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We report our hydrodynamic and energy analyses of droplet coalescence on water repellent 

surfaces including hydrophobic, superhydrophobic and oil-infused superhydrophobic surfaces. 

The receding contact angle has significant effects on the contact line dynamics since the contact 

line dissipation were more significant during the receding mode than advancing. The contact line 

dynamics are modeled by the damped harmonic oscillation equation, which shows that the 

damping ratio and angular frequency of merged droplets decrease as the receding contact angle 

increases. The fast contact line relaxation and the resulting decrease in base area during 

coalescence was crucial to enhance the mobility of coalescing sessile droplets by releasing more 

surface energy with reducing the dissipation loss. The superhydrophobic surface converts ~42% 

of the released surface energy to the kinetic energy via coalescence before the merged droplet 

jumps away from the surface, while oil-infused superhydrophobic and hydrophobic surfaces 

convert ~30% and ~22%, respectively, for the corresponding time. This work clarifies the 

mechanisms of the contact line relaxation and energy conversion during the droplet coalescence 

on water repellent surfaces, and helps develop water repellent condensers. 
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   The condensation on water-repellent surfaces has been actively studied to improve heat and 

mass transfer performances in many applications including power generation, water harvesting, 

and thermal management
1-5

. Previous studies have shown that the heat transfer performance of 

dropwisecondensation on hydrophobic surfaces is much higher than that of filmwise 

condensation due to the efficient gravity-driven droplet removal mechanism
6-8

.Superhydrophobic 

condenser surfaces also haveattracted lots of attention since condensates can be spontaneously 

removed via the coalescence-induced jumping without any external forces such as gravity when 

they satisfied the energy criteria
9-12

. Recently, oil-infused superhydrophobic condenser surfaces 

were introduced to facilitate the condensate removal by minimizing contact line pinning and 

resulting hysteresis with maintaining relatively large contact area compared with 

superhydrophobic surfaces
13-16

.   

 

Droplet coalescence is a key process in the growth and removal of condensates, and 

significantly affects the overall condensation behaviors on such surfaces. However, most of the 

previous studies have been focused on the coalescence of freely suspended drops whose kinetics 

arewell described by the balance between the liquid viscosity and surface tension
17-19

. The 

dynamic behaviors of sessile drop coalescence are governed by complex contact line motions 

and energy dissipations affected by the interactions among liquid, vapor and solid phases.   

 

When droplets merge on solid substrates, initially the liquid bridge forms between the droplets 

and expands. Then the merged droplet rearranges its shape from elliptical to circular
12,20,21

.  

Previous studies have modeled the merged droplet relaxation dynamics during the latter stage of 

coalescence based on the experimental observation, and defined the droplet relaxation time as tc= 
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(1/U
*
)·R, where U

*
 represents the contact line relaxation rate and R is the final equilibrium 

radius
20-22

. These previous studies have found that the timescale required for the relaxation of 

coalescing droplets on a substrate is many orders of magnitude larger compared with that for 

freely suspended droplet coalescence case
20,21

, which showed the significance of contact line 

dissipation for the sessile drop coalescence.  Other previous study applied the scaling analysis 

and showed that the width of the growing meniscus bridge between the two droplets on highly 

wetting surface is proportional to t
1/2

 at the early stage of coalescence
23

. These studies, however, 

were conducted on the substrates with moderate contact angle (40°~90°)
20-22

 or highly wetting 

surfaces
23

and the investigations were limited on the contact line dynamics without discussing 

associated hydrodynamic and energy behaviors. In our recent study, we investigated the droplet 

coalescence on a superhydrophobic surface with a 3D model but the discussion was limited on 

clarifying the droplet jumping mechanism
12

.  

 

In this work, we investigated the hydrodynamic behaviors and energy conversion mechanisms 

of droplets coalescing on scalable hydrophobic (HPo), superhydrophobic (SHPo), oil-infused 

superhydrophobic (Oil-SHPo) condenser surfaces using a full 3D numerical model. We 

investigated the contact line dynamics during the entire coalescingevent with showing that the 

receding contact angle has crucial effects on contact line dynamics by affecting contact line 

pining and viscous dissipation. Unlike previous studies, the contact line relaxation was modeled 

by the damped harmonic oscillation model, which shows that both damped angular frequency 

and damping ratio of merged droplets decrease with increasing the receding angle.Fast contact 

line relaxation and resultingdecrease in the base area were found to be crucial to facilitate the 
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conversion from the surface energy to the kinetic energy, which explains why the droplets 

coalescing on SHPo and Oil-SHPo have higher mobility than the ones on HPo.   

 

   The investigated water repellent surfaces were fabricated as follows: The hydrophobic surfaces 

(HPo) were made by functionalizing oxygenplasma-treated commercially available copper foils 

with TFTS (trichloro(1H,1H,2H,2H-perfluorooctyl) silane, Sigma) through a vapor deposition 

process. The superhydrophobic surfaces (SHPo) were fabricated by nanostructuring the copper 

foils with the chemical oxidation scheme reported in our previous publications
24-26

 followed by 

the TFTS vapor deposition. To manufacture the oil-infused superhydrophobic surfaces (Oil-

SHPo), we dispensed a low viscosity oil droplet (Krytox GPL 101) on the nanostructured 

superhydrophobic surfaces and blew dry nitrogen gas to spread the oil uniformly on the surface
14

. 

Thedynamic and static contact angles measured on each investigated surface are summarized in 

Table 1 with the properties of the infused lubricant oil.  

 

Detailed droplet evolution during the coalescence was investigated using a full 3D numerical 

model based on the level contour reconstruction method
27

, a hybrid schemethat combines the 

advantage of the front tracking
28

and level set method
29

. Twowaterdroplets with diameter of ~30 

µm are placed on the bottom of the domain and the initial shape of droplets was determined by 

the experimental observations on each surface.The 30 µm was selected since the droplet jumping 

actively occurred on the SHPo when the droplets of d≈ 10~50 µm merges together in our 

previous experiments
12

.The dynamic contact angles listed in the table 1 were incorporated to the 

numerical model. We use thesimpleNavier-slip model that allows thecontact line movement 

proportional to shear strain rateat the contact point. The contact line velocityUclisdetermined as 

Page 5 of 21 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



5 

 

wall
cl n

uU
∂

∂⋅=λ  where 
walln

u
∂

∂ is the shear strain rate at the wall, and λ is proportionality constant 

called asaneffective slip length.  

 

The slip length of SHPo (λSHPo) was estimated from the previous correlation ( )bfaL
seffSHPo
+=λ

30
, 

where Leffis the effective pitch between the CuOnanostructures contacting liquid droplet and 

estimated to be 1~2 µm based on the SEM images provided in our previous studies
31

. The 

coefficients a and b were determined from the previous experiments (a = 0.325, b = -0.44)
30

.The 

effective solid fraction fs of CuO was estimated using the Cassie–Baxter equation 

1)1(coscos −+=
ssa

f θθ . From the contact angles of the silanatedCuO (~161°) and the silanated 

smooth wafer (~110°),fs was estimated to be ~0.08 andthe resulting λSHPowas~1µm. The slip 

length of Oil-SHPo (λOil-SHPo) was calculated from { }
SHPoowsOil

f λλλ 1)1(11 +−=
−SHPo

30
.  The 

slip length between the water and the oil (Krytox GPL 101) layers was obtained from λow= (µw/ 

µoil)δoil,  where δoil is the thickness of oil layer that was assumed to be equal to the average height 

of CuO nanostructures (~1 µm). Theλowwas estimated to be ~33 nm and the resulting λOil-SHPowas 

~30 nm. The slip length of HPo was assumed to be zero since it was reported to be  < 20 nm by 

previous studies
32,33

. 

 

Figure 1 shows the simulated contact line dynamics during the droplet coalescence. The 

evolution of the effective radius in x and y directions is defined as Rx and Ry, respectively, and 

extracted from the simulated results.The Rxand Ry were measured between the extremes of liquid-

vapor interface as shown in the inset of Figure 1.The time-lapse top views and cross-sectional 

pressure distributions are provided in Figure 2. The simulated pressure distributions show that 

when the tiny liquid bridge forms between the droplets at the beginning of evolution, low 
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pressure field forms near the bridge due to the negative curvature of the neck.  The low pressure 

at the neck draws a flow from the side of the droplet and thebridge expands outward.  

Theeffective radii Rx and Ry  remain near constant at the early stage of coalescence as in  Figure 1. 

Then Rx and Ry hit its minimum and maximum peak value at point 1 and 2, respectively, before 

experiencing the rapid change. At point 1 in Figures 1 and 2, the high pressure zone locates near 

upper center of each droplet, and then the high pressure zone circulates to the side of merged 

droplet at point 2. The high pressure zone requires small radius of curvatures of interface, which 

explains the minimum and maximum peaks at points 1 and 2, respectively.  

 

Figure 1 also shows that there was no significant difference in contact line dynamics up to 

point 2 among SHPo, Oil-SHPo and HPo. Note that the contact line dynamics involves only the 

advancing motion up to point 2 on each surface, and therefore this feature can be explained by 

considering the dissipation mechanism when the contact line advances
34

. The contact line 

dynamics during the contact line advancing is mainly impeded by two dissipation mechanisms: 

the contact line pinning (I) and viscous dissipation (II). During the contact line advancing, the 

dissipation rate by the contact line pinning (per a unit contact line) can be approximated as 

clas
UI )cos(cos~ θθσ − , and one can expect that this contribution would be negligible for all 

three surfaces, as advancing θa and static θs contact angles are measured to be quite close to each 

other (Table 1). 

 

Meanwhile, the viscous dissipation rate inside a drop (per a unit contact line) is scaled as 

hRUII
bcl

/~
2µ , as long as the contact angle is sufficiently large (i.e., > 90°), with Rb and h 

being the base radius of the drop and the drop height, respectively. With 1~)/(
b

RhO , the 
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viscous dissipation II is about 2

cl
Uµ  , which indicates that the viscous dissipation rate II would be 

similar among SHPo, Oil-SHPo and HPo due to no strong dependence on the contact angle. 

Based on these calculations, one can conclude that there would be no significant difference in 

contact line dynamics among SHPo, Oil-SHP and HPo up to point 2, due to a similar amount of 

the overall dissipation during the contact line advancing. 

 

Similarly with the contact line advancing, the overall dissipation mechanism is divided into 

two dissipation mechanisms during the contact line receding: one due to the contact line pinning  

(
clsr

UI )cos(cos~ θθσ − ) and the viscous dissipation (II). Only on HPo the dissipation by the 

contact line pinning is non-negligible due to a large difference between receding θr and static 

θscontact angles on HPo, while its contribution remains negligible on SHPo and Oil-SHPo. 

Please note that when the contact angle is small and the contact line takes a wedge-like shape (as 

observed during the contact line receding on HPo and Oil-SHPo), the viscous dissipation would 

diverge near a contact line. In the small contact angle limit, the viscous dissipation rate (per a 

unit contact line) can be approximated as θµ /)/log(~
2

aRUII
bcl

 with a being the molecular cut-

off length scale and )/log( aR
b

 reported to range between 15 to 20 in the previous study 
35

. 

 

From the viscous dissipation in the small angle limit, it can be said that the viscous dissipation 

during the contact line receding is significantly larger than during the contact line advancing on 

HPo and Oil-SHPo due to much larger numerical coefficient involved (e.g., during receding

22
20~/20~

clcl
UUII µθµ  with θ ~ 60°versus during advancing 2

~
cl

UII µ ). Also, the viscous 

dissipation in the small angle limit has an explicit functional dependence on the contact angle, in 

a way that the smaller receding contact angle generally leads to the larger amount of dissipation 
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although the change in Ucl according to the contact angle variation also needs to be considered to 

make an accurate comparison. The apparent contact angle during the contact line receding 

becomes lower than the values reported in table 1 to compensate the viscous forceand were 

extracted to be ~155°, ~75° and ~50° on SHPo, Oil-SHPo and HPo, respectively, during the 

receding. The high apparent receding angles and resulting small effective radius of curvature 

creates high pressure field near the contact line, which increases the restoring force (see the 

dotted circles in Figure 2). Therefore the contact line relaxation rate would be the highest on 

SHPo, followed by Oil-SHPo and then HPo as in Figure 1. 

 

During the sessile drop coalescence, the surface tension force is damped with the frictional 

forces. As the water repellency increases, the oscillation becomes more under-damped, and the 

Arrhenius relaxation model [ ]
cyx

tttRtR )(exp)(
00,

−−= appliedin the previous studies
20,21

 does 

not work well for highly water repellent surfaces. In order to capture the significant oscillation 

shown in Figure 1, we model the droplet relaxation behavior with a damped oscillation equation 

)cos(
)(

φγ += − twAeR
d

t

yx
, where A is the initial amplitude, γ the damping factor, ωd the 

damped angular frequency, and ϕ the phase angle. Amplitude A and phase ϕ are constants 

determined by the initial conditions. The damped angular frequency, ωd can be expressed as 

22
0

γωω −=d , where  ω0  represents the natural angular frequency.The damping ratio 

ζdescribing the level of damping can be calculated as ζ =γ / ω0. Figure 1shows that the model 

well describes the contact line relaxation on water repellent surfaces, and the parameters for each 

best fit are provided in Table 2.  
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Due to the small viscous damping at the base area and the large restoring force associated 

with the high receding contact angle, the coalescence on SHPo becomes much more under-

damped than other cases.On the investigatedSHPo, however, the oscillation on the surface was 

observed only for very short time since the coalesced droplet jumped away from the 

surfaces.Oil-SHPo has smaller damping ratio than HPo mainly due to the high restoring force 

associated with the high receding angle as described earlier. Both damping ratio and angular 

frequency decrease as the receding contact angle increases. The damping ratios of Rx and Ry on 

SHPo, Oil-SHPo and HPoare extracted to be 0.06, 0.160, 0.341 and 0.135, 0.312, 0.37. The 

damped angular frequencies of Rx and Ry on SHPo, Oil-SHPo and HPo were 0.167, 0.247, 0.284 

and 0.258, 0.277, 0.343, respectively. The asymmetry in the initial shape along x and y direction 

is the main cause of the difference between the parameters for Rx and Ry. 

 

The resonant frequency for inviscid single spherical drops has been derived by previous 

studies
36,37

 and is given by the following equation: { } 2/13 )/())2)(1((
2

1 Rnnn
n

ρσ
π

ϖ +−= , where 

n is the oscillation mode.  For the second mode of oscillation (n = 2) and using R = 15 µm, ρ = 

998 kg/m
3
 and σ = 72 mN/m for a drop radius, the water density and surface tension, one obtains 

the resonant frequency of 0.165 MHz, which is close to the fitted frequency (0.167 MHz) in Rx 

direction and comparable with the fitted frequency (0.258 MHz) in Ry direction on SHPo. Note 

that the Rayleigh equation analysis is applied to predict the general behavior of droplet merging 

qualitatively since it cannot fully capture the complexities associated with droplet merging. The 

difference in the fitted frequency in Rx and Ry could result from the initial asymmetry of droplet 

configuration, i.e., the larger Ry compared to Rx in the beginning of merging leads to the increase 

of the resonant frequency in Ry direction over Rx direction. 
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    For other surfaces (Oil-SHPo, HPo), the larger difference between the calculation and the 

fitting parameter might be due to the stronger influence of the contact line as well as the complex 

dynamics of droplet merging. The influence of the contact angle of the substrate on the sessile 

drop has been investigated in the previous study, and it has been shown that the decrease of the 

contact angle leads to the increase of the resonant frequency when the contact angle ranges 

between 80° and 180° 
38

. It agrees with the trend in the fitting frequency in the present study, 

which increases as the contact angle decreases. 

 

The changes in each energy term and interfacial areas during the entirecoalescing 

processeswere calculated from the simulated results.The detailed information on the calculation 

procedures for each energy termwasdescribed in our previous publication
12

 and was not repeated 

here. The changes in the surface energy 	��� , kinetic energy 	��� , potential energy���  and 

viscous dissipations ��� were plotted with the changes in the liquid-vapor ∆Alvand liquid-solid 

∆Als interfacial areas in Figures 3 and 4, respectively. All the changes are calculated based on the 

initial state (∆E = E - E0 and ∆A = A - A0).  

 

    Figures 3a and 3b compare the changes in each energy term and interfacial area of droplets 

merging onSHPo and HPo, respectively.  Figure 3a shows that the amount of the released surface 

energy ∆Es during the initial stage of coalescence is similar for both SHPo and HPo, but the 

mechanism for the release is different. Even though the decrease in the liquid-vapor interfacial 

area Alv of SHPo is smaller than that of HPo, the base area Als decreases on SHPowhen the 

coalescence starts (∆Als<0) while it increases on HPo (∆Als> 0) as in Figure 3b, which makes ∆Es 
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similar on both surfaces.  Note that the reduction of Alsincreases the amount of the released 

surface energy since∆Es = σlv∆Alv+ σls∆Als+ σsv∆Asv= σlv(∆Alv - ∆Alscosθ).  

 

When the coalescence occurs on SHPo, the liquid bridge is formed between the droplets and 

the interfacial stress merges the droplets together with forming a dumbbell-shaped geometry (see 

Figure 2). During the process, the base area (Als) of SHPo first decreases to fit the advancing 

contact angle. When the liquid bridges rapidly expand and hit the bottom surface, the base area 

increases for a short time (see the moderate peak of ∆Als of SHPo case in Figure 3b) but the high 

pressure field formed at the bottom makes the merged droplet jump away from the surface, 

which decreases the base area again.Unlike SHPo, the liquid bridge forms with contacting the 

surface from the very beginning of the coalescence on HPo, which causes the initial increase in 

the base area. 

 

The large ∆Es with smallAlsallow SHPo to convert the surface energy to the kinetic 

energymore efficiently thanHPo during the coalescence. The merged droplet on SHPo jumped 

away from the surface without any external force around 0.018 ms (point 4). Up to this point, 

SHPo converts ~42 % of the released surface energy to the kinetic energy on average, while HPo 

convertsonly ~22 % for the corresponding time period.  

 

  The changes in each energy term and interfacial area of merging droplet on Oil-SHPo and 

HPo are compared in Figure 4a and 4b, respectively. On both Oil-SHPo and HPo, the base area 

first increasesas the liquid bridge forms with contacting the bottom surface at the beginning of 

coalescence, then starts to decreasewhen the contact line relaxation starts. During the contact line 
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receding, the base area decreases faster on Oil-SHPo than on HPo due to the higher relaxation 

rate of Oil-SHPo, which helps to release larger amount of surface energy compared to HPo. Up 

to point 4, Oil-SHPo converts ~30 % of the released surface energy to kinetic energy on average, 

while HPo converts ~22 %. Figures 3 and 4 show that the high contact line relaxation rate and 

resulting rapid decrease in the base area are crucial to facilitate the conversion from the surface 

energy to the kinetic energy, which explains howSHPo and Oil-SHPocan provide the enhanced 

mobility to the droplets via coalescence compared to HPo. 

 

In summary, we investigated the hydrodynamic behaviors and energy conversion of droplets 

merging on HPo, SHPo, Oil-SHPo surfaces. The receding contact angle hadsignificant effects 

onthe contact line dynamics sincethe contact line pinning and viscous dissipation were more 

significantduring thereceding mode than advancing. The contact line relaxation was modeled 

with the damped harmonic oscillation equation instead of the previous Arrhenius model since the 

system became significantly under-damped as the receding contact angle increases. The damping 

ratio and angular frequency of merged droplets decreased with increasingthe receding contact 

angle, and the damping ratios of Rx and Ry on the invested SHPo, Oil-SHPo and HPo were found 

to be 0.06, 0.160, 0.341 and 0.135, 0.312, 0.37, respectively. The fast contact line relaxation and 

the resulting decrease in the base area helped release larger amount of surface energy with 

reducing dissipation loss, which provided the enhanced mobility to the coalescing sessile 

droplets. From the beginning of the coalescence to the jumping away from the surface, the 

coalescence on SHPo converts ~42 % of the leased surface energy to the kinetic energy on 

average, while that on Oil-SHPo and HPo convert only ~30 % and 22 % for the corresponding 

time period. This work clarifies the contact line relaxation and energy conversion mechanisms on 
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water repellent surfaces with difficult wetting characteristics, and helps develop advanced water 

repellent condensers. 
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Table 1: Measured contact angles on the investigated samples  

Sample 
Advancing angle 

θa(º) 

Receding angle 

θr(º) 

Static angle 

θs(º) 

SHPo 

(Silanated CuO) 
165.1 ± 1.6 159.8 ± 3.3 161.2 ± 1.6 

Oil-SHPo* 

(Oil-infused silanated 

CuO) 

119.2 ± 1.4 117.5 ± 1.1 118.2 ± 1.1 

HPo 

(Silanated Cu) 
122.7 ± 1.3 81.2 ± 1.8 116.6 ± 2.4 

* Infused oil:Krytox GPL 101 (ρ = 1870 kg/m
3
, σ = 17.0 mN/m, ν = 16×10

−6
 m

2
/s, at 20°C) 
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Table 2: Extracted parameters from the best fit for each case  

  
ω d  

(MHz) 
γ 

(µs
-1

) 
ζ 
 

A 
(µm) 

ϕ 
(rad) 

Rx 

SHPo 0.167 0.010 0.060 9.146 4.105 

Oil-SHPo 0.247 0.040 0.160 6.038 -2.632 

HPo 0.284 0.103 0.341 8.969 -2.798 

Ry 

SHPo 0.258 0.035 0.135 19.564 0.569 

Oil-SHPo 0.277 0.091 0.312 23.549 -0.618 

HPo 0.343 0.137 0.371 30.584 -1.653 
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Figure 1: The evolution of a large effective radius Rx (a) and a small effective radius Ry (b), the 

solid lines show the results extracted from the simulation and the dotted lines show the best fits 

obtained from the damped harmonic oscillation equation with the parameters provided in table 2.  

Rx and Ry were measured between the extremes of liquid-vapor interface as in the inset of Figure 

1. Points 1-5 represent t = 0.004, 0.007, 0.0108, 0.018, 0.024 (ms), respectively.  
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Figure 2: The time lapse images of the evolution of simulated droplets coalescing on SHPo, Oil-

SHPo and HPo. The top views of the liquid-vapor interfacial areas are shown with the cross-

sectional pressure distributions at point 1-5 representing t = 0.004, 0.007, 0.0108, 0.018, 0.024 

(ms), respectively. The dotted circles in point 3 show the difference in the apparent receding 

angles and the resulting pressure field during the contact line receding on each surface. 
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Figure 3: The changes in each energy term (a) and interfacial area (b) of droplets merged on HPo 

and SHPo as a function of time during the coalescence period.All the changes are calculated 

based on the initial state (∆E = E - E0 and∆A = A - A0). When the coalescence starts, the base 

area Als decreases on SHPo (∆Als< 0) while it increases on HPo (∆Als> 0), which makes 

SHPorelease large amount of surface energy even with relatively small decrease in the liquid-

vapor area Alv. 
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Figure 4: The changes in each energy term (a) and interfacial area (b) of droplets merged on HPo 

and Oil-SHPo as a function of time during the coalescence period.All the changes are calculated  

based on the initial state (∆E = E - E0 and∆A = A - A0). During the contact line receding, the  

base area decreases faster on Oil-SHPo due to the higher relaxation rate, which helps release  

larger amount of surface energy compared to HPo. 
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