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HIGHLIGHTS

Jumping-droplet condensation

was observed for different surface

orientations

On inclined surfaces, coalescence

additionally promotes

gravitational removal

Phase maps characterize the

various modes of gravity-assisted

droplet removal

When exploiting gravity, the heat

transfer of jumping-droplet

condensers is doubled
Because of its smaller condensate departure size, jumping-droplet condensation

on superhydrophobic surfaces provides better heat transfer performance than

does regular dropwise condensation. As the jumping mechanism is gravity

independent, the effects of surface orientation on jumping-droplet condensation

were previously ignored. Here, with the help of long-term condensation

experiments on different surface orientations, it is shown that jumping-droplet

condensers are dramatically enhanced when gravitational shedding complements

the jumping. The analysis presented here can be useful in designing more efficient

condensers.
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Context & Scale

Condensers become more

efficient when the forming dew is

removed at smaller sizes. Gravity

can be used to remove dew

droplets at large sizes, but it was

recently discovered that

coalescing dew droplets can

depart at micrometric sizes by

jumping from a superhydrophobic

condenser. As the initial jumping

event is powered by surface

tension instead of gravity, the

effects of surface orientation have
SUMMARY

The out-of-plane jumping of coalescing droplets on superhydrophobic surfaces is

capillary-inertial in nature; therefore, the effects of gravity or surface orientation

are generally ignored. Here, we show that surface orientation actually has a pro-

found effect on jumping-droplet condensation. For a horizontally oriented superhy-

drophobic surface, jumping droplets return to the surface and eventually become

stuck. In contrast, vertical orientations can remove stuck droplets by gravitational

shedding, which also serves to sweep away neighboring condensate. These differ-

ences affect the resulting droplet size distribution, which was captured using time-

lapse photography and image analysis for 3 h of jumping-droplet condensation on

horizontal, 45� tilted, or vertically oriented surfaces. The maximum droplet size

wasanorderofmagnitudesmaller for the inclinedsurfacescomparedtothehorizon-

talorientation,whichwouldenhance the theoretical heat transfer coefficientby40%

for the 45� tilt and by 100% for the vertical orientation.
been ignored so far. Here, we

show that surface orientation

actually has a profound effect on

the heat transfer of a jumping-

droplet condenser, as inclined

surfaces are capable of shedding

droplets that have returned to the

surface or failed to jump. By

measuring the droplet size

distribution at different

orientations, we reveal that a

gravity-assisted vertical

orientation can increase the heat

transfer coefficient of the

condenser by 100% compared to

a horizontal orientation. These

findings should be useful for

optimizing the efficiency of

condensers in power plants or

vapor chambers.
INTRODUCTION

Vapor condenses on a solid substrate either as a liquid film or in the form of discrete

droplets, depending upon the surface energy of the substrate.1–3 Dropwise conden-

sation is nearly an order of magnitude more efficient than filmwise condensation4–6

because of the considerable thermal resistance of a continuous liquid film. The heat

transfer coefficient for dropwise condensation increases monotonically as the critical

size of departing droplets decreases, as this maximizes the dry surface area exposed

to steam.7,8 For conventional dropwise condensation on smooth hydrophobic sur-

faces, droplets are passively shed by gravity, which constrains their departure size

to the capillary length (�1 mm for water).8 Dropwise condensation is therefore

well known to be highly dependent on surface orientation, where a vertical

condenser minimizes the departure size and maximizes heat transfer and vice versa

for horizontally oriented condensers.9,10

As an alternative to removing large droplets by gravity, condensing micro-droplets

can spontaneously jump out of plane from nanostructured superhydrophobic sur-

faces upon coalescence.11 This passive jumping mechanism serves to decrease

the maximum droplet departure size of the condensate by several orders of magni-

tude compared to gravitationally driven dropwise condensation.11–14 As a result, the

heat transfer coefficient of jumping-droplet condensation is at least 30% higher than

classical dropwise15–17 and can be even higher when using electric fields,18,19 tall

and interconnected nanowires,20 or overlaying hydrophilic features.21,22

The mechanism for out-of-plane droplet jumping is the impact of the coalescing

liquid bridge against the low-adhesion substrate.23–25 For micrometric water
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droplets, the hydrodynamics of the liquid bridge are capillary-inertial in nature

as both the Bond and Ohnesorge numbers are much less than unity, indicating

negligible gravitational and viscous effects.11,12,26 Therefore, the initial out-of-plane

velocity is independent of the substrate’s gravitational orientation, which is why all

studies to date have chosen only a single orientation to characterize jumping-droplet

condensation. A theoretical study by Miljkovic et al. best summarizes the current

perspective of surface orientation effects: the calculated heat transfer coefficient in-

creases monotonically as the surface tilts from horizontal to vertical for dropwise

condensation, while the heat transfer of the jumping-dropletmodel remains constant

because of an assumption of an orientation-independent droplet distribution.27

While it is true that the critical departure size of a jumping droplet is orientation in-

dependent, we suggest that there are two reasons why orientation still matters. First,

droplets jumping from a non-vertical surface will fall back to the surface as a result of

gravity. The returned droplets can often coalesce and jump again in chain reac-

tions11,28,29 but will eventually grow large enough to become unable to jump. Sec-

ond, jumping is suppressed if the coalescing droplets exhibit a sufficiently large

mismatch in size.30–32 In the absence of a gravitational orientation, these stuck drop-

lets will continually grow over time, which will diminish the heat transfer.

Here, we show that the droplet size distribution and heat transfer of jumping-droplet

condensation are profoundly impacted by the surface orientation of the condenser.

A horizontally oriented surface was unable to shed any droplets that became stuck

because of gravitational return or size mismatch, resulting in large millimetric drop-

lets after several hours of continuous operation. For partially inclined surfaces, we

found that these large, stuck droplets were instead able to roll down the surface

upon coalescence-induced dislodging. This new phenomenon is a blend of capil-

lary-inertial and gravitational effects working together synergistically. Finally, a verti-

cally oriented surface minimized the amount of returning droplets in the first place,

while retaining the supplemental gravitational removal of droplets stuck because of

mismatch. A semi-empirical model was used to calculate the condensation heat

flux as a function of the overall droplet size distribution for each surface orientation.

Inclined orientations exhibited a 40%–100% enhancement in the theoretical heat

transfer coefficient compared to the horizontal orientation due to an order-of-

magnitude decrease in the maximum droplet size. These findings indicate that the

performance ceiling of jumping-droplet condensers may be higher than previously

expected, further motivating their potential application in power plants, HVAC

(heating, ventilation, and air conditioning) systems, or thermal desalination.
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RESULTS AND DISCUSSION

Surface Fabrication and Condensation Visualization

Superhydrophobic nanopillars were used for all of the condensation experiments

performed here (see Experimental Procedures for details). Figure 1A shows a typical

scanning electron microscope (SEM) image, where the roughly cylindrical nanopil-

lars exhibit the following averaged values: a diameter of 69 nm, a height of

531 nm, and a center-to-center pitch of 119 nm. Deposited droplets exhibited an

apparent advancing contact angle of qA z 160� and an apparent receding contact

angle of qR z 150�, as measured using the shrink-swell method on a contact angle

goniometer. The advancing intrinsic contact angle on a corresponding smooth silan-

ized silicon surface is qa z 113�.14 All condensation experiments were performed by

cooling the substrate down to Tw= 1.0�Cwith an ambient temperature of TNz 20�C
and a relative humidity of RH z 59%. Time-lapse photography captured the
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Figure 1. Experimental Setup

(A) SEM image of the silicon nanopillar arrays comprising the superhydrophobic surface used in the

condensation experiments.

(B) Schematic of the experimental setup.

(C) Schematic of the condensation experiments in different surface orientations.
evolution of the droplet size distribution over 3 h of continuous condensation, as de-

picted in the schematic of Figure 1B. High-speed imaging was used to capture the

jumping and sliding dynamics. Four different surface orientations were used: hori-

zontal, 45�, vertical, and upside-down (Figure 1C).

The results of the time-lapse photography are shown in Figure 2 for the horizontal, 45�,
and vertical orientations. Previous reports of jumping-droplet condensation have shown

a near-constant droplet size distribution over time, even for a horizontal orientation.11

However, nearly all previous visualizations of jumping droplets have only recorded a

few minutes of growth for a single surface orientation.11,13,33–36 One study by McCarthy

andco-workersdid report 24hof continuous jumping-modecondensationonavertically

oriented superhydrophobic surface, but they only quantified the average droplet diam-

eter for the first 12 min.37 Here, the droplet size distribution was imaged over 3 h of

condensation to reveal that droplets on the horizontal surface continue to grow in size

over time (Figure 2A). In contrast, condensate on the 45� and vertical surfaces exhibited

a near-constant size even after 3 h of continuous growth (Figures 2B and 2C).

The initial capillary-inertial jumping itself is orientation independent. To explain why the

resulting droplet size distribution is still dependent on orientation, high-speed imaging

was used to get a fuller picture of the range of droplet dynamics possible during growth.

As expected, droplets jumping from the horizontal surface eventually returned as a result

of gravity, which readily explains the increase in droplet size over time (Figure 3A). Even

for inclined surfaces, droplets can still grow because of gravitational return of

jumped droplets (Figure 3B), failed jumping upon coalescence as a result of size

mismatch,30–32 or vapor entrainment of jumping droplets.18,38,39 While return by gravity

isobviously notapplicable to theverticalorupside-downorientations, vaporentrainment

was observed even in these cases (Figure 3C). From the analysis of Miljkovic et al., for an

upside-down surface orientation and a characteristic heat flux of 1 W/cm2, the critical

diameter beneath which vapor entrainment occurs is 38 mm.18 This matches our experi-

mental observations, where the largest jumping droplet that got entrained by the vapor

flow was 33 mm for the upside-down surface. For the vertical surface, droplets as large

as 70 mm returned to the surface as gravity no longer opposes vapor entrainment.
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Figure 2. Time-Lapse Photography from the 3-h-Long Condensation Experiments

The surface orientations used were (A) horizontal, (B) 45� inclined, and (C) vertical.
Model of Gravity-Assisted Droplet Departure

In short, even vertical or upside-down condensers cannot fully prevent the return of

jumping droplets or the failure of certain droplets to jump. However, the use of a

gravitational orientation does enable the removal of droplets by sliding or falling,

which would otherwise remain stuck on a horizontal surface. Regarding droplets

sliding off a condenser, the critical departure size can be approximated from the

analysis of Furmidge.40 Balancing the retention force (i.e., hysteresis) of the Cassie

droplet (FhysjC ) with the gravitational force (Fg):

rVcg sin azpagðcos qR � cos qAÞ; (Equation 1)

where a is the inclination angle of the surface, r and g are density and surface

tension of water, respectively, V = p
3R

3ð2� 3 cos q� + cos3q�Þ is the volume of a

spherical-cap droplet exhibiting a radius of R and averaged apparent contact

angle q� = 1
2 ðqA + qRÞ, and a = Rsinq* is the contact radius. Using qA z 160�

and qR z 150�, the calculated critical departure size is 2Rc z 915 mm on the 45�

surface and 2Rc z 770 mm for the vertical surface. This is in good agreement

with the experimentally observed departure size of 713 mm for a droplet sliding

down the vertical surface (Figure 4A).

For the upside-down surface, droplets must detach and free fall, rather than

slide. The critical size for detachment can be estimated by comparing the gravita-

tional energy (Eg) against the work of adhesion required to detach a Cassie droplet

(EadjC ):

rVcRgzpa2gfð1+ cos qaÞ; (Equation 2)
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Figure 3. Images Capturing Different Droplet Removal and Return Mechanisms on the

Condensing Surfaces

(A) Jumped droplets returned to a horizontal surface (first frame chronophotography) and got stuck

(second frame).

(B) Chronophotography of a jumped droplet being returned to a surface at 45� inclination.
(C) A small droplet returns to an upside-down surface because of vapor entrainment. The red

arrows show the droplet trajectory.

See Video S1 for visualizing droplet return on different surface orientations.
where fz 0.295 is the solid fraction of the pillar tops in contact with the droplet, and

the averaged apparent contact angle q* (embedded in the expressions for V and a) is

replaced by qA. Solving for Vc and re-expressing in terms of the droplet radius yields

a critical size of 2Rc z 660 mm. This gravitational removal could not be observed

experimentally, as coalescence-induced detachment (which will be discussed

shortly) always occurred before droplets could reach this large size.

Not all of the condensate was able to slide at sizes corresponding to Equation 1. For

example, in Figure 4A, the droplet shown in red arrows continued to adhere to the

vertical condenser at size 2R = 1.6 mm even as the smaller droplet outlined in

the green circle was able to slide at 2R = 713 mm. This can be attributed to many

condensate droplets not being in an idealized Cassie state but rather having a frac-

tion of their base impaled as a Wenzel neck. This spectrum in the extent of partial

impalement for jumping-droplet condensation has been directly observed by

Miljkovic et al.15 It can be understood by considering how a droplet originally

nucleates and inflates within the nanostructure. A liquid embryo is initially of

size �1–10 nm,41 such that it can nucleate somewhere inside of a unit cell of

roughness.42 In such cases, the water initially fills a unit cell(s) in a Wenzel state

but can subsequently inflate into a Cassie state beyond this impaled neck.43 This

energetic comparison for inflating in the Cassie versus Wenzel states can be simply

expressed as42

E� = � 1

r cos qa
; (Equation 3)

where qa is the intrinsic advancing contact angle on a smooth silanized surface, and

r is the surface roughness. A nucleated droplet prefers to inflate into the Cassie

state if E*<1; here, we get E* = 0.28 for our surface parameters of qa = 113�

and r = 9.12. However, even when E* < 1 and the outer perimeter of the droplet

is in the Cassie state, the central portion of the droplet still exhibits a Wenzel

state from where it initially nucleated. This explains why some of our droplets

approximate a pure Cassie state, where Equations 1 and 2 are valid, while others

exhibit a much higher degree of pinning where new equations now need to be

formulated.
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Figure 4. Gravitational Sliding of Droplets on a Vertically Oriented Surface

(A) The droplet marked in the green circle started sliding as it was near the critical departure size for Cassie

droplets on the vertically oriented condenser. Even though the droplet marked in red arrows was much

bigger than the sliding droplet, it was stuck because of impalement on the surface structures.

(B) The bigger droplet (red arrows) started sliding after coalescing with the smaller droplet (green circle).

(C) For an upside-down surface orientation, droplets virtually always fall or jump from the surface

upon coalescence (green circle).
For Wenzel droplets on a highly roughened and superhydrophobic surface, the contact

angle hysteresis approaches its maximal value: qA / 180� and qR / 0�.44 This Wenzel

state therefore modifies the hysteresis term in Equation 1 to (cosqR � cosqA) z 2.

Comparing gravity (Fg) to the Wenzel hysteresis force (FhysjW ) yields the modified

Furmidge equation:

rVcg sin az2pag: (Equation 4)

This results in a critical diameter of 2Rc z 4.2 mm for vertical orientation, nearly an

order of magnitude larger than that for Cassie droplets. Similarly, for the upside-

down orientation, the work of adhesion term must be modified for a droplet in the

partial Wenzel state. For a Wenzel neck of radius rp, beyond which the droplet is

in the Cassie state, the competition between gravity (Eg) and work of adhesion

(EadjW ) now becomes

rVcRgz2pr2pgð1� fÞ+pa2gð1+ cos qaÞf; (Equation 5)
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where the first term on the right-hand side represents the energy required to rip the

droplet from its neck, and the second term is the energy for detaching the liquid-solid

interface fromthepillar tops.Thevalueof rp for agivensurface structure canbeestimated

by the three-stage energetic growth model developed by Mulroe et al.14 (see corre-

sponding Section 1 and Figure S1 of the Supplemental Information). Using 119, 531,

and69nmas theaveragegeometrical valuesof pitch, height, anddiameters ofour nano-

pillars, respectively, weobtain rpz 0.30mm.Using this valueof rp, weget 2Rcz1.8mm,

which is three times larger than the critical fall-off size for Cassie droplets.

Besides gravitational removal for Cassie droplets or Wenzel droplets, we discovered

a third mechanism for gravitationally driven droplet removal. In Figure 5A, it was

observed that the surface energy released upon coalescence was sufficient to

detachWenzel droplets from their impaled necks. In other words, for larger droplets,

coalescence can no longer produce jumping but can be sufficient for detaching from

Wenzel necks. Besides detachment, another hypothetical possibility is for the

impaled necks to dewet (i.e., recede) out of the cavities. However, it is now well

known that the impaledWenzel state is almost always irreversible,45–47 as the energy

barrier for pinch-off is lower than that for dewetting.48 A final scenario of coalescence

actually increasing the extent of droplet impalement was ruled out from energetic45

and physical criteria3 shown in Section 2 of the Supplemental Information.

The schematic shown in Figure 5B represents the model used to rationalize this coa-

lescence-induced detachment. When two (or more) droplets coalesce with each

other, they release excess surface energy.11 Assuming a spherical cap geometry

for two similar-sized droplets in a partial Wenzel state, from simple geometric rela-

tions we can write the excess surface energy due to coalescence as49

DEs =pg
h
4R2

�
cos qapp � 1

�� 2
4
3R2

h�
2+ cos qapp

��
cos qapp � 1

�2i2
3
i
; (Equation 6)

where R is the radius of the droplets before coalescence, and qapp is the apparent

contact angle of each droplet. Using Figure 5B as an example, R z 867 mm, while

qapp = qA = 160� from the aforementioned goniometric measurements of deposited

droplets. While it is true that the deposited droplets were in a Cassie state while the

droplets here exhibited a Wenzel neck, the outermost perimeter of these pinned

droplets is in the Cassie state, which governs the angle. Plugging these values

into Equation 6 yields DEs z 10�6 J. This excess energy must overcome the work

of adhesion required for detachment from the impaled necks. Before coalescence,

each droplet is pinned by a Wenzel neck of cross-sectional area Ap = pr2p . The

work of adhesion to detach two droplets from their Wenzel necks, while the merged

droplet still rests atop the pillars, is given by

EadjNz4pr2pgð1� fÞ: (Equation 7)

If the ratio of DEs=EadjN[1, then droplets will detach from their pinned necks upon

coalescence. For our surface, we found that EadjNz10�14 J, which results in

DEs=EadjNz108[1 for a droplet radius of R = 867 mm. When the merged droplet

exceeds the critical diameter for sliding in the Cassie state (Equation 1), departure

occurs immediately upon coalescence-induced detachment from the Wenzel necks.

For example, the aforementioned 1.6 mm droplet stuck to the vertical surface

(Figure 4A) was able to shed immediately after merging with a smaller droplet

(Figure 4B), as a critical diameter of only 770 mm is required once in the Cassie

state (Equation 1). For the example on the 45� surface (Figure 5A), the droplet was

2R z 2 mm after coalescence, which similarly exceeds the critical diameter of

915 mm.
1366 Joule 3, 1360–1376, May 15, 2019



Figure 5. Coalescence-Induced Neck Detachment and Subsequent Gravitational Sliding

(A) Side-view imaging of gravitational shedding facilitated by coalescence on a 45� inclined
surface. Initially, the two droplets are pinned on the surface despite being millimetric in size. As the

two droplets coalesce together, the released surface energy is used to detach the merged droplet

from the impaled Wenzel necks, enabling sliding in a Cassie state. See also Video S2.

(B) Schematic of the coalescence-induced gravitational droplet departure mechanism.
Coalescence can also overcome the work of adhesion required to detach impaled

droplets from an upside-down condenser, at which point gravity induces droplet fall-

ing (Figure 4C). Comparing the same surface energy released upon coalescence to

the work of adhesion for droplet detachment, we get the following equation:

pg
h
4R2

c

�
cos qapp � 1

�� 2
4
3R2

c

h�
2+ cos qapp

��
cos qapp � 1

�2i2
3
i
z4pr2pgð1� fÞ

+ 2pa2cfgð1+ cos qaÞ;
(Equation 8)

where ac = RcsinqA is the contact radius of each droplet before coalescence. This

equation can be solved for the critical value of Rc.

To our knowledge, gravitational shedding enabled by coalescence-induced droplet

detachment has not been previously reported. Past studies have instead focused on

the ability of coalescence to trigger out-of-plane jumping11,24,25 or in-plane sweep-

ing36,50 for micrometric droplets where gravity was not playing a role. Other works

have characterized the chain reactions triggered by jumping droplets returning to

the surface for subsequent coalescence-induced jumping events.11,28,51 Finally, it

has been shown that coalescence can trigger dewetting52,53 or neck detach-

ment12,49 to switch the merged droplet to the Cassie state, but only for microscopic

droplets on a horizontal substrate. Instead of only using coalescence to eject micro-

scopic condensate, our findings indicate that coalescence can work in tandem with

gravity to remove mid-sized droplets that could not be removed by surface tension

or gravity in isolation.

In Figure 6, we have constructed phase maps that graph the critical departure radius

for each possible mode of droplet detachment and departure. The critical radii were

non-dimensionalized by the capillary length of water: lc =
ffiffiffiffiffiffiffiffiffiffiffi
g=rg

p
z 2.7 mm. The red

region in the bottom of each phase map represents nanoscale condensate that has
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Figure 6. Semi-log Phase Maps Showing the Different Regimes of Gravity-Assisted Removal of Condensate from Superhydrophobic Surfaces

Both Cassie droplets and impaled droplets with Wenzel necks are considered.

(A) For inclined orientations, the non-dimensionalized critical droplet radius (R/lc) depends on the inclination angle (a). The green dashed line

represents the minimum size for the coalescence-induced jumping of an inflated droplet. The blue circles are all experimental observations of droplets

shedding by gravity after coalescence-induced neck detachment. The blue diamond is the only experimental case of an isolated Cassie droplet sliding

by gravity upon reaching the critical size.

(B) For an upside-down surface, R/lc now depends primarily upon the solid fraction governing the work of adhesion. Experimental data points for the

coalescence-induced droplet detachment and falling are shown by the blue circles.
not yet been able to inflate to large apparent contact angles. Prior to inflation, such

droplets are not prone to removal from either coalescence or gravitational mecha-

nisms. The green dotted line in each map represents the critical size above which

coalescence-induced jumping is now possible, R/lc� 10�4, because of the droplets

now being inflated.14 As already discussed, as a result of various factors including

entrainment or size mismatch, some droplets will remain stuck to the surface even

in the blue regions above the green dotted lines. The remaining aspects of the phase

maps differ depending on whether the surface is inclined or upside-down, which will

now be discussed in turn.

For inclined surfaces (Figure 6A), droplets stuck on the surface can at least detach

from their Wenzel necks upon coalescence in the blue region above the green line.

This is because the two necessary conditions are both satisfied: the droplets are

inflated to large angles (i.e., above green line) and the surface energy gained

upon coalescence can overcome the work of adhesion required to detach from

the necks, as DEs=EadjN>1 for micro-scale droplets (Equations 6 and 7). The detach-

ment of impaled droplets in the blue region of the phase map could not be

observed, as the Wenzel necks within the nanostructure are too small to be opti-

cally resolved while the droplets themselves still remain pinned on the surface.

The solid blue line represents the critical droplet size where Cassie droplets can

slide off the surface by gravity (Equation 1). The blue diamond symbol corresponds

to the critical size of an isolated Cassie droplet sliding down the surface, as

measured in Figure 4A, in excellent agreement with the blue theory line. The green

region above this blue line represents droplets still in the impaled state, where as

soon as they coalesce to detach into the Cassie state they can therefore immedi-

ately slide down the surface. Experimental measurements of this coalescence-

induced detachment and sliding are shown as blue circles. Finally, for any unlucky

impaled droplets that never coalesced with similar-sized neighboring condensate,

gravitational sliding within the impaled state is estimated by the orange dotted
1368 Joule 3, 1360–1376, May 15, 2019



line (Equation 4). No experimental observations of impaled droplet sliding were

observed, as coalescence always occurred before growing to a size commensurate

with the orange line.

An analogous phase map can be drawn for the upside-down orientation (Figure 6B).

Now, gravity no longer facilitates droplet sliding along the surface but rather causes

droplets to fall from the surface once their work of adhesion is overcome. This is why

the upside-down phase map now plots the droplet size against the solid fraction

of the surface (f), as the work of adhesion is a function of the droplets’ contact

area with the pillar tops. For condensate impaled with Wenzel necks, recall the crit-

ical size above which the energy gained from two-droplet coalescence overcomes

the work of adhesion, which is given by Equation 8. This results in R/lc� 10�5, an

order of magnitude smaller than the size required for the droplets to inflate and coa-

lesce in the first place (green line). Therefore, the blue region above the green line

satisfies the dual criteria for impaled droplets to both be inflated and result in coa-

lescence-induced detachment and falling from the surface. Blue circles depict the

experimentally measured droplet sizes where coalescence-induced detachment

and subsequent gravitational falling occurred. Comparing DEs to the work of adhe-

sion for droplets able to initialize in the Cassie state (EadjC ), we found that droplets of

any size will detach upon coalescence, which could not be shown directly in the

phase map. This is expected to be the minority case, however, as most condensate

originate with Wenzel necks. For hypothetical droplets that do not coalesce, gravity

eventually overcomes the work of adhesion at much larger sizes. This is shown for

Cassie droplets (Equation 2) or droplets with Wenzel necks (Equation 5) with the

blue and orange lines, respectively. While the critical size for gravity-induced

detachment was lower for Cassie droplets compared to Wenzel, this distinction

was so small that the phase lines virtually overlap. This is because the pillar top adhe-

sion dominates over that of the small Wenzel neck for droplets of this size.

Heat Transfer Analysis

The demonstrated orientation dependence of gravity-induced droplet departure

rationalizes the contrasting droplet size distributions shown in Figure 2. These

disparate droplet size distributions are quantified in Figure 7 using image analysis

over the full 3 h of growth. The average droplet size increased continuously to about

Davg z 100 mm after 3 h of growth on the horizontal surface. In contrast, a smaller

plateau value of Davg z 30 mm was reached on both the 45� inclined and vertical

surfaces (Figure 7A).

The maximum droplet size was Dmax z 1.4 mm and climbing for the horizontal sur-

face, nearly an order of magnitude larger than the stable value of Dmax z 160 mm on

the vertical surface (Figure 7B). The maximum droplet diameter measured here for

the vertical orientation is smaller than the sliding diameter shown in Figure 4A.

This is because jumping droplets do not tend to return to the surface for a vertical

orientation, such that droplets as large as that shown in Figure 4A are extremely

rare and not visible in the field of view used for the Figure 7 measurements. In Fig-

ure 7B, the maximum droplet diameter on the 45� inclined surface is slightly larger

than the horizontal orientation for the first hour. This can be explained by the sto-

chastic nature of droplet nucleation (particularly for small fields of view) and also

by the fact that the gravitational removal offered by the inclined surface is not

enabled until droplets have time to grow to larger sizes.

The projected surface coverage of dropwise condensation plateaus to a self-

similar value, typically about e2 z 0.6.54,55 Our horizontal surface exhibited a
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Figure 7. Summary of Orientation-Dependent Droplet Size Distributions and Their Effects on

Heat Transfer

(A–C) Variation of the (A) average droplet diameter, (B) maximum droplet diameter, and (C) fraction

of the condensing surface covered by the droplets with time for different surface orientations. Error

bars represent one standard deviation over three trials for the horizontal and 45� orientations and
over two trials for the vertical orientation.

(D) Exponential decay of the theoretical steady-state condensation heat transfer coefficient (hc)

with increasing maximum droplet diameter (Dmax) on the surface with ba = 0:35 and DT = 5 K. Inset:

heat transfer coefficients at different surface inclinations with respect to that for a horizontal

orientation.
self-similar value of e2 z 0.7, significantly more than the 45� inclined (e2 z 0.45) or

vertical (e2 z 0.3) surfaces (Figure 7C). These findings can all be explained by the

inability of the horizontal surface to shed returning jumping droplets (or droplets

that failed to jump because of size mismatch), while the inclined surfaces could

shed such droplets gravitationally by the mechanisms summarized in Figure 6.

Given that Wenzel necks remain impaled within the surface, even after droplet

detachment and departure, flooding could be a concern as new droplets (and

necks) form over time. Flooding was not observed here, however, as evidenced

by the steady-state surface coverage. We attribute this to the lower nucleation en-

ergy barrier of the wet unit cells (i.e., necks) causing subsequent droplets to inflate

in the same regions.

Using themeasured values ofDmax, the condensation heat transfer coefficient can be

estimated using the model established by Le Fevre and Rose7 with modifications ac-

counting for the superhydrophobic structured surfaces.15,56 The heat transferred

across a single droplet of radius r is expressed as

qdðrÞ=
pr2

�
DT � 2Tsatg

rhfgr

�
1

2hið1� cos qÞ+
rq

4kw sin q
+

1

kc sin
2 q

�
kpf

dckp + hkc
+
kwð1� fÞ
dckw + hkc

��1
; (Equation 9)

where DT is the degree of subcooling; Tsat is the saturation temperature of the water

vapor; hfg is the latent heat of vaporization; hi is the interfacial condensation heat
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transfer coefficient; dc is the thickness of the conformal hydrophobic coating; h is

the height of the nanopillars; and kw, kp, and kc are the thermal conductivities

of water, silicon, and the hydrophobic coating, respectively. The interfacial heat

transfer coefficient is itself given by

hi =
2ba

2� ba 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pRgTsat

p h2
fg

ngTsat
; (Equation 10)

whereRg is the specificgas constant, ng is thewater vapor specific volumeatTsat, and ba is

the condensation coefficient ranging from 0 to 1, where ba = 1 signifies the complete

condensationof all vapormolecules impingingon the liquid surface.As theheat transfer

coefficient does not vary widely with ba, we have used a representative value of ba = 0:35

inourmodel.57 This results in a valueofhi=0.1MW/m2,K, close to thevalue reportedby

KimandKim.56The total condensationheat transfer coefficient,hc, can thenbe foundby

integrating qd(r) across the entire droplet size distribution

hc =
q0 0

DT
=

1

DT

2
64Z rcol

rmin

qdðrÞnðrÞdr+
Z rmax

rcol

qdðrÞNðrÞdr

3
75; (Equation 11)

where n(r) and N(r) are the size distributions below and above the typical length

scale, respectively, where coalescence occurs. See Section 3 of the Supplemental

Information for the expressions of n(r) and N(r) for a condensing superhydrophobic

surface, which has been previously reported.27 For the heat transfer modeling, we

have neglected the effect of sweeping as there was not a significant change in the

value of heat transfer coefficient and also, qualitatively, the variation of hc with

maximum droplet radius remained the same (see Figure S2 in the Supplemental

Information).

For the simplicity of the model, we have assumed a static contact angle, q = qA =

160+, for the droplets. Although this induces an error in the total heat-flux mea-

surement for droplets below 8 mm,27 for our purpose of providing a qualitative

comparison of heat transfer performance in different surface orientations, this error

in the model can be neglected. Using fixed values of Tsat = 287.15 K, DT = 5 K,

hydrophobic coating thickness dc = 1 nm, thermal conductivity kc = 0.2 W/m-K,

pillar height h = 531 nm, and conductivity kp = 150 W/m-K, we can see how hc
varies with changes in the maximum droplet diameter, Dmax = 2rmax. Figure 7D

shows that with increased maximum droplet diameter on the surface, condensa-

tion heat transfer coefficient decreases exponentially. Le Fevre and Rose observed

a similar trend for their model of dropwise condensation on a smooth hydrophobic

surface.7

In the inset of Figure 7D, theoretical values of hc are shown corresponding to exper-

imentally measured values of Dmax for the different surface orientations. For the hor-

izontal surface, the maximal droplet size is always increasing with time, so we used

the final measured value of Dmax z 1.3 mm at the 3 h mark. For the 45� and vertical

surface inclinations, the value of Dmax plateaus because of gravitational shedding.

For a = 45�, the plateau value of Dmax oscillated in time, which we attribute to the

small field of view combined with chain reactions of one jumping and/or sliding

droplet sweeping away many others. Thus, we averaged these oscillatory plateau

values together to obtainDmaxz 498 mm. For the vertical surface, a constant plateau

value of Dmax z 167 mm was observed after the initial transient. A 3-h experiment

was not conducted for the upside-down orientation, as this would have resulted in

many droplets obscuring the lens. However, from the ‘‘bottom-up’’ imaging of an
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upside-down condenser, we observed the largest possible droplet size prior to

coalescence-induced detachment and falling. Discounting local areas where

scratches or defects were visibly present, we observed that the largest departing

droplets were approximately Dmax z 334 mm after at least 2 h of continuous

condensation.

Because of these orientation-dependent disparities in Dmax, the condensation heat

transfer was enhanced by approximately 40% for a = 45� and by 100% for a = 90�

compared to the horizontal condenser. The upside-down surface exhibited a higher

hc than both the horizontal and 45� orientation, but lower than the vertical orienta-

tion. This can be rationalized by the fact that both the upside-down and vertical

orientations have a lower frequency of returning droplets compared to the 45�

and horizontal surfaces. In turn, the vertical surface being slightly better than the up-

side-down can be explained by the beneficial sweeping effect that is exclusive to

droplets sliding down an incline.

The heat transfer model used to find the theoretical heat transfer coefficient pre-

sumes that the non-condensable gases (NCGs) have been removed from the sys-

tem. When NCGs are present, as in the case of our experiments, they act as a diffu-

sive barrier to the water vapor.58–60 This slows the growth rate of condensate and

decreases the heat transfer coefficient but is not expected to affect the orientation-

dependent droplet dynamics captured here, which govern the maximum droplet

sizes. The droplet size distribution is also a function of the coalescence length

scale, which is related to the nucleation density and depends on both the super-

saturation and the concentration of NCGs. Here, we chose a value of rcol = 1 mm

that is representative of our surface and experimental conditions (see Section 3

in the Supplemental Information). In the absence of NCGs, the actual subcooling

(within the water vapor layer) can increase for the same supersaturation, which

may result in surface flooding.61 It has recently been shown that this issue can

be mitigated by using tall and dense nanowires that promote nucleation atop

the surface.20

These trends are qualitatively similar to those reported by Koch et al. for dropwise

condensation on a smooth surface, where the vertical orientation performed

the best and the flat surface performed the worst.10 However, extending this

concept of orientation dependence to jumping-droplet condensation for the first

time results in some interesting new insights. For example, recent experimental

measurements of jumping-droplet heat transfer coefficients have found 30%16

and 60%21 enhancements compared to dropwise condensation on a smooth

surface. The superior performance of the latter case was exclusively attributed

to the addition of hydrophilic bumps to increase the nucleation density, but

we suggest it could additionally be due to its vertical orientation compared

to the use of a horizontal tube in the former case. Indeed, the report using a

horizontal tube did very briefly mention an observation of larger droplets at

the bottom of the tube compared to the sides,16 which is better understood in

light of our present work. Follow-up studies should experimentally measure hc
for a superhydrophobic surface with different surface orientations and also

pay more attention to a possible time dependence for hc, especially for the

horizontal case. Finally, the measured contact angle hysteresis for Cassie

droplets (z10�) is relatively high on our present surface compared to other

superhydrophobic surfaces; it is probable that the heat transfer of the vertical

orientation could be even further enhanced using more advanced surface

structures.
1372 Joule 3, 1360–1376, May 15, 2019



In conclusion, we have shown that the dynamics of jumping-droplet condensation

are heavily affected by gravity and surface orientation. While larger droplets

become stuck on a horizontal superhydrophobic condenser, they are capable of

sliding down an inclined surface or detaching from an upside-down surface. We

also identified that coalescence can serve to detach larger droplets from their

pinned Wenzel necks, which substantially reduces the critical size required for

gravitational sliding. These orientation-dependent shedding dynamics directly

affect the resulting droplet size distribution of growing condensation, which in

turn affects the heat transfer coefficient. Compared to the baseline case of a flat

condenser, a jumping-droplet surface inclined by 45� or 90� should exhibit an in-

crease in heat transfer of 40% and 100%, respectively. These findings should have

profound implications regarding our understanding of jumping-droplet condensa-

tion heat transfer; for example, a vertical wall should perform better than horizontal

tubes. Given that jumping-droplet condensation already exhibits a higher heat

transfer coefficient than any other form of condensation, the ability to increase per-

formance even further with an optimal surface orientation should motivate future

implementation in power plants and HVAC systems.

EXPERIMENTAL PROCEDURES

Superhydrophobic Surface Preparation

The nanopillared superhydrophobic surfaces were made in the cleanroom of the

Center for Nanophase Materials Sciences at the Oak Ridge National Laboratory.

The silicon nanopillars were fabricated non-lithographically by dry etching into

a thermally dewet platinum film that served as the etch mask. For more details

on the fabrication process, please refer to the previous reports by Boreyko and

co-workers14,62 The nanopillars have a height of h = 531G6 nm, diameter of

d = 69 G 8 nm, and center-to-center pitch of p = 119 G 40 nm. The nanopillars

were conformally coated with a hydrophobic monolayer by the vapor-phase depo-

sition of trichloro(1H, 1H, 2H, 2H–perfluorooctyl)silane (Sigma-Aldrich). The silicon

sample and an open vial of the liquid silane were held within a container on a hot

plate set to 70�C for several hours. Surface characterization was done on a contact

angle goniometer (ramé-hart) using the droplet shrink-swell method. The apparent

advancing and receding contact angles for water on the superhydrophobic surface

were measured to be qA = 161� G 1� and qR = 151� G 4�, respectively.

Condensation Experiments Setup

The condensation experiments were performed either in the ambient or in a

customized humidity chamber (ramé-hart) with the nanostructured surface ther-

mally bonded to a Peltier cold stage (ramé-hart) with the help of a thermal paste

(Aavid Thermalloy). The temperature of the cold stage was set at Tw = 1.0�C
with an ambient air temperature of TN = 20 G 4�C and a relative humidity of

RH = 59% G 2%. This corresponds to an average supersaturation of S = 2.1 G

0.4, where S =Pv/Psat(Tw) is the ratio of the partial vapor pressure of the ambient

air and the saturation pressure of water vapor at the substrate temperature.

Condensation visibly appeared in the camera images about 30 s after reaching

Tw = 1.0�C, which corresponds to our definition of time zero for the 3-h growth

experiments.

For the horizontal orientation, a high-speed camera (Phantom v711, Vision Research)

was used along with a function generator (Agilent, 10 MHz) for capturing top-down

images of the condensing surface at 10-s intervals for 3 h. For the 45� inclined and

vertical orientation experiments, a Nikon D5300 camera attached to an Infiniprobe

TS-160, two extension tubes, and a ring light (Polaroid) were used. The high-speed
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videos of the dynamics of the condensing droplets on horizontal, 45� inclined,

vertical, and upside-down surface orientations were captured from three different

angles, e.g., top-down, bottom-up, and side view using the high-speed camera

(Phantom v711).

Image Analysis

Image analysis techniques were used to calculate the number of droplets within

the field of view and individual droplet diameter from the time-lapse images of ex-

periments. From these two sets of data, average and maximum droplet diameter

over 3-h condensation and surface coverage by the condensates were calculated.

Even though images were taken at every 10 s during the actual experiments, to

save time, images at 1-min intervals were used for all of the analyses. Images on

the horizontal surface orientation were analyzed with the help of an image process-

ing software (ImageJ). All images were converted to binary images before a droplet

edge-detection algorithm was applied. For the 45� inclined and vertical orientation

images, custom Java codes were used for the image analysis.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.

2019.03.004.
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1 Finding Wenzel neck radius of impaled droplets:

h l

d

R

rp

Figure S1: Schematic of droplet growth from the nano-cavities on the superhy-
drophobic surface used in the condensation experiments.

For determining the neck radius of an impaled droplet with Wenzel neck, we have
followed the three-stage growth model developed by Mulroe et al [1]. Initially a nanometric
droplet nucleates within the pillars and grows by direct condensation. In the first stage
of the model, we compare the energy required for lateral expansion to adjacent unit cells
(∆Ei,s) and for upward droplet growth to reach the pillar top of the current unit cell (∆Ei,u).
For a droplet constrained by n×n unit cells, this energy comparison can be written as a
ratio-

(∆Ei
∗)n×n=

(∆Ei,s)n×n
(∆Ei,u)n×n

=
(l − d)(1− cos θa)− 2nl cos θa

4(l − d)− nπd cos θa
. (1)

A droplet will preferentially grow upward if either ∆Ei
∗ is greater than 1 or the height

of the droplet reaches the pillar tops (nl≈ h) before ∆Ei
∗ > 1. With our specific surface

geometries, nl ≈ h was first satisfied for n = 5. Thus, the constrained droplet will grow
laterally within 5 unit cells before reaching pillar tops. In the second stage, the droplet
now flushed with the pillar tops can either grow sideways or can inflate upward as a Cassie
droplet. An energy comparison similar to stage 1 can be used to find out the energetically
favorable mode of growth-

(∆Ef
∗)n×n=

(∆Ef,i)n×n
(∆Ef,u)n×n

=
(nl − d)(1− cos θa)− 2nh cos θa

nπl
. (2)

For our surface, ∆Ef
∗> 1 is immediately satisfied for the n= 5 value obtained from stage

1. Thus as soon as the droplet reaches the pillar tops, it will grow upward. This critical
value of n can now be used to find out the neck radius rp as depicted in Figure 1. The neck
radius is found out to be rp≈0.5nl=297.5 nm for our surface.



2 Model of coalescence-induced impalement:

In the main manuscript, the theoretical model assumed that coalescence caused droplet
detachment and/or departure from the surface. However, it should also be considered
whether coalescence could induce the opposite effect, namely, impalement into the texture.
There are three possible mechanisms for coalescence-induced impalement: i) the excess
surface energy is much higher than the merged droplet’s work of cohesion, such that only a
portion of the droplet rips off the impaled necks, ii) the Wenzel state is more favorable than
the Cassie state, or iii) the dynamic pressure exerted by the liquid bridge during coalescence
exceeds the Laplace pressure required to invade the nanopillars. Each of these will now be
considered in turn.

The work of cohesion to break the merged droplet into two pieces is Wc ≈ 2γA, where
A is the surface area of the merged droplet. From volume conservation, A = 2

4
3πR2(2 −

3 cos θapp + cos θapp
3)

2
3 . With θapp = θadv ≈ 160◦ and initial droplet radius, R= 867µm

we find that Wc ≈ 10−6. As the work of adhesion to detach two droplets from their
respective Wenzel necks (∆Ead|N ) is considerably lower than the work of cohesion, the
excess surface energy released during coalescence would first supply the energy required
for droplet detachment from the impaled neck before supplying energy for breaking up the
merged droplet.

If the Cassie state were merely metastable, then the energy released by coalescence could
overcome the energy barrier to switch to the more stable Wenzel state. The Cassie state is
energetically favorable over the Wenzel state when [2]:

θc = cos−1
(
φ− 1

r − φ

)
. (3)

With φ = 0.295 as the solid fraction and θa ≈ 113◦, we find that θc = 94.6◦ which indicates
that the Cassie state is energetically more favorable in our surface.

During coalescence, a liquid bridge rapidly expands against the substrate due to symme-
try breaking. The dynamic pressure due to bridging (∆Pd) can be approximated by ρvb

2,

where vb ≈ 2D0
2(γ/ρR)1/2 is the bridging velocity and D0 ≈ 1.62 is a prefactor found from

numerical simulations [3]. The capillary pressure barrier (∆Pc) is scaled as |2γcosθapp|/p,
where p is the pitch distance between the nanopillars. With p = 119 nm, we found that
∆Pc is three orders of magnitude higher than ∆Pd for any micrometric droplets. Thus, in
the modeling of the coalescence-induced droplet rolling, we can neglect the work of cohesion
or impalement of the merged droplet after coalescence and only compare the excess surface
energy of coalescence with the work of adhesion required to detach the merged droplet from
the nanostructures.



3 Condensation heat transfer coefficient model:

For a condensing superhydrophobic surface, droplet size distribution n(r) for non-interacting
droplets is given by [4]:

n(r) =
1

3πrcol3rmax

(
rcol
rmax

)−2/3 r(rcol − rmin)

r − rmin

A2r +A3

A2rcol +A3
exp(B1 +B2) (4)

and for droplets bigger than the coalescence radius, the droplet size distribution, N(r)
is simply given by:

N(r) =
1

3πr2rmax

(
r

rmax

)−2/3
(5)

Here the constants B1 and B2 can be further defined as-

B1 =
A2

τA1

[
r2col − r2

2
+ rmin(rcol − r)− r2minln

(
r − rmin

rcol − rmin

)]

B2 =
A3

τA1

[
rcol − r − rminln

(
r − rmin

rcol − rmin

)]
with the sweeping period, τ expressed as-

τ =
3r2col(A2rcol +A3)

2

A1(11A2r2col − 14A2rcolrmin + 8A3rcol − 11A3rmin

and A1, A2, A3 are denoted by-

A1 =
∆T

ρhfg(1− cos θ)2(2 + cos θ)
, A2 =

θ

4kw sin θ

A3 =
1

2hi(1− cos θ)
+

1

kcsin
2θ

[
kpφ

δckp + hkc
+

kw(1− φ)

δckw + hkc

]−1
(6)

Here, rcol is the coalescence radius above which droplet growth occurs mainly by coales-
cence. In general, the coalescing length-scale can be optimized by surface structure design.
For our surface, this coalescing lengthscale is assumed to be 1µm which is similar to the
coalescing and deparing size observed on an equivalent surface by Mulroe et al. rmin is the
critical nucleation radius of the condensing droplets on a structured surface which can be
taken as 10 nm for water in ambient conditions [5]. The upper bound of the droplet distri-
bution, rmax is the maximum droplet radius on the surface. In all previous jumping-droplet
heat transfer models it was considered constant as the departure radius of the droplets does
not depend on surface inclination in jumping droplet condensation. But even though the
critical jumping droplet size is dependent on the surface structures only, the orientation
of the surface ultimately controls the maximum droplet size on the surface for long-time
condensation. So, in our model, rmax is varied within a range of 10µm to 900µm, which
includes the maximum droplet size seen on our surfaces in our experiments for all three
orientations. A key point to note here is that for pure jumping droplet condensation the



droplet sweeping is non-existent or the sweeping period, τ is infinite. But, as seen in our
experiments, during long term condensation, the surface shows both jumping and sweep-
ing removal of condensing droplets. In such cases the sweeping terms B1 and B2 can not
be neglected. In Figure 2, we have compared the heat transfer coefficient with and with-
out sweeping term. As the difference is not substantially large and both of the curves are
qualitatively similar, we have neglected the sweeping term in our model.
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Figure S2: Effect of sweeping on the condensation heat transfer coefficient. If
all other variables are kept constant, the surface with sweeping shows slightly better heat
transfer performance. As the two curves are qualitatively same, we have used the model
with no sweeping in the main paper.
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