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ABSTRACT 

 
The wall-attached fuel layer of the combustor usually leads to an unstable combustion and 

produces an unexpected emission, such as aerosol particles and unburn hydrocarbons. In this 
study, the impaction of ethanol droplet on a heated liquid surface was examined for investigating 
the factors those could effectively control the fuel atomization and avoided the formation of wall-
attached fuel layer. We accelerated the volatilization of ethanol droplets after contacting the 
liquid surface and even achieved the flash evaporation condition to burst the oil layer, which was 
conducive to cleaning the inner wall of the combustors and reducing emissions. A 3.12-mm 
ethanol droplet was used to impact a glycerol pool. The Weber number (WE, 303–1343) and pool 
temperature (T, 50–260°C) were two controlled parameters to explore the impaction characteristics. 
There were four typical phenomena observed, including surface dissolving, penetrating dissolution, 
vapor explosions, and nucleate boiling. Results showed that the maximum volume and surface 
area of the crater increased with the WE and the liquid pool temperature during impaction. 
Meanwhile, the boundary temperatures between the penetrating dissolution and the vapor 
explosion decreased. Additionally, the vapor explosion time increased with the WE but negatively 
correlated to the liquid pool temperature. The entire vapor explosion process was very short, 
lasting about 200 milliseconds. Furthermore, the increasing WE had a negative effect on the 
nucleate boiling intensity when the liquid pool temperature significantly enhanced it. Consequently, 
the fuel droplet atomization and explosion could be sensitively controlled by varying the WE and 
the temperature of impaction surface. This finding provides valuable information to the designer 
of combustor control unit to inhibit and destroy the wall-attached fuel layer during the spry 
combustion and further inhibit the formation of combustion aerosol particles. 
 
Keywords: Droplet impaction, Weber number, Liquid surface temperature, Vapor explosion, 
Nucleate boiling 
 

1 INTRODUCTION 
 

Cleaner and more efficient combustion technique has always been a popular topic with the 
increasing environmental pollution issue and carbon neutrality consideration (Chen et al., 2020; 
Kuo et al., 2019; Tsai et al., 2015, 2020; Yao et al., 2009). Indirect injection engines, which have 
high efficiency, low emission, and structural miniaturization, the droplets in the spray can easily 
impact the piston and the cylinder wall to forming a wall-attached fuel layer with its high injection 
pressure. This is considered as a main cause of carbon emissions and knocking problem (Panão 
and Moreira, 2005; Shinjo and Xia, 2017; Wang et al., 2016; Zhi Wang et al., 2017a).  

The fuel droplets may impact the surface of the liquid fuel when there is a fuel layer on the 
inner wall of the combustion chamber. Thus, it is important to investigate the impact behaviors, 
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mechanisms, and control techniques to improve the combustion characteristics and emissions. 
The impaction of droplets on a liquid surface is a complicated process involving heat transfer, 
mass transfer, and phase transitions. Generally, droplets are easily affected by the properties of 
the liquid droplet (size, viscosity, surface tension, density, and impaction velocity), and pool 
conditions (temperature and depth), which have been widely studied (Fan et al., 2019; Lee et al., 
2020; Rein, 1993). 

Ethanol has been widely used as an additive in conventional fuels. The physical and chemical 
properties, combustion characteristics, and emission profiles of ethanol-fossil fuel blends had 
been explored (He et al., 2003; Mao et al., 2019; Masum et al., 2013). The addition of ethanol to 
diesel reduced the density, cetane value, kinematic viscosity, high calorific value and aromatic 
fraction of the fuel, while they increase the octane value and fuel oxygen content of gasoline 
blends to shorten the ignition delay time, and effectively reduce the emissions of soot, NOx, and 
CO2. Additionally, the ethanol could represent certain parts of the oxygenated short-chain fuel 
additives while it had oxygen content, low density and viscosity, lower vapor pressure (relative 
to diesel and gasoline). Therefore, the ethanol droplets were used to observe the fuel-liquid layer 
impaction in this study. 

Leng (2001) established the distribution map of the droplet impaction phenomenon jointly 
determined by the Weber number (WE) and the Froude number by varying the released heights and 
diameters of the water droplet. As the WE and Froude number increased, the dominant phenomena 
were shifted from bouncing, floating, and coalescing to vortex rings, jets, splashes, and bubbles. 

Xu et al. (2016) carried out experiments of water droplets impacting a burning fuel liquid 
surface with the background of fire extinguishing. They show that the maximum crater depth, 
width, and jet height increased slightly when the impaction velocity increased from 2.351 m s–1 
to 3.357 m s–1 and further significantly enhanced by more rapid impaction (3.513 m s–1). Under 
different WEs and liquid depths, three typical impact regimes were observed when a single droplet 
hit the heptane pool, including penetration-secondary penetration/floating, crater-jet/crater-jet-
secondary jet and bubble. Penetration only occurred at low WEs. As the WE increased from 175 
to 440, a crater-jet appeared in the shallow pool, and a crater-jet-secondary jet appeared in the 
deep pool. When the WE exceeded 564, bubbles began to form (Fan et al., 2018). In addition, Lan 
and Wang (2014) used experimental and numerical simulation methods to study the impaction 
of a single water droplet on the heated wood surface. The maximum rebound height increased 
with the WE, which should higher than a certain level. 

The temperature of the liquid pool may also affect these phenomena. An experimental study 
was presented for water and methoxy-nonafluorobutane C4F9OCH3 (HFE-7100) droplets impacting 
on a heated pool of cooking oil. It was observed that water droplet produced a vapor explosion 
at 220°C, but the HFE-7100 droplet did not explode when oil was above 180°C (Manzello et al., 
2003). Xu et al. (2018a) conducted a series of experiments on single water droplet impaction on 
a hot ethanol surface. Three impact regimes including crater-jet, penetration and surface bubble 
were observed. The crater-jet appeared under low-speed impact. When the liquid pool temperature 
exceeded 50°C under a low WE, penetration phenomenon occurred. And for surface bubble 
regime, it occurred when the water droplet at lager velocity impacted on the hot ethanol surface. 
The effects of temperature and WE on the crown height and the energy conversion rate during 
the crater evolution and the jet evolution were also studied. Xu et al. (2019) conducted studies 
on the collision dynamics of the single droplet with or without additives impinging on unburned 
or burning oil pool. Vapor explosion occurred when the oil temperature exceeded 210°C which 
resulted in flame expansion for droplet impacting on burning oil pool. The flame expansion 
intensity ranked as pure water droplet > water droplet with 5% sodium chloride (NaCl) > water 
droplet with 3% aqueous film forming foam. However, there have been limited studies focusing 
on the low-density droplet impacting on high-density liquid, which is more representative to the 
fuel spray atomization and the wall-attached fuel layer issue. 

The evaporation of the wall-attached oil film will affect the heat flux of the engine wall. At the 
same time, the oil film vapor participates in the combustion, which can significantly change the 
fuel-gas equivalent ratio near the wall, leading to incomplete combustion, and then affecting the 
aerosol particle emissions. Stevens and Steeper (2001) used laser-induced fluorescence technology 
to study the piston wet wall effect on DISI engines and found that local fire caused by oil film 
evaporation is an important source of particulate matter emissions. Chin and Lee (2002) pointed 

https://doi.org/10.4209/aaqr.210138
https://aaqr.org/


ORIGINAL RESEARCH 
 https://doi.org/10.4209/aaqr.210138 

Aerosol and Air Quality Research | https://aaqr.org 3 of 14 Volume 21 | Issue 10 | 210138 

out that the wall oil film on the cylinder liner under the exhaust valve and the top of the piston 
was the main source of unburned hydrocarbons. 

Martin et al. (2008) studied the low-temperature combustion emission characteristics of diesel 
engines. The results showed that at low cylinder temperature, the liquid fuel impacted the 
surface of the piston to form a wall-attached oil film. After the release of a large amount of heat 
was over, the previous combustion stage caused the oil film attached to the combustion chamber 
to form a pool fire. Analyzing the emission results showed that there was a strong correlation 
between the emission and the intensity of the pool fire. As the intensity of the pool fire increased, 
soot and NOx emissions gradually increased. 

An ethanol droplet and a glycerol pool were employed in the current study to investigate the 
impaction behavior between the low-density alcohol and the high-density heated liquid. Since 
both ethanol and glycerol are transparent and colorless, the phenomena could be easily observed 
at the compaction interface. The boiling point and density of ethanol are significantly lower than 
those of glycerol, leading to a wide range of testing temperatures. The experiment was carried 
out under different WE and liquid pool temperature conditions. Process images of each impact 
behavior were collected. The critical conditions for the transitions between different behaviors 
are stated. Furthermore, the effects of WE and temperature on the crater volume, surface area, 
the vapor explosion time, and nucleate boiling intensity are comprehensively discussed. 
 

2 MATERIALS AND METHODS 
 

The experimental system was composed of a high-speed camera, a heater device, a container, 
a lighting system, a droplet generator, and a computer. A schematic diagram is shown in Fig. 1. 
Pure ethanol (purity ≥ 99.7%, Macklin Inc.) was drawn at 0.15 mm s–1 with a syringe driven by a 
pump to produce droplets. The droplet diameters were fixed at 3.12 ± 0.0078 mm with a 1.96 mm 
needle. The relevant properties of ethanol are shown in Table 1. To obtain different impact 
velocities in the ethanol droplets, the distance between the needle and the liquid pool surface 
was set to 15, 25, 35, 45, 55, 65, and 75 cm. The entire experiment was conducted at room 
temperature and at atmospheric pressure. 

Pure glycerol (purity 99.7%, Tianjin Zhiyuan Chemical Reagent Co., Ltd.) was put in a transparent 
quartz glass tank (50 × 50 × 60 mm) at a 30-mm depth to form an impacted liquid pool. The 
boiling point of glycerol is 290°C, and its other properties are also displayed in Table 1. A thermostat 
heater device was used to heat the glycerol pool to 50–260°C. Three 0.5-mm-diameter, K-type 
thermocouples (accuracy = 0.5°C) were placed 7 mm, 15 mm, and 23 mm under the surface of 

 

 
Fig. 1. Schematic diagram of the experimental setup. 
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Table 1. Physical properties of ethanol and glycerol. 

Droplet Ethanol Glycerol 
Density (25°C) (g mL–1) 0.785 1.26 
Viscosity (mPa·s) 

25°C 
50°C 
60°C 
70°C 
80°C 
90°C 
100°C 

 
1.048 

 
954 
142 

81.3 
50.6 
31.9 
21.3 
14.8 

Surface tension (mN m–1) 
25°C 
50°C 
60°C 
70°C 
80°C 
90°C 
100°C 

 
22.4 

 
62.2 
61.1 
60.3 
59.4 
58.7 
57.9 
57.1 

Boiling point (°C) 78.3 290 

 
the liquid in the heated liquid pool to monitor the real-time vertical temperature distribution. 
The temperature difference between 23 mm and 7 mm was at most 3 ± 0.5°C, and recorded the 
temperature at 15mm as the liquid pool temperature. Each condition was repeated three times 
to ensure its reliability. 

A high-speed digital camera (MacroVis EoSens) with a Tamron 180 mm microlens was employed 
to record the dynamic process of an individual droplet impacting the liquid surface, and a 496 × 
500-pixel resolution, 5134 fps, and 192 µs exposure time were set as the working conditions. A 
500-W LED light was placed on the opposite side of the high-speed video camera to illuminate 
the droplet impaction. A polycarbonate light diffusion plate was placed between the experimental 
object and the light source to obtain uniformly distributed light. The signal control system consisted 
of a trigger device and a computer, which controlled the trigger time of the camera to ensure that 
the impact process was completely recorded. 

The velocity of the droplet contacting the liquid surface was calculated with a MATLAB code 
based on the recorded images. 20 consecutive frames of images before the droplet touches the 
wall were selected. The ordinate of the center of the droplet in each frame of image was obtained 
through Hough transform, and subtracted the ordinate of the surface of the liquid pool to obtain 
the distance between the center of the droplet and the surface of the liquid pool. The interval 
time between each frame can be known by the camera shooting speed, so the droplet velocity-
time diagram can be obtained by the stepwise difference method, and the final velocity of the 
droplet impacting the liquid surface was obtained by fitting. More setting details can be referred 
to in a previous study (Cen et al., 2019). The droplet velocities at impaction on the surface for the 
various droplet release heights were 1.66, 2.07, 2.40, 2.79, 3.01, 3.31, and 3.50 m s–1. Thus, the 
WEs were calculated to be 303, 466, 628, 849, 991, 1195, and 1343, respectively. 

 

3 RESULTS AND DISCUSSION 
 
3.1 Typical Phenomena at the Impaction Surface 

Phenomena below the liquid level were mainly the concern in this experiment. Four typical 
impact behaviors were recorded in sequence as the temperature of the liquid pool was increased, 
including surface dissolving, penetrating dissolution, vapor explosions, and nucleate boiling. 

 
3.1.1 Surface dissolving 

When the liquid pool temperature was low, only surface dissolving occurred. Fig. 2 provides a  
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Fig. 2. Surface dissolving during ethanol droplet interaction with glycerol (WE = 849, T = 80°C). 

 
case with WE = 849 and T = 80°C. The time when the droplet contacts the liquid surface is defined 
as 0 ms (millisecond). The glycerol liquid around the impact point was squeezed to form a crater 
structure beneath the surface at 10 ms, and when the crater reached its maximum size, the liquids 
near the crater began to fill the crater at 35 ms, after which a jet rose from the free surface until 
it reached a maximum height of 73 ms. After the jet descended, it diffused and dissolved on the 
surface of the liquid pool at 154 ms. This entire process is called surface dissolving. During this 
process, the droplet cannot penetrate the liquid surface, so it can only dissolve on the surface. 
The main reason for this is that the density of the ethanol droplet is less than the density of the 
glycerol liquid. In addition, the low temperature leads to high viscosity and surface tension in the 
liquid pool, which are resistant to droplet collision. The greater viscosity and surface tension lead 
to less surface deformation at the point of impaction. Therefore, it can be seen that when the 
surface temperature is low, surface dissolving will occur, forming a wall-attached fuel film layer. 
In addition, a low WE will also enhance the wall-attached fuel layer formation. The smaller droplet 
diameter and lower impact velocity will result in a lower WE. 

 
3.1.2 Penetrating dissolution 

As the pool temperature increased, a penetrating dissolution phenomenon was observed. 
Fig. 3 displays an ethanol droplet impacting a glycerol surface with WE = 849 and T = 160°C. 
Compared with the case of low pool temperature in Fig. 2, this case also includes the formation 
and contraction of the crater and the rise and fall of the jet, but there is an obvious difference in 
that the jet liquid penetrates the target surface at 136 ms, and then dissolves inside the liquid 
pool at 174 ms. This evolutionary process is called penetrating dissolution. Another obvious 
difference is that during the shrinking process at t = 35 ms, the surface of the crater in Fig. 3 was 
rougher than that in Fig. 2. This was because the increase in temperature accelerated the diffusion 
and dissolution of droplets. 

In terms of the surface dissolving and the penetrating dissolution, the main reason for the 
difference between the two was the change in the liquid pool temperature. The surface tension and 
viscosity of the liquid in the pool decreased with increases in temperature (as shown in Table 1). The 
smaller surface tension and viscous force reduced the hindrance of the droplet impaction process. 
The initial kinetic energy dissipation of the droplet was reduced, resulting in more energy for the 
subsequent jet generation. Thus, the maximum jet height in Fig. 3 was significantly higher than 
that in Fig. 2, which caused Fig. 3 easier to penetrate the liquid surface when the jet descended. Thus, 
the droplet could penetrate the surface and dissolve in cases of low surface tension and viscosity. 

 
3.1.3 Vapor explosion 

As the pool temperature was increased to 180°C, a significantly different vapor explosion 
phenomenon was observed. Fig. 4(a) presents the entire vapor explosion process as the ethanol 
droplet impacted the hot glycerol liquid pool (WE = 849, T = 185°C). A vapor explosion occurred 
at 130 ms, and then a cavity formed and expanded rapidly at 133 ms and 135 ms. Numbers of 

 

 
Fig. 3. Penetrating dissolution during ethanol droplet interaction with glycerol. (WE = 849, T = 160°C). 
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(a) Vapor explosion during ethanol droplet interaction with glycerol. (WE = 849, T = 185°C). 

 
(b) Vapor explosion during ethanol droplet interaction with glycerol. (WE = 991, T = 183°C) 

Fig. 4. Vapor explosion ethanol droplet interaction with glycerol. 

 
secondary droplets were generated during the process. When the crater size reached its maximum, 
it began to shrink, and then a secondary jet formed, as shown in the picture at 172 ms. At 244 ms, 
the broken ethanol droplets produced by the vapor explosion evaporated into small bubbles, 
which eventually rose to the liquid surface and broke. Due to the vapor explosion, the free liquid 
surface fluctuated significantly. It took a few hundred milliseconds for the surface of the liquid 
pool to calm down, which was obviously shorter than the thousands of milliseconds discussed in 
previous studies (Fan et al., 2021; Manzello et al., 2003; Wang et al., 2017b; Xu et al., 2019, 
2018b). Fig. 4(b) presents another series of images at WE = 991 and T = 183°C. In contrast to the 
former case, a bubble was generated at 135 ms, which broke away from the target liquid at 145 ms. 
The bubble expanded in the liquid pool and rose continuously until it finally floated on the liquid 
surface at 199 ms. After remaining there for a while, it collapsed. Interestingly, no secondary 
droplets or secondary jets were generated during the entire process.  

The vapor explosion was caused by the evaporation of the cold ethanol droplet within the hot 
liquid pool (Wang et al., 2017b). After the crater shrank, part of the initial ethanol droplet 
gathered on the top of the jet (Fang and Chen, 2019). Furthermore, the ethanol rapidly evaporated 
into its gaseous phase and created cavities on the glycerol surface when the top of the jet dropped 
back to the surface level. A large number of high-temperature glycerol droplets then splashed 
due to the vapor explosion when the WE was 849. Practically, the ethanol droplet had enough 
energy to penetrate the liquid surface and approach the above reaction when the WE increased 
to 99; thus, there were no splashing glycerol droplets. 

 
3.1.4 Nucleate boiling 

Nucleate boiling of the ethanol droplet was found in the high temperature case, which had 
been found in Alchalabi’s research. Fig. 5 presents a set of images under WE = 849, T = 220°C. An  
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Fig. 5. Nucleate boiling during ethanol droplet interaction with glycerol. (WE = 849, T = 220°C). 

 
obvious feature is that a large number of vapor bubbles were continuously produced and 
collapsed during the formation (8 ms) and contraction (36 ms) of the crater after the droplet 
touched the liquid surface. The jet was still generated, but only a small crater formed after the jet 
descended at 130 ms and the vapor explosion no longer occurred. Also, the vapor produced by 
the evaporation of ethanol could be clearly seen throughout the process occurring above the 
liquid surface. 

Obvious temperature differences between the droplet and the liquid pool greatly increased 
the heat flux and accelerated the droplet heat absorption from the liquid pool. Thus, the droplet 
immediately evaporated when it entered the liquid pool, in turn displaying nucleate boiling. The 
ethanol was almost completely consumed by evaporation during the crater period, and almost 
no vapor explosion could be observed after the jet flowed down. During the nucleate boiling 
process, the droplet evaporated quickly, which would make the combustion more complete and 
reduce the formation of aerosol particles. 

 
3.2 Crater Characteristics for Surface Dissolving 

Although many studies have focused on the maximum crater depth and width when a single 
droplet impacts a liquid pool (Fan et al., 2019; Xu et al., 2016, 2017), the maximum crater volume 
and surface area, which integrate the depth and width of the crater, are typically not taken into 
consideration. Fig. 6 presents the maximum crater volume and surface area as a function of pool 
temperature under various Wes. A MATLAB program was used to count the number of pixels in 
the crater plane area captured by the camera, where the crater was regarded as a space formed 
by the rotation of the two-dimensional plane. The actual volume (V) and surface area (S) of the 
crater were calculated using Eqs. (1) and (2): 
 

2 2

14

n

i
i

V l m
π

=

= ⋅∑  (1) 

 
2

1

n

i
i

S l mπ
=

= ⋅∑  (2) 

 
where l, n, and mi represent the actual length of each pixel, the total number of rows, and the 
number of pixels in the ith row of the crater, respectively. 

As shown in panels (a) and (b), when the temperature is constant, increasing the WE can 
increase the maximum crater volume and surface area, which is consistent with Hasegawa and 
Nara 's (2019) conclusion. During the droplet collision with the liquid surface, the kinetic energy 
of the droplet is partially converted to the energy necessary to support the formation of the 
crater, as well as to other wasteful forms of energy, such as surface energy, dissipated viscous 
energy, and wave-swell energy (Hasegawa and Nara, 2019). Approximately 28% of the impact 
kinetic energy is converted to crater potential energy (Leng, 2001), which means that the WE 
increases; that is, the greater the initial kinetic energy of the droplet, the more energy is used to 
form the crater, so the maximum crater volume and surface area increase accordingly. 

The effect of temperature on the maximum volume and surface area of the crater was of 
interest in this work. The results show that as the temperature increased, the maximum volume 
and surface area also increased. Since the physical properties of the target liquid depend on its 
temperature, an increase in the temperature will reduce the surface tension and viscous force, 
which results in a decrease in the resistance to droplet collision. 
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Fig. 6. (a) Maximum crater volume and (b) surface area at various pool temperatures. 

 
These results confirm that the maximum volume and surface area are affected by the WE and 

liquid pool temperature. What cannot be ignored is that the growth rate of the maximum volume 
and surface area decrease as the WE or temperature increase. The growth rates of the maximum 
volume with the WE were 76.9%, 42.8%, and 16.1%, respectively, when the liquid temperature 
was 130°C, and the growth rates of the maximum volume with the liquid temperature were 
103.2%, 22.9%, 1.6%, 1.2%, respectively, when the WE was 628. This indicates that the WE and 
temperature have a limited effect on the maximum volume and surface area of the crater. 

 
3.3 Critical Temperatures for Two Regions 

The four typical impact phenomena discussed above are shown in Fig. 7 based on the WE and 
the temperature of the liquid pool. The WE-to-T map is subdivided into five regions: surface 
dissolving, penetrating dissolution, penetrating dissolution and vapor explosion, vapor explosion, 
and nucleate boiling. What needs to be pointed out is that penetrating dissolution and vapor 
explosion occur in a transition region for the two impact behaviors. In this region, the two 
phenomena occur alternately.  

It can be seen from Fig. 7 that the pool temperature for penetrating dissolution decreased with 
increased in the WE. The main reason for this may be that as the WE increased, the initial impact 
energy of the droplet was greater, so it was easier for the droplet to overcome the viscosity and 
surface tension of glycerol and penetrate the liquid surface of the pool. Therefore, as the WE 
increased, the critical pool temperature for penetrating dissolution decreased.  

The effect of the WE on the critical temperature for vapor explosion is analyzed. Table 2 shows 
the experiments from other studies, where the results show that the critical temperature was a 
fixed value. In experiments of Manzello et al. (2003) and Wang et al. (2017b), the WEs were fixed. 
In Xu's experiment, the falling height and WE varied, but when the WE was increased, an 
experiment where the liquid pool temperature was lower than the critical temperature was not 
done, so the relationship between the WE and the critical temperature cannot be determined 
(Xu et al., 2018b). As shown in Fig. 7, the critical temperature decreased as the WE increased. 
With a small WE, the contact time and area of the droplet and the liquid pool were small, so a 
large temperature difference was required for the droplet to absorb enough heat to cause a vapor 
explosion, that is, the critical temperature was high. With the increase of the WE, the contact 
time and area increased, and the heat absorption increased (Fang and Chen, 2019), vapor explosion 
could occur at lower liquid pool temperature. Therefore, the critical temperature for vapor 
explosion decreases with the increase of WE. 

 
3.4 Vapor Explosion Time 

The vapor explosion time is defined as the period from the droplet contacts the liquid surface 
to the point at which gas bubbles develop from the liquid droplet and begin swelling (the  
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Fig. 7. Five regions under different conditions. 

 
Table 2. Critical temperature for a vapor explosion. 

Experiments Droplet Impact WE Pool liquid Pool temperature Critical temperature 
Present Ethanol WE = 303–1343 Glycerol 50–260°C Varies with WE 
Xu et al. (2018b) Water WE = 213–571 Rapeseed oil 205–260°C About 210°C 
Wang et al. (2017b) Water 

5% NaCl 
WE = 258 
WE = 299 

Molten ghee 120, 160, and 220°C 
120, 160, and 220°C 

About 220°C 
About 220°C 

Manzello et al. (2003) Water 
HFE-7100 

WE = 200 
WE = 188 

Peanut oil 220°C 
140–220°C 

About 220°C 
About 140°C 

 
beginning of the vapor explosion). The results for the vapor explosion time at various WEs and 
pool temperatures are shown in Fig. 8, including the cases with a vapor explosion in the transition 
region.  

It can be seen from Fig. 8 that the time required for a vapor explosion was less than 200 ms. In 
previous studies (Fan et al., 2021; Manzello et al., 2003; Wang et al., 2017b; Xu et al., 2018b, 
2019), the vapor explosion time was much higher than that found in this experiment. In addition, 
the vapor explosion time increased with increases in the droplet WE at a fixed temperature in the 
current experiment. However, Xu et al. (2018b) indicated that the explosion time decreased as 
the WE increased, conflicting with our findings. This could be due to the differences in the density 
of the droplet and the pool liquid. In Xu’s experiment, the density of the droplet was greater than 
the density of the target liquid. After a droplet falls, it penetrates the crater bottom, where the 
crater develops to its maximum depth and continues to fall until it reaches the pool bottom. As 
the falling height increases, the falling speed of the droplet also increases, which in turn shortens 
the time required for the droplet to reach the bottom of the oil pool, where the droplet not only 
can absorb heat from the oil but can also absorb heat from the bottom wall sooner (Xu et al., 
2018b). In the current experiment, the density of the ethanol droplets was less than the density 
of the glycerol liquid pool. As shown in Fig. 4, the droplet fluid had gone through crater formation, 
crater retraction, jet ascending, and jet descent process before it began to penetrate the target 
liquid surface. When the WE is larger, a larger crater is generated (refer to Fig. 6) as well as a 
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Fig. 8. Vapor explosion time as a function of pool temperature. 

 
higher the jet (Fan et al., 2018; Manzello and Yang, 2002), so the formation and retraction of the 
crater and the rise and fall of the jet will take more time. The time for the jet to completely fall to 
the liquid surface was obtained from the test video (T = 150°C. WE = 849, Time = 119 ms; WE = 
991, Time = 125 ms; WE = 1195, Time = 131 ms; WE = 1343, Time = 135 ms). Therefore, the 
explosion time increased as the WE increased.  

Additionally, Fig. 8 suggests that the explosion time decreased with increases in the pool 
temperature at a fixed WE, which is consistent with the conclusions drawn in other papers (Wang 
et al., 2017b; Xu et al., 2018b). A higher pool temperature creates a larger temperature difference, 
which speeds up the temperature rise in the ethanol droplet. Therefore, the droplet can undergo 
a phase change earlier at higher pool temperatures. 

 
3.5 Intensity of Nucleate Boiling 

The interactions between the surface and droplets (with various WEs) were observed at 17 ms 
after impaction (as shown in Fig. 9). The results show that the crater deformed seriously at low 
WEs, while there was less vapor above the liquid surface. The effect of thermodynamics could 
have been greater than that of dynamics since the initial kinetic energy was small. In terms of 
appearance, the droplets boiled immediately after they touched the pool surface and then rapidly 
evaporated. The bubbles were continuously generated and collapsed, resulting in serious crater 
deformation. However, the nucleate boiling calmed down quickly as the crater shrank and pulled 
the ethanol back to the liquid phase. This could have resulted from the lower density and smaller 
momentum of ethanol droplet and the eventual release of a small amount of vapor. At high WEs, 
the dynamics could potentially be more effective in terms of the surface interaction than 
thermodynamics. It was observed that at different WEs for the same liquid temperature, fewer 
nucleation sites were activated for the higher WE case. Because of the high impact velocity, the 
crater deformation was minor under a stable impact force, and the ethanol boiled vigorously for 
a long time in the liquid pool, causing a large amount of vapor to be produced. 

Fig. 10 displays the nucleate boiling phenomenon at different temperatures. It can be seen that 
as the temperature was increased, there were more ethanol bubbles around the crater, resulting 
in severe deformation of the crater, which means that the nucleate boiling became more intense. 
This can be explained by the increase in heat flux due to the greater difference in the temperature. 
Also, there was a large amount of ethanol vapor above the liquid surface, and the splashed 
droplets were all small at higher liquid temperature. 
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Fig. 9. Effects of WE on the intensity of nucleate boiling (230°C, t = 17 ms). 

 

 
Fig. 10. Effects of temperature on the intensity of nucleate boiling (WE = 1343, t = 7 ms). 

 

4 CONCLUSIONS 
 

The collision dynamics of a single ethanol droplet impacting a hot liquid surface were 
experimentally studied by varying the Weber number and liquid pool temperature. This study 
focuses on the phenomena around the liquid surface. Several interesting phenomena were 
observed and different from the previous studies, since the ethanol droplet density was lower 
than that of the glycerol pool while they were miscible to each other. Four phenomena were 
found in sequence: surface dissolving, penetrating dissolution, vapor explosion, and nucleate 
boiling occurred in sequence with the increasing pool temperature. The lower temperatures 
limits of liquid pool for both penetrating dissolution and the vapor explosion decreased with the 
increasing in the Weber number. The higher of Weber number and temperature increased the 
maximum crater volume and surface area but the growth rate. Additionally, the vapor explosion 
time sensitively increased with the increasing Weber number, while higher temperatures led to 
an earlier vapor explosion. The nucleate boiling intensity was enhanced by a lower Weber number 
and a higher liquid pool temperature. 

The presence of the wall-attached oil film reduces the wall temperature, resulting in a decrease 
in oil film evaporation, which affects the formation of mixed gas in the subsequent working cycle 
of the engine, and increases the emissions of hydrocarbons and carbon monoxide (Drake et al., 
2003). In this paper, by controlling the impact parameters and wall temperature, we found that 
at high temperature and high WE, vapor explosion and nucleate boiling of droplet would occur, 
which destroyed the wall-attached oil film and reduced the emission of aerosol particles. 
Additionally, most of the wall-attached fuel is on the piston crown and the cylinder wall, but the 
lubrication of the oil is in the contact part between the piston and the cylinder wall, so the wall-
attached fuel has almost no effect on the lubricating oil. 
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Consequently, the Weber number, affected by fuel density, velocity characteristic length, and 
surface tension, was the important parameter to control the wall-attached fuel layer issue and 
might promote the lower carbon deposits and soot emissions. The low-density fuel content was 
also supported to have positive atomization phenomenon in the spray combustion. By increasing 
the cylinder temperature and increasing the WE, that is, increasing the injection speed, the vapor 
explosion and nucleate boiling can be realized, so the wall oil film can be reduced, and the fuel 
can be fully burned. However, since this experiment is a fundamental study, more specific 
experimental research should be carried out in practical applications. 

 

NOMENCLATURE 
 
WE Weber number 
T pool temperature 
V volume 
S area 
t time 
l actual length of each pixel 
m number of pixels 
n number of rows 
 
Subscripts 
i row of the crater 
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