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The effect of surface wettability on the collision dynamics and heat transfer phenomena of a single water
droplet impacting upon a heated solid surface has been studied experimentally. To modify the surface
wettability, two modules of stainless steel coated by TiO2 were employed. The first module was induced
by ultraviolet irradiation to produce the hydrophilic surface, while the second one was not. The diameter
and the depth of coating surface were 30 mm and 200 nm, respectively. The droplet size was varied from
1.90 to 2.90 mm and substrate temperature raised up to 340 �C. The interaction of an impact water drop-
let with a heated solid surface was investigated using a high-speed video camera.

As a result, it was found that; (1) in the lower surface temperature region the evaporation time
decreases as the static contact angle decreases, (2) the wetting limit temperature decreases with the
increase of static contact angle, (3) the ultraviolet irradiation on the TiO2 surface does not change the
qualitative behavior of the evolution of wetting diameters, and (4) the maximum wetting diameter
increases with the decrease of static contact angle below the wetting limit temperatures.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Spray cooling is the most popular technique of water-cooling in
the iron and steel making industries. It is commonly applied in the
manufacture of steel, internal combustion engines, and turbine
blades, in order to cool down the hot surfaces, in both very high
and medium temperature regions. Spraying a hot surface with li-
quid droplets yields much higher heat fluxes than can be obtained
by forced convective cooling. The high heat transfer rate is benefi-
cial because they allow the size, cost, and complexity of heat ex-
changer equipment to be reduced. Application of spray cooling
thus promotes the ability to greatly reduce production cost and de-
velop accurate and efficient heat transfer process for the making of
high quality metal product which will ultimately determine the
profitability of the final product.

Understanding the physics of the phenomena is essential in or-
der to build a model capable of predicting the heat transfer with a
high accuracy. However, under practical conditions, the dispersion
of the liquid results in the generation of numerous droplets which
collectively can be difficult to study systematically. To investigate
the underlying phenomena of spray cooling transient heat transfer
characteristics in a more manageable fashion, droplet studies can
be applied. The physics of a single droplet impact on heated walls
can be used to predict the global heat, transfer characteristics of an
entire spray [1].

Laboratory studies of spray cooling have typically measured the
temperature variation and the effect of liquid properties on the
evaporation [2–6]. They observed that the droplet impact dynam-
ics depend on both substrate temperature and impact velocity. If
the surface temperature is above the boiling point of the liquid,
nucleate boiling will commence with vapor bubbles forming in
surface crevices, detaching and rising into the liquid. Once the sur-
face temperature rises above the ‘‘Leidenfrost point’’ droplets go
into a state of film boiling and are seen to levitate above the solid
surface, supported on a film of their own vapor. Furthermore, Moit-
a and Moreira [7] noted also that those experiments intend to iden-
tify the fluid-dynamic regimes of the droplet interaction and to
quantify the outcome of droplet impact (size, velocity and angle
of ejection of secondary droplets, as well as mass deposited onto
the surface).

Despite many such investigations in the past, many fundamen-
tal questions remain to be answered. One issue which has received

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2013.12.066&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.12.066
mailto:deendarlianto@ugm.ac.id
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.12.066
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

do initial droplet diameter (mm)
D wetting diameter (mm)
Dmax maximum wetting diameter (mm)
Re Reynolds number (–)
Ro initial wetting radius (mm)
Rmax maximum wetting radius (mm)
Ts surface temperature (�C)

We Weber number (–)

Greek symbols
b spreading ratio, (D/do), (–)
r surface tension (N/m)
h contact angle (�)
l Viscosity (Pa s)

Fig. 1. Evaporation curve [13].

Fig. 2. Schematic diagram of the experimental apparatus.

Table 1
Specification of the heat transfer surfaces.

No. Surface treatment Static contact angle
(h)

1 TiO2 coating with ultraviolet irradiation (UVW) 0�
2 TiO2 coating without ultraviolet irradiation

(UVN)
(22–23)�

3 Normal stainless steel (NS) 88�

0 100 200 300

20

40

60

80

Time [min]

C
on

ta
ct

 A
ng

le
 [d

eg
]

Substrate:  SUS304
Gas pressure: 3.0 Pa
Gas flow ratio:  Ar/O2=1/9
Film thickness: 200 nm
Substrate temperature: 300°C

 (a) Under ultraviolet irradiation 

0 100 200 300

10

20

30

Time [min]

C
on

ta
ct

 A
ng

le
 [d

eg
]

Substrate:  SUS304
Gas pressure: 3.0 Pa
Gas flow ratio:  Ar/O2=1/9
Film thickness: 200 nm
Substrate temperature: 300°C

(b) Change of contact angle after removal of UV irradiation 

Fig. 3. Time variation of contact angle.
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inadequate attention is the effect of wetting angle on the evapora-
tion of water droplet on a heated solid surface. This may be due to
the difficulties of altering the static contact angle as the only exclu-
sive parameter with all the other parameters being unchanged. The
introduction of ultraviolet irradiation (UV) on the TiO2 coating of a
solid surface to alter static contact angle can be one of the solutions
for this problem as reported by [8]. From this fact, we expect that
heat transfer characteristics of liquid–vapor phase change phe-
nomena like boiling and condensation can be controlled and/or en-
hanced by UV irradiation making use of TiO2-coated surface. In
addition, it is also important to investigate the different character-
istics between TiO2-coated surfaces and normal uncoated surfaces.

The objective of this study was to experimentally investigate
the isolated effect of the static contact angle on the collision
dynamics and heat transfer phenomena of a water droplet impact-
ing upon a heated solid surface. To realize this aim, we made
coated stainless steel surfaces with TiO2. By irradiating the TiO2

surface using UV light, the static contact angle of a droplet on
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Fig. 4. Evaporation time for each tested surfaces.

Deendarlianto et al. / International Journal of Heat and Mass Transfer 71 (2014) 691–705 693



694 Deendarlianto et al. / International Journal of Heat and Mass Transfer 71 (2014) 691–705
the surface can be altered without disturbing other parameters
such as temperature and roughness.
Table 2
Summarized of the investigated wetting limit temperature.

Surface
treatment

Contact angle
[�]

Wetting limit temperature [�C]

do = 1.9 mm do = 2.4 mm do = 2.9 mm

NS 88� 207.65 217.15 227.65
UVN (22–23)� 219.76 227.65 230.15
UVW 0� 229.08 239.38 250.15

Time (ms) UVW

0

0.84

1.18

2.70

4.90

5.91

10.48

Fig. 5. The effect of static contact angle on the evaporation dr
In the present paper, the experimental results of the photocat-
alytic characteristics of TiO2 will be presented first. These data will
be explained in terms of time variation of contact angle due the UV
irradiation. Afterwards, the effects of surface treatments and the
droplet diameters on the evaporation time will be discussed fol-
lowed by the interfacial behaviors of the examined surface treat-
ments by means of the visual observation. Finally, the effect of
surface treatments, the droplet diameters, and surface tempera-
tures on the wetted diameter for all boiling regimes will be evalu-
ated. The maximum wetted diameter as a function of the above
parameters as revealed by the data will be discussed with refer-
ence to studies by other investigators.
UVN NS

oplet dynamics on a solid surface at 60 �C (do = 2.4 mm).



Time (ms) UVW UVN NS
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Fig. 6. The effect of static contact angle on the evaporation droplet dynamics on a solid surface at 100 �C (do = 2.4 mm).
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2. Control of wettability

Heat transfer rate depends not only on the physical properties
of the liquid, but also on the condition of the solid surface. The rate
of heat removal from a heated component by a quenchant also de-
pends on the ability of the liquid medium to wet and spread on its
surface or its wettability [9]. A liquid is said to ‘wet’ a surface when
the liquid spreads out spontaneously as a thin film across the said
surface. This wettability can be characterized by the degree and the
rate of wetting [10]. The degree of wetting is quantified by the con-
tact angle formed at the three-phase interface.

Using force balance to describe the interaction of interfacial
forces at this three phase interface, we obtain the Young–Dupre
equation [11]:

rS ¼ rSL þ rL cos h ð1Þ

where rS is the surface tension of solid, rL that of liquid, rSL the
interfacial tension between solid and liquid and h is the contact
angle.
Time (ms) UVW

0

1.18

2.70

4.90

9.97

20.28

26.36

Fig. 7. The effect of static contact angle on the evaporation dr
In the above equation, it can be clearly seen that the equilib-
rium of interfacial energies will determine the equilibrium contact
angle (h) formed at the three-phase contact point. For practical
purposes, the liquid is said to wet the surface of solid when the
contact angle is less than 90�. For contact angles greater than
90�, the liquid is considered as non-wetting. In non-wetting cases,
the liquid drop spreads easily on the substrate surface and tends
not to enter into pores or holes by capillary action.

It is expected that heat transfer and wetting characteristics of
the quench medium are closely related. Improved wetting will en-
hance the rate of heat transfer from solid to liquid [12].
3. Wetting limit temperature

Hidaka et al. [13] remarked that the typical heat transfer char-
acteristics of droplet evaporation is explained by using the rela-
tionship between the life time of droplet and the heated surface
temperature in an evaporation curve as shown in Fig. 1. When
UVN NS

oplet dynamics on a solid surface at 180 �C (do = 2.4 mm).
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the liquid droplet falls onto the hot surface, direct contact between
liquid and solid occurs. If the surface temperature is moderate, the
heat from the hot surface is first transferred to the liquid film by
conduction and then evaporation occurs from the surface of the li-
quid film. As the surface temperature increases, evaporation time
decreases to a minimum. The temperature at this point is the wet-
Time (ms) UVW

0

1. 35 

2.54

3.55

5.75

9.46

16.22

28.22

Fig. 8. The effect of static contact angle on the evaporation dr
ting limit temperature TWL. As the surface temperature is further
increased exceeding the wetting limit temperature, a vapor film
is formed and the evaporation life time increases until a peak evap-
oration time. This point is the Leidenfrost point and the tempera-
ture at this point is defined as the Leidenfrost temperature TLP. In
the present experimental study, the wetting limit temperature
UVN NS

oplet dynamics on a solid surface at 250 �C (do = 2.4 mm).
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TWL, is taken as the characteristic temperature instead of the
Leidenfrost temperature TLP, because the heat transfer surface is
too small to measure the Leidenfrost temperature accurately.
4. Experimental apparatus and procedures

The experimental setup used in the present study is shown in
Fig. 2. The heating surface was adjusted with the heater wound
in the lower part of the heat transfer block, in which the surround-
ing is insulated. The test surface temperature was measured by
extrapolating the measurements of three thermocouples embed-
ded in the heat transfer block at 10, 15, and 20 mm from the top
surface. A water droplet was injected to the hot surface from the
needle of an injection syringe. The distance between the heating
surface and injection needle was fixed at 10 mm during the exper-
iment. The micrometer was used to ensure the constant size of
droplets. The droplet diameters were 1.90, 2.40 and 2.93 mm and
Time (ms) UVW

0

1.18

2.54

4.73

7.44

12.84

Fig. 9. The effect of static contact angle on the evaporation dr
the corresponding Weber numbers were 5.17, 5.67, and 6.72,
respectively. The temperature of droplet was kept at 20 �C in all
experimental runs.

Prior to each heat transfer experiment, this apparatus was also
used to measure the static contact angle. For UVW, the static con-
tact angle measurement was conducted to observe the change of
contact angle during UV irradiation and after removal of UV irradi-
ation. The details of the procedure of static contact angle measure-
ment can be found in [14].

In the current study, the behavior of evaporating droplet was
observed by using a high-speed video camera with a speed of
5908 fps and a shutter speed of 1/10,000 s. The most effective
lighting for viewing the dynamic of droplets was found to produce
the clear images when mounted opposite the camera at the same
elevation. An image processing technique was developed to mea-
sure the droplet diameter as the function of time. The measure-
ment was conducted by increasing the surface temperature from
58 �C to 340 �C. The temperature sensitivity device was 0.01 �C.
UVN NS

oplet dynamics on a solid surface at 340 �C (do = 2.4 mm).
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Fig. 9 (continued)
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When the surface temperature is low and the evaporation time is
relatively long, the droplet evaporation time was measured using
timer. For short evaporation times, the evaporation time was ob-
tained measured by using the frame count and relating it to the
frame speed of the high-speed video camera.

In order to examine the effect of static contact angle as a single
parameter, two modules of flat surfaces of stainless steel coated by
TiO2 were employed. The first module was irradiated by ultraviolet
light to produce a hydrophilic surface, while the second one was
not. The diameter of heat transfer surfaces was 30 mm, and the
thickness of TiO2 layer was 200 nm. The polished normal stainless
steel without any TiO2 coating was used as a comparison. Those are
summarized in Table 1. Thus the experiment for the No. 3 was
done only in the hydrophobic state.

To simplify the explanation in this paper, we use some abbrevi-
ations for the test surfaces by referring to their surface treatments.
The abbreviations described in this paper are as follows; UVW: the
stainless steel surface coated by TiO2 and irradiated by ultraviolet,
UVN: the stainless steel surface coated by TiO2 without ultraviolet,
and NS: polished stainless steel without any TiO2 coating.

5. Results and discussions

Fig. 3 shows the results of static contact angle wettability
tests of TiO2 coated surfaces in which (a) and (b) correspond to
the cases of the time variation of contact angle under ultraviolet
irradiation and in dark conditions (without ultraviolet irradiation),
respectively. Fig. 3(a) reveals that the contact angle decreases with
the time under ultraviolet irradiation. The significant decrease was
observed during first 25 min and then the contact angle decreases
gradually. It reaches nearly 0� after 300 min. Next, how the contact
angle recovers to hydrophobic state after shielded from ultraviolet
is shown in Fig. 3(b). From this figure, it is revealed that the contact
angle was around 10� after 300 min. The above results show that
the TiO2 coated surface hydrophobicity/hydrophilicity is easily
manipulated by using UV irradiation.

Fig. 4 shows the evaporation curves for all the examined droplet
diameters, in which (a)–(c) corresponds to the cases of the droplet
diameters of 1.9 mm, 2.4 mm, and 2.9 mm, respectively. In the fig-
ures, the surface temperature is plotted against the evaporation
time with the droplet diameter as a parameter. Since the droplet
bounces out from the surface at higher surface temperature, the
upper limit of measurement is the wetting limit temperature
which is indicated in the figures as TWL. As can be seen, TWL varies
with the surface treatments. Prior to each trial, the contact angle
was measured at room temperature of which it was obtained that
the initial contact angle for samples NS, UVN and UVW were 88�,
23� and 0�, respectively. The experimental results show that evap-
oration time decreases with the increase of the surface tempera-
ture and also decreases as initial contact angle decreases. It can
be explained that the decrease of static contact angle increases
the liquid film contact diameter, therefore the heat conduction
through the liquid also increases. Consequently, the evaporation
time will decrease. In addition, it was found that the evaporation



(a) NS (do = 2.4 mm) 

(a) UVN (do = 2.4 mm) 

(c) UVW (do = 2.4 mm) 

Fig. 10. The effect of surface temperature on the wetting diameter.
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time has a much higher dependency on contact angle and droplet
diameter at low surface temperatures. This is shown by larger
comparative differences of evaporation time as the evaporation
time increases significantly in low surface temperature region.
Meanwhile, at the higher surface temperature region the effect of
droplet diameter is much is less significant.

Table 2 displays the effects of static contact angle and droplet
diameter on the wetting limit temperature. As seen from the table,
the wetting limit temperature increases with the decrease of con-
tact angle. Comparison of droplet diameters for the same surface
treatment shows that the droplet diameter plays an important role
on the wetting limit temperature in such that the wetting limit
temperature increases with the increase of the droplet diameter.
Here, the larger the droplet diameter, the larger the mass of the
droplet. Hence, the energy from the hot solid to boil the droplet also
will increase. Therefore, the wetting limit temperature of the larger
droplet diameter will be increased. Next, UV irradiation was found
to increase the wetting limit temperature by about 10 K thus signi-
fying that UV irradiation of TiO2 coating is an effective technique to
alter surface wettability as reported by [8] and that it can be used
to enhance the phase change heat transfer.

Fig. 5 shows the deformation behavior of a water droplet
impacting vertically on the surfaces with a surface temperature
of 60�, thus exhibiting the droplet evaporation behavior below
the boiling point. From the figure, it is observed that, a single bub-
ble indicated by an arrow is seen in the center of the droplets at the
impact point (t = 0 ms) which was caused by air entrapment. Dur-
ing the impact, a bubble can be created in the liquid if a cusp be-
comes enclosed. Similar phenomena were also reported by [15–
17], who examined the collision dynamics of a water droplet on
a hot solid surface. A sideway jetting of liquid due to the rapid
pressure increase in the droplet during the impact was also clearly
seen at t = 2.70 ms after the impact. An annular ridge of liquid film
is formed due to surface tension gradients within the film resulting
from temperature changes due to heat transfer from the hot sur-
face. The ripple propagates ahead of the ridge. After the liquid films
spread to their maximum diameter (t = 4.9 ms for NS), the droplet
height increases slightly indicating the commencement of the con-
striction of the liquid film.

Comparison of the results for NS, UVW and UVN displayed in
Fig. 5 reveals some differences. The structure of the liquid film
was more spherical at NS compared to that of both UVW and
UVN. It can be seen that the collision dynamics for UVW and
UVN were similar. For both, at 2.70 ms after the impact, the droplet
was observed to be flatten into a disc. However, as time progressed,
the diameter of liquid film of UVW spread to a larger size than that
of UVN. Relating this to the smaller static contact angle of UVW, it
is possible to conclude that, below the water boiling point, the
smaller the static contact angle, the larger the maximum diameter
of liquid film after the impact.

The collision dynamics of the water droplets for a surface tem-
perature of 100 �C is shown in Fig. 6. This characterizes the droplet
evaporation behavior around the water boiling point at atmo-
spheric pressure. The phenomena are quite similar with those at
the surface temperature of 60 �C. Again we can see that at the im-
pact point (t = 0.0 ms), a single bubble indicated by an arrow is ob-
served in the center of droplet caused by the air entrapment. A
number of circular and radial ridges as indicated by the arrows
can be found at the center of the droplets both of UVN and UVW
(t = 10.31 ms). The fact that the circular and radial ridges can be
seen only on the surface with low contact angles (UVN and
UVW), but not at NS implies that they were formed due the surface
tension gradients created by temperature gradients within the
droplets.

Fig. 7 depicts the collisions dynamics of water droplets for sur-
face temperatures of 180 �C therefore within the transition regime
(below the wetting limit temperature as stated in Fig. 1). At the
beginning time of the impact (t < 2 ms), the collision dynamics
are quite similar with those at surface temperature of 100 �C. After
this duration, the collision dynamics show a difference behavior. At
t = 4.90 ms, a cluster of bubbles appeared in the ring of the droplet
as indicated by the arrows in the figure. It is formed due to the
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nucleation on the liquid site rather than from the nucleation from
the solid surfaces because the bubbles appear in the bulk of the li-
quid. At t = 9.97 mm, the bubble size is seen to increase due to the
(a) Ts = 80 °C

(b) Ts = 100 °C

(c) Ts = 140 °C

Fig. 11. The effect of surface treatment on the incr
heat transfer from hot surface and the coalesence of the bubbles
(c.f. UVW). Meanwhile, the droplet of UVN is significantly dis-
torted, thereafter, the shape of droplet is unaxisymmetric. At
(d) T s = 200 °C

(e) Ts = 220 °C

(f) Ts = 300 °C

ement of the wetting diameter (do = 1.93 mm).
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t = 20.28 ms, for all surface treatments, the droplets are filled with
numerous bubbles on the circular periphery. The blowout of vapor
bubbles in the form of secondary droplets can also be observed. It
was noticed also that the static contact angle has a significant role
on the collision dynamics on a hot solid surface in the boiling
(a) Ts = 80 °C

 (b) Ts = 100 °C

(c) Ts = 140 °C

Fig. 12. The effect of surface treatment on the incr
transition regime. At t = 26.36 ms, the wetting diameter of UVW
appears as the largest diameter, followed by UVN and NS.

The collision dynamics for the surfaces at 250 �C are shown in
Fig. 8. Here the droplet evaporation behavior near the wetting limit
temperature was evaluated. Similar to previous observations, a
(d) Ts = 200 °C

(e) Ts = 220 °C

(f) Ts = 310 °C

ement of the wetting diameter (do = 2.4 mm).
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single bubble indicated by an arrow in the figure (at t = 1.35 ms in
the figure) was observed in the center of droplet. However, con-
trarily to the observation made at a lower surface temperature,
the bubbling occurs within the droplet by nucleate boiling of liquid
contact with hot solid surface, and grows from the surface imper-
fection in which the liquid is trapped. Due to the surface tempera-
ture being much higher than the water boiling temperature, the
liquid pressure is lower than its saturation pressure. Therefore,
the cavitation takes part. Similar phenomena have been reported
(a) Ts = 80 °C

(b) Ts = 120 °C

(c) Ts = 140 °C

Fig. 13. The effect of surface treatment on the e
by [15]. This supports that the possible mechanism for the forma-
tion of the bubble at a temperature near the wetting limit temper-
ature is cavitation within the liquid caused by a lowering of the
liquid pressure to below its saturation vapor pressure.

Near the wetting limit temperature, it can be seen that the sta-
tic contact angle does not play an important role on the droplet
evaporation behavior. At around the wetting limit temperature,
the modification of the surface treatments does not produce any
considerable change in the morphology of bubble behaviors during
(d) Ts = 200 °C

(e) Ts = 220 °C

(f) Ts = 300 °C

volution of wetting diameter (do = 2.9 mm).



Table 3
Different proposed empirical correlations to predict the maximum wetting diameter.

No References
(year)

Experimental correlation

1 Yang
(1975) [22]

We
2 ¼ 3

2 b2
max 1þ 3We

Re b2
max lnðbmaxÞ �

b2
max�1

2

� �
ldrop

lwall

� �0:14
� �

� 6

(Kurabayashi and Yang equation)
2 Akao et al.

(1980) [23]

Rmax
Ro
¼ 0:613We0:39

3 Chandra
and
Avedisian
(1991) [15]

3We
2Re b4

max þ ð1� cos hÞb2
max � We

3 þ 4
� �

¼ 0

4 Senda et al.
(1997) [24]

Dmax
Do
¼ 1:0þ 0:463We0:345

5 Healy et al.
(2001) [21]

bmax;corr ¼ bmax;KY
45
h

� �0:241

6 Roisman
(2009) [25]

Dmax
Do
¼ 0:87Re1=5 � 0:40Re2=5We�1=2
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the evaporation on solid hot wall. In all cases, the droplet break-up
appeared in the radial direction only after the formation of lamela
crown (c.f. at t = 3.55 ms of UVW and UVN, and t = 5.75 ms of NS).
It can be seen clearly from the images that many secondary drop-
lets are jetted from all areas of the droplet and move upward to
atmosphere, which contribute to secondary atomization. Forma-
tion of water jet prior to secondary atomization around the wetting
limit temperature was also obtained by [7] for ethanol droplets
impacting onto smooth surfaces. This means that effect of liquid
surface tension is diminished.

Droplet evaporation and collision dynamics near the Leiden-
frost temperature are depicted by Fig. 9. Here the surface temper-
ature was set around 340 �C. The results reveal that above the
Leidenfrost temperature, the collision dynamics and bubble behav-
iors during the droplet evaporation are similar for all the examined
surface treatment/static contact angle. It is noted that the observed
droplet morphologies include droplet impacts, spreads to maxi-
mum wetting diameter, recoils, and rebounds. A single bubble
due to the cavitation is also observed in the center of droplet at
the beginning of droplet impact. The blow out of vapor bubbles oc-
curs at an earlier time (t = 2.54 ms of all the examined surface
treatments) and many disintegrated droplets fly radially outward.
After the maximum wetting diameter is reached, the droplet is
elongated upward in the shape of bowling pin without any second-
ary droplet production (c.f. t = 83.66 ms of UVW) and rebounds off
the hot solid surface as reported also by [17–19]. Considering the
results for both 250 �C (Fig. 8) and 340 �C (Fig. 9), it can be seen
that the static contact angle effects are diminished when the sur-
face temperatures reaches the wetting limit temperature.

To investigate the influence of the surface temperature and sta-
tic contact angle on the evolution of wetting diameter, the wetting
diameter was measured by using image processing techniques.
Fig. 10 shows the evolution of the wetting diameter as a function
of the surface temperature. Fig. 10(a)–(c) correspond to the cases
of NS, UVN, and UVW, respectively. Close observation from the fig-
ures reveals that in the lower transition regime, for first 2 ms after
impact, the static contact angle does not affect the qualitative
behavior of the wetting diameter. Here also, the wetting diameter
seems to be independent of surface temperature. After this initial
impact, the diameter increases to a maximum and afterwards
gradually decreases with the time. The observed results are in
Fig. 14. The relationship between surface temperature and maximum wetting
diameter.
agreement qualitatively with those of [15,18] who examined the
wetting diameter during the droplet evaporation by using the dif-
ference surface treatments.

Figs. 11–13 show the effects of the static contact angle on the
wetting diameter during the droplet evaporation on a hot solid sur-
face, in which Figs. 11–13 corresponds to the cases of droplet
diameter of 1.93 mm, 2.4 mm, and 2.9 mm, respectively. From
the figures, it can be seen that the static contact angle has a signif-
icant effect on the wetting diameter during the droplet evaporation
on a hot solid surface below the wetting limit temperatures of cor-
respond static contact angle. Thus, the higher the static angle, the
lower the wetting diameter. At the early stages after impact, the
evolution of wetting diameter is independent relatively of static
contact angle. When the surface temperature is increased, the ef-
fect of ultraviolet radiation is apparent only at a later time after
the initial impact. The above are observed for all droplet diameters.

The maximum wetting diameter is an important aspect that is
of interest in the heat transfer studies [20]. Fig. 14 displays the
relation between droplet maximum wetting diameter and surface
temperature for all observed droplet diameters and surface treat-
ments. Close observation of the figure revealed that the maximum
wetting diameter is relatively independent of when the surface
temperature is higher than 250 �C (around the wetting limit tem-
perature) as has already discussed above. Below 250 �C, the maxi-
mum wetting diameter increases with increased static contact
angle and droplet diameter. Here it is apparent that the static con-
tact angle has an important role on the maximum and evolution of
droplet wetting diameters below the wetting limit temperature,
and are the important results from the present work, whereas it
has never reported in the open literature before.

Presently several empirical correlations [15,21–25] have been
devised to calculate the maximum wetting diameter during the
evaporation droplet on a hot solid surface, and they are tabulated
in Table 3. The empirical correlations include the Weber number,
Reynolds number, fluid viscosity, and liquid contact angle. It
should be noted that user adjustment in the developed empirical
correlations still cannot be avoided. For example, Healey et al.
[21] incorporated the liquid contact angle as a correction factor
(denominator) in the original Kurabayashi and Yang correlation.
In regards to the current work, if we implement the contact angle
of the UVW case in the present experimental data, whereas h is
equal to 0�, the correction factor would be equal to infinity. Hence
the maximum wetting diameter could not be predicted. Therefore,
the effect of contact angle expressed by Healy et al.’s correlations
will not correctly predict the data presented in this work. Thus,
the future work is needed to develop an improved empirical
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correlation and numerical solution on the basis of the physics in-
volved in determining the maximum wetting diameter.

6. Concluding remarks

An experimental study on the effects on static contact angle on
the evaporation droplet on hot solid surface has been carried-out.
The static contact angles of stainless steel surfaces were modified
by using the TiO2 coating and ultraviolet irradiation. Their effects
on the main parameters, such as wetting limit temperature, inter-
facial behavior of the droplet, evolution and maximum wetting
diameter, were studied. The results are summarized as follows:

1. The static contact angle plays an important role on the wetting
limit temperature during the single droplet evaporation on a
hot wall. The higher the static contact angle, the lower the wet-
ting limit temperature.

2. Below the wetting limit temperatures it is found that the sur-
face temperature, the droplet diameter, and static contact effect
the evolution of wetting diameter of single droplet during the
single droplet evaporation on a hot wall. That is the higher
the droplet diameter, the higher the wetting diameter. Next,
the maximum wetting diameter increases with the decrease
of static contact angle.

3. The ultraviolet irradiation on the TiO2 surface does not change
the qualitative behavior of the evolution of wetting diameters
during the droplet evaporation on a hot solid.

4. From the review of the available experimental correlations
regarding the maximum wetting diameter during the single
droplet evaporation on a hot wall, it is found that the static con-
tact angle was not considered as an important parameter,
therefore, a future work on the development of new experimen-
tal correlation and numerical model on this topic is needed.
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