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Impact and Departure Dynamics of Droplets and Bubbles
Hyunggon Park
(ABSTRACT)

Droplets and bubbles are important for understanding natural phenomena such as
falling raindrops, airborne disease transmission, and plant respiration systems, and
also for engineering contexts such as semiconductor fabrication, nuclear power plants,
and electronics cooling. However, still, more understanding is needed of these com-
plex dynamics problems. This dissertation will talk about the droplet impact and
bubble departure dynamics that are happening on various surfaces.

In Chapter 2 and 3, we will explore how the raindrops can transmit the plant
pathogens. When the raindrop impacts the infected wheat leaf, the micron-sized
dry spore can liberate from the surface in two different ways: dry dispersal and wet
dispersal. The dry spore can liberate from the surface by the inertia of the drop,
after that, the air vortex generated by the drop impact can carry the dry spores
above the laminar boundary layer, with the potential for long-distance transport.
For the wet dispersal, spore-laden droplets can be generated after raindrop impact,
but how these spore-laden droplets can make neighboring plant diseases is still a
mystery. We have shown that the splashed droplets can stick to the adjacent healthy
leaf depending on the inertia of the impacting droplet, anisotropic leaf orientation,
and whether it is treated with fungicide or not.

In Chapter 4, We design a micropillar aluminum substrate that preferentially
grows frost on top of the pillars. When deposited droplets impact the frost-tipped
pillars, the dynamic pressure causes the water to wick within the frost faster than
it can impale the gaps between the pillars. Upon freezing, this safely suspends the
resulting ice sheet in the air-trapping Cassie state, without any surface coatings
required.

For the last part (Chapter 5), we investigated the bubble coalescence dynamics
that can depart the bubble with a micrometer size. We made the micro-structured
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surfaces tailored to nucleation sites to enable the coalescence-induced departure of
micro-bubbles. A scaling model reveals two different modes of bubble departure fol-
lowing the coalescence-induced depinning: capillary-inertial jumping for micrometric
bubbles and a buoyant-inertial departure for millimetric ones. Eventually, this small
bubble departure can delay film boiling which can be the barrier to the boiling heat
transfer.
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Impact and Departure Dynamics of Droplets and Bubbles
Hyunggon Park

(GENERAL AUDIENCE ABSTRACT)

Dynamic interaction of droplets and bubbles with different surfaces is ubiquitous:
an impacting rain droplet on a plant leaf is responsible for transmitting thousands
of plant pathogens, or decreasing the departure size of bubbles on the surface of
heat exchangers would increase their efficiency. It is now well-understood that the
departure of condensed droplets on water repellent surfaces exhibits superior heat
transfer compared to all other modes of condensation and also enables self-cleaning,
delayed frosting, and anti-fogging surface technology.

In Chapters 2 and 3, we are studying the dynamic interaction of raindrops and
wheat leaves. By depositing water droplets on diseased leaves, we found out a rain-
drop can transmit wheat pathogens. This simple but important phenomenon would
adversely affect the quality of our wheat which is the most widely grown crop in the
world, contributing to a large amount of portion the global food supply.

Chapter 4 sheds light on another example of the dynamic interaction of raindrops
and an icy surface. We designed a pillared aluminum substrate that preferentially
grows condensation frosting on top of the pillars. With this passive anti-frosting tech-
nology, we are able to trap water droplets and ice in the suspending water droplets
in the air-trapping Cassie state without using a fragile nanotextured structure or a
complex re-entrant structure. Upon freezing, this safely suspends the resulting ice
sheet in the air-trapping Cassie state, without any surface coatings required. Un-
der a cold and humid environment, Cassie water freezes into Cassie ice which is
advantageous for its low surface adhesion.

In Chapter 5, we show that rationally micro-structured surfaces tailor nucleation
sites to enable the coalescence-induced departure of micro-bubbles. With this tech-
nique, we are able to remove surface bubbles at smaller sizes that would result in
enhancing the critical heat flux of nucleate boiling. We have used a blend of ex-
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periments and scaling to understand the underlying physics of this phase-change
problem.
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1
Introduction

1.1 Background information and motivation

The dynamic interaction of droplets and bubbles with different surfaces has at-

tracted researchers’ attention for decades as it results in physical phenomena in-

cluding splashing, impact, wicking, and coalescence. The beauty of this interaction

was illustrated about 30 years ago when high-speed cameras were invented. The

resulting interaction of droplets with solid surfaces includes deposit, bounce, and

splash. Coalescence and jumping of vapor bubbles is another example of the inter-

action that we see when we are making tea or coffee. Many studies regarding drop

impacting on the solid surfaces have been studied for various applications such as

plant pathogen science [6–8], crime scene application [9], rapid spray cooling of hot

surfaces [10, 11], and even inkjet printing application [12]. To date, suspending wa-

ter droplets in the air-trapping Cassie state has always required using a structured

surface that is superhydrophobic.  For a chilled superhydrophobic surface, this wa-

ter can freeze into Cassie ice which is advantageous for its low surface adhesion. 

Although the jumping droplet condensation has been widely understudied, during

the past 15 years, the jumping of vapor bubbles on surfaces is still a mystery.  As
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seen in the various examples above, droplets and bubble are ubiquitous, and un-

derstanding the dynamics of the droplets and bubbles are really important. Here,

we are highlighting different physical phenomenon: bouncing droplets and bubbles,

wicking, bubble nucleation, and coalescence of bubbles.

1.1.1 Bouncing droplets and bubbles

When the droplets and bubbles are interacting with the surfaces, there are two

chance of scenarios. The first one is sticking on the surface and the other scenario

is departing from the surface. The driving force is needed to overcome the adhesion

force of the droplets and bubbles on the surface. The orthogonal energy which is

required to overcome the adhesion energy of droplets and bubbles on the surface is

called work of adhesion [22–24],

Ead = γliquidScontract(1− cos θliquid) (1.1)

where γliquid is the surface tension of the liquid, Scontract is the contact area of the

liquid and the surface, and θliquid is the contact angle of the liquid.

Or, the lateral energy which is required to overcome the pinning force of the

liquids (bubbles and droplets) is called the pinning energy [22],

Ep ≈ πR2γ(cos θR − cos θA). (1.2)

where R is radius of the droplets and bubble contact with the surface, γ is the surface

tension of the liquid, and θR and θR is the advancing and receding contact angle of

liquid.

Both energies are needed to overcome the adhesion of the liquid and solid surface

and the investigation of the interaction between the liquid (droplets and bubbles)

and various solid surfaces is still a mystery.
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1.1.2 Wicking

For the general porous structures, when the liquid is touching the structures, it is

trying to with inside the structure with the capillarity. The liquid’s capillary motion

can be analyzed as the competition between the surface tension of the liquid and

the viscous dissipation of the liquid inside the porous structures. This relation is

generally represented

L(t) =

√
γReff cos θ

2η
t1/2, (1.3)

where L is the displacement of the liquid front over time, γ is the surface tension of

liquid and and η is viscosity of the liquid, Reff is the effective pore radius of frost,

and θ is the intrinsic contact angle the liquid with the surface. But if the the solid

surface is frost which has the porous structure inside and touched with the liquid, it

showed the different phenomenon which is called ice wicking [25].

1.1.3 Bubble nucleation and drop coalescence.

The nucleation, growth, and departure of vapor bubbles is studied for boiling. When

the surface is heated up in liquid bath, the vapor bubbles start to nucleate from the

surface and grow until the buoyancy can over come the surface tension of the the

bubble [13]. Understanding this bubble nucleation in boiling is really important for

various industrial applications, such as steam power plant [14], electronics cooling

[15–17], HVAC system [18] and water desalination output [19, 20].

For droplets on nonwetting surfaces, the merged droplet can jump from the sur-

face upon coalescence [2]. This interesting propulsion is caused by excessive surface

energy released upon coalescence events.
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γR2∼ 1

2
ρR3v2

v∼
√

γ

ρR
.

(1.4)

The follow up study has shown that the jumping droplet condensation on su-

perhydrophobic nanostructured surfaces can increase heat transfer rate up to 30 %

with the jumping droplet condensation [3]. However, although the jumping droplet

condensation has been widely understudied, during the past 15 years, jumping vapor

bubbles on surfaces is still a mystery.

The purpose of this dissertation is to understand the underlying physics of im-

pact and departure dynamics of drops and bubbles. The first part of this dissertation

(Chapter 2 and 3) is focused on the drop impact on the natural wheat leaf surface.

More specifically, we investigated how impacting raindrops can transmit the dis-

ease. From the second part of the dissertation (Chapter 4 and 5), we will talk about

the interfacial fluid dynamics of drops and bubbles on engineered surfaces for some

potential industrial applications. Specifically, we tried four different topics of dy-

namics of drops and bubbles here which are not under-explored so far. Each topic

is experimentally observed and theoretically examined to verify the experimental

result. Here, we are briefly explaining different chapters of this dissertation.

1.1.4 Vortex-induced dispersal of a plant pathogen by raindrop impact

Understanding the disease transmission in plant pathology is one of the most im-

portant parts of animal and plant health. Rainfall is one of the main causes of the

spreading of pathogen spores. However, previous work just focused on the splashed

droplet (wet state dispersal) after rain drop impact and this gives a limited under-

standing of the dispersal of spores. In Chapter 2, we demonstrated the spreading of

dry spores from diseased wheat leaf surfaces after rain splashing. High-speed images
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can capture the liberation of dry spores which is following the single drop impact on

the diseased leaf surface. We showed the air vortex that is generated after raindrop

impact can carry the dry spores out of the laminar boundary layer and give more

potential to long-distance transport of pathogen dispersal through the atmosphere.

1.1.5 Dynamics of splashed droplets impacting wheat leaves treated with a fungicide

Rain is one of the main causes of the dispersal of many plant pathogens. Fluid

mechanics for the spreading of plant-pathogen during rainfall is still understudied.

Previous studies have only focused on how pathogens (Puccinia triticina) are liber-

ated from the leaf surface in dry state. However, in Chapter 3, we show that splashed

droplets either bounce or stick, depending on the orientation of the leaf and whether

the surface of the leaf has been treated with a fungicide. A scaling model revealed

that bouncing was enabled when the droplet’s kinetic energy exceeded its pinning

energy to the surface. Our findngs indicate that, ironically, the application of fungi-

cide to protect a wheat plant may also facilitate pathogen spread and infection by

making leaves sticky to spore-laden droplets.

1.1.6 Using frost to promote Cassie ice on hydrophilic pillars

The accretion of ice and frost on various infrastructures causes mechanical damage,

losses in energy efficiency. It is obvious that preventing ice and frost from form-

ing in the first place is even better than reducing a surface’s ice adhesion strength.

For this reason, the past decade has seen a flurry of efforts to leverage micro/nano-

structured superhydrophobic surfaces to achieve anti-icing, also commonly known as

icephobicity. The suspended Cassie state of supercooled water on a superhydropho-

bic surface enables cooperative anti-icing mechanisms: a delay in heterogeneous ice

nucleation [26,27] and greatly enhanced droplet mobility [22], such that droplets can

slide [28], bounce [26, 29], or jump [2, 30] from the surface before freezing can oc-
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cur. Another emerging idea is to pattern or impregnate a surface with a hygroscopic

(low saturation pressure) material [31, 32]. For example, depositing salts or glycols

onto a surface can keep the intermediate surface areas dry, as all nearby moisture

is attracted to these diffusive “magnets.” However, these hygroscopic materials be-

come diluted with water very quickly (typically within minutes), upon which time

the dry zones collapse [33–36]. In Chapter 4, we showed the new concept which is

the first-ever to trap water droplets and ice in the Cassie state on an uncoated and

uniformly hydrophilic surface structure. We design a pillared aluminum substrate

that preferentially grows frost on top of the pillars. When deposited droplets impact

the frost-tipped pillars, the dynamic pressure causes the water to wick within the

porous frost faster than it can impale the gaps between the pillars. Upon freezing,

this safely suspends the resulting ice sheet in the air-trapping Cassie state, without

any surface coatings required.

1.1.7 Coalescence-induced jumping bubbles during pool boiling

Phase-change heat transfer, in particular nucleating boiling, is becoming increasingly

important for applications such as quenching metal alloys and electronics cooling.

Surfaces with micro/nano-structures have shown a significant enhancement of the

critical heat flux by enhancing the wickability of the liquid phase to delay film boiling.

However, an alternative strategy, of removing surface bubbles at smaller sizes, has

been largely ignored.

In Chapter 5, we engineer micro-structures onto a quasi-one-dimensional metallic

substrate (1 mm wide and 10 cm long), where the micro-structures promote the con-

trolled nucleation and early coalescence of bubbles and the 1D form factor facilitates

clear side-view high-speed imaging of the bubble dynamics. When the substrate

is submerged in water and heated, coalescing vapor bubbles detach from the sub-

strate at sizes in an order of magnitude smaller than usual ( 100µm rather than
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1 mm). A scaling model reveals two different modes of coalescence-induced depar-

ture: capillary-inertial jumping at smaller sizes and a buoyant-inertial departure at

larger sizes.

1.2 Practical applications

Understanding the dry spore dispersal with the help of vortex caused by raindrop

impact can elucidate the underlying mechanism of long distance disease transmission.

Also, investigation of wet spore dispersal gives us the better understanding how

the rain drop can spread disease after splashing. In other words, understanding

both dry and wet dispersal can potentially increase wheat production and give the

direction of how to use fungicide properly. With the effect of wicking, the impacting

droplet on frost tipped pillar can make Cassie ice which can potentially reduce the ice

adhesion without requiring any nano structures and surface chemical coating. Also,

understanding the bubble dynamics during pool boiling can delay the film boiling

which is the thermal barrier of heat transfer and eventually increase heat transfer

efficiency in various industrial applications.
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2

Vortex-induced dispersal of a plant pathogen by
raindrop impact

The content of this chapter was previously published as journal manuscripts in [37],

and reproduced here with minor modifications. In this chapter, experimentally and

theoretically, we are trying to understand how dry spore can transmit disease after

raindrop impact.

2.1 Introduction

Plant disease spreading threatens our food safety and security [38, 39]. Some plant

pathogens can be widely spread by rainfall [7, 40], in which splashing droplets can

carry pathogenic spores within and among susceptible host plants [7]. Small splashing

droplets with a diameter of < 100µm can be carried via wind currents [41, 42].

However, most satellite droplets from drop impacts are larger than 100 µm [7], which

are too heavy to follow wind flows over long distances; typically less than a few tens

of centimeters [40, 43].

Previous studies showed that dry plant pathogens such as rusts can be trans-
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ported kilometer distances in the atmosphere [44] and even cross continents [45–48].

In 1963, Hirst and Stedman [44] showed an increase in the concentration of dry rust

spores in the atmosphere followed by raindrop impacts. Other bioaerosols have been

observed to increase shortly after rainfall [49] and then stay up in the air for several

hours [50]. Once airborne, these small dry spores can avoid the scavenging of rain-

drops by following air streamlines around the falling raindrops, while large particles

are scavenged by raindrops [51,52]. Such light dry spores are a major entity of long-

distance pathogen spreading. However, the liberation mechanism of dry spores from

an infected plant is not well understood.

In this present work, we observed the liberation of dry spores following simulated

raindrop impacts on wheat leaves infected with the rust fungus, Puccinia triticina.

In addition, glass particles similar to the rust spores in size were used for a para-

metric study and to visualize dry spreading mechanisms at a greater level of detail.

We describe and explain how an air vortex is formed after a drop impacts the leaf

surface and carries dry spores away from the plant surface. Consequently, dry spores

dispersed by the air vortex induced by drop impact have the potential to traverse the

laminar boundary layer and travel over longer distances [53]. The mechanism of the

air-vortex dispersal could explain abrupt increases in dry spores in the atmosphere

immediately after rainfall events and also long-range disease spreading.

2.2 Results
2.2.1 Types of spore dispersal

We observed and analyzed the dispersal motion of urediniospores of P. triticina

when a raindrop hits an infected leaf containing uredinia (figure. 2.1(a)). Figure

2.1(b) shows that a falling drop is powerful enough to liberate spores. Here, we

identified two types of spore dispersal. The first is a wet splash dispersal of spores

that has been studied previously. When a droplet impacts a surface, the contact
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Figure 2.1: (a) Rust-infected wheat leaf surface on the left panel and scanning
electron microscopy (SEM) image of a uredinium (rust pustule containing uredin-
iospores) on the right panel. Here, the pustule of spores is seen on the epidermis of
the wheat leaf. (b) Dispersal of thousands of dry spores by drop impact when [Rd,
Ud]=[1.6 mm, 2.4 m/s], where Rd, Ud are the radius and velocity of the impacting
drop, respectively. (c) Visualization of dispersal patterns at [Rd, Ud]=[1.8 mm, 2.8
m/s], where the inset shows dry spores discharged by drop impact. (d) The number
Ns and (e) dispersal distance Ddisp of dry spores versus impact velocity Ud for a drop
of 1.8 mm in radius. The gray area in (e) corresponds to the calculated distance
of dispersed spores without an air vortex. The filled bars and circles are for sin-
gle spores only, whereas the open bars and circles are for all spores including spore
agglomerates (more than one spore).

line of the spreading edge of the drop becomes unstable and forms several daughter

splash droplets due to the high inertia of the drop and the hydrophobic property of

a leaf substrate [54]. As shown on the right side of figure. 2.1(b), splashing droplets

fly out along with spores inside. Spores inside a splash droplet are shown in figure.

2.1(c) and Supplementary Information Appendix A. Although the number of spores

inside a splash droplet is more than that of dry-dispersed spores [40], the splash

droplets are too heavy to follow the surrounding air current, limiting the range of

dispersal.

The second is a dry spore-dispersal, i.e. not wetted by a raindrop. The dry-spore
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dispersal is attributed to either the vibration of a wheat leaf (see figure. 2.1(b)) or

the direct impact of the drop (see the zoomed inset of figure. 2.1(c)). Most spores are

liberated from the upper surface, especially due to drop impact (the right-top side

of figure. 2.1(b)). On the other hand, spores on the lower surface can be thrown by

a rapidly decelerating leaf, but the number of ejected spores from the lower surface

is less than that from the upper surface.

2.2.2 Measurement of the number of ejected spores

We measured the number of dispersed dry spores, Ns, after a drop impact. We first

attached a rust-infected wheat leaf on a petri dish. Then, a drop was released onto

the wheat leaf at different heights to vary the impact speed. Hence, we measured the

number of dry-dispersed spores using a Nikon D500 camera with a pixel resolution of

6016×4000; the area of most spores was measured to be about 5 pixel2 (see Appendix

A in detail). Figure 2.1(c) show not only wet dispersed spores, but also thousands

of dry spores. Figure 2.1(d) shows that the number of dispersed dry spores, Ns, is

on the order of 103 and increases with the impact velocity, Ud. Such an increase of

Ns with respect to Ud can be attributed to not only higher impulse-momentum [40],

but also to an increase in the drop-contact area as the drop spreads [55].

2.2.3 Ejection mechanism

Spores are detached by the spreading motion of a drop as it exerts dynamic force on

the spores. The dynamic force to drag and scavenge spores, CDρdU2
c r

2
s (∼ 10 nN),

exceeds the interparticle force of P. Triticina spores, 0.7 nN (see Appendix B). Here,

CD, ρd, Uc, and rs are the drag coefficient, the liquid density, the speed of the liquid

contact line (on the order of 1 m/s), the radius of a spore (≈ 10 µm). The detached

spores stay on the advancing meniscus, and then collide with dry spores on the way.

By assuming elastic collision between spores on the meniscus and dry spores, the
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Figure 2.2: (a) Visualization of spores of P. triticina motions moving around a
wheat leaf when a raindrop of [Rd, Ud]=[1.6 mm, 2.4 m/s] impacts the leaf surface.
Dry wheat spores escape from the leaf, showing swirling trajectories during their
dispersal (a solid curve with circles is obtained by tracing one spore). Each inset
shows overlapping multiple images to visualize the trajectories of dry-spore dispersal
(see Movies S1 and S2). (b) Comparison of spore trajectories obtained from an
experiment and from a ballistic model.

ejection velocity of dry spores, Ve, would be proportional to the impact velocity of a

falling drop, Ud. A detailed theoretical model and experimental validation of spore

ejection are presented in Appendix A.

2.2.4 Spore-traveling distance and trajectory

For spores moving through quiescent air, the Reynolds number, Res = ρaVs(2rs)/µa $

1, is small, where ρa and µa are the density and dynamic viscosity of air (ρa = 1.2

kg/m3, µa = 1.82 × 10−5 Pa·s) and Vs is the instantaneous speed of a spore. Here,

the instantaneous speed decreases over time due to the air drag after reaching its

maximum speed at the moment of ejection (Ve ∼ 1 m/s). Thus, the trajectory of

spores can be predicted by balancing inertial force ρs(4/3)πr3s(d'Vs/dt), Stokes drag

6πµa
'Vsrs, and gravity, where ρs is the spore density. By integrating these forces with

the initial condition as Vs(t = 0) = Ve, a spore-travel distance dtrav can be written
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as the following;

dtrav =
2ρsr2sVe cosαe

9µa

[
1− e−9µatr/(2ρsr2s)

]
, (2.1)

where αe and tr correspond to the ejection angle and residence time of a spore in

air, respectively. For ejected spores with Ve = 1 m/s, the relaxation timescale,

τs = (2/9)ρsr2s/µa, is about 10−3 s, whereas the residence timescale, tr, becomes

only 10−2 s. Therefore, the travel distance, dtrav, is close to Veτs cosαe since the

exponential term, e−tr/τs , in equation (2.1) is quite small on the order of 10−5.

Figure 2.1(c) shows horizontal distances of dispersed spores measured from the

drop-impact point, Ddisp. To avoid any confusion, it is worth mentioning that the

travel distance, dtrav is measured from spore’s resting position not from the drop-

impact point. Hence, dtrav is always smaller than Ddisp. Interestingly, we found

that the dispersal distance of spores exceeds theoretical values from the above force

balance. Figure 2.1(e) shows the consistent discrepancy over different drop speeds.

To rectify the discrepancy on dispersal distance, we visualized the side-view tra-

jectory of rust spores as in figure 2.2(a). Figure 2.2(a) shows that spores ballistically

move shortly after the ejection (see the inset in the upper panel) and then swirl

around (see the inset in the lower panel). The overall trajectory of one spore is

shown as the black line in the lower panel too. Figure 2.2(b) illustrates a detailed

trajectory from an experiment and a simulated trajectory using the ballistic model

above. The ballistic model shows a right-triangle path (closed symbols) known as the

Tartaglia’s trajectory [56], whereas the experimental trajectory presents a swirling

motion with a longer travel distance (open symbols). In addition, the maximum

height reached by the spore is a bit higher than the predicted height from the bal-

listic model. In order to explain this discrepancy, we need to understand an air flow

around liberated spores upon drop impact.
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31.4 − 33.4 ms17.8 − 19.8 ms8.0 − 10 mst = 0 − 2.0 ms

3 mm

Drop impact

Substrate

Figure 2.3: Visualization of the dispersal motion of glass beads (surrogates for
spores) when [Rd, Ud]=[1.9 mm, 3.1 m/s]. Ballistic motion of the beads was observed
only at the beginning stage of dispersal, but later spores exhibited a swirling motion
(see Movies S3 and S4)

.

2.2.5 Trajectory comparison using artificial spores

To visualize the air flow, we used glass beads as surrogates for spores (glass sphere

type-I in table 2.1 in Materials and Methods). The density and radius of particles

are close to those of actual wheat spores. We observed similar dispersal behaviors

of actual wheat spores. In the very beginning, ballistic trajectories were observed as

shown in the first panel of figure. 2.3. Then, the glass beads were swirling around and

slowly move to the right (the 2nd, 3rd, and 4th panels of figure. 2.3). Since the glass

beads are light, this swirling motion can represent the pathlines of air current. To

confirm this, we calculated the Stokes number St, defined as a ratio of the relaxation

time of a particle τs (= 2/9ρsr2s/µa) to the characteristic flow time τf (= r̄w/Ūw).

Here r̄w ∼ 1 mm and Ūw ∼ 0.1 m/s are the mean radius and velocity of the swirling

flows. The Stokes number is very small for artificial spore I (St = 0.001 − 0.13).

Also, for the wheat spore, St is also 0.15, which indicates that such swirling motion

is induced by surrounding air flows.

2.2.6 Effect of surrounding air flows

Bischorberger et al. [57] showed the experimental evidence of a vortex ring created by

a spreading drop. Here, we also visualized the vortex ring using a smoke generator

(ChauvetDJ H700), as shown in figure 2.4(a). Figure 2.4(b) shows the schematic

of forming the air vortex via a spreading drop. The air flow was induced by the
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Figure 2.4: (a) Smoke visualization of the air vortex with [Rd, Ud]=[1.4 mm, 3.3
m/s]. The white dashed-curve represents the final shape of a drop and the solid curve
indicates the intermediate shape of a spreading drop at the maximum spreading
radius. (b) Schematic of the formation of an air vortex, driving spores swirl around.
(c) Magnitude of a circulation Γ versus an impact velocity Ud depending on a drop
radius Rd. (d) Γ is re-plotted according to our scaling law; Eq. (2.2). (e) Contour
map of a vorticity obtained from PIV measurements using glass beads with [Rd,
Ud]=[1.9 mm, 3.1 m/s], showing the dissipation of the air vortex with elapsed times.

spreading drop, whose speed was proportional to the inertia of the impacting drop.

Then, a vortex ring was shed as a boundary layer keeps propagating laterally, after

the spreading drop reaches its maximum radius. We experimentally measured the

initial magnitude of circulation using particle tracking velocimetry (PTV) (Appendix

A). Figure 2.4(c) shows that Γ(t ≈ 0) is proportional to Ud and Rd, which indicates

that circulation Γ(t ≈ 0) is induced by the drop inertia. Also, we observed that the

air vortex is dissipated over time and lasts only for a few tens of milliseconds, as

shown in figure 2.4(e). Therefore, airborne spores are swirled up by an air vortex

and then fall back under gravity after a few tens of milliseconds, which can explain

complicated trajectories in figure 2.2.
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2.2.7 Theoretical model of the magnitude of a circulation in air

We developed a scaling relation of Γ(t ≈ 0) for a better understanding of the vortex

motion. The shear motion of a spreading drop drives an air flow and eventually

creates an air vortex in the air. This spreading energy per unit length, ED, is given

as
∫ tm
0

∫
Ω φ dΩdt ≈ φΩtm, where φ, Ω, and tm are the viscous dissipation function per

unit length, the effective area of a viscous fluid, and the time duration for a spreading

drop to reach its maximum radius, respectively. The dissipation function φ scales as

µa(Ūc/δa)2 ∼ µaŪ2
c /(R

2
dRe−1

a ) using the Blasius boundary thickness of air, δa, where

Ūc and Rea are the mean speed of a liquid contact line and the Reynolds number of

air, ρaUd(2Rd)/µa. The cross-sectional area of the boundary layer scales as Ω ∼ Rmδa

and tm ∼ Rd/Ud. Also, the maximum spreading radius of an impacting drop, Rm

scales as RdRe1/4d [55] where Red = ρdUd(2Rd)/µd with the dynamic viscosity of

a liquid, µd. We finally get the spreading energy as ED ∼ µaRdUdRe1/2a Re3/4d by

substituting Rm & Ūc as derived in SI Appendix E. The rotational energy of the

air vortex, ER, is given as ρaΓ2(t ≈ 0) = ρar̄2w(r̄ww̄)
2 [58] where r̄w and w̄ are the

mean radius and vorticity of the air vortex, respectively. By balancing spreading and

rotational energies, we get the circulation as

Γ(t ≈ 0) ∼ Re−1/4
a Re3/8d UdRd. (2.2)

Our scaling relation shows the dependence of Rea on the initial circulation, Γ(t ≈ 0).

Figure 2.4(d) shows good agreement of our scaling argument with experimental data.

Furthermore, this association explains experimental observations previously reported

in [57].
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2.2.8 Simulation of spore trajectories

We also simulated the trajectories of spores by solving the equation of motion con-

sidering inertial force, air drag force, and gravitational force;

ρs

(
4

3
πr3s

)
d'Vs

dt
= 6πµars('Vs − 'Uw)− ρs

(
4

3
πr3s

)
'g. (2.3)

Here, 'g is the gravitational acceleration and we neglect the Basset force because of

low ρa and µa. To estimate the air flow, 'Uw, we used potential theory and the method

of images along with our estimated circulation. Thus, the corresponding complex

potential W can be written as W = −iΓ/(2π) log [(z − d)/(z + d)] [59] where z is a

complex variable of a position and d is a distance from the wall. Here, the vortex

circulation, Γ, dissipates over time after the vortex is shed from a spreading drop.

The wall distance, d, increases over time as d ∼
√
νat where νa is the kinematic

viscosity of air while the vortex dissipates and diffuses away (see Appendix A). By

differentiating W with respect to z, we can determine 'Uw. Finally, we can numerically

solve equation (A.3) with given ejection velocity and angle of spores. Figure 2.5 shows

that computed trajectories from equation (A.3) follow experimental trajectories quite

well.

The vortex generated from a spreading raindrop can blow spores farther away

and also make the swirling motion of the spores, thus resulting in traveling higher

and longer distances. Figure 2.5 also shows that the maximum height of liberated

spores increases in the presence of the air vortex (red and orange circles and lines),

and thus most liberated spores can escape beyond the boundary layer of a leaf (δL ≈

1.72
√
νaL/U ≈ 0.7 − 2.1 mm; the length of leaf, L ≈ 10 cm and a typical wind

speed, U = 1− 10 m/s) [60]. Thus, spores liberated by an air vortex may cross the

laminar boundary layer and be exposed to the wind, with the potential to travel over

long distances.
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Figure 2.5: Experimental (circles) and theoretical footprints (solid lines) of glass
beads, where [Rd, Ud]=[1.4 mm, 3.2 m/s]. The inset shows the actual trajectories of
glass beads I, which was obtained from overlapping multiple images from t = 0.4 to
76 ms.

2.3 Discussion

Various spore-dispersal mechanisms have been reported previously. These include

dispersal resulting from changes in temperature and relative humidity [61], in re-

sponse to mechanical stimuli [62], from insect movement [63], along with dew and

splash droplets [64], and due to cavitation bubbles [65]. In this article, we report

a new dry-dispersal mechanism of a plant pathogen via raindrop impact. When a

raindrop hits a rust-infected plant leaf, the drop initially pushes the spores to be

liberated from the leaf surface. Then, the spores follow swirling trajectories aided by

the air vortex ring formed by the raindrop. As a result, the spores travel longer dis-

tances and higher heights, thereby reaching outside the boundary layer to be swept

by wind. Therefore, a number of pathogenic spores can escape from the region of a

host plant and possibly land on other susceptible plants.

A few limitations exist to simulating the trajectory of rust spores: splash droplets
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and leaf’s flexibility. First, the splash droplets affect the shape and magnitude of

the air vortex, which change the trajectory of spores only near the end (Appendix

A). Second, a flexible leaf will vibrate due to the drop impact, which increases the

number of spores. However, the response of the leaf is much longer than spread-

ing time of the drop, which minimizes its effect on liberated spores. Nevertheless,

we consistently observed that both rust spores and surrogate glass beads show the

swirling trajectories (figure. 2.2) and are able to escape from the leaf boundary as

dtrav and maximum height are larger than the width of leaf and δL, respectively. Our

finding could be extended to crops impacted by rust diseases, such as coffee and corn,

thereby making dtrav much longer than that without the air vortex see Appendix A).

Outside the boundary layer, air flows are turbulent. So, the Stokes number of

spores in that region is much less than 1; Stk = τs/τk where the particle relaxation

timescale is τs = (2/9)ρsr2s/µa ∼ 10−3 s and the Kolmogorov timescale is τk =

(νa/ε)1/2 = 10−2 − 10−1 s. The turbulent kinetic dissipation rate ε is expected to be

10−3 − 10−2 m2/s3 at a half height of a typical canopy [66]. Thus, many airborne

spores with Stk < 1 can be immediately dispersed by the turbulent eddies, similar

to ocean spray droplets [67]. Furthermore, plant pathogens can travel over kilometer

distances via wind currents [68]. Therefore, the dry dispersal of plant pathogens via

a vortex ring may be a critical component of the spread of a plant pathogen in the

atmosphere over long distance.

2.3.1 Preparation of infected wheat leaves

Lines of wheat susceptible to wheat leaf rust infection were cultivated under con-

trolled growth conditions (135 µM/m2s−1 light for 12h/day, 35◦C) for 6 weeks follow-

ing seed germination. Healthy leaves were inoculated using a suspension of Puccinia

triticina urediniospores in water with 0.001% of detergent as adjuvant. Inoculated

plants were then incubated in an isothermal-isohumidity chamber at 15◦C and 99%
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for 24 hours, then removed back to previous controlled growth conditions. After 7 to

10 days, pustules of powdery P. triticina spores are sufficiently broken through the

epidermis of wheat leaf, as illustrated in figure 2.1(a).

2.3.2 Properties of rust pustule and spore.

The shape of the pustules is assumed to be an elliptic cylinder, where the length of

major and minor axes are measured to be 1.02 ± 0.17 mm and 0.30 ± 0.04 mm,

respectively, and the thickness is measured to be 0.21 ± 0.01 mm. The radius of P.

triticina spores, rs, is measured to be 9.7 ± 0.6 µm using a scanning electron micro-

scope. Measuring the terminal velocity of individually falling spores, the density of

P. triticina spores, ρs, is calculated to be 1294 ± 84 kg/m3 (see Appendix A), whose

value is close to the density of other microspores, such as the fungus spore [69] and

pollen [70].

2.3.3 Drop impact conditions

A syringe needle was used to generate water drops of radius Rd ranging from 1.4 to

1.9 mm, within the range of the typical size of raindrops [71]. Drops were released

from a certain height, falling under gravity, and then striking either an anchored leaf

(cantilever) or a leaf fully supported by a rigid bottom. By varying the drop-releasing

height from the substrate, the impact velocity of a water drop, Ud, is changed to be

between 1.5 and 4.6 m/s. Thus, the corresponding Weber Wed = ρdU2
d (2Rd)/γ and

Reynolds number Red = ρdUd(2Rd)/µd of an impacting drop range from 88 to 1117,

and from 4200 to 17480, respectively. Here we specially focused on drop impact

on a rigid infected leaf to elucidate the fundamental mechanisms of vortex-induced

spore spreading. In the time-scale comparison, the spreading time of water drops,

tm ∼ Rd/Ud, is on the order of 1 ms, which is much less than the vibration time of

leaves (∼ 50 ms [72]). Thus, the vibration of the leaf by drop impact is assumed to
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Particle ρs (kg/m3) rs (µm)
I Hollow glass sphere 1100 1− 10
II Soda Lime Sphere 2500 19.0− 22.5
III Soda Lime Sphere 2500 45.0− 53.0

Table 2.1: Properties of artificial spores.

be insignificant to the initial liberation process of disease spreading. Also, we focused

on the first impact of a simulated raindrop because the number of the removed spores

were observed to rapidly decrease with the number of drop impacts and get removed

within a few successive drop impacts [73].

2.3.4 Properties of artificial leaf and spores

Artificial leaf and spores were used to quantify the dynamics of disease spreading.

For the artificial leaf, we used a polycarbonate (PC) film. For the artificial spores, we

used micron-sized glass beads listed in table 2.1. When the glass beads were disposed

onto a substrate, the thickness ranges between 100 and 250 µm, which is a similar

value to the thickness of pustules. Here, the Stokes numbers of artificial spores I, II,

and III are measured to be 0.001− 0.13, 1.1− 1.5, and 6.1− 8.5, respectively.
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3

Dynamics of Splashed Droplets Impacting Wheat
Leaves Treated with Fungicide

The content of this chapter was previously published as a journal manuscript in [74],

and reproduced here with minor modifications. In this chapter we are trying to

understand how the spore laden droplet can spread the disease to neighboring wheat

plant after raindrop splashing.

3.1 Introduction

Wheat is the most widely grown crop in the world [75, 76]. Wheat contributes to

about one quarter of the global food supply [75–77] and is projected to be 60%

of the United States’ food supply by 2050 [78]. Plant disease, such as Fusarium

Head Blight (caused by the fungus Fusarium graminearum) and wheat leaf rust

(caused by the fungus Puccinia triticina − figure 3.1(a),(b)), threaten this staple food

crop [79,80]. Consequently, new information is needed to understand the underlying

physical mechanisms for the liberation and dispersal of plant pathogens governing
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the spread of disease in wheat crops.

Strong winds can dislodge pathogens from a surface and carry them to neigh-

boring plants [45, 46, 53, 81–83]. When rainsplash occurs on a diseased plant, the

ejected satellite droplets can transmit pathogens (figure 3.1(c)) [7,43,73,84]. Spores

forced into the air by an impacting rain drop can get dispersed by air vortices also

generated from the impact [37]. More recently, it was discovered that naturally oc-

curring dew cycles can also liberate spores from wheat leaves [85]. The mechanism

is the coalescence-induced jumping of micrometric dew droplets [2], which can pro-

pel adhered spores several millimeters above the leaf surface to clear the boundary

layer [85]. For all of these rainsplash and condensation mechanisms, liberated spores

can be carried by many kilometers in the wind after clearing the laminar boundary

layer [45, 46, 53, 82, 83].

Wheat leaves exhibit a superhydrophobic surface wettability [86] comprised of

micro/nano-scale surface roughness, which heavily influences the dynamics of im-

pacting rain drops. For example, raindrops can easily splash or bounce from a su-

perhydrophobic wheat leaf [37] and even dew droplets can spontaneously jump from

the leaf upon naturally occurring coalescence events [85]. The dynamics of droplets

impacting superhydrophobic surfaces has been widely studied [1, 23, 87–97]. In con-

trast to conventional surfaces, where the kinetic energy from impact is lost to viscous

dissipation, a droplet landing on a superhydrophobic surface is able to bounce with

a large restitution coefficient, ratio of the velocity before and after impact [1]. The

time scale of droplet bouncing is capillary-inertial in nature (i.e. a balance between

kinetic energy and surface energy) [87], although it can be shortened by using macro-

scopic features to break up a droplet [94, 96]. For a droplet impact at a sufficiently

high Weber number, the ratio between inertia and surface tension, satellite droplets

will be generated due to splashing [90, 91, 98]. During impact, a wetting transition

can occur from the suspended Cassie state, where air pockets are trapped within
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the surface roughness, to the impaled Wenzel state, in which the droplet will stick

to the surface instead of bouncing off [88, 89, 93, 99]. This is because the contact

angle hysteresis, which is the difference between droplet’s advancing and receding

contact angles, is dramatically larger for water in the Wenzel state compared to the

Cassie state [22]. The mechanisms for this Cassie-to-Wenzel wetting transition in-

clude touch-down of the menisci to the bottom floor of the surface structure [23,93]

or the depinning and sliding of the menisci down the structure’s side walls [100–102].

Returning to the specific case of rain-drops impacting a diseased wheat leaf, it

is well known that splashed satellite droplets can liberate spores from the impacted

leaf. However, as these spore-laden splashed droplets proceed to impact neighboring

leaves, it is unknown whether they will bounce or stick to the surface. Such infor-

mation is critical to understanding the limits of pathogen spread during rainfall.

In this study, an inclined superhydrophobic substrate was used to launch satellite

droplets onto an adjacent wheat leaf fixed to a horizontal surface. Droplets were

observed to either bounce from or stick to the leaf surface. Wheat leaves sprayed with

a fungicide were substantially more likely to cause droplets to stick than untreated

leaves, particularly when the anisotropic ridges of the leaf structure were orthogonal

to the droplet’s motion. These findings were rationalized with a scaling model that

compared the droplet’s kinetic energy to the energy required to dewet the partially

impaled droplet from the leaf.

3.2 Materials and Methods

Preparation of Wheat Leaves:Winter wheat lines known to be susceptible to stem

rust (Massey, and VA-135) were provided by the Griffey lab at Virginia Tech. Plants

were propagated and inoculated as described in previous publications [37, 85]. Ma-

ture leaves were detached from plants and used for experiments within 48 hr. Figure

3.1a and 3.1(b) show an infected leaf and microscopic spores, respectively. Leaves
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Figure 3.1: (a) Photograph of a wheat leaf infected with leaf rust. Rust pustules (ure-
dinia) have emerged from the epidermis. (b) Scanning electron micrograph of a uredinium
containing urediniospores. (c) Visualization of splashed satellite droplets generated by a
droplet impacting a diseased wheat leaf. The initial droplet, of radius R= 1.44 mm, im-
pacted the leaf at a speed of V = 2.4 m/s. Inset shows a magnified view of how the splashed
satellite droplets are laden with spores.

were tested under two conditions: untreated (figure 3.2(a),(b)) and sprayed with a

fungicide (figure 3.2(c)) leaves. For the leaves treated with fungicide, an 8:1:1 (by

volume) solution of water, fungicide concentrate (Proline 480 SC Fungicide, Bayer

CropScience), and surfactant (Top Surf, Winfield Solutions) was sprayed onto the

leaves using an atomizer (Preval 267, Portable Sprayer System). Concentration (in

water) for the treated leaves were 80 ppm for the fungicide (Proline 480 SC Fungicide,

Bayer CropScience) and 125 ppm for the surfactant (Top Surf, Winfield Solutions).
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The mixture of fungicide and surfactant was sprayed onto the leaves using an at-

omizer (Preval 267, Portable SprayerSystem). The fungicide concentrate contained

41% prothioconazole and 6% glycerine (by weight), while the surfactant contained

alkylpolyethoxyalkylene ethers and other ethoxylated derivatives. For consistency,

the atomizer was guided along the complete length of the leaf and back while actu-

ated, with its position being approximately 5 cm away from the leaf’s surface. High-

speed imaging (Phantom v711, Vision Research) indicated a characteristic droplet

diameter of approximately 70–100µm diameter for the spray (see figure B1 in Ap-

pendix B). After receiving a fungicide treatment, sprayed leaves were allowed to dry

for 2 hr in a fume hood prior to experiments. A small subset of experiments was

done with infected leaves. Healthy 6-8-week-old leaves were inoculated with uredin-

iospores of P. triticina and incubated in a dark and 100% humid environment for

24 h at 15◦C to boost infection. After this incubation, the leaf moved back to the

previously described growth conditions akin to recent reports [37, 85].

All of the wheat leaves exhibited an anisotropic ridge structure (figure 3.2(b)).

These densely packed ridges had a characteristic width of 110µm and a height of

6µm. After drying, the fungicide spray did not noticeably affect the morphology of

the leaf’s surface structure (see , figure B3 in appendix B). This is in contrast to a

separate work, where a different type of fungicide was used which deformed the wax

structure of a wheat leaf [103]. Here, the effect of the fungicide on the surface of

the leaf was deemed to be purely chemical in nature, resulting in an altered surface

wettability.

The elasticity timescale is much longer than the spreading timescale for a rain-

drop impacting a leaf. The spreading timescale of water drops, tm=Rd/Ud, is on

the order of 1 ms, which is much less than the elastic response timescale (i.e. vi-

bration timescale) of leaves (≈ 10 ms) [72, 104]. The radius of curvature of a leaf is

approximately 10 cm, which is much larger than the drop size (D = 500–1,000µm).
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Therefore, our experiments on a rigid flat leaf would be valid to understand how

raindrops impact a leaf in nature.

Contact Angle Measurements: Two sets of advancing and receding apparent con-

tact angles were measured: the static case of a sessile droplet and the dynamic case

of an impacting droplet. The former case is useful for generally characterizing the

wettability of a wheat leaf, while the latter accounts for a partial wetting transition

that may occur upon dynamic impact. The contact angles were measured for all four

combinations of untreated versus fungicide sprayed leaves and parallel versus per-

pendicular orientation of the leaf ridges with respect to the droplet motion. Static

measurements were obtained using a contact angle goniometer (ramé-hart, Model

590) by the classic shrink-swell method (figure 3.3(b)). Dynamic measurements were

obtained by using side-view high-speed microscopy to directly measure the advanc-

ing and receding angles during droplet impact. The dynamic advancing angle was

measured as the droplet neared its maximum spreading diameter [105, 106], while

the receding angle was measured in the early stages of droplet retraction [107–109].

(see figure B4 in Appendix B). For cases where the impacting droplet sticks instead

of bounces, a receding angle was still observed during the partial retraction of the

droplet. To promote a symmetric contact line, these dynamic contact angle measure-

ments were performed with an orthogonal droplet impact with respect to the wheat

leaf. This was achieved by directly depositing a D ≈ 1 mm droplet using a pulled-

glass needle, as the mesh technique for producing small droplets cannot control the

angle of impact.

3.3 Results

Figure 3.3 shows the experimental results for satellite droplets impacting four dif-

ferent types of leaf surfaces: (I) Untreated leaf with droplet motion parallel to the

leaf ridges, (II) Untreated leaf with droplet motion perpendicular to the leaf ridges,
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Figure 3.2: (a) Photograph of an untreated wheat leaf sample. (b) Scanning electron
micrograph of an untreated wheat leaf, which visualizes the anisotropic micro-grooves that
run along the surface. (c) Photograph of a wheat leaf after being sprayed with a fungicide
solution. Prior to drying, a distribution of droplets containing the fungicide solution were
visible along the surface. A white dotted circle is added to help visualize one of these
droplets. The chemical constituents of the fungicide spray are provided in Materials and
Methods.

(III) Fungicide sprayed leaf with droplet motion parallel to the leaf ridges, and (IV)

Fungicide sprayed leaf with droplet motion perpendicular to the leaf ridges. As ex-

pected, droplets exhibited an increased contact angle hysteresis when the contact

line was moving against the ridges as opposed to along. This is in agreement with

previous measurements of hysteresis on micro-grooved surfaces [110, 111]. For both

the untreated and fungicide sprayed leaves, the hysteresis was larger by about a fac-

tor of two for the perpendicular droplet motion compared to parallel. The effect of

adding the fungicide spray was even more important than the leaf orientation, with

a sprayed leaf exhibiting an order of magnitude increase in hysteresis compared to an

untreated leaf with the same orientation. Therefore, surface I exhibited the lowest

hysteresis (≈ 4.3◦) while surface IV exhibited the largest (≈ 72.3◦).

Figure 3.3(c) illustrates the four types of leaf surfaces (I–IV) used to test the

dynamics of impacting satellite droplets. Corresponding time-lapse images are shown

in figure 3.3(d), in which a high-speed camera captured the droplet trajectories from

the side. For leaf I, all satellite droplets bounced off from the leaf surface several

times. The bouncing motions continued until a droplet either fell off an edge of

the leaf or very gradually came to a rest. For leaf II, most droplets bounced at
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Figure 3.3: (a) Side-view photograph of the experimental setup used to trampoline
satellite droplets from an inclined superhydrophobic surface onto an adjacent wheat leaf.
(b) Apparent contact angles for sessile droplets on wheat leaves. Insets show the four
different modes of wetting: untreated (I and II) or fungicide sprayed (III and IV) leaves,
with the camera perspective (white arrows) measuring contact angles either parallel (I and
III) or perpendicular (II and IV) to the ridges. Error bars represent a standard deviation
from an average of three trials. (c) Schematic of dynamic droplet motion along the four
different types of leaf surfaces (I–IV). (d) Time-lapse photography capturing the trajectories
of satellite droplets bouncing or sticking as they move along the four types of wheat leaves.
The duration of the time-lapse image is about 260 ms for leaves (I) and (II) and 120 ms for
(III) and (IV).

least once, but not as many times as with leaf I. In some cases, droplets failed to

bounce even following their first impact. The less frequent bouncing events could
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Figure 3.4: Restitution coefficients for three different cases: clean satellite droplets (no
spores) impacting an untreated wheat leaf where the tangential component of the droplet
velocity is parallel to the leaf ridges (green squares), spore-laden satellite droplets im-
pacting a superhydrophobic surface (orange diamonds), and clean droplets impacting a
superhydrophobic surface (gray circles). Restitution coefficients were calculated by com-
paring the normal component of velocity before and after impact. The horizontal dashed
line corresponds to a restitution coefficient of ε≈ 0.9 found from a previous report using a
different type of superhydrophobic surface [1]. Inset: the slight increase in the restitution
coefficient for later bounces is correlated with a decrease in the Weber number.

be attributed to the higher hysteresis of droplet motion perpendicular to the leaf

ridges. It is possible for droplets to exhibit jetting or splitting during impact on

superhydrophobic surfaces [98, 112, 113]. These behaviors were not observed here,

due to the small Weber number of the satellite droplets. With leaf III, a few droplets

were still able to bounce, but most droplets did not bounce at all, likely due to

the dramatic increase in hysteresis caused by the fungicide and low receding angles

less than 100◦ [114]. Finally, for case IV which exhibited the largest hysteresis, no

bouncing events were observed. Note that for leaves II and IV, an array of leaf pieces

had to be arranged side by side due to the small width (≈ 1 cm) of wheat leaves. In

these cases, we did not analyze a subset of trials where the droplets happened to
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impact a seam between adjacent leaves.

For ease of experimentation, the above tests were performed on healthy leaves

that did not have pathogenic spores on their surface. However, in order to extend

our findings to the desired context of disease transmission, we performed additional

experiments validating that spores do not affect the droplet dynamics. This can

be seen in figure 3.4, where the restitution coefficient of bouncing droplets was the

same for both clean and spore-laden droplets. The spore-laden droplets were ob-

tained by using a diseased wheat leaf as the inclined surface, rather than the usual

superhydrophobic substrate. By trampolining the satellite droplets from the dis-

eased leaf, spore-laden droplets were directed to a flat superhydrophobic substrate

to measure the restitution coefficient. To ensure that the restitution coefficient of a

flat superhydrophobic surface is equivalent to a flat wheat leaf, we also measured the

restitution coefficient of a clean satellite droplet bouncing onto a superhydrophobic

surface. In all three cases, the restitution coefficient was ε ≈ 0.78 ± 0.03 averaged
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across the first four bounces of a droplet. This is slightly smaller than the upper

value of ε≈ 0.9 observed on an ideal superhydrophobic surface [1], as our superhy-

drophobic surfaces exhibited appreciable contact angle hysteresis. The restitution

coefficient did increase slightly as the Weber number decreased, in agreement with

previous reports [89, 113, 115, 116]. These results validate that the bouncing versus

sticking behavior of our clean droplets will be functionally equivalent to when the

droplets are carrying spores.

Figure 3.5 shows bouncing versus sticking events while also quantifying each

droplet’s Weber number (We) and impact angle (θ). The Weber number describes

the ratio between inertia and surface tension, which is defined as We = ρV 2D/γ,

where ρ is the density of water, D is the diameter of impacting droplet, and V is the

total velocity of the impacting droplet. For all four types of leaf surfaces, droplets

became stuck when impacting at a low We. For both untreated cases (leaves I and

II), the data were sorted into two different categories (i.e. bouncing and sticking) and

compared to the Weber number. The p-values in each group were 0.0002 and 0.0001

respectively (< 0.01), which indicates that the statistically significant transition can

happen at Wec ≈ 2. However, for the fungicide sprayed leaf (square data points),

bouncing did not occur for the perpendicular case (leaf IV) and rarely was observed

for the parallel case (leaf III) because of the heterogeneous nature of the spray. The

statistical analysis showed that there was a statistically less significant transition for

leaves III and IV with a p-value of 0.015 (> 0.01). In terms of the impact angle,

a previous study showed that bouncing drops with high We numbers were observed

above a critical angle (θ ∼ 40◦) [98]. With high impact angles, the bouncing dy-

namics is governed by both normal and tangential components of inertia while the

tangential component mostly contributes to the lateral sliding. Since our study fo-

cuses on high impact angles (θ % 40◦) as in natural situations, our energy-balance

model hereinafter can predict the bouncing-to-sticking transition.
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It may be tempting to only use the vertical component of velocity when calculat-

ing We. However, for the untreated wheat leaves I and II, we observed that the con-

tact angle hysteresis of an impacting droplet is appreciably larger than that measured

for sessile droplets (see figure B4 in Appendix B). This indicates that a local wetting

transition occurs due to the droplet impact. It is well known that droplets in a full

Wenzel state are irreversibly impaled within the surface texture [89,92,108,117–119];

therefore, the ability of our impacted droplets to bounce indicates a partial wet-

ting state. We hypothesize that the horizontal component of velocity is, counter-

intuitively, also useful for promoting bouncing, as it allows the droplet to slide away

from the local region of partial impalement [120]. For the leaves sprayed with fungi-

cide (III and IV), there was no appreciable difference in hysteresis for sessile versus

impacting droplets (see figure B4 in Appendix B). This is because the wetting state

is now dominated by the hydrophilic chemical deposits, which applies to both static

and impacting droplets. Both the dried fungicide deposits and fungicide-free regions

of the sprayed leaf had characteristic length scales of ≈ 1 mm, comparable to the size

of the impacting satellite droplets. Therefore, most droplet impacts would at least

partially contact a high-hysteresis fungicide deposit, such that lateral motion to a

fungicide-free region would be beneficial. In short: the vertical component of inertia

facilitates the spreading and retraction essential for bouncing, but is simultaneously

aided by the horizontal inertia reducing the hysteresis that impedes retraction.

To predict whether any given droplet will bounce or stick, we compared its kinetic

energy from impact to its pinning energy due to contact angle hysteresis. The pinning

energy of a droplet can be approximated by:

Ep ≈ πR2γ(cos θR − cos θA) (3.1)

where R is the radius of a spherical satellite droplet before impact, γ is the surface

tension of water, and θA and θR are the apparent advancing and receding contact
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Figure 3.6: Regime maps demarcating bouncing (green region) versus sticking (pink
region) behaviors for satellite droplets impacting (a) untreated or (b) fungicide sprayed
wheat leaves. Dynamic angles were used for (a) and static angles were used for (b). The
critical line separating the two regimes is given by Eq. 3.3, with the slopes representing the
fitted value of β≈ 2. Small inset shows the data plotted in logarithmic scale.

angles, respectively. We note that Eq. 3.1 is a very simplistic estimation of the

pinning energy, as the area of the droplet prior to impact will not be equal to the

area of the solid-liquid contact area after impact. However, this approach allows us

to use the equation universally, regardless of the exact angle of impact or dynamic

shape of the droplets. The kinetic energy provided from impact is given by:

Ek =
1

2
ρ

(
4

3
πR3

)
V 2 (3.2)

where ρ is the density of water.

Figure 3.6 demarcates bouncing versus sticking behavior by graphing the critical

line where the kinetic energy matches the pinning energy:

Ek = βEp, (3.3)

where β is a geometrical pre-factor. Figure 3.6a shows the regime map for droplets

impacting untreated leaves (I and II). When assigning a value of β≈ 2, the line plot-

ted by Eq. 3.3 bisects the bouncing and sticking events. Bouncing droplets tended to

fall above the line, where the kinetic energy can exceed the pinning energy. Sticking
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droplets fell on or beneath the critical line. Similarly, figure 3.6b shows results for

fungicide sprayed leaves (III and IV), with the same pre-factor of β ≈ 2. For leaf

IV, the contact-angle hysteresis is so large as to prevent bouncing entirely, so no

bouncing data could be produced to validate the theoretical crossover line.

The small inset in figure 3.6 shows all of the data plotted in a logarithmic scale

(both axes). Even though leaf I (blue circles) is not a perfect fit between the ex-

periment and theoretical values, the other three leaf configurations (II, III, and IV)

are all well-matched with the theoretical crossover line. One possible explanation of

this disparity is that leaf I exhibits the smallest contact angle hysteresis, such that

the critical kinetic energy to achieve bouncing is substantively smaller than with the

other types of leaves. Perhaps the model’s assumption that all of the kinetic energy

may be used to overcome pinning begins to break down at very small Weber num-

bers, where it is more difficult to deform the droplet’s shape upon impact to slide

away from a local defect. We also note that, while leaves II–IV have a good overall

agreement with the theory, the experimental crossover is of course not as sharp as the

theoretical one due to the surface inhomogeneity of leaf samples. Finally, if 100µm

diameter splashed droplets were used instead of 500–1,000µm, we would expect that

sticking events would dominate, as Ep∝D2 compared to Ek∝D3.

In addition to the dynamic pressure caused by the kinetic energy, a droplet will

also generate a water hammer pressure upon impacting a substrate [29, 121, 122].

The water hammer pressure is due to the rapid deceleration of the droplet upon

contacting the surface, and is expressed as [29]:

EWH = κWH ρCV
4

3
πR3, (3.4)

where κWH is the water hammer pressure coefficient and C is the speed of sound in

water. For the satellite droplets used here, EWH ∼ 103 nJ, one order of magnitude

larger than the kinetic energy (Ek ∼ 102 nJ). However, this water hammer pressure
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is highly localized, with a length scale of [29]:

dWH =
D0V

C
, (3.5)

where D0 is the diameter of impacting droplet. Beyond which the shock waves

reach the free surface of the droplet and dissipate. Here, dWH ≈ 1µm, which is

negligibly small compared to our maximal droplet spreading diameter of about 1

mm. Therefore, the water hammer pressure is only relevant in terms of initiating

a localized wetting transition upon impact, especially for leaf types (I) and (II) as

discussed above. In terms of the bouncing dynamics, only the kinetic energy can be

harnessed due to its larger time and length scales of operation.

3.4 Conclusions

We studied the dynamics of splashed satellite droplets impacting wheat leaves in

different orientations and with and without a fungicide. The final fate of a droplet:

bouncing versus sticking, was governed by a competition between its kinetic energy

and pinning energy. The pinning energy, caused by contact angle hysteresis, was

found to depend on the orientation of the anisotropic leaf ridges with respect to

the path of droplet motion. When the ridges ran parallel to the droplet motion,

droplets bounced several times, while bouncing was less probable for perpendicular

ridges. When spraying wheat leaves with a fungicide, the pinning energy was found

to increase dramatically. For the fungicide-sprayed leaves, bouncing was observed

occasionally for the parallel ridge orientation, but sticking always occurred for the

perpendicular orientation even for the initial droplet impact events.

Ironically, these results indicate that wheat leaves treated with a fungicide solu-

tion (a mixture of fungicide, surfactant, and water) can actually aid in the transmis-

sion of leaf rust during rainfall. It is well known that rainsplash can carry pathogenic
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material, for example by scavenging spores from the air or from the initial impact

with a diseased plant [7, 43, 73, 84]. The fungicide treatment causes these spore-

laden splashed droplets to stick onto secondary leaves, which can result in disease

spread. In contrast, spore-laden droplets are prone to rebouncing (without depositing

pathogenic spores) from untreated wheat leaves. Therefore, fungicide applications

may be helping to promote the very diseases they are seeking to prevent. Conse-

quently, wheat producers should consider the timing of fungicide applications with

regards to major rainfall events. It is important to note that the findings presented

here have some important limitations. First, our experiments were conducted in

the laboratory under controlled environmental conditions. Wheat plants grown un-

der field conditions could have different characteristics (e.g., be naturally-infected

with different plant pathogens, contain areas of necrotic or senescing tissue, etc.).

Consequently, future experiments with field-grown wheat plants harboring leaf rust

are warranted. Second, our study focused on a limited number of wheat genotypes

known to be susceptible to leaf rust. Future studies could include additional wheat

genotypes that vary in their resistance to leaf rust. These additional studies might

also include genotypes that vary in leaf morphology and architecture. Despite these

limitations and the call for future work, our results shed new light on how leaf rusts

are spread during rainfall on leaf surfaces treated with a fungicide application. Such

work is important for the integrated management of leaf rusts and other plant dis-

eases worldwide.
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4

Using Frost to Promote Cassie Ice on Hydrophilic

Pillars

The content of this chapter was previously published as journal manuscripts in [123],

and reproduced here with minor modifications. In this chapter we are trying to show

the new concept of Cassie ice without any nano structure and chemical coating.

4.1 Introduction

Various types of surface coatings have been developed that reduce ice adhesion

strength for enhanced de-icing functionality. Micro/nano-structured surfaces im-

pregnated with a nonvolatile lubricating oil can significantly reduce the ice adhesion

strength relative to smooth surfaces [124], while also facilitating gravitational shed-

ding during thermal defrosting [125]. Soft elastomeric coatings have been shown

to greatly reduce the ice adhesion strength down to τ < 1 kPa, particularly when

adding uncross-linked polymeric chains at the interface to promote slippage [126].

By dispersing particles exhibiting a low shear modulus within a substrate with a
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high shear modulus, stress-localized fracture and removal of ice at τ ∼ 1 kPa was

demonstrated [127]. Coatings exhibiting a low interfacial toughness, for example

polypropylene, enable large areas of ice to be shed with a low and area-independent

force [128].

The past decade has seen a flurry of efforts to leverage micro/nano-structured

superhydrophobic surfaces for anti-icing or de-icing applications. Supercooled water

tends to exhibit the suspended Cassie state on a superhydrophobic surface, which

enables cooperative anti-icing mechanisms: a delay in heterogeneous ice nucleation

[26,27] and greatly enhanced droplet mobility [22], such that droplets can slide [28],

bounce [26], or jump [2] from the surface before freezing can occur. In a humid

environment, condensation frosting via inter-droplet ice bridging is inevitable [30,

129], but on a nanostructured superhydrophobic surface this frost can exhibit the

Cassie state [130]. The adhesion strength of Cassie ice/frost is reduced by a factor

of 15 compared to a highly smooth surface [131], while also facilitating dynamic

shedding upon partial melting (i.e. dynamic defrosting) [130]. However, it is now

common knowledge that neither the nanostructures nor their conformal hydrophobic

coatings are durable under rugged conditions [132, 133].

Here we use frost-tipped aluminum pillars to trap impacting supercooled droplets

in a Cassie state without requiring a nanostructure or hydrophobic coating. While a

recent work has similarly demonstrated the ability to preferentially grow frost atop a

surface structure [134], here the frost tips are not the endgame but rather the means

to subsequently trap freezing droplets in a Cassie state. Our scaling model reveals

that the Cassie ice is enabled by the rapid wicking of impacting water into the porous

frost tips, which out-competes the time scales for impalement or freezing.
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Figure 4.1: Conceptual overview of our non-superhydrophobic technique to trap
frost and ice in the Cassie state. Supercooled condensation primarily grows on top
of the pillars due to their extrusion into the concentration boundary layer (Step 1).
As this upper condensate freezes, it evaporates any underlying condensate due to
the hygroscopic nature of ice to result in Cassie frost (Step 2). Rain or fog droplets
impacting the surface will wick inside of the Cassie frost and get arrested, preventing
impalement (Step 3). As droplets continue to impact the surface, the result is a
continuous layer of Cassie frost/ice suspended above air pockets (Step 4).

4.2 Results

Figure. 4.1 is a conceptual overview of our hypothesized new approach to trapping

frost and ice in the Cassie state on uncoated pillars. Under chilled and supersat-

urated conditions, supercooled condensation should preferentially nucleate on suffi-

ciently tall (∼ 1 mm) pillar tops. This is because the sharp corners enhance diffu-

sion [33, 135] while the millimetric height allows the pillar tops to protrude beyond

the concentrated barrier of non-condensable gas [136]. Freezing should therefore oc-

cur first for the larger condensate atop the pillars, which will subsequently evaporate

any lower condensate due to the hygroscopic nature of frost [137, 138]. After frost

is grown atop the pillars, we hypothesize that impacting supercooled droplets will

freeze on top of the pillars in the Cassie state.

An array of aluminum square pillars, of width w= 0.5 mm, height h= 1 mm, and

edge-to-edge pitch of p= 1.5 mm, were machined (see figure. C5.1 Appendix C). The

micropillared surface was subjected to condensation frosting by thermally bonding

it to a Peltier stage chilled to a temperature Ts in an air environment of temperature
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T∞ and relative humidity RH. Side-view time-lapse photography was employed to

compare two different conditions for growing frost: Ts = −20± 1◦C, T∞ = 22 ◦C,

and RH = 71.5%, or Ts ≈−7 ◦C, T∞ = 3.2 ◦C, and RH = 73.6%. The former case

has an extreme supersaturation of S = 15, whereas the latter is a more naturally

realistic S = 1.5. Supersaturation is defined as the ratio of the partial pressure of

water vapor in the ambient, P∞=Psat(T∞)RH, compared to the saturation pressure

for liquid water at the surface, Pw =Psat(Ts). In both cases, the frost was observed

to grow predominantly atop the pillars (figure. S2 ) and evaporate any secondary

condensation from between the pillars (figure. S3).

Figure. 4.2 shows high-speed imaging for droplets impacting the frosted pillar

tops under different conditions. figure 4.2(a) shows droplet impact where the ambient

was room temperature, RH = 20% and T∞ = 21 ◦C, while the aluminum substrate

was chilled to Ts ≈ −40 ◦C. Frost was allowed to grow for about 20 min prior to

droplet impact, which resulted in a frost thickness of about 2 mm extending above

the pillar tops. Once frost growth reached the steady state situation in which the

frost tips approach the dew point temperature for ice (Tfrost,tip ≈ −3 ◦C) [139],

a room temperature water droplet was released to elucidate its dynamics on the

frosted pillars. The droplet exhibited a diameter of D = 3.4 mm and was room

temperature prior to impacting the frost-tipped surface at a speed of U = 0.8 m/s.

The warm droplet melted the frost within milliseconds of impact, such that it impaled

the hydrophilic aluminum pillars in the Wenzel state. The frost layer was nearly

continuous between pillars, indicating that even a robust frost-tipped surface cannot

repel warm water.

Figure 4.2(b) shows the opposite case of a supercooled droplet impacting the frost.

The frost was grown under identical conditions described above for S= 1.5 for about

2.5 hr. After growing the frost atop the pillars, the surface was directly moved into

a walk-in freezer where RH= 75.4% and T∞=Ts =−22 ◦C. Under these isothermal
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Figure 4.2: High-speed photography of water droplets impacting aluminum pillars
exhibiting Cassie frost (see Video S3, S4 in the Supplemental material). (a) When the
impacting droplet (D= 3.4 mm) and ambient are room temperature (T∞= 21.0 ◦C),
the droplet melts the frost to impale in the Wenzel state (even when the substrate
is chilled to Ts ≈−40 ◦C). (b) Under near-isothermal conditions in a walk-in freezer
(T∞=−22 ◦C), an impacting supercooled droplet (D= 2.9 mm) becomes arrested by
the frost tips to produce Cassie ice. (c) After three different microdroplets (D≈ 500–
1,000 µm) successively impacted the same region over time, a continuous ice bridge
was formed between adjacent frost tips.

conditions, a droplet of size D= 2.9 mm impacted the frosted pillar tops at a speed of

U ≈ 0.7 m/s. To prevent the freezing of water from within the metal syringe needle,

the syringe was filled with a bath of ice water held in the docking bay to the freezer

(where T∞≈ 3 ◦C). Nonetheless, the droplet was certainly supercooled by the time of

impact, given that the syringe was in the freezer for about 1 min prior to dispensing

the water Indeed, the supercooling was evidenced by the necessity of using a smaller

needle to avoid freezing prior to dispensing, hence the slightly smaller droplet size of

D= 2.9 mm instead of 3.4 mm. Under these conditions, the supercooled droplet froze

on the overlying frost in a Cassie state, such that the aluminum pillars themselves

remained dry.

For many practical systems, icing is not only caused by rain droplets but also

by microscopic droplets suspended in clouds or fog. Therefore, we additionally im-

pacted our frost-tipped pillars with supercooled microdroplets, to see if they can get

similarly trapped in an arrested Cassie state. Similar to previous reports [74, 140],
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the microdroplets were generated by impacting a millimetric droplet onto a steel

mesh, which produced multiple D≈ 500–1,000 µm satellite droplets. The frost was

grown for 10 min where Ts =−20 ◦C, T∞= 23.8 ◦C, and RH= 63.5% (resulting in a

supersaturation of S= 15). After the frost was grown, the surface was brought into

the walk-in freezer to ensure near isothermal conditions (Ts =−12 ◦C, T∞=−12 ◦C,

and RH= 69.80%). As shown in figure 4.2(c) and S4,for sufficiently coarse frost tips,

at least a portion of each droplet impacted a frost tip(s) and could not penetrate

between the pillars. After enough impact events, the microdroplets were able to com-

pletely bridge the gaps between adjacent frost tips. This culminated in a continuous

sheet of ice/frost suspended on top of the aluminum pillars (figure S5).

The Cassie state is only possible when the impacting droplet gets arrested be-

fore its menisci can appreciably invade the gaps between the frost-tipped pillars

(figure 4.3(a,b)). From figure 4.2(a), where arrest was not possible due to the warm

temperature of the droplet, it was observed that the impalement speed was approxi-

mately equal to the impact speed. More quantitatively, side-view high-speed imaging

indicated that water menisci invaded the gaps between pillars at a speed that was

only 2% slower than the impact speed. This is due to the large (1.5 mm) edge-to-

edge separation (p) between pillars, and was also observed for droplets impacting

similarly-scaled hairy structures [141]. If the frost tips grow to a much larger pro-

jected diameter than the pillars, this would reduce the gap size the water penetrates

through but the same approximation seems to hold in most cases. If we define a

successful Cassie state as preventing the meniscus from advancing beyond the upper

frost tips, it follows that the impalement time scales as:

timpale ∼
hf
U
. (4.1)

where hf is the height of the frost grown on the top of each micropillar. Taking a

typical case of hf∼ 1 mm and U∼ 1 m/s results in timpale∼ 1 ms.
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Regarding the specific mechanism for hydrodynamic arrest, there are several pos-

sibilities. Recent studies have characterized the arrested hydrodynamics of super-

cooled droplets impacting a chilled surface due to freezing [142–145]. The most

obvious hypothesis is that freeze fronts can propagate laterally to freeze the menisci

before they can invade the pillars. For the case of a supercooled droplet, these freeze

fronts would begin immediately upon contacting the frost-tipped pillars. The rate of

freeze front propagation is obtained by balancing conduction through the frost and

the latent heat of fusion:

ρiLvfreeze ∼ k
∆T

∆x
. (4.2)

where ρi = 917 kg/m3 is the density of ice, L= 334 × 103 J/kg is the latent heat of

fusion, k ∼ 1 W/m·K scales as the effective thermal conductivity of water/ice, and

∆x is the corresponding lateral length scale across which heat is conducted. The

temperature differential between the 0 ◦C freeze front and freezer temperature is on

the order of ∆T ∼ 10 ◦C. For larger droplets (D ∼ 1 mm) completely spanning the

gap between adjacent frost tips, ∆x∼ p/2. For microdroplets which only partially

(a)
(b) (c)

𝑈

(b)

ℎf

𝑝𝑤

𝑝 − (𝑤f−𝑤)

𝑝

𝑤f

𝑈wick

(c)
𝑅eff

ℎf

Figure 4.3: Model schematic for predicting whether frost-tipped pillars can trap
an impacting supercooled droplet in the Cassie state. (a) When the droplet impacts
the frost tips, the dynamic pressure will simultaneously: (b) Drive the water into the
gaps between the frosted pillars, and (c) Wick the water into the frost tips themselves,
which have an effective pore radius of Reff ≈ 10 µm. The Cassie state will be enabled
if the water can wick within the frost faster than it can fall between the frost tips.
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span an air gap, ∆x∼D/2. The time required to freeze each meniscus, from freeze

fronts propagating from opposing frost-tipped pillars, is then given by:

tfreeze∼
1

2

p− (wf−w)

vfreeze
∼ (p− (wf − w))ρiL∆x

2k∆T
. (4.3)

Using a representative scenario of p−(wf−w) ≈ 200 µm and droplet diameters ranging

from D ≈ 0.5–3 mm, we obtain tfreeze ∼ 0.1–1 s. This indicates that the freezing of

menisci between pillars cannot be the arrest mechanism after all, as tfreeze( timpale.

To consider a second possible arrest mechanism, the droplet volume may be

wicking inside of the porous frost tips. The ability of a liquid to wick inside of

dendritic frost only recently came into appreciation [25,146,147]. For our case of an

impacting droplet wicking inside of the surface’s frost-tipped pillars, we hypothesize

that the dynamic pressure replaces capillarity as the dominant driving force. The

inertial force of an impacting droplet is given by Fi ∼ ρD2U2. The resultant capillary

force is given by Fγ∼γReff(D/Reff), where ρ≈ 1,000 kg/m3 and γ= 7.56× 10−2 N/m

are the density and surface tension of water at 0 ◦C, respectively, and Reff≈ 10 µm is

the effective pore radius of a typical frost sheet [25]. The D/Reff ratio crudely scales

as the total number of frost pores beneath an impacting droplet. For a representative

scenario of D∼ 1 mm and U∼ 1 m/s, this results in Fi∼ 1 mN being much larger than

Fγ∼ 100 µN, validating the hypothesis. The resisting viscous force is given by

Fµ ∼ µ
(h/twick)

Reff
(Reffh)

D

Reff
∼ µh2D

twickReff
. (4.4)

where µ= 1.79×10−3 Pa·s is the dynamic viscosity of water, Uwick ∼ h/twick is the

effective wicking velocity, and h is the vertical extent of wicking necessary to contain

the water within/between the frost tips. We used a simplified approximation of each

pore tunneling straight through the frost of depth hf (figure 4.3(c)). Balancing Fi

and Fµ yields the estimated time scale for the droplet’s water to fully wick inside of
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the frost:

twick ∼ µh2

ReffρU2D
. (4.5)

For the case of larger droplets (D≈ 3 mm), h∼hf, and Eq. 4.5 results in twick∼ 100 µs

for U∼ 0.5 m/s. For smaller droplets (D≈ 0.5 mm), h∼D from volume conservation,

and Eq. 4.5 results in twick ∼ 100 µs when U∼ 1 m/s. In either case, this is an order

of magnitude faster than timpale∼ 1 ms. This strongly indicates that, well before im-

palement between pillars can occur, the water wicks within the frost tips to become

safely sequestered atop the pillars.

Of course, frost wicking is only a viable arrest mechanism if it can encompass

an appreciable fraction of the impacting droplet’s volume. For the largest droplet

size used here, D ≈ 3 mm, the droplet tended to impact four frost-tipped pillars.

The volume of each frost tip is estimated by Vfrost ≈ w2
f hf, which for wf ≈ 2 mm

and hf ≈ 1 mm results in 4Vfrost ≈ 16 mm3. When a frost sheet is defrosted, the

resulting meltwater film is approximately one fourth the height of the original frost

[130]. This indicates that the void volume within a frost tip is about Vvoid≈ 3 mm3,

such that 4Vvoid ≈ 12 mm3. This compares quite favorably to the droplet volume of

Vdrop ≈ 14 mm3, especially when considering that water can be freely suspended in

the air between the frost tips.

Frost wicking is only possible if the water is able to wick completely inside of

the frost before it freezes over into solid ice. As shown in figure 4.3(c), consider

supercooled water wicking inside of frost with an effective pore radius of Reff≈ 10 µm.

This wicking would itself get arrested once a freeze front propagates by about Reff

from either side to seal each pore. The speed of a freeze front within a pore is given

by vfreeze,pore ≈ (ki∆T )/(ρiLReff), such that:

tfreeze,pore ∼
Reff

vfreeze,pore
∼ Reff

2ρiL

ki∆T
. (4.6)
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Figure 4.4: (a) Phase map comparing when twick is faster to produce Cassie ice
(green shaded region) versus when timpale is faster to enable Wenzel ice (red region).
The critical phase line was constructed by equating Eqs. 4.1 and 4.5. All experimen-
tal conditions tested (green data points) fell within the Cassie regime. (b) Overview
of calculated time scales corresponding to all experimental conditions tested. The
vertical dotted line corresponds to when the droplet diameter equals the capillary
length (D=Lc).

For a typical value of ∆T ∼ 10◦C, the pore freezing time scales as tfreeze,pore ∼ 1 ms.

Recalling that twick ∼ 100 µs, we can conclude that the impacting water can indeed

wick completely within the frost before the pores can get sealed via freezing. Fi-

nally, it was confirmed that preferential lateral spreading along the superhydrophilic

frost tips was not a competing arrest mechanism (see Section S6 in Supplemental

Materials).

Figure 4.4(a) depicts a phase map comparing when frost wicking versus droplet
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impalement is favorable. The critical phase line is found by equating twick ∼ timpale,

resulting in h/Reff∼Re where Re=ρUD/µ is the Reynolds number of the impacting

droplet. All data points (green symbols) fall well beneath this phase line, corre-

sponding to the Cassie state (i.e. twick <timpale) which agrees with the experimental

observation. An analogous phase map was constructed to compare frost wicking

versus meniscus freezing, where wicking once again won out across all data points

(figure S6). figure 4.4(b) plots all theoretical time scales corresponding to every ex-

perimental trial conducted in the freezer (using exact values for ∆T ). Across all

trials, the calculated wicking time scale was the fastest, further demonstrating the

ubiquity of wicking. See figure S7 for additional comparisons of the time scales ex-

tended to extreme in-flight conditions (i.e. U ∼ 100 m/s), where wicking similarly

wins.

4.3 Conclusions

In summary, we have demonstrated that both frost and ice can be trapped in a

suspended Cassie state without resorting to a superhydrophobic surface. Cassie frost

was achieved by preferentially condensation frosting the tops of the tall aluminum

pillars. Cassie ice was subsequently produced by exploiting the dynamic pressure of

impacting droplets to wick the water inside of the porous frost tips. In other words,

the water was able to become safely sequestered in the porous frost tips well before it

could get impaled between the pillars in the Wenzel state. This wicking mechanism

for arresting impacting water in the Cassie state implies that any hydrophilic pillars

with porous tips should suffice for producing Cassie ice. However, the benefit of

using frost itself as the porous tips is that the mass of the resulting Cassie ice is

physically decoupled from the structured substrate itself. This should minimize the

ice adhesion strength of the Cassie frost/ice to the underlying hydrophilic substrate

to facilitate robust de-icing, which we encourage future works to investigate.
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5

Coalescence-Induced Jumping Bubbles during Pool
Boiling

5.1 Introduction

Phase-change heat transfer, in particular nucleating boiling, is important for applica-

tions such as steam power plants [14], HVAC systems [18], water desalination [19,20],

and electronics cooling [15–17]. Many approaches have been considered to increase

the maximum possible phase-change heat transfer of nuclete boiling, known as the

critical heat flux. In particular, surfaces with micro- and nanostructures [148, 149],

biphilic wettability patterns [150], or thermal conductivity patterns [151] have signif-

icanly enhanced the critical heat flux. The mechanisms are the enhanced wickability

of the liquid phase into the vapor phase and/or limiting the nucleation density of the

vapor phase via surface patterns [151–154].

In addition to wickability, it is coming into appreciation that the boiling heat flux

also depends on the bubble departure frequency and diameter [155–157]. During pool

boiling, surface bubbles typically detach by buoyancy at millimetric scales, such that

film boiling can readily form at a moderate critical heat flux [13]. Li et al. recently
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showed that a three-tier superhydrophilic surface reduced the bubble departure size

to Ddepart ≈ 500µm, compared to millimeter-scale bubble departures on a smooth

copper surface [155]. If a new mechanism could be found to achieve Ddepart$ 100µm

without resorting to fragile nanoscale surface structures, these works suggest that

the critical heat flux of boiling could be substantively increased.

The hydrodynamics of vapor bubbles are analogous to liquid droplets in many

ways, particularly at the micro-scale where surface tension effects dominate over

buoyancy. In 2009, it was reported that the coalescence-induced jumping of dropwise

condensate from a superhydrophobic surface reduced the droplet departure size by or-

ders of magnitude compared to gravitational removal [2]. The enabling mechanism is

the release of excess surface energy upon coalescence, which manifests as out-of-plane

jumping due to the low-adhesion substrate breaking the symmetry of the expanding

liquid bridge [158–160]. The minimum droplet diameter where coalescence-induced

jumping was possible ranged from Ddepart ∼ 1–10µm, depending on the geometry

of the underlying surface structure which governed the inflation of embryos into

large-angle droplets [161–164].

Analogous attempts at removing micrometric surface bubbles via coalescence

have been attempted. A purely numerical study determined which range of con-

tact angles enabled the coalescence-induced departure of bubbles from a smooth wall

[157]. Two experimental reports utilized isothermal and non-aqueous systems, for ex-

ample diffusively grown CO2 bubbles [165] or bubbles of H2O2 generated by catalytic

decomposition [166]. To date, only one report experimentally observed coalescence-

induced bubble departure during aqueous pool boiling (on a micro-pillared sur-

face) [167]; however, it found contradictory results regarding whether the departure

velocity decreases or increases with increasing bubble size. They hypothesized a

size-dependent Marangoni force to resolve the paradox, but this was not validated.

Here, we reveal two distinct modes of coalescence-enhanced pool boiling that
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resolves the apparent paradox of the departure velocity alternately decreasing or

increasing with bubble diameter. To obtain clear side-view high-speed microscopy

of the hydrodynamics, a quasi-one-dimensional aluminum fin was used to prevent

multiple focal planes of bubbles. By machining arrays of micro-cavities and micro-

grooves onto the top face of the fin, we promoted the controlled nucleation and

early coalescence of vapor bubbles. In comparison to the buoyant departure of a

single surface bubble at Ddepart ∼ 1 mm, coalescing vapor bubbles readily detached

at Ddepart ∼ 100µm, an order of magnitude smaller. A scaling model validated that

smaller micro-bubbles exhibited a capillary-inertial jumping velocity (U ∝ D−1/2)

upon coalescence, whereas larger micro-bubbles still used coalescence to depin but

subsequently departed with a buoyant-inertial velocity (U∝D+1/2). The bimodal hy-

drodynamics of coalescence-induced departure were observed even for bubbles grown

quasi-statically at negligible superheats, demonstrating that Marangoni forces are

not responsible.

5.2 Results

Figure. 5.1 is a visual summary of the stark contrast between the buoyancy-induced

departure of a single surface bubble versus the coalescence-enhanced departure of

two bubbles. The isolated surface bubbles consistently detached at millimetric

length scales (Ddepart∼ 1 mm), consistent with previous works (Video S1 in the sup-

porting information) [155]. For bubble nucleation sites sufficiently close together,

coalescence-induced departure is possible at micrometric scales (Ddepart ∼ 100µm)

(Video S1 in the supporting information).

Figure 5.2 shows the experimental setup used to practically control the nucleation

and departure of the bubbles. A quasi-one-dimensional aluminum fin (2 mm× 100 mm

× 8 mm) was machined to facilitate the clear side-view imaging of the bubble dynam-

ics. The side walls of the fin were covered by PEEK plastic (2 mm× 100 cm× 8 mm)
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Figure 5.1: Two different bubble departure scenario during boiling. For (a), the
bubble start to grow from the nucleation site, and after the critical size, the buoyancy
is big enough to pinch off the neck between bubble and the surface. For coalescence
enhanced departure, (b), two neighboring bubble can coalesce and depart the surfaces
before the buoyancy can lift off the bubble which is one order of magnitude smaller
size than buoyancy induced departure.

to minimize bubble generation around the fin. A pool of 20 mL of water was contained

over the fin using 1.5 mm thick polycarbonate. As shown in the inset of Fig. 5.2, the

200 µm

Thermocouple

Inserted cartridge heater Micro-grooves

Micro-cavities

𝐷𝑙

1 cm

Figure 5.2: Experiment set up of quasi-1D boiler. The one dimensional aluminium
fin is machined to facilitates clear side-view high-speed imaging of the bubble dynam-
ics. The insets show the micro-cavities/grooves on top of the aluminium fin which is
10 µm length scale.
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Mode #1: Dual Pinning Sites 

Mode #3: Capillary-Inertial Jumpingc)

Mode #4: Buoyant-Inertial Departured)
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t = 0 ms 0.357 ms 0.714 ms 1.21 ms 1.642 ms 3.928 ms

200 µm

Mode #2: Single Pinning Site

Figure 5.3: Four different modes of the bubble coalescence during boiling. (a) when
the two bubbles are not big enough, after coalescence, the bubbles are pined on the
surface even coalescence with the dual pinning sites. Similar to (a), (b) shows the
single pinning site. When the bubble coalescence, just one bubble can depined and
spin around toward the other bubble which is still pinned. (c) and (d) are showing
the departure of the coalescence bubble. (c) shows the effect of capillarity. In this
mode, during coalescence, the bubble neck during coalescence impinges the surface
and this pushing can jump the bubble out of the surface. (d) shows the surface
tension is only being used to depin the necks, after that the buoyancy can lift off the
bubble from the surface.

top face of the aluminum fin featured arrays of close-packed micro-cavities (anything

from two holes up to four holes) and lateral arrays of micro-grooves. The holes exhib-

ited diameters of ≈ 80µm and a depth of ≈ 25µm, whereas the grooves were ≈ 70µm

in width with a depth of ≈ 10µm. Cartridge heaters were embedded in the aluminum

to obtain minor superheats (Ts ≈ 100–110 ◦) that promoted the quasi-static growth

of surface bubbles. The coalescence and departure of bubbles was captured with a

high-speed camera (Vision Research, Phantom v711).

Figure 5.3 visualizes the four different modes of bubble coalescence observed dur-

ing pool boiling on the micro-structures (Video S2 in the supporting information).
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(I) Dual Pinning, where the merged bubble retains both pinning sites associated

with the two bubbles prior to coalescence. This mode is typical for the smallest

bubbles (D< 100µm), as the bubbles have not appreciably inflated relative to their

pinning necks at the nucleation sites (i.e., 80µm holes or 70µm grooves). (II) Single

Pinning, where one of the two bubbles depins during coalescence, but the merged

bubble retains the other pinning site. This mode is common for mismatched bub-

bles, where the smaller bubble tends to depin to get pulled into the larger (still

pinned) bubble. (III) Capillary-Inertial Jumping, where the substrate breaks the

symmetry of the expanding vapor bridge during coalescence. This impingement of

the vapor bridge (4th frame in Fig. 5.3c) results in an out-of-plane jumping (6th

frame), such that the initial propulsion is powered by capillarity rather than buoy-

ancy. While analogous to the capillary-inertial jumping of micrometric dew droplets

on superhydrophobic condensers [2], to our knowledge this is the first explicit side-

view imaging of capillary-inertial jumping for micrometric vapor bubbles. This mode

was commonly observed for similar-sized bubbles of size 100µm<D< 500µm (prior

to coalescence). (IV) Buoyant-Inertial Departure, where coalescence is merely ex-

ploited to detach the bubbles’ pinning necks, but it is buoyancy that subsequently

lifts the bubble off the surface. This is typical for larger micro-bubbles (D> 500µm

prior to coalescence), where the buoyancy is strong enough that the expanding vapor

bridge does not appreciably impact the substrate (4th frame in Fig. 5.3d).

Figure. 5.4(a) shows the the bubble departure velocity contrast to the diameter

of the merged bubble. If the bubble size of the bubble is too small, the excess surface

energy ∆G = 4πσ(R2
m) during coalescence is not big enough to overcome the work

done Wµ ∼FµRm ∼ εµ
√

σ/ρR3/2
m of the bubble against the viscous drag during the

expansion and retraction process, where ε∝ 1/µ is dimensionless amplitude for the

viscous damping, µ is the dynamic viscosity of water, ρ is the density of the water
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and Rm is the radius of the merged bubble [166]. By equating this the excess surface

energy ∆G and the work done by viscous damping Wµ we can put the left vertical

line which is around Dm ∼ 0.2 mm. This pinning regime is red shaded regime in

fig. 5.4(a) which is corresponding to the the pinning mode in fig. 5.3 (a),(b).

After this critical line, capillary-inertia jumping can happen. In this regime,

the capillary energy Eγ ∼ γR2 is driving the kinetic energy of the merged bubble

Ek∼ρvR3U2 and this can result in final bubble jumping velocity.

U ∼
√

γ

ρv
R−1/2. (5.1)

The green triangle data shows the capillary inertia jumping. The vapor necks

impacting the floor and this is flowing the −1/2 scaling which goes down the slopes

which are shaded as a green color.

Especially, for the small coalescence bubble (Ddepart≈ 200µm) as shown in fig. 5.5,

the bubble still can jump of the surface with capillary-inertia jumping even this is

not following −1/2 power law. This is because the adhesion of the bubble with the

surface is too large, so these data points fall off the −1/2 line. We colored this regime

with the purple area in fig. 5.4(a) between the pinning regime and capillary-inertia

jumping regime.

After this capillary-inertia regime, the coalescence is just used to depin the bubble

necks, the buoyancy drives the bubble jumping out of the surface which is called

buoyancy-inertia departure regime. In this regime, buoyancy energy Eb ∼ ρlR4g is

driving the kinetic energy of the merged bubble Ek∼ρvR3U2 and this can result in

final bubble jumping velocity.

U ∼
√

ρlg

ρv
R1/2. (5.2)
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Figure 5.4: (a) Phase map of merged bubble size and the departing velocity of
the coalescence bubble. There are four different regimes depending on the bubble
coalescence. The pinnig regime is showing the pinning on the nucleation site after the
coalescence. After that, at some critical diameter of the merged bubble, it shows the
capillary-inertia jumping regime where the capillarity of the bubble play a key role
of departing with the vapor bubble neck impinge the surface. The capillary-inertia
is shifting to the buoyant-inertia departure where the buoyancy us main cause of
the departure where the capillarity is just used to pinch off the bubble neck with
the surface. For the last regime, the bubble is big enough, so the buoyancy can
overcome the adhesion energy of the bubble with the surface where the buoyancy
induced departure regime.

The blue circle data (buoyant inertia departure) is following the positive 1/2 as

shown in the blue shaded regime.

For the bubble coalescence modes, if the bubble is smaller than the critical size.

the bubble can stuck on the surface after the coalescence (red shaded regime). After

this regime, capillary inertia jumping (green shaded regime) which is −1/2 power law,

and then cross over at the x intersection instead of going down the track. It goes

up the track on the positive 1/2 buoyant inertia departure (blue shaded regime)

and finally crosses over the final line, bubbles way over than this size, it departs

even without coalescence, buoyancy enhanced departure (yellow shaded regime).

Because of the bubble is large, buoyancy alone is enough to detach the surface with-

out coalescence with the Fritz radius [166] where the buoyancy force (Fb ∼ ρlR3g)

is balanced with the vertical component of bubble pinning force with the surface
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Figure 5.5: The multi-cycle bubbles departing from the same nucleation site. The
bubble is departing after coalescence and this coalescence induced departure is keep
happening at the same nucleation site. In this case, the four times of bubble coales-
cence departure happened at the same nucleation site.

(Fpin,verical ∼ 2πRpsinθ) where Rp is the radius of the pinning site and θ is the

contact angle of water and the surface [166]. In this regime, the yellow diamond

data points are corresponding with this buoyancy enhanced departure as shown in

Figure. 5.4(a).

Figure. 5.4(b) shows the regime map of the percentage of departing or pinning

after the coalescence. When there is a large size mismatch between two bubbles

(Dl/Ds > 1.6) where Dl is the diameter of of the large bubble and Ds is the diameter

of the small bubble, the coalesced bubble can pin on surface without showing any

departing as shown in the red shaded are. In the intermediate regime (1.2 < Dl/Ds <

1.6), half of the bubble can depart and the other half can pin on the surface. However,

for the two bubbles which have small size mismatch (Dl/Ds < 1.2), more the 80

percents of bubble can depart the surface not stick on the surface. All of that data

at fig. 5.4(a) is constructed from this regime data [166].

Figure. 5.5 shows the multi-cycle bubble generation of coalescence-enhanced de-

parture that is nucleating at the same nucleation site. Bubbles can start to nucleate

in the microgroove and coalesce at the small size which leads to depart from the sur-

face (1st bubble). After that, the new bubble keep growing at the same nucleation

site and departing the surface with the coalescence (2nd, 3rd and 4th bubble). This

multi-cycle bubbles shows the continuous removal of the bubble from the surface
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with the coalescence at the same nucleation spot. When each bubbles are depart-

ing after coalescence, the bubbles are same size as seen in nucleating bubbles, only

variation is due to focal plane during bubble rise.

5.3 Conclusion

In summary, we have shown that microstructures on the one-dimensional aluminum

surfaces can promote the controlled bubble nucleation and early coalescence of bub-

bles departure. The coalescing vapor bubbles detach from the substrate at sizes in an

order of magnitude smaller than usual bubble departure. A scaling model reveals two

different modes of coalescence-induced departure: capillary-inertial jumping where

surface energy can jump off the bubble before buoyancy is dominant and a buoyant-

inertial departure where the capillarity is just used to depin the vapor neck, after that

the buoyancy can lift off the bubble. Our finding can show a much wider enveloped

of departure size of the bubble which can enhance the phase change heat transfer

and prevent the onset of film boiling which is not efficient for the phase change heat

transfer.
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6

Conclusions and Future Work

6.1 Summary and conclusion

As outlined in Chapter 1, the goal of this dissertation is to understand the drop and

bubble dynamics which is impacting and departing the surfaces. We accomplished

the details of each study in Chapters 2–5. Our observations can be summarized as

follows.

In Chapter 2, experimentally and theoretically, we have shown how the raindrop

can transmit the disease. Previous research has investigated the disease transmission

through the raindrop impact. However, they just focused on disease transmission

through the splashed droplet in wet state dispersal. In this chapter, we have focused

on the fact that dry spores can spread the disease with the aid of a vortex generated

after a raindrop impact. The diseased wheat leaf surfaces and the artificial particles

are used to find the dispersal mechanism through the raindrop impact. The result

showed that the vortex generated from the drop impact plays a key role because

the vortex can help the spore jump beyond the laminar boundary layer, with the

potential for long-distance transport.
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In Chapter 3, we investigated how the splashed raindrop, after impacting the

diseased wheat leaf, can stick on the neighboring healthy plant. To simulate the

impacting of the small splashed drops, we have used the hydrophillic mesh to frag-

mented small satellite droplets. The small fragmented droplet can bounce off the

angled superhydrophobic surfaces and move onto an adjacent horizontally oriented

wheat leaf. The scaling model shows that depending on the inertia of the droplet, the

orientation of the anisotropic leaf surface structure compare to the droplet moving

direction and whether the leaf was treated with the fungicide or not, the droplet can

stick or bounce off the surface. Our result shows that fungicide treated leaves likely

hold liquid droplets more than healthy leaves. Ironically, spreading fungicide could

actually promote disease.

In Chapter 4, we have shown the novel technique of trapping air pockets between

the frost which is growing on top of the hydrophilic pillars. First, the frost can

grow on top of the hydrophobic pillar top due to the high diffusion rate of the

sharp corner and non-condensable gas between the pillars. After that, Cassie ice

was made with the impacting droplets suspended atop the frost-tipped micropillars

before impalement could occur. We found that wicking is the main mechanism

that prevents impalement. This is the first demonstration of Cassie ice which does

not require any micro-nano structure and hydrophobic chemical coatings have the

potential to reduce the ice adhesion.

In Chapter 5, we characterize the bubble coalescence dynamics during the pool

boiling. To investigate the detailed bubble dynamics, we engineered micro-structures

(micro-cavities/grooves) onto a quasi-one-dimensional metallic substrate to control

the bubble nucleation and early coalescence of bubbles. Also the 1D aluminum

surface (1 mm wide and 10 cm long) facilitates clear side-view high-speed imaging

of the bubble dynamics. Our scaling model shows that there are two different modes

of coalescence-induced departure; capillary-inertial jumping at smaller sizes where
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vapor neck during coalescence can impinging the surface and help bubble jumping,

and a buoyant-inertial departure at larger sizes where capillarity is just used to de-

pin the bubble neck, after that the buoyancy can depart the bubble. Our finding can

open up a much wider enveloped of departure size of the bubble which can enhance

the phase change heat transfer.

To summarize, in this dissertation, we have highlighted underlying physics and

fundamentals of impact of droplets and departure of bubbles which all can be listed

under the umbrella of the interfacial fluid dynamics of drop and bubble on various

surfaces. The studies presented here are important for not only understanding na-

ture (especially, plant-pathogen), but also the potential industrial applications. As

Albert Einstein says, ”the important thing is not to stop questioning, curiosity has

its own reason for existing.”, I have started working on these projects from simple

curiosity and it comes out with the final result. I hope the presented work can pique

somebody’s interest in the future for our better life.

6.2 Future Directions
6.2.1 Observe spores being scavenged by falling droplets.

After the vortex-induced dry dispersal mechanism, we are also interested in the par-

ticle scavenging by falling drop. A particle scavenging event by a raindrop involves a

lot of complex particle-drop interactions. As a drop falls under gravity, the drop dis-

turbs air flows around it. In the presence of particles (e.g., spores of plant pathogens)

in the air, some particles are scavenged by the drop and some particles move around

the drop. Previous studies measured the dispersal distance or collision efficiency,

which is defined as the fraction of particles swept by a falling droplet. When the

collision efficiency becomes one, all particles residing in the swept volume of a droplet

are captured in the droplet. In general, three mechanisms of particle capture pro-

cesses are proposed for the following projects; Brownian diffusion, interception, and
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impact. Each mechanism of the collision efficiency strongly depends on particle size,

density, wettability, raindrop size, speed, and intensity.

6.2.2 Monitor the splash dispersal of raindrops impacting wet surfaces of wheat and
barley plants

Previous rain splash experiments were confined to lab tests only on spore dispersal

from wheat cultivars, while the next study will be rain splash experiments include

both wheat and barley, systematically vary the plant surface properties (e.g. wet-

ness), and predict spatial distribution and travel distance of droplets/spores under

different conditions of wind and relative humidity. In other words, we need to inves-

tigate if it is working for real-life conditions and this can give a better understanding

of the prediction of wheat production.

6.2.3 Find the best parameter of the aluminum pillars for Cassie ice that can reduce
ice adhesion

In this study, simple micro-scale hydrophilic aluminum pillars are used to make the

Cassie ice. One of the benefits of trapping air pockets underneath the Cassie frost and

ice is that it could minimize ice adhesion to the underlying solid surface. In order to

find the best condition for low ice adhesion surface, we need to find the proper surface

parameter size. The following work needs to systematically change the surface size

(i.e. pitch and diameter of the pillars) which can minimize the ice adhesion.    One

of the main applications of the Cassie ice is the airplane. If the Cassie ice can build

up on the airplane wings, the shear force by wind can easily remove the ice on the

airplane wing. So, our basic idea is to measure the actual shear force required to

remove the ice sheet on the airplane. Also, we need to investigate if it is working

for real-life applications, for example, heat exchangers in freezers, buildings, and

power plants. It might be hard to make the Cassie ice in real-life conditions because

the Cassie ice really depends on the relative humidity and the air temperature. So,
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finding the proper condition for the Cassie ice is another homework for this project.

The follow-up work which is presented in the future work includes not only the

surface parameter size but also the wind tunnel test could minimize the ice adhesion

strength of the Cassie ice to facilitate robust deicing.

6.2.4 Measuring the heat flux of coalescence-induced jumping bubbles on pool boiling

We showed the detailed dynamics of bubble departure with coalescence. The follow-

up work needs to measure the heat flux of the surface and check if the coalescence-

induced bubble departure can actually increase the heat transfer efficiency. We

are assuming the coalescence-induced bubble departure on the microstructure can

increase the critical heat flux because of the higher nucleation density with increased

nucleation area, but we also need to investigate whether the coalescence can delay

the vapor film generation with increased superheat. Maybe the theoretical analysis

could estimate the critical heat flux as a function of bubble nucleation density and

average departure size is worth it to investigate

Moreover, we just used the working fluid like water, but we also need to check

if the same coalescence-induced departure is happening in the other working fluid

(other refrigerants). We also need to show a theoretical analysis that could estimate

the critical heat flux as a function of bubble nucleation density and average departure

size.

The squeezing mechanism was also observed for single bubbles growing within a

micro-groove, due to their asymmetric shape and pressure as the top of the bubble

protrudes from the groove. We are not sure if this mechanism can increase CHF,

but it is worth it to investigate.

63



Appendix A

Characterizing vortex
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A.1 Visualization and measurement of dispersed spores
A.1.1 Measurement of the number and the travel distance of dry spores

We quantified the number and distance of spores dispersed following a single drop

impact. First, we placed a piece of an infected leaf inside a petri dish (90 mm diam-

eter). A plastic transparent film containing a spider-web-like pattern was attached

to the bottom of the petri dish. This pattern had eight radial lines and four circles

in a target pattern (see fig. A.1(a)). The radial lines were split by 45 degrees, and

the circles were separated by 10 mm. A single drop was released to target onto the

center of the leaf. After a drop impacted the leaf, photos were taken of different

regions of the petri dish with a lens of f/7.1 & a 6016 × 4000 pixel resolution. As

shown in fig. 1(e), most of the travel distances of the spores were less than 30 mm.

Consequently, our 90-mm petri dish was large enough to contain all dispersed spores

after as single drop impact.

Most spores in each grid segment were visible and countable as shown in fig.

A.1(b). Consequently, we counted the number and travel distance of spores using

ImageJ (since we knew the averaged size of a single spore (∼ 5 pixel2)). A grid seg-

ment close to the drop-impact location contained a few hundreds of spores, whereas

a far grid segment contained only a few. Due to the high speed of the drop impact,

most spores spread and stayed in a single layer on the film. However, we observed

a few spore agglomerates on the petri dish, which were lower in number (see fig.

A.1(c)). These spore agglomerates could have spores on top, which could lead to

an underestimation of the total number of spores. However, we speculate that the

spores are not likely to be stacked together due to a low interparticle force (measured

in Appendix B).
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A.1.2 Microscope images of dispersed wet and dry spores

We observed both wet and dry spores after drop impact. Figure A.2 shows micro-

scopic photos of wet and dry spores on a container. The wet spores were encapsu-

lated, and stayed on the interface of a splashed drop (see the left panel). Due to

a capillary force, these spores are aggregated rather than dispersed on the interface

(so-called cheerio effect). On the other hand, dry spores are dispersed presumably

due to high-speed collisions from an impacting drop (see the right panel).

A.2 Interparticle force of P. triticina spores

We estimated the interparticle (or adhesion) force among P. triticina spores by

measuring the minimum acceleration of a leaf to liberate spores. First, we cut and

clamped both ends of an infected leaf. Then, a glass sphere of 1 mm radius was

released to impact the leaf sample. Its falling height varied from 3 to 9 cm so that an

impact velocity changes from 0.76 to 1.32 m/s. We found that the leaf vibrated and

shed rust spores when the impact velocity exceeded 0.9 m/s. Figure A.3(a) shows

that airborne spores are shed from a vibrating leaf after the impact. By tracking

the motion of the leaf, we were able to calculate the acceleration of the leaf. The

critical acceleration for shedding rust spores was observed to be about 150 m2/s.

Then, by multiplying the spore mass, we estimated the interparticle force of spores

to be approximately 7× 10−10 N or 0.7 nN.

A.3 Ejection velocity and angle of dry spores

While an impacting drop spreads and encounters spores, some spores will be captured

on a liquid-air interface (the second panel in fig. A.4(a)). Then, the captured spores

collide with dry spores in front as the drop spreads further. Eventually, dry spores

will be liberated due to the collision (the third panel in fig. A.4(a) and fig. A.4(b)).
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To estimate the ejection velocity of dry spores, we made two assumptions; (1) both

wet and dry spores have the same mass, and (2) collision between these two types

of spores is purely elastic. Under these two assumptions, the ejection velocity of dry

spores, Ve, will be the same as the velocity of wet spores. Also, the velocity of wet

spores is the same as the velocity of the contact line, Vc because the wet spores are

carried by the liquid-air contact line. Thus, Ve can be written as Ve ≈ Vc = dRc/dt,

where Rc is the spreading radius of the contact line (fig. A.4a). Given the spreading

radius Rc =
√
3UdRdt in the early stage [?,?], we can get

Ve

Ud
≈ 3

2

Rd

Re
, (A.1)

where Re is the radial position of spores when ejected (Re ≈ Rc). By plotting

normalized Ve versus normalized Re according to our model, we find that dispersed

data in figure A.4(c) are collapsed better regardless of particle size, as shown in

figure A.4(d). Our theoretical model (a solid line) explains the general trend of the

scattered data. One remark is that we neglected the imbibition of water into spores,

which may increase the spore size and interparticle friction too. Consequently, the

overestimation of our model may be attributed to the ignorance of friction.

A.4 Circulation measurement

We illuminated a vertical plane centered on an impacting drop with a 50 mW con-

tinuous laser sheet, 500 µm thick. When particles passed through this laser plane,

their trajectories and motions were captured with a high-speed camera at a frame

rate of 2,000 to 10,000 Hz with a pixel resolution of 1280 × 1024. Then, both parti-

cle tracking velocimetry (PTV) and particle image velocimetry (PIV) were used to

calculate the magnitude of circulation.

In the early stages of particle-dispersal, PTV is better than PIV to extract ballis-
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tic trajectories of particles. For the PTV analysis, the Mosaic plugin of ImageJ was

adapted to track the motion of liberated particles [?], where input parameters were

chosen to minimize discontinuities in particle trajectories. Tracked particles over less

than 50 frames (t ≤ 10 msec) were removed to reduce noise in data. After obtaining

in-plane particle motions using PTV, we estimated the magnitude of circulation as

Γ = (
∑np

1 Vp 2πrp)/np where np and Vp are the number and velocity of particles, and

rp is the distance between a particle and the vortex center. This is an approximate

form of an exact expression: Γ =
∮
C Uwdl, where C, l, and Uw are the closed curve,

length, and the air velocity, respectively.

For the PIV analysis, the open-source PIVlab software was used to obtain air

flow velocity fields in the early stage of particle-dispersal. The high-speed videos

were analyzed with a 64× 64 interrogation size at 50% overlap. Suspicious velocity

vectors (likely due to background noise) were removed, when the number of erroneous

vectors was below 5% among the total number of velocity vectors. Then we obtained

Γ(t) at different conditions.

A.5 Maximum spreading radius and average speed of a liquid contact
line

A.5.1 Maximum spreading radius, Rm

To estimate the maximum spreading radius, Rm, of a drop on a surface with particles,

we used a previous theory developed for the maximum radius on a non-particulate

smooth surface. Especially, for Wed (
√
Red, the maximum spreading radius on a

smooth surface can be expressed as [?],

Rm ≈ (1/2)RdRe1/4d , (A.2)

where the Reynolds number is defined as Red = ρdUd(2Rd)/µd. Because the thick-

ness of a particle layer is sufficiently thin, we used the above expression for our
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experimental surfaces. We found that experimentally measured Rm on particulate

surfaces is close to eq. (A.2), especially with thin particle layers (≤ 100 − 250 µm)

(see figure A.5).

A.5.2 Average speed of a liquid contact line, Ūc

The average speed of a liquid contact line, Ūc, is approximated as Rm/tm, where tm

is the time duration for a spreading drop to reach its maximum radius, Rm. The

spreading time tm scales as Rd/Ud as in [?]. Finally, we obtained the mean velocity

as Ūc ∼ (Rm/Rd)Ud.

A.6 Simulation of spore trajectories

We simulated the spore trajectories by solving the equation of motion considering

inertial force, air drag force, and gravitational force, as mentioned in the main text;

ρs

(
4

3
πr3s

)
d'Vs

dt
= 6πµars('Vs − 'Uw)− ρs

(
4

3
πr3s

)
'g. (A.3)

To estimate 'Uw, we used potential theory and the method of image force in order

to mimic an air vortex ring near the wall. We placed one vortex and one image vortex

across the wall, which ensured no normal velocity along the wall. The corresponding

complex potential W can be written as W = −iΓ/(2π) log [(z − d1)/(z − d2)] [?],

where z is a complex variable of a position and d1, d2 are complex variables repre-

senting the central positions of the vortices. We observed that the circulation, Γ,

decays over time (fig. A.6), and the central position of the vortex moves (fig. A.7).

A.6.1 Dissipation of circulation, Γ(t)

To obtain an analytical expression of Γ(t), we include a dissipation term by assum-

ing circulation exponentially decaying in time, Γ(t) = Γ0 e−t/τv . Here, Γ0 is the
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initial magnitude of circulation and τv = CR2
d/νa is the viscous time scale where

C is an undetermined coefficient. After we obtain the detailed profile of Γ(t) from

experiments, Γ0 and C are determined from a best fit to experimental data, as

shown in figure A.6 (R-square value of the fitting curve= 0.89). Finally, we get

Γ0 = 0.14Re−1/4
a Re3/8d UdRd and C = 0.3.

To clarify the difference between Γ(t ≈ 0) and Γ0, Γ(t ≈ 0) (data marked with

the red arrow in fig. A.6) is a measured value from PTV data, whereas Γ0 is a fitted

value based on the above exponential decay relation (marked as the red dotted circle

at t = 0). This Γ0 was used in simulations for particle trajectories as shown in Fig.

5.

A.6.2 Movement of a vortex

We denote a complex-variable position of the vortex as d1 and its image vortex as

d2. Since the wall is at x + i 0, d1 and d2 can be expressed as Rw(t)+iHw(t) and

Rw(t)−iHw(t), respectively. Here, Rw and Hw are the radial and vertical positions

of the vortex, as denoted in figure A.7(a). We visualized and measured the center

position of the vortex by using a smoke generator (ChauvetDJ H700).

Figure A.7(b) shows that Rw(t ≈ 0) strongly depends on Rd but not on Ud. Here,

Rw(t ≈ 0) is close to Rm(∼ R5/4
d U1/4

d ), since the vortex was formed when a drop

reached its maximum spreading radius. Figure A.7(b) also shows the movement of

both horizontal and vertical positions of the vortex (Rw & Hw). Rw & Hw slightly

increased over time at speeds of Ṙw & Ḣw, respectively. The Péclet number Pe =

ṘwRd/νa, defined as the ratio of inertia to viscous diffusion, was measured to be

on the order of 0.1 except for the early stage. Also, we observed that the velocity

of vortex center was independent of Rd and Ud, which indicated that the inertial

effect is negligible compared to the viscous force. Hence, we can assume that an

air vortex disperses due to the viscous diffusion. Thus, we anticipate that Rw ∼
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√
νa(t− tm) +Rm and Hw ∼

√
νa(t− tm) where νa is the kinematic viscosity of air.

In general, the time for a spreading drop to reach its maximum radius, tm (on the

order of 1 ms) is much less than the typical time scale of the moving vortex (on the

order of 100 ms). Therefore, t−tm ≈ t, which yields the following simple association:

Rw −Rm ∼
√
νat and Hw ∼

√
νat. (A.4)

Figure A.7(c) shows Rw − Rm and Hw versus time to confirm our model above.

The slopes of both Rw−Rm and Hw in the log-log plot are close to 1/2 as our model

predicted. Also, the similar slopes of both horizontal and vertical positions indicate

that an air vortex moves along the 45 degree line from the edge of a spreading drop

(see the dotted line and vortex core in fig. A.7(a)). It shows that the movement

of the vortex is primarily caused by the diffusing viscous boundary layer of the air

vortex as our model assumed.

A.6.3 Rust spore trajectories

Figure A.8 shows that both experimental and theoretical trajectories exhibit longer

travel distances than those from spores without an air vortex. However, some dis-

crepancy was observed between experiments and theoretical predictions, especially

near the end of the spore trajectories. This could be due to different Rm on super-

hydrophobic leaf surfaces, and/or an additional air flow induced by the movement

of splash droplets along the leaf surface.

A.7 Stokes number of spores of different leaf rusts infecting different
commercial crops

Figure A.9 shows the Stokes number for different leaf rusts infecting different com-

mercial crops. Since the Stokes numbers are less than 1, the spores of these rusts are

likely dispersed by air vortices from raindrop impacts.
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Table A.1: Contact angles of natural and artificial wheat leaves.
Substrate θA θE θR
1. Healthy wheat leaf 124±3◦ 115±10◦ 113±4◦

2. Infected wheat leaf 148±3◦ 145±7◦ 132±5◦

3. PC film 93±3◦ 86±7◦ 59±2◦

4. SCPC film 156±2◦ 154±3◦ 149±4◦

A.8 Spore density measurement

We estimated the density, ρs, of P. triticina spores from a terminal velocity. We

prepared an acrylic bath with a dimension of 20 × 20 × 10 cm, where we made a

narrow slit opening with 20×1 cm. Then we released a small amount of P. triticina

spores through the slit. By measuring the terminal velocity vt of individually falling

spores, we estimated the density ρs using the Stokes relation as ρs = 2µavt/(2gr2s)

where µa = 1.82 × 10−5 Pa·s and g = 9.81 m/s2. The calculated spore density was

1294 ± 84 kg/m3 (based on 5 experimental trials). Our density value is close to the

density of other naturally observed fungal spores [?] and pollen [?].

A.9 Contact angle of natural and artificial wheat leaves

Table A.1 shows that the advancing angle θA, equilibrium angle θE, and receding

angle θR of healthy leaves, infected wheat leaves, and artificial leaves (polycarbonate

(PC) and spray-coated polycarbonate (SCPC) films). Contact angles were measured

using the sessile drop method by taking side-view photos with a single droplet on

each substrate. By pumping or sucking water into or out of a drop, we were able

to measure the advancing and receding angles near the triple contact point. It is

worth noting that although an air vortex is formed on both PC and SCPC films,

experiments with PC films were primarily used for measuring circulation & trajec-

tories because drop-impact experiments on SCPS films create many splash droplets

distorting the shape and magnitude of an air vortex.
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Figure A.1: (a) Petri dish dispersal device to measure the number and travel
distance of dry-dispersed rust spores. The inset shows the actual trial after drop
impact. (b) After a drop impacts the leaf with [Rd, Ud]=[1.8 mm, 4.4 m/s], photos of
dispersed spores were taken to count the number of spores from two sample regions
marked in (a). (c) Histogram of showing the numbers of individual spores and
agglomerates depending on an impact velocity with Rd = 1.8 mm.
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Figure A.2: Left and right panels show microscope images of wet-dispersed and
dry-dispersed spores, respectively.
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Figure A.3: (a) A glass sphere impacts an infected wheat leaf. Impact velocity
was 0.8 m/s on the left panel and 1.1 m/s on the right panel. The red dashed circle
shows a region where rust spores are liberated due to the impact. (b) Acceleration
of a leaf, |abeam|, versus impact velocity of a glass sphere, Usphere, where a critical
acceleration for the spore ejection was measured to be about 150 m2/s.
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Figure A.4: (a) Schematics of spore-ejection mechanisms. When a drop spreads
and encounters spores, the spores will be detached and captured in a liquid-air menis-
cus (top panel). Then, the front of the liquid containing the spores spreads and
collides with additional spores (middle panel). Due to the collision, dry spores are
liberated from the leaf at an ejection speed, Ve (bottom panel). (b) Image sequences
of ejected glass beads III on a PC film at [Rd, Ud]=[1.5 mm, 3.0 m/s]. (c) Ejection
velocity of spores Ve versus ejection radial position Re. (d) Plot of dimensionless
ejection velocity vs dimensionless ejection radial position. Our model of Eq. (A.1)
is plotted in a solid line.
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Figure A.5: Image of our method to measure the particle thickness Hp (left panel).
A thin rod (shown as a black cylinder) was lowered using a linear stage to determine
the depth of a particulate layer. The ratio of experimental Rm on a particulate surface
to theoretical Rm on a smooth surface, ζ, versus the thickness of a particulate layer,
Hp (right panel). The gray region corresponds to the range of Hp from wheat leaves
in used in our experiments.
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Figure A.6: Circulation between experiments and our model (a solid line) when
[Rd, Ud]=[1.9 mm, 3.1 m/s].
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Figure A.7: (a) Visualization of a vortex using a smoke generator (b) Linear and
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represent different experimental conditions (Ø: [Rd, Ud]=[1.4 mm, 2.2 m/s], !: [Rd,
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Figure A.8: Footprint of rust spores when [Rd, Ud]=[1.9 mm, 3.0 m/s]. (a) Over-
lapping image (from t = 0.8 to 100.8 ms). (b) Comparison between experiments
(circles) and simulated trajectories (solid curves)
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Figure A.9: Expected Stokes numbers for spores of different leaf rusts infecting
different commercial crops. Given that the Stokes numbers are similar, it is likely that
spores of many different leaf rusts have the potential to be dispersed by air vortices
from raindrop impacts. The inset shows the radius of urediniospores depending on
different crops, where the radii of coffee, maize, peanut, and banana leaf rusts were
obtained by averaging the half-length and -width of the spores.
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Appendix B

Characterizing wheatbounce
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B.1 Measuring the size of sprayed fungicide droplets

1 mm

Figure B.1: Photograph of airborne droplets containing the fungicide solution.
The characteristic droplet diameter was approximately 70–100µm.
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B.2 Measuring the size of splashed satellite droplets.

3 mm0 ms

5 ms

10 ms

Figure B.2: Side-view of high-speed photography of a 2.88 mm diameter droplet
impacting a wheat leaf at a speed of Ui = 6 m/s. This impact speed mimics that
of real raindrops (4–10 m/s). The resulting splash produced satellite droplets whose
diameter is in the range of D ≈ 500–1,000µm. This was used as a guideline when
choosing the wire mesh used to generate satellite droplets for the results shown in the
main manuscript. By using a mesh to generate satellite droplets, the mother droplet
could be released much closer to the surface for more controlled experimentation.
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B.3 SEM images of untreated and fungicide sprayed leaves

200 X 200 µm

1 KX 30 µm

20 KX 2 µm

200 X 200 µm

1 KX 30 µm

20 KX 2 µm

Untreated leaf Fungicide sprayed leaf
Figure B.3: Scanning electron micrographs of untreated wheat leaves (left images)
versus leaves sprayed with fungicide (right images). Three different magnifications
were used to show that the fungicide spray did not appreciably alter the leaf mor-
phology.
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B.4 Static and dynamic contact angle measurements
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Figure B.4: (a) The same advancing and receding apparent contact angles as
shown in Figure 2b, now compared to (b) the contact angles of dynamic droplets.
The dynamic contact angles were obtained by using side-view high-speed imaging
and measuring the advancing angles during droplet impact and the receding angles
during droplet retraction. (c) Time-lapse images of a droplet impacting an untreated
leaf surface. The contact angles of the dynamic droplet were measured with [Dd, Ud]
= [1.2 mm, 0.6 m/s] where Dd, Ud are the diameter and velocity of an impacting
drop, respectively. The advancing contact angle was measured when the droplet
almost reached the maximum spreading diameter(see 3 ms) and the receding angle
was measured when the droplet started to recede (see 7 ms).
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B.5 Contact angle hysteresis of static versus dynamics droplets.
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Figure B.5: Comparison of the contact angle hysteresis of static versus dynamics
droplets. For untreated leaves (I and II), the hysteresis was markedly higher for
impacting droplets, indicating a partial wetting transition. Therefore, the dynamic
angles were used to estimate the pinning force for the bouncing versus sticking model.
For the fungicide sprayed leaf with parallel ridges (III), the static and dynamic val-
ues were the same within uncertainty. This demonstrates that the hysteresis of
the sprayed leaf is primarily due to its chemical deposits, as opposed to an impact-
induced wetting transition. Therefore, the static angles were used for (III) for the
model, as the swell-shrink method is a more accurate means of contact angle mea-
surement than the dynamic method. Finally, no bouncing was observed for leaf
type (IV), so the contact angles were not directly used in the model. We expect
the reduction in hysteresis for the dynamic case compared to the static case is not
physical. The disparity is more likely due to random variations in leaf samples and
fungicide spray conditions.
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Appendix C

Characterizing cassieice
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C.1 Experimental Section

A 10× 10 array of pillars were machined into the top face of a 2.5 cm× 2.5 cm× 3.175

mm sheet of 6061 aluminum. Each pillar exhibited a width of w = 0.5 mm, height

of h= 1 mm, and edge-to-edge pitch of p= 1.5 mm as shown in Fig. SC.1 a,b. The

sample was then degreased by successively submerging in acetone, isopropyl alcohol,

and water, followed by drying with nitrogen gas.

For the frost generation, the bottom of the micropillared substrate was thermally

bonded to a Peltier stage (ráme-hart, 100-30) using a thin film of thermal grease

(Thermalcote, 251G). The Peltier stage was then cooled down to a chilled temper-

ature ranging from Tw =−7 ◦ to −40 ◦C . Side-view imaging of the growing frost

was recorded using a DSLR camera (Canon, EOS 5D Mark IV) with 2× lens (Venus

Optics Laowa 60 mm f/2.8 2X UltraMacro Lens). The duration of frost growth was

anywhere from 5 min to 120 min, depending on the environmental conditions and

supersaturation (cf. Fig. SC.2), to achieve a millimetric thickness to the frost tips

sufficient for the subsequent droplet impact experiments

After the frost was grown, the impact of falling droplets was observed using

high-speed imaging (Phantom v711). The ambient conditions were either room tem-

perature (Fig. 2a) or isothermally chilled in a walk-in freezer (Fig. 2b). The walk-in

freezer was located in the Food Science Building at Virginia Tech where T∞≈−22 –

−13,◦C. The pipetter was initially filled with water in the docking room, and then

brought into the walk-in freezer and released over the sample before the (now su-

percooled) water had sufficient time to freeze over. The impact speed was measured

by the high-speed camera and ranged from Vi = 0.8–1.4 m/s. To generate micro-

droplets (500–1000 µm diameters), a hydrophillic mesh (9219T874, McMaster Carr)

was used. Impact events were typically captured from an isometric perspective, i.e.

45◦ downward angle with respect to the horizontal.
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Figure C.1: (a,b) Photographs of the array of hydrophilic aluminum pillars, where
each square pillar exhibits a width of w= 0.5 mm, height h= 1 mm, and edge-to-edge
pitch of p= 1.5 mm.
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C.2 Frost Growth and Numerical Simulations

The upward frost growth from the pillar tops was radial for S= 15 (Fig. S2(a)) but

more column-like for S= 1.5 (Fig. S2(b)). This disparity in frost shape was rational-

ized by a simple numerical simulation to calculate the concentration field for water

vapor after the first formation of frost atop the pillars. The simulations were solved

by imposing a boundary condition of ci=Pi/(RTw) atop the pillars, where ci and Pi

are the saturated concentration and pressure of ice at temperature Tw, respectively,

and R is the gas constant. Values for Pi(Tw) were obtained from a report by Murphy

and Koop [139]. A second boundary condition of c∞=P∞/(RT∞) was defined along

the top of the concentration boundary layer, which was given an effective thickness

of ζ∼ 1 cm [33,137,138] with respect to the floor of the micropillared substrate. The

quasi-steady concentration field was then calculated by solving the Laplace equation,

∇2c=0. For the case corresponding to S= 15, only the pillar tops themselves were

subsaturated with respect to liquid water, which explains the radial growth of the

frost tips from the intermediate air space Fig. S2(c). Conversely, for S = 1.5, the

gaps between frost-tipped pillars were also subsaturated, such that the vapor mostly

diffused to the frost tips from above Fig. S2(d).
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FigureC.2: Side-view optical microscopy of frost growth on the aluminum micropil-
lar array. The frost was grown under two different conditions: (a) Tw = −20 ◦C,
T∞ = 22 ◦C, and RH = 71.5% (resulting in a supersaturation of S = 15) and (b)
Tw =−7 ◦C, T∞= 3.2 ◦C, and RH= 73.6% (S= 1.5). (c,d) Numerical simulations of
the quasi-steady concentration field for water vapor after the first formation of frost
atop a unit cell of pillars, for (c) S = 15 and (d) S = 1.5. The color grid represents
the ratio of the local concentration to the saturation concentration corresponding to
the substrate temperature: c/csat(Tw). Subsaturated regions, where c/csat < 1, are
bounded by white dotted lines.
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C.3 Visualizing dry zones

Condensation Evaporation
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Figure C.3: Top-down micrographs showing the formation of a dry zone on the
bottom floor between micropillars. The conditions were Tw =−10 ◦C, T∞ = 18 ◦C,
and RH = 17%, resulting in a supersaturation of S = 1.2. (a) Images with focal
plane at the bottom floor between the micropillars. At t = 0 min, the surface has
just begun to cool down toward Tw =−10 ◦C and is still above the dew point. At
t≈ 5 min, the surface temperature has stabilized at Tw ≈−10 ◦C and condensation
sparsely nucleates on the floor of the surface (white circles added to magnified insets
to help visualize their locations). By t≈ 10 min, the hygroscopic frost that has already
formed on top of the micropillars has evaporated these bottom droplets to form a
dry zone. (b) Equivalent photographs with the focal plane shifted to the tops of the
micropillars. By t ≈ 1 min, condensation preferentially growing on the pillars tops
had already frozen into frost (white circle added for visualization). Over the next
several minutes, this frost continued to grow from harvesting the lower supercooled
condensate and also from the supersaturated ambient.
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C.4 Small droplet impacts

1 mm
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Figure C.4: Side-view high-speed photography of microdroplets (D ≈ 500–
1,000 µm) impacting frost-tipped pillars to form Cassie ice. Three microdroplets
(outlined for visibility) all impacted the frost tips at the same moment (t= 0ms mid-
dle frame) and became arrested in the Cassie state within t= 1 ms (bottom frame).
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C.5 Cassie ice

1 mm

Air pockets

Figure C.5: Side-view high-speed photography of microdroplets (D ≈ 500–
1,000 µm) impacting frost-tipped pillars to form Cassie ice (see Video S4 in the Sup-
porting Information). After approximately 20 millimetric droplets were impacted
into the mesh to spray the surface with microdroplets, the final result was a thick
sheet of frost/ice trapped in the Cassie state (air pockets outlined for visibility)
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C.6 Spreading time scale

Another possibility for the arrest mechanism is the preferential lateral spreading of

the droplet along the frost tips. Assuming a capillary-inertial spreading regime, the

spreading time scales as:

tspread ∼
√

ρ

γh
R2 (C.1)

where ρ≈ 1000 kg/m3 and γ = 7.56× 10−2 N/m are the density and surface tension

of the supercooled water droplet, respectively, and h≈ 1 mm and R≈ 2 mm are the

average final thickness and radius of the arrested water drop atop the frosted pillars.

This results in tspread ∼ 10 ms, an order of magnitude slower than timpale. Therefore,

the preferential wetting of the superhydrophilic ice is unable to account for what is

preventing impalement. This is consistent with the experimental observation that

droplets do not spread appreciably across the top of the frost-tipped surface prior to

getting arrested in the Cassie state.
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C.7 Phase map for twick ∼ tfreeze

Comparing the scaling for the wicking time within the frost tips versus the time

for the water menisci to freeze between frost tips yields:

µh2

ReffρU2D
∼ 1

2

(p− (wf − w))ρiL∆x

ki∆T
. (C.2)

Rearranging terms and introducing the non-dimensional Stefan and Reynolds num-

bers:

Ste ∼ µCpReff∆x

h2D

(p− (wf − w))

2ki
Re2, (C.3)

where Ste ∼Cp∆T/L and Re ∼ ρUD/µ. The figure below plots the corresponding

phase map, with Eq. S3 as the phase line.
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Figure C.6: Phase map comparing when twick is faster (below phase line) versus
when tfreeze is faster (above phase line). For all experimental conditions tested (green
data points), the wicking time scale was faster by orders of magnitude.
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C.8 Theoretical time scale comparison
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Figure C.7: Overview of the calculated time scales for droplet impalement, freezing
between frost tips, wicking within frost tips, and freezing within the frost pores. The
blue (left) bar is for a droplet size of D = 0.5 mm, while the green (right) bar is for
D = 3 mm. The impact velocity was varied as U ∼ 1 m/s, 10 m/s, and 100 m/s, to
account for anything from a gentle impact to in-flight conditions. The temperature
difference between the freeze front and the chilled water/frost varied as ∆T =−1 ◦C
or −10 ◦C. In all cases, the wicking time scale was fastest, indicating that water
droplets can wick within the frost tips is a suspended Cassie state prior to impaling
or freezing.
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