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ABSTRACT

Jet and Droplet Impingement on Superhydrophobic Surfaces

Jonathan Glenn Stoddard
Department of Mechanical Engineering, BYU 

Master of Science

The effect of superhydrophobicity on liquid water impingement on a flat horizontal surface
was explored. The surfaces combined a hydrophobic surface chemistry with a patterned microstuc-
ture in order to produce high contact angles with water. Three sets of experiments were performed,
one for jet impingement and two for droplet impingement, which advance previous work in char-
acterizing the interaction of water and superhydrophobic surfaces.

Jet impingement experiments were performed to characterize a transitional regime between
an unsubmerged and a completely submerged superhydrophobic surface by varying an imposed
downstream depth. For low downstream depths, the surface remained unsubmerged and displayed
only break up of the thin film, while at high downstream depths, the surface was completely
submerged and only a hydraulic jump occurred. Within the transition, the surface was partially
submerged and both thin film breakup and a hydraulic jump were observed. Experiments were
performed for three Reynolds numbers, Re, ranging from 1.9×104 to 2.2×104 (based on the vol-
ume flow rate). For all Re, the transition was characterized by a reduction in the hydraulic jump
radius as downstream depth increased. Also, as Re increased, the downstream depths over which
the transition occurred was greater.

When a droplet impinges on a surface covered with a liquid film, a thin liquid wall, or
crown, forms and propagates outward. Here a comparison of this crown dynamic was made for
smooth hydrophilic surfaces and superhydrophobic (SH) surfaces patterned with post or rib micro-
features. Due to the high contact angle of the SH surfaces, a relatively thick film (h ≈ 5 mm) of
water was required to maintain a film. This resulted in negligible differences between the surfaces
utilized. Droplet train impingement on the same post and rib SH surfaces was also investigated.
When each individual droplet impinged on the surface, a crown formed which spread out radi-
ally until reaching a semi-stable or regularly oscillating breakup diameter. At this point, the water
would either build up or breakup into droplets or filaments and then continue radially outward. In
some cases the crown would break up, causing splashing. A comparison to previous experiments
on hydrophilic surfaces shows a distinct difference in splashing at low frequency. The breakup di-
ameter was measured over a Weber number range of 72-2800. The data was collapsed as a function
of a combination of the Reynolds number (Re), Capillary number (Ca), and Strouhal number (St),
resulting in Re0.7CaSt. The rib SH surface displayed an elongated breakup due to the anisotropic
surface features. The breakup diameter for the droplet train was compared to the breakup diameter
which has been shown to occur with a jet impinging on a SH surface.

Keywords: superhydrophobic surfaces, jet impingement, droplet impingement, droplet train
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CHAPTER 1. INTRODUCTION

1.1 Motivation

Fluid dynamics involving superhydrophobic (SH) surfaces has been of great interest in

recent research. This is due to the manner in which these surfaces alter the fluid flow compared to

smooth hydrophilic and even hydrophobic surfaces. Initially, SH surfaces were observed in plants

and insects. The lotus leaf, for example, utilizes wax coated papillae to cause water from rain or

dew to build up and roll off. As droplets roll off, they remove particulates to keep the leaf fully

exposed to sunlight. High contact angles, due to reduced liquid adhesion to the surface, result

in interfaces with surfaces tension acting opposite from a hydrophilic surface. Such high contact

angles promote quick droplet removal from these surfaces resulting in self-cleaning properties.

The surface tension at these interfaces promotes liquid breakup in instances of jet and droplet train

impingement. In the case of a liquid jet impinging a SH surface, the spreading thin film formed

by the impingement breaks up into droplets instead of forming a hydraulic jump as it would on a

hydrophilic surface. This, however, has been shown to occur only when hydrostatic forces are also

reduced, which will otherwise revert to having a hydraulic jump.

Another characteristic of SH surfaces is an apparent slip which occurs due to the liquid

sitting above air filled cavities with reduced shear. When the scale of flow nears that of the mi-

crofeatures, as does the thin film in jet or droplet impingement, the effect of this slip becomes

appreciable. By using patterned surface features, such as microribs, the effect of the slip can be

utilized to decrease skin friction and, in the case of anisotropic surface features, partially redirect

the flow.

Both jet and droplet impingement are common in heat transfer operations, but primarily

utilize hydrophilic surfaces. However, SH surfaces have properties which would be beneficial,

such as self-cleaning and liquid removal. Recent research has focused on describing the unique

hydrodynamic properties involved in jet and droplet impingement on SH surfaces, including jet
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impingement on submerged and unsubmerged SH surfaces and single droplet impingement on dry

SH surfaces. This research seeks to increase understanding by exploring a transition regime in

which a jet impinges on a partially submerged SH surface. Similarly, the dynamics of droplet

impingement on a liquid coated SH surface and droplet train impingement on a SH surface are

explored.

1.2 Background

1.2.1 Superhydrophobicity

SH surfaces are characterized by their high contact angle, θ > 120°, as shown in Figure 1.1,

and are a result of hydrophobic surface chemistry combined with a micro or nano surface structure.

The high contact angle is due to the reduced adhesion of the liquid to the surface. This allows the

surface tension of the liquid to pull the liquid into a sphere in order to reduce the thermodynamic

energy [2]. The lotus leaf is often referred to as a prime example of a SH surface, where the leaves

use hydrophobic waxes covering a micro-topography of papillae [3]. There are various approaches

to duplicate this phenomenon. Etching silicon or growing carbon nanotubes are common methods

developed to generate a microstructure [4]. These methods can be utilized to create random or

carefully patterned microstructures such as posts or ribs as shown in Figure 1.2. Other methods,

such as using abrasives or a spray-on coating, will only allow for randomized microstructures.

Natively hydrophilic surfaces (surfaces with θ < 90°) are often coated with a hydrophobic coating

such as wax or Teflon®. An important characteristic of these surfaces is the cavity fraction, Fc =

Figure 1.1: Drawing of a droplet of water sitting on a SH surface. The contact angle, θ , is the
angle from the surface in contact with the water to the liquid surface extending outward.
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Figure 1.2: SEM images of microscale rib (left) and post (right) surface topographies as designed
and created with common photolithography techniques on silicon wafers.

Ac/(Ac +As), defined as the ratio of the cavity area, Ac, and the total projected area of the cavity

and microfeatures, Ac+As. For the rib surface in Figure 1.2 the cavity fraction is Fc = wc/w where

wc is the width of the cavity and w is the width of a rib and cavity.

There are two states which exist with SH surfaces, Cassie-Baxter and Wenzel, as shown in

Figure 1.3. In the first the liquid remains above the cavities of the microstructure in what is termed

the Cassie-Baxter state. The meniscus between structures is maintained by the surface tension.

If the pressure exceeds the Laplace pressure, defined as ∆P = σ(1/R1 + 1/R2), where σ is the

surface tension and R1 and R2 are the radii of curvature of the meniscus, then the fluid penetrates

the cavities. When the surface wets in this fashion, it is termed the Wenzel state and the surface has

a reduced contact angle [5]. The apparent contact angle, φ∗, is shown in Equation 1.1 as a function

θ θ

(a) (b)

Figure 1.3: Drawing of a droplet of water sitting on a SH surface in the (a) the Cassie-Baxter state
with the liquid sitting above the mircrostructure and (b) Wenzel state with the liquid penetrating
the microstructure.
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of cavity fraction, Fc, the initial contact angle, φ , and the roughness ratio of the wetted area over

the projected area, rw [6].

cos(φ∗) = rw(1−Fc)cos(φ)− fc (1.1)

For φ larger than 90°, φ∗ increases as Fc increases.

Because of the liquid-air interface in the cavities of the microstructure, if a uniform liq-

uid is flowing above the surface the shear at these cavities is negligible and the total shear at the

surface decreases. This decrease is characterized by an apparent slip at the surface as shown in

Figure 1.4 [7–9]. The slip can be expressed by the slip length, which is the projected length into

the surface where the velocity would reach the no-slip condition. The magnitude of slip increases

for increasing Fc and w [10]. Slip at the surface reduces friction drag, which is desirable in mi-

crochannels and microfluidic devices where viscous effects from the wall require large pressure

gradients to drive the flow [11].

In addition to drag reducing mechanisms, research has displayed self-cleaning attributes in

which liquid droplets roll off SH surfaces while removing particulates [12]. This property makes

SH surfaces useful in heat transfer applications where self-cleaning reduces fouling, which in turn

increases the consistency of heat transfer [13]. In condensers, condensation buildup is decreased

by allowing water to roll or even jump off surfaces [14]. Recent research has also demonstrated

potential anti-icing properties of SH surfaces due to water droplets leaving the surface before

freezing and by reducing nucleation [15].

Slip Length

Velocity

Profile
Liquid

Figure 1.4: Schematic of a liquid flowing over a surface displaying a partial slip velocity.
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Since this work focuses on the effect of superhydrophobicity on jet and droplet impinge-

ment, a background of these areas of research are given next.

1.2.2 Jet Impingement

When a jet impinges on a surface, it spreads out into a thin film as shown in Figure 1.5. The

thin film radial velocity decreases as it moves outward due to viscous drag and radial spreading.

The fluid momentum for a thin slice of the spreading film is defined as M =
∫

ρV 2dA, where ρ is

the density, V is the velocity profile across the thickness of the film, and A is the cross-sectional area

(spanning the circumferential length and film thickness). Once the velocity decreases sufficiently,

M will reach a balance with the hydrostatic force, FH , of a resulting or imposed downstream

depth [16]. At this radius, RH , a hydraulic jump is created where the surface height of the liquid

becomes that of the downstream depth, h. Surface tension, FS, can also play a role, acting radially

inward from the hydraulic jump. Bush and Aristoff showed that surface tension will decrease the

hydraulic jump radius, but the effect is diminished as the jump radius increases [17]. Prince et

al. modeled slip on the surface in the thin film region and found the presence of slip resulted

in increased momentum, which increased the jump radius. This effect was more pronounced for

greater jump radii as slip had greater area over which to exert influence [18]. The model used by

Prince et al. [19] has been compared to jet impingement on SH surfaces patterned with microribs

[20]. The model showed good agreement to the data with a maximum deviation of 8% in the

direction of the ribs and 10-16% in the direction transverse to the ribs. The error in the transverse

2a

h
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Thin Film Region

Jet
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FH FS

Figure 1.5: Diagram showing a side view of hydraulic jump formation due to a laminar jet imping-
ing on a surface. The dominant forces are shown at the location of the hydraulic jump.
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direction was attributed to utilizing an inaccurate value of slip in the transverse direction, but

was not explored further. Johnson [20] and Prince et al. [19] found that altering the pattern on

the surface (e.g., ribs or posts) can change the resulting shape of the hydraulic jump due to the

difference in slip in each direction. Both also showed that as the downstream depth was increased

or Weber number, We = ρV 2d/σ , decreased, the hydraulic jump diameter decreased due to an

increase in the hydrostatic force compared to the fluid momentum.

It has been demonstrated that without an imposed downstream depth, jet impingement on

a hydrophobic or SH surface can result in breakup of the thin film instead of a hydraulic jump

[20, 21]. Figure 1.6 shows jet impingement and thin film breakup on a SH surface. In this case,

the high contact angle results in a significant surface tension force pulling inward. This causes the

thin film on the surface to break up into droplets due to surface tension forces at a critical location

denoted as the breakup radius, RB. At this point, the force due to momentum, M, balances with

the surface tension, FS. Johnson [20] and Maynes et al. [21] demonstrated that at a Weber number

of about 1000, breakup of the thin film into droplets began occurring. At this condition there is

enough momentum to generate droplets that continue to move outward. Otherwise, the fluid flows

outward as filaments or simply builds up on the surface. Droplet coalescence and periodic pooling

on the surface just beyond the point of breakup can occur until We > 1500, in which case the

droplets contained enough residual momentum to carry them completely off the surface. It was

shown that as We increased, the breakup radius increased due to the increased thin film momentum

allowing it to spread further before surface tension caused breakup [13, 20, 21].

2a

RB

Thin Film Region

Jet

Breakup

M

FS

Figure 1.6: Diagram showing a side view of breakup of the thin film due to a laminar jet impinging
on a SH surface. The dominant forces are shown at the location of breakup.

6



1.2.3 Droplet Impingement

The dynamics of a single droplet impinging on a hydrophilic surface are dominated by in-

ertial, viscous, and surface tension forces. The impingement process is characterized by spreading

of the droplet and rebounding capillary waves while the bulk of the droplet volume is stationary on

the surface where impingement occurred. At high impact velocities, peripheral splashing can occur

as well [22]. If a droplet impinges a hydrophobic or SH surface, the droplet retracts and can lift

off the surface [23]. Figure 1.7 compares droplet impingement on a hydrophilic surface to that of a

SH surface in a sequence of images. In the SH scenario where a micro or nano-structure is present,

at the location of droplet impact the stagnation pressure may exceed the Laplace pressure, forcing

fluid into the normally air filled cavities and pinning the droplet to the surface [24]. For large

impact velocities, perturbations in the droplet symmetry cause fingering, or a non-uniform droplet

perimeter. At even higher impact velocities the fingering protrusions break off, resulting in periph-

eral splashing. For SH surfaces, this splashing occurs at lower impact velocities than hydrophilic

surfaces. Also, the droplet has been shown to experience differing shear stresses dependent on the

surface microfeatures [25].

Hydrophilic

SH Surface

Figure 1.7: Sequence of images of a droplet impinging a smooth hydrophilic surface (Top) and a
SH surface (Bottom).
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When a droplet impacts a hydrophilic surface completely wetted by a liquid film, a remark-

ably different process ensues. This type of impingement is important in spraying applications, such

as cooling or painting operations, as well as with falling rain. In these processes, a film of liquid

is left behind by previous droplets. Spreading and splashing still occur, but a crown is formed

at the leading edge and the thin film promotes increased splashing at the top of the crown, going

upward. Cossali et al. [1] subdivided the process into four separate phases: droplet impact, crown

formation, jet formation and break-up, and crown collapse (see Figure 1.8). A crown is formed at

the leading edge of the spreading droplet and propagates outward while the crown height grows

and then dissipates. The film eventually collapses inward and results in liquid jetting upward. If

the momentum within the crown is sufficient, breakup of the crown, or splashing, occurs. Droplets

produced by splashing separate from the top of the crown and have a significant vertical velocity

component. Vander Wal et al. [26] investigated the effect of film thickness on the impingement

dynamics by using the film thickness to droplet diameter ratio, δ = h/d, to give two regimes. The

first regime, 0.1 ≤ δ ≤ 1, exhibited two modes of splashing, prompt and delayed. The prompt

splashing, which occurs immediately after impact with the film, has little effect on the impinge-

ment process due to the low amount of mass ejected. Delayed splashing is caused by instabilities

in the rim of the crown causing jetting and breakup. The second regime, 1≤ δ ≤ 10, was charac-

terized by reduction in the prompt splashing and inhibited delayed splashing which resulted in an

d

Liquid Film

Crown Formation

H D

Crown Collapse

and Jetting

Jet Formation

and Breakup

H D

Droplet Impact

h

Figure 1.8: Diagram showing the temporal progression of a droplet impinging on a surface covered
with a liquid film.
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overall decrease in splashing. Alternatively, Cossali et al. [27] suggested two regimes based on a

comparison with the surface roughness, Ra. A thin liquid film was described as h� Ra, where the

surface had a weak influence. A very thin film was then for h≈ Ra, where the surface had a strong

influence. The primary effect of increased surface roughness was an increase in splashing.

While most research has focused on the effects of splashing, there have been several ex-

periments performed and models created to track the evolution of the crown properties of height,

diameter, and thickness [1, 27–29]. There are some discrepancies, especially between models and

experiments involving film thicknesses above δ = 0.29 [1]. While the models indicate a significant

increase in the crown height and diameter at any given time as the film thickness increases, experi-

ments ranging from δ = 0.29−1.13 have demonstrated a very weak influence with film thickness.

Even so, all are in agreement that an increase in We results in an increase in the crown diameter at

a given time and an increased maximum crown height.

1.2.4 Droplet Train

A droplet train is a series of fluid droplets which move in sequence along the same trajec-

tory. In practice, droplets will not usually be uniform in size, trajectory, or frequency of impact.

Spray cooling, for instance, will have many fluid droplets impinging randomly across a surface,

which has been shown by Sivakumar [30] to give differing results than a uniform droplet train.

However, an investigation into the characterization of the impingement process can be made, and

in the case of certain printing applications, these droplet trains do accurately describe the process

as the ink droplets are guided precisely to certain locations in order to gain high resolution. As each

droplet hits the surface they follow the general dynamics of a single droplet hitting a surface with a

thin film of the same fluid. If the frequency of impinging droplets is low, then the crown collapses

before each subsequent impingement and remains as if it were a single droplet. By increasing the

frequency, subsequent droplets will impinge before the crown collapses as shown in Figure 1.9. In

this case, each droplet impinges on the thin film created by the previous droplet. When this occurs

on a hydrophilic surface, a quasi-steady crater is maintained by the periodic outward momentum

of each crown. [31].

Since breakup within the crown rim is not affected by the previous or subsequent crowns,

splashing dynamics are usually considered the same as for a single droplet impinging a thin film.
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Figure 1.9: Diagram showing a droplet train impinging on a surface.

Thus the relations described previously are used for both. There is a potential difference due to the

presence of the crater in droplet train impingement which was not accounted for in previous work.

Yarin and Weiss, for example, used a curved surface to keep any liquid from building up [28].

While no study has done so for a droplet train, jet impingement with an imposed film thickness

has shown that the hydraulic jump, or crater, will decrease as the film thickness increases [20, 21].

If this occurred for a droplet train, it may interfere with the splashing dynamics.

A combination of a droplet train model and experiments were performed by Yarin and

Weiss [28]. They predicted the onset of splashing using the following equation:

ε = (αν
1/2 f 2/3)/(ρV 4

0 ) (1.2)

Where α is the surface tension, ν the kinematic viscosity, f the droplet frequency, ρ the fluid

density, and V0 the droplet impact velocity. It was determined that splashing occurs when ε is

less than a nominal value of 18−4. Yarin and Weiss also experimentally determined the splashing

threshold for a range of frequencies and impact velocities. Doing so, they found a correlation

for the splashing threshold as Ca = Cλ 3/4, where Ca = (µV )/σ is the Capillary number, λ =

(ν/ f )1/2σ/(ρν)2, and C is a constant with a weak dependence on surface roughness. For a given

λ , splashing occurred for values of Ca above the splashing threshold, and values below resulted in

deposition (no splashing). As λ increased, the value of Ca required to cause splashing decreased.
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1.3 Thesis Organization

This thesis consists of three stand-alone papers which explore the dynamics of droplet and

jet impingement on SH surfaces. Each will describe a different dynamic and how it compares with

and differs from the more commonly studied hydrophilic surface dynamics. The first, Chapter 2,

identifies and analyzes a transition regime within jet impingement on a superhydrophobic surface

due to a varying imposed downstream depth. This transition occurs between regimes of thin film

breakup on a free surface and formation of a classical hydraulic jump due to an imposed down-

stream depth. It is characterized by the presence of both thin film breakup and a free hydraulic

jump. The range over which the transition occurs and its relation to previous work is reported.

Chapter 3 then reports the crown dynamics of a droplet impinging a superhydrophobic surface

coated with a liquid film, with comparisons to a smooth hydrophilic surface. Chapter 4 gives the

results of droplet train impingement experiments on a superhydrophobic surface. Observations of

the dynamics are made along with noted anomalies. A comparison of splashing dynamics is made

to previous experiments on hydrophilic surfaces. Measured breakup diameter data is examined and

compared between post and rib microfeatures. The breakup diameter for droplet train impingement

is then compared to that of jet impingement. The thesis results are then summarized in Chapter 5.
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CHAPTER 2. JET IMPINGEMENT ON SUPERHYDROPHOBIC SURFACES AND
THE TRANSITION FROM BREAKUP TO HYDRAULIC JUMP FORMATION

2.1 Abstract

When a jet impinges on a hydrophilic surface or a superhydrophobic (SH) surface with

an imposed downstream depth, a hydraulic jump forms. If a jet impinges on an unimmersed

SH surface, thin film breakup occurs. Here we explore the transitional regime between thin film

breakup and a classical hydraulic jump for jet impingement on a SH surface. Silicon wafers were

utilized with a surface topology of an array of microposts 12-16 µm tall, a pitch of 16.5 µm, and

had a cavity fraction, Fc, of about 87%. A hydrophobic coating was applied, achieving contact

angles of 140 to 150 degrees. It is shown that for a range of imposed downstream depths, either

thin film breakup, a hydraulic jump, or both can occur. Experiments were performed for a range

of three Reynolds numbers from 1.9×104 to 2.2×104 (based on the volume flow rate). The range

of Re was limited by insufficient momentum and jet collapse at low Re and surface robustness at

high Re. For all Re, the transition was characterized by a reduction in hydraulic jump radius as

downstream depth increased until reaching the jet breakup radius. For larger Reynolds numbers,

the downstream depths over which the transition occurred was greater.

2.2 Introduction

2.2.1 Superhydrophobicity

Fluid dynamics involving superhydrophobic (SH) surfaces has been of great interest in

recent research. This is due to the manner in which these surfaces alter the fluid flow compared

to smooth hydrophilic and even hydrophobic surfaces. SH surfaces are characterized by their high

contact angle, θ > 120°, as shown in Figure 2.1. This material property is ideal in situations

requiring reduced liquid/surface contact area. In order to achieve such high contact angles, a
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hydrophobic coating must be applied to a microstructured surface if it is not natively hydrophobic.

The microstructure enhances the hydrophobicity of the surface when the fluid sits above the air

cavities between the microstructure (Cassie-Baxter state). If the pressure exceeds the Laplace

pressure, defined as ∆P = σ(1/R1 +1/R2), where σ is the surface tension and R1 and R2 are the

radii of curvature of the meniscus, then the fluid penetrates the cavities. When the surface wets in

this fashion, it is termed the Wenzel state and the contact angle is lower [5].

Figure 2.1: Drawing of a droplet of water sitting on a SH surface. The contact angle, θ , is the
angle from the surface in contact with the water to the liquid surface extending outward.

The lotus leaf is often referred to as a prime example of a SH surface, where the leaves use

hydrophobic waxes covering a micro-topography of papillae [3]. There are various approaches to

duplicate this phenomenon. Etching silicon or growing carbon nanotubes are common methods de-

veloped to generate micro, or nano, structures [4]. These methods can be utilized to create random

or carefully patterned microstructures such as posts or ribs. Other methods, such as using abra-

sives or a spray-on coating, will only allow for randomized microstructures. Natively hydrophilic

surfaces (surfaces with θ < 90°) are often coated with a hydrophobic coating (such as wax or

Teflon®) to render them SH. These surfaces have been shown to decrease condensation buildup on

condensers by allowing water to roll or even jump off surfaces [14]. When in the Cassie-Baxter

state, SH surfaces display an apparent slip velocity near the surface due to negligible shear at the

water-air interface over the cavities [7–9]. The slip is a function of the distance between adjacent

microstructures (pitch) and the fraction of water in contact with air (cavity fraction). An increase in

either of these surface properties results in an increase in the slip [10]. This decreases the friction
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drag, which is desirable in microchannels and microfluidic devices where viscous effects from the

wall require large pressure gradients to drive the flow [11].

2.2.2 Jet Impingement

Jet impingement is a common process, especially in many heat transfer operations. Because

of the self cleaning and liquid removal properties, SH surfaces may be useful in these applications.

While the effects of superhydrophobicity have been examined for jet impingement, we focus here

on hydraulic jump dynamics due to a transition between an unsubmerged and a completely sub-

merged SH surface. When a jet impinges on a surface, it spreads out into a thin film as shown

in Figure 2.2. The thin film radial velocity decreases as it moves outward due to viscous drag

and radial spreading. The fluid momentum for a thin slice of the spreading film is defined as

M =
∫

ρV 2dA, where ρ is the density, V is the velocity profile across the thickness of the film, and

A is the cross-sectional area (spanning the circumferential length and film thickness). Once the

velocity decreases sufficiently, M will reach a balance with the hydrostatic force, FH , of a result-

ing or imposed downstream depth [16]. At this radius, RH , a hydraulic jump is created where the

surface height of the liquid becomes that of the downstream depth, h. Surface tension, FS, can also

play a role, acting radially inward from the hydraulic jump. Bush and Aristoff showed that surface

tension will decrease the hydraulic jump radius, but the effect is diminished as the jump radius in-

creases [17]. Prince et al. modeled slip on the surface in the thin film region and found the presence

of slip resulted in increased momentum, which increased the jump radius. This effect was more
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Figure 2.2: Diagram showing a side view of hydraulic jump formation due to a laminar jet imping-
ing on a surface. The dominant forces are shown at the location of the hydraulic jump.
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pronounced for greater jump radii as slip had greater area over which to exert influence [18]. The

model used by Prince et al. [19] has been compared to jet impingement on SH surfaces patterned

with microribs [20]. The model showed good agreement to the data with a maximum deviation

of 8% in the direction of the ribs and 10-16% in the direction transverse to the ribs. The error

in the transverse direction was attributed to utilizing an inaccurate value of slip in the transverse

direction, but was not explored further. Johnson [20] and Prince et al. [19] found that altering the

pattern on the surface (e.g., ribs or posts) can change the resulting shape of the hydraulic jump

due to the difference in slip in each direction. Both also showed that as the downstream depth was

increased or the Weber number (We = ρV 2d/σ ) decreased, the hydraulic jump diameter decreased

due to an increase in the hydrostatic force compared to the fluid momentum.

It has been demonstrated that without an imposed downstream depth, jet impingement on

a hydrophobic or SH surface can result in breakup of the thin film instead of a hydraulic jump

[20, 21]. Figure 2.3 shows jet impingement and thin film breakup on a SH surface. In this case,

the high contact angle results in a significant surface tension force pulling inward. This causes the

thin film on the surface to break up into droplets due to surface tension forces at a critical location

denoted as the breakup radius, RB. At this point, the force due to momentum, Fm, balances with

the surface tension, FS. Johnson [20] and Maynes et al. [21] demonstrated that at a Weber number

of about 1000, breakup of the thin film into droplets began occurring. At this condition there

is enough momentum to generate droplets that continue to move outward. Otherwise, the fluid

flows outward as filaments or simply builds up on the surface. Droplet coalescence and periodic
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Figure 2.3: Diagram showing a side view of breakup of the thin film due to a laminar jet impinging
on a SH surface. The dominant forces are shown at the location of breakup.
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pooling on the surface just beyond the point of breakup can occur until We > 1500, in which case

the droplets contained enough residual momentum to carry them completely off the surface. It was

shown that as We increased, the breakup radius increased due to the increased thin film momentum,

allowing it to spread further before surface tension caused breakup [13, 20, 21].

The dynamics of both the hydraulic jump and thin film breakup have been explored. How-

ever, when a downstream depth is imposed, droplets moving outward may create a hydraulic jump

which is unattached to the thin film. This combined breakup to hydraulic jump situation is investi-

gated here.

2.3 Methods

In order to perform the experiments, SH surfaces with a patterned microstructure were

produced in-house. Also, a setup was designed and built in order to produce a water jet which

would impinge on the SH surface. The setup included a method for maintaining a downstream

depth as well as collect needed measurements.

2.3.1 SH Surface Fabrication

All surfaces were fabricated from 4 inch diameter silicon wafers, and existing photolitho-

graphic methods were utilized to make a grid pattern of round microposts on the wafers. First, the

silicon wafers were coated with a negative photoresist. Using an aligner, a mask was positioned on

top of a wafer and exposed. The wafers were subsequently developed so as to remove the unex-

posed photoresist resulting in the desired pattern. The wafers were then etched using deep reactive-

ion etching (DRIE) and the remaining photoresist subsequently removed. As seen in Figure 2.4 the

microposts were cylindrical structures nominally 12-16 µm tall, a pitch of 16.5 µm, and a cavity

fraction Fc of about 87%. In order to allow good adhesion of a hydrophobic coating, the surfaces

were coated with a thin chromium layer (100 nm) using a thermal evaporator. These surfaces were

then coated with a thin layer of Teflon® (<200 nm) which, along with the microstructure, render

the surfaces superhydrophobic. The static contact angle, θ , for all surfaces was nominally 165°,

with receding and advancing contact angles of nominally 140° and 168° respectively.
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Figure 2.4: SEM images of the microscale post surface topography as designed and created with
common photolithography techniques on a silicon wafer.

2.3.2 Experimental Setup and Measurements

As shown in Figure 2.5, water was pressurized in a tank and connected via a valve to a noz-

zle. The exiting water flow was directed vertically downward, impinging on the wafer placed in a

flat position below the nozzle. The distance of the nozzle above the wafer was such that there were

negligible effects from gravity and no Rayleigh instabilities (breakup of the jet) were observed.

The setup allowed for control of the flow through a needle valve and measurement of flow speeds

using an in-line flow meter. The jet radius, a, was controlled by the nozzle size, and was constant

at 0.6 mm for all experiments. The wafer was placed in a reservoir with the downstream depth

initially set slightly below the depth required to collapse a hydraulic jump, as discussed in Sec-

tion 2.4.1. Through the course of the experiment, the reservoir would fill gradually, thus increasing

the downstream depth. This continued until a classical hydraulic jump was achieved.

A CCD camera was oriented above the wafer at an angle relative to the plane of the wafer to

provide a nearly top down view. The camera captured video at 30 fps throughout the experiment of

the breakup and hydraulic jump. The radii of breakup and the hydraulic jump were then measured

throughout each video. Because of thin film breakup, the downstream depth is disconnected from

the thin film region and cannot affect breakup location. Thus, the breakup radius remained constant

for each test and the measurements were averaged over several frames to obtain a single value.

The hydraulic jump radius varied throughout the experiment, and was measured so that each data

point corresponded to a single frame captured at a known time. By measuring the initial and final
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Figure 2.5: Setup of apparatus used to perform jet impingement experiments.

downstream depths, and assuming a linear increase in height within the reservoir, the height at

any given time was determined. The hydraulic jump radius can then be found as a function of

downstream depth. The change in downstream depth was nominally 1-1.6 mm and changed at a

rate of nominally 36-48 µm/s.

The measured breakup radius, RB, and hydraulic jump radius, RF , vary with the fluid’s

impingement velocity, downstream height, viscosity, and surface tension. This paper only uti-

lizes changes in impingement velocity by altering the volume flow rate, Q, and changes in the

downstream height, h. Q was varied from 0.18 to 0.21 gpm. Reynolds number was defined as

Re = Q/(νa), where ν is the kinematic viscosity. The resulting variation in Re was from 1.9×104

to 2.2×104 over four tests, with the Re = 2.2×104 case performed twice.

The measurement uncertainty for the downstream depth was determined to be less than 2%

while for the radii the maximum uncertainty was 3.5%. The repeatability was determined with

the replication of the test at Re = 2.2×104, resulting in a maximum uncertainty of 14.5%, and an

average uncertainty of 5.3%. This error is largely due to the natural fluctuations in the hydraulic

jump radius. A fit of the data was utilized which somewhat mitigated the fluctuations.
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2.4 Results

2.4.1 Critical Downstream Depth

Without an impinging jet, water will either remain completely off or cover the surface due

whether the downstream depth is small or large. In Figure 2.6 is shown a schematic of the forces

acting on the liquid and an image of the liquid as it collapses inward on a SH surface. Due to

the high contact angle, the force of surface tension is directed radially outward as depicted by Fs.

Also, due to the imposed downstream depth, a hydrostatic force, FH , is directed radially outward.

Balancing the hydrostatic and surface tension forces gives an equation for the critical downstream

depth, h =
√

2σ(1− cos(θ))/ρg, at which the liquid will collapse onto the surface covering it

completely. For the surface shown, with θ = 165°, this results in a downstream depth of 5.12 mm,

above which the liquid will immediately collapse. Experiments on the SH surface gave a depth of

nominally 5 mm, which is in good agreement. This height is a lower bound, and at lower values

the liquid will pull completely off the wafer surface.

h

No Fluid

Downstream Depth

FH

FS

Figure 2.6: Diagram and image showing an imposed downstream depth on a SH micropost surface.
The center of each is void of water. The image was taken as the jump began to collapse due to the
downstream depth.

2.4.2 Transition Regime

If a jet is impinging on a SH surface, greater downstream depths can be achieved before

the liquid collapses due to the added momentum of the fluid. Specifically, we look at the transition
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regime where the thin film on the SH surface breaks up and the spreading droplets balance with

the downstream depth. This transition is shown in Figure 2.7 displaying both breakup and the

hydraulic jump. In this instance, the hydraulic jump is not attached to the thin film. It is character-

ized by both a breakup radius, RB and a hydraulic jump radius, RF . At breakup, there is a balance

between the surface tension, FS, and the momentum, FB =
∫

ρV 2
B dA, just as in Figure 2.3. At the

hydraulic jump, a balance between the surface tension, FS, and hydrostatic force, FH , is the same as

Figure 2.6, but a momentum term, M =
∫

ρV 2dA, from the droplets is added. As the downstream

depth increases above the critical height, the downstream fluid encroaches on the droplet region.

Further increasing causes the downstream depth to completely engulf the droplets and a classical

hydraulic jump occurs with the surface completely submerged.

2a

RB

Thin Film Region

Jet

Breakup

RF

hFH
M

FB

FS

FS

Figure 2.7: Side view diagram showing breakup and hydraulic jump formation due to a laminar
jet impinging on a superhydrophobic surface. The dominant forces are shown at the location of
breakup and the hydraulic jump.

A series of images consisting of three regimes of flow are shown in Figure 2.8. The jet is

centered in the pictures with the thin film spreading out from the point of impingement. The first

region (a) is before the transition, where the downstream depth is insufficient to form a hydraulic

jump on the surface. The thin film breaks up and the resultant droplets spread freely radially

outward. The last region (c) is after the transition where a classic hydraulic jump forms. The

center image (b) shows the transition regime with the breakup radius and hydraulic jump showing

as concentric circles. Note the hydraulic jump is not perfectly circular. This deviation is due to the
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(a) (b) (c)

Breakup Hyraulic Jump

Figure 2.8: Sequence of images from CCD of jet impingement on a SH surface. Displayed are the
three regimes of flow. Before the transition (a) only breakup can be seen and after (c) only a classic
hydraulic jump occurs. The transitional regime (b) displays both breakup and a hydraulic jump.

irregularity of the incidence of droplets produced by the thin film breakup on the hydraulic jump.

The greatest source of variation found throughout the experiments was in these natural fluctuations.

There exists a lower bound on Re required to produce both breakup and the hydraulic jump.

Below Re of nominally 1.6-1.8×104 the momentum of the droplets produced by thin film breakup

is drastically reduced, such that there is no longer enough momentum to prevent the hydraulic jump

from collapsing. When this happens, no transition occurs. There was also a restriction in using

higher Re as the hydrophobic coating was quickly eroded away at Re much higher than 2.2×104.

While all data reported here was gathered using SH surfaces with a post microstructure,

video was taken using a rib microstructure for further insight. Figure 2.9 shows an image of the

transition regime for a jet impinging on a rib SH surface, having both thin film breakup and a

hydraulic jump. In the image, the hydraulic jump has collapsed in the transverse direction (perpen-

dicular to the ribs) such that the combined breakup and hydraulic jump only exists in the longitu-

dinal direction (parallel to the ribs). The thin film region is somewhat elongated and the hydraulic

jump is greatly elongated in in the longitudinal direction due to the redirection of the momentum

in the thin film caused by the ribs. Because of the limit on wafer size and the large elongation in

hydraulic jump, it was not possible to obtain data unaffected by the wafer edges on these ribbed

surfaces.
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Figure 2.9: An image of the transition regime containing both breakup and a hydraulic jump for a
jet impinging on a rib SH surface.

2.4.3 Transition Radius Data

The ratio of the jump radius to jet radius, R/a, for each tested Re is plotted as a function of

the normalized downstream depth, h/a in the left plot of Figure 2.10. The right plot in the figure

displays the data for Re = 2.0× 104. In this plot, the wafer radius is denoted by an x overlain on

a solid line. The dashed vertical line is the downstream depth, h/a, at which a hydraulic jump

collapses without jet impingement present. The measured average breakup radius, RB/a, is the

line denoted by the open square and is constant as it is a function of Re only. The line denoted with

an open circle represents the analytical model by Prince et al. [18] of the hydraulic jump location,

RH/a, for a given downstream depth. This model estimates the hydraulic jump for a submerged

surface with slip at the surface boundary. The hydraulic jump radius data, RF/a, is represented as

solid circles. The transition for this Re ranges from h/a = 8.9−9.8 which corresponds to a change

in h of nominally 0.6 mm. For downstream depths below this, the data remains at the wafer radius,
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Figure 2.10: Nondimensional jump radius, R/a, over the duration of an experiment as a function
of the nondimensional downstream depth, h/a. (Left) Data for each of the three Re tested. (Right)
Data for Re = 2.0×104, along with the three regimes of flow are shown along with the wafer size,
breakup radius, and analytical model radius. The critical downstream depth at which the hydraulic
jump collapses without a jet is also shown.

and only breakup occurs on the surface. The hydraulic jump stays off the surface until reaching

the transition and the hydraulic jump radius begins to decrease. It’s important to note that because

of the outward momentum of the droplets, the transition starts at a larger downstream depth than

the collapse height when no jet impingement is present. As the downstream depth increases, the

hydraulic jump collapses to slightly under the breakup radius. At this point a classical hydraulic

jump is formed and the transition ends. For downstream depths greater than this transition region,

the data follow the analytical model for a classical hydraulic jump.

A linear fit of the hydraulic jump radius data, in the transition region only, is shown in

Figure 2.11, solid lines with closed symbols, for all three Re explored. Again the breakup radius,

dashed lines with open symbols, and analytical model radius, solid line with open symbols, as

described for Figure 2.10, are plotted at each Re for reference. There are a few main observations.

First note the breakup radius increases with increasing Re as expected from previous work [13,21].

Second the hydraulic jump radius increases with increasing Re. At a given downstream depth, the

only difference is in the momentum of the jet which is then transfered throughout. Thus, the

increased jump radius is attributed to the increase in momentum the droplets carry from the thin

film breakup to the hydraulic jump. There is also an increase in the radius at which the hydraulic

jump collapses to the radius of breakup. The linear fit for both Re of 1.9×104 and 2.0×104 had R-
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Table 2.1: Table listing the ranges of downstream depth for each region (breakup with the hydraulic 
jump off the wafer, within the transition, and after collapse with a classical hydraulic

jump). Also, the slope and intercept is given for the transition region.
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Figure 2.11: Linear fits of nondimensional jump radius, R/a, are plotted for the transition regime
as a function of nondimensional downstream depth, h/a. Shown are Re of 1.9× 104, 2.0× 104,
and 2.2×104. The breakup radius and the analytical model radius are plotted as well.

squared values of 0.95, while the fit for Re of 2.2×104 had and R-squared value of 0.92. Table 2.1

presents the range of h/a for each region of flow and the slope and intercept of the fit within the

transition region. From the relatively small range over which the transition occurs, a change in

h/a of near unity, we can conclude that the impact of the droplets leaving the breakup radius is

relatively small when compared to the hydrostatic force imposed by the downstream depth. The

slight variation in slope of each of the lines may be attributed to error, but the sharp negative

trend in the slope of is consistent. For Re above what was tested, the same trends are expected

to continue. However, lower Re value the transition occurs abruptly due to reduced momentum

allowing immediate collapse of the hydraulic jump.

Re
Breakup Transition Regime Classical Hydraulic Jump
Range Range Slope Intercept Range

1.9x104 h/a<8.75 8.75<h/a<9.87 -37 390 h/a>9.87
2.0x104 h/a<8.90 8.90<h/a<9.91 -39 417 h/a>9.91
2.2x104 h/a<9.03 9.03<h/a<10.17 -32 356 h/a>10.17
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2.5 Conclusion

In this research, the dynamics of fluid flow over a SH surface due to jet impingement has

been explored over a specific transition region between the well known thin film breakup and a

classical hydraulic jump. Due to changes in downstream depth, a region where both phenomenon

occur is discovered which has not been previously explored. Experiments involving three different

Re numbers from 1.9-2.2×104 were performed to track the hydraulic jump as it collapsed. The

transition occurred over a range of downstream depths, h/a, of nominally 1. For a given down-

stream depth during the transition, the hydraulic jump radius is greater for larger Re. Also, as Re

increases, the radius at which the hydraulic jump reaches the breakup radius increases. A transition

was not observed for Re below the minimum tested value 1.9× 104, but is expected to occur for

values above the maximum tested Re of 2.2×104.
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CHAPTER 3. DROPLET IMPINGEMENT ON A LIQUID COATED SUPERHYDROPHO-
BIC SURFACE

3.1 Abstract

When a droplet impinges on a surface covered with a liquid film, a thin liquid wall, or

crown, forms and propagates outward. Here a comparison of this crown dynamic was made for

smooth hydrophilic surfaces and superhydrophobic (SH) surfaces patterned with post or rib micro-

features. The height of the features for both was nominally 12-16 µm and the spacing for the post

and ribbed surfaces were 16.5 µm and 32 µm respectively. The setup used a syringe to expel a

droplet of water from a specified height which then impinged on a surface covered with a film of

water. Experiments were performed over a Weber number, We, range of 350 to 1250. Due to the

high contact angle of the SH surfaces, a relatively thick film (h≈ 5 mm) of water was required to

maintain a film. This resulted in negligible differences between the surfaces utilized.

3.2 Introduction

3.2.1 Superhydrophobicity

Fluid dynamics involving superhydrophobic (SH) surfaces has been of great interest in

recent research. This is due to the manner in which these surfaces alter the fluid flow compared

to smooth hydrophilic and even hydrophobic surfaces. SH surfaces are characterized by their high

contact angle, θ > 120°, as shown in Figure 3.1. This material property is ideal in situations

requiring reduced liquid/surface contact area. In order to achieve such high contact angles, a

hydrophobic coating must be applied to a microstructured surface if it is not natively hydrophobic.

The microstructure enhances the hydrophobicity of the surface when the fluid sits above the air

cavities between the microstructure (Cassie-Baxter state). If the pressure exceeds the Laplace

pressure, defined as ∆P = σ(1/R1 +1/R2), where σ is the surface tension and R1 and R2 are the
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radii of curvature of the meniscus, then the fluid penetrates the cavities. When the surface wets in

this fashion, it is termed the Wenzel state and the contact angle is lower [5].

Figure 3.1: Drawing of a droplet of water sitting on a SH surface. The contact angle, θ , is the
angle from the surface in contact with the water to the liquid surface extending outward.

The lotus leaf is often referred to as a prime example of a SH surface, where the leaves use

hydrophobic waxes covering a micro-topography of papillae [3]. There are various approaches to

duplicate this phenomenon. Etching silicon or growing carbon nanotubes are common methods de-

veloped to generate micro, or nano, structures [4]. These methods can be utilized to create random

or carefully patterned microstructures such as posts or ribs. Other methods, such as using abra-

sives or a spray-on coating, will only allow for randomized microstructures. Natively hydrophilic

surfaces (surfaces with θ < 90°) are often coated with a hydrophobic coating (such as wax or

Teflon®) to render them SH. These surfaces have been shown to decrease condensation buildup on

condensers by allowing water to roll or even jump off surfaces [14]. When in the Cassie-Baxter

state, SH surfaces display an apparent slip velocity near the surface due to negligible shear at the

water-air interface over the cavities [7–9]. The slip is a function of the distance between adjacent

microstructures (pitch) and the fraction of water in contact with air (cavity fraction). An increase in

either of these surface properties results in an increase in the slip [10]. This decreases the friction

drag, which is desirable in microchannels and microfluidic devices where viscous effects from the

wall require large pressure gradients to drive the flow [11].
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3.2.2 Droplet Impingement

The dynamics of a single droplet impinging on a hydrophilic surface are dominated by in-

ertial, viscous, and surface tension forces. The impingement process is characterized by spreading

of the droplet and rebounding capillary waves while the bulk of the droplet volume is stationary

on the surface where impingement occurred. At high impact velocities, peripheral splashing can

occur as well [22]. If a droplet impinges a hydrophobic or SH surface, the droplet retracts and

can lift off the surface [23]. In the SH scenario where a micro or nano-structure is present, at the

location of droplet impact the stagnation pressure may exceed the Laplace pressure, forcing fluid

into the normally air filled cavities and pinning the droplet to the surface [24]. For large impact ve-

locities, perturbations in the droplet symmetry cause fingering, or a non-uniform droplet perimeter.

At even higher impact velocities the fingering protrusions break off, resulting in peripheral splash-

ing. For SH surfaces, this splashing occurs at lower impact velocities than hydrophilic surfaces.

Also, the droplet has been shown to experience differing shear stresses dependent on the surface

microfeatures [25].

When a droplet impacts a hydrophilic surface completely wetted by a liquid film, a remark-

ably different process ensues. This type of impingement is important in spraying applications, such

as cooling or painting operations, as well as with falling rain. In these processes, a film of liquid

is left behind by previous droplets. Spreading and splashing still occur, but a crown is formed

at the leading edge and the thin film promotes increased splashing at the top of the crown, going

upward. Cossali et al. [1] subdivided the process into four separate phases: droplet impact, crown

formation, jet formation and break-up, and crown collapse (see Figure 3.2). A crown is formed at

the leading edge of the spreading droplet and propagates outward while the crown height grows

and then dissipates. The film eventually collapses inward and results in liquid jetting upward. If

the momentum within the crown is sufficient, breakup of the crown, or splashing, occurs. Droplets

produced by splashing separate from the top of the crown and have a significant vertical velocity

component.

Vander Wal et al. [26] investigated the effect of film thickness on the impingement dy-

namics by using the film thickness to droplet diameter ratio, δ = h/d, to give two regimes. The

first regime, 0.1 ≤ δ ≤ 1, exhibited two modes of splashing, prompt and delayed. The prompt

splashing, which occurs immediately after impact with the film, has little effect on the impinge-
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Figure 3.2: Diagram showing the temporal progression of a droplet impinging on a surface covered
with a liquid film.

ment process due to the low amount of mass ejected. Delayed splashing is caused by instabilities

in the rim of the crown causing jetting and breakup. The second regime, 1≤ δ ≤ 10, was charac-

terized by reduction in the prompt splashing and inhibited delayed splashing which resulted in an

overall decrease in splashing. Alternatively, Cossali et al. [27] suggested two regimes based on a

comparison with the surface roughness, Ra. A thin liquid film was described as h� Ra, where the

surface had a weak influence. A very thin film was then for h≈ Ra, where the surface had a strong

influence. The primary effect of increased surface roughness was an increase in splashing.

While most research has focused on the effects of splashing, there have been several ex-

periments performed and models created to track the evolution of the crown properties of height,

diameter, and thickness [1, 27–29]. There are some discrepancies, especially between models and

experiments involving film thicknesses above δ = 0.29 [1]. While the models indicate a significant

increase in the crown height and diameter at any given time as the film thickness increases, experi-

ments ranging from δ = 0.29−1.13 have demonstrated a very weak influence with film thickness.

Even so, all are in agreement that an increase in We results in an increase in the crown diameter at

a given time and an increased maximum crown height.

The dynamics of droplet impingement onto a hydrophilic surface covered by a thin film

have been explored, and experiments have been performed using various surface features. Re-

cently there is an increasing desire to utilize SH surfaces in environments, such as spray cooling
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operations, where surfaces are subjected to droplet impingement. So far, no research has been

accomplished to characterize the effect of droplet impingement on liquid coated SH surfaces. A

comparison of the crown dynamics of a smooth hydrophilic surface to patterned SH surfaces is

made here.

3.3 Methods

In order to perform the experiments, SH surfaces with a patterned microstructure were

produced in-house. Also, a setup was designed and built in order to produce a water droplet which

would impinge on the desired surface. The setup included a method for maintaining a downstream

depth as well as collect measurements of the crown evolution.

3.3.1 Surface Fabrication

The SH surfaces were created using existing photolithographic methods to make a pattern

of microfeatures on silicon wafers. First, the silicon wafers were coated with a negative photore-

sist. Using an aligner, a mask was positioned on top of a wafer and exposed. The wafers were

subsequently developed so as to remove the unexposed photoresist resulting in the desired pattern.

The wafers were then etched using deep reactive-ion etching (DRIE) and the remaining photoresist

subsequently removed. As seen in Figure 3.3, the microposts were cylindrical structures nominally

12-16 µm tall, a pitch of 16.5 µm, and a cavity fraction Fc of about 87%. The microribs were rect-

angular structures nominally 12-16 µm tall, a pitch of 32 µm, and a cavity fraction Fc of about

Figure 3.3: SEM images of the microscale rib (left) and post (right) surface topographies as de-
signed and created with common photolithography techniques on silicon wafers.

30



80%. The variation in height was a result of the edges of the wafer being etched deeper than the

center. This didn’t affect the experiments since the water stayed largely in the Cassie-Baxter state

and thus the liquid only touched the tops of the microfeatures. In order to allow good adhesion of

a hydrophobic coating, the surfaces were coated with a thin chromium layer (100 nm) using a ther-

mal evaporator. These surfaces were then coated with a thin layer of Teflon® (<200 nm) which,

along with the microstructure, render the surfaces superhydrophobic. The contact angles for the

surfaces are shown in Table 3.1. For each surface there is a static (θs), advancing (θa), and receding

(θr) contact angle, and for the rib surface there is a set of contact angles for the longitudinal (in the

direction of the ribs) and transverse (perpendicular to the direction of the ribs).

Surface
θs(°)
Long/Trans

θa(°)
Long/Trans

θr(°)
Long/Trans

Smooth 69 87 49
Post 165 168 140
Rib 140/149 150/168 140/133

3.3.2 Experimental Setup

The setup, shown in Figure 3.4, consisted of a wafer holder with sides raised above the

wafer in order to hold the amount of water required to create the liquid film. The height of the

water above the wafer surface was determined by first touching a needle, which was connected

to a micrometer, to the top of the surface. The needle was then moved to contact the top of the

film surface and the difference gave the film thickness h. Due to the high contact angle of the SH

surfaces, the film thickness was constrained to be at least 5 mm to prevent it from pulling off the

surface. This thickness was known with a 2% uncertainty and was used for all experiments. The

value for δ = h/d varied due to changes in droplet diameter, d, from 1.014-1.035. This range of δ

was within the range previously stated to have a weak influence on the crown dimensions and can

be considered nominally the same.
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Above the surface, a syringe was fixed in place to a stand which was varied in height

between experiments. The syringe was filled with water and the piston was manually pressed to

eject the water through the nozzle. The water built up at the end of the syringe until the weight

of the droplet caused it to detach and fall. The same nozzle was used for all experiments and had

a diameter of 1.2 mm. The resulting droplet diameters, d, ranged from 4.83 to 4.93 mm with an

uncertainty of 0.5-2%. Each surface was tested at four drop heights, resulting in four impingement

velocities, V , from 2.26-4.30 m/s measured within 1%. Experiments were performed over a Weber

number (We = ρV 2d/σ ) range of about 340 to 1230 having an uncertainty of 2-3% (See Appendix

A.2). Deionized water was used for all experiments, and the density, ρ , and surface tension, σ ,

were both held constant at 998.2 kg/m3 and 0.0728 N/m respectively.

The sides of the wafer holder were made of thin transparent acrylic which allows for view-

ing horizontally over the wafer both above and below the liquid film surface. A high speed camera

was positioned parallel to the wafer as shown in Figure 3.4. Figure 3.5 shows a sample of cropped

images in sequential order where the wafer surface is at the very bottom of the image and the free

surface of the film is the dark line above the wafer.

Figure 3.4: Schematic of the apparatus used to perform droplet impingement experiments.
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Figure 3.5: Images displaying a sequence of events covering the droplet initial impact, crown
formation, and crown dissipation.

All length measurments were made by finding the pixel distance in the obtained images

and then applying a calibration. Using the frames just before impingement, V was measured by

finding the distance traveled between frames and multiplying by the frame rate. The crown height,

H, was determined by finding the average height from the top surface of the film to the top rim

of the crown. This is demonstrated in Figure 3.6 along with the crown height measurement which

Cossali et al. [1] utilized. Since Cossali et al. measured to the bottom rim, it is clear that their

Film Surface

Wafer Surface

H H (as measured 

by Cossalie et al.)

Top Rim

Bottom Rim

Figure 3.6: A sample image demonstrating the crown height measurement, H, spanning from the
liquid surface to the top rim. As a comparison to the method of Cossali et al. [1], the crown height
measurement from the liquid surface to the bottom rim is also denoted.
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data will underestimate the maximum height of the liquid in the crown. Determination of the

magnitude of the maximum height could be performed fairly accurately by taking the maximum

value. However, the time at which the maximum height occurred lacked precision due to the

error being greater than the slope near this point. In order to accurately obtain both the value

and the time at which the maximum was achieved, a 3rd order polynomial fit was applied to the

data surrounding the expected maximum height. Figure 3.7 shows a data set from the smooth

surface and We of 340 with a corresponding curve fit having an R-squared value of 0.98. The

frame at which the maximum occurred was then used to find the corresponding crown diameter,

D. Measurements from the images were all made with an uncertainty of ±4 pixels which was

about ±0.156 mm. The nondimensional ratios H/d and D/d were both calculated with a total

uncertainty of 2-13%. Only one case exceeded 7.5%, reaching 13%, which occurred for the rib

longitudinal H/d at We = 340. It was clear that one sample did not display any jetting in the crown

rim and obtained a much lower maximum height. It is possible that a transition region between

jetting and no jetting of the crown exists near this We, though no other test had such a contrast in

the crown dynamics.
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Figure 3.7: Crown height, H, as a function of time, t, for the smooth surface with a We of 340. A
3rd order polynomial fit of the data surrounding the maximum is shown to demonstrate how the
maximum height and time of occurrence were estimated.
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Three different surfaces were used, a smooth hydrophilic surface, a post SH surface, and a

rib SH surface. The rib surface was tested at two different orientations, parallel to the camera plane

(longitudinal) and perpendicular (transverse). Experiments were replicated fives times for each set

of conditions.

3.4 Results

Images of the crown near maximum height, for each surface at We =1230, are shown in

Figure 3.8. The shape of the crown remains consistent for all surfaces, with a thin liquid wall

extending vertically upward and culminating in a crown rim. In Figure 3.8 the each crown rim is

wavy, has protruding jets, and splashing droplets can be seen above. Each of these is caused by

surface tension, as it causes any curvature in the rim to increase as the crown spreads. The amount

of jetting and splashing appears constant regardless of surface type. This consistency between

surfaces proved true at each We tested, even though as We decreased there was a decrease in the

amount of jetting and splashing.

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

Figure 3.8: Images of the crown near maximum height and at We =1230 are shown for (a) longi-
tudinal direction rib SH, (b) transverse direction rib SH, (c) post SH, and (d) smooth hydrophilic
surfaces.

It was observed during the collapse of the crown that air bubbles were often entrained at

the wafer surface and could affect subsequent impinging droplets. This was most severe for SH

surfaces. Figure 3.9 shows a sequence of images demonstrating thin film retraction caused by a

droplet impinging at the location of an entrained bubble on a SH surface. The images are all from

a top-down view with the droplet appearing in the first image as a white sphere, due to reflective
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particles which were added to qualitatively assess the phenomenon. Several bubbles are shown

scattered across the surface. After the droplet impinges and the thin film formed, the bubbles

become holes in the film which then pull off the surface due to the high contact angle. The entire

wafer surface within the crown is exposed as the crown begins to collapse. Though no change in

the crown dynamics was observed due to thin film retraction, when this phenomenon was observed

the results were not used.

(a) (b)

(c) (d)

Droplet

Bubbles

Break in

Surface

Dewetting Exposed

Surface

Figure 3.9: Top view images of a droplet impinging a SH surface (a) before impingement, (b)
bubbles creating holes in thin film, (c) retraction of the thin film, and (d) complete retraction of
thin film with wafer surface exposed.

First the crown height evolution through time in Figure 3.10 is explored. Shown here

is the ratio of crown height to droplet diameter, H/d, as a function of the nondimensional time

parameter τ = V0t/d. Data sets from the longitudinal direction of the rib SH surface are plotted

for We of 340 (solid circles) and 950 (open triangle). Also plotted is a data set from Cossali et

al. on a hydrophilic surface for We of 843 and δ of 1.13 (crosses). Direct comparison is difficult
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Figure 3.10: Ratio of crown height to droplet diameter, H/d, as a function of nondimensional time,
τ , for the rib surface in the longitudinal direction for We values of 340 and 950. A data set at We
of 843 obtained by Cossali et al. [1] is plotted for comparison.

as Cossali et al. measured the crown height as the bottom of the crown rim, instead of the top.

Even so, the data of Cossali et al. lies below 950, as expected due to the lower We and lower

measuring location. Additionally, it lies above the data for We 340 due to the much higher We, and

noting the measurement location may lower it, but not below this We. Qualitatively, the curves all

follow the same sharp initial increase to a maximum, and then a decrease at a reduced slope. The

variation is fairly smooth throughout, and locally abrupt changes are due to the uncertainty in the

measurements. As We increases, the height and time of maximum height both increase. Because

We varied due to the droplet momentum, we conclude that the increase in height is due to the

increased momentum being transfered into the crown. The increase in momentum also increases

the amount of time before the crown is decelerated to zero velocity (at maximum height).

Figure 3.11 shows the ratio of crown height to droplet diameter, H/d, as a function of We

for each surface. Each data point is the average of the 5 tests performed for the given surface and

We. The We ranges from 340-1230, and as We increases there is an increase in H/d of 1.5-2.

In general, the height increases linearly with We as the increase in droplet momentum results in

an increase in the redirected vertical velocity within the crown. There is a slight decrease from

linearity at high We, especially for the post surface. It is possible that it is approaching limits on
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the height due to increased splashing. Droplets lost due to splashing both decreases the crown

height by removing material and by decreasing the momentum of the crown.
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Figure 3.11: Ratio of maximum crown height to droplet diameter, H/d, as a function of We for rib
SH (both longitudinal and transverse), post SH, and smooth hydrophilic surfaces.

Comparing the nondimensional maximum crown height, H/d, for each case there is no

significant difference between the surfaces. This is indicative of the lack of importance of surface

structure since the liquid film was several orders of magnitude larger than the surface features and

even on the same order of magnitude as the droplet. These criterion place the flow in the regime of

weak surface effects [1]. For large We the crown on the post surface is slightly lower, and for the

largest We the difference is just beyond the uncertainty. It is possible that the water/air interface

between the posts could not be supported for high impact velocities. If so, the cavities would

be flooded around the point of impingement, causing the surface to act like a rough surface. This

would alter crown dynamics, such as an increase in splashing, however, this could not be confirmed

from observation.

Figure 3.12 shows the ratio of crown diameter at maximum height to droplet diameter,

D/d, for each surface. Each point corresponds to the same We given in Figure 3.11. The range

of D/d is from just over 3 to just over 5 which is an increase of as much as 56%. This increase

is due to greater droplet momentum and the increase in time for the crown to reach a maximum
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Figure 3.12: Ratio of crown diameter at the maximum crown height to droplet diameter, D/d, as
a function of We for rib SH (both longitudinal and transverse), post SH, and smooth hydrophilic
surfaces.

height. With greater momentum transfered to the crown, the spreading velocity is increased. A

larger spreading time combined with the larger velocity increases D/d. While the increase is linear,

there is some curvature suggesting limiting factors at high We. In this case, it is not expected that

splashing is the cause since the momentum of splashing droplets is largely vertical. Instead, it is

likely due to viscous effects. This behavior is supported by Trujillo and Lee [29] who developed

a numerical model which demonstrated that as Re (or We) increases, it approaches the inviscid

case, and by lowering Re, the relative effect of viscous losses increases. The data is again largely

indistinguishable between surfaces. The smooth surface maintains greater values, but for the most

part stays within the uncertainty of the other surfaces.

3.5 Conclusions

We have explored a droplet impinging on a SH surface covered with a liquid film and com-

pared the crown dynamics to that of a smooth hydrophilic surface. This furthers droplet impinge-

ment on liquid film research as no characterization of this phenomenon has been made utilizing

SH surfaces previous to these experiments. Because of the high contact angle and decreased wet-

ted area characteristic of SH surfaces, it was expected that the crown behavior would be altered.
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However, due to the relatively large (5 mm) film thickness required to maintain a film on the SH

surfaces, the effect of the surface is largely negated and any difference there may be is lost in the

intrinsic variation of the experiments. The only confirmed difference occurred due to bubble en-

trainment on the SH surfaces which cause the thin film within the crown to pull off the surface. A

much larger We is required for a film of this thickness if any significant difference is to be seen.

If the droplet size is increased the surface effects may be better observed, but the droplet dynam-

ics may be more difficult to maintain. The droplets used in this study were nominally 4.9 mm in

diameter, which is greater than many applications thus far. If a thinner film could be maintained

on the SH surfaces then more useful results could be obtained. We note the impossibility of this

(for a flat surface) and thus a problem of greater interest may be multiple droplet interactions on a

surface, ie a train of droplets.
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CHAPTER 4. DROPLET TRAIN IMPINGEMENT ON SUPERHYDROPHOBIC SUR-
FACES

4.1 Abstract

An investigation into the dynamics of droplet train impingement onto superhydrophobic

(SH) surfaces was made. The surfaces were patterned with either post or rib microfeatures. The

height of the features for both was nominally 15 µm and the spacing for the post and ribbed

surfaces were 16.5 µm and 32 µm respectively. Droplet frequencies ranged from 600-4600 Hz

with sizes varying from 0.7 to 1.5 mm in diameter. When each individual droplet impinged on

the surface, a crown formed which spread out radially until reaching a semi-stable or regularly

oscillating breakup diameter. At this point the water would break up into droplets or filaments

continuing radially outward. In some cases the crown would breakup before reaching the breakup

diameter, causing splashing. A comparison to previous experiments on hydrophilic surfaces shows

a distinct difference in splashing at low frequency. The breakup diameter was measured over a

Weber number range of 72-2800. The data was collapsed as a function of a combination of the

Reynolds number (Re), Capillary number (Ca), and Strouhal number (St), resulting in Re0.7CaSt.

The SH surface exhibiting rib microfeatures, displayed an elongated breakup due to the anisotropic

surface features. When compared to the post SH surface, this resulted in a breakup diameter which

was increased in the direction longitudinal to the ribs and reduced in the direction transverse to the

ribs. The breakup diameter for the droplet train was compared to, and shown to be greater than,

the breakup diameter which has been shown to occur with a jet impinging on a SH surface.
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4.2 Introduction

4.2.1 Superhydrophobicity

Fluid dynamics involving superhydrophobic (SH) surfaces has been of great interest in

recent research. This is due to the manner in which these surfaces alter the fluid flow compared

to smooth hydrophilic and even hydrophobic surfaces. SH surfaces are characterized by their high

contact angle, θ > 120°, as shown in Figure 4.1. This material property is ideal in situations

requiring reduced liquid/surface contact area. In order to achieve such high contact angles, a

hydrophobic coating must be applied to a microstructured surface if it is not natively hydrophobic.

The microstructure enhances the hydrophobicity of the surface when the fluid sits above the air

cavities between the microstructure (Cassie-Baxter state). If the pressure exceeds the Laplace

pressure, defined as ∆P = σ(1/R1 +1/R2), where σ is the surface tension and R1 and R2 are the

radii of curvature of the meniscus, then the fluid penetrates the cavities. When the surface wets in

this fashion, it is termed the Wenzel state and the contact angle is lower [5].

Figure 4.1: Drawing of a droplet of water sitting on a SH surface. The contact angle, θ , is the
angle from the surface in contact with the water to the liquid surface extending outward.

The lotus leaf is often referred to as a prime example of a SH surface, where the leaves use

hydrophobic waxes covering a micro-topography of papillae [3]. There are various approaches to

duplicate this phenomenon. Etching silicon or growing carbon nanotubes are common methods de-

veloped to generate micro, or nano, structures [4]. These methods can be utilized to create random

or carefully patterned microstructures such as posts or ribs. Other methods, such as using abra-

sives or a spray-on coating, will only allow for randomized microstructures. Natively hydrophilic
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surfaces (surfaces with θ < 90°) are often coated with a hydrophobic coating (such as wax or

Teflon®) to render them SH. These surfaces have been shown to decrease condensation buildup on

condensers by allowing water to roll or even jump off surfaces [14]. When in the Cassie-Baxter

state, SH surfaces display an apparent slip velocity near the surface due to negligible shear at the

water-air interface over the cavities [7–9]. The slip is a function of the distance between adjacent

microstructures (pitch) and the fraction of water in contact with air (cavity fraction). An increase in

either of these surface properties results in an increase in the slip [10]. This decreases the friction

drag, which is desirable in microchannels and microfluidic devices where viscous effects from the

wall require large pressure gradients to drive the flow [11].

4.2.2 Droplet Impingement

The dynamics of a single droplet impinging on a hydrophilic surface are dominated by iner-

tial, viscous, and surface tension forces. The impingement process is characterized by the spread-

ing of the droplet and rebounding capillary waves while the bulk of the droplet volume is stationary

on the surface where impingement occurred. At high impact velocities, peripheral splashing can

occur as well [22]. If a droplet impinges on a hydrophobic or SH surface, the droplet retracts and

can lift off the surface [23]. In the SH scenario where a micro or nano-structure is present, at the

location of droplet impact the stagnation pressure may exceed the Laplace pressure, forcing fluid

into the normally air filled cavities and pinning the droplet to the surface [24]. For large impact ve-

locities, perturbations in the droplet symmetry cause fingering, or a non-uniform droplet perimeter.

At even higher impact velocities the fingering protrusions break off, resulting in peripheral splash-

ing. For SH surfaces, this splashing occurs at lower impact velocities than hydrophilic surfaces.

Also, the droplet has been shown to experience differing shear stresses dependent on the surface

microfeatures [25].

When a droplet impacts a hydrophilic surface completely wetted by a liquid film, a remark-

ably different process ensues. This type of impingement is important in spraying applications, such

as cooling or painting operations, as well as with falling rain. In these processes, a film of liquid

is left behind by previous droplets. Spreading and splashing still occur, but a crown is formed

at the leading edge and the thin film promotes increased splashing at the top of the crown, going

upward. Cossali et al. [1] subdivided the process into four separate phases: droplet impact, crown
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formation, jet formation and break-up, and crown collapse (see Figure 4.2). A crown is formed at

the leading edge of the spreading droplet and propagates outward while the crown height grows

and then dissipates. The film eventually collapses inward and results in liquid jetting upward. If

the momentum within the crown is sufficient, breakup of the crown, or splashing, occurs. Droplets

produced by splashing separate from the top of the crown and have a significant vertical velocity

component.

d

Liquid Film
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H D

Droplet Impact

h

Figure 4.2: Diagram showing the temporal progression of a droplet impinging on a surface covered
with a liquid film.

Vander Wal et al. [26] investigated the effect of film thickness on the impingement dy-

namics by using the film thickness to droplet diameter ratio, δ = h/d, to give two regimes. The

first regime, 0.1 ≤ δ ≤ 1, exhibited two modes of splashing, prompt and delayed. The prompt

splashing, which occurs immediately after impact with the film, has little effect on the impinge-

ment process due to the low amount of mass ejected. Delayed splashing is caused by instabilities

in the rim of the crown causing jetting and breakup. The second regime, 1≤ δ ≤ 10, was charac-

terized by reduction in the prompt splashing and inhibited delayed splashing which resulted in an

overall decrease in splashing. Alternatively, Cossali et al. [27] suggested two regimes based on a

comparison with the surface roughness, Ra. A thin liquid film was described as h� Ra, where the
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surface had a weak influence. A very thin film was then for h≈ Ra, where the surface had a strong

influence. The primary effect of increased surface roughness was an increase in splashing.

A droplet train is a series of fluid droplets which move in sequence along the same trajec-

tory. In practice, droplets will not usually be uniform in size, trajectory, or frequency of impact.

Spray cooling, for instance, will have many fluid droplets impinging randomly across a surface,

which has been shown by Sivakumar [30] to give differing results than a uniform droplet train.

However, an investigation into the characterization of the impingement process can be made, and

in the case of certain printing applications, these droplet trains do accurately describe the process

as the ink droplets are guided precisely to certain locations in order to gain high resolution.

In a droplet train, each droplet hits the surface following the general dynamics of a single

droplet hitting a surface with a thin film of the same fluid. If the frequency of impinging droplets

is low, then the crown collapses before each subsequent impingement and remains as if it were a

single droplet. By increasing the frequency, subsequent droplets will impinge before the crown

collapses as shown in Figure 4.3. In this case, each droplet impinges on the thin film created by the

previous droplet. When this occurs on a hydrophilic surface, a quasi-steady crater is maintained

by the periodic outward momentum of each crown. [31].

Droplet

Crown
d

Crater Diameter

Figure 4.3: Diagram showing a droplet train impinging on a surface.

Since breakup within the crown rim is not affected by the previous or subsequent crowns,

splashing dynamics are usually considered the same as for a single droplet impinging a thin film.

Thus the relations described previously are used for both. There is a potential difference due to the
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presence of the crater in droplet train impingement which was not accounted for in previous work.

Yarin and Weiss, for example, used a curved surface to keep any liquid from building up [28].

While no study has done so for a droplet train, jet impingement with an imposed film thickness

has shown that the hydraulic jump, or crater, will decrease as the film thickness increases [20, 21].

If this occurred for a droplet train, it might interfere with the splashing dynamics.

A combination of a droplet train model and experiments were performed by Yarin and

Weiss [28]. They predicted the onset of splashing using the following equation:

ε = (αν
1/2 f 2/3)/(ρV 4

0 ) (4.1)

Here, α is the surface tension, ν the kinematic viscosity, f the droplet frequency, ρ the fluid

density, and V0 the droplet impact velocity. It was determined that splashing occurs when ε is

less than a nominal value of 18−4. Yarin and Weiss also experimentally determined the splashing

threshold for a range of frequencies and impact velocities. Doing so, they found a correlation

for the splashing threshold as Ca = Cλ 3/4, where Ca = (µV )/σ is the Capillary number, λ =

(ν/ f )1/2σ/(ρν)2, and C is a constant with a weak dependence on surface roughness. For a given

λ , splashing in the crown occurred for values of Ca above the splashing threshold, and values

below resulted in deposition (no splashing). As λ increased, the value of Ca required to cause

splashing decreased.

4.2.3 Jet Impingement

The droplet train impingement shown in Figure 4.3 closely resembles jet impingement on

a hydrophilic surface. While jet impingement does not involve any crown dynamics, a hydraulic

jump does occur [16, 17], and is similar to the crater formed by droplet impingement. Thus, a

review of jet impingement on a SH surface becomes useful in understanding and comparing to

droplet impingement on a SH surface. When a jet impinges a SH surface, the thin film region

breaks up into droplets instead of forming a hydraulic jump [20, 21]. Figure 4.4 shows jet im-

pingement and thin film breakup on a SH surface. The fluid momentum for a thin slice of the

spreading film is defined as M =
∫

ρV 2dA, where ρ is the density, V is the velocity profile across

the thickness of the film, and A is the cross-sectional area (spanning the circumferential length and
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film thickness). The high contact angle results in a significant surface tension force, FS, pulling

inward. This causes the thin film on the surface to break up into droplets due to surface tension

forces at a critical location denoted as the breakup radius, RB. At this point M balances with FS. It

was shown that as the jet Weber number, We j = ρV 2d j/σ , based on the jet diameter, d j, increased,

the breakup radius increased due to the greater momentum in the thin film allowing it to spread

further before surface tension caused breakup [13, 20, 21].

2a
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Thin Film Region

Jet

Breakup

M

FS

Figure 4.4: Diagram showing breakup of thin film due to a laminar jet impinging on a SH surface.

The dynamics of droplet impingement onto a hydrophilic surface covered by a thin film

have been explored, and experiments have been performed using various surface features. Re-

cently there is an increasing desire to utilize SH surfaces in environments, such as spray cooling

operations, where surfaces are subjected to droplet impingement. While droplet train impingement

experiments have been performed on hydrophilic surfaces, impingement on a SH surface normal

to the droplet train has not. The dynamics of a droplet train impinging a SH surface are explored

here to compare splashing dynamics to previous work along with identifying the unique features

introduced by the structure of the SH surface. Also, it is expected that breakup will be similar to

the thin film breakup due to jet impingement on a SH surface. This breakup is analyzed here with

comparisons to varying surface features and to jet impingement.
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4.3 Methods

In order to perform the experiments, SH surfaces with a patterned microstructure were

produced in-house. Also, a setup was designed and built in order to produce a droplet train which

would impinge on a SH surface. The setup included a method for measuring the breakup diameter

for comparison between surfaces and to jet impingement.

4.3.1 Surface Fabrication

The SH surfaces were created using existing photolithographic methods to make a pat-

tern of microfeatures on silicon wafers. First, the silicon wafers were coated with photoresist,

then, using a mask, exposed and developed so as to remove the photoresist in the desired pattern.

The wafers were then etched and the photoresist subsequently removed. Micropost and microrib

patterned surfaces were used for all experiments. As seen in Figure 4.5, the microposts were cylin-

drical structures nominally 12-16 µm tall, a pitch of 16.5 µm, and a cavity fraction Fc of about

87%. The microribs were rectangular structures nominally 12-16 µm tall, a pitch of 32 µm, and

a cavity fraction Fc of about 80%. The variation in height was a result of the edges being etched

deeper than the center. This didn’t affect the experiments since the water stayed largely in the

Cassie-Baxter state and thus the liquid only touched the tops of the microfeatures. In order to al-

low good adhesion of a hydrophobic coating, the surfaces were coated with a thin chromium layer

(100 nm) using a thermal evaporator. These surfaces were then coated with a thin layer of Teflon®

(<200 nm) which, along with the microstructure, render the surfaces superhydrophobic. The con-

tact angles for the surfaces are shown in Table 4.1. For each surface there is a static (θs), advancing

(θa), and receding (θr) contact angle, and for the rib surface there is a set of contact angles for the

longitudinal (in the direction of the ribs) and transverse (perpendicular to the direction of the ribs).

Surface
θs(°)
Long/Trans

θa(°)
Long/Trans

θr(°)
Long/Trans

Post 165 168 140
Rib 140/149 150/168 140/133
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Figure 4.5: SEM images of the microscale rib (left) and post (right) surface topographies as de-
signed and created with common photolithography techniques on silicon wafers.

4.3.2 Test Setup

A setup similar to that used by Yarin and Weiss [28] was used to create continuous droplet

trains. As shown in Figure 4.6, water was pressurized in a tank and connected via a valve to a

glass tube. The tube was rigidly secured horizontally at its base and, at the other end, in firm

contact with a piezoelectric transducer which was also held rigidly in place. At the location of

the transducer, the tubing was curved 90 degrees such that the tip, which acted as the nozzle, was

vertical. Different nozzle sizes were utilized to obtain jet diameters, d j, ranging from 0.56-0.73

mm. As the water exits, perturbations were induced into the jet from the vibration of the transducer.

These regular perturbations caused the jet to break up into a regularly dispersed stream of droplets

or a droplet train. The droplets continued to flow vertically downward until they impinged on the

wafer below the nozzle. The setup allowed for control and measurement of flow speeds. In the

right panel of Figure 4.6, a side view, taken using a high speed camera, of a droplet train is shown.

This setup was able to create uniformly-sized and equally-spaced droplet trains at small scales of

order 100-1000 µm which is comparable to previously created droplet generators [28, 32, 33].

The flow rate, Q, was measured via a collection method with a range of 0.42-1.82 mL/s

and an uncertainty of less than 2.22%. The droplet train frequency, f , was initially measured using

high speed video, but it was determined to be the same as the transducer input frequency. The

frequency range was 600-4600 Hz, and the output of the signal generator supplying the transducer

had an uncertainty of 0.01%. By assuming the generated droplets were spheres uniform in size and

spacing, a conservation of mass approach can be used to obtain the droplet diameter. This is done

by equating the measured flow rate to the volume of a single droplet multiplied by the frequency.
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Figure 4.6: Setup of experimental apparatus (Left) and a high speed image of droplets produced
(Right).

Since the volume of a single droplet depends only on the diameter, then the droplet diameter

can be solved using the relation d = 2(3Q/4π f )1/3. With the added assumption of negligible

acceleration due to gravity, the exiting velocity of the jet, Vj = 4Q/πd2
j , can be used for the droplet

velocity. This method of determining droplet diameter and impingement velocity matched well

with a sample of direct measurements and resulted in ranges of 0.7-1.5 mm and 2.3-10.3 m/s. The

Weber number, We = (ρV 2d)/σ , and Reynolds number, Re = (ρV d)/µ , ranged from 72-2800 and

2.3×103-16.8×103 respectively. The uncertainty for both remained less than 5% (See Appendix A

for uncertainty analysis). The Capillary number, Ca = (µV )/σ , ranged from 0.03-0.23 and had an

uncertainty of 1-6% with larger uncertainties at lower flow rates due to reduced relative accuracy

in volumetric measurements. The Strouhal number, St = f d/V , ranged from 0.18-0.83 with an

uncertainty of 1-1.7%. A high speed camera was placed at an angle of 45-60°relative to the plane

of the surface. For the case of the rib surface, the direction parallel to the ribs (the longitudinal

direction) was oriented horizontally in the camera plane, and the direction perpendicular to the

ribs (the transverse direction) was vertical in the image. High speed video was recorded at 3000

frames per second (fps), however, the number of images in which data was gathered was lower
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at an effective 600 fps. Horizontal measurements, and vertical for the rib surface, of the breakup

diameter (dB) were averaged over these frames for each test. The uncertainty for the breakup

diameter ranged from 1-10%, but 94% of the data, all at the higher end of values, was less than

5%.

Splashing was not quantified by the number or size of produced droplets, but splashing was

determined qualitatively for several of the experiments on the post surface. The viscosity length,

λ = (ν/ f )1/2σ/(ρν)2, was calculated for these tests in order to determine splashing regimes.

4.4 Results

4.4.1 General Observations

Displayed in Figure 4.7 is a schematic and an image from testing of a droplet train imping-

ing a SH surface. Both prompt and delayed splashing were observed as defined by Vander Wal et

al. [26]. Also, a crown forms at the point of impingement and propagates outward as would happen

with a hydrophilic surface. Instead of forming a crater, as it would with a hydrophilic surface, the

high contact angle causes the thin film to break up similar to jet impingement on a SH surface. As

with a jet, a balance of the surface tension and momentum exists at the location of breakup.

Droplet

Breakup

Crown
M

FS
d

dB

Figure 4.7: Schematic and image of a droplet train impinging a SH surface.

At the point of impingement, a dark region was observed as shown in Figure 4.8 for exper-

iments on both the post and rib surfaces. This dark region was caused by water from the impinging
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droplets penetrating the microstructure, causing localized wetting of the surface. Wetting was ob-

served to occur in every experiment, though lighting conditions sometimes masked it in high speed

video. The wetted region was consistently larger than the size of the droplet, but less than the

breakup diameter. There was no change in this region over the course of an experiment except

when retraction caused dewetting by decreasing the breakup diameter into the wetted area.

Wetted

Unwetted

Figure 4.8: Regions of wetting are shown for droplet train impingement on both a post (Left) and
rib (Right) microstructured SH surface.

In some instances the droplet train apparatus produced noticeably deformed droplets. While

in general these did not have a significant effect on the impingement, some extreme cases altered

the shape of the breakup diameter. The droplets in these cases had large oscillations as they moved

toward the surface, and were severely elongated at the point of impingement. The result is shown in

Figure 4.9, where these deformed droplets are impinging on a post SH surface. The breakup is el-

liptical in shape, instead of circular, even though the surface features are isotropic. A characteristic

of this anomaly was a complete redirection of the flow towards each end of the elongated portion

of the breakup. As the liquid propagates outward, it lifts off the surface in a jet which then curves

back down due to gravity. It was determined that the direction of elongation in breakup could be

controlled by the direction of the elongation in the droplets at impingement. Further analysis of

this phenomenon was not made, and these cases of large droplet deformation were neglected in

subsequent data analysis.
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4.4.2 Splashing

Splashing was observed qualitatively and used in Figure 4.10 to plot Ca as a function of λ

where the squares represent splashing at the crown rim and the filled circles represent deposition

(no splashing). A comparison of the splashing and deposition regimes is made to that of Yarin and

(a) (b)

Breakup

Figure 4.9: Side (a) and top (b) views of elongated breakup caused by large deformation of im-
pinging droplets on a SH post surface.
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Figure 4.10: Ca as a function of the viscosity length, λ . Correlations are shown for hydrophilic
surfaces having roughness, Ra, of 1 and 16. Data for post SH surfaces is shown for splashing (open
squares) and deposition (closed circles)
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Weiss [28]. The solid and dashed lines are the splashing threshold for surface roughness values

(the average feature height) of Ra =1 and 16 µm, respectively, as determined by Yarin and Weiss

through a fit of their data for droplet train impingement experiments performed on hydrophilic

surfaces. For Ca or λ values greater than the threshold, splashing occurs, and for lower values,

deposition occurs. The data for post SH surfaces is displayed as open squares, indicating the

presence of splashing, and solid circles, for deposition. Since much of the microstructure was

wetted at the point of impingement, the effective roughness of the surface can be estimated as that

of the microstructures, which is around Ra of 6 to 8 µm.

While there is insufficient data to determine the threshold accurately, the transition from

splashing to deposition is near the correlation for Ra =1. There is an exception to this at large

values of λ . In this region, deposition occurred for Ca values well above the correlation where

splashing was expected to occur. By observation of the impingement at these points, there is a

significant amount of fluctuation in the breakup diameter. These fluctuations are caused by the

high λ , or low frequency, which allows time for partial retraction between sequential droplets. The

retraction results in both a thicker film and increased buildup at the edge of breakup, which can both

decrease splashing. Because the retraction decreases the breakup diameter, the crown may reach

the breakup diameter before delayed splashing has occurred. Reduced splashing due to retraction

and buildup mimics what would occur if a crater formed due to droplet train impingement on a

hydrophilic surface. However, the experiments by Yarin and Weiss were performed on slightly

curved surfaces to remove any crater or buildup. It’s likely that if Yarin and Weiss used a flat

surface and had a crater, the discrepancy would be reduced by the retracting crater decreasing

splashing. Overall, there is a weak influence of λ on the splashing transition over the range of

experiments, and because λ varies as 1/
√

f , a large change in frequency is required to alter the

splashing threshold.

4.4.3 Breakup Diameter Data

The measured ratio of breakup diameter to droplet diameter, dB/d, is plotted in Figure 4.11

as a function of Re (a) and the combined Capillary and Strouhal numbers CaSt = f dµ/σ (b).

Multiplying Ca by St simply replaces the V term with the product f d, and creates a modified

Capillary number which still compares viscous and surface tension forces. Note the different
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Figure 4.11: Ratio of breakup diameter to droplet diameter, dB/d, as a function of (a) Re and (b)
CaSt. A linear fit of the data is plotted with R-squared values of 0.73 and 0.81 for (a) and (b)
respectively. The data in (a) and (b) are separated into ranges of CaSt and Re respectively.

shapes which correspond to different ranges of CaSt and Re in (a) and (b) respectively. The data

is for experiments performed on the post SH surface. In both (a) and (b), an increase in Re and

CaSt generally resulted in an increase in dB/d as shown by the fit line. In (a), low CaSt ranges,

which generally have a low Re, fall below the fit line. Similarly, higher ranges of CaSt are above.

The same trend is displayed in (b) for the given ranges of Re. Within these experiments a change

in Re was due to a change in the momentum of a single droplet, and thus the general increase in

dB/d can be attributed to the increase in momentum. Similarly, CaSt increased due to an increase

in the average mass flow rate, which also is attributed to the general increase in dB/d. In each plot

is a linear trend of the data having R-squared values of 0.73 and 0.81 for (a) and (b) respectively.

Individually, neither parameter achieves a collapse of the data. However, restricting CaSt, in (a),

and Re, in (b), to a specific range does reduce the scatter of the data. Thus, a collapse may be

achieved by utilizing both parameters.

Using a combination of the nondimensional numbers in the form Rea(CaSt)b, the data col-

lapsed best for a= 0.7 and b= 1 as shown in Figure 4.12, resulting in Re0.7CaSt = ρ0.7V 0.7d1.7 f/(µσ).

This term is a ratio comparing the droplet momentum and average flow rate to the viscosity and

surface tension of the liquid. Since the fluid properties of the water were kept constant, the only

variation in this term is due to V , d, and f . Changing these values equates to a change in the overall
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momentum of the droplets impinging on the surface. Figure 4.12 gives a plot of dB/d as a function

of this momentum term, Re0.7CaSt, along with threshold values for splashing and retraction. The

general trend is an increase in dB/d and a decrease in the slope for an increase in the momentum

term. No upper limit was observed throughout the experiments, and values immediately above are

expected to follow the same trends. An exponential fit of the data, as shown in Figure 4.12, follows

the form dB/d = C1ek1(Re0.7CaSt)+C2ek2(Re0.7CaSt), where the coefficients and R-squared value are

given in Table 4.2.
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Figure 4.12: Ratio of breakup diameter to droplet diameter, dB/d. Also plotted are the threshold
values for splashing and retraction and an exponential fit of the data.

Surface Coefficients
R2

C1 k1 C2 k2

Post 5.399 8.450×10−3 -6.123 -0.1491 0.98
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Table 4.2: Coefficients of the exponential fit with corresponding 
R-squared value are given for the post SH surface.



Low values of Re0.7CaSt are characterized by deposition, or no splashing in the crown,

and retraction of the breakup diameter. High values are characterized by splashing and little or

no retraction. The transition to splashing occurs around Re0.7CaSt=7, and larger values generally

equate to greater splashing. Retraction is present below Re0.7CaSt values of nominally 11. In this

region, the outward propagating crowns collided with the retracting breakup diameter, decreasing

the average breakup diameter. Retraction also reduced momentum at the breakup diameter, as

it induced an inward velocity which had to be overcome by each crown propagating outward.

The decrease in momentum caused increased buildup at the breakup diameter. It is noted that as

the buildup increases it will begin to exert a non negligible hydrostatic force. It was estimated

analytically that if the buildup reached a thickness of 2 mm, the hydrostatic force would be the

same order of magnitude as the surface tension. The lowest data points around Re0.7CaSt of 2-

3 approached this condition with buildup nearing as much as 1 mm. Below Re0.7CaSt=2, the

breakup diameter retracts completely and the thin film region vanishes before a subsequent droplet

impinges. The dynamics then change to a single droplet impinging a relatively thick pool.

The sharp slope at low Re0.7CaSt is due to the decrease in the magnitude of retraction as

Re0.7CaSt increases which results in much larger breakup diameters. When the retraction becomes

small and it cannot be decreased sufficiently to make a difference, a lower slope prevails. The

decrease in slope at high Re0.7CaSt can also be attributed to the onset of splashing, which reduces

the momentum within the crown as less liquid reaches the breakup diameter.

In order to better analyze the effect of frequency and momentum independently, the previ-

ously described exponential fit was utilized to produce the surface plot in Figure 4.13 of dB/d j as

a function of f and We j = ρV 2d j/σ . Here the volume flow rate and impingement velocity of the

droplets are used to obtain a corresponding jet. This is done by equating the volume flow rate of

the droplet train to that of a jet, and results in

3/4πd3 f = πd2
jV (4.2)

where the droplet train is represented by the left hand side and the jet on the right. Equation 4.2 is

solved for the jet diameter, d j

d j =

√
3d3 f
4V

(4.3)
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Figure 4.13: Plot of dB/d j as a function of f and We j determined using an exponential fit of the
data shown in Figure 4.12.

For negligible acceleration due to gravity, the diameter of such a jet is the same as the initial jet

diameter from the experiments. In Figure 4.13, d j and the fluid properties are constant. As We j

increases, dB/d j increases due to greater momentum, while the slope decreases. The effect of

varying f is noticeably less than it is for We j. Also, increasing f decreases dB/d j at high We j.

This is because droplet size is reduced which increases dB/d j. At low We j there is a slight increase

in dB/d j as f increases because the effect of retraction overcomes that of droplet size.

A comparison of the breakup diameter for a droplet train to a liquid jet is shown in Fig-

ure 4.14. In the plot the ratio of breakup diameter over jet diameter (dB/d j) for the post SH surface,

utilizing just one nozzle size and, therefore, a single jet diameter (d j = 0.624 mm), is plotted as

a function of We j. Data points are separated into three frequency ranges with 400-1000 Hz as

circles, 1000-2050 as triangles, and 2050-5000 as squares. The dashed lines are obtained from the

correlation used to produce Figure 4.13 at each of the frequency bounds which the data is sorted

into. An analytical model for jet impingement breakup by Prince [13] is plotted as a solid line. For

all data points, the breakup location for the droplet train remains below and within about 30% of

the jet impingement model. Because the main difference between droplet train and jet impinge-

ment is the crown, it follows that the crown dynamics cause the reduction in breakup diameter. In
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the formation of the crown, radial momentum is reduced by the vertical redirection of part of the

flow into the crown. Also, as We j is decreased, retraction increases and reduces breakup diameter,

while at We j well above the splashing threshold, there is momentum lost in splashing before the

crown reaches the breakup diameter. From the lines determined using the correlation, at low f it

is possible for droplet train breakup diameters to exceed that of the jet. For f of 500 Hz and We j

ranging from nominally 300 to 1000 the combination of retraction and splashing is minimized,

which maximizes the breakup diameter of the droplet train compared to the jet.
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Figure 4.14: Comparison of breakup diameters for droplet train impingement with jet impinge-
ment. The ratio of breakup diameter to jet diameter, for both a droplet train and a jet are plotted
as functions of Re j. Lines are obtained from the correlation of the post data at frequencies of 500,
1000, 2050, and 5000 Hz.

For large We j, at least above 100, increasing f decreases dB/d j. While higher frequency

would seem to approach the continuous flow of a jet, the subsequent reduction in droplet size, with

flow rate constant, instead reduces the breakup diameter. For low We j this same effect will not

hold true since increasing f at a low We j results in a decrease in retraction, which would increase

the breakup diameter.
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In Figure 4.15, data obtained using a rib SH surface is compared to the post SH surface

reproduced from Figure 4.12. Since the rib structure is anisotropic, the breakup diameter is shown

for both the longitudinal and transverse directions denoted by triangles and squares respectively.

An exponential fit of the form dB/d =C1ek1(Re0.7CaSt)+C2ek2(Re0.7CaSt) is also plotted for each data

set. Table 4.3 gives the values of these coefficients along with the R-squared value for the fit.

The same lower limit and trends are the same as for the post SH surface. It should be noted that

surface plots similar to Figure 4.13 can be obtained for the rib SH surface. The dB/d values for the

longitudinal are generally greater (average of 12%) than that of the post surface, and the transverse

is below (average of 8%). It is noted that the increase in the longitudinal direction exceeds that of

the decrease in the transverse direction. This could be due to the effect of slightly different cavity

fractions and contact angles, or because the post surface isn’t truly isotropic. At low Re0.7CaSt the

data all converges as the difference between directions has a much smaller diameter over which to

exert influence. Another difference from the post SH surface is the point at which retraction ceases.

In the longitudinal direction this transition occurs at a higher value, near Re0.7CaSt = 12, while

in the transverse direction it occurs at a lower value, near Re0.7CaSt = 9. This can be attributed

to the increase and decrease in time required for the crown to reach the breakup diameter in the

longitudinal and transverse directions respectively.

Table 4.3: Coefficients of the exponential fit with corresponding 
R-squared value are given for the rib SH surface in the 

longitudinal and transverse directions.

Surface Coefficients
R2

C1 k1 C2 k2

Longitudinal 5.840 9.678×10−3 -7.375 -0.1656 0.92
Transverse 4.795 9.583×10−3 -4.854 -0.1408 0.88

As with the case of jet impingement on a rib SH surface, the flow in the thin film region

is being redirected along the longitudinal direction (see Section 4.2.3). This turning of the flow

can be a result of two separate phenomena. In the Cassie-Baxter state the flow would be turned

by a greater slip in the longitudinal direction. If the fluid is in the Wenzel state, the fluid would

be turned into the longitudinal direction by the physical barrier the ribs form in the transverse

direction. Since partial wetting of the microstructure occurs, it is a combination of these two
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Figure 4.15: Ratio of breakup diameter to droplet diameter, dB/d

processes which turns the flow. The relative magnitude of turning is likely related to the percent

of area in which wetting occurs. The main differences the droplet train has from a jet is a reduced

elongation. The longitudinal direction had breakup diameter about 20% larger than the transverse

direction for the droplet train compared to about 40% for a jet [21].

4.5 Conclusions

This work contributes to droplet train impingement research by characterizing the dynamics

using superhydrophobic (SH) surfaces patterned with either post or rib microfeatures. We found

that the dynamics are similar to a hydrophilic surface in that a crown is formed due to each droplet

impingement, which spreads out radially until reaching a semi-stable or regularly oscillating crater

radius. Dynamics differ in that at this point the water either breaks up into droplets or filaments

while continuing radially outward. The regime of splashing was similar to previous experiments

on hydrophilic surfaces with the exception of high λ (low f ) where deposition occurred for much

higher Ca. The breakup diameter was measured over a range of We of 72-2800 and collapsed best

as a function of Re0.7CaSt. Both the post and the rib SH surface displayed an increase in dB/d for
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increasing Re0.7CaSt along with a decrease in the slope. Compared to jet impingement on a SH

surface, a droplet train has a consistently smaller breakup diameter for large frequencies, and is

caused by lost momentum within the crown. At low frequencies, increased droplet size increases

the droplet train breakup diameter and can exceed the jet breakup diameter. Also, above We j of

nominally 100, increasing frequency causes the droplet breakup diameter to be even smaller, while

below We j a decrease in frequency produces the same result. These effects are likely due to smaller

droplet sizes at higher frequencies and high We j reducing the breakup diameter, while retraction

is increased at lower frequencies and low We j. The breakup diameter for the rib SH surface was

found to be elongated in the longitudinal direction of the ribs while reduced in the transverse

direction. This increase was microstructure turning the flow such that momentum increased in the

longitudinal direction.
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CHAPTER 5. CONCLUSIONS

The proposed use of superhydrophobic surfaces as self-cleaning surfaces [12] and in heat

transfer processes [14] has made further investigation into the impingement dynamics of great

interest. The combination of a hydrophobic coating and microfeatures has been demonstrated

previously to produce large contact angles [3] which can cause liquid breakup [20, 21] and slip

[7, 9–11]. Here we have performed experiments to further previous work on liquid impingement

on superhydrophobic surfaces.

Research in the area of liquid impingement on SH surfaces has focused primarily on jet and

single droplet impingement. Jet impingement in particular has been explored for submerged and

free SH surfaces. However, we explore a transition regime between these two cases, which involves

both thin film breakup and a hydraulic jump. Other holes which this research attempts to fill are

in the area of droplet impingement on a SH surface. One is the case of a liquid film present on the

surface and another is multiple droplets impinging in a continuous stream. By characterizing these

impingement processes, a more complete view of liquid interaction with SH surfaces is achieved.

5.1 Jet Impingement

The dynamics of fluid flow over a SH surface due to jet impingement have been explored

over a specific transition region between the well known thin film breakup and a classical hydraulic

jump. Due to changes in downstream depth, a region where both phenomenon occur is found.

Experiments involving three different Re numbers from 1.9-2.2×104 were performed to track the

free hydraulic jump as it collapsed. The transition occurred over a range of downstream depths,

H/a, of nominally 1. For a given downstream depth during the transition, the free hydraulic jump

radius is greater for larger Re. Also, as Re increases, the radius at which the free hydraulic jump

reaches the breakup radius increases. A transition was not observed for Re below the minimum
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tested value 1.9×104, but is expected to occur for values above the maximum tested Re of 2.2×

104.

5.2 Droplet Impingement on Liquid Coated Superhydrophobic Surface

The crown dynamics of a droplet impinging on a SH surface covered with a liquid film was

compared to that of a smooth hydrophilic surface. Because of the high contact angle and decreased

wetted area characteristic of SH surfaces, it was expected that the crown behavior would be altered.

However, due to the relatively large (5 mm) film thickness required to maintain a film on the SH

surfaces, the effect of the surface is largely negated and any difference there may be is lost in

the intrinsic variation of the experiments. The only confirmed difference occurred due to bubble

entrainment on the SH surfaces which cause the thin film within the crown to pull off the surface.

A much larger We is required for a film of this thickness if any significant difference is to be seen.

If the droplet size is increased the surface effects may be better observed, but the droplet dynamics

may be more difficult to maintain. The droplets used in this study were nominally 4.9 mm in

diameter, which is greater than many applications thus far. If a thinner film could be maintained

on the SH surfaces then more useful results could be obtained, though we note the impossibility of

this (for a flat surface).

5.3 Droplet Train Impingement

The dynamics of droplet train impingement on superhydrophobic (SH) surfaces patterned

with either post or rib microfeatures are similar to a hydrophilic surface in that a crown is formed

due to each droplet impingement which spreads out radially until reaching a semi-stable or regu-

larly oscillating crater radius. Dynamics differ in that at this point the water either breaks up into

droplets or filaments while continuing radially outward. The regime of splashing was similar to

previous experiments on hydrophilic surfaces with the exception of high λ (low f ) where depo-

sition occurred for much higher Ca. The breakup diameter was measured over a range of We of

72-2800 and collapsed best as a function of Re0.7CaSt. Both the post and the rib SH surface dis-

played an increase in dB/d for increasing Re0.7CaSt along with a decrease in the slope. Compared

to jet impingement on a SH surface, a droplet train has a consistently smaller breakup diameter
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for large frequencies, and is caused by lost momentum within the crown. At low frequencies, in-

creased droplet size increases the droplet train breakup diameter and can exceed the jet breakup

diameter. Also, above We j of nominally 100, increasing frequency causes the droplet breakup

diameter to be even smaller, while below We j a decrease in frequency produces the same result.

These effects are likely due to smaller droplet sizes at higher frequencies and high We j reducing

the breakup diameter, while retraction is increased at lower frequencies and low We j. The breakup

diameter for the rib SH surface was found to be elongated in the longitudinal direction of the ribs

while reduced in the transverse direction. This increase was microstructure turning the flow such

that momentum increased in the longitudinal direction.
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APPENDIX A. TABULATED DATA FROM DROPLET TRAIN IMPINGEMENT EX-
PERIMENTS

Table A.1: Data for droplet train impingement experiments performed on a post SH surface used 
in Chapter 4.
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Table A.1: Continued

.

.
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Table A.2: Data for droplet train impingement experiments performed on a rib SH surface used in 
Chapter 4.
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Table A.2: Continued
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APPENDIX B. UNCERTAINTY ANALYSIS

The sections of this appendix present the uncertainty analysis for the Reynolds number

(Re), Weber number (We), Capillary number (Ca), and Strouhal number (St).

B.1 Reynolds Number

The droplet train experiments utilized the Reynolds number defined as Re=V d/ν . Through

a propagation of uncertainty approach, the uncertainty of Re (χRe) is determined by:

χRe

Re
=

[(
χV

V

)2
+
(

χd

d

)2
+
(

χν

ν

)2
]1/2

(B.1)

The uncertainty in ν was due to changes in temperature, with a maximum of 1.3%. The velocity

(V ) and droplet diameter (d) were not measured directly, but rather in terms of the volume of fluid

expelled from the nozzle (V– ) over the time required to do so (t). The maximum uncertainty for each

was 2.2% and 0.3% respectively. A propagation of uncertainty was used to obtain the following:

χV

V
=

[(
χV–
V–

)2
+
(

χt

t

)2
]1/2

(B.2)

χd

d
=

[(
χV–
3V–

)2
+
(

χt

3t

)2
]1/2

(B.3)

These uncertainties each had a maximum of 2.5% and 0.7% respectively. The resulting maximum

uncertainty in Re was 5%.

B.2 Weber Number

The Weber number (We= ρV 2d/σ ) was used in both droplet impingement on liquid coated

surfaces and droplet train impingement experiments. The uncertainty in density (ρ) and surface
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tension (σ ) were neglected. Using propagation of uncertainty gives:

χWe

We
=

[(
2χV

V

)2

+
(

χd

d

)2
]1/2

(B.4)

For droplet impingement on liquid coated surfaces, the uncertainty in V and d were 1.4% and

2.4% respectively, the resulting uncertainty in We remained below 3%. For the droplet train exper-

iments, V and d, and their respective uncertainties, were calculated as described for Re uncertainty,

resulting in a maximum uncertainty in We of 5%.

B.3 Capillary Number and Strouhal Number

Applying propagation of uncertainty to the Capillary number (Ca=V µ/σ ) and the Strouhal

number (St = V d/ f ), used in droplet train experiments results in the following equations respec-

tively:

χCa

Ca
=

[(
χV

V

)2
+

(
χµ

µ

)2
]1/2

(B.5)

χWe

We
=

[(
χV

V

)2
+
(

χd

d

)2
]1/2

(B.6)

In Ca, the uncertainty in σ has been neglected as done previously and the uncertainty in dynamic

viscosity (µ) was due to temperature fluctuations, as ν in Re was, with a maximum of 1.3%. The

frequency ( f ) uncertainty has also been neglected, being less than 0.01%. The uncertainties in V

and d are again the same as for Re and We uncertainties. The resulting uncertainties for Ca and St

were below 6% and 1.7% respectively.
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