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Abstract, The effect of material conductivity !Lhe dynamics behavior and the heat transfer phenomena of multiple
water droplets impacting onto heated solid surfaces has been studied experimentally. The droplet diameter and Weber
number were 2.8 mm 46.2 respectively. The test materials were Stainless Steel, Aluminum, and Cooper. The test
temperatures mr@d from 110°C - 140°C. The droplet dynamics during the impacting on the hot surf‘ace:ﬂ'ere
investigated by using a high-speed video camera. To gather the quantitative information, a new developed image
processing technique was developed. It is able to track the bubble movement, the contact time and spreading ratio can be
determined. As a result, it is noticed that at 110°C, droplet impacting on aluminum showed the highest spreading ratio
among the materials. The spreading ratio of droplet impacting on copper is the lowest. At 140°C, it is found that for all
materials, the small bubble has started to appear around the first droplet and the contacting solid surface. Meanwhile on
stainless steel, although the spreading ratio is low, the solid-liquid contact time is the highest among the test materials.
Finally, it is generally concluded that the presence of second droplet improves the wettability, so the effectiveness of
cooling process is significantly better.

INTRODUCTION

Spray droplets on hot surface have many industrial applications such as heat treatment from electronic
equipment, desalination, petroleum refining, chemical combustion, gas turbine, diesel engine, spray [ERinting,
nuclear reactors, medicine and metallurgical processes [1]. Application of spray cooling thus promotes the ability to
greatly reduce production cost and develop accurate and efficient heat transfer process for the making of high
quality metal product which will ultimately determine the profitability of the finfJproduct [2].

The physics of a single droplet imfifh on heated walls can be used to predict the global heat transfer
characteristics of an entire spray [3]. The heat transfer from a specific hot surface to droplet which is important for
some industrial field may be influenced by many parameters, such as droffbt size, contact angle, impact velocity,
impact angle, liquid temperature, initial substrate surface temperature, surface roughness, and thermophysical
properties, as well as surfactant and gravity effects [4]. In addition, it is also well known that one of the esscfal
characteristics related to heat transfer is the wettability on a particular surface. As the contact area is wider, the heat
transfer from the hot surface to impacting droplet also increases [5]

The hot surface is rapidffatooled with the spray cooling and film boiling regimes, the cooling rate changes with
surface roughness, droplet size and velocity, and on the thermal properties of the hot surface. Also, the solid-liquid
contact in high temperature region during first collision of droplet is considerably influenced by the surface
condition. the effect of the hot surface thermal properties and the droplet size on the behavior of the droplet on the
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hot surface. shows that the contact time depends on the hot surface material. The maximum droplet spread diameter
is higher as the higher the thermal properties of the hot metal [6].

Even though the application of multiple droplets is very essential, the research related to it is very limited. Many
studies which hav@ken conducted only focuses on the interaction of single droplet although in fact, the droplets
often impact a hot surface in the form of successive multiple droplets. The present work investigates the behavior of
successive multiple droplet, represented by the presence of leading droplet and trailing droplet, on a hot surface so
the condition is considerably close to the industrial application Furtlffmore, the effect on different materials on the
behavior of droplets is also covered in this works. The difference of thermal conductivity of each material influence
the heat transfer process during the spray cooling and to the best of our knowledge there is no clear information
offered related on it. Therefore, this study involving the presence of multiple droplet as well as different type of
material is essentially needed in order to obtain in depth understanding and develop a new and accurate physic
model on the relevant phenomena.

METHODOLOGY
The experiment conducted in Fluid Mechanics Laboratory of the Department of Mechanical and Industrial
Engineering, Universitas Gadjah Mada can be divided into two main steps, data gathering and data analysis. To
produce a comprehensive study, both qualitative and quantitative method are utilized. Here, an experimental
apparatus is set to support the visualization study{§BJshown in Figure 1. In general, the apparatus consists of droplet
generator, hot surface, and illumination system, a high-speed video camera, and personal computer.
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FIGURE 1. The schematic drawing of experimental apparatus.

The droplet generator consists of two main parts, the water tank, as a water storage, and droplet injector. This
generator is specifically designed so that some of droplet parameter can be adjusted based on experimental need. In
this study, the droplet diameter and the distance of droplet injector from hot surface are 2.8 mm and 60 mm,
respectively. In addition, the droplet generator is also set in high frequency so the interaction of two successive
droplet can be observed. To ensure the all of the phenomena is clearly captured, a high-speed video camera is set on
4000 fps and very low shutter speed. An illumination system, which consists of a set of LED lamp, is also installed
in particular position to obtain a uniform lighting and optimal visualization.

In the present experiment, three different specimens are used, namely the aluminum, stainless steel, and copper
to investigate the effect of different properties on droplet behavior. The properties of those materials are shown in
Table 1. In addition, all of the material are polished. The hot surface is also monitored by three thermocouples so the
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temperature can be determined precisely. To achieve the desired temperature of the hot surface, and induction heater
which is very easy to adjust is used. Another advantage of this heater is the ability to increase the temperature fast.

The temperature of the hot surface is set in 110°C and 140°C. As described by Nukiyama, it is classified into
natural convection and nucleate boiling region (105°C-140°C). On this area, the heat flux tends to significantly
increase and affect the heat transfer between the droplet and hot surfaces.

Each experiment condition is recorded and the file is transferred to a personal computer. The multiple figures of
multiple droplet is obtained by extracting the video into sequence frame. To support the visual observation, image
processing procedures 1s also used to produce several quantitative data. This technique changes the raw 1mage into
binary image so the object tracking method can be used to determine the bubble boundary. Also, several functions,
such as median filter, is used to enhance the quality of raw image before it is converted into binary image. Figure 2
depicts the final results of image processing techniques applied to present works. It is noticed that the bubble
boundary can be clearly defined. Moreover, several parameters which can be determined is the properties bubble
impacting the hot surface. The red line and the green line represent the height and the spreading diameter,
respectively. Those parameters will be used to analyze the behavior of impacting droplet by comparing them to the
initial diameter (do) and arranging them in time series diagram.
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FIGURE 2. The Example of image processing result
TABLE 1. The properties of material used in the present work [7]

. . Stainless Aluminum Pure Copper
Material Properties Steel AISI304  Alloy 2024
Conductivity, K (W/m.K) 14.9 177 401
Density, o (kg/lem?) 7900 2770 8933
Specific heat, G, (J/kg.K) 477 875 385

RESULT AND DISCUSSIONS

The result of experiment which has been conducted is used to reveals the behavior of successive droplet on different
specimens. Each material has different characteristics affecting the dynamics of droplet as shown in Figure 3.

ccording to Fujimoto [8], the time evolution of droplet shape depends on the surface temperature as well
as the spacing between two droplets. Figure 4 shows the behavior of successive droplet, which is represented by
spreading ratio (d/do) and apex diameter (h/do), impacting hot surface on 110° C. In general, it is noticed that
bouncing phenomena don't occur in all of materials. In Aluminum, the maximum spreading ratio of leading droplet
is 3.2 which occurs in 6.25 ms (Figure 4). After the maximum spreading is reached, the droplet starts to recoil and
fluctuate for a while. At around 100 ms, the trailing droplet impacts the leading droplet so the spreading ratio
reaches 3.6 which is bigger than the previous spreading ratio. Furthermore, those phenomena also occur when the
droplet impacts stainless steel and copper. Since the droplet on all of hot surfaces shows the same behavior, the
study is focused on the comparison of maximum spreading ratio each material. Close observation to the figure
reveals that droplet impacting the hot aluminum surface has the highest spreading ratio among other. Moreover, the
spreading ratio indicates contact area between hot surface on specific time which is very essential to determine the
amount of heat transfer
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Regime Natural Convection Boiling Nucleate Boilin
Temp ALN 110°C SS110°C CUN110°C | ALN 140°C S§§5140°C CUN140°C
First 0 0 0 0 0 0
Droplet
Max 5.75ms 5.75ms 525ms 5.75ms 4.75ms 11ms
\Spreading
e
After 22.25ms 22.25ms 22.25ms 22.25ms 22.25ms 22.25ms
\Spreading
Recoil,
Rebound ‘ ’
bl s — . - | —
Bouncing 35.75ms 35.75ms 35.75ms 35.75ms 35.75ms 35.75ms
—— — — .
99.75ms 83.5ms 86.25ms 93.75ms 82 ms 80.5ms
Nt T e e L ~
Second 108.75ms 91.75ms 95 ms 102.75ms 90.25ms 87.75ms
Droplet
Present
After 110.25ms 94.25ms 97ms 112.5ms 92ms 89.75ms
second
droplet
impact
. ~ pEs % - o

FIGURE 3. The visualization of the dynamics of successive droplets on hot surfaces (110°C and 140°C)
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FIGURE 4. Time evolution of dimensionless spreading ratio (d/de), and apex height, (h/do) at temperature 110°C.

The behavior of successive droplet impacting hot surface on 140° C is depicted in Figure 5. As of temperature
explained on methodology section, it represents the nucleate boiling region. The phenomena shown in the figure is
slightly different with Figure 4 because the bouncing phenomena of leading droplet on aluminum and copper surface
have often occurred before the trailing droplet arrived. Furthermore, in this condition, the presence of tiny gas
bubble inside the droplet can be clearly observed.

On Aluff@inum surface, the dynamics behavior of leading droplet on early phase is relatively same with previous
case. After the droplet impacts the hot surface, the spreading ratio increase to the maximum value, 3.14 at around 10
ms, due to the impact force. Next, the leading droplet starts to recoil and it is detached from hot surfaces several
times. Around 100 ms, the trailing droplet impacts the leading droplet so the wettability of droplet can improve since
the spreading ratio has increased into 3.4. In addition, similar sequence phenomena are also found when the droplet
impact the copper hot surface. However, it is noticed that the dynamics of leading droplet to reach the maximum
spreading ratio is the fastest among the test materials.
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FIGURE 5. Time evolution of dimensionless spreading ratio (d/dv), and apex height, (h/do) at temperature 140°C
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On stainless steel surface, having the lowest material conductivity, the bouncing of leading droplet doesn’t occur.
After the leading droplet impact the stainless steel surface, it {ffBad into the maximum spreading ratio (2.5)
followed with recoil process. While leading droplet sticks on the stainless steel surface, it is also observed that a
number of tiny gas bubble has grown inside the leading droplet until the trailing droplet arrive and increase the
spreading ratio again. The presence of tiny gas bubble inside the droplet on this surface is not as much as inside the
droplet on the aluminum and copper surface. It is because stainless steel has the lowest value of thermal
conductivity so the heat transfer process is considerably low compared to the other test material. Briefly, in this case,
the thermal conductivity affects the cooling pffless of material although in-depth investigation is also needed.

Apex height (h/d0) represents the surface energy of the droplet and it is the opposite of spreading ratio. When the
spreading ratio reach the maximum value, the apex height tends to reach the lowest value. In addition, the apex
height also can be used to determine the leading and trailing droplet coalescence as shown in Figure 4 and 5. The
apex height suddenly increases as the trailing droplet impact the leading droplet on hot surfaces. However, the
sudden increase doesn’t occur in the dynamic behavior of droplet on aluminum and copper surface (140° C). It is
because, as shown in Figure 5, the coalescence of leading and trailing droplet occurs when the leading droplet
bounce on the air.

CONCLUSIONS

This study focused on the investigation of the effect of the material the dynamics behavior of multiple droplet.
Based on the experiment and data analysis, it is noticed that at 110°C, droplet impacting on aluminum showed the
highest spreading ratio among the materials. The spreading ratio of droplet impacting on copper is the lowest. At
140°C, it is found that for all materials, the small bubble has started to appear around the first droplet and the
contacting solid surface. Meanwhile on stainless steel, although the spreading ratio is low, the solid-liquid contact
time is the highest among the test materials. In addition, it is found that as the thermal conductivity increases, the
number of tiny gas bubble also increase so the heat transfer is faster. Finally, it is generally concluded that the
presence of second droplet improves the wettability, so the effectiveness of cooling process is significantly better.

ACKNOWLEDGMENTS
This present work was carried out within a research project funded by Directorate General of Higher Education,
Ministry of Education and Culture, Republic of Indonesia. The Foundation ADIUPAYA Jakarta on its support and
Fluid Mechanics Laboratory, Department of Mechanical Engineering, Universitas Gadjah Mada.

REFERENCES

1. Martin Rein, Droplet Surface Interactions. Springer, Wien New York, 2002.

2. nendarlianto, Y. Takata, M. Kohno, S.Hidaka, T. Wakui, A.I. Majid, H.Y. Kuntoro, Indarto, Adhika W.,
The effects of the surface roughness on the dynamic behavior of the successive micrometric droplets impacting
onto inclined hot surfaces. International Journal of Heat and Mass Transfer 101 1217-1226 (2016).

3. 1D. Bernardin, C.J. Stebbins, I. Mudawar, Mapping of impact and heat transfer regimes of water drops
impinging on a polished surface, Int. J. Heat Mass Transfer 40 (2) (1997) pp. 247-267.

4. Huimin Liu, Science and Engineering of Droplets Fundamentals and Applications. William Andrew, 1981, pp.

217.

Deendarlianto, Y. Takata, S. Hidaka, M. Kohno, The Effect of Contact Angle on the Evaporation of Water

Droplet on Heated Solid Surface. Fifth Int. Conference on Transport Phenomena In Multiphase Systems,

pp-59—64. Bialystok — Poland. 2008

6. Negeed, E.-S. R, Ishihara, N., Tagashira, K., Hidaka, S., Kohno, M., and Takata, Y., “Experimental Study on
the Effect of Surface Conditions on Evaporation of Sprayed Liquid Droplet,” Int. J. Therm. Sci., 49(12), 2010
pp. 22502271

7. Frank P. Incropera and David P. DeWitt, Fundamentals of Heat and Mass Transfer, 3rd ed., 1990. This
material is used by permission of John Wiley & Sons, Inc.

8. H. Fujimoto, 1. Takezaki, Y. Shiotani, A.Y. Tong, H. Takuda, Collision dynamics of two droplets impinging
successively onto a hot solid, ISIJ International 44 (2004) 1049-1056

Ln

020015-6




The Effects of the Material Conductivity on the Dynamics
Behavior of the Multiple Droplets Impacting onto Hot Surface

ORIGINALITY REPORT

11. 9. 8. 4,

SIMILARITY INDEX INTERNET SOURCES  PUBLICATIONS STUDENT PAPERS
PRIMARY SOURCES
journal.uhamka.ac.id
1 %
Internet Source Y

Bill Febrian Winoto, Bambang Pramuijati, 1 o
Hendro Nurhadi. "GRG nonlinear tuning method °
for PID controllers in RCWS 12,7 mm system”,

AIP Publishing, 2018

Publication

www.publish.csiro.au 1 o
0

Internet Source

e

Sutomo, Heru, and Joewono Soemardijito. 1 o
"Assessment Model of the Port Effectiveness °
and Efficiency (Case Study: Western Indonesia
Region)", Procedia - Social and Behavioral
Sciences, 2012.

Publication

J.D. Bernardin, |. Mudawar. "Experimental and 1 o
statistical investigation of changes in surface °
roughness associated with spray quenching"”,
International Journal of Heat and Mass Transfer,



1996

Publication

id.scribd.com

Internet Source

1o

link.springer.com

Internet Source

1o

Suchibrata Sen, Visakh Vaikuntanathan, D.
Sivakumar. "Impact dynamics of alternative jet
fuel drops on heated stainless steel surface",
International Journal of Thermal Sciences, 2017

Publication

1o

n Samuel L Manzello, Jiann C Yang. "An <1 o
experimental study of high Weber number °
impact of methoxy-nonafluorobutane
C4F90CHS3 (HFE-7100) and n-heptane droplets
on a heated solid surface", International Journal
of Heat and Mass Transfer, 2002
Publication

ortal.dl.saga-u.ac.|

Irr?ternet Source g Jp <1 %
senatik.stta.ac.id

Internet Source <1 %

Samuel L. Manzello, Jiann C. Yang. "On the <1 o

collision dynamics of a water droplet containing
an additive on a heated solid surface”,
Proceedings of The Royal Society A



Mathematical Physical and Engineering
Sciences, 10/08/2002

Publication

dtmi.ft.ugm.ac.id
Internet Sourc% <1 %
Kompinsky, E., and E. Sher. "Droplet First and <1 o
Second Consecutive Impacts and Droplet— °
Droplet Collision on a Hot Surface in the Film
Boiling Region", Journal of Heat Transfer, 2015.
Publication
Tomoki Minamikawa, Hitoshi Fujimoto, Takayuki <1 o
Hama, Hirohiko Takuda. "Numerical Study of °
the Collision Dynamics and Heat Transfer of
Water Droplets Impinging on a Hot Solid", ISIJ
International, 2007
Publication
in3.dem.ist.utl.pt
Internet Source p <1 %
ris.utwente.nl
Internet Source <1 %
archive.or
Internet Source g <1 %
S. Sen, V. Vaikuntanathan, D. Sivakumar. <1 o

"Experimental investigation of biofuel drop
impact on stainless steel surface", Experimental
Thermal and Fluid Science, 2014



Publication

Exclude quotes On Exclude matches Off

Exclude bibliography On



	The Effects of the Material Conductivity on the Dynamics Behavior of the Multiple Droplets Impacting onto Hot Surface
	by Teguh Wibowo

	The Effects of the Material Conductivity on the Dynamics Behavior of the Multiple Droplets Impacting onto Hot Surface
	ORIGINALITY REPORT
	PRIMARY SOURCES


