiscible liquid film [45, 50]. It can be seen that for the small size of pitch (ξ = 0.1), the lubricant

deformation is small compared to the large ξ (low±density textured surface).
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(a)

(b)

(c)

Figure 3.9: The magnified image of water droplet deformation and air entrapment during droplet

impingement at We = 10.4 on (a) SHS, (b) SLIP-2w3p and (c) SLIP-2w7p

To further elucidate the underlying mechanisms, few snapshots of the three±dimensional view of droplet

interface impact on SLIPS and SHS at We = 10.4 are illustrated in Figure 3.10. It can be seen that for SHS,

droplet penetrates within the micro±pillars during the spreading stage (t∗ = 1), as the magnified image is

also shown. For SLIPS, no significant droplet penetration occurs which results in less contact time of droplet

in the SLIPS (2w7p) compared to SHS. The air entrapment during impact especially in the spreading stage of

SLIPS can be observed in Figure 3.10 (the magnified image of the droplet interface at t∗ = 1). Consequently,

this would inhibit droplet from pinning into micro±structured surface.
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Figure 3.10: Droplet interface velocity at We = 10.4 during droplet impact on : First row: SHS, Second

row: SLIPS (2w3p) and Third row: SLIPS (2w7p)±The yellow color in the droplet interface indicates the

air entrapment between droplet and lubricant in SLIPS

3.5.1 Quantitative characterization of micro±droplet impact

As the surface structure can be a significant parameter in designing a robust slippery surface, quanti-

tative characterizations are required to study the effect of surface morphology on SLIPS performance. In

this regard, some key dimensionless parameters including the β, δ∗ and U∗ that are denoted as spreading

factor, dimensionless droplet penetration depth, and average normal velocity (coefficient of restitution), re-

spectively, are investigated. These parameters would provide more information on droplet wetting length,

the rate of droplet pinning within the textured surface, and droplet kinetic energy during impingement on

slippery surfaces.

Spreading factor

Spreading factor is the ratio of droplet diameter to the initial diameter (β = D
D0

) which is an important

quantitative parameter that could represent surface wettability during droplet impact. Figure 3.11 illustrates
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how the spreading factor (β) is affected by different patterns of micro±pillars (ξ = 0.1, 0.17 and 0.23) in

both SHS and SLIPS. The spreading factor is illustrated for superhydrophobic surface at We = 10.4 in

Figure 3.11a. It can be observed that in surface morphology of ξ = 0.1, β reduced significantly during

the receding stage which denotes the bouncing behavior of droplet. It can be seen in Figure 3.11a that

βξ=0.23 < βξ=0.17.
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Figure 3.11: Comparison of spreading factor (β) during droplet impact for different surface patterns

(ξ = 0.1, 0.17 and 0.23) on (a) SHS, We = 10.4 (b) SLIPS, We = 10.4 (c) SLIPS, We = 41.7 and (d)

SLIPS, We = 166.7

The higher amount of β during the receding stage in ξ = 0.17 compared to the ξ = 0.23 is due to the

higher number of micro±pillars in ξ = 0.17 which made obstacles and impede the droplet movement. In

SLIPS at We = 10.4 (Figure 3.11b), it can be seen that the all three ξ shows same behavior during the

spreading stage. However, for low-density of micro±pillars (ξ = 0.23), β decreased significantly as partial

bouncing occurred, while β in ξ = 0.1 is the highest during the receding stage (after t∗ = 4). Figure 3.11c
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demonstrates the effect of surface morphologies (ξ) on β for SLIPS at We = 41.7.

It can be seen that the spreading factor for both ξ = 0.17 and ξ = 0.23 decreases significantly comparing

to the case of ξ = 0.1 which indicates that both surfaces result in partial bouncing. For higher Weber number

(We = 166.7) in slippery surface as shown in Figure 3.11d, droplet disintegrates into small droplets in

ξ = 0.17 and ξ = 0.23 once the droplet starts receding. For ξ = 0.1, no break-up occurred as the textured

surface is more analogous to a smooth solid surface. From the spreading results, it can be deduced that due

to the presence of lubricant and inertial force effect, β is not affected significantly by the surface morphology

during the spreading stage. The spreading factor is approximately similar for different surface structures in

SLIPS (except We = 166.7 where the droplet broke up). The energy dissipation gradually changes the

speed of β and the outcome of droplet dynamics. Thus, slippery surfaces with low density textured resulted

in partial bouncing. It can be also observed that even in cases where no bouncing/partial bouncing occurred

(Figure 3.11b, ξ = 0.17 and ξ = 0.23), the reduction in β is still discernible.

Droplet penetration depth

In many applications such as anti±biofouling, anti-icing or condensation, it is critical to have droplets

on top of the surface to slide more easily on the surface without pinning to the textured surface. In superhy-

drophobic surfaces, micro±scale sized droplets tend to penetrate within the micro±textured surfaces which

would result in breaking down the non±wetting property. In this regard, the dimensionless maximum depth

of droplet penetration within the textured surface (δ∗) has been evaluated quantitatively which is defined as

δ∗ = δmax/h. δmax is measured based on the maximum value of droplet penetration depth through the whole

micro±pillars and h is the height of micro±pillars. A schematic of parameter δmax is shown in Figure 3.12.

Figure 3.12: A schematic of droplet penetration depth (δmax) within the micro-pillar surface

Figure 3.13 demonstrates the effect of surface morphology on the pinning of droplet within the micro±

pillars in SHS and SLIPS. For this purpose, δ∗ was measured in SHS and SLIPS for three ξ = 0.1, 0.17
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and 0.23. Since the height of pillars is 2µm in all cases, the dimensionless number of δ∗ = 1 indicated that

droplet completely penetrated within micro±pillars. Figure 3.13a demonstrates droplet penetration depth

within the pillars on SHS for low Weber number (We = 10.4). The results indicated that the droplet

was completely infused through the micro±pillars for ξ = 0.17 and 0.23 which implied that SHS cannot

be functional. It can be seen that although complete bouncing occurred in SHS (ξ = 0.1), δ∗ reached

to 0.6 during impingement which is more than the case on slippery surfaces. For SLIPS at We = 10.4

(Figure 3.13b), δ∗ is slightly higher in ξ = 0.23 and ξ = 0.17 comparing to ξ = 0.1 until t∗ = 4. Since

partial± bouncing occurred in ξ = 0.23, δ∗ reduced to almost zero. For higher impact velocity of SLIPS

(We = 41.7), it can be seen that δ∗ during impact would be as δ∗ξ=0.23 > δ∗ξ=0.17 > δ∗ξ=0.1 until

partial±bouncing occurred in ξ = 0.23 and ξ = 0.17. For We = 166.7 of SLIPS cases as illustrated in

Figure 3.13d, δ∗ in ξ = 0.23 is higher during the spreading stage (t∗ = 3). Since the kinetic energy of

droplet was increased, the lubricant within the micro±textured surfaces with larger ξ are more susceptible

to impact. Thus, the oscillation of droplet deformation is more noticeable during the impingement process.

This resulted in breaking up the droplet into small droplets during the receding stage and δ∗ increased to

approximately 0.6 while droplet completely infused within the micro±pillars of SHS as it can be seen in

Figure 3.5 and Figure 3.7. It can be deduced that δ∗ in SLIPS is considerably small (less than 20% for

We = 10.4 and 41.7 and less than 60% for We = 166.7) compared to SHS. Thus, SLIPS can be a

promising method to prevent droplet pinning within the asperities.
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Figure 3.13: Comparison of δ∗ during droplet impact for different surface patterns (ξ = 0.1, 0.17 and 0.23)

on (a) SHS, We = 10.4 (b) SLIPS, We = 10.4 (c) SLIPS, We = 41.7 and (d) SLIPS, We = 166.7

Average normal velocity

Another parameter that can provide further information on droplet hydrodynamics in both superhy-

drophobic and slippery impregnated surfaces is the U∗. It is defined as U∗ = U z/U0 where U z and U0

are the average normal velocity of the droplet (positive in the upward direction) and initial impact velocity,

respectively. This parameter explains droplet average upward velocity during the receding stage and jump-

ing velocity of the droplet. Figure3.14 demonstrates the effect of surface morphology (ξ) on U∗ in SHS

and SLIPS. Figure3.14(a) shows that there is a significant difference in U∗ amongst surface topology of the

superhydrophobic surface. During the receding stage of droplet (after t∗ = 2), the kinetic energy of droplet

is higher in ξ = 0.1 compared to ξ = 0.17 and ξ = 0.23 which resulted in droplet bouncing in SHS. For

SLIPS cases at the same condition as shown in Figure3.14(b), U∗ is similar for all surface patterns while in
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the receding stage of ξ = 0.23, kinetic energy is less reduced that lead to droplet bouncing. At We = 41.7

of SLIPS (Figure3.14(c)), both surfaces of ξ = 0.17 and ξ = 0.23 have approximately similar behavior and

exhibit bouncing behavior despite the high±density micro±textured surface (ξ = 0.1).
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Figure 3.14: Comparison of U∗ during droplet impact for different surface patterns (ξ = 0.1, 0.17 and

0.23) on (a) SHS, We = 10.4 (b) SLIPS, We = 10.4 (c) SLIPS, We = 41.7 and (d) SLIPS, We = 166.7

For higher Weber number (We = 166.7) in SLIPS as can be seen in Figure3.14(d), U∗ behaves ap-

proximately similar in both ξ = 0.17 and ξ = 0.23. The quantitative data can reveal how the presence of

liquid oil is noticeable in droplet hydrodynamics, especially during the receding stage. Analysis of U∗ or the

coefficient of restitution indicates how the energy is dissipated during the impingement process especially in

micro±droplets less than ∼ 100 µm for which the energy loss is more significant [65]. In Figure 3.14a, the

maximum U∗ in both the ξ = 0.17 and ξ = 0.23 decreased as the droplet lost most of the energy. However,

in all SLIPS cases, the maximum of U∗ is approximately the same for different surface structure. Most
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dissipation occurred in the receding stage in SLIPS. The slope of U∗ in Figure 3.14b and c indicates that the

energy loss is smaller for the surfaces with low density textured surfaces.

To better describe the effect of surface morphology and impact velocity on the outcome of droplet im-

pact, a table based on critical parameters of ξ and We is presented (Figure 3.15). Three states of Complete±

Bouncing, Partial±Bouncing and No±Bouncing are considered to illustrate the outcome of droplet impact in

SHS and SLIPS. As also described earlier, the probability of droplet pinning within the micro±pillars is sig-

nificantly low in SLIPS which makes this surface a promising method for having a mobile and non-wetting

surface.

Figure 3.15: A map of micro±droplet impact outcome based on We and ξ on SHS and SLIPS

3.6 Conclusion

In this study, we numerically studied the performance of both superhydrophobic and slippery impreg-

nated liquid surfaces during micro±droplet impact on surfaces with square micro±pillar arrays. In this regard,

an in±house multiphase solver in conjunction with the Kistler dynamic contact angle method was employed.

For this purpose, a 3D micro-structured surface was infused with a lubricant (Dupont Krytox GPL101) to

make slippery surfaces. Three different Weber numbers and surface patterns were studied to understand the

dynamics of droplet impact. It was found that the structure of surfaces can significantly change the dynamics

of droplet impact since both the droplet and surface pillars were on micro±scale. The results demonstrated

that SHSs exhibit anti-wetting behavior only at specific surface properties and droplet impact conditions.

However, our findings from SLIPS cases revealed that they were capable of enhancing droplet mobility and

anti-wetting properties especially in conditions where SHS failed in droplet repellency. It was observed

that slippery surfaces with a high-density of micro±pillars (ξ = 0.1) behaved similarly to the solid surface
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while for low-density of micro±pillars (ξ = 0.23), dynamics of the droplet was similar to that of a surface

with a thin liquid film. The quantitative parameter (δ∗) illustrated that the presence of lubricant within the

micro±pillars (especially SLIPS with low±density micro±textured surface) prevents droplet from pinning to

the textured surface and leads droplet to bounce in most low and moderate Weber number (We = 10.4 and

We = 41.7).

The effect of surface morphology in SLIPS and SHS on droplet dynamics was demonstrated quanti-

tatively via different dimensionless parameters such as spreading factor, droplet penetration depth within

the asperities and average of droplet velocity during impingement (β, δ∗ and U∗). It was observed that for

micro-droplet impact, SHSs are more sensitive to surface morphologies as droplet completely pinned to all

SHS substrate (except for 2w3p at We = 10.4). However, the probability of droplet pinning in SLIPS is less

affected by different surface morphologies. Additionally, in high Weber number cases (We = 166.7), the

presence of infused oil in slippery impregnated surfaces prevented droplet from pinning to the micro-pillars,

although no droplet recoiling occurred on both surfaces. The results of this study demonstrated that the

slippery lubricant impregnated surfaces can be employed in various applications such as anti±biofouling to

prevent the respiratory micro±droplets on surfaces or in anti±icing applications which are required to avoid

droplet pinning to the textured surface.
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Chapter 4

Droplet mobility on slippery lubricant

impregnated and superhydrophobic

surfaces under the effect of air shear flow

1

4.1 Abstract

The focus of this study is to investigate and compare the behavior of a droplet on superhydrophobic

(SHS) and slippery lubricant impregnated (SLIPS) surfaces under the effect of air shear flow. In this re-

gard, both experimental and numerical analyses have been conducted to compare their performance on

droplet mobility under different air speeds. Two different lubricants have been utilized to scrutinize their

effect on droplet movement. The numerical simulations have been performed based on the volume of fluid

method coupled with the large eddy simulation turbulent model in conjunction with the dynamic contact

angle method in addition to a model that can represent the effect of lubricants on slippery surfaces. The

numerical simulations are compared with the experimental study in order to shed light on the underlying

mechanisms. The results showed that under the same conditions, the critical velocity for droplet movement

on the superhydrophobic surfaces is lower than that on the slippery lubricant impregnated surfaces due to

1ªReproduced (or ’Reproduced in part’) with permission from (Yeganehdoust F., Amer A., Sharifi N., Karimfazli I., Dolatabadi

A., Droplet Mobility on Slippery Lubricant Impregnated and Superhydrophobic Surfaces under the Effect of Air Shear Flow,

Langmuir, https://doi.org/10.1021/acs.langmuir.1c00726) Copyright 2021 American Chemical Society.º
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the smaller droplet base diameter and the larger contact angle. The hydrodynamics of droplet mobility on

superhydrophobic surfaces exhibits a rolling behavior while for the slippery lubricant impregnated surfaces

a combination of rolling and sliding is observed. Beyond the critical airflow speed, a complete droplet shed-

ding on all surfaces occurs. The wetting length and position of the droplet on superhydrophobic and slippery

surfaces have been measured. On slippery surfaces, the speed of droplets is greatly affected by the lubricant

properties while similar behavior in the wetting lengths is observed.

Droplet shedding, Slippery lubricant impregnated surfaces, Superhydrophobic surfaces

4.2 Introduction

Droplet mobility plays an important role in a wide range of engineering applications such as in self-

cleaning surfaces [159±161], microfluidics [11, 162], drug delivery, water harvesting, spray coatings, and

anti-icing coating technologies. Mobility of sessile droplets occurs when there is an imbalance in droplet

contact line forces. This might attribute to the conditions where there is thermal gradient [163], air shear

flow [88, 91], mechanical vibration [164] and electro±wetting [165]. Amongst mobility-driven forces, the air

shear flow scenario has attracted significant attention in various natural and industrial applications. Droplet

incipient movement occurs when the drag force (due to air shear flow) overcomes the adhesion force between

the droplet and substrate. The drag force and adhesion force are illustrated as Fdrag ∝ 1
2ρlV

2
airSCD and

Fadh ∝ Lwσ (cos θmin − cos θmax) [88, 91] where ρl, Vair, S and CD are droplet density, airspeed, the front

area of the droplet facing the air flow, and the drag coefficient, respectively. Lw and σ are droplet wetting

length and surface tension coefficient. θmin and θmax denotes the upstream and downstream contact angles

once the droplet starts its movement on the surface due to the air shear flow.

Amongst different parameters (such as droplet properties and air speed) that affect droplet shedding, the

surface property is a critical one. In conventional methods, low energy surfaces with micro/nano±structured

surfaces such as superhydrophobic surfaces (SHS) have been used to enhance droplet repellency due to the

air pockets in the textured surface. It has been proved that surfaces with low adhesion and contact angle

hysteresis can promote droplet mobility. Superhydrophobic and slippery lubricant impregnated surfaces

(SLIPS) are amongst these surfaces that induce droplet mobility. [87, 88, 93±96].

Several studies have reported the major influence of surface wetting properties on droplet shedding by

the airflow. Milne and Amirfazli [88] investigated the critical air velocity for the shedding of a droplet
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on surfaces with different wettabilities. It has been shown that superhydrophobic surfaces have the lowest

critical air velocities in all cases. Additionally, in situations where multiple droplets were present, a unique

critical velocity was required, which indicates that the shedding behavior can be assumed to be similar in the

presence of multiple droplets. Moghtadernejad et al. [87] performed an experimental and numerical investi-

gation on the effect of air flow on the shedding and coalescing of two droplets on a superhydrophobic. It was

reported that the coalescence phenomenon could facilitate droplet detachment from the superhydrophobic

surface especially at low air speeds. For the low air speed of 5 m/s, the coalescence of droplets resulted in

successive rebounds of the merged droplet on the substrate. In another study by Moghtadernejad et al. [91],

they also evaluated the effect of air shear flow on different liquid properties depositing on a laser micro±

machined surface with superhydrophobic properties substrates. They observed that droplet dynamics are

affected by both surface tension and viscosity properties. It was demonstrated that in liquids such as ethy-

lene glycol and propylene glycol with low surface tension and high viscosity, droplet detachment did not

occur. This was attributed to the droplet penetration within the surface asperities due to low surface tension

and high viscosity of liquids that lead to droplet pinning.

Further studies have been analyzed how the onset of droplet shedding was affected by the presence of the

neighboring droplets [89, 90]. They investigated the effect of the arrangement of multiple sessile droplets

by airflow. Four arrangements including the triangle, square, reversed triangle and diamond have been

analyzed. It was found that both the spacing between the droplet and their arrangements required different

critical airflow for droplet shedding. Despite several experimental and numerical studies on droplet mobility

on superhydrophobic substrates which exhibit their remarkable shedding behaviors, the robustness of their

functions depends on the stability of air pockets. Several reasons such as humidity and the collapse of the

trapped air through external wetting pressures can easily lead to liquid pinning and may induce ice nucleation

[23, 26, 27]. A recent approach suggests a combination of micro-structured surfaces and slippery lubricants

known as slippery lubricant impregnated surfaces (SLIPS) [19, 29, 166]. These surfaces result in reducing

contact angle hysteresis and have a significant influence on droplet mobility. Additionally, they can repel

various types of liquids with different surface tensions and are considered omniphobic.

Only a few studies have considered the effect of slippery surfaces on droplet mobility [30] and their

performance. Smith et al. [30] investigated the fundamental hydrodynamics of droplet mobility on tilted

slippery surfaces. Different parameters such as droplet and lubricant properties, texture size, and substrate
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tilt angle were involved in their model. The model also included the effect of energy loss of viscous dissi-

pation due to the presence of wetting ridge from the lubricant. They indicated that the proper performance

of slippery surfaces depends on the design of surfaces. Orme et al. [95] have introduced the effect of step

in a few microns to control droplet retention and shedding on slippery surfaces. Their results showed that

a simple structure could provide a capillary force due to the interaction between the lubricant menisci cre-

ated by the step and droplet which resulted in droplet repelling or attracting from the step based on the

Cheerios effect. Pham et al. [150] impregnated lubricant within a porous surface to achieve a more durable

slippery surface and maintaining the lubricant over a longer period. They found that ultra-small droplets

varied substantially by changing the level of lubricant thickness. By reducing the level of lubricant thick-

ness (exposing the underlying solid surface), the microliter droplet started pinning into the surface while in

nano-liter droplets, no significant pinning has been observed.

The performances of SLIPS for droplet mobility under the effect of air shear flow compared to su-

perhydrophobic surfaces are still a question and have not yet been investigated. In this study, a thorough

experimental study was conducted to compare the function of SHS and SLIPS under the effect of air shear

flow. Two different slippery surfaces have been used to evaluate the effect of lubricant properties on the hy-

drodynamics of droplet shedding at various air speeds. A multiphase numerical simulation is also performed

to enhance our understanding and observations in the experimental study.

4.3 Experimental method

4.3.1 Samples preparation

Generating micro/nano±textured surfaces is a critical factor for creating both superhydrophobic and

slippery surfaces. In all of the current experimental work, the hierarchical textured surfaces are prepared

using the suspension plasma spray method (SPS) [153]. In this technique, small ranges of particles (from

nm to µm) are deposited on the surface [152, 167]. The material of all samples was flat stainless steel with

a dimension of 5 cm × 5 cm × 0.3 cm . A grit blasting process was first performed using fine alumina

particles to produce a surface roughness between 1.5−2 µm which resulted in a hierarchical texture surface

combined with the SPS coating process. After grit blasting, the coating was deposited using the SPS. In this

study, TiO2 is used as the coating material and the main advantages of using TiO2 is its thermal/chemical

stability, non±toxicity, and low cost. Additionally, another characteristic of TiO2 coating is its mechanical
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durability and functional properties compared to polymer-based coatings [152].

The suspension in TiO2 coating is prepared such that the 1000 g of suspension contains 720 g of Ethanol,

180 g of Ethylene glycol, 95 g (95 wt % of the solid content of TiO2) and 5 g (5 wt % of the solid content) of

polyvinylpyrrolidone (PVP). The PVP acts as a dispersant which is gradually added to the Ethanol to prevent

particle agglomeration and improve the stability of the suspension during the spraying process. Ethylene

glycol can also increase the stability of the suspension by increasing its viscosity. The mixing process was

done using a magnetic stirrer and sonication (ultra-sound probe). Then, titania suspension was prepared

by slowly adding TiO2 powder to prevent agglomeration. The suspension was then added to the injection

system which consists of two sealed pressurized tanks, suspension, and water. Finally, the suspension is

injected into the plasma plume and deposited onto the substrates.

A critical parameter in developing samples with this technique is the number of passes, i.e. the number

of times the plasma gun scans the substrate which results in various heights of micro±pillars. In the current

study, two batches of coatings with 30 and 50 passes were produced and it was concluded to consider the

50 passes of spray coating as it could provide higher micro±pillars height (∼ 250 µm). This would be also

more functional in SLIPS as there would be more reservoirs for oil impregnation [168]. The morphology of

micro±structured surface after spray coating with titania suspension for 50 passes conditions is illustrated

by the SEM images in Figure 4.1. It can be seen that the surface morphology resembles micro-pillar pattern

(from fine to cauliflower-like micro±structure). All samples were cleaned in two steps. First, the samples

were cleaned by placing them in distilled water using sonication (ultra-sound probe) for 5 − 10 minutes.

Then, samples were placed in boiling distilled water for about 20 minutes and rinsed with isopropyl alcohol.

To achieve SHSs, substrates were coated with a thin stearic acid layer by dipping within the solution and then

leaving the samples to dry out. The stearic acid solution comprised 99 g of propanol and 1 g of stearic acid

powder. The thin layer of stearic acid layer transformed the hydrophilic coating into a superhydrophobic

surface due to its low surface energy combined with the micro/nano-textured surface [152, 153].
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Figure 4.1: SEM images of spray coatings produced by SPS technique for 50 passes

4.3.2 Slippery lubricant impregnated surfaces preparation

To obtain slippery impregnated surfaces, the based surfaces should have low surface energy (oleophilic

or hydrophobic surface) combined with the surface roughness. In the current study, the coated samples

have micro/nano-textured which is coated with a hydrophobic layer of stearic acid resulting in a low surface

energy coating. Additionally, the hierarchical textured surface provides a well±reservoir for developing

slippery oil-impregnated surfaces. To create slippery impregnated surfaces, the oil was impregnated through

the hydrophobic micro±textured surface. The oil impregnation was performed by placing samples in the

vacuum chamber and adding oil and then vacuuming for approximately 10 minutes. This resulted in a

homogeneous oil±infused slippery surface by removing any air bubbles from the oil and coating interface.

Two lubricants (Krytox GPL101 and Krytox 143AB) with different viscosities have been chosen to

better evaluate the effect of lubricant properties on SLIPS performance for the mobility of droplet under the

effect of air shear flow. Table 4.1 illustrates the physical properties of the liquids.

Table 4.1: Physical properties of fluids

Fluids Density(Kg/m3 ) Kinematic viscosity(cSt) Surface tension(N/m )

KrytoxGPL 101 1850 17.7 0.017

Krytox143 AB 1890 240 0.017

Water 1000 1 0.072

The confocal laser scanning microscopy of superhydrophobic samples before and after impregnation

with low (Krytox GPL101) and high (Krytox 143AB) viscous oils are illustrated in Figure 4.2. It can be seen

that the oils are wicked within the textured surface. Confocal microscopy is also able to provide information
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on the height of micro-structures and lubricants. To achieve a similar level height of lubricant in all SLIPS

samples, once the lubricants are infused within the substrates, both surfaces with low and high viscous oils

were tilted for about 10 minutes and 2 hours, respectively. This lead to a similar level height of lubricant in

SLIPS to better evaluate and compare the two slippery surfaces. Confocal microscopy was used to provide

information on surface roughness parameters. Accordingly, the Sz is defined as the average of the largest

peak to valley of asperities measured at different spots on each surface. For the superhydrophobic surface,

Sz is approximately 260 µm. The Sz measurements for both slippery surfaces are around 210 µm which

indicates an approximate lubricant thickness of 50 µm in both slippery surfaces. The lubricant cloaking

phenomenon on the sessile droplets is also examined using the spreading coefficient of the oil on the droplet

through Sow = σwa − σoa − σow (where σwa, σoa and σow are the surface tension coefficient of water-air,

oil-air and water-oil, respectively). If Sow > 0, the lubricant will cloak the droplet. Otherwise (Sow < 0),

the lubricant will fail to cloak the droplet. Using the surface tension of DI water (σwa = 72.4±0.1mN/m),

both low and high viscous oils (σoa = 17 ± 1 mN/m), and the interfacial tension between the two liquids

(σow = 54mN/m ), the spreading coefficient is determined as Sow = 1mN/m.
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Figure 4.2: Confocal laser scanning microscopy of SHS, SLIPS±low viscosity and SLIPS±high viscosity

This suggests that the droplets are presumed to be encapsulated by the lubricant. However, the exten-

siveness of the cloaking significantly varies depending on both the lubricant layer thickness and droplet

size. The cloaking for both impregnated surfaces did not significantly affect the droplet dynamics during

the shedding experiments. The sufficient lubricant cloaking can even improve droplet sliding, especially for

smaller droplets [150].
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4.3.3 Experimental set±up

Figure 4.3 shows the schematic of the experimental set-up to characterize the droplet mobility under the

effect of air shear flow. A high-speed camera (Photron, CA, USA) with an Ultra-Zoom lens was used to

capture the in details at the rate of 5000 fps. A light-emitting diode (LED) along with a diffuser was used

for the illumination. All experimental studies were performed at room temperature (23
◦ ± 1

◦

). The airflow

in the experimental set±up is supplied by the air supply passing through a pipe with the inlet diameter of

approximately 10 mm and length of 100 cm which resulted in a fully±developed flow. The pipe is close

to the substrate while the sessile droplet is located approximately 10 mm away from the air shear flow on

the substrate. This would counteract the effect of developing the boundary layer on droplet dynamics and

ensure uniform air flow. A 15 ± 2 µL single water droplet (or the initial diameter of D0 ∼ 3 mm ) was

deposited on a substrate from a droplet dispenser. The physical properties of fluids are illustrated in Table

4.1. Using a pressure regulator calibrated with a pitot tube, different air speeds in the range of 5 to 20 m/s

were achieved. To capture the effect of airflow on droplet mobility more accurately, a solenoid valve was

connected to a switch between the airflow and a high-speed camera. This give us precise results as the

camera can detect the effect of airflow once the valve is open.

Figure 4.3: (a) A schematic of the experimental set±up and (top±view) (b) the droplet for shedding under

the effect of air flow (side±view)
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4.3.4 Contact angle measurements

The advancing (θA) and receding (θR) contact angles of superhydrophobic and the two slippery samples

were evaluated by expanding and retracting of a droplet using a dispenser which results in θA and θR,

respectively. A droplet with a 30 µl droplet was deposited on the surface, then by expanding and contracting

of 50 µl droplet, θA and θR were measured. Using the needle method, several measurements were taken to

achieve the average value for all the contact angles. Figure 4.4 demonstrates the average of the advancing

and receding contact angles as well as the contact angle hysteresis for the three samples. Because of the

wetting ridge formation near the droplet in SLIPSs, a method by Guan et al. [34] is used for contact angles

measurement by fitting a circle to the droplet where it fits the surface intersect. It was observed that despite

high advancing contact angle in superhydrophobic surface (153.5◦ ± 0.4◦) compared to slippery surfaces

(θA = 113◦ ± 1◦), the hysteresis contact angle, which is defined as the difference between advancing

and receding contact angles is higher in superhydrophobic surface (9.0◦ ± 0.3◦) compared to SLIPS-low

viscosity oil (3◦ ± 1◦) or SLIPS-high viscosity oil (3.5◦ ± 0.5◦). It should be noted that for the shedding

experiments, the drag force by the air shear flow deforms the droplet to θmin and θmax (as also seen in Figure

4.12) which are denoted as the upstream and downstream contact angle once the droplet starts its movement

on the surface. It has been observed that the θmin and θmax of the droplet are increased during the shedding

phenomenon, especially for the SLIPS which is discussed in the results section.

Figure 4.4: Contact angle measurements in SHS, SLIPS-low viscosity and SLIPS-high viscosity
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4.4 Numerical method

The air flow exiting the pipe is in the turbulent regime and has a fairly uniform shape. Assuming a

uniform inlet air velocity for the external flow on the flat plates [87], the air flow velocities are between 5

and 20m/s, which result in the Reynolds number in the range of 103 < ReD < 3× 105. In order to model

the shedding of the droplet, Large Eddy Simulation (LES) is used since a broad turbulent wake region and a

continuous vortex shedding occur downstream. In LES, the large-scale motions with filtered Navier-Stokes

equation are resolved while the small scales are modeled with the sub-grid stress method. The sub-grid scale

(SGS) model represents the effects of small turbulence scales on the flow. The velocity field is separated into

a grid and sub-grid part. The grid-scale of the field represents the large eddies, while the sub-grid part of the

velocity represents the small scales. The grid scale component is obtained by f̄(x) =
∫︁

D f (x′)G (x,x′) dx′

where D denotes the computational domain and G is the grid filter function. The governing equations by

applying the filter operation are,

∂ūi
∂xi

= 0 (4.1)

∂ūi
∂t

+
∂

∂xj
(ūiūj) = −1

ρ

∂p̄

∂xi
+

∂

∂xj

(︃

ν
∂ūi
∂xj

)︃

− ∂τij
∂xj

, (4.2)

where τij is the residual stress tensor (the unresolved scales of the filtered velocity field), uiuj − ūiūj .

Subgrid-scale turbulence models usually employ the Boussinesq hypothesis and seek to calculate the devia-

toric part of the SGS stress tensor using τij − δij
3 τkk = −2vsgsS̄ij , where S̄ij is the resolved rate-of-strain

tensor which is defined by,

S̄ij =
1

2

(︃

∂ūi
∂xj

+
∂ūj
∂xi

)︃

. (4.3)

The SGS models used in this study are the Smagorinsky [169, 170] and vsgs is the subgrid-scale turbulent

viscosity which is computed as, vsgs = (Cs∆)2 |S̄| where |S̄| =
√︂

2S̄ijS̄ij , ∆ is the grid size and Cs is the

Smagorinsky constant. Substituting into the Equation 4.2 results the following,

∂ūi
∂t

+
∂

∂xi
(ūiūj) = −1

ρ

∂p̄

∂xi
+

∂

∂xj

(︁

[2v + 2vsgs] S̄ij

)︁

. (4.4)
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To account for the effect of surface tension force, the force Fs is included in the right side of the mo-

mentum equation which is defined as Fs = σκn̂δ based on the continuum surface force (CSF) [127]. Here,

σ is the surface tension coefficient, κ is the interface curvature defined as −∇ · n̂ (where n̂ is a unit surface

vector). A multi±phase flow solver based on the Volume of Fluid (VOF) method in OpenFOAM [45, 83,

128] was used in conjunction with a modified contact angle model [166].

Regarding the VOF method for tracking each phase interface, a volume fraction αi is introduced in

which the value of i = 1, 2 that represents air and water, respectively. The value of αi is in the range

between 0 and 1 and the physical properties of phases are defined based on the volume fraction average of

all fluids in the cell. Thus, density and viscosity would be ρ =
2
∑︁

i=1
αiρi and µ =

2
∑︁

i=1
αiµi. The volume

fraction is advected by the transport equation and the evolution of the interface was computed as follows,

∂ραi

∂t
+∇ ·

(︂−→
U αi

)︂

+∇ ·
(︂−→
U rαi (1− αi)

)︂

= 0, (4.5)

where Ur is an artificial compression velocity at the free surface that acts normal to the interface to compress

the free surface and counteract the numerical diffusion and maintain a sharp interface [156]. Ur is defined

in Equation 4.6,

−→
U r = (min (Cαi

|U | ,max (|U |))) ∇αi

|∇αi|
, (4.6)

where Cαi
is the compression coefficient that determines the degree of compression. A dynamic contact

angle method (Kistler method) [157] is used in conjunction with the flow model which has been found as

one of the accurate methods in modeling dynamic contact angle [158]. In the Kistler method, the dynamic

contact angle (θD) is described as a function of contact line velocity,

cos θD = 1− 2 tanh

(︄

5.16

[︃

Ca + fHl

1 + 1.31(Ca + fHl)0.99

]︃0.706
)︄

(4.7)

fHl0.706 =
1

5.16

[︁

1 + 1.31fHl0.99
]︁0.706

tanh−1

[︃

1− cos θE
2

]︃

. (4.8)

In Equation 4.7, the capillary number is defined as, Ca = µUcl

σ where Ucl, µ and σ are the spreading

velocity of the contact line, the dynamic viscosity and the surface tension of the liquid. fHl is the empirical

Hoffman’s function. The equilibrium angle (θE) is then replaced by either an advancing or receding contact
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(θA or θR) respectively, depending on the sign of the velocity vector at the contact line.

Although non±uniform micro±structured coated surfaces have been used for all experimental studies,

the numerical model has been simplified to a flat smooth surface. The micro-pillar surfaces can add extra

computational cost to the LES model and contact angle method. Regarding the numerical model of droplet

shedding, a droplet is located in the computational domain of the size 8× 24× 8 mm3 where the droplet is

10mm away from the air flow as shown in Figure 4.5. Since the LES model has been used in all simulations,

the cells in half of the geometry are refined (as shown in Figure 4.5) in which there are approximately 40

cells within the droplet diameter.

Furthermore, the boundary layer for the laminar flow based on the Blasius solution, is δ = 5x√
Rex

. For

the current study where the droplet is placed 10 mm away from the air flow and the air velocities are 5,

10, 15 and 20 m/s, the boundary layer thickness is 0.87 mm, 0.61 mm, 0.50 mm and 0.43 mm. Thus,

comparing the size of the droplet to boundary layer thickness, a uniform flow on the droplet is expected.

The grid study has been also evaluated for one of the simulations with the cell sizes of 80 µm and 60 µm in

which both the simulations resulted in similar behavior. To better capture all the shedding phenomena while

decreasing the computational time, the cell size is considered as 80 µm in the refined region.

24 mm

8 mm

8 mm

Figure 4.5: Computational domain for droplet shedding

As described above, in the experimental study of slippery surfaces, a thin layer of lubricant (≃ 50 µm)

exists at the surface. To consider the effect of this layer, a partial±slip boundary condition is implemented

on the surface. The partial±slip condition has been derived based on the balance of the shear stress of oil

and water/air fluids (τoil = τfluid ) as shown in Figure 4.6. The balance of shear stress is substituted as

µoil(
Uint/δoil) = µfluid(

∂u/∂n), where Uint is the interface velocity and µfluid can be water or air. Thus, the
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velocity of the flat substrate in the numerical simulation is implemented as, UI = (µfluid/µoil
)δoil(

∂u/∂n).

To evaluate the implemented boundary condition, a Couette flow problem has been considered and com-

pared the numerical results with the theoretical values. Further information is illustrated in the Supporting

information.

water

oil𝜏𝑜 =𝜇𝑜 𝜕𝑢𝜕𝑛
fluid: water/ air

𝛿𝑜𝑖𝑙
Figure 4.6: A schematic of shear stress balance for droplet shedding

As a ≃ 15 µl of droplet is used in the experimental study, the initial equilibrium radius of droplet in the

numerical model (as shown in Figure 4.7) is approximated based on the Req = [ ∀0
(4/3)π × 4

(1−cos θ)2(2+cos θ)
]
1/3

,

where ∀0 and θ are the droplet initial volume and static contact angle of droplet on the surface [87]. Accord-

ingly, the equilibrium droplet diameter on SHS and SLIPS in the numerical simulation is 3.074 mm and

3.36mm, respectively in which their center is 1.33mm and 0.602 mm from the surface, respectively.

e.
R

q θ

Figure 4.7: A schematic of initial equilibrium droplet (Req) for numerical simulation

4.5 Results and Discussion

4.5.1 Experimental results: Droplet shedding

As mentioned earlier, superhydrophobic and slippery surfaces are well-known for their anti±wetting and

super±slippery features. However, a comparison of their performance under the effect of air shear flow
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has not been investigated yet. Here, a thorough experimental study of droplet shedding under the effect

of airflow with different air speeds (5, 10, 15, and 20 m/s) have been performed on three different coated

surfaces of SHS, SLIPS-low viscous oil (GPL101), and SLIPS-high viscous oil (143AB).

The side±view images of droplet shedding for the airflow of 5 m/s on three different surfaces is shown

in Figure 4.8. It should be noted that the critical air velocity for droplet mobility on SHS and SLIPS was

obtained as ∼ 3 − 4 m/s and ∼ 8 m/s, respectively. It can be seen that the droplet started rolling on the

superhydrophobic surface while the droplet slightly moved on both of the slippery surfaces (as shown in

Figure 4.8) and began oscillating on the surface. Additionally, the spherical shape of the droplet is mostly

maintained through the shedding process on the superhydrophobic surface.

Figure 4.8: Sequences of droplet shedding for the air speed of 5 m/s on (a) SHS, (b) SLIPS-low viscosity

lubricant and (c) SLIPS-high viscosity lubricant

For the air shear flow of U∞ = 10 m/s (Figure 4.9) on SHS, the droplet initially started rolling on the

substrate and detached from the surface, and then it met the superhydrophobic surface once the lift force

becomes less than gravity and adhesion forces. As the initial droplet shape is nearly spherical in SHS, the

air flow is exposed to a larger surface area and larger drag expected. The drag and lift forces play a dominant

effect and resulted in detaching from the surface (Figure 4.9). For both slippery surfaces at U∞ = 10 m/s

(as shown in Figure 4.9), droplet motion is a combination of rolling and sliding on both slippery surfaces. It

can be seen that the droplet slides on both surfaces, however, the time that the droplet reaches the end of the
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substrate in high viscosity case is approximately 1.7 times the low viscosity case. This is mostly because of

the droplet energy loss due to the viscous dissipation on the slippery surface. Similar to the work by Smith

et al. [30], the energy balance for droplet shedding due to the air shear flow would be the balance of viscous

dissipation, drag, and adhesion energy (pinning effect of the droplet) as shown in Equation 4.9,

V (FDrag − FAdhesion) ∼ Iwithin droplet + IIoil film beneath droplet + IIIwetting ridge. (4.9)

The first, second and third terms on the right hand side of Equation 4.9 are µwV
2Rbg(θ),

µ2
w

µo
V 2[g(θ)]2t

and µoV
2Rb that indicate the viscous dissipation within the droplet (mostly the volume beneath the center

of mass), the rate of dissipation within the liquid film, and the energy dissipation within the wetting ridge

[30]. Rb is the based radius of the droplet (droplet radius on the substrate), g(θ) is the geometrical relations

[30], t is the thickness of the oil, µw and µo is the water and oil viscosity. Substituting the right hand side

terms leads to Equation 4.10. Dividing Equation 4.10 by Rb × µo, results in 4.11, where the two first terms

of right hand side can be negligible [30]. Finally, droplet shedding velocity resulted from air shear flow can

be expressed as Equation 4.12.

V (FDrag − FAdhesion) ∼ µwV
2Rbg(θ) +

µ2
w

µo

V 2[g(θ)]2t+ µoV
2Rb, (4.10)

(
1

Rb × µo

)(FDrag − FAdhesion) ∼ (
µw

µo

g(θ) +
µ2

w

µ2
o

[g(θ)]2(
t

Rb

) + 1)V, (4.11)

VDroplet ∼ (
1

Rb × µo

)(FDrag − FAdhesion). (4.12)

Once the drag force overcomes the adhesion force, the droplet starts moving and the droplet velocity

is related to the inverse of the base radius of the droplet (Rb) and the viscosity of the lubricant layer (µo).

Therefore, as the viscosity of the lubricants is around 17.7 cSt and 240 cST , a lower droplet velocity is

expected for the high viscosity case. Additionally, the smaller droplet base on the superhydrophobic surfaces

compared with the SLIPSs is another reason for higher droplet speed on superhydrophobic surfaces.
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Figure 4.9: Sequences of droplet shedding for the air speed of 10m/s on (a) SHS, (b) SLIPS-low viscosity

lubricant and (c) SLIPS-high viscosity lubricant

Figure 4.10 and 4.11 illustrate the droplet shedding for the air shear flow of U∞ = 15 and U∞ =

20 m/s, respectively. By increasing the air velocity, the effect of drag force on droplet deformation is

more significant. In SHS, as the droplet had an initial small base radius (nearly spherical-shape), it was

detached after few milliseconds from the surface. On the other hand, the dynamics of droplet shedding on

slippery surfaces were completely different. It can be seen that in higher airflow speeds (Figure 4.10 and

4.11), the droplet elongated on the surface especially on the high-viscous lubricant slippery surface, and

finally resulted in droplet breaking. It has been observed that despite droplet break±up, all small droplets

completely shed from the slippery surfaces. Moreover, for higher airflow velocities, as the drag force is

more significant than the adhesion force, the performance of droplet shedding on both slippery surfaces in

terms of the time of droplet shedding, are approximately comparable.
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Figure 4.10: Sequences of droplet shedding for the air speed of 15m/s on (a) SHS, (b) SLIPS-low

viscosity lubricant and (c) SLIPS-high viscosity lubricant

Figure 4.11: Sequences of droplet shedding for the air speed of 20m/s on (a) SHS, (b) SLIPS-low

viscosity lubricant and (c) SLIPS-high viscosity lubricant

The qualitative data exhibit different droplet hydrodynamics on superhydrophobic surfaces compared to
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that on slippery surfaces. It should be noted that although ideal superhydrophobic surfaces exhibit excellent

performance in terms of droplet shedding velocity, their functions can be deteriorated and become worse

than flat surfaces, once the surfaces are damaged and the effect of air trapped within the asperities is col-

lapsed. Additionally, the probability of the droplet pinning in SHS is more significant, especially for smaller

droplets [150].

4.5.2 Quantitative characterization of droplet shedding

In this section, two parameters including the wetting length and position of the droplet have been inves-

tigated. Surface wettabilities and the performance of surfaces during the droplet shedding process can be

described by the evaluation of these parameters. The dimensionless wetting length of the droplet is measured

through the shedding process which is defined as L∗ = Lw/Deq , where Lw and Deq are the wetting length of

the droplet during the shedding and initial equilibrium diameter, respectively (as shown in Figure 4.12). The

position of the droplet (XDroplet) is assumed as the minimum location of the droplet wetting length (Figure

4.12) on the surface which indicates how fast the droplet slides or rolls on the surface. It should be noted

that since in some cases the dimensionless wetting length varies due to droplet elongation, considering the

mean location of the droplet could be misrepresentative.

U∞

w
LX_Droplet

minθ maxθ

Figure 4.12: A schematic of droplet shedding

Figure 4.13 compares L∗ and XDroplet in SHS, SLIPS-low viscosity and SLIPS±high viscosity lubricant

for different airflow velocities. At U∞ = 5 m/s, there are some oscillations in droplet wetting length on

SHS however the droplet shape mostly remains spherical on both slippery surfaces and the droplet slightly

moves with some oscillations as the drag force is not strong enough compared to the adhesion force. Despite

the superhydrophobic surface that exhibited a complete shedding behavior, the slippery surfaces failed to

shed the droplet, indeed both slippery surfaces revealed approximately similar behavior. At U∞ = 10 m/s,

droplet deforms at the beginning of shedding on SHS which exhibits a sudden reduction in L∗ as shown
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in Figure 4.13c. Consequently, the droplet started rolling on the superhydrophobic surface while there are

some oscillations due to its detachment from the surface. At higher air flow speeds (U∞ = 15 and 20 m/s)

droplet is completely detached from the SHS after few milliseconds of movement. On slippery surfaces,

as the air flow speed increased, the difference in the performance of the two slippery surfaces in terms

of the speed of droplet mobility is more noticeable. Despite complete droplet shedding on both slippery

surfaces at U∞ = 10 m/s and further cases (Figure4.9), it can be observed that the droplet speed is lower

on SLIPS-high viscosity case (slopeSLIPS-High viscosity < slopeSLIPS-Low viscosity < slopeSHS).
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Figure 4.13: Dimensionless wetting length (L∗) and droplet position (XDroplet) in experimental study of

droplet shedding for different air flow velocities of 5m/s (a, b), 10m/s (c, d), 15m/s (e, f), 20m/s (g, h)
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As the wetting length is larger on high±viscosity surface (Figure 4.13c) during the shedding process,

the adhesion force is higher than the other surfaces which leads to a slower droplet motion. Additionally,

the energy loss due to the viscous dissipation as discussed earlier in Equation 4.12 renders the droplet

movement. At higher air speeds (U∞ = 15 and 20 (m/s)) the droplet dynamics on slippery surfaces are

completely different from that of the superhydrophobic surface. The droplet starts stretching on the slippery

surfaces (for instance see Figure 4.11c) which is responsible for the abrupt jump in the wetting length in

Figure 4.13e and g. Although the droplet breaks down into smaller droplets, they are still able to slides due

to the slipperiness feature of surfaces. Despite similar performances, slippery surfaces with lower viscosity

exhibited better performance in terms of having a lower L∗ and a larger speed of droplet movement.

4.5.3 Numerical results: Droplet shedding

To further support our observations in the experimental study and better understand the flow interac-

tions during the shedding phenomena, numerical results are illustrated for superhydrophobic and slippery

surfaces. The main purpose is to introduce a representation model that can describe the experimental obser-

vations and provides results that are comparable to the experimental work. The numerical simulations have

been performed for two air velocities of 10 and 15m/s on three different surfaces based on the problem set-

up as discussed in section 3. Figure 4.14 and 4.15 illustrate a comparison of the numerical simulations and

experimental observations of droplet shedding on superhydrophobic and slippery surfaces. Along with the

velocity distribution, the line integral convolution (LIC) has been shown which is commonly used on two±

dimensional vector fields, visualizing the flow motions and better present the air flow behavior and vortex

shedding. Droplet dynamics in the numerical simulations present a good agreement with the experimental

results. It can be seen that a small wake region is formed in front of the droplet where the flow is reversed.

In the downstream, as the inertial force dominates and Re is greater than the critical ones, the separation

region forms as the re-circulation and back flow develops and the pressure is dropped. Behind the droplet,

the vorticities formed in the wake region, and the periodic generation of vorticities move downstream and

vortex shedding occurred. The numerical results also revealed how the contact angle hysteresis can be dif-

ferent in the droplet shedding compared to the quasi-static measurements using a dispenser (section 2.4).

As the contact angle hysteresis in the shedding problem is more accurately to define as θmax − θmin [87,

88], the numerical simulations were modeled based on the contact angles of θmax and θmin. It has been

observed that despite the quasi-state measurements which are ∼ 9◦ in SHS and ∼ 3− 4◦ in SLIPS, the
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hysteresis were increased to 13◦, 30◦ and 50◦ for SHS, SLIPS±low and high±viscosity cases, respectively.

The considered hysteresis contact angles in the numerical model were 13◦, 30◦, and 50◦ for SHS, SLIPS±

low, and high±viscosity cases, respectively, which are based on the θmax and θmin [87, 88]. The values are

based on the average of angles achieved during the incipient motion of the droplet. The L∗ and XDroplet have

been also quantified with the experimental results as shown in Figure 4.16. Moreover, the effect of lubricant

thicknesses on droplet mobility has been compared in the model for two different oil thicknesses (100 µm

and 500 µm) which is demonstrated in the Supporting information.

Figure 4.14: Comparison of the numerical simulations (colormaps) and experimental results (greyscale) of

droplet shedding at U∞ = 10m/s on (a) SHS, (b) SLIPS-low viscosity and (c) SLIPS-high viscosity
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Figure 4.15: Comparison of the numerical simulations (colormaps) and experimental results (greyscale) of

droplet shedding at U∞ = 15m/s on (a) SHS, (b) SLIPS-low viscosity and (c) SLIPS-high viscosity

Aerodynamic forces including drag and lift forces on droplet mobility under the effect of air shear

flow are illustrated and compared for different surfaces (U∞ = 10 and 15 m/s) in Figure 4.17. The

drag and lift forces are determined by integrating the pressure field over the surface of the droplet (FP =
∫︁

SDroplet

P (n ■ dS)) which is then projected in the parallel and normal components of the air flow direction,

respectively. The pressure drag force is in the direction of air flow and it can be seen in Figure 4.17a that

at U∞ = 15 m/s, pressure drag force is greater than U∞ = 10 m/s in the few milliseconds of droplet

shedding. The larger droplet deformation (larger surface area exposing to the air flow) and higher air flow

speed led to the higher pressure drag force. At U∞ = 15 m/s, the droplet deformed substantially on all

surfaces, and a large surface area of the droplet is subjected to air flow. In SHS, the droplet detached from

the surface, and a spherical shape forms while on slippery surfaces, the droplet tends to spread on the surface

and slide. Thus, less surface area of the droplet was exposed to air flow on slippery surfaces and the pressure

drag force decreased significantly. However, the reduction in pressure drag force is less comparable between

all surfaces for U∞ = 10 m/s as the air flow was less affected the droplet deformation. At ∼ t = 10 ms,

the lift force of droplet (Figure 4.17b) started decreasing in all cases, while in SHS started to increase and

finally detached from the surface at ∼ t = 15 ms. For larger air speed (U∞ = 15 m/s), no significant

difference in the lift force of all surfaces was observed until ∼ t = 10 ms. Afterward, the lift force in SHS

did not change (as the droplet detached completely from the surface) while in slippery surfaces decreased

(as the droplet spread and slide on the surface).
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Figure 4.16: Comparison of dimensionless wetting length (L∗) and droplet position (XDroplet) in numerical

and experimental results for air flow velocities of 10m/s (a, b), 15m/s (c, d) (Error bars due to the digital

image processing are not included as the values were small)
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Figure 4.17: (a) Drag and (b) lift force for droplet shedding on SHS and SLIPSs at U∞ = 10 and 15m/s
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4.6 Conclusions

Droplet mobility on superhydrophobic and slippery lubricant impregnated surfaces under the effect of

air shear flow with different air speeds (5, 10, 15 and 20m/s) has been investigated both experimentally and

numerically. Two lubricants with different viscosities have been considered in slippery lubricant impreg-

nated surfaces in order to compare their performance. Regarding the surface wettability and droplet mobility,

the wetting length and droplet position has been also characterized. A complete droplet shedding occurred

in all cases once the airflow speed meets the critical velocity. The results reveal that the droplet shedding

on slippery surfaces exhibits different behavior compared to the superhydrophobic surface. Droplet rolls on

SHSs while it slides and rolls on SLIPSs. The small base radius of the droplet and large contact angle on

SHS led the drag force to overcome the adhesion. Although both slippery surfaces result in similar behav-

ior, however, for the case of high viscosity oil, the droplet speed is smaller. Computational analyses of a

representative model problem are conducted using the VOF model coupled with the LES turbulent model in

conjunction with the Kistler dynamic contact angle method. A boundary condition on the substrate has been

considered to replicate the presence of lubricants on slippery surfaces. In this regard, a velocity boundary

condition based on the balance of shear stress has been implemented. A good agreement between the nu-

merical and experimental results has been obtained. It was also observed that the contact angle hysteresis

differs in droplet shedding compared to the quasi-static measurements which were also confirmed in the

numerical simulation. Given the above findings, it can be concluded that although the slippery lubricant

impregnated surfaces result in a complete droplet shedding, their function needs to be thoroughly evaluated.

For more practical applications such as droplet freezing in the presence of humidity, the time of droplet slid-

ing is a significant parameter that is required to be as small as possible. This work can be also extended to

study the performance of SLIPS compared to SHS for droplet shedding in humid conditions under freezing

conditions.
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Chapter 5

Conclusions and Suggestions for Future

work

5.1 Summary and Conclusions

This thesis explored the behavior of micro and macro droplet interaction with slippery lubricant im-

pregnated surface and investigating how these surfaces can be effective in terms of non-wetting and non-

repellency properties compared to superhydrophobic surfaces. In this regard, both numerical and experimen-

tal studies have been used to evaluate different parameters. A three-phase volume of fluid (VOF) numerical

model has been implemented and developed for an impact of a millimeter size droplet on an immiscible liq-

uid film, resembling the slippery surfaces. The three-phase solver was validated with the analytical model

which is based on the balance of the interfacial forces. The hydrodynamics of liquid film behavior is ex-

amined for three different thicknesses to evaluate the lubricant function on inducing spontaneous droplet

bouncing. Three different Weber numbers We = 1.5, 5, and 10 are investigated. It was observed that,

• A noticeable change in droplet spontaneous bouncing occurred because of the air layer entrapment

as a result of deformation in liquid film and water droplet dimple formation during the impingement,

especially at the few milliseconds of impact.

• The liquid film deformation has been also observed in the thin thickness of the lubricant. Droplet

hydrodynamics on the liquid surface is similar to spontaneous bouncing from a solid surface at a low

Weber number, We = 1.5. This is because the liquid film is more constrained by a solid surface. The

92



immiscible liquid film deformation is more visible by increasing its thickness to a liquid pool surface.

• The position of the droplet and liquid film has been calculated quantitatively for all cases. The quan-

titative data showed the air layer entrapment between the droplet and liquid layer during the whole

impact process. Moreover, an air bubble is trapped within the droplet in some cases (where the droplet

deformation is more affected by the impact velocity or liquid film deformation) during the retracting

stage. This is also more noticeable for impact on thick and pool liquid film thicknesses.

• For a higher Weber number (We = 10), droplet sticks to the solid surface whereas it was be obtained

that due to the presence of an immiscible liquid surface, the probability of droplet bouncing increased.

Then, the effect of surface morphology is taken into account. A micro-droplet impact on slippery lubri-

cant impregnated surfaces has been evaluated as the effect of structures in micro-pillars is more highlighted

once it contacts with the micro-scale droplets. A numerical simulation is conducted with a three-phase solver

in conjunction with a Kistler dynamic contact angle that has been applied for three-phase flow. The surface

topology is evaluated by changing the pitches of micro-pillars. Additionally, different impact velocities have

been considered to see the durability and pinning effects. The results obtained are as follows,

• The numerical simulation showed that the dynamics of droplet impact can be significantly affected by

the structure of surfaces since both the droplet and surface pillars were on a micro-scale.

• The anti-wetting behavior in superhydrophobic surfaces was restricted to specific surface structures

and droplet impact conditions. However, slippery lubricant impregnated surfaces were able to enhance

the anti-wetting properties in conditions where SHS failed in droplet repellency.

• The results indicated that the hydrodynamics of a droplet in high-density of micro±pillars (ξ = 0.1)

was analogous to impact on a solid surface while with low-density micro±pillars (ξ = 0.23), droplet

dynamics acted like an impact on a thin liquid film surface. Droplet bouncing and partial-bouncing

are higher in SLIPS with low-density micro±pillars structures.

• Different dimensionless parameters such a spreading factor, droplet penetration depth within the as-

perities, and an average of droplet velocity during impingement (β, δ∗ and U∗) have been measured to

characterize the effect of surface morphology in SLIPS and SHS on droplet dynamics. It was demon-

strated that in all our studied superhydrophobic surface cases (except for 2w3p at We = 10.4), the
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droplet was completely pinned to all SHS substrate, while in SLIPS the pinning was less affected

by the surface morphologies. In cases with a high Weber number (We = 166.7) that no recoiling

occurred in SLIPS, the pinning within the micro-pillars still significantly small compared to SHS.

• The results illustrated that this investigation can be used in applications where it is required to avoid

the droplet from pinning to the textured surface and the probability of droplet bouncing is higher.

Finally, the mobility of a droplet on slippery lubricant impregnated surfaces (coated with two different

lubricants) under the effect of air shear flow with different air speeds have been evaluated both experimen-

tally and numerically. The results were also compared with the shedding on superhydrophobic surfaces. In

the experimental work, superhydrophobic surfaces have been prepared by creating a micro/nano-structured

of T iO2 suspension plasma spray method and a final coating of the stearic acid layer. Two lubricants (Krytox

GPL101 and Krytox143AB) with different viscosities have been used for slippery surfaces. The numerical

simulation has been performed based on the Volume of Fluid method coupled with the Large Eddy Simu-

lation turbulent model in conjunction with the dynamic contact angle method. Additionally, a shear stress

boundary condition has been developed and implemented to imitate the effect of lubricant viscosity in the

slippery surface in the simulation model. Our findings in both experimental and numerical studies revealed

that,

• At the same experimental conditions, the critical velocity for droplet movement on the SHS is lower

than SLIPS due to the lower base droplet diameter and a higher contact angle.

• The hydrodynamics of droplet mobility on SHS exhibit rolling behavior that led to droplet detachment

while in SLIPS is the combination of rolling and sliding.

• Beyond the critical air flow, a complete droplet shedding on all surfaces occurred. The wetting length

and position of a droplet on all surfaces have been measured. The trend of wetting length on both slip-

pery surfaces is approximately similar, while the speed of droplets is greatly affected by the lubricant

properties.

• In both numerical simulation and experimental analysis, the maximum and minimum contact angles

due to droplet deformation under the effect of air shear flow are different than the advancing and

receding contact angle in quasi±static measurements.
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5.2 Future work

In addition to the fundamental study on the slippery lubricant impregnated for droplet impact and shed-

ding, the development of slippery lubricant impregnated and superomniphobic surfaces have been classified

as new techniques in generating non-wetting surfaces. Thus, numerous works can be done to modify their

challenges. A list of proposed future research work is suggested as follows that can be interesting to the

readers.

• Investigating the durability and performances of droplet mobility under the effect of air shear flow

in slippery surfaces generating by porous substrates which produce more reservoirs for holding the

immiscible lubricant.

• Evaluating the slippery surface in encapsulated conditions for micro-droplet impact and compare it

with the impregnated condition using the numerical simulation. It would be interesting to observe that

on what conditions (such as impact velocity), the encapsulated situation might collapse.

• Studying the impact of a droplet on SLIPS and finding a critical velocity in which the lubricants

remain stable and durable. The numerical simulation might provide information on the durability of

the liquid film layer on slippery surfaces.

• Investigating an experimental study of droplet impact on SLIPS at freezing conditions and compared

their performance with SHS. This study can be extended to droplets impact and shedding on an airfoil

surface under freezing conditions in a wind tunnel to evaluate the film thickness. The durability of

surfaces can be evaluated by several icing/de-icing processes.

• Experimental study on shedding of droplet liquids with low surface tension and high viscous proper-

ties such as complex fluids. This would give us a better perspective of the conditions that the SHS

or SLIPS starts collapsing. The durability of lubricant can be evaluated after several experimental

studies. Additionally, the self-healing of slippery surfaces can be evaluated.
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Appendix A

According to the Neumann’s relation and the summation of contact angles at a phase triple junction, the

contact angles of each phase can be written as

sin θw
σoa

=
sin θa
σwo

=
sin θo
σwa

(A.1)

θw + θo + θa = 2π (A.2)

where θw, θo and θa are the contact angles of the water, oil, and air phases, respectively. By balancing

the volume of the droplet at the initial and final states (which contains two spherical caps), the final diameter

of the droplet is given by

D = D0
3
√︁

4/a

where D0 is the initial diameter of the droplet and a is a coefficient that is a function of the contact angles

of two other phases, defined as

a =

[︃

2

sin(π − θo)
+

1

tan(π − θo)

]︃ [︃

1

sin(π − θo)
− 1

tan(π − θo)

]︃2

+

[︃

2

sin(π − θa)
+

1

tan(π − θa)

]︃ [︃

1

sin(π − θa)
− 1

tan(π − θa)

]︃2
(A.3)

Two cases were considered: Case 1 (σwa ; σoa ; σwo )=(1; 1; 1) and Case 2 (σwa ; σoa ; σwo )=(0.8;

1; 1.4). In both cases, the interfacial tensions were scaled by the interfacial tension between oil and air,

σoa. Parameters that were compared included the final diameter of the droplet and the contact angle of each
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phase at the triple line. In both cases 1 and 2, the interfacial tensions were scaled by the interfacial tension

between oil and air, σoa. The axisymmetric numerical simulation was performed and the resulting states

were compared with the analytical solutions. Parameters that were compared included the final diameter of

the droplet and the contact angle of each phase at the triple line. For a droplet with a diameter of 1 mm,

the final diameters (D) for cases 1 and 2 can be analytically calculated to be 1.276 mm and 1.074 mm,

respectively. In our numerical model, the equilibrium diameters in cases of 1 and 2 reached 1.2 mm and

1.08 mm, respectively, giving errors of about 6% and 1%, respectively, that can be treated as negligible.

In order to assess the grid independence of the results for a three-phase flow, numerical simulations were

performed at different levels of cell size and the error of final states of steady equilibrium diameter of droplet

comparing to the analytical results have been measured as shown in Figure A.1.
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Figure A.1: Error of numerical results for different level of refinement

For the numerical calculation performed at the cell size of 40 µm, the error of the final diameter solution

did not compatible with other cell sizes. For finer cell sizes, following the regime of droplet oscillations,

the final diameters reached a size approximately equal to the analytical solution. This showed that cell sizes

smaller than 40 µm possessed grid independence, and were acceptable cell sizes for use in the model.

The contact angle of phases at the stable conditions are shown for two cases in Figure A.2. The contact

angles were measured and compared with the analytical force balance at the triple line, as summarized in
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(a) (b) (c)

Figure A.2: Droplet lens at (a) t=0 ms, initial conditions, (b) t=40 ms, similar interfacial tensions (σwa ;

σoa ; σwo )=(1; 1; 1), (c) t=40 ms, different interfacial tensions (σwa ; σoa ; σwo )=(0.8; 1; 1.4)

Table A.1.

Table A.1: The numerical and analytical comparison of contact angle for a droplet lens, case 1: (σwa ; σoa ;

σwo )=(1; 1; 1) and case 2: (σwa ; σoa ; σwo )=(0.8; 1; 1.4)

Contact angle θw θo θa

Case 1 2 1 2 1 2

Numerical 120◦ 128◦ 120◦ 145◦ 120◦ 87◦

analytical 120◦ 136◦ 120◦ 146◦ 120◦ 78◦

To assess the grid independence of the final steady results of contact angles, three-phase flow numerical

simulations were performed at different levels of cell size.The errors of final states have been measured (as

shown in FigureA.3) comparing to the analyrical values.

It can be seen that the cell size of 40 µm brings significant error to the model, especially in the second

case. Increasing the number of cells resulted in reducing the error of the contact angle for different phases

comparing to the analytical results.
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Figure A.3: Error of predicting contact angle comparing to analytical results for (a) case 1: Same

interfacial tensions, (b) case 2: Different interfacial tension
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Appendix B

Validation of contact angle model

The Kistler dynamic contact angle solver has been extended and validated for static and dynamic contact

angle of three immicible liquid phases. For this purpose, the static contact angle of two immiscible droplets

(water and oil) that are exposed to the air has been evaluated. Droplets with the initial diameter of 2 mm

were placed on the flat surface as shown in Figure B.1 (t = 0). The equilibrium contact angles for water and

oil droplets were set as θE,w = 40◦ and θE,o = 120◦. The evolution of the droplet deformation is shown

in Figure B.1. It can be seen in Figure B.1 that droplets oscillate until they reached their final equilibrium

contact angles. To assess the quantitative data, the equilibrium diameter of a water droplet in the numerical

study (Figure B.2) is compared with the final theoretical equilibrium diameter (∼ 3.83 mm) [45]. It can be

seen that droplet oscillations reduced until the average oscillation approached the theoretical result.

Figure B.1: Evolution of immiscible droplets of water (blue) and oil (yellow) with θE,w = 40◦ and

θE,o = 120◦
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Figure B.2: Comparison of theoretical equilibrium droplet diameter with the numerical oscillation of

maximum diameter of water droplet

The performance of the contact angle solver has been also studied for dynamic contact angle problem. A

numerical simulation of droplet impact on a smooth flat surface with advancing and receding contact angles

of θA = 107◦ and θR = 77◦ was modeled using similar initial conditions in the experimental study by

Yokoi et al. [171]. A droplet with an initial diameter of D0 = 2.28 mm and impact velocity of V = 1 m/s

has been considered. The snapshots of numerical and experimental results of droplet impact are illustrated

in Figure B.3 which indicated similar hydrodynamics of droplet. The spreading factor of the droplet during

impact is analyzed and compared with the experimental results ([171]) in Figure B.4. The spreading factor

is defined as the ratio of maximum droplet diameter during the impingement to the initial droplet diameter

(β = D/D0
). The quantitative results indicated also a good agreement in Figure B.4. The multiphase solver

in conjunction with the dynamic contact angle model was then employed for the impact of a droplet on

slippery lubricant impregnated surfaces that comprise three immiscible liquids.
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1mm

Figure B.3: Evolution of droplet impact on a flat surface (Qualitative evaluation of contact angle method),

left (blue): present study and right (grey): experimental study which is reproduced from Yokoi et al. [171],

with the permission of AIP Publishing
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Figure B.4: Comparing of numerical study of maximum droplet spreading factor (βmax) during impact on a

flat surface with the experimental study which is reproduced from Yokoi et al. [171], with the permission

of AIP Publishing (Quantitative evaluation of contact angle method)
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Appendix C

Validation of shear stress boundary

condition

In order to validate the boundary condition of the solver based on the balance of the shear stress equation,

a Couette flow problem is considered. As shown in Figure C.1, the Couette flow problem is solved based on

modeling the fluid 1 instead of modeling both fluids 1 and 2 such that an appropriate boundary condition is

implemented on a substrate. In this regard, a two-dimensional geometry of 0.4 × 0.1m2 has been studied

where the top surface is moving with the velocity of V0 = 1m/s. The schematic of the Couette flow problem

is illustrated in Figure C.1. For this purpose, two fluids with viscosities of µ1 = 0.01 and µ2 = 0.05 and

thicknesses of δ1 = 0.1 and δ2 (where δ2 varied for 0.1, 0.5, 1 and 1.5) has been investigated. The UI is the

interface velocity between two fluids (τ1 = τ2) which is derived based on the balance of shear stress of two

fluids at the interface (UI = V0

(1+
µ2δ1
µ1δ2

)
).
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Figure C.1: A schematic of Couette flow problem for the validation of boundary condition

Based on the boundary conditions where the surface velocity is implemented as a result of shear stress

balance (Figure 4.6), the numerical model is validated with the theoretical interface velocity UI , as shown

in Figure C.2. It can be seen that the UI resulted from the numerical study (by implementing the boundary

condition) is completely matched with the theoretical values for different thicknesses (δ2) of the second fluid

(µ2). The velocity distributions based on the boundary conditions for different thicknesses of δ2 are also

illustrated in Figure C.3.

Figure C.2: Comparison of interface velocity (UI ) in numerical study with the analytical results for

different δ2
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(a) 𝛿2=0.1 m (b) 𝛿2=0.5 m

(c) 𝛿2=1 m (d) 𝛿2=1.5 m

Figure C.3: Velocity distribution of Couette flow by implementing the boundary condition for different δ2

C.1 Effect of Oil thickness on droplet mobility

To observe how the oil thickness can affect the droplet motion, two oil thicknesses of δoil = 100 µm and

500 µm have been evaluated as shown in Figure C.4. It was observed that the, while the speed of droplet is

slightly larger in δoil = 500 µm thickness than 100µm, while the hydrodynamics of droplet is similar for a

D =∼ 3 mm droplet. Thus, the effect of increasing the thickness of lubricant from 100 µm to 500 µm on

droplet movement is not significant enough.

Figure C.4: Effect of low-viscous lubricant thickness on droplet mobility (XDroplet)
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