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GRAPHICAL ABSTRACT

Self-propelled sessile droplet on a superheating and heterogeneous wetting surface

Fig. 2 CCD images illustrating different evaporation behaviours on the heterogeneous (mixed) wettability surface and homogeneous (hydrophobic and hydrophilic)
wettability surfaces at an initial surface temperature of 140 °C. On the mixed wettability surface, droplet had the moving contact line (MCL), and droplet is moving
after the static unbalance. However, the homogeneous surfaces had constant contact line (CCL) of more severe conditions of evaporation until the end of evaporation.
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ABSTRACT

In this study, we investigated self-propelled sessile droplet evaporation on superheated surfaces with mixed
wetting patterns. The primary reason for droplet motion was an increase in surface temperature and the dif-
ference in surface energy, which affected the moving contact line and moved droplets close to the wetting regions
and then out to the heating surface. In this study, we observed that increases in temperature significantly
influenced the changes in surface adhesion force. The force balance equation was used to demonstrate the ex-
istence of a moment of droplet movement. In addition, temperature data demonstrated energy conservation
behaviour. The heterogeneous wetting surface exhibited greater differences in energy because of the energy
expended during liquid-vapour phase transition and droplet movement.
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1. Introduction

Droplet evaporation has prominent applications in inkjet printing
[1-3], biosensing [4,5], chip manufacturing [6,7], and spray cooling
[8-10]. Liquid droplet evaporation on a hot solid surface can generate
large amounts of heat transfer because of the latent heat, which has
applications for several industrial cooling techniques. Droplet evapora-
tion on different surfaces with homogeneous wettability, and specif-
ically phenomena such as the cafe ring effect, Marangoni effect, and
evaporating capillary meniscus, have recently attracted considerable
attention. These behaviours are a result of the influence of droplet
evaporation on surface wettability. Picknett and Bexon [11] first re-
ported that droplet evaporation has three distinct stages on a general
surface. During the first stage, the droplet evaporates with a constant
contact radius (CCR); the radius of the droplet bead does not change, but
the contact angle (CA) decreases. The first stage is called constant con-
tact line (CCL) mode because the contact line does not move. When the
CA of the droplets reaches the receding CA, the droplet enters the con-
stant CA (CCA) phase. The CA does not change, but the radius of the
liquid decreases. In the third stage, the droplet remains in a mixed
coexistence condition, called the mixed mode (MM), until evaporation is
complete. The evaporation situation is different for superhydrophobic or
superhydrophilic surfaces. For a hydrophilic surface, the pinning effect
is strong during the evaporation process. The first-stage CCR is main-
tained, but the droplet skips the CCA stage and directly proceeds to the
MM stage. The pinning effect is weak for superhydrophobic surfaces.
They enter only one MM stage in the evaporation process [12]. Studies
[13,14] have revealed that surface wetting characteristics affect the
evaporation rate. In their study, Dasf and Garimella [14] investigated
droplet evaporation during heating of hydrophobic and super-
hydrophobic surfaces. Superhydrophobic surfaces exhibit slower evap-
oration, and the theoretical model should be corrected to apply the
results of evaporation on a superhydrophobic surface.

The effects of wetting characteristics on evaporation were also
observed at a micro scale. Some studies [15,16] have investigated the
evaporation of microdroplets on a microcantilever and observed that the
cantilever surface has hydrophilic and hydrophobic wetting properties
that result in different evaporation behaviours [16]. Lee et al. [17]
observed that resonance frequencies and deflections significantly differ
between hydrophilic and hydrophobic anodic aluminium oxide nano-
porous microcantilevers. All these studies indicated that evaporation is
closely related to the homogeneous wetting characteristics of a surface.
Research on evaporation on heterogeneous wetted surfaces is limited.
He et al. [18] reported that the droplet evaporation rate on a hetero-
geneous wetting surface is greater than that on a homogeneous wetting
surface. The contact line stretches on the patterns on the surface of a
hydrophilic material, which enhances the diffusion area and improves
the evaporation rate. The study also demonstrated that the dynamic
movement of a moving contact line (MCL) increases the evaporation rate
on a heterogeneous wetting surface. The depinning phenomenon on a
patterned surface causes movement of the contact line. Li et al. [19]
performed simulations to analyse the effects of pinning and depinning
phenomena on the contact line as droplets evaporated on a heteroge-
neous wetting surface.

Several studies on homogeneous wetting surfaces have been con-
ducted, characterising droplet evaporation as natural evaporation [20,
21]; however, few studies have addressed droplet evaporation on het-
erogeneous wetting and hot surfaces. Our previous study revealed that
changing the mixed (hybrid or heterogeneous) wetting characteristics of
heating surfaces leads to an increase in evaporation rate during low to
intermediate superheating [22]. Studies on hybrid wetting patterns have
focused on the dynamic behaviour of the boiling process. However,
insight obtained regarding the single droplet evaporation process, which
would provide a better fundamental understanding of droplet evapora-
tion on surfaces undergoing high to intermediate superheating and
heterogeneous wetting surface interfaces, is scarce.
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2. Experiments
2.1. Experiment setup

A schematic of the experimental setup is presented in Fig. 1. A sy-
ringe was used to inject droplets at the required volume onto the heating
surface of a copper column, and the droplet evaporation process was
recorded using a charge-coupled device (CCD) camera. The drawing in
Fig. 1 presents a detailed depiction of the droplets on the test copper
surfaces. The diameter of the heating surface was 2 mm, and the water
droplet (9 pL in diameter) was larger than the heating surface. The
temperature of droplet before deposition on the test surfaces, referred to
as the room temperature, was maintained constant through environ-
mental control. The droplet evaporation process occurred in a controlled
area. The surface temperature was measured using a thermocouple de-
vice positioned near the copper surface at a distance of 1 mm from the
top. Since the thermal conductivity of the copper block is very high and
the distance is only 1 mm from the surface, the estimate of surface
temperature of error will be less than 0.01 °C. The surface temperature
before droplet deposition on the test surfaces, referred to as the initial
surface temperature Ty,, was maintained constant through variation of
the power supply and reached equilibrium after approximately 1 h.
Evaporation experiments were performed at various maintained initial
surface temperatures (120 + 0.5 °C, 130 + 0.5 °C, and 140 + 0.5 °C).

2.2. Test surfaces

The three test surfaces (plain, hydrophilic, and mixed wettability)
were used to investigate the effects of surface wettability on droplet
evaporation, as depicted in Fig. 2. The water contact angle was
measured with an optical contact angle meter. All CAs are measured
before the tests, using Sindatek Model 100SB to produce schematic
drawings of the CA meter. A drop volume of 9 pl which Bond number is
0.15 and capillary length is 2.74 mm was chosen for the measurements,
and each region was examined using more than five values. The first test
sample was a plain copper surface; it had a homogeneous wettability
surface and a CA of approximately 95°. The scanning electron micro-
scopy (SEM) image reveals the clean and smooth surface of plain copper.
The second test sample (philic) was a homogeneous hydrophilic surface.
The hydrophilic region was prepared using a nanosilica-particle-coated
copper surface with a CA of approximately 41°. The nanoparticles were
distributed uniformly on the substrate, as indicated in the SEM image.
The sol-gel method with nanosilica particles was applied to modify the
surface to achieve hydrophilic wettability [23,24]. The third test sample
was a mixture of the first and second samples, and it was a surface with
heterogeneous (mixed) wettability. The surface area is separated into
two parts, namely the plain and hydrophilic regions, which are located
on the right and left sides of the copper surface, respectively.

3. Results and discussion
3.1. Temperature curves of droplet evaporation on a superheated surface

Temperature is the primary factor that causes a sessile droplet to self-
propel onto an intermediate superheating surface. The droplet motion
resembles the Leidenfrost effect: water droplets can move on the surface
after the temperature has increased to the Leidenfrost effect point (LFP)
[25]. In this study, self-propelled sessile droplets on homogeneous plain
and hydrophilic samples reached the LFP at surface temperatures of
approximately 160 °C and 190 °C, respectively. On the surface with
heterogeneous (mixed) wettability, similar motion of droplet occurred
only at a temperature of approximately 140 °C, which is lower than the
LFP we observed on the two homogenous surfaces. While we did not
observe the Leidenfrost feature, a layer of vapor close to the surface, on
the mixed patterned surface, we attribute the self-propelled droplet
motion to another depinning mechanism provided by such pattern,
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which is the main scope of the following discussion.

Temperature data indicated different trends for the surfaces with
three types of wettability. The temperature curves of the three test
surfaces with the initial surface temperatures of 120 °C (hollow sym-
bols) and 140 °C (solid symbols) are presented in Fig. 3. In the cases with
the initial surface temperatures of 120 °C, the surface temperature
decreased because of contact with a cold droplet, and heat was trans-
ferred to the droplet until the temperatures of the surface and liquid had
achieved equilibrium in the first phase. In the second phase, the tem-
perature remained nearly constant (quasisteady temperature T’). In the
end of droplet evaporation, the temperature rises to the initial surface
temperatures. Compared to the results of quasisteady temperature for all
three surfaces in Fig.3. There are mixed, philic and plain surfaces
showing from high to low of quasisteady temperature. The surface with
mixed wettability exhibited both the highest quasisteady temperature
and the shortest evaporation time at initial surface temperatures of 120
°C and 140 °C. This implies that the dynamic behaviour of the liquid
influenced the evaporation phenomena. This behaviour will discuss on
the Part 3.4 of energy balance equation for droplet evaporation.

3.2. CCD Images of droplet evaporation on a superheated surface

The CCD images captured at 500 frames/s, displayed in Fig. 4,
illustrate a self-propelled sessile droplet on a surface with heterogeneous
wettability with an initial surface temperature set at 140 °C. At 0.6 s, the
droplet began moving toward the hydrophilic region and gradually
detached from the plain region. At the rightmost contact line, it began
visibly moving to the left. The red arrow in the figure indicates the de-
gree of displacement, which shows that the droplet reached the
boundary of the interface at 0.9 s. The MCL caused the droplets to
concentrate on the hydrophilic side; subsequently, some of the droplets
were suspended at the periphery of the heating surface on the hydro-
philic side. Due to the gravity force is increased in the process. Finally,
the droplets rolled off the heating surface because of an imbalance in
forces between gravity and surface tension. The duration for which a
droplet remains on the heating surface is referred to as maxima time
(tmax)-

CA measurements may explain the relationship between different
surface wetting characteristics that affect the movement of the contact
line on a surface with mixed wettability. The droplets covered a larger
area than the heating surface on top of the cylinder; therefore, the
droplets remained confined to this limited heating surface area. The CA
measurements when the droplets had stopped moving were approxi-
mately 120° on both sides. Because of the pinning effect at the edge,
most of the evaporation is of the CCR (CCL) type, particularly for test
samples with homogeneous wettability. Fig. 5 presents the variations of
the CA on surfaces with mixed wettability at initial surface temperatures
of 110-140 °C. When the surface temperature was maintained at a low
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superheat temperature (120 °C), the left and right sides exhibited a
relatively equal CA. However, as the temperature increased beyond 140
°C, the surface initially maintained a difference in CA of 20° between the
right and left sides because of the MCL and the right side of the contact
line moved away from the edge. Before the droplet moved, the MCL
caused the difference in CA to increase. More of the liquids were moved
to the suspension of droplet by the gravity effect. The advancing contact
angle in this situation is increased more than 180° and the RCA is
decreased. In the final frame we can see a decrease of RCA, which is
caused by the rolling off of the droplet. The length of time of the droplet
motion is within 0.1 s, the droplet velocity is approximately 20 mm/sec.
moving Compared with a low superheat temperature (120 °C), a higher
superheat temperature (140 °C) resulted in a more noticeable difference
in CA.

3.3. Force model for self-propelled sessile droplets

The droplet free body diagram displayed in Fig. 6 indicates the force
composition that is primarily divided into gravity force (W) and surface
tension force (Fy). The horizontal surface tension force (F,z) of a sessile
droplet self-propelled on a surface is similar to the lateral adhesion force
[26,27] of a droplet sliding on an inclined surface. The left (hydrophilic)
end can be considered the advancing angle, and the right (plain) end can
be considered the receding angle. In this study, we observed that the
horizontal surface tension force can move the contact line. The hori-
zontal and vertical surface tension forces (F,y and F,y) are determined
by the difference between the right and left CAs on the surface, as
indicated in Eq.s (1) and (2):

F,u = Lo(cos6, — cosb,) (€3]
F,y = Lo(sin®, + sin6,)/2 2

where o is the surface tension, L the contact line, 6, the receding angle
and 6, the advancing angle. In Eq.s (2), because of the vertical surface
tension acting on the contact line is uniform, we divide by two to express
the concept of average.

Fig. 7a indicates that a high superheat temperature (140 °C) has a
higher horizontal surface tension force (F,y) than that of a low superheat
temperature (110-130 °C). Compared with a low superheat tempera-
ture, a high superheat temperature causes a greater difference in CA,
which leads to a large horizontal surface tension force. However, the
movement of droplets is also related to the vertical surface tension force
(F,v). Fig. 7b indicates that a high superheat temperature can reduce the
vertical surface tension force. This implies that the pinning effect of a
droplet decreases as the superheat temperature increases. For example,
for the case of 140 °C, we observed that the most substantial decrease in
the pinning effect occurred at the location where the contact line had
moved. We determined that the pinning effect resulting from changes in
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Fig. 1. (a) Experimental setup of droplets on a superheated and spatially restricted surface and details regarding the heating surfaces at different wettability levels.
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the vertical surface tension force can cause the contact line to move.

In Yadav’s research [28], they found the initial increase rate of
retention force is high due to surface deformation induced by unsatisfied
normal force, which might indeed play a role on our asymmetric surface
wetting pattern. However, considering we have different setting than
Yadav, namely the rigorous evaporation and the fact our droplet pinned
by the edge of the surface, we can’t be certain how much the time effect
contributes to the motion. For the case the evaporation started imme-
diately after the deposition, and the evaporation completed within few
secs. The effect of rested time on the retention force of droplet in this
study is small. Continuous heating causes the right contact line to move
to the interface in the middle of the surface, and most liquid is squeezed
into the hydrophilic region. At this time, the hydrophilic region cannot
accommodate all the liquid, and some of it moves toward the heating
surface. The weight of the volume of liquid contained outside the
heating surface region (Vo) is Wout, and the weight of the volume of the
liquid at the heating surface (Vi) is Wiy, as shown in Eq.s (3) and (4),
respectively. Consideration of the influence of bubbles inside the
droplet, volume of bubble is deducted from the calculation of Wj,. Fig. 8
displays the relationships of torque with W and F;. If the leftmost point
on the heating surface is taken as the fulcrum, then when the counter-
clockwise torque caused by Wy, is greater than the clockwise torque of
the vertical surface tension force (Fsy) and Wy, the droplet instantly
rolls off the heating surface.

Win = ngin (3)

Wuut = ngom (4)

3.4. Energy balance equation for droplet evaporation

The behaviour of a self-propelled sessile droplet on a superheated
and heterogeneous wetting surface can be explained by energy balance
theory. When droplet evaporation is complete, the required energy can
be classified as the energy expended during phase change; therefore, the
energy expended during droplet evaporation can be calculated using the
latent heat. The energy is indicated in Eq. (5), where m is the mass of the
droplet and hg the enthalpy of the droplet during evaporation. In
addition, droplet evaporation caused the surface temperature on the
copper column to decrease. We can calculate the energy expended as the
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Hydrophilic

WD 8.0mm

SEI 15.0kV  X80,000

Plain copper surface
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Fig. 3. Temperature plotted against time for surfaces with three wettability

types (plain, hydrophilic, and mixed wettability) at initial surface temperatures
of 120 °C (hollow symbols) and 140 °C (solid symbols).

droplet cools the copper column by using Eq. (6), where mpper is the
mass of copper, C the specific heat, T the steady initial surface temper-
ature, and T’ the quasisteady temperature in the second phase.

Edropier = mhy, 5)

Ecopper = mCaoperC (T — T) (6)

The relationship between the energy expended during droplet
evaporation and that expended as the droplet cools for the three test
surfaces is presented in Fig. 9. According to energy balance theory, the
energy expended during droplet evaporation (Eq.5) should be equal to
the energy expended as the droplet cools a surface (experiment data,
Eq.6). Some of these energy conversions may be caused by irrevers-
ibility; however, in this study, we suggest that most of the energy con-
version may be caused by liquid-to-gas phase changes. The three energy
curves (Eq. 6) for the droplet cooling the surface do not overlap with
those of droplet evaporation (Eq. 5). We observed a difference in the
energy expended as the superheat temperature increased between that
calculated using Eq. (5) and that calculated using experimental data in

Heterogeneous

SEM
Mixed wettability

150KV X33000 100nm WD 82mm

Fig. 2. Scanning electron microscopy images of the (a) nano-SiO,—coated surface at a magnification of 80,000x and (b) plain surface at a magnification of 190,000
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Fig. 4. Charge-coupled device images illustrating different evaporation behaviours on the surfaces with heterogeneous wettability (mixed) and homogeneous
wettability (plain and hydrophilic) at an initial surface temperature of 140 °C. On the surface with mixed wettability, the droplet had a moving contact line after
exhibiting static unbalance. However, the homogeneous surfaces had a constant contact line with a greater amount of evaporation.
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Fig. 5. Maxima time plotted against contact angles (CAs) of droplets evapo-
rating on a surface with mixed wettability at initial surface temperatures of
110-140 °C. Solid symbols are on the right side of the CA, and hollow symbols
are on the left side of the CA. Red color symbol shows the moving contact line
MCL. In the case of mixed surface at 140 °C, before the droplets rolled off, some
of the liquids were suspended at the periphery of the hydrophilic side. The
advancing contact angle in this situation is increased more than 180° and
receding contact angle is decreased.

Eq. (6). This is attributable to an increase in the intensity of bubble
generation as the superheat temperature increased. In addition, surface
wetting characteristics contributed to greater changes in energy on
surfaces with heterogeneous wettability than on other uniform surfaces.
Our previous study [22] reported the images of droplet evaporation on

Q

Fig. 6. Force model of a self-propelled sessile droplet.

the three kinds of surfaces. Hydrophilic surface had least enclosed vapor
generation in the evaporation process, and the difference of energy be-
tween surface cooling (by Eq. 6) and droplet evaporation (by Eq.5) is
smaller. Compared to the other two surfaces, the bubble motion is
intensively, the greater difference in the energy between Eq.5 and Eq. 6,
especially in the surface with mixed wettability. It aligns well with our
finding in Fig. 9 that energy difference between droplet evaporation and
surface cooling is largest for mixed case and smallest for hydrophilic
one, we speculate such energy difference reflects the kinetic energy of



C.-C. Hsu et al.

(a)

0.35 —m— 110°C
0304 ¥ v —e— 120°C
v X —A— 130°C
0.257 v— 140°C
v
0.20 -] °
V. [ 7
< 015 v A
3 A
8 o104 >
O i ) v
' 005 ] . ¢ v
@H L n A L]
3 000 A— A o m \ n ] A
) [ S / e "
-0.05 | / R G /
el "
-0.10
0.15 - ¢ \/
[
-0.20 A——————————————————— :
00 01 02 03 04 05 06 07 08 09 10
i pax

Colloids and Surfaces A: Physicochemical and Engineering Aspects 612 (2021) 126074

(b)

2.25 -
2.00 4 - e ]
-
1.75 /,.—I’./-/ m
o
150 Ameml®
) ’ Voey Ve i A, e
== o3
g 1.25 - . S
w2 A
* 1004
< L
£ 0754 —m— 110°C A
e 120°C A
0.50
—A— 130°C
R v
0.25 v 140°C v v N\
0.00 4 v
025+
00 01 02 03 04 05 06 07 08 09 10
o

Fig. 7. Maxima time at contact angles of groups(a) cos6, — cosd, and (b) sin6, + sin6, for droplets evaporating on a surface with mixed wettability at initial surface

temperatures of 110-140 °C.

3.00E-007 —

2.50E-007

2.00E-007 - e
1.50E-007

1.00E-007 \

Torque (Nm)

5.00E-008 | \ od

0.00E+000 4 o °

00 01 02 03 04 05 06 07 08 09 10

t/t

max

Fig. 8. Maxima time plotted against torque in relation to W and F; for a droplet
evaporating on a surface with mixed wettability at an initial surface tempera-
ture of 140 °C.

22
20 .
18 4 * o - = plain Eq.6
~~ —&— philic Eq.6
164 e —e— mixed Eq.6
14 . =N T Eq.5
4 ° .
> 12 \ \
5 10 .
84 |
]
6 \
[ ]
4 4
[ ]
2 -
90 100 110 120 130 140 150 160
Tw (C)

Fig. 9. Relationship of superheat temperature to the energy coming into and
out of the system for surfaces with three types of wettability (plain, hydrophilic,
and mixed wettability). Energy coming into the system was calculated using Eq.
(5), and energy leaving the system was calculated using Eq. (6). Each symbol
has four parameters that correspond to initial surface temperatures.

droplet motion on the mixed surface. These two findings indicate that
high temperatures and mixed wettability cause large differences in en-
ergy and thereby significantly affect the dynamic liquid-vapour
behaviour inside a droplet.

4. Conclusion

At an extremely high superheat temperature, the dynamic liquid-
—vapour behaviour inside a droplet changes. Because of a considerable
difference in energy, the sessile droplet self-propelled on the heteroge-
neous wetting surface in advance. Therefore, we infer that an increase in
temperature is the primary factor affecting liquid-vapour dynamic
behaviour. However, if wetting characteristics are combined to form a
surface with mixed wettability, the liquid-vapour dynamic behaviour is
significantly increased. This confirms that surface temperatures within
the moderate-to-high superheat temperature range are correlated with
liquid-vapour phase transition, which is crucial for liquid-vapor heat
transfer, particularly on surfaces with mixed wettability.
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