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ABSTRACT 
 

 

DROP IMPACT ON DRY AND LIQUID INFUSED SUBSTRATES WITH 
MICRO-WELLS  

 

Ahmed Nazrul Islam 

     April 13, 2023 

 

Drop impact on different types of surfaces are important physical concepts that are 

routinely found in day-to-day life and such studies have immense application for various 

types of industries. One such important application of drop dynamics is in the field of 

aviation science which is concerned of very large freezing drizzle drops impacting on 

airplane wings. Such drops are known as supercooled large droplets (SLD), and they pose 

a great risk and have been long known to have caused notable accidents in the past. SLDs 

are liquid drops that can remain in the state of liquid phase and grow into ice after an impact 

onto a solid body. Sometimes such freezing drizzle can splash and break into multiple 

daughter or satellite drops, and sometimes they can bounce off the substrate on which the 

impingement occurs. Due to the importance in aviation safety, researchers over the past 

decade has studied SLDs, but most of the studies are experimental studies which produced 

empirical relationship and little numerical simulation that can effectively vary and optimize 

drop impingement parameters.  
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In this study, numerical simulation is used to study the dynamics of water drops impacting 

on various types of substrates. The numerical simulation uses a very sharp interface 

reconstruction method known as moment-of-fluid method. At the interface between the 

solid-liquid and liquid-gas, lubricant-gas and lubricant-liquid, adaptive mesh refinement is 

used to correctly capture the moving interface curvatures and directions. To understand the 

importance of the underneath substrate surface, drop coalescence study has been done to 

show that merging drops can benefit from surface energy reduction to propel drops with 

higher kinetic energy, and the degree of curvature greatly affects the propelling behavior. 

For dry surface comparison, a drop impacting on a large micro-well cavity is studied and 

compared to a flat substrate. At different contact angles, and impact velocities, it has been 

shown that for certain range of speeds and wettability, the drops can only rebound from the 

micro-well cavity but not from the flat substrate. There has been found a notable difference 

in kinetic energy, spreading area, and wetting area ratios between the two cases. For the 

third study, a micro-well substrate is filled with lubricant, and drop impact cases at different 

velocities is studied. In this study we found that cloaking occurs when both lubricant and 

water interfacial tensions and impact speeds are low. Furthermore, we have observed that 

the thickness of the encapsulating lubricant layer changes over time. At moderate impact 

speeds, the lubricant layer is displaced, generating a lubricant-water jet, as we have 

demonstrated. However, at high impact speeds, a secondary impingement occurs, 

displacing a significant amount of lubricant and exposing the underlying substrate, which 

was not visible at lower impact speeds. Additionally, we conducted simulation on micro-

wells infused with lubricant and observed that small spacing between the micro-well walls 

can limit lubricant drainage and displacement. The use of micro-wells also resulted in less 
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splashing compared to substrates without micro-wells. Finally, we confirmed that micro-

wells are more effective at preserving lubricant than substrates without micro-wells. 
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CHAPTER I 
 

GENERAL INTRODUCTION 
 

Water droplet repellency has gained a lot of interest in recent decades due to the emerging 

needs in various engineering and scientific applications such as spray cooling[1], heat 

transfer enhancement [2, 3], self-cleaning and anti-corrosion treatments [4-6], inkjet 

printing[7, 8], etc. While much research has been undertaken to study the drop 

impingement phenomena at various impact speeds and environmental conditions, critical 

understanding of bounce-off, splashing and impalement on different types of substrates 

occurring in the harsh winter for the aviation applications is still very much required. 

Because of the nature of in-flight icing that involves large freezing droplets approaching at 

very high speeds, there is a growing need of water droplet repellency study in the field of 

aviation safety. The large freezing drops, known as supercooled large droplets or SLDs, 

are typically larger than 40μm and could also form in sizes that are more than 100 times 

larger than cloud droplets. Unlike cloud droplets, the impingement of SLDs on aircraft 

surfaces causes breakup into smaller satellite or daughter droplets, bounce/slide off from 

initial impact position known as rivulet flow and partial freezing that eventually transforms 

into glaze ice[9-11]. Growth of ice, through means of crystallization of freezing drizzles 

like SLDs, leads to severe aerodynamics performance losses[12]. There are reports of 

downwash of SLDs that causes wing flap deflection, causing significant decrease in lift, 

and increase in stall angle of attack[13],  premature stall, increase in drag, loss in lift and 
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change in pitching moment[14].  Ice accretion and growth due to SLD impact cannot be 

easily avoided with conventional thermal powered anti-icing system because ridge ice and 

runback at the back of anti-ice region in long flight times cannot be easily avoided[9, 15-

17]. And thus, SLDs are the most hazardous issue for aircrafts flying in winter conditions 

and have resulted in many aviation accidents to date[9, 14, 18-21]. Many numerical 

researchers have identified and noted similar observations regarding SLDs which, because 

of the size in contrast to small droplets, have deformations, ruptures from drop-wall impact 

that are quite different in nature. The collision event of SLDs produces drops that may 

partially adhere or partially splash or bounce off from the surface. Others have pointed out 

that, due to such complexities, wind tunnel research lacks the design and are not sufficient 

in SLD icing and are therefore highly dependent on numerical simulations[19].  Therefore, 

this pose difficulty and limitations in existing SLD icing studies, where only empirical 

corrections based on conventional water droplet models are utilized[19, 20].  

While large drops, such like SLDs, have wide range of impact velocity, viscosity, density, 

and temperature as critical factors that dictates the physical aspects like deformation, 

receding breakup, partial to full rebound, the lamella formation, etc., the surface structure 

and morphology on which the drop impact event occurs does also control different 

variables of droplet mobility. Such drop dynamics could result in complex behaviors like 

oscillation velocity, kinetic energy, spreading ratio, contact time, and wetting area and are 

highly dependent on surface features. Therefore, to study such substrates, numerous 

experimental and numerical studies have considered surfaces that have various types of 

roughness features. The key in producing water-repellent and anti-wetting substrate is to 

entrap an immiscible phase material other than the water, such like air or a secondary 
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liquid, such like a lubricant or oil, within this roughness feature. The immiscible phase 

material should provide a barrier between the liquid phase (i.e. the water droplet) and the 

impinging surface, thus becoming an important factor since icing conditions can be avoided 

on surfaces that have protective layer thwarting the SLDs from recalescence and freezing. 

To design such surfaces that have roughness to trap air pockets, experimentalists and 

researchers have come up with designs like micro-pillars, mushrooms[22, 23], ridges[24], 

hierarchical micro-nano-structures[25], etc.  

 

Figure 1: Experimental Studies of Various Surface Structures: a) macro-texture surface 
with protruding and indenting surface features and droplet bounce off [26] b) Pillar 

Arrays [27] c) Conical Pillar [28] d) Ridges and bounce off [29] 



 

4 
 

Such designs of roughness can entrap air pockets, and therefore are of great interest for 

water repellent superhydrophobic applications. For the anti-icing strategy, 

superhydrophobic surfaces have long been studied and debated. Many studies have argued 

favorably for the use of superhydrophobic substrates for anti-icing applications, where 

many have argued that ice and textured surface can mechanically interlock and thus such 

surface properties to reduce the ice growth are easily compromised[30, 31]. Some said that 

the ice-adhesion strength reduces, and frost growth are delayed over the roughness features 

that are entrapping the air [32-35] while others said the frost nucleation and growth within 

the rough structures such like micro-posts, enhances ice adhesion by means of higher 

interfacial bonding strength [36, 37].  

Another important design that has gained a lot of interest in recent years for anti-icing 

strategy and mitigation is to incorporate the liquid-infused surfaces that would act as 

deterrent to ice-nucleation, adhesion and inter-locking and prolonged accretion. In 

academic and industrial settings, such surfaces, commonly termed as SLIP (slippery liquid 

infused porous surfaces) or LIS (lubricant infused surfaces), have been long studied for 

condensation[38, 39], bio-fouling[40, 41], self-cleaning applications[42-44], and many 

other applications. And in the sense of aviation icing problem, which occurs when 

supercooled large droplets (SLDs) impact on the aircrafts body and starts to augment into 

a crystalline form while thickening and eventually accreting into ice form, water wettability 

and ice accretion have common surface energy characteristics and thus characteristics of 

superhydrophobic structures are also applicable in designing ice-phobic structures[45-47]. 

Therefore, anti-icing strategists have ventured into using lubricant infused substrate instead 

of air-pockets of superhydrophobic substrates, to show that such lubricants can provide 
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thermal/mechanical barrier between droplets at very cold temperature and the surfaces on 

which the drops are residing and that ice-accretion could therefore be slowed [36, 38, 48, 

49]. Our study is to focus on pre-icing condition and to delay the stage of SLDs turning 

into ice-accretion. Very few studies have taken proper numerical simulation technique to 

understand the jump-off, and breakup of supercooled large droplets on different 

substrates[50, 51]. For our part of the study, we use a novel Moment-of-Fluid (MOF) 

algorithm coupled with adaptive mesh refinement to study the impingement of the drops 

on dry and lubricant impregnated substrate. To study such behavior, we at first understand 

the implication of a curved surface and study the process of drop coalescence and the 

catapulting of merged drops to analyze how surface energy can transform into directional 

kinetic energy in propelling water droplets. Secondly, we present a study of a drop impact 

on a micro-well structure that properly entraps air to reduce liquid-solid contact. The 

micro-well structure enhances drop repelling capability due to its non-wetting feature. 

Thirdly, we incorporate lubricant impregnated micro-well structure, to understand the 

behavior of the drop mobility upon impact at various speeds. Two critical phenomena of 

the SLIP/LIS substrate are studied, namely cloaking and formation of wetting ridge and 

surface tensions are varied to understand the implication of interfacial tensions on the drop 

mobility. We also explore the high speed impact cases  for drops impact on micro-wells 

with varying pitch holding the different types of lubricants.  
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Figure 2: Stage 1 (top):  Schematic showing the impingement and breakup of SLDs on a 
NACA a wing. Stage 2 (bottom): Schematic showing the ice accretion and growth. 
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CHAPTER II 
 

NUMERICAL METHOD 
 

The gas-liquid multiphase solver used in this study solves the Navier-Stokes equations 

using the variable density pressure projection algorithm. [52] The discretization of the 

domain is done using Adaptive Mesh Refinement (AMR) to solve the density and 

pressure fluxes. The continuity equation solved for the immiscible, incompressible two-

phase flows can be written as, 

 

 ∇ ∙ u = 0 (1) 
   

 
ρ(Fm, xc) �

∂u
∂t

+ u ∙ ∇u� = −∇p + ∇ ∙ (2μ(Fm, xc)ε) − σκ∇Hm(ϕ) + Fbody 

 

(2) 
 
 

where u = (u, v, w) is the velocity vector, ρ(Fm, xc) is the density, μ is the viscosity, p is 

the pressure, κ is the curvature, σ is the surface tension,  Fm is volume fraction function 

represented as,  

 
Fm =

1
∆x∆y∆z

� � � Hm(x)dz dy dx

zk+0.5

zk−0.5

yj+0.5

yj−0.5

xi+0.5

xi−0.5

 

 

(3) 
 
 

where  Hm is the Heaviside function as material indicator,  
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Hm(ϕm) = �10 

      ϕm > 0
otherwise

 

 

(4) 
 
 

which is constructed using the level set function ϕm,   

 
ϕm(x, t) = �> 0       for material m

≤ 0                otherwise  

 

(5) 
 

Since in the multi-material-multi-phase algorithm has two or more materials or phases 

present, the density, and the viscosity particular to gas or liquid in the domain can be 

identified in the following manner,  

 ρ(Fm, xc) = ρlH(F, xc) + ρg(1 − H(F, xc)) (6) 
 

 μ(Fm, xc) = μlH(F, xc) + μg(1 − H(F, xc)) (7) 
 

where ρl, ρg, μl, μg are density of liquid, density of gas, viscosity of liquid, and viscosity 

of gas, respectively.  

Finally, the ε is the deformation tensor given as,  

 ε =
1
2

(∇U + (∇U)T (8) 
 

And the σ is the surface tension coefficient to account for the interfacial forces in 

between the material interfaces. κ is the curvature, 

 κ = ∇ ∙
∇ϕ

|∇ϕ| (9) 
 

and the Fbody for the multiphase flow can be written as,  

 Fbody = σ1,2(∇ ∙ 𝐧𝐧)∇H (10) 
 

where 𝐧𝐧 is the unit normal of the interface given as,  
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 𝐧𝐧 =
∇H

|∇H| (11) 
 

Interface Reconstruction Methods: The Origin of Volume and Moment of Fluid Method 
 

For the reconstruction of the Moment of Fluid (MOF), a special centroid function, xc is 

employed, and thus it is a little different than the commonly used Volume-of-Fluid 

(VOF) or Coupled-Level-Set VOF (CLSVOF). But before going to moment of fluid 

(MOF) reconstruction, we will briefly present the general volume of fluid (VOF) 

reconstruction method here: 

The following are the governing equations for interface reconstruction for Parker and 

Youngs’[53] PLIC 2D method: 

The equation of the interface segment is written to be, 

 n. x = nxx + nyy (12) 
 

The normal n (with n being the unit normal, i.e. n=m/|m|) can be estimated using the 

following relationship, 

 m = −∇hC (13) 
 

where 𝐂𝐂 are cells under consideration. 

To illustrate the equations of the most used VOF-Scheme by Parker and Young’s 

Method[53], consider the following cell (3 × 3 stencil) arrangement: 
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And the cell-centered vector is finally obtained by averaging the four cell-corner 

values[54],  

For x-directions: 

 mi,j
x =

1
4 �

m
x:i+12 ,j+12

+ m
x:i+12 ,j−12

+ m
x:i−12 ,j+12

+ m
x:i−12 ,j−12

� (14) 

 

For y-directions: 

 mi,j
y =

1
4 �

m
y:i+12 ,j+12

+ m
y:i+12 ,j−12

+ m
y:i−12 ,j+12

+ m
y:i−12 ,j−12

� (15) 

 

Pilliod and Puckett [55] proposed the same equations but illustrated the scheme a little 

different, which we also present here:  

The differential scheme needed to construct the Volume of Fluid Method requires the 

construction of the artificial interface and should be made to match the original available 

volume. 

Figure 3:  Grid Identification to reconstruct a volume for Parker and Young's Method 
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Let us consider, that the change in gradient in x-direction and y-direction rows and 

columns to be as: 

∇f could be calculated using the following schemes,  

 ∂f
∂x

=
fE − fW

2
 (16) 

 

 
∂f
∂y

=
fN − fS

2
 (17) 

 

And the slope could be defined as, 

 m� =
−∂f
∂x
∂f
∂y

 (18) 

 

The variables fE, fW, fN and fS are defined by the following expressions, 

 fE =
1

2 + α
(fi+1,j−1+ αfi+1,j+ fi+1,j+1 ) (19) 

 fw =
1

2 + α
(fi−1,j−1+ αfi−1,j+ fi−1,j+1 ) (20) 

 fN =
1

2 + α
(fi−1,j+1+ αfi,j+1+ fi+1,j+1 ) (21) 

 fS =
1

2 + α
(fi−1,j−1+ αfi,j−1+ fi+1,j−1 ) (22) 

 
Moment of Fluid Interface Reconstruction: 
 

For the Moment-of-Fluid reconstruction method, along with the Fm = ∇f from equation, 

the material centroid is needed.  
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The centroid, xc for a liquid material in a given computational cell and can be computed 

using,  

 xc =
∫ ∫ ∫ Hm(x)x dz dy dxzk+0.5

zk−0.5

yj+0.5
yj−0.5

xi+0.5
xi−0.5

∫ ∫ ∫ Hm(x)dz dy dxzk+0.5
zk−0.5

yj+0.5
yj−0.5

xi+0.5
xi−0.5

 (23) 

In between the considered material regions, the interface between two materials can be 

represented as, Γm1,m2, and n as the unit normal vector always pointing away from the cell 

face, as shown in the following Figure 4.  

 

Figure 4: Three Material with Interface 

With the piecewise linear multi-material MOF reconstruction[56], the interface in 

between two materials can be represented as a straight line with a normal 𝐧𝐧 and a 

intercept 𝐛𝐛 and stems from a reference volume, Fref and reference centroid xref.  

Therefore, the interface can be represented as,  

 Γ = [(𝑥𝑥|𝑛𝑛) ∙ (𝑥𝑥 − 𝑥𝑥0) + 𝑏𝑏 = 0] (24) 
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Figure 5: MOF Interface Reconstruction 

The normal for each of the cell representing more than one material can be written as 
following, 

 n = �
sin(𝑛𝑛) cos (𝑏𝑏)
sin(𝑛𝑛) cos (𝑏𝑏)

cos (𝑛𝑛)
� (25) 

 

As shown in Figure 5, with the constrain set to match the actual volume to reference 

volume, 

 �F𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚
c − 𝐹𝐹𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑚𝑚𝑟𝑟 (𝑛𝑛, 𝑏𝑏)� = 0 (26) 

 

an error minimization criterion is employed with the following condition, 

 (n, b) = argmin(EMOF) = 𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑛𝑛 |�𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑥𝑥𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥, 𝑏𝑏)�| (27) 
 

Gauss-Newton algorithm tolerance for this equation by finding the slope is 10
slope 10ε −=

and the Brent’s method tolerance for finding the intercept is 12
intercept 10ε −= . If the 

material within the computed cell is of more than two types, nested dissection algorithm 
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is applied to perform the proper MOF reconstruction [57], where the centroid for the 

subsequently reconstructed material is selected to be the farthest to the centroid of the un-

captured volume.  

Moment of Fluid Interface Advection 
 

Once the interface is reconstructed using appropriate error minimization, the advection 

becomes the next step. The interface position is integrated using the direction splitting 

method as proposed by Jemison et al. [7]. We will present the direction splitting method 

of advection on a single computation cell and towards the x-direction in this reference:  

As depicted in the Figure 6 .The departing computation cell in this case can be described 

as:  

 Ωi
Depart = [xi−0.5 − ui−0.5Δt, xi+0.5 − ui+0.5Δt] (28) 

 
where ui−0.5 and ui+0.5 are horizontal velocities in the MAC grid. 
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Figure 6: Transitioning from Departing Cell to Target Cell 

 

 

The target computation cell, in regard to the departing cell, could therefore be written as:  

 Ωi,Target
Depart = [xi−0.5, xi+0.5] (29) 

 
Due to the departure to the target transition, the mapping could be described as,  

 χ′ = αχ + β =
Δx�x − (xi−0.5 − ui−0.5Δt)�

(xi+0.5 − ui+0.5Δt) − (xi−0.5 − ui−0.5Δt) + xi−0.5 (30) 
 

 [xi−0.5 − ui−0.5Δt, xi+0.5 − ui+0.5Δt] → [xi−0.5, yi+0.5] (31) 
 

The new centroids and the mapped volumes are calculated as follows, 
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 Vi,targetDark =  � �H(ni+i′ ∙
x′ − xi+i′

′

α
+ b)dx′

+1

i′=−1

 (32) 
 

 Vi,targettotal =  � �1dx′ = Vi

+1

i′=−1

 (33) 
 

 xidark =
∑ ∫ x′H�ni+i′ ∙

x′ − xi+i′
′

α + b�dx′+1
i′=−1

Vi,targetdark  (34) 

 

xi
light follows the same correction with H being 1 − H and thus the updated volume 

fraction therefore becomes,  

 Fi∗ =
Vi,targetdark

Vi
 (35) 
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Special Computational Treatment: When material/phase is more than two  
 
These special steps are presented because they are required for contact angle modelling, 

surface tension and curvature estimation while number of materials present in the 

computation is more than >2. Before presenting the surface tension force calculation 

scheme for more than two materials, the case for two materials only is presented here.  

The surface tension force for any given material is generally termed as: 

 Fmtension = −∆t 
∑ γmκm∇H(ϕm) M
m=1

ρ
  (36) 

 

Ghost fluid method is applied to calculate the surface tension force in a given discretized 

form  

At the cell face:  

 F
i+12,j,m
MAC = −∆t

γmκi+12,j,m
�H�ϕi+1,j,m� − H�ϕi,j,m��

ρ
i+12,j,m
n+1 ∆x

 (37) 
 

At the cell centers:  

 
Fi,j,mtension =

ρ
i+12,R

F
i+12,j,m
MAC,tension + ρ

i−12,L
F
i−12,j,m
MAC,tension

2ρ
i+12,j,m
n+1  

 

(38) 

Level Set Height Function method[58-60] is used to calculate the approximate curvature 

κi+12,j,m same way it is calculated at  κi,j,m: 
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κi,j,m =

hi+1 − 2hi + hi−1
∆x2

�1 + �(hi+1 − hi−1)
2∆x  �

2
�

3
2

 (39) 
 
 

 

where the heights hi−1, hi , h(i+1) are calculated of a given cell using the zero-crossing 

level set function ϕ for a given cell:  

 
hi′ = (1 − αi′)yi′,j + αi′yi′,j (40) 

 
where,  

 αi′ =
�ϕi′,j�

�ϕi′,j� + �ϕi′,j+1�
 with i′ = i − 1, i , i + 1  (41) 

 

Now that we have presented the estimation of surface tension force for two materials, we 

present the case where the material number is equal to or more than three.  

For m ≥ 3, the height function technique is not usable, and therefore finite difference 

scheme is employed in conjunction with the ghost fluid method.  

There are two different scenarios when considering multi-material case: 

1) Two fluids with one solid, as shown in Figure 7 (left) 

2) Three fluids at an intersection, as shown in Figure 7 (right) 

Using the level set functions that are stored in the cell centers, we calculate the curvature, 

 κi,j = ∇ ∙ �
∇ϕ

|∇ϕ|� (42) 
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Consider the case of the cell and the corresponding corners denoted as n1, n2, n3, n4. Using 

the central differencing method, the normal level set function ϕ
|ϕ|

 for n1 can be calculated 

as:  

 
n1 =

�
ϕi,j+1 − ϕi−1,j+1

∆x ,
ϕi,j+1 − ϕi,j

∆y �

��
ϕi,j+1 − ϕi−1,j+1

∆x ,
ϕi,j+1 − ϕi,j

∆y ��
 (43) 

 

and notice that n4 = nghost because it is in relation to the solid material and the ghost 

normal replaces the unit normal. The preset contact angle, and the ghost interface provides 

us the ghost normal that points from material 2 to material 1.  

After interpolating the four normal at the four corners, the curvature can be calculated using 

the following method:  

 κi,j =
1

(∆x)(∆y)�
∇ϕl

|∇ϕl|
nl���⃗

4

l=1

 (44) 
 

Once the curvature is calculated, the same method using the ghost fluid method shown in 

eq. (41) is used to calculate the surface tension force.  
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Figure 7: Surface Tension Force Calculation for: a) two fluid and a solid (left) b) three 
fluid forming triple point (right) 
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CODE VALIDATION 
Code Validation - 1 
 

We first simulate a well-document experimental study to show the capability of the 

numerical method.  The experiment was conducted by Kim et al. [61]. They studied a 

water drop impacting a flat substrate at a speed of 0.77 m/s. The radius of the water drop 

is 1.8 mm with liquid density of 998 kg
m3, and viscosity of 8.67 × 10−4 kg

m−s
. In the 

simulation the dynamic contact angle model by Jiang et al.[62] shown below is used: 

 0.702cos( ) cos( ) tanh(4.96 )
cos( ) 1

e d

e

Caθ θ
θ
−

=
+

  (1)  

where eθ  aθ , and rθ  are the equilibrium, advancing and receding contact angles, and their 

values are 87.4°, 114° and 52°, respectively. Ca is the capillary number defined as 

0lUCa µ
σ

= , with lµ being the viscosity of the liquid. The surface tensions between liquid 

and gas, liquid and solid, and solid and gas are 0.0728, 0.0695 and 0.0728 N/m, 

respectively.  Figure 8 compares drop spreading and recoiling after impact between the 

experiment and simulation.  Our simulation shows excellent agreement with the 

experiment. A comparison of base diameter between experiment and simulation is shown 

in Figure 9. The agreement is also good. Note, Figure 5 shows nondimensionalized based 

dimeter defined in Eq. 17. The code has been used to study other drop impact cases and 

the results are reported Yan et al.[63, 64] 
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Figure 8: Comparison between simulation (blue) and experiment (black) from Kim et 
al.[61]  
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Figure 9: Comparison of non-dimensional base diameter between experiment [61] and 
simulation. In the simulation, Jiang et al.  [62] dynamic contact angle model is used. 
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Code Validation - 2 
 

For the purpose of code verification, a coalescence induced case on a single fiber is 

reproduced and presented here. Two water droplets, each having an average radius of 

249 μm, were placed next to a Teflon-coated copper fiber, having a constant radius of 

46μm. The coating provides an advancing and receding contact angles of θA = 121 ± 3° 

and θR = 108 ± 2°.  The coalescence process, as will be discussed later, is governed by 

the capillary inertial velocity and time having the following relationship: uci = �
σ
ρrd

  and 

tci = �ρrd
3

σ
, where ρ, σ and rd  are the density, surface tension and the radius of the water 

droplet, respectively. The coalescence around the fiber is well matched as can been seen 

in the given Figure 10.  

 

Figure 10: Coalescence Around a Fiber: Experiment (top) and Simulation (bottom) 
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CHAPTER III 
 

DROP COALESCENCE ON A CURVED SUBSTRATE* 
 

 Self-propelling droplet jumping due to coalescence has earned a great deal of 

interest in recent times due to its inherent benefit in dropwise condensation, release of heat 

energy, shorter liquid-substrate contact time and conversion of excess surface energy into 

kinetic energy. Heat exchangers using dropwise condensation has greater degree of benefit 

over film-wise condensation[65-67]. Anti-icing surfaces with micropores can help achieve 

enhanced removal of condensed microdroplets[68, 69]. Dewing and condensate collection 

through modifying wettability and substrate geometry also uses the benefit of dropwise 

condensation[70, 71]. 

Spontaneous jumping on Leidenfrost surfaces due to the insulating vapor layer results in 

perfect super hydrophobicity with a contact angle of 180°, and thus enables greater control 

on the drop size by re-adjusting the contact line, while eliminating the drop-surface 

interaction [72]. Their study also observed the non-dimensional jumping velocity of 

approximately 0.2, following the capillary-inertial velocity with superhydrophobic 

surfaces. Boreyko et al. [67] reaffirmed this relationship of capillary inertial velocity,  and 

found that the coalescence-induced velocity varies with the size of the coalescing droplets.  

 

* This chapter has appeared in the Physics of Fluid Journal and reprinted from: Chen, Y., Islam, A., Sussman, M., 
& Lian, Y. (2020). Numerical investigation of surface curvature effect on the self-propelled capability of coalesced 
drops. Physics of Fluids, 32(12), 122117., with the permission of AIP Publishing 
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Non-wettability of the substrate on merging drops and the only contribution from the 

surface energy towards the self-propelling droplets were found by Wang et al [73] and Liu 

et al.[74]. Patterned surfaces with superhydrophobic behaviors are inspired by natural 

elements, like lotus leaf and insect wings[75-81]. Low adhesivity to water drops off of 

micro-nano patterned surface shows the positive effect on self-propelled jumping drops[2, 

65, 77-79, 82]. Curved surfaces have positive effect on the bouncing liquids, and Hao et 

al.[83] found that bouncing occurred on spherical surfaces, whereas failed on other surfaces 

with varying arrays. Liu et al. [84] reported a 30% reduction of the contact time of bouncing 

drop on a curved surface compared to flat surfaces[85-87]. Zhang et al. [88] reported a 

critical impact on self-propelled behavior due to the curvature of the fiber. The self-

bouncing process upon drop coalescence happened on a fiber at contact angles of  θA
θR

=

120°/110°   (where θA and θR are the advancing and receding contact angles, 

respectively). The effect of curved surface was believed to accelerate the merged drop 

orthogonal to the fiber and obey the capillary-inertial law[72, 74]. A greater extent of useful 

translational energy could be extracted due to the lesser area of contact between the drops 

and the fiber and consequently less substrate-drop adhesion.  
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Theory: The Self-Propelled Jumping Upon Coalescence 
 

 

Figure 11: Coalescing Drops D=200µm to 270µm Jumping Reproduced with permission 
from Boreyko et al.,  Phys. of Fluids 22, 9 (2010) Copyright 2002 AIP Publishing LLC 

[67] 

 

Different models have been used to analyze the jumping capability[72, 89, 90]. The 

theoretical jumping velocity can be obtained when supposing all excessive surface energy 

is transferred into kinetic energy in the jumping direction and therefore an empirical model 

is obtained based on the experimental data [72, 89, 90]. Consider two drop model shown 

in Figure 12.  
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The energy conversion could be explained in terms of the capillary inertial velocity law 

and by means of non-dimensionality can be explained as, 

 wi,j~uci = �
σ
ρlr0

 (45) 
 

Both the drops have identical radius, r0 and upon coalescence the equivalent radius 

becomes,  

 r = 2
1
3r0 (46) 

 
with the combined drop having a mass, 

 m =
8
3
ρlπr03 (47) 

 

Upon coalescence, energy conversions between several different types occur, namely 

between surface energy, kinetic energy, potential energy and viscous dissipation energy.  

Figure 12: Drop Coalescence and Jumping 
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The total surface energy of a stationary droplet on a superhydrophobic surface can be 

written as,  

 ES = σLVALV + σLSALS + σSVASV (48) 
 

where, A is the interfacial area, σ is the surface tension and the subscript LV, LS, and SV 

represents interfaces between liquid-vapor, liquid-solid, and solid-vapor, respectively.  

The expression of the kinetic energy of the droplet upon coalescence is defined as,  

 EK =
1
2
ρV(u2 + v2 + w2) (49) 

 

with ρ being the density, V the drop volume, and u, v, and w are the velocity components 

in x, y and z directions, respectively.  

The viscous dissipation energy for the droplet can be written as,  

 EVISC = � �(ΦdV) dt
t

0
 (50) 

 

where Φ is the dissipation function defined as, 

 

Φ = μ�2��
∂u
∂x�

2

+ �
∂v
∂y�

2

+ �
∂w
∂z �

2

� + �
∂u
∂y

+
∂v
∂x�

2

+ �
∂u
∂z

+
∂w
∂x�

2

+ �
∂v
∂z

+
∂w
∂y�

2

� 

 

(51) 

with μ being the viscosity of the liquid and t as the time.  

Upon coalescence, the surface area reduces, and consequently there is a release of excess 

surface energy which could be written as,  
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 ∆ES = 4σπr02(2 − 2
2
3) (52) 

 
If the entire surface energy is converted into kinetic energy, then the maximum jumping 

velocity could be deduced as,  

 wj,max  ≈ 1.11 �
σ

ρLr0
 (53) 

 

This maximum jumping velocity could therefore be scaled to capillary inertial velocity, 

uci. 

There is still some disagreement as to how much surface energy could be converted to 

kinetic energy upon coalescence. Below are some of the recent studies that reported 

different energy conversion rates:  

Table 1: Energy Comparison : From Surface to Kinetic Energy Upon Coalescence 

 

 

 

 

 

 

Enright et al. [91] 6% of excess surface energy is converted 

Peng et al. [92] 25% of energy released is found to be converted 

Nam et al. [90] Approximately 50% of energy is found to be converted 
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Surface Wettability: The Importance of Contact Angle 
 

 

 

Drop impact, rebound, and splashing is very much affected by the contact angle that is 

stipulated in between the surface and the droplet. Similarly, for coalescence and the 

subsequent jumping, the contact angle plays a critical role.  

Due to interfacial forces coming into equilibrium, the droplet adjusts its form to an 

equilibrium contact angle known as the Young’s Contact Angle. This angle also establishes 

the contact line where the three phases liquid, gas and solid forms the interfaces, namely 

Liquid-Vapor, Liquid-Solid and the Solid-Vapor. Young [93] introduced the equilibrium 

model with the following surface tension relationship, 

 
cosθ =

σSOLID−VAPOR − σSOLID−LIQUID 

σLIQUID−VAPOR
 (54) 

 

To understand wettability, when θ < 90° the substrate could be represented as hydrophilic 

or wettable (surface tends to adhere more to the surface). When θ > 90° the surface could 

be said to be hydrophobic or more favorable to wettability. With droplet-surface having 

θ ≈ 180°, these surfaces are known as extremely non-wetting and the substrate (surface) 

is called superhydrophobic.  

Figure 13: Contact Angle of a Drop on Substrate with Surrounding Air 
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Without the presence of the substrate, the coalescence of drops does not produce self-

propulsion as reported by many studies [94, 95]. Similarly, hydrophilic and super-

hydrophilic surfaces do not produce in self-propulsive droplets [96-99]. Contact angles 

giving a range of non-wetting characteristics to the surface causes self-induced jumping. 

Boreyko and Chen [67] reported the out-of-plane motion of the jumping drop due to 

coalescence on superhydrophobic surface. Therefore, we propose a series of new type of 

hydrophobic substrates that has been designed to eject coalescing drops with vert high 

energy. To make the substrates superhydrophobic, protruding wedges with varying 

curvatures are placed on the flat surface, as shown in Figure 14. Our study reveals that with 

an increase in wedge curvature, the jumping capability of the coalesced drop also increases. 

For each of the simulations, the radii of the drops are set to 380 µm and the properties of 

liquid and air at 100˚C are used. The contact angle is set at 180 ̊.  

 

Figure 14: Drop Coalescence Setup on Substrates with Different Curvatures 

 

The drops coalesce in the horizontal, i.e. the y-axis direction and the self-propelled 

behavior happens in the vertical or z-axis direction. 

The dimensionless z-axis velocity histories of the four cases during the coalescence 

processes are plotted in Figure 16.  
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Figure 15: The process of drop coalescence on different curvatures 

 

Figure 16: Velocity in the jumping direction (z-upwards) 

 

Overall, the wedges have enabled drops with higher z-axis velocities than the flat surface. 

The jumping speed at the moment of detachment increases with the increase in curvature. 

The drop on the wedge with larger curvatures accelerates earlier in positive z-axis 

direction. As curvature increase the moment of detachment decrease too. Drop on the 

surface with curvature of   detaches the first and drop detaches the last on the flat surface. 
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Velocity plots also reveal that the maximum velocity attained by the κ = 5/r0, is 

approximately 90% of the capillary inertial velocity, compared to 82%, 67% and only 38% 

in the cases of  κ = 5/2r0 , κ = 1/r0  and the flat substrate κ = 0.  

The final height achieved through our investigation of different substrates shows the clear 

advantage of having substrate curvatures. The wedge curvature enables the coalescing 

drops to come into less contact with the substrate.  

shows that the κ = 5/r0, achieves a max height of hz = 0.435μm, followed by κ = 5/2r0 

reaching hz = 0.36μm and κ = 1/r0 reaching hz = 0.290 μm.  

 

Figure 17: Drops travelling in z-axis direction due to coalescence on substrates with 

different curvatures κ = 5/r0, κ = 5/2r0 , κ = 1/r0 and κ = 0 
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Figure 18: Final Height Depiction of Drops on Different Substrates with Curvature and 
Flatness 

 

With the increase in curvature, the coalesced drop can stay suspended in the air for a longer 

period of time, with κ = 5/r0 , κ = 5/2r0, and κ = 1/r0 taking 27.3ms, 24.4ms and 

21.03ms, respectively, to reach the maximum height. The evidence of curvature substrate 

enhancing the final jumping height is prominent when compared to the flat substrate κ =

0, which could only achieve a jumping height of hz = 0.1025 μm and much shorter 

travelling time of 7.74ms to reach the maximum height.   

We propose the following correlation between surface curvature and the achievable 

jumping height based on our findings.  

 HTRAJECTORY = 0.0894 ln(𝜅𝜅) + 0.2864 (55) 
   

Figure 19 shows the correlation.   
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Figure 19: Relationship between achievable trajectory height and curvature  

of wedged substrate 

 
Thus, the  substrates with curvature enables drops to detach faster than flat substrates do. 

Our simulations show drops have 40% less contact time on a curved surface than on a flat 

surface during the impact and rebound study. Second, the substrate curvature affects drop 

jumping velocity and jumping height. Our simulation shows the jumping velocity and 

jumping height increase with the substrate curvature. The shape and characteristics of the 

drop deformation varies due to the underlying substrate and thus the substrate curvature 

plays a critical role in coalescence induced jumping. 

  

 

 

 

 



 

37 
 

 

 

 

CHAPTER IV 
DROP IMPACT ON A MICRO-WELL* 

 

Numerous studies have been done over decades to understand the liquid-solid 

interactions with different substrate properties and solid surface hydrophilicity. In many 

cases surface hydrophobicity is very much sought after because liquid repellant properties 

can become useful in reducing contact times of liquid-solid interaction[100]. The complex 

dynamics of contact time, which is generally described as the duration of the droplet 

contact and consequently the spreading and the retracting phase, depends on the surface-

liquid interactions[101]. Many researchers have deemed the spreading phase after drop 

impact to be particularly most important [102-104]  and others have pointed out the 

importance of the retraction phase immediately after the spreading phase[105]. In some 

applications, it is desired to prolong the contact time such as inkjet printing[7, 8], pesticide 

transferring on crops[106-108] , spray cooling[1]. In other cases it is desired to reduce the 

contact time such as anti-corrosion and self-cleaning[5, 109-111] application, spray 

cooling[112-114], de-icing and anti-icing methods in aviation/aircraft industries[115-117].    

 

 

---------------------------------------------------------------------------------------------------------- 

* This chapter has appeared in the Physics of Fluid and reprinted from : Islam, A., Sussman, M., Hu, H., & Lian, 
Y. (2022). Simulation of drop impact on substrate with micro-wells. Physics of Fluids, 34(6), 062108., with the 
permission of AIP Publishing 
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In the nature there are many materials that exhibit superhydrophobicity with advancing 

contact angles ranging between 150° to 160° [118-121]and generally classified as features 

due to following: 1) lubricated films, such like epicuticular wax, providing a layer between 

the solid and liquid phases 2) roughness that can effectively entrap air and provide a barrier 

or a type of insulation medium and lastly 3) secondary texture with superimposing 

morphological surfaces. Focusing on the roughness of substrates, an idea coined from the 

nature, researchers have shown that an excellent non-wetting property could be achieved 

by micro-structures that encapsulates air or in general has additional gas or liquid 

phase[122, 123]. The underneath air entrapment dictates if a droplet would undergo Cassie 

state that demonstrates partial wetting or non-wetting or Wenzel state that shows complete 

wetting due to the liquid contacting the substrate while displacing the cushioning air[124]. 

Researchers focusing on fabricating superhydrophobic surfaces typically modify the 

surface property to provide certain degrees of roughness and use methods like abrasive 

polishing, plasma nano-texturing, etching, lithography, nano-coating and grit roughening, 

3D printing etc[125-130]. All these certain methods allow researchers to entrap air within 

the micro- and nano structures by roughening the surface, such that the droplets can exhibit 

a Cassie-Baxter state of non-wettability instead of Wenzel state of fully wettability as 

shown in Figure 20. Micro-and macro-structures of many different kinds were researched 

in the past; such like substrates featuring triangular ridges[131], small spherical 

feature[132], short conical structure[133], different sizes of half spheres[134], large 

tubes[135] and curved surfaces[136], but most importantly micro-pillars or micro-

posts[101, 137-140] that enhances faster wicking or pancake bouncing are of great interest.  

Anistropically wetting substrates, such like stripes with chemically alternating hydrophilic 
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and hydrophobic properties, are also sometimes considered more benefitting than isotropic 

substrates, like micro-pillars or micro-posts[141].  

 

Figure 20: Wenzel State (left) vs Cassie-Baxter State (right) 

 

While the air pocket entrainment or encapsulation needed for superhydrophobic 

surfaces is thoroughly understood and widely recognized by the scientific community, 

most of the studies have continued to focus on the drop shape evolution, the aspect of 

velocity and pressure changes within the drop or the volume of liquid, and possible 

reductions in contact times. It is conveniently understood that all superhydrophobic 

surfaces are textured or rough surfaces that entraps air pockets[45, 142-148], and droplets 

impacting on rough surfaces exhibit quick non-wetting and reduced contact times[149]. 

Similarly, with increased superhydrophobicity of rough surfaces, bulk kinetic energy is 

spent on spreading and retraction, and less into useful transformational energy harnessed 

for out of plane jumping, and therefore may lead to splashing and/or drop breakups into 

smaller satellite droplets[150, 151]. A very effective water repellency has been observed 

by Shen et al.[115] due to the rough surface where the water droplet bounced off before 
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freezing, resulting in reduction in icing strength because of low efficiency in thermal 

conduction between the water droplet and the cold solid surface. Bird et al[100, 152] 

discussed that with microtextured surfaces, controlling the extent of contact time can 

essentially dictate the mass, momentum and energy exchange and therefore it should be 

minimized. They experimented drop impacting on macroscopic structure/ridge to make 

axisymmetric recoil resulting in minimum contact timing. It is also theoretically suggested 

that thin spread textures are indispensable to trap air that results in reducing contact 

time[100, 153, 154]. Quan et al. [155] studied micro-pillars of different types and shapes, 

including triangular, square, crisscross and spherical cylinders, with crisscross showing the 

best bouncing ability, and such ability is attributed to large capillary pressure and the ability 

of capturing air in the gaps compared to other types of pillar shapes. Other researchers also 

discussed about the toroidal rim instability[156], development of rotational velocities 

within the rim and therefore resulting in partial or complete rebound, prompt, corona or 

receding breakup of droplets recoiling on superhydrophobic substrates that can entrap air 

pockets[157, 158].  

In this chapter, we numerically investigated liquid water drop impact on a micro-well 

substrate and demonstrated how air inside a micro-well can prevent water droplet from 

wetting the bottom of the substrate. At first, we describe the numerical approach to the 

problem using the moment of fluid (MOF) algorithm, then we present the setup for the 

problem and demonstrate our accuracy and mesh sensitivity used in this study. Secondly, 

we use a single micro-well and show that drop impact at various speeds and contact angles 

can both benefit from reduced liquid-solid interaction and air acting as a barrier. Using the 

concept of a single micro-well, we further demonstrate drop impact cases on a substrate 
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with arrays of micro-wells and discuss the improved non-wettability compared to a 

substrate with arrays of micro-pillars.  

Drop impact on a single micro-well 

 

Figure 21: Drop impact on a single micro-well   

 

The setup of drop impact on a single micro-well is shown in Figure 21. The drop has a 

diameter of 250 μm and the micro-well has a diameter of 200 μm and depth of 180 μm. 

The equilibrium contact angle is 120o. A drop is initially positioned 1 μm above the 

micro-well with an initial velocity of 2 m/s. Table 2 shows the liquid and gas properties 

used. To show the pertinent features of micro-well we also simulate drop impact on a flat 

surface under the same conditions. 

Table 2: Liquid and gas properties used in this study 

 σ  
(mN m-1) 

lµ  
(mPa s) 

gµ  
(mPa s) 

lρ  
(kg m-3) 

gρ  

(kg m-3) 
10˚C 72.7 1.308 0.02 999.7 1.25 
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Figure 22: Simulation of drop spreading on (a) Flat surface (left) and (b) Micro-well 
(right)  

 

Figure 22 shows the simulated drop spreading after impact on flat substrate and micro-

well. In both cases drop spreads laterally but there is a noticeable difference between the 

two. As the bulk of drop enters the micro-well, the drop remains suspended in the air 

without ever touching the well bottom, resulting in a much smaller wetted substrate in the 

case of micro-well.  Here we use spreading ratio and the wetted area ratio to explain the 

differences between these two cases. Spreading ratio is the ratio of the maximum projected 

diameter of the deformed drop to the diameter of the initially undeformed drop; the wetted 
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area ratio denotes the ratio of the actual contact area between the solid and the liquid phase 

over the projected area of the drop. The maximum projected diameter is illustrated in 

Figure 23 and the spreading ratio is defined in Eq. 17. The time variation against spreading 

ratio is plotted in Figure 24.  

 

Figure 23: Illustration of the drop initial diameter and the spreading diameter. The 
spreading diameter is the maximum width of the drop when it is projected on a 2D plane.  

 

The red line is the spreading ratio of the micro-well case, and the blue  is the flat surface. 

Note that the drop takes longer to touch the micro-well surface than to touch the flat 

surface. As the droplet closes the orifice of the micro-well, it remains suspended inside the 

cylindrical cavity and the entrapped air in the micro-well prevents the drop from wetting 

the bottom of the micro-well.  The micro-well case has a smaller spreading ratio, hence a 

quicker drop retraction and jump off, than the flat surface case.  The jump off time for the 

micro-well is t* = 2.33 and is  t* = 4.76 for the flat surface case.  
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Figure 24: Time variation of spreading ratio of drop impacting on flat substrate vs micro-
well substrate 

 

To further illustrate the pertinent features of drop impact on micro-well, we present the 

wetting region which represents the liquid-substrate contact over time. When the drop 

impacts on the micro-well, it wets a small surface area than when it hits a flat surface. 

While the spreading ratio showed the lateral distance travelled by the droplet, the effective 

wetted area ratio, presented in the highlighted region in Figure 25, shows contact area 

between drop and substrate.  
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Figure 25: Comparison of wetted area: (a) Micro-well (top) vs (b) Flat surface (bottom) 

 

The change of wetted over time is plotted in Figure 26. The drop has a 47% less wetted 

area in the micro-well case than in the flat surface case. Also note that the drop departs 

from the micro-well substrate much earlier than from the flat surface, as pointed out in the 

spreading ratio comparison depicted in Figure 24.  
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Figure 26: Resulting wetted area ratio over time  

 

Shown in Figure 27 is the time variation of the nondimensionalized drop kinetic energy. 

The impact speed is 2.0 m/s and contact angle is 120°. After contacting the substrate, the 

kinetic energy quickly decreases to zero when the drop reaches the maximum liquid-

substrate contact. As the drop starts to recede, surface energy is converted to kinetic energy 

and the kinetic energy starts to increase. In Figure 27, the zoom-in plot from t*=1 to t*=2 

is shown as Inset A-A shows the gain in kinetic energy while the drop occurs during the 

drop recoiling phase. In contrast, as shown in the Inset B-B, the drop on the micro-well has 

already detached at t*~2.5 and jumped-off with a higher kinetic energy and the kinetic 

energy for the drop on the flat substrate continues to decrease, making it very difficult to 
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detach from the surface. The drop on the flat substrate continues to retract and the kinetic 

energy starts to diminish while remaining in contact with the surface.  

 

Figure 27: Kinetic Energy (KE*) in the z-direction over time for drops impacting at 
various speeds at contact angle of 120 degrees.  

 

We further compare drop impact on a micro-well with drop impact on a flat substrate over 

two other impact speeds of 1.7 m/s and 1.4 m/s. The results, along with that of 2.0 m/s, are 

presented in Figure 28. For all the considered speeds, the micro-well case has small drop-

substrate contact areas than the flat substrate case.  
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Figure 28: Comparison of the maximum spreading of drop impacting on a flat substrate 
(top) and a micro-well substrate (bottom) at speeds: a) 2.0 m/s b) 1.7 m/s and c) 1.4 m/s 

 

Because the drop has smaller contact area, it is easier to jump off from the micro-well 

substrate than from the flat surface, as shown in Figure 29. At the impact speed of 2.0 m/s, 

the drop barely jumps from the flat substrate, and it does not detach from the substrate at 

1.7 m/s and 1.4 m/s. In contrast, the drop jumps off from the micro-well substrate at the 

impact speeds of 2.0 m/s and 1.7 m/s. 

 

Figure 29: Drop fails to detach from a flat surface (top) but can jump off from a micro-
well substrate (bottom) at impact speed of 2.0 m/s and 1.7 m/s. 
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Effect of Contact Angle 
 
We simulated the effect of contact angle and the results at impact speed of 0.75 m/s. The 

time variation of wetted area ratio, as defined in Equation 18, is presented in Figure 30. It 

is very apparent that the wet area decreases with the increase of contact angle: the smallest 

contact angle 120° case has the largest wetted area (drop-substrate contact area), and the 

largest contact angle 140° case has the smallest wetted area. 

 

Figure 30: Impact of contact angle on wetted area for drop impact on micro-well 
substrate. Wetted area decreases with the increase of contact angle  
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The contact angle influences the degree of adhesion which in turn controls the outcome of 

the kinetic energy, as presented in Figure 31. At t*= 1.25, the drop reaches the maximum 

spreading extent and therefore the surface tension and the viscous forces overcame the 

liquid inertia, it starts to recede, and this is the instance where the surface energy begins to 

slowly convert into kinetic energy. The largest contact angle (140°) case has the smallest 

contact area, and less energy is used to detach from the surface which eventually results in 

a reserve of higher kinetic energy. On the other hand, the smallest contact angle case (120°) 

has the largest contact area with the substrate and hence has the lowest kinetic energy gain. 

Hence, liquid-substrate adhesion dictates the kinetic energy for the drop jumping behavior 

on the micro-well substrate. With more drop-substrate contact, as in the case of 120°, 

results in less kinetic energy and the drop fails to jump and starts to spread after the initial 

retraction as shown in Figure 30. With smaller contact liquid-solid contact, the drop at 

140°, easily detaches from the substrate and able to propel itself from the surface of the 

micro-well substrate.    
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Figure 31: Kinetic Energy (KE*) in z-direction over time for drops impacting at a speed 
of v =0.75 m/s at a contact angle of 120°, 130°, and 140°  

 
Drop Jumping Regime-Map 
 

Using the simulation results from different contact angles and impact speeds, we can 

qualitatively construct an impact velocity-contact angle jumping regime map, which entails 

the advantage of micro-well over a flat surface substrate and is presented in Figure 32. It 

is evident that the micro-well jumping boundary is larger than the jumping boundary of flat 

substrate.  
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Figure 32: Regime map showing the ability to propel drops on micro-well and flat 
substrate.  

 

We will further rationalize the ranges of the drop impacting and rebounding for all three 

contact angles presented in Figure 32. For the contact angle of 120°, when the impact speed 

is lower than 1.4 m/s the drop fails to detach from the flat surface and micro-well surface. 

When the impact speed is between 1.4 m/s and 2.0 m/s, the drops can propel away from 

the micro-well substrate but not the flat substrate. When impact speed is larger than 2.0 

m/s the drop can detach from both the flat and micro-well substrates. In the case of 130°, 

when the impact speed is between 0.7 m/s to 0.85 m/s the drop jumped from the micro-

well substrate but not from the flat substrate. When impact speed is smaller than 0.7 m/s, 
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the kinetic energy does overcome the inter-surface adhesion forces in either case and the 

drop does not detach from the substrate. At the contact angle of 140°, the jumping threshold 

on the micro-well substrate is more skewed than in the case of 130°. At speed of 0.35 m/s 

to 0.55 m/s drop is able to propel out of micro-well surface but fail to detach from the flat 

substrate. At the impact speed is 0.55 m/s the drop can jump off from both the micro-well 

and flat substrates.   

Finally, we present three different cases of speeds at which the drop either a) jumps from 

both substrates, b) jumps off from the micro-well but not from the flat substrate, or c) fails 

to propel from both substrates. Figure 33 presents the case of 120° contact angle where 

impact speed of i) 2.0m/s, ii) 1.7 m/s, and iii) 1.3m/s shows the overall advantage of the 

micro-well substrate over the flat substrate encompassing a wider range of impact velocity 

scenarios.  
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Figure 33: Drop impact on micro-well vs flat at a contact angle of 120°: Different 
instances of jumping and non-jumping  off the substrate 
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Drop impact on a substrate with patterned micro-wells 
 

Substrates with cylindrical or square micro-pillars are often used to represent rough 

surfaces.  As discussed earlier, air pockets within the pillars can prevent the drop from 

reaching the bottom of the substrate and thus reduces the solid-liquid contact area[147, 

159, 160]. However, air can escape through the gaps of the micro-pillars (illustrated in 

Figure 34) and a complete state of non-wettability is hard to achieve[148]. In this section 

we demonstrate that a non-wettability can be achieved on a surface with an array of 

multiple micro-wells.  

 

 

Figure 34: Difference between micro-well substrate (left) and micro-pillar substrate 
(right). Air is trapped in the micro-wells under the drop but air escapes in the micro pillar 

configuration  

 

Figure 35 shows the simulated results of drop impingement on a surface with micro pillars. 

The drop is released at an initial speed of 1.57 m/s, resulting a Weber number of 50.  Almost 

half of the drop volume sips through the micro-pillars at 0.6 ms.   
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Figure 35: Drop  impact on a micro-pillar surface (left) and on a micro-well surface 
(right). The drop completely wets the pillar surface but only partially wets the micro-well 

surface .  

 

Velocity streamline drawn in Figure 36 shows that the air escapes through the gaps 

of the micro-pillars whereas the streamlines do not pass through the pores of the micro-
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wells. The micro-well substrate remains almost dry with a very minimal liquid-substrate 

contact and a complete wetting scenario is thus prevented.  

 

Figure 36: Streamlines showing the air escaping through the substrate: micro-pillars (left) 
vs micro-wells (right) 
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CHAPTER V 
DROP IMPACT ON LIQUID-INFUSED MICRO-WELL SUBSTRATE* 

 

Ice accumulation on aircrafts[20, 161-163], power lines[164, 165], wind and gas 

turbines[166, 167] and many types of other infrastructures[168] have been long studied 

because of the associated complexity that arises due to the growing cost and the time 

consumed to solve such a problem. In the natural environment, ice formation is largely 

contributed by impingement of supercooled large droplets (SLD) and such water droplets 

are at temperatures below the freeing point. And since the impinging drops have different 

impact dynamics, studies[169] point out to two critical approaches to deal with these 

scenarios: 1) reducing contact time and promote quick removal/repelling of contacting 

drops and 2) delaying post impact nucleation by combining surface chemistry and 

topographical features which may involve the use of additional high performance 

measures, such like infusing lubricants known as LIS/SLIPS.  

 

 

 

----------------------------------------------------------------------------------------------------------- 

* This chapter has appeared in the Physics of Fluid and reprinted from: Islam, A., & Lian, Y. (2023). Numerical 
study of drop impact on slippery lubricated surfaces. Physics of Fluids, 35(3), 032115., with the permission of AIP 
Publishing. 
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The use of chemical compounds as an icephobic treatment are generally of two types: 1) 

sacrificial, where treatments may consist of lubricants such like oil/grease, gel that can 

slowly deplete over time and 2) permanent, where special type of icephobic coating may 

be used and would not degrade over time. Besides water and ice repellency, LIS/SLIP 

substrates have shown to have anti-fouling characterization[170-172], pronounced heat 

transfer ability due to dropwise condensation stemming from extremely low contact angle 

hysteresis and high mobility[38, 173-176].  

As discussed before in the earlier chapters, the key in designing of 

superhydrophobic structures is to design substrates with air-entrapping porosity that 

utilizes the concept of Laplace pressure which in turn dictates the reduced surface wetting 

property. Reduced snow and ice accumulation/nucleation, delayed ice formation and 

weakened ice adhesion[33, 34, 177-180] at very low temperatures of -25C to -30C[181, 

182], on one hand have made superhydrophobic substrates to be very appealing for icing 

researchers. On the other hand, many other studies have argued and discredited 

superhydrophobic surfaces to be practically ice-phobic[183]. While some researchers have 

raised issues with scalability arising from high temperature and high-speed impingement, 

others pointed out that the propensity to form condensate eventually closes the pores 

containing air pockets, and therefore readily degrades icephobic property[184, 185]. 

Regardless of the climatic and design limitations of the superhydrophobic substrates for 

icing conditions, the Laplace pressure still holds the key in designing substrates with ice 

accretion, formation and locking capability. In the case of oil-infused surfaces, the design 

of the substrate texture is vital for holding lubricant via increment of the Laplace pressure 

and, therefore, boosting the pressure resistance of the surface[186]. SLIP/LIS can retain 



 

60 
 

their water repellency properties at a significant pressure (~ 676atm) stability[187] and 

remains frost free with an order of magnitude lower ice adhesion and proven to have 

excellent performance on adverse icing conditions[32, 188-194]. Ice-phobicity can be 

classified as substrates that characterizes in repelling supercooled droplets at temperatures 

that are below freezing point[195], delayed formation of heterogenous ice nucleation[196], 

and with reduced shear strength within the range of 150kPa to 500kPa [197]. When it 

comes to the surface roughness that inhibits wetting and icing, surfaces are generally 

classified as regularly ordered patterned, or irregularly distributed surface texture. Ice 

adhesion on square micro-posts having varying periodicity and covered with lubricant film 

was experimentally studied by Subramanyam et al[198]. They predicted that ice adhesion 

strength reduces with increased surface hydrophobicity which in turn increases with stable 

lubricant layer trapped within surface texture density. Nanorods[199], and nanostructures 

of butterfly wings[200] are also examples of roughness induced superhydrophobic (SH) 

substrates that are found to be water repellent and efficient at retarding ice formation.  

Drop pinning, shedding, viscous dissipation and sliding velocity are also found to 

be highly dependent on the contact line dynamics of four phase system of a lubricant-

impregnated substrate that has patterned micro-post arrays[174]. Highly dense textures 

have found to be able to reduce droplet pinning, and thus achieve roll-off angles of fully 

wetting lubricants, synonymous to the Cassie state of a superhydrophobic substrates. Some 

other studies wanted to increase friction with the liquid drop and a stabilized layer of 

lubricant, and has successfully utilized the use of micro-pillars coated with hydrophobic 

nanobeads[201]. It was also found oil infused micro-textured flexible 

polydimethylsiloxane(PDMS) substrate does significantly influence the water repellency 
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and ice adhesion strength over smooth micro-texture substrate with no oil-infused 

lubricant, as demonstrated by Yeong et al[202].  Some other examples of excellent liquid 

repellant and reduced wettability of SLIP induced with silicon dioxide SiO2, PMMA and 

THF nanoparticle surfaces was produced by Wang et al[203].  Droplet sizes of 5+0.2 μL 

impacting at approximately 1m/s of different types of liquid, including hexane, kerosene, 

diesel oil, water and milk showed superior non-wettability compared to superhydrophobic 

substrates. Lubricant infused surfaces are also discovered to be able to manipulate 

impacting droplets, control sliding behavior and directional rebound[204], and produce 

inelastic collision of impacting water flow[205].           

   Lubricant infused regular and semi-random textures and the drop mobility study 

were performed by Schellenberger et al[206], where micro-pillars were made by spin 

coating hydrophobic dye and photolithography and randomly distributed opal textures 

were hydrophobised by chemical vapor deposition. Their study has produced critical 

insights regarding the height and range of wetting ridge formation[173], and the evolution 

of cloaking layer of deposited drops on different lubricant types. Due to limitation of field 

view, this particular study failed to measure the exact cloaking height, and suggested van 

der Walls estimation (using the Hamaker constant, AH = 6e-21J) to estimate the thickness 

to be ~20nm forming on the drop having a radius of 1mm. Cloaking behavior is seen to be 

controlling the size and distribution of condensate droplets, and also contributes in 

accelerating the oil depletion from porous substrates[173, 207]. Similar to cloaking, thin 

lubricant layer of microscopic oil film between two drops can momentarily prevent 

coalescences[208].  
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Lubricant properties, such like surface tension[39, 173, 174, 198, 206], and 

viscosity[196, 209, 210] needs careful attention when designing LIS/SLIP substrates, 

because such factors play crucial role in droplet cloaking which can accentuate the 

lubricant depletion, and possible contamination.  An important contribution to understand 

the nature of the cloaking behavior is to understand the implication of spreading co-

efficient due to interfacial tensions of different fluid-lubricant combinations. Sett et al. 

exploited the idea of the statistical thermodynamic model[211-213] and utilized the shape 

of a pendant drop[214] to create a combination of a large dataset of possible working fluids 

(such like water, alcohols, alkanes, etc.) and the lubricants (Krytox, silicone oil, etc.) that 

are critically immiscible and possibly prevents cloaking. A similar study performed by 

Preston et al.[215] successfully produced a comprehensive design guideline for a lubricant-

substrate combination that would avoid cloaking phenomena and could repel very low 

surface tension liquids such like butane (surface tension ~13 mN/m). As pointed out by 

Weisensee et al. [38], besides cloaking, shear-induced drainage of low-viscosity lubricant 

is much quicker and less stable than high-viscosity lubricants. Also, using 

superhydrophobic nanoparticles, nanowires and microposts, researchers found that 

lubricant drainage into growing network of nanoicicles reduced the anti-icing capability 

during repeated frosting-defrosting cycles[216]. Oil migration due to capillary forces 

occurred from the wetting ridge and the substrates surface to the frozen drops, and it was 

suggested that a better liquid-texture combination needed to design a sustainable 

LIS/SLIPS substrate that can prevent frost growth.  
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Contact Angle Modelling: Capturing Cloaking and Wetting Ridge Formation 
 

Due to the presence of 4 different materials in the domain, namely water, lubricant, vapor 

and the solid, a special treatment is needed to correctly construct the contact line dynamics 

for the drop impact studies. But before we delve into four phase/material case, we highlight 

and explain the general wettability relationship of three-phase state below.  

 

Figure 37: Drop Deposition showing the difference between Hydrophilic and 
Hydrophobic States 

 

For a typical contact line where only three material is present (water droplet (L), the solid 

substrate(S), and the surrounding air phase(V)), the general Young’s equation can be 

written,  

 σLV cos(θ) + σSL = σSV (56) 
 

This equation typically denotes the equilibrium state which is where the surface tension of 

the three phases forms a junction of the three-phases, and the droplet comes to rest after 

oscillation. The wetting behavior of a substrate, based on Young’s equilibria equation, thus 
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defines that a drop on a high surface energy state would stick to the surface (hydrophilic, 

θ <  90) and a low surface energy state would repel the water droplet from the surface 

(hydrophobic, θ > 90).  

In the nature and many experimental studies inspired by the nature, where a drop may jump 

or splash, depending on the impact energy, the kinetic to surface energy exchange, and 

various other factors, the Young’s model does not represent the correct morphology of the 

drop dynamics (spreading, retraction, jumping, etc) and hence there are contact line models 

that are proposed to compensate such difference. A common approach needed to describe 

the droplet dynamics is by further utilizing the concept of the advancing angle, θA and the 

receding angle, θR. As it could be easily understood by the terminology, the advancing 

angle is the formation of the angle at the three-phase triple point while the droplet is in 

spreading motion, and the receding angle is formation of the angle while the droplet is in 

receding motion, as shown in the following Figure 38. 

 

Figure 38: Spreading showing the Advancing Contact Angle (left)  Receding showing the 
Receding Contact Angle (right) 

The advancing angle is higher than the receding contact angle, and this is due to the 

adhesion and the involvement of capillary forces caused by the interfacial tensions between 
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the liquid and the solid phase. Again, in the nature, the difference between the advancing 

and the receding contact angles is very much existent, and such difference is known as the 

contact angle hysteresis, ∆θ = θA − θR. Researchers and scientists therefore coin the 

concept of hydrophobicity or liquid repellant properties from the idea of air-entrapment at 

microscopic level. It is commonly understood that roughness characteristics are the key 

design parameter that can entrap air, and thus provide a barrier between the liquid-solid 

phases and this leads to the hydrophobicity of a designed surface. Contact angle hysteresis 

(CAH) can explain a droplet’s mobility and accounts for the dynamics of the events of 

spreading and retracting which happens due to the entrapment of air in rough substrate. In 

other words, rough substrate that can entrap air (also known as Cassie-Baxter state) or 

impalement where the liquid replaces the air pockets (also known as Wenzel state), can 

therefore be directly accounted due to the roughness factor, Rf of the substrate. The 

roughness factor is the ratio of an actual surface area to the projected area and defines the 

coarseness of a given substrate. For impalement the Young’s relationship of the Wenzel 

State could be written as, 

 cos θW = Rf cos θE (57) 
 

where the θE is the Young’s equilibrium angle. The relationship of the Cassie-Baxter state 

is written as,  

 cos θCB = Rf cos θE ∗ ϕ − (1 − ϕ) (58) 
 

 

where ϕ is the solid fraction of the substrate that is in contact with the liquid and (1 − ϕ) 

is the air fraction of the substrate.  
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Now that we have explained the drop repelling mechanism of a rough substrate that 

entraps air resulting in a superhydrophobic nature of a substrate, we use the same 

mechanism but replace  air-pockets inside the pores of the surface with lubricants. 

 

Figure 39: Lubricant Infused Micro-well 

There lies a significant difference in the interaction mechanism of water droplet with air 

and water droplet with lubricant. This difference becomes crucial when the liquid water 

droplet is in a dynamical system ( such like a drop impact, splashing, sliding, etc) or in an 

equilibrium resting position (such like a condensation or SLD freezing-recalescence).  

In the ideal sense of lubricant impregnated surfaces for droplet repulsion and anti-icing 

capability, the two liquids must be immiscible. And in the case of immiscible liquids, there 

lies another problem, which is the cloaking, as described earlier in the literature survey. 

Cloaking is dependent on the interplay between the surface tensions of different liquids, 

and therefore occurs when low surface energy lubricant spreads and covers a high-surface-

energy liquid, such as a water droplet. Wetting ridge or skirting is another factor that readily 

occurs in the presence of the three immiscible liquid forms and is also highly dependent on 

the interfacial tensions of each phases/material.  
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To account for such mechanism in a quantitative manner, researchers have proposed what 

is known as spreading factor (sometimes also known as spreading co-efficient) for with 

and without lubricant impregnated substrate (L1 indicating water, and L2 indicating 

lubricant/oil) as follows,  

 

Without Lubricant:    

 SL1S = σSV − σSL1 − σL1V (59) 
 

With Lubricant:     

 SL1L2 = σL1V − σL2L1 − σL2V (60) 
 

A positive spreading factor indicates that the low surface energy lubricant will cloak and 

cover the high surface energy water droplet with a thin layer of lubricant. Smith et al. [174] 

constructed the interfacial and energy based relationship of a liquid droplet and lubricant 

impregnated substrate of six different configurations. In case of drop impact and mobility, 

our interest lies on three of the configurations that are underneath and right next to the 

droplet and having an interfacial relationship  with the lubricant, namely: 1) Impaled 2) 

Impregnated, emerged 3) encapsulated. 

 Smith et al. proposes the following energy exegesis based on the three configurations:  

Figure 40: Wetting Ridge (left) and Cloaking (right) 
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Table 3: The Interfacial energies per unit area for three configurations 

 Configuration Total interfacial energy per unit area 
W1 Impaled E = Rf ∙ σL1S 
W2 Impregnated, 

emerged 
E = (Rf − ϕ) ∙ σL2S + fσL1S + (1 − ϕ)σL1L2 

W3 Encapsulated E = σL1L2 + Rf ∙ σL2S  
 

And the spreading co-efficient could be related in the following manner:  

Table 4: Spreading Coefficient Relationship of the three configurations 

 Configuration Spreading Coefficient Relationship 

W1 Impaled SL2S < −σL1L2 ∙
Rf − 1
Rf − ϕ

 

W2 Impregnated, 
emerged 

−σL1L2 ∙
Rf − 1
Rf − ϕ

< SL2S < 0 

W3 Encapsulated SL2S ≥ 0 
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Figure 41: From to Bottom: Possible Configurations of Liquid Drops on SLIPS:  W1 - 
Impaled; W2 - Impregnated-Emerged; W3 - Encapsulated 

As shown through the three configuration settings, that surface (interfacial) tension, 

roughness factor, and the liquid(L1)-lubricant(L2)-surface(S) contact are all the factors that 

can dictate the dynamics of the droplet, and equilibrium state after the droplet settles onto 

the SLIP/LIS surface. In terms of SLD involving the aircraft icing physics, the droplet are 

eventually shed at different operating conditions, and the lubricant attached via means of 

cloaking or formation of wetting ridge is therefore lost in the process. Therefore, an 

appropriate modelling of contact angle is needed to 1) reconstruct the cloaking behavior 2) 

reconstruct the wetting ridge that also involves a moving triple-point, and 3) understand 

the reasoning and differences in cloaking behavior and wetting ridge heights and lengths 
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in the case of a droplet dynamics (impact, retraction, possible jump off, or oscillatory 

behavior of the droplet, etc).  

In case when the solid is in contact with either of the liquid, that is the lubricant or the 

water droplet, we apply the following conditional equation in the computation cell (i,j), 

if 

ϕsolid(i, j) ≥ 0  

 do nothing 

else if  

ϕsolid(i, j) < 0 

 let m1 be the primary fluid material 

 let m2 be the next closest fluid material 

 determine 3rd ranking material: 

If m3 is the solid  use static contact angle calculation as described earlier  

If m3 is a fluid  use triple point method .For the definition of the triple phase (without 

the solid fraction) similar to the Neumann triangle method, the following relationship can 

be constructed,  

 
cos θL1L2∠L1V =

σL2V
2 − σL1V

2 − σL1L2
2

2σL1L2σL1V
 

 

(61) 
 
   

 
cos θL1L2∠L2V =

σL1V
2 − σL2V

2 − σL1L2
2

2σL1L2σL2V
 

 

(62) 
 
 

 cos θL2V∠L1V =
σL2L1
2 − σL1V

2 − σL1V
2

2σL1VσL2V
 (63) 
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A detail discussion on how to calculate the surface tension forces for cases involving more 

than two materials are presented earlier in the numerical section.  

Computational Domain Setup for four materials (air, water, lubricant and solid) 

 

Figure 42: Computational Domain for Drop on SLIP Substrate 
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Figure 43: Drop Impact on a SLIP/LIS Substrate: Showing AMR=1, AMR=2, and 
AMR=3 

For the droplet impact on lubricant-infused case, we at first systematically vary the surface 

tension values, while holding the viscosity and density values constant. For the purpose of 

initial droplet-lubricant interaction bench studies, we consider Krytox GPL 101. Krytox oil 

is based on perfluoropolyether (PFPE) and is considered as long lasting non-reactive 

lubricant type. Typically, the temperature range for Krytox GPL 101 is between -70C to 

105C, sometimes considered for their effective anti-icing properties. For the two-

dimensional simulation study, as shown in the Figure 42, the domain has symmetrical 

boundary on the left, which therefore divides the droplet into half, and thus reduces 

computation time and resources. The top and the right side of the boundary uses pressure 

outlet, and the bottom is set as a wall boundary condition. The grid refinement uses the 

adaptive mesh refinement with three levels (AMR = 3) where any moving fluid interface 

and liquid-solid interface has the highest refinement region, as shown in Figure 43.  
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For the next part of study, we intend to completely capture the cloaking phenomena of the 

entire droplet but relate them to the impact speed of the droplet. We limit the cases to three 

particular cases where are varying the interfacial tension forces of lubricant-air, 𝛾𝛾2𝑉𝑉,  to 

achieve a diminishing interfacial tension between lubricant-water, 𝛾𝛾1𝛾𝛾2, that gives us the 

spreading coefficient, 𝑆𝑆𝐿𝐿1𝐿𝐿2,required to capture the cloaking phenomena of a water droplet. 

Spreading coefficient is defined as 𝑆𝑆𝐿𝐿1𝐿𝐿2 = 𝛾𝛾𝐿𝐿1𝑉𝑉 − 𝛾𝛾𝐿𝐿2𝑉𝑉 − 𝛾𝛾𝐿𝐿1𝐿𝐿2 and should be positive for 

cloaking or encapsulation of water droplet by the lubricant medium. The following 

interfacial tensions between the lubricant and water are simulated in our study:  

 

 

 

 

 

 

 

 

 

 

Case no. 𝛾𝛾𝐿𝐿1𝐿𝐿2 
(mN/m) 

𝛾𝛾𝐿𝐿2𝑉𝑉m 
(mN/m) 

𝛾𝛾𝐿𝐿1𝑉𝑉m 
(mN/m) 

𝑆𝑆𝐿𝐿1𝐿𝐿2 Cloaking 

Case 1 51.32 28 72.7 < 0 No 
Case 2 31.79 23 72.7 > 0 Yes 
Case 3 21.73 18 72.7 > 0 Yes 
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Slow Speed Cases to Capture Cloaking and Variation in Spreading 

For initial cases of varying interfacial tensions, we consider two impact speeds for the 

water drops, namely impact speed of v = 0.25m/s and v = 0.5m/s.  

 

Figure 44: Drop impact speed of v = 0.25m/s on varying interfacial tensions and cloaking 
phenomena: from left to right: a) Case 1 - 𝛾𝛾𝐿𝐿1𝐿𝐿2 = 51.32 𝑚𝑚𝑚𝑚/𝑚𝑚;  b) Case 2 - 𝛾𝛾𝐿𝐿1𝐿𝐿2 =

31.79 𝑚𝑚𝑚𝑚/𝑚𝑚; c) Case 3 - 𝛾𝛾𝐿𝐿1𝐿𝐿2 = 21.73 𝑚𝑚𝑚𝑚/𝑚𝑚;      
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Figure 44 shows the impact cases for v = 0.25 m/s and Figure 45 shows the impact case 

for v = 0.5 m/s. For all three cases the drop spreads and retracts and there remains a 

variation of spreading width or the maximum travel of the outer edge of the drop based 

on different interfacial tension cases.  

 

Figure 45: Drop impact speed of v = 0.5m/s on varying interfacial tensions and cloaking 
phenomena: from left to right: a) Case 1 - 𝛾𝛾𝐿𝐿1𝐿𝐿2 = 51.32 𝑚𝑚𝑚𝑚/𝑚𝑚;  b) Case 2 - 𝛾𝛾𝐿𝐿1𝐿𝐿2 =

31.79 𝑚𝑚𝑚𝑚/𝑚𝑚; c) Case 3 - 𝛾𝛾𝐿𝐿1𝐿𝐿2 = 21.73 𝑚𝑚𝑚𝑚/𝑚𝑚;      
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For instance, the Case 1 with negative spreading coefficient of 𝑆𝑆𝐿𝐿1𝐿𝐿2 = -6.6, the maximum 

spreading width of the drop for impact speed of v = 0.25m/s and v = 0.5m/s is 0.3536cm 

and 0.4574cm, respectively. For Case 2 with positive spreading coefficient of 𝑆𝑆𝐿𝐿1𝐿𝐿2= 

17.97mN/m, the maximum spreading width of the drop is 0.3174cm and 0.4522cm for v = 

0.25m/s and v = 0.5m/s, respectively. For Case 3, with positive spreading coefficient of 

𝑆𝑆𝐿𝐿1𝐿𝐿2= 32.97mN/m, the maximum spreading width for drop impacting at v = 0.25m/s is 

0.28cm and for v = 0.5m/s is 0.4294cm.  

 

Figure 46: Maximum Spreading for drop impact cases for two different speeds, v = 
0.25m/s (left) and v = 0.5 m/s (right) for different interfacial tensions 

 

Thus, it can be deduced that with the increase in impact speed, the interfacial tension 

tends have less influence on the spreading behavior of the droplet, even though cloaking 

always occurs for the positive spreading coefficient cases.  
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Next, we present the impact cases of v = 5 m/s and v = 30 m/s to understand the interaction 

of the water drop with the underlying lubricant. The lubricant-water interfacial relationship 

is still held at 𝛾𝛾𝐿𝐿1𝐿𝐿2 = 53mN/m for both the impact cases. It is noticeable that at v =5m/s, 

the lubricant spreads sidewise with smaller satellite drops fragmented and detached at the 

trail of the thick lamella jet. With the progression of time, the lubricant and the water drop 

travels together as the lamella starts to grow thicker and thicker. During the entire 

simulation time of more than t = 0.0008sec+, the droplet-lubricant jet travels sidewise and 

the width and the height of the lamella increases. Throughout this simulation, the lubricant 

acts as a protective film and the water phase never touches the bottom surface.  

 

Figure 47: Drop Impact on Lubricant at v = 5 m/s 

 

In contrast, for the case of impact speed at v = 30m/s, the drop impact and jetting is much 

different than that of at v = 5m/s. At time t = 0.00004sec, a secondary impingement can be 

observed, with the water-lubricant lamella starting to displace the far-right volume of the 

lubricant while the droplet submerges into the lubricant near the impact region. The 

secondary lamella impingement starts to form a very large circulation region and starts to 
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displace the lubricant film while exposing the bottom surface. After t = 0.00008sec, a large 

displacement can already be observed, and the mixture of water phase and the lubricant 

phase clearly touches the beneath surface. At t = 0.00012sec, two distinct recirculating 

disturbances can be observed within the lubricant film, and much of the lubricant is 

displaced while a large underneath surface remains exposed. The recirculation causes 

significant amount of lubricant displacement, allowing water phase to reach the surface 

beneath the lubricant and while cloaking occurs at low impacting speed water drops, 

secondary impingement at relatively high impact speed cases is therefore a primary 

concern of such drainage. 

 

Figure 48: Drop Impact on Lubricant at v = 30 m/s, showing secondary impingement 
from t = 0.00004sec and onwards. 

 

Array Spacing 

We present our study of the concept of micro-well structure to hold lubricant while a drop 

impacts at varying speeds. The micro-well could be deemed to be especially useful and 

highly advantageous for cases with droplets impacting at a very high speed. As shown in 

Figure 49, the micro-wells could potentially be used to hold lubricants in place and small 
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injecting nozzles could be used to inject/push the lubricant from an underneath 

source/reservoir at even at high pressure/altitude situations such like aircraft wings.   

 

 

Figure 49: Schematic of Micro-well that could be used to inject and hold lubricant. 

 

For the slow speed cases, two different micro-well array spacing arrangement of pitch 

distance = 0.033cm and 0.068cm, are compared with the no-array arrangement. The no-

array arrangement has no micro-wells, and the lubricant sits on top of the solid substrate at 

a resting position. The impact speeds for these cases are set to 0.5m/s. The diameter of the 

drop is 2mm, and the lubricant is Krytox GPL 101 having an 𝜎𝜎𝐿𝐿2𝑉𝑉 = 17.1 𝑚𝑚𝑚𝑚/𝑚𝑚 and 

𝜎𝜎𝐿𝐿1𝐿𝐿2 = 53 𝑚𝑚𝑚𝑚/𝑚𝑚. The drop on the lubricant pool (without any micro-well array) 

completely submerges the drop with thick layer of cloaking being observed. On the other 

hand, the array arrangement shows very small amount of partial cloaking appearing on the 
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surface of the liquid droplet from t=10ms and onward. The drop-lubricant also forms a 

wetting ridge for the cases on the micro-wells and grows bigger over time.   

 

Figure 50: Drop impact timestamp on the Liquid Pool of Lubricant (top), on a micro-well 
with array spacing of 0.068cm (middle) and micro-well with array spacing of 0.033cm. 

 

The drop on the lubricant pool has high impact induced kinetic energy, as shown in the 

Figure 51. The drops on the micro-well arrangement oscillates and therefore several crests 

and troughs are observed. The closes pitch distance (0.033cm) is highly absorbent of 
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kinetic energy, whereas the fluctuations in the case of array spacing of 0.068cm is 

considerably higher than 0.033cm.  

 

Figure 51: Kinetic Energy of Drops on Lubricant Pool, Micro-well with two different 
pitch distance(array spacing) =0.033cm and 0.068cm 

 

Next, we present the high-speed case to correlate the impact speed of SLDs, which 

typically impacts at a range of 30m/s to 100m/s. The micro-well structures with different 

array distances can be examined from the Figure 52 and therefore can be compared with 

the flat surface. The flat surface has lubricant with a uniform depth of 100𝜇𝜇𝑚𝑚 and is at rest 

prior to the impact. For the micro-well cases, the free-surface of the lubricant to the top of 

the micro-well pillar is also set to 100𝜇𝜇𝑚𝑚. The three micro-well cases at high speed case 

requires a very finer array spacing and therefore, we have different pitch distances, namely 
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Case 1 = 660𝜇𝜇𝑚𝑚, Case 2 = 330𝜇𝜇𝑚𝑚 and Case 3 = 160𝜇𝜇𝑚𝑚. The droplet impact speed is v = 

30m/s and the drop diameter is still held at 2mm.  

 

 

Figure 52: High Speed Impact at v = 30 m/s, from left to right: a) Flat Substrate; vs 
Micro-well w/ Pitch Distance b) pitch = 660𝜇𝜇𝑚𝑚 c) pitch = 330𝜇𝜇𝑚𝑚 and c) 160𝜇𝜇𝑚𝑚 

For the impact of the droplet on plane surface without a micro-well, the Kelvin-Helmholtz 

instability starts to generate after t = 4.0e-5sec. The Kelvin-Helmholtz instability arises due 

to the perturbation resulted from the velocity difference between the spreading water 

droplet and the initially stable lubricant. The instability causes recirculation regions within 

the lubricant and thus the lubricant-water mixture potentially would reach either the flat 

bottom of the non-micro-well case or near the vicinity of the micro-well surface. The 
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recirculation therefore poses the risk of ice accretion due to the exposure of nucleation site 

when drops at high-speed impact displaces significant amount of lubricant through means 

of such perturbation. We therefore estimated the length and height for recirculatory region 

for the time instance of t = 8.0e-5sec.  

 

Figure 53: Recirculation due to Kelvin-Helmholtz Instability and the differences in height 
and width due to underneath substrate types: from left to right: a) Flat Substrate; vs 
Micro-well w/ Pitch Distance b) pitch = 660𝜇𝜇𝑚𝑚 c) pitch = 330𝜇𝜇𝑚𝑚 and c) 160𝜇𝜇𝑚𝑚 

 

For the flat case and the consequent Cases 1-3, it shows that the height for the recirculatory 

region follows:  

ℎ𝐶𝐶𝑎𝑎𝐶𝐶𝑟𝑟1 = 0.0417𝑐𝑐𝑚𝑚 > ℎ𝐶𝐶𝑎𝑎𝐶𝐶𝑟𝑟3 = 0.0149𝑐𝑐𝑚𝑚 > ℎ𝐶𝐶𝑎𝑎𝐶𝐶𝑟𝑟−𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎 = 0.0136𝑐𝑐𝑚𝑚 > ℎ𝐶𝐶𝑎𝑎𝐶𝐶𝑟𝑟2

= 0.0094𝑐𝑐𝑚𝑚 

 In case of the width of the recirculatory region, the width is measured to be the following: 

𝑤𝑤𝐶𝐶𝑎𝑎𝐶𝐶𝑟𝑟1 = 0.05𝑐𝑐𝑚𝑚 > 𝑤𝑤𝐶𝐶𝑎𝑎𝐶𝐶𝑟𝑟3 = 0.04𝑐𝑐𝑚𝑚 > 𝑤𝑤𝐶𝐶𝑎𝑎𝐶𝐶𝑟𝑟−𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎 = 0.03𝑐𝑐𝑚𝑚 > 𝑤𝑤𝐶𝐶𝑎𝑎𝐶𝐶𝑟𝑟2 = 0.02𝑐𝑐𝑚𝑚 

Another finding is the occurrence of the secondary impingement for the Case 1, similar to 

secondary impingement that was observed for the deep lubricant case presented in Figure 

52. It can be seen from the figure in Case 1 that the secondary impingement causes much 

larger displacement of lubricant and the droplet scoops inside the micro-well cavity, which 

is otherwise very much absent for the other cases with shorter pitch distance. We therefore 
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measure the displaced lubricant using image tracing analysis from our post-processed data 

and present the area of total lubricant displaced at time t = 1.2e-4 in Figure 54. The tracked 

areas are computed based on any red pigment (representing the lubricant) up to certain 

tolerance and accuracy and small micro and splitted daughter droplets are ignored. A 

reference line is used above the calm lubricant level and anything above it is traced to 

represent as the displaced volume and are presented as follows: 

 

Figure 54: Displaced lubricant at time t = 1.2e-4, from left to right: a) Flat Substrate; vs 
Micro-well w/ Pitch Distance b) pitch = 660𝜇𝜇𝑚𝑚 c) pitch = 330𝜇𝜇𝑚𝑚 and c) 160𝜇𝜇𝑚𝑚 

 

Thus, the area for displaced lubricant from maximum to minimum shows the following 

relation: 

𝛾𝛾𝐿𝐿𝑏𝑏𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑛𝑛𝑡𝑡𝐶𝐶𝑎𝑎𝐶𝐶𝑟𝑟1 = 0.00329346498 cm2 > 𝛾𝛾𝐿𝐿𝑏𝑏𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑛𝑛𝑡𝑡𝐶𝐶𝑎𝑎𝐶𝐶𝑟𝑟3 = 0.0021327495 cm2

> 𝛾𝛾𝐿𝐿𝑏𝑏𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑛𝑛𝑡𝑡𝐶𝐶𝑎𝑎𝐶𝐶𝑟𝑟𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎 = 0.00181623967 cm2 > 𝛾𝛾𝐿𝐿𝑏𝑏𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑛𝑛𝑡𝑡𝐶𝐶𝑎𝑎𝐶𝐶𝑟𝑟2

= 0.00154514249 cm2 

It can also be observed that the stem height of the lubricant of flat case and the Case 1 is 

the highest, and the Case 2 exhibits the least amount. Case 3, which has the closest pitch 

distance, has the widest spread of the lubricant and the calculated displaced area is very 
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close to the flat case, indicating that very close pitch distanced micro-well acts as a flat 

surface in essence. 

Therefore, considering the height and width of the recirculatory Kelvin-Helmholtz 

disturbance, and the area of the displaced lubricant, for high impact speeds of v =30m/s, 

the best performing micro-well should ideally have a pitch distance of approximately 

330𝜇𝜇𝑚𝑚.  While flat substrate has high probability of drainage due to shear flow and thick 

jetting, larger pitch distance has droplet scooping inside the cavity and also thicker jetting 

and very close pitch distance essentially behaves like a flat substrate.   

Further Varying Surface Tensions and Forming Wetting Ridge 

 

To capture the wetting ridge dependency on the interfacial tensions, we systematically vary 

the interfacial tension between the lubricant and the water drop, 𝜎𝜎𝐿𝐿1𝐿𝐿2, while holding the 

surface tension between the lubricant-vapor 𝜎𝜎𝐿𝐿1𝑉𝑉 and lubricant-vapor 𝜎𝜎𝐿𝐿2𝑉𝑉 constant. To 

minimize the interference of the varying micro-well spacing, for this part of the study we 

fixed the pitch distance to 0.033cm. The following interfacial tensions between the 

lubricant and water are simulated in our study:  

 

 

 

 

 

 

 

 

Case no. 𝜎𝜎𝐿𝐿1𝐿𝐿2(mN/m) 𝜎𝜎𝐿𝐿2𝑉𝑉m (mN/m) 𝜎𝜎𝐿𝐿1𝑉𝑉m (mN/m) 

Case 1 23 17.1 72.7 

Case 2 33 17.1 72.7 

Case 3 43 17.1 72.7 

Case 4 63 17.1 72.7 

Case 5 73 17.1 72.7 
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Figure 55 represents the attachment of the lubricant to the impact liquid drop at instance of 

t= 5ms for the five different cases of lubricants. Figure 56 represents for a later time at t 

=10ms. For the both the time instances, it is seen that the lower the interfacial tension, the 

more it attaches and adheres to the drop as it spreads and retracts. Also noticeable is that 

the drop which is under motion of spreading and retracting, does not necessarily form a 

fully triangulated ridge (also known as lubricant skirt), as proposed by many other 

literatures, but rather a continually evolving thin film that is an offset from the drop surface.   

 

Figure 55: Thin layer of lubricant forming wetting ridge at the bottom vicinity of the 
drop, shown at t=5ms. 
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Figure 56: Thin layer of lubricant forming wetting ridge at the bottom vicinity of the 
drop, shown at t=10ms. 
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Figure 57: Horizontal Shift of the wetting ridge peak (triple point) over time for five 
different cases 

 

The horizontal shift of the triple point (the wetting ridge peak) is shown in Figure 57. It is 

important to note that at higher interfacial tensions, namely 𝜎𝜎𝐿𝐿1𝐿𝐿2 = 63 𝑚𝑚𝑚𝑚/𝑚𝑚 and  

𝜎𝜎𝐿𝐿1𝐿𝐿2 = 73 𝑚𝑚𝑚𝑚/𝑚𝑚, the drop dynamics resembles the behavior of a drop spreading and 

retracting on a semi-solid surface. Considering the total simulation period of t = 2ms, the 

lower interfacial cases of 𝜎𝜎𝐿𝐿1𝐿𝐿2 = 23 𝑚𝑚𝑚𝑚/𝑚𝑚 and  𝜎𝜎𝐿𝐿1𝐿𝐿2 = 33 𝑚𝑚𝑚𝑚/𝑚𝑚 has much less 

horizontal spreading than in the case of higher interfacial cases and therefore the cloaking 

event takes place much earlier than in the case of higher interfacial cases.  
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Figure 58: Increasing Interfacial Tension between the water drop and the lubricant reduces 
cloaking: From top to bottom: a) 23 mN/m b) 33 mN/m c) 43 mN/m d) 63 mN/m e) 73 
mN/m .  

 

Figure 59: Fluctuation of the vertical velocity of the drop impacting on different 
lubricant-water interfacial tensions. 

The vertical velocity of the drops impacting on different lubricant-water interfacial 

combinations are tracked and presented in the Figure 59. Similar to a flat solid substrate, 

there is a lot of fluctuations in the vertical velocity as the drop spreads and retracts, but 

with lower interfacial tensions, the drop is absorbed and comes to static velocity quickly 

(plateauing close to the zero-eth line). This inherently stops the drop motion by restricting 

the movement, and therefore results in a complete and accelerated cloaking behavior.   
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CHAPTER VI 
CONCLUSION 

 

In this study we investigated the impact of water drops on dry and slippery lubricant and a 

lubricant-infused substrate at varying speeds and varying contact angles. A highly intiricate 

and accurate interface reconstruction method, known as the Moment-of-Fluid (MOF) has 

been employed to solve the numerical study involving multiphases/multimaterials. Several 

degrees of refinement, using Adaptive Mesh Refinement(AMR) were used at the interfaces 

of different phases/materials to accurately capture the movement and the dynamics of the 

water droplets that impacted the solid and the lubricant infused surfaces. It was found that 

drops on the dry micro-well had a smaller wetting area and spreading ratio than those on 

the flat surface. Furthermore, drops were observed to jump off the micro-well substrate for 

a range of impact velocities, unlike on the flat surface. Our analysis of the wetted area ratio 

revealed that the micro-well substrate had less solid-liquid adhesion, leading to more water-

repelling behavior than the flat substrate. Additionally, we developed a regime map to 

investigate drop impact behavior for different velocities and contact angles. Finally, we 

compared the micro-well and micro-pillar substrates and observed that the micro-well 

remained unwetted over a wider area. For the droplet impact study on the lubricant layer, 

cloaking phenomenon was seen, where the lubricant encapsulates slow-moving drops on 

the slippery lubricant layer. A measurement for the thickness of the lubricant layer has been 

found to be changing dynamically as the water droplet undergoes spreading and receding 

motion over time. When the speed of impact is increased, the cloaking effect disappears, 
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and a water-lubricant mixture of lamella-jetting/ejection is produced. At even higher 

impact speeds, a secondary impingement occurs, which causes the exposed surface to come 

in contact with water due to excessive lubricant drainage. To address this issue, micro-well 

structures with varying pitch distances were introduced and imaging technique is used to 

compare the performance of the plane surface without micro-wells. This study confirms 

that certain spacing between micro-well structures is more effective in limiting lubricant 

drainage and splashing. Furthermore, the potential for enhancing preservation and refilling 

of lubricant using micro-wells has been demonstrated and such structures in aircraft bodies 

instead of plain surfaces were found to be highly advantageous. 
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