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ABSTRACT  

This study investigates the receding water droplet height upon impact on a high temperature carbon surface in the 

film boiling regime. A 30.0-mm-diameter carbon disc with a height of 8.0 mm was used as the test surface due to 

its relativity low thermal conductivity compared to the more commonly studied alloy materials. For the water 

droplet, the diameter and temperature was constant at approximately 4.0 mm and 16.0 °C, respectively. The water 

temperature was maintained at the required temperature by circulating tap water into the droplet dispenser system. 

Meanwhile, the impact height was set at 65.0 mm which corresponds to a theoretical impact velocity of 1.129 m/s. 

A high speed video camera capable of capturing images at 10,000 fps was used to capture the impacting process. 

From the results obtained, it was found that the experimentally measured residence time was in good agreement 

with that calculated based on theory. Another important finding from the study was that the surface temperature 

had no significant effect to the changes in the water droplet height upon impact on the hot carbon surface.  
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INTRODUCTION  

Boiling and evaporation are two important phenomenon omnipresent in our daily routines and activities. In heat 

transfer, boiling can be divided into three (3) different regimes which are the nucleate [1-5], transition [6-7] and 

film boiling regimes [8-10]. So far, among these three regimes, transition boiling and film boiling are considered 

to be amongst the most complex regimes that have yet to be understood. Researches on boiling and evaporation 

[11-12] of liquids are important due to the strong influence that they have on cooling efficiencies in many heat 

transfer applications such as in power plants [13], boilers [14], material manufacturing and other thermal 

application industries. For example, in boilers, evaporation efficiency plays an important role in generating steam 

accurately and constantly while maintaining an optimum temperature inside the boiler. The energy generated 

inside the boilers during boiling and evaporation also need to be precisely calculated in order to prevent 

overheating and the worn-out of electrical devices.   

Therefore, there is a need to increase our understanding of boiling and evaporation characteristics and mechanism 

in order to enhance thermally-based facilities and equipment such as boilers, evaporators, steamers and others. 

Wibowo et al. [15] conducted a study to visualize the interfacial behavior of successive ethylene glycol droplets 

during their impacts onto a horizontal hot solid surface. The tested liquid droplets were pure water and two 

ethylene glycol-water mixtures, which contained 10% and 20% of ethylene glycol each. A solid surface made 

from a polished cylindrical SUS 304 grade stainless steel with a surface roughness of 0.06 μm was utilized in the 

study. As a result, the interfacial dynamics of the successive droplets were able to be clarified. The addition of the 

concentration of ethylene glycol led to the decrease of droplet oscillations during the spreading phase and delayed 



 Investigation on water droplet receding height impacting onto heated carbon surface  

  

336  

  

both the bubble formation and the emergence of secondary droplets. Meanwhile, droplet behaviors on hot surfaces 

above the Leidenfrost temperature were studied experimentally by Hamdan et al. [16].   

It was found that for Weber numbers of less than the threshold value of 30, the impacting droplets rebounded from 

the hot surface without experiencing any breakup into smaller droplets. For Weber numbers higher than the 

threshold value, the droplets broke up into smaller secondary droplets. Other researchers such as Illias et al. [1723], 

Hassan et al. [24-25], Mitsutake et al. [26-27] and Hussain et al. [28-29] also performed experimental and 

simulation works related to boiling and drop impact experiments in order to enhance the understanding of the 

thermal behavior of the droplets during their impact onto a heated solid surface. In this study, the impact 

phenomenon was studied in the film boiling regime. The receding height of water droplets upon their impact onto 

a heated carbon surface were recorded and analyzed. The droplet impact occurred at very high surface 

temperatures ranging from Tw = 100 °C up to 440 °C.   

From the experimental results, they showed that the receding patterns of the water droplet heights upon their 

impact onto the heated carbon surface were almost similar even at different surface temperatures. Comparisons 

made with another of our own previous study, which used an aluminum surface [21], also showed similar pattern 

of the receding height. It was also found that the experimental measurement of residence time was in good 

agreement with the one calculated from the theoretical equation. Therefore, based on these results and also of the 

high speed camera images recorded, we came to the conclusion that the surface temperature has no significant 

effect to the droplet height upon its impact onto a hot carbon surface in the film boiling regime.   

EXPERIMENTAL APPARATUS AND SET-UP  

Figure 1 shows the schematic diagram of the experimental setup and apparatus used in the study. A 30.0-

mmdiameter carbon disc with a height of 8.0-mm was selected as the impacted surface, i.e. the test surface. The 

test surface was kept leveled and an electric cartridge-type heater was used to heat it up. For this experimental 

work, degassed and distilled water was used as the test liquid. Before the experimental work begun, the distilled 

water was boiled to eliminate any bubbles or gases trapped inside the liquid. This was to ensure that during the 

liquidsolid contact, there would be no gaseous effect that would influence the final results. The diameter of the 

water droplet was approximately 4.0-mm while the falling height (measured from the end of the needle to the 

surface of the impacted solid) was set to be approximately 65.0-mm corresponding to an impact velocity of 1.129 

m/s. This height was within the range where the droplet's collision energy would not cause it to disintegrate. The 

droplet temperature was maintained at 16 °C by circulating tap water around the circumference of the nozzle. The 

temperature of the heated surface was determined by placing thermocouples at two locations on the surface and 

connecting them with ceramic adhesives. The droplet impact phenomenon in the film boiling regime was recorded 

in real time and was captured at a frame rate of 10,000 frames per second (fps). This experimental set-up was 

similar with our previous reports [17-21]. Details of the chemical properties of distilled water and other parameters 

are tabulated in Table 1.  

  

[1] High speed camera   

[2] Copper stage  

[3] Carbon material   

[4] Cartridge heater   

[5] Computer   

[6] Temperature recorder   

[7] Thermocouple 1   

[8] Thermocouple 2   

[9] Droplet dispenser system   

[10] Distilled water-in  

  

Figure 1. Schematic diagram of the experimental apparatus  
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Table 1. Experimental conditions  

Diameter of distilled water, D0 (m)  0.004  

Density of distilled water ρliq (kg/m3)  989.4  

Surface tension of distilled water, σ (N/m)  0.0728  

Gravity, g (m/s2)  9.81  

Distilled water temperature (°C)  16  

Boiling point (°C)  100  

Impact height (mm)  65  

Impact velocity (m/s)  1.129  

RESIDENCE TIME OF WATER DROPLET   

The residence time of a droplet during a liquid-solid contact is measured from when the droplet starts touching 

the heated surface until the droplet leaves or bounces off the hot surface. In other words, the residence time refers 

to the time when the droplet is in direct contact with the hot surface. The residence time can be theoretically 

calculated using Eq. (1) where ρ, Do and σ represent droplet density, droplet diameter and surface tension, 

respectively. Based on Eq. (1), the residence time of the water droplet on the heated carbon surface was 

approximately 0.023 sec (23.0 ms).  

tr = (
𝜋

4
)∙ √𝜌𝐷𝑜

3

𝜎
     (1) 

 

RESULT AND DISCUSSION  

Figure 2 shows the sequential images of the film boiling phenomeon during the impact of the water droplet onto 

the hot carbon surface at a surface temperature of Tw = 400 °C.  The time, in milliseconds (ms) shown underneath 

each images represents the elapsed time after the droplet impacted onto the heated surface. The droplet impact 

phenomena was recorded from its first impact until the droplet bounces off from the hot surface. The receding 

height of the droplet is indicated by the red arrows. The droplet height was approximately 4.0 mm during the first 

impact (0.0 ms) as shown by Fig. 2 (a). From the image, it was observed that the droplet height seemed to reduce 

smoothly and flattened onto the surface after the first impact. At 2.0 ms, the shape of the droplet assumed a hatlike 

shape. The shapes and images obtained were quite similar with that from other literatures reporting results and 

findings on droplet impact [17-18]. Apart from that, there was no dispersion of the water droplet observed or 

detected during the liquid-solid contact. It is generally agreed that a thick vapor film was generated between a 

liquid and a hot surface when the contact temperature reaches a certain threshold value. It is this vapour film which 

prevents heat to transfer from the liquid surface to the solid surface. In other words, the existence of this vapor 

film between the liquid and hot solid surfaces is responsible for the low heat transfer rates in the film boiling 

regime. It was also observed that the droplet kept on spreading on the heated surface. This droplet spreading 

phenomena continued to take place on the hot surface until the droplet reached its maximum spreading at 

approximately 6.0 ms. Then, after the maximum spreading process was completed, the droplet seemed to retract 

back to its original diameter. Similar with the previous image, liquid dispersion was not observed during the liquid-

solid contact. From the high speed camera images, the droplet retracting phenomena can be seen from 8.0 ms up 

to 24.0 ms. Finally, the droplet will bounce off from the hot surface as depicted in Fig. 2 (k).   

Figures 3 (a), (b), and (c) show the relationship between receding heights of the water droplets upon impact onto 

the heated carbon surface at three (3) different surface temperatures of Tw = 360, 380 and 400 °C, respectively. 

The black circles (a), red triangles (b) and blue squares (c) are used to represent the results for the different surface 

temperatures while the red dash lines show the initial droplet diameter. Based on Fig. 3, it can be observed that 

the receding height of the water droplet slowly reduced as the elapsed time increased. Even at different surface 

temperatures, the patterns of the receding heights were quite similar. From Fig. 3 (a), the lowest receding height 

recorded and measured is approximately 0.49 mm at about 6.0 ms after the impact. Meanwhile, the lowest receding 

height recorded for surface temperatures of Tw = 380 °C and 400 °C were approximately 0.80 mm (5.0 ms) and 

0.62 mm (4.0ms), respectively. After the droplets reached their lowest receding heights, the droplet heights seemed 
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to again, increased and retracted back to their initial diameters. The droplet heights then increased slowly until 

they reached beyond their initial diameter before finally bouncing off from the hot surface. This droplet bouncing 

phenomena can be seen clearly in Fig. 2 (l) at 27.0 ms. The experimental residence times of the droplets were also 

compared with theoretical calculations. The residence times measured for surface temperatures of Tw = 360, 380 

and 400 °C were approximately 24.0, 21.0 and 23.0 ms, respectively. The theoretical residence times are indicated 

by the black arrows in Fig. (3). Overall, the results show that the experimental residence time for a water droplet 

impinging onto a hot carbon surface agreed closely with that measured from the theoretical equation of residence 

time which was about 23.0 ms. Furthermore, the surface temperature seemed to have no significant effect to the 

receding height of the water droplet during its impact onto the hot carbon surface in the film boiling regime. 

 

    
0.0 ms 2.0 ms 4.0 ms 6.0 ms 

    
8.0 ms 10.0 ms 12.0 ms 14.0 ms 

    
18.0 ms 20.0 ms 24.0 ms 27.0 ms 

 

Figure 2. Sequential images of film boiling phenomenon on a hot carbon surface at the surface temperature of 

Tw = 400 °C 

 

(a)  

Elapsed time (ms)  
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(b) 

Elapsed time (ms) 

 
(c)  

Elapsed time (ms)  

  

Figure 3. Relationship between receding heights of water droplets during its impact onto a heated carbon 

surface at three (3) different surface temperatures (Tw = 360, 380 and 400 °C)  

CONCLUSION  

Experimental works have been conducted to investigate the receding height of water droplets during their impact 

onto a heated carbon surface. The residence times of the droplet were also studied and analyzed.  Comparisons 

were also made between theoretical and experimental residence times. From the experimental results, it was 

observed that the patterns of the receding heights of the droplets in the film boiling regime were quite similar even 

at different surface temperatures. From the overall results, it can be concluded that the experimental measurements 

of the residence times of the water droplets were in good agreement with the theoretical calculations. Moreover, 

it can also be concluded that the surface temperature of the impacted surface has no significant effect to the 

receding height of the impacting droplet in the film boiling regime.  
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