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Droplet condensation, which has better heat transfer performance than film condensation, can improve
the efficiency of various engineering applications such as power generation, water harvesting and air con-
ditioning. With the growth of condensed droplets, coalescence among these droplets is certainly taking
place. Since the coalescence behavior greatly influences the droplet growth, the relationship between
the droplet coalescence and the surface wettability needs to be understood. In this study, condensation
experiments on prepared surfaces with various wettability were performed to observe the droplet coa-
lescence behavior. The relationship between the droplet coalescence and the surface wettability was dis-
cussed and a regional map was created to classify different droplet coalescence behavior with four
regions divided. To make the divided regions understandable, a dimensionless number called the
Hysteresis number was first defined to denote the relative importance of the contact angle hysteresis
compared to the contact angle for a random surface. Besides the application for analyzing the droplet coa-
lescence behavior, the Hysteresis number can be widely applied for analyzing surface-droplet interac-
tions in various engineering fields with a high value indicating that the contact angle hysteresis plays
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an important role and cannot be ignored.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Condensation, a naturally occurring phenomenon, has various
engineering applications such as power generation, air condition-
ing and desalination [1-3]. For any of these, enhancing the conden-
sation is essential. The most commonly used method is increasing
the surface hydrophobicity. It was discovered very early that the
droplet condensation on the hydrophobic surface has a better heat
transfer performance due to the efficient gravity-driven droplet
removal mechanism than the film condensation on the hydrophilic
surface [4-6]. In recent years, superhydrophobic surfaces have
been suggested to further improve the droplet mobility and then
enhance the heat transfer [7,8]. Dietz et al. thought superhy-
drophobic surfaces allowed the condensed droplets to depart from
the surface with a small tilt angle and the resulting decrease in
droplet departure size shifted the drop size distribution to smaller
radii, which may enhance the condensation heat transfer perfor-
mance [8].

Besides, the superhydrophobic surfaces with great water repel-
lency have some other advantages. Boreyko and Chen first reported
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a self-propelled droplet movement called the droplet jumping dur-
ing droplet condensation on the superhydrophobic surface [9]. The
droplet jumping is triggered by the droplet coalescence, during
which the droplet interface connects and deforms with redundant
surface energy released to drive the jumping [9]. Their results
demonstrated that the droplets were able to leave the surface
spontaneously without the help of external forces such as gravity,
which indicates that the droplets on the superhydrophobic surface
have a greater mobility than imagination. Some researchers then
observed the self-propelled droplet jumping on both the natural
and artificial superhydrophobic surfaces [10-12] and demon-
strated that the jumping-droplet condensation had larger heat
transfer coefficient than normal droplet condensation without
the droplet jumping [13,14]. In addition to the droplet jumping,
another self-propelled droplet movement along the superhy-
drophobic surface called the droplet sweeping was also observed
[15,16]. The droplet sweeping, which is also triggered by the dro-
plet coalescence, is able to self-clean more droplets with larger sur-
face area exposed than the droplet jumping [16], and then may
have greater potential in various engineering applications
[10,14,17], including the condensation heat transfer enhancement.

That is to say, the condensation performance depends on the
condensed droplet mobility to a great extent. In fact, the thermal
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resistances during condensation mainly result from the droplets
themselves [18,19]. Droplet with good mobility can be easily shed,
resulting in large condensation heat transfer rate. Inspired by the
coalescence-induced droplet jumping and sweeping phenomena,
we know that the droplet coalescence behavior seems to be a
direct reflection of the droplet mobility. As the condensed droplet
coalescence is a surface-depended process, the condensation sur-
face wettability, including both the contact angle and the contact
angle hysteresis, influences the droplet coalescence behavior
greatly [20]. However, some fundamental questions still need to
be determined, such as the exact relationship between the con-
densed droplet coalescence and the surface wettability, as well as
the importance evaluation of the often ignored contact angle
hysteresis.

In this study, condensation experiments were conducted on the
prepared surfaces with various wettability with condensed droplet
coalescence behavior observed and characterized. Then the rela-
tionship between the droplet coalescence and the surface wettabil-
ity was discussed with a regional map created to show the results.
In addition, a dimensionless number called the Hysteresis number
was first defined to describe the relative importance of the contact
angle hysteresis compared to the contact angle for a surface. We
hope that, not only for discussing the condensed droplet coales-
cence behavior on a surface, but also for analyzing other surface-
droplet interaction processes such as deicing/defrosting, droplet
evaporation and droplet impacting, the Hysteresis number could
offer convenience.

2. Experimental section
2.1. Experimental surfaces

In this study, condensation experiments were conducted on
various surfaces with the droplet coalescence behavior observed.
Five experimental surfaces with various wettability were prepared
using different fabrication methods. Surface wettability was mea-
sured using a contact angle goniometer (JC2000C1, China) at room
temperature (25 °C) including the apparent contact angle (CA or 0g)
and the contact angle hysteresis (CAH). For each surface, the con-
tact angle was measured by the sessile drop method with 2 pL
deionized water, its uncertainty of measurement was +1°. The con-
tact angle hysteresis was the difference between the advancing
contact angle (0,) and the receding contact angle (6;), which were
measured by the tilting plate method with the uncertainty of mea-
surement of +3°.

Surface A (CA=70° and CAH =46°) was a bare aluminum sur-
face. Surface B (CA =90° and CAH = 41°) was obtained by modify-
ing an aluminum surface using a kind of fluoroalkyl silane with
low surface energy. Using the chemical etching method, surface
C (CA=126° and CAH=33°) and surface D (CA=142° and
CAH = 28°) were fabricated through controlling different chemical
etching time [21]. Surface E (CA=160° and CAH = 6°) was fabri-
cated using the chemical etching-deposition method reported in
our previous work [22].

2.2. Experimental system and conditions

The experimental system used in this research is the same as
that in Ref. [23] and we won’t do a detailed introduction here.
The experimental surfaces were horizontal on the cold side of
the semiconductor cooler with the condensation experiments per-
formed in a closed laboratory. The laboratory temperature was
measured to be 20.0+0.5°C with a relative humidity of
50.0 + 2.0%. The cold surface temperature was 2.0 + 0.1 °C. Images

were captured using an optical microscope equipped with a CCD
camera (OLYMPUS DP25, Japan) for top-down imaging.

3. Results and discussion
3.1. Droplet coalescence behavior on various surfaces

The droplet condensation was mainly divided into two stages
with the droplet nucleation at nucleation sites and the initial dro-
plet growth primarily by direct condensation and then by coales-
cence as the droplets grew larger and as the distances between
neighboring droplets became smaller [5]. The droplet coalescence
behavior at the second stage of condensation was observed on the
experimental surfaces. Fig. 1 shows the droplet coalescence fea-
tures on five experimental surfaces. On surface A, which is a hydro-
philic surface, condensed droplets always have irregular shapes
with the coalesced droplet also maintaining an irregular shape
(see the marked area in Fig. 1(a)). On surface B, as the marked area
in Fig. 1(b) shows, suborbicular droplets coalesce and the coalesced
droplet usually shows an elliptical triple-phase line. On surface C,
droplets grow uniformly and the droplet keeps spherical shape
after coalescence. The coalesced droplet is immobile and remains
in situ (see the marks in Fig. 1(c)). On surface D, as the marks in
Fig. 1(d) show, coalesced droplets are also spherical and most of
the droplet coalescences are immobile, but the coalescence-
induced droplet jumping and droplet sweeping begin to occur occa-
sionally. While on surface E, which is a superhydrophobic surface,
the droplet coalescence features become quite different. Coales-
cence among droplets easily triggers self-propelled droplet move-
ments such as droplet jumping and droplet sweeping. As Fig. 1(e-
i) shows, the droplet jumping occurs frequently with the droplets
on the surface updated quickly. The large-scale droplet sweeping
triggered by coalescence among droplets with different sizes and
asymmetric locations also occurs easily (see Fig. 1(e-ii)), self-
cleaning more droplets and exposing larger surface area than the
droplet jumping [16]. Compared with the occasional self-
propelled droplet movements on surface D, the self-propelled dro-
plet movements on surface E are so frequent that the normal
growth of the condensed droplets are disturbed with more scat-
tered positional distributions and larger size differences [23].

According to the minimal energy principle and the Young’ equa-
tion, droplet tends to keep spherical shape with the minimal sur-
face energy on a surface. As mentioned above, the coalesced
droplets on surface A and B cannot shrink smoothly to reach the
minimum energy state, which means that the triple-phase lines
of the coalesced droplets pin on the surface strongly with large
movement resistances. On surface C and D, which are hydrophobic
surfaces, the droplet coalescences become smoothly with the coa-
lesced droplets keeping spherical shapes, and even the self-
propelled droplet movements can be triggered by the droplet coa-
lescence on surface D, although the frequency is extremely low. On
the superhydrophobic surface E, the self-propelled droplet move-
ments occur much more frequently with a half of droplet coales-
cences able to trigger self-propelled droplet movements [16].
Thus, we demonstrated that, from surface A to surface E (surface
contact angle is larger and contact angle hysteresis is smaller),
the droplet coalescence becomes more smoothly with more spher-
ical shapes, the droplet mobility also becomes better with self-
propelled phenomena triggered.

3.2. Regional map for the relationship between the droplet coalescence
and the surface wettability

Since the droplet coalescence is a surface-droplet interaction
process, to understand further mechanism, the relationship
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Fig. 1. Droplet coalescence features on various surfaces. (a) Surface A: condensed droplets have irregular shapes with the coalesced droplet also maintaining an irregular
shape; (b) Surface B: suborbicular droplets coalesce and the coalesced droplet usually shows an elliptical triple-phase line; (c) Surface C: coalesced droplet has spherical
triple-phase line, and the droplet coalescence is immobile with the coalesced droplet remaining in situ. (d) Surface D: coalesced droplets are spherical with most droplet
coalescences immobile, but the droplet jumping and small-scale droplet sweeping occur occasionally. (e) Surface E: (i) the self-propelled droplet jumping triggered by droplet
coalescence occurs frequently with droplets on the surface updated quickly and (ii) the self-propelled droplet sweeping triggered by coalescence among droplets with

different sizes and asymmetric locations occurs easily.

between the droplet coalescence and the surface wettability was
discussed theoretically. Fig. 2(a) shows the droplet coalescence
process on a random surface. During the coalescence process, the
droplet experiences serious deformations both on the interface
and on the triple-phase line with several energy forms involved
and several forces acting [24-29]. From the point of energy, there
are surface energy, viscous dissipation, gravitational potential
energy and energy dissipation on the triple-phase lines interacting

during the droplet coalescence process. From the point of force,
except for the surface tension, the internal viscous force and the
gravity, there are resistances existing on the advancing triple lines
(Fagv) and the receding triple lines (Fec) due to the surface contact
angle hysteresis.

When neglecting the influence of the gravity for droplets whose
sizes are much less than the capillary length (for water, the capil-
lary length is about 2.7 mm), the contact angle mainly determines
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Fig. 2. (a) The schematic diagram of a two-droplet coalescence (top view). (b) The contact angle determines the amount of the released surface energy (AEs,,) and the residual
energy (E..s) after overcoming the viscous dissipation. With increasing contact angle, both AEg,, and E,s increase. (c) The contact angle hysteresis determines the resistances
(Faqv and Frec) and the energy dissipation (AEc.) existing on the triple-phase lines with both of them increasing with increasing contact angle hysteresis.

the amount of the released surface energy (AE,,) and the residual
energy (E..s) after overcoming the viscous dissipation (AE,;s). The
detailed equations for calculating AEs,; and AE,;s are given in Refs.
[24-26]. According to these equations, using the coalescence of
two droplets with radii of 50 pm as an example, the released sur-
face energy and the residual energy were calculated. As Fig. 2(b)
shows, with increasing contact angle, both AEg, and E..s increase,
which means there is increasing power to drive the coalesced dro-
plet. Moreover, for coalescence of droplets with certain radii, there
is a threshold value of the contact angle. When the actual contact
angle is less than the threshold value, there is no residual energy
left. At this time, we may say the contact angle is not large enough.
For example, the threshold value is about 125° for coalescence of
two droplets with 50 pm radii.

Different with the contact angle, the contact angle hysteresis
determines the resistances (F,qy and F..) and the energy dissipa-
tion (AE.n) existing on the triple-phase lines. The resistances
and energy dissipation existing on the triple-phase lines can be
evaluated by equations in Refs. [27-29]. With the simple assump-
tion that 0.5(0,+ 6;) =6y [30,31], the resistances and the energy
dissipation on the triple-phase lines were calculated in Fig. 2(c).
As seen, for larger contact angle hysteresis, the resistances on the
triple-phase line get larger with more residual energy required to
overcome the energy dissipation.

In a word, the contact angle decides whether there is residual
energy after coalescence, while the contact angle hysteresis deci-
des the resistances and the energy dissipation on the triple-phase
line when the coalesced droplet shrinks or moves. To show the
relationship between the droplet coalescence behavior and the
surface wettability more clearly, a regional map is created in
Fig. 3 with the horizontal axis being the contact angle and the ver-
tical axis representing the contact angle hysteresis. On the map,
four regions are divided. Region I represents surface with small
contact angle but large contact angle hysteresis. There is no resid-
ual energy left after droplet coalescence on surfaces in this region,
and the surface tension cannot overcome the resistances com-
pletely on the triple-phase line, so the coalesced droplets pin

strongly with elliptical even irregular shapes. Most untreated
metal surfaces such as surface A and B belong to this region. Region
I represents surface with small contact angle and small contact
angle hysteresis. Although there is no residual energy left after dro-
plet coalescence, there is barely resistance on the triple-phase line
with the coalesced droplet maintaining circular triple-phase line.
The droplets cannot move spontaneously but they are easily driven
when there is applied force, such as wind or gravity. Although we
didn’t prepare an experimental surface belonging to Region II, we
could find examples which are in Region II. For example, the
lubricant-impregnated surface (CA is about 67° and CAH is about
3°) prepared by Anand et al. is an example with the condensed dro-
plets on the surface coalesce and keep spherical shapes [32]. The
slippery surfaces of pitcher plants [33,34] are also typical examples
in Region II. Region III represents surface with large contact angle
and large contact angle hysteresis, on which the residual energy
is used to overcome the energy dissipation on the triple-phase line.
After the triple-phase line shrinks into round shape finally, the
residual energy runs out with the coalesced droplet staying at pin-
ning state. The surface C and those rose petal surfaces [35,36] are
typical examples belonging to Region III. Region IV represents sur-
face with large contact angle but small contact angle hysteresis. On
surfaces in region IV, the residual energy of the coalesced droplet is
enough and the energy dissipation on the triple-phase line is neg-
ligible, so the self-propelled droplet movements are easily trig-
gered by droplet coalescence. The lotus surface [37] and other
superhydrophobic surfaces such as surface E belong to this region.

3.3. The Hysteresis number

From above discussion, we know the surface contact angle and
the contact angle hysteresis codetermine the droplet coalescence
behavior with different combinations resulting in different results.
However, it must be emphasized that the “large” or “small” of the
contact angle and the contact angle hysteresis are relative con-
cepts. We determine whether or not the contact angle is large by
calculating the residual energy (E.es). If the residual energy is more
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Fig. 3. The regional map for the relationship between the droplet coalescence behavior and the surface wettability. Region I represents surface with small CA but large CAH,
and the coalesced droplet pins on the surface strongly with elliptical even irregular triple-phase line. Region II represents surface with small CA and small CAH. The coalesced
droplet with slippery circular triple-phase line has non-spontaneous mobility and easily moves when there is applied force. Region III represents surface with large CA and
large CAH, and the coalesced droplet has circular triple-phase line but keeps pinning state. Region IV represents surface with large CA but small CAH. In region 1V, self-
propelled droplet movements such as droplet jumping and droplet sweeping are easily triggered by the droplet coalescence.

than zero, the contact angle is thought to be large. For a known
contact angle, we determine whether the contact angle hysteresis
is large or small by a new defined dimensionless number in this
study.

Inspired by above energy analysis, a dimensionless number
called Hysteresis number is defined as the ratio of the dimension-
less energy dissipation on the triple-phase line (cos6; — cos6,) to
the dimensionless surface energy (1 — cosfy) of a droplet.

cos6; — cosh,

Hysteresi ber =k ————
ysteresis number 1 — cosby

(1)

where k is a dimensionless correction factor. With the assumption

that 0.5(0, + 0;) = 0p and k set to be 0.5, the Hysteresis number is fur-
ther simplified as
%
Hysteresis number =—=- 2
v tan<t @)

As the Eq. (2) shows, the equation of the Hysteresis number is
concise with a clear physical meaning which denotes the relative
importance of the contact angle hysteresis compared to the contact

angle for a surface. According to Eq. (2), the definition domain of
the Hysteresis number is from O to 2. A high value (hypothetically
more than 0.1) of the Hysteresis number indicates that the contact
angle hysteresis plays an important role and cannot be ignored
when discussing surface-droplet interaction processes, such as
deicing/defrosting, droplet evaporation and droplet impacting
[17,38-40].

To further explain the Hysteresis number, a contour map of the
Hysteresis number is drawn in Fig. 4. For droplet coalescence with
50 um radii, Region I - IV were divided on the contour map with
the boundary lines (dashed lines) being E,.s=0 and Hysteresis
number = 0.1. According to Eq. (2), the Hysteresis numbers for
the experimental surfaces were calculated. As shown in Fig. 4,
the Hysteresis number for surface A is about 0.56 and for surface
B is about 0.35, which means that the contact angle hysteresis is
quite large compared to the contact angle, so surface A and surface
B with small contact angles but large contact angle hysteresis
belongs to Region I. The Hysteresis number of the lubricant-
impregnated surface prepared by Anand et al. [32] is about 0.04,
so this surface belongs to Region II. The Hysteresis number for sur-
face C is about 0.14, indicating that surface C belongs to Region III.
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Fig. 4. The contour map of the Hysteresis number and the region division on the contour map. The locations of the experimental surfaces are also shown on the contour map.
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For surface D, the Hysteresis number is nearly 0.1. As the Hystere-
sis number = 0.1 is a relatively loose boundary, surface D locates at
the transition region between Region Il and Region IV. The Hys-
teresis number for surface E is less than 0.01 with negligible con-
tact angle hysteresis compared to the very large contact angle, so
surface E belongs to Region IV. We qualitatively determined the
locations of the experimental surfaces on the regional map in
Fig. 3 in the last section, while the quantitative results in Fig. 4
are consistent with those in Fig. 3, which indicates the usability
and the reasonability of the Hysteresis number.

4. Conclusions

In summary, condensation experiments on five prepared sur-
faces with various wettability were performed to observe and clas-
sify the droplet coalescence behavior. The relationship between the
droplet coalescence and the surface wettability was discussed with
a regional map, on which four regions were divided, created. On
the map, region I represents surface with small contact angle but
large contact angle hysteresis, where the coalesced droplet pins
strongly with irregular shapes and bad mobility. Region II repre-
sents surface with small contact angle and small contact angle hys-
teresis, where the coalesced droplet maintains circular triple-phase
line and has non-spontaneous mobility. Region III represents sur-
face with large contact angle and large contact angle hysteresis,
where the coalesced droplet has circular triple-phase line but
keeps pinning state. Region IV represents surface with large con-
tact angle but small contact angle hysteresis, where the self-
propelled droplet motion is easily triggered by the droplet coales-
cence. Actually, the “large” or “small” of the contact angle and the
contact angle hysteresis are relative concepts. We determine
whether or not the contact angle is large by calculating the residual
energy, and we determine whether or not the contact angle hys-
teresis is large for a known contact angle by the Hysteresis num-
ber. The Hysteresis number, which is first defined in this study,
denotes the relative importance of the contact angle hysteresis
compared to the contact angle for a surface. The Hysteresis number
can be applied in various engineering fields involving surface-
droplet interactions, such as deicing/defrosting, droplet evapora-
tion and droplet impacting.
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