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The present work aimed to conduct the visualization study on the effect of the ethylene glyeol concentration an
the interfacial behavior of successive droplets during the impacting onto a horizontal hot solid surface. The tested
liquid droplets were pure water and two ethylene glycol-water mixtures, which contain 10% and 20% of ethylene
glycol. A polished cylindrical plate of stainless steel (SUS 304), with the surface roughness of 0.06 pm, was
utilized as a solid surface. The surface varies for t atures of about 110 “C-240°C. The detailed phenomena
during the droplet impact were recorded by using a high-speed video camera with the frame speed of 2000 fps
and the resolution of the 1024 x 768. In addition, an own developed image processing technique was also
implemented to obtain the quantitative parameters, such as the spreading ratio and the apex height during the
droplet impacting onto a hot solid surface. As a result, the interfacial dynamics of the successive droplets were
clarified. The addition of the concentration of ethylene glycol leads to the decrease of droplet oscillation during
the spreading phase and delays both the bubble formation and the presence of secondary droplets. In addition,
the research also reveals that the presence of the second droplet successfully improves the wetting area of the

droplet.

1. Introduction

The cooling system utilizing liquid media becomes a critical part of
various industry, especially the metal industry, which work under high

perature. For instance, the quenching process of metal is essentially
needed to achieve the desired metal structure as well as improve the
material properties such as strength and hardness. Because of the ben-
efits, spray cooling becomes one of the suitable methods in metal cool-
ing. The main advantages of this method were realized by previous
rescarchers, such as Deendarlianto et al. [1], who concluded that the
heat fluxes produced by liquid droplet impacting onto a hot surface are
much higher than that of the forced convective cooling. Equally
important, the spray cooling is also widely known due to its adaption
ability in various cooling simations as well as savings inflow rate re-
quirements [2]. In the industrial applications, the liquid agent distri-
bution contributes to the formation of many droplets that is difficult to
study systematically under realiEcnndiLians [3]. For this reason,
single droplet experimen be used to understand the ransient heat
transfer features required to predict the overall heat transfer property of

an overall spray. Several methods have been developed to fulfill the
importance of each relation aspect, and the spray cooling had shown its
effectiveness as a thermal control [4].

Besides the application of spray cooling, the liquid droplet can be
widely implemented in other fields of works, such as in the combustion
process of liquid fuel [5], the inkjet technology in the printing system
[6], and spray coating [7]. In addition, several studies have focused on
the impingement on heated surfaces of water droplets containing addi-
tives [5-10]. Those widespread applications indicate that comprehen-
sive knowledge is essentially needed since the desired effect may vary
according to the application [11]. A fundamental understanding of
droplet interfacial dynamics is also crucial to handle some controllable
parameters during the operation process, such as wettability, impact
speed, and surface temperature [12]. For instance, the parameter of
surface temperature should consider the Leidenfrost phenomenon,
which strongly influences the heat transfer performance. It is described
as the presence of a thin vapor layer, which prevents ntact be-
tween liquid droplets and the hot surface. The research conducted by
Chandra and Avedisian [13] pointed out the importance of Leidenfrost
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point, producing the longest evaporation time and the lowest high

transfer rate. %

Boiling is ned as the e transformation from liquid to vapor
under a particular condition. In the phenomenon of a droplet impacting
Prghot surface, the boiling process occurs when the liquid droplet is in
contact with the solid surface where the surface temperature is main-
tained above the saturation temperature of the liquid. Liang and
Mudawar [14] classified those boiling phenomena regimes according to
the wall tem ures and evaporation behavior, The regimes are film
evaporation, nucleate boiling, transition boiling, and film boiling.
Moreover, Bemardin et al. [2] reported that the regimes of a droplet
impacting hot surfaces are strongly affected by surface temperature and
Weber number. The detailed observation of the evaporation character-
istics and droplet break up event was also conducted by Ko and Chung
[15]. To conclude, the above studies reveal that e ime experiences
different mechanisms and strongly influences the heat transfer process
and fluid flow. Therefore, an in-depth analysis of these aspects has
attracted researcher attention []$

In general, the phenomenon of a liquid droplet impacting onto hot
solid surfaces can be explained as follows. As the droplet comes out from
the droplet generator and hits a hot surface, it experiences the change of
movement direction. Th etic energy in the droplet body is released
into the radial direction. ching the maximum spreading diam-
eter, the droplet retracts back under the action of surface tension [17]
and produces a complex phenomenon. Each case produces a different
behavior since it is influenced by many factors such as droplet diameter
[18,19], the fluid properties [20-22], the surface roughness [23 25],
and the surface materal [26,27].

The recent study is even expanded into a more complex matter since
both in nature and industrial application, th med phenomena are
certainly more complicated than that of the impact of a single droplet.
Most of the droplets act in the form of successive droplets, which means
the interaction between droplets should be considered in the analysis,
Fujimoto et al. [28] argued that the fundamental understanding during
the successive droplets impinging onto a hot solid surface requires
extensive investigations. Several comprehensive researches on the suc-
cessive droplets have been conducted by previous researchers [ 25-32]
to gather droplet characteristics. In terms of experiments, Fujimoto et al.
[33] utilized two-directional photography to capture the phenomena of
two successive water droplets impacting Inconel alloy and successfully
discussed the droplet collision as well as the effect of the spacing be-
tween the two droplets.

Furthermore, numerical imresligaticmovering volume-of-fluid to
determine the free liquid of surface and continuum surface force model
to calculate the surface tension, were conducted by Tong et al. [34].
They successfully obtained the detailed flow fields of the liquid and
provide the physics during the impingement Kuznetsov et al. [35]
concluded that the kinetic energy acting in the radial ion trans-
forms into the viscous dissipation energy, while the initial tic energy
of the droplet partially transforms into the surface tension energy and
viscous dissipation energy. However, the available research related to
successive droplet has not revealed all phenomena, especially the phe-
nomena which can only be analyzed from high-quality data. At the same
time, the recent trend research proves that the image processing tech-
nique has become a reliable method to enrich the analysis process.
Hence, it is important to carry-out more experimental works, mainly
utilizing image processing techniques, in order to reveal the compre-
hensive behavior of successive droplets impacting onto a hot solid
surface.

Although the water is still considered as the most favorite liquid for
spray cooling, it is also essential to find a proper method to enhance the
cooling performance of the droplet by adding the surfactant or other
liquid to form a solution. Cui et al. [7] compared three kinds of salts
(NaCl, NagS0j, and MgS04) on metal cooling behavior. They mentioned
that each salt produces a particular effect on the various parameter such
as nucleate boiling heat transfer and boiling transition. Clay and Miskis
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[36] investigated the Ect of surfactant on the droplet ding, and
concluded that the increase of the surfactant decreases spreading
rate of the droplet due to the formation of a negative surface tension
gradients ne@e contact line. Next, Pontes et al. [27] performed the
experiments to examine the effect of the ethanol-water solution on the
single droplet impacting onto a hot solid surface. They reported that the
ethanol-water solution reaches the maxi spreading diameter
slightly faster than the water. In addition, the spreading diameter of the
ethanol solution was larger than that of the water. Although the
importance of the effect of the physical properties on the droplet
behavior was examined by previous researchers, a complete under-
standing of it has not achieved yet. Therefore, the droplet dynamics
should be deeply investigated to obtain more detailed information, such
as the entrainment of the small bubble, and explain how the change of
fluid properties affects the droplet dynamics.

From the above facts, it was concluded that most of the researches
were conducted in the form of single droplet impact conditions, whereas
in the practical application, the multiple successive droplets were often
found. In addition, it is also noticed that a comprehensive study on the
effect of fluid properties is rarely discussed. On the other hand, in the
cooling and conventional heat exchanger system, several additives have
been used to improve the properties of a liquid, such as the freezing
point and boiling point of the ethylene glycol. In general, the recent
research of ethylene glycol utilization is still focused on the radiator
system [38], whereas the comprehensive research on the spray cooling,
as well as multiple droplets behavior, was not been conducted. There-
fore, the present research will increase the understanding of the physical
phenomena of ethylene glycol droplets on spray cooling.

The present experimental study aims to investigate the effect of the
concentration of c'th],r glycol in a water solution on the interfacial
dynamics during the successive droplets impacting onto a hot solid
surface. For that reason, the pure water and the ethylene glycol-water
mixture were used as the working fluids. The surface temperature was
achieved by using an induction heater. Next, the own developed image
processing technique was implemented to gather the main quantitative
parameters from the video images obtained from the experiments. The
use of high-speed video camera, up to 2000fps, that was combined with
the application of image processing technique, allowed this work to
produce useful data and conduct in-dept alysis. Hence, the results
revealed the comprehension phenomena o plets impacting onto a
hot surface. Finally, the present work provides more detailed informa-
tion on the interfacial characteristics of successive droplets, in terms of
the properties of fluid dependence on related phenomena

experimentally.
2. Experimental apparatus and procedures

The schematic Egram of the experimental apparatus in the present
experimental study is shown in Fig. 1. The apparatus consists of a solid
surface, an induc heater, a droplet generator to produce the suc-
cessive droplets, a -speed video camera, and an illumination system
to capture the detailed image of the droplets.

The droplet generator consists of droplet injector and the fluid tank.
The droplet injector was usﬂ’i:jecl the droplets to the surface at 50
mm above the hot surface. In present work, the diameter and the
frequency of the droplet were 3.12 mm and 8.5 droplets per second,
respectively.

In the present experimental work, an induction heater, as shown
clearly in Fig. 2 was used as a heat source. The main parts of the in-
duction heater are a large copper coil, power supply, controller, and a
cooling fan. The hot surface used in the present experiment was polished
stainless steel (SUS 304). The surface roughness was Ra = 0.06 pm, as
shown in Fig. 3. The temperature was monitored using a K-type ther-
mocouple. Three thermocouples were placed in a specific place on the
surface to ensure the surface temperature can be measured accurately.

The present experimental study is mainly designed to reveal the
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., 1. The schematic diagram of the experimental apparatus.
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Fig. 2. Inside view of the induction heater used in the experiment.

Fig. 3. The stainless steel material,

effect of ethylene glycol addition on the multiple droplet behavior.
Hence, three different liquid was utilized. The first liquid was pure
water, which is denoted as 0 EG. In addition, two other solutions contain
10% and 20% ethylene glycol were also used, and those are denoted as
10 EG and 20 EG, respectively. Furthermore, the addition of ethylene
glycol also affects the properties of the fluid. Each property of fluid was
tested, and the summarize of the properties is listed in Table 1. Equally
important, the dimensionless parameters of each working fluids are also
determined, asshown in Table 2. Re, We, and Oh, in the table, derive the
Reynolds, Weber, and Ohnesorge numbers, vely. Each dimen-
sionless parameter is described as follows. First, .olds number (Re)
describes the ratio between the inertiall and viscous forces.
Furthermore, the analysis also utilizes the Weber number (We}, which
represents the ratio between the inertial force and surface tension force.
Next, Oh e number (Oh), is used to explain the relationship be-
tween the us forces to inertial and ce tension forces. Next, it is
understood that the surface temperature plays an important role in
droplet vior. Under similar experimental condition (surface mate-
rial, the between the droplet generator and the testing material,
the droplet ct velocity, and the initial droplet diameter), the surface
temperature was also varied between 110 and 240 °C, with an interval of
10 °C, to represent different boiling regime.

The behavio e successive droplets during the impacting onto a
hot solid surface was recorded by a high-speed video camera of phantom
MIRO M310. The resolution of the camera and the frame speed were
1024 x 768 and 2000 fps, respectively. To improve the light condition,
set of LED lamps were placed behind the hot surface. Between the light
source and the hotsurface, a diffusive layer was alsoinstalled to produce
uniform lighting,

&..

The physical properties of tested liquid droplets at room temperature.

Fluids o lkgs a (NS pPas) o (mm) v(m/s
m') m) 8)
Pure water (0 EG) 997 0.071 0.0008 3.5 1.1
10% ethylene glycol water 1008 0.057 0.0011 3.12 1.1
solution (10 EG)
20% ethylene glycol water 1020 0,048 00014 316 1.1

solution (20 EG)
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Table 2

The dimensionless parameter.,
Flulicls We Re oh
Pure water (0 EG) 5585 4457 8 0.00166
10% ethylene glycol water solution (10 EG) 67.02 3093.9 0.00264
200% ethylene glycol water solution (20 EG) B173 22789 000350

The brief procedures of this experimental study are explained as
follows. First, the tanks storage was filled the working fluid. In this
process, it was important to ensure that the tank storage and other parts
of the droplet were dean in order to prevent any impurities. Then, the
droplet injector was set as required by the present study. After the
droplet generator was ready, the stainless steel specimen was placed on
the induction heater. The calibration process of the thermocouple was
done to maintain the accuracy of the measurement process. At the same
time, the high-speed camera and the illumination system were also
prepared. After all of the experimental apparatus was set, the induction
heater was turned on, and the stainless-steel surface temperature grad-
ually increased. As the desired temperature achieved, the droplet was
released from the generator, and the behavior of the droplet was
rdcd by the high-speed camera. For each surface temperature, the
experiments were repeated three times to ensure the similarity of the
phenomena. Those steps were conducted for all of the parameters
investigated in this study the variation of surface temperature and
ethylene glycol concentration.

After the video images of the successive droplets were recorded,
those were transferred to the personal computer to conduct a detailed
analysis by image processing technique. The developed image process-
ing technique was implemented to obtain the guantitative parameter of
the droplet. The sequence steps of the implemented image processing
technique are as follows. First, the raw image was loaded, and followed
by cropping and rotating function to remove the unnecessary part and to
fix the misalignment on the horizontal axis, as shown in I'ig. 4a, Next, a
median filter was applied to reduce the noise. In the present work, the
quality of the raw image was already good. Hence, no more pre-
processing steps were needed.

Furthermore, the images were converted into a binary image, as
shown in Fig. 4b. The threshold value was determined carefully since it
strongly affects the contour of the droplet, In most cases, the value of
0.50 was used as the threshold value. As the object representing the
droplet was successfully determined, the interfacial can be detected by

'(.;)'
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using the “find edge” function in a commercial MATLAB software. As
shown in Fig. 4¢, the edge of the object, as illustrated with a red line,
shows a good agreement when it is overlapped with the raw image. If the
results are unsatisfactory, the old value should be evaluated. The
last is the measurement of the spreading diameter and the height of the
droplet by tracking the position of the edge of the droplet, as shown in
Fig, 4d. In the analysis, the measurement data were focused on the time
variation of the spreadin and the apex height of the droplet. Here,
the spreading ratio (d/d,) is defined as the ratio of the droplet-spreading
diameter (d) to the initial droplet diamet . Inaddition, Apex height
(h/d,) is the ratio of the droplet height (h) to the initial droplet diameter
(dy). The spreading ratio and apex height than are arranged in the form
of time-series data, to ease the analysis of droplet phenomena, the
dimensionless time (r) is utilized and is defined:

v
i (1)
wi tis time measured from the first impact, v is the impact velocity,
d,, is the initial impact diameter of the droplet. r = 0 is the initial time of
the droplet starts to impact the hot surface.

During the experiments, it is important to reveal how the un-
certainties and errors caused by the measurement data acquisition
process affect parameter determination. The first component is the un-
certainty produced by the sensor and data logger. The sensitivity of
sensors is 0.5%, whereas the Lutron logger TM-946, used to measure and
record the temperature data, has an uncertainty of 0.05% for K-type
thermocouple in range —199.9 to 1370 "C.

Regarding the visual data recording, which is later processed to
produce quantitative data, the errors are strongly associated with the
image resolution resulted from the comparison between the dimension
of certain objects with its pixel size. In the present study, the object with
a length of 50 mm was recorded in 727 pixels image. Therefore, the
resolution of the image is 0,069 mm/pixel. A similar approach to con-
ducting error analysis was carried out by Mitrakusuma etal. [39] on the
basis of the approach of Taylor [40]. For instance, the uncertainty of

Weber number [We = pv*D /a], in general, can be defined as follows.

[foWe \*  foWe N\ fawe \'  [aWe \?
AWe = \’.' (d_p"l"’) + (?_dn) + (T_.-.h-) + (W'JD) 2)
The property of surface tension and density were assumed to be
constant during the experiment. Then the uncertainty of Weber Number

(b)

D =212 px (blue line)

74 px (red line)

a0 100 150 200
L = 162 px (green line)
(d)

H

Fig. 4. The sequence steps of image processing technique used in the present work. (a) raw image, (b} binary image, (c¢) the object perimeter, (d) parameter

measurement.
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can be written as follows.
P fin . A% 2 3
AWe ﬂ\/u:_.\..'mu t{v2.4D) (3)

Where the Av and AD represent the uncertainty of%o:ity and the
diameter of the droplet, respectively. The summary of uncertainty

analysis is shown in Table 3.
3. Result and discussions

In the next section, the collision behavior of the first droplet and the

nd droplet is analyzed to obtain the behavior of the successive

ets impacting onto a hot solid surface. The dis n will

concentrate on the dynamic behavior of successive droplets meﬂg

onto a hot solid surface in the region of the surface temperatures from

the nucleate boiling to the critical heat flux (CHF). The effects of the

additio ylene glycol on the water solution, which directly affect

the fluid properties such as the boiling temperature, viscosity, and the
surface tension, are also considered.

3.1. Collision dynamics of the first and second droplets impacting

3.1.1. § e temperature is 110 °C
Fig. 5 shows the interfacial behavior of the first droplet impacting
onto a hot solid surface at the surface temperature of 110 “C to represent
the bubble formation nearly the region of nucleate boiling. The tested
fluids were pure water (0 EG), 10% ethylene glycol water solution (10
EG), and 20% ethylene glycol water solution (20 EG). The figure shows
that the addition of ethylene glycol affects the bubble entrainment
behavior. Close observation of I'ig. 5 reveals that the first tiny bubble
generation inside the droplet of 0 EG, 10 EG, and 20 EG occur at T =
7.05, 8.23, and 10.19, respectively. It means that the addition of
ethylene glycol postpones the onset of the boiling of the solution,
whereas the tiny bubble grows slower at a higher concentration of
ethylene glycol. The trapped bubble mechanism inside the impacting
droplet was clearly explained by Nejad et al. [41]. They reported that
Pﬁr room temperature, it is generated by the presence of trapped air
uring the initial contact of the droplet and the surface. As the droplet

hits the surface, the air below the dropl forced out to produce a

sudden increment of the pressure gradient en the droplet and the
surface. It leads to the formation of the bubble entrainment, as also re-
ported by Liang et al. [16], who investi the contact vaporization

during the droplet impinging onto a hot surface.

Fig. & shows the time va n of the droplet interfacial behavior
during the successive droplets impacting onto a hot solid surface at the
surface temperature of 110 “C. Moreover, the time variations both of d/
d, and h/d, are shownin Fig. 7. From the visual observation, it is noticed
that in general droplet interfacial behaviors of 0 EG, 10 EG, and 20
EG are similar during the impact processEP iz. 6, T = 0 represents the
initial impact time of the droplet. As soon as the first droplet impacts the
hot surface, the droplet spreads to form a disk shape liquid. It is due to
the sudden change of the momentum from vertical to the radial direc-
tion. The droplet then expands to the maximum diameter. On the other
hand, as shown in the upper part of I'ig. 7, the h/d, decreases gradually
during the spreading process and reaches the minimum value. The
maximum d/d, is achieved around 1 = 2.35 and characterized by the
occurrence of a flat liquid surface surrounded by the thicker liquid film,
The maximum d/d, of 0 EG, 10 EG, and 20 EG are achieved at 2.52, 2.59,
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and 2.66, respectively. Next, the addition of 20% ethylene glycol on the
water solutions gives the highest of the maximum d/d, of the first
droplet. It is caused by the presence of ethylene glycol, which decreases
the surface tension of the liquid droplet. Therefore, the droplet spreads
more easily at a higher concentration of ethylene glycol.

Further observation of igs. 6 and 7 indicate that as ime goes by, the
droplet interfaces move back to the center, and the recoil process occurs
at T = 3.52. The d/d, decreases until below 2, and the droplet keeps their
position to stick on the hot surfaces, The obtained results are in good
agreement with Bai and Gossman [42], who developed a methodology
for spray impingement simulation for the automotive simulation appli-
cations. Next, as also shown in Fig. 7, the h/d; of 0 EG droplet increases
gradually, whereas the d/d,, drops significantly. On the other hand, the
changes of the d/d,, and the h/d, of 10 EG and 20 EG droplets are not as
high as of 0 EG. It is due to the change of the liquid viscosity influenced
by the addition of ethylene glycol. In detail, the lower the concentration
of ethylene glycol concentration, the lower the viscosity of the liquid.
Here, the viscosity acts as a resistive force to dissipate the flow induced
by the capillarity force. As a result, the droplet does not show a signif-
icant recoiling process. In addition, 0 EG contains relatively low vis-
cosity and high surface tension. The potential energy resulted from the
impact processes is partially converted into kinetic energy. Conse-
quently, the droplets recoil faster, and a high deviation during recoil and
the oscillation process can be observed. The observed phenomena are
also in good agreement with that of Kim and Chun [43]. After the
droplet reaches the maximum recoiling process, the droplet oscillates
several times until it reaches a stable condition. The droplet oscillation
occurs due to the difference in the momentum and pressure between the
droplet and its surroundings, as also reported by Mitrakusuma et al.
[39].

In the next section, the phenomena around the impingement of the
second droplet will be discussed. Si e surface temperature is still
low, the first droplet tends to stay on the surface. Next, the second
droplet hits precisely the center of the firstdroplet. After the first droplet
coalesces with the second droplet, the liquid swelling of the coalescence
droplet occurs. The liquid swelling is caused by force from the impact
velocity of the second droplet, asreported also by Fujimoto etal. [44]. It
results in the radially spr g on the upper part of the first droplet,
which increases the d/d,. shown in Fig. 7, the maximum d/d, in-
creases significantly due to the presence of the second droplet. The
figure also shows that the maximum d/d, of the 0 EG, 10 EG, and 20 EG
are 3.04, 3.10, and 3.26, respectively, It is also noticed that the presence
of the seco oplet also causes the coalescence droplet at a
longer time on a hot solid surface. Therefore, it increases the amount of
heat transferred from the hot surface to the liquid.

3.1.2. Surface temperature is 160 “C

It should be noted from the previous investigations that the increase
af surface temperature affects the droplet impact behavior. Here, the
surface temperature was set at 160 °C, representing enomena
around the transition boiling region. It is also essential to investigate
whether the change of fluid properties affects the droplet dynamics.
Fig. 8 shows the d ics behavior of 0 EG, 10 EG, and 20 EG during the
successive droplets Impacting onto a hot solid surface of the surface
temperature of 160 °C, while Fig | ows the evolution of the corre-
sponding both of d/d, and h/d,. As shownin Fig. 8, after the first droplet
impacts the hot surface, the generation of the tiny bubbles due to the
boiling process can be easily observed at the droplet surface. Close

Table 3

The uncertainty of We.
Fluid of droplet The height of syringe, h (m) Ah (m) Droplet diameter, D (m) AD (m) Droplet velocity, V (m/5) AV (m/s) We AWe
0 EG 0.050 0.001 0.00315 0.000069 11 0.0035 5585 1.24
10 EG 0.050 0.001 0.00312 0.000069 L1 0.0035 67.02 1.48
20 EG 0.050 0.001 0.00316 D.000069 11 0.0035 BL73 1.54
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Fig. 5. Rise bubble entrainment at temperature 110 “C.
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Fig. 6. The sequence images of the successive multiple droplets impacting the hot surface of 0 EG, 10 EG, and 20 EG at temperature 110 “C,




T. Wibowo et al International Journal of Thermal Sciences 159 (2021) 106594
1.6 0BG === 10EQ ===s 20EG
o 066 veced droplet oscillation H
— 1.2 down - e ap down . B8
< A =ma=sa s
:E’ 038 - H,’ ,f'; ’f / .__.’ |1:
0.4 P Pugh W A
33 1 0EG = = = 10EG =====:20EG ___\f;'\,‘
[ G oy B .I l,:'
28 + man wprnading 3 o, g ’/i-_.-' !
oG -~ 0!
| EAE i e ey I |
- oG — p Y
24 + i Y
L ——— St esiascnits o
— \
; } PLL NS (=1 ' h.: '
= T P~
g ""h.__j__ ]
1.6 1 '__'"'"::‘-‘—"'-""“‘-“I"-‘\I--Ln‘"'"\f"uﬁ..ﬁ-g!.- -
. A By A ey R SRR S e il
1.2 )
X OEGrevoil \
000 o6
0.8 4 . -
. JOEG-N sl Bnpasc | b pact cu s
0.4 /OO Rt it
o BT ) . :
o 20 a0 100

60
r[-]

Fig. 7. The evolution of spreading ratio and apex of successive multiple droplets 0 EG, 10 EG, and 20 EG at temperature 110 °C.

observation of the figure reveals that there are more generated tiny
bubbles on the 0 EG droplet compared to that of both of 10 EG and 20
EG. This means that the boiling exists earlier at a lower concentration of
ethylene glycol.

In terms of the spreading phenomenon, it is found that the 20 EG
produces the highest d/d,, as shown clearly in Fiz. 9. The maximum d/d,
of 20 EG, 10 EG, and 0 EG are 2.95, 2.62, and 2.68, respectively. The
detail observation on the process indicates that the 0 EG droplet
produces the highest h/d,,. It can be explained as follows. The transferred
heat from the hot surface to the liquid causes the presence of a local
temperature difference inside the droplet. The natural convection leads
the liquid motion and creates a local fluid flow. However, the obtained
energy from the droplet impact is big enough to overcome the local
turbulence inside the liquid. Therefore, the droplet behavior is the same
as the surface temperature of 110 “[ET:%s time progresses, a number of the
tiny bubbles were formed. Itis due to a higher heat transfer rate from the
hot surface to the droplet, as reported by Riswanda et al. [45]. The
number of transferred heats from the hot surface to the liquid also rises,
which leads to the increase of the number of tiny bubbles inside the
liquid droplet. The boiling point of the 0 EG droplet is achieved faster
than that of 10 EG and 20 EG, hence the number of tiny bubbles in 0 EG
increases significantly. Here, the small bubble interaction and the liquid
flow turbulence inside the liquid droplet lead the droplet to expand. As a
result, the d/d, of the 0 EG droplet during the recoil process is slightly
higher than that of 10 EG and 20 EG. The presence of the small bubble
inside of the liquid also influences the surface of the droplet. The higher
amount of the small bubble causes the droplet surface is not as smooth as
that of 10 EG and 20 EG, in which the droplet tends to be wavy.

As time progresses to T = 66.6 as shown in Fig. 8, it is observed that
the evolution of d/d, and h/d, are strongly influenced by the behavior of
the generated bubble inside the liquid. The obtained phenomenon is
quite different from that of the previous case at the surface temperature

of 110 °C, ﬂrz the momentum of the droplet plays an important role.
As shown in Fig. 9, the second droplet hits the first droplet at around 1 =
90.9. Quantitatively, the presence of the second droplet improves the d/
dy, which represents the wettability of the droplet. Moreover, it is also
observed that after the droplet coalescence, the fluctuation on the
droplet surface suddenly decreases. At t = 94.0, the droplet surface
looks smoother, and the center of droplet almost free from the small
buﬁ as shown clearly in Fig. &.

1. 10 shows the detailed illustration of the droplet expansion due to
the presence of a generated bubble inside the droplet. The expansion
spreading droplet is affected by the boiling point of the droplet.
Generated bubble inside the droplet causes both of d/d,, and h/d, tend to
increase during the time. In addition, the formation of the secondary
droplet was also detected during this phase. Cossalietal. [46] noted that
the presence of secondary droplets is strdBfily related to the bubble
behavior inside the liquid droplet. As the droplet impacts onto a hot
solid surface, the heat is transferred from the surface into the liquid. The
boiling triggers the formation of the small bubbles. The bubble grows
and breaks the liquid lamella to form a secondary droplet. Another
important thing should be considered that the secondary droplet is
firstly observed at the 0 EG droplet (1 = 5.48) while it appears at 10 EG
and 20 EG at 1 = 6.66 and 10.97, respectively. The possible reason is ata
lower liquid viscosity, and the droplet tends to separate easily to form
the tiny satellite droplets, as also reported by Bemardin et al. [2].

3.1.3. Surface temperature is 210 °C

Flg. 11 shows the dynamics of the first and second droplets impacting
onto a hot solid surface of 0 EG, 10 EG, and 20 EG at the surface tem-
perature of 210 “C, in which the cof nding evolution of d/d, and h/
d, are depicted in Fig. 12, This surface temperature represents the
temperature in the region of transition boiling. As shown in Fig. 11, the
observed phenomena are almost the same as the phenomena the surface
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Ec. The sequence of images of the successive multiple droplets impact process of 0 EG, 10 EG, and 20 EG at temperature 160 °C.

temperature of 160 °C. That is, the generated bubbles increase more
easily at 0 EG than that of 10 EG and 20 EG. Next, the droplet surface
becomes lumpier for all the tested liquids. Those are shown clearly at t
=2.35. On the other hand, it is also noticed that the maximum d/d, of 0
EG is achi = 3.13 while that of both of 10 EG and 20 EG are at t
= 2.35. As the heat transfer process from the surface to the liquid occurs,
the presence of local liquid flow and a high number of generated tiny
bubbles causes the spreading process at 0 EG is slightly interrupted.
Next, the droplet starts to recoil as soon as the maximum spreading
diameter is achieved. This process is followed by the boiling process on

the droplet body. The maximum h/d, of 0 EG, 10 EG, and 20 EG droplets
are 1.36, 0.96, and 1.13, respectively, as depicted clearly in Fig. 12. The
figure shows that more secondary droplets, both vertical and horizontal
directions, were observed in comparison to e lower surface tem-
perature. At 0 EG, the boiling occurs faster and leads to the formation of
a thin vapor layer below the droplet. Due to the 0 EG, the droplet has the
lowest boiling point. Therefore, the droplet recoil and the maximum h/
d, occurs easily.

After the recoil of the 0 EG, the d/d, decreases, while the d/d, both of
10 EG and 20 EG tend to increase slightly. Close observation of Fig. 12




T. Wibowo et al

International Journal of Thermal Sciences 159 (2021) 106594

G === G =e=nes 2066 :
16 4 2
h
n
L 20EGrecod n
o .
_utl 080 rovei |:
-~ 0.8
= » B gty _:.‘ "
RV i B
0.4 4 "

i spraaiting
—

QG st empaet

04

0+ t

20
Tl

80 100

Fig. 9. The evolution of spreading ratio and apex of successive multiple droplets 0 EG, 10 EG, and 20 EG at temperature 160 °C.

expand
_ spread increment

"\ _spread increment

expand
_ spread increment

20EG

1OEG OEG

Fig. 10. Droplet spread increasing due to the expansion of bubble entrainment at the bubble inside the droplet at temperature 160 "C,

reveals that at 0 EG, the occurrence of the secondary droplet is more
often observed in comparison to that of 10 EG and 20 EG. As a result, the
droplet volume of 0 EG reduces significantly, and the d/d, decreases.
Although the volume of 0 EG loses partially due e formation of the
secondary droplet, the droplet is still able to stick on the hot surface until
the presence of the second droplet. From the visual observation, it can be
concluded that the presence of the second droplet has successfully
improved the wettability. Similar to the previous cases, the 20 EG
droplet shows the highest maximum d/d,. In detail, the maximum d/d,
for 0 EG, 10 EG, and 20 EG are 3.02, 3.12, and 3.78, res| ively.

The analysis of the observed phenomena indicates that at the surface
temperature of 110 °C, tﬂdmplet tends to be stable after the second
droplet impacts. While at the surface temperature of 160 “C, the
expansion process du he bubble growth and fluid turbulence causes
the increase of d/d,. At a higher surface temperature of 210 “C as an
example, the d/d, generally decreases due to a higher rate of the evap-
oration and the formation of the secondary droplets.

3.2. Effect of the second droplet impact on the collision behavior

The increase of d/d, during the successive droplets phenomena are
strongly affected by the condition of the first droplet before the
appearance of the second droplet, whether it spre recoils, bounces,
or splashes. Fig. 14 shows the obtained phenomena during the impact of
the second droplet under the various surface temperatures. Here, the 20
EG is taken as an example. Close investigation on the figure reveals that
at the surface temperature of 110 “C, the second droplet appears when
the first droplet spreads and completely sticks with hot surfaces. As a
result, the second drrnt effectively coalesces, Therefore, the d/d, can
be improved. While at the surface temperature of 160 “C, the first
droplet boiled and followed by the expansion process. The secondary
droplet starts to appear and results in a decrease in droplet volume. The
presence of the second droplet succesf&Efly improves the d/d, although
it is not as effective as the case of the surface temperature of 110 “C. At
the surface temperature of 210 “C, the evaporation rate increases, and
more secondary droplets were generated. Therefore, the droplet volume
decreases significantly. At this surface temperature, the increase of d/d,
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Fig. 11. The sequence of the images of the successive multiple droplets impact onto the hot solid surface of 210 °C.

due to the presence of the second droplet is smaller than that of 110 °C
and 160 “C.

Fig. 15 shows the visualization of ﬂ:egﬂmmtmm a hot
solid surface at the surface temperature of 230 °C. Fig. 15 (a), (b), and
(c) comrespond to the cases of 0 EG, 10 EG, and 20 EG, respectively. The
research on the droplet interaction, such as conducted by Piskunov et al.
[22] and Kuznetsov et al. [35], points out the importance of investi-
gating this phenomenon, which strongly affected by component con-
centrations and fluid properties. In Fig. 15(a), the first droplet bounces
and moves from the initial impact position. While I'ig. 15(b) shows that
the firstdroplet of the 10 EG maintains its position, so the second droplet
can significantly improve the d/d, since it completely hits the first
droplet. During the impact phenomena of 10 EG, the first droplet tends
to stay in the initial position because of the slower rate of the boiling

10

pmces& In addition, the droplet only experiences a small change of the
nsion, the impact phenomena of the 20 EG depicted in Flg 15
(c). Here, 20 EG droplet shows similar behavior to that of 10 EG,
whereas the first droplet tends to maintain its initial position. Both
phenomena can be classified into the regime of coalescence in which the
droplets merge into a single droplet and support the cooling process, as
suggested by Piskunov . [22]. Although the evaporation rate in the
high tem leads to the presence of a gas-vapor layer around the
droplet, the - energy of the second droplet is able to overcome the
layer. Therefore the coalescence process occurred. Equally important,
this finding reveals the effect of ethylene glycol addition on droplet
behavior, in which the addition increases the boiling point of the mix-
tures. Furthermore, it delays the formation of the thin gas film under the
droplet Hence, it is able to hold its position until the impact of the
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second droplet,

3.3. Maximum spreading ratio

Fig. 16 shows the effect of the surface temperatures and ethylene
glycol concentration on the maximum d/d, obtained from the present
work. As shown in the figure, in the range of the surface temperatures of
110 “C-120 °C, the maximum d/\ affected by the dynamics of the
impacting of the first and second droplets. On the other hand, in the
temperature range of 130 “C-230 "C, the first droplet experience various
phenomena, such as the evaporation, the bubble generation, and the
prese f secondary droplets. It causes the fluctuation of the maximum
d/d,. surface temperature is increased higher than 240 °C, the thin
vapor layer below the first droplet leads the bouncing of the first droplet
from the hot surface. Consequently, the maximum d/d, after the pres-
ence of the second droplet does not increase significanty.

4
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Fig. 16. Spreading ratio maximum at first droplet and the second dropl
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Next, the&nparlson of the maximum spreading ratio obtained from
the present work and available correlation from the previous researches,
as indicated in Table 4, is depicted in Fig. 16, The figure also consists of
the data of Deendarlianto [1], who investigated the behavior of droplets
impacting two modules of stainless steel coated by TiO,. The figure re-
veals that the behavior of the first droplet impacts strongly affecting by
Weber number as suggested by Liang et al. [47] and Hatta et al, [45].
From those facts, it can be noticed that the available comrelations were
formulated only based on the first dropl@¥F#pact phenomena. As shown
in the figure, the correlation from Liang etal. [47] and Hatta et al. [45].
Overpredict to the present experimental data. The possible reason for
the discrepancy is that the available correlations were developed under
different experimental conditions such as solid surface material and
liquid properties. Furthermore, the present data underestimate to that of
Deendarlianto et al. [1] who conducted the experimenta y under a
higher impact velocity. The above facts indicate that maximum
spreading velocity of a droplet impacting a hot solid surface is strongly
affected by the experimental conditions and the liquid properties.
Hence, it is important to conduct a further experimental study to obtain
high-quality data to formula ew correlation, which represents the
physics of successive droplets impacting onto a hot solid surface.

The Weber number becomes one of the most important parameters to
explain the change of droplet behavior associated with initial force and
surface tension force [11]. As mentioned in Table 2, it is understood that
the addition of ethylene glycol, triggering the change of several fluid
properties, directly affects the Weber number. In detail, the Weber

Table 4
The correlations of maximum spreading diameter obtained from previous
studies.

Author Fluid (s)/Wall material (s) Experimental
Correlation
Liang et al. Water, ethanol and butanel, polished D), = 0788W0W6
[471 stainless steel
Hatta et al. Water, Inconel 625, stainless steel B, =0093We'™ 4

[48] 1
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Fig. 17. The relationship between the Weber number and the maximum
spreading diameter of both first and second droplets during the impacting of
multiple droplet onto a hot solid surface.

numbers of 0 EG, 10 EG, and 20EG s on are 55.85, 67.02, and 81.73,
respectively. Fig. 17 depicts the ct of Weber number on the
maximum spreading ratio of the droplet. In general, it consists of the
data on the condition after the first and second droplet impact. Each
point represents the average of data gathered from a surface tempera-

between 110 “C and 240 °C, with an interval of 10 “C. The figure
8 that the maximum s ing ratio, both after the first and second
droplet impact, rise as the increase of Weber number, For instance, on
the phenomenon after the impact of the second droplet, the maximum
spreading ratio at Weber number of 55.85 is 2.17. The maximum
spreading ratio increases to 2.29 at Wb number of 67.02 and becomes
larger, around 2.58, at the Weber number of 81.73.

Further analysis should be conducted to support the findings related
to droplet behavior. While the Weber number has successfully described
the dynamics of the droplet during the impact, in-depth analysis
covering the effect of those fluid properties should be elaborated by
utilizing the Ohnesorge number as suggested by Chen et al. [49].
Ohnesorge number, as indicated in Table 2 for all of the working fluid, is
strongly related to the resistive force during the spreading process.
ig. 18 shows that the increase of Ohnesorge number is also followed by
an increase in the maximum spreading ratio. Close observation of the
figure reveals that the ratio of the increase of Ohnesorge number is
slightly higher than that of the ratio of increase of the spreading ratio.
This means that the effect of viscosity is more dominant than that of
surface tension during the impacting of successive droplets onto a hor-
izontal hot solid surface. The figure shows that the increase of the
maximum d/do due to the addition of 10%, and 20% ethylene glycol on
the pure water solution is obtained around 6.2% and 19.3%, respec-
tively. In addition, the increase of maximum d/do due to the presence of
the second droplet on the 0 EG, 10 EG, an EG droplets are 24.8%,
33.3%, and 31.4%, respectively. Therefore, it can be concluded that the
increase of the concentration of ethylene glycol, which directly reduces
the surface tension, increases the spreading ratio.

4. Conclusions

The visualization study of the e%{:["ﬂw concentration of ethylene
glycol on the interfacial dynamics o successive droplets impacting
onto a horizontal hot solid surface was carried out. The conc ion of
ethylene glycol on the solution was varied from 0 to 20%. The results are
summarized as follows:
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Fig. 18. The effect of Ohnesorge number on the cumulative maximum
spreading ratio after the presence of the first droplet and second droplet.

1. Ethylene glycol plays ﬂgﬂificam role in the dynamic behavior of
the successive droplets impacting onto a horizontal hot solid surface.
At the surface temperature of 110 °C, the increase of the concen-
tration of ethylene glycol causes the decrease of the droplet oscilla-
tion after the spreading phase. In addition, the postpone growth of
tiny bubbles was also detected due to the addition of the concen-
tration of ethylene glycol.

2. The addition of the concentration of ethylene glycol decreases the
spreading velocity. It is strongly affected by t resence of resistant
forces, which increases as the increase of the liguid viscosity. Next,
the formation of the secondary droplet is delayed with the increase of
the concentration of ethylene glycol.

3. The presence of the second droplet; in general, improves the wetting
area of the droplet. The droplet at the surface temperature of 110 °C
sticks with the hot surfaces during the presence of the second droplet,
which leads to the effective coalescence phenomenon. While at the
temperature of 160 “C and 210 °C, the first droplet has experienced
the volume decrease o0 secondary droplets.

4. The Weber number plays an important role on the maximum
spreading diameter during the impacting of multiple droplets onto a
hot solid surface, in which the higher the Weber number, the higher
the maximum spreading droplet diameter of both first and second
droplets.

5. Addition of ethylene glycol causes the increase of the maximum d/d,,.
The increase of the maximum d/d, due to the addition of 10% and
20% ethylene glycol on the pure water solution is obtained around
6.2% and 19.3%, respectively. Furthermore, the presence of the
second droplet improves the wettability of the droplet. The increase
of maximum d/d,, due to the presence of the second droplet on the 0
EG, 10 EG, and 20 EG droplets are 24.8%, 33.3%, and 31.4%,
respectively.
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