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ABSTRACT 
We investigated the successive oblique collision of two droplets with a hot solid 

surface using flash photography. A pair of water droplets at room temperature was 

vertically dropped to impact a tilted smooth sapphire substrate one after the other. The 

diameter of the droplets was approximately 0.6 mm and the impact velocity was varied 

between 1.6 and 2.1 m/s. The spacing between the centers of the two falling droplets 

was also varied between 0.8 and 1.5 mm. The substrate was titled at ≤45° relative to the 

horizontal and its temperature was varied between 170 and 500 °C. The leading droplet 

impacted the substrate and slid downwards over the surface, and this was followed by 

the off-centered collision of the trailing droplet relative to the deformed leading droplet. 

The subsequent motion of the “combined liquid” was observed to be essentially 

three-dimensional. For substrate temperatures of 200–300 °C, the combined liquid was 

considerably distorted by the bursting of boiling vapor bubbles at the free surface. At a 

substrate temperature of 500 °C, the liquid motion was roughly linearly symmetric. 

Rebounding phenomena were also observed in the liquid. The residence time of the 
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droplets was measured for different conditions, and the results were used to derive an 

expression for predicting this parameter.  
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1. Introduction 

The impingement of a jet of liquid droplets on a hot solid is a common phenomenon 

in spray cooling. The flow characteristics of the liquid jet significantly depend on the 

volume flow rate, with a low flow rate producing independent droplet impingement on a 

dry and hot solid surface. With increasing flow rate, there is increased collision of 

incoming droplets with previous ones. Further increase in the flow rate leads to the 

formation of a stable liquid film on the hot solid surface, upon which most of the 

subsequent incoming droplets impinge [1,2]. 

The collision of individual droplets with a dry solid forms an important topic in jet 

impingement involving very small flow rates. Numerous studies have been conducted 

on droplet-substrate collisions, and some excellent reviews have also been published 

[3,4,5,6,7]. However, most of these previous works focused on single-droplet collisions, 

with multiple-droplet collisions receiving less attention. The hydrodynamics of 

multiple-droplet collisions is very complex when compared with that involving single 

droplets. This is because the former case also involves droplet–droplet interactions, the 

fundamental understanding of which requires extensive investigations. 

There are essentially three types of scenarios that are considered in studies of 
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multiple-droplet collisions with a solid. The first type involves an incoming droplet that 

impacts a static, pre-existing droplet at rest on a solid substrate [8,9,10,11,12,13,14]. 

The second type involves a monodispersed train of droplets issuing from a nozzle and 

impinging a solid substrate [15,16,17,18,19,20,21]. The third type involves the impact 

of only a couple of droplets on a dry solid at a given time [22,23,24,25]. 

In the present study, we considered the dynamics of the third scenario. In our 

previous works [23,24,25], we experimentally investigated the collision of two droplets 

with a hot solid. The considered pair of droplets fell coaxially to impact a horizontal 

substrate, one after the other, as shown in Figure 1(a). In the present study, which 

continues our series of studies on multiple-droplet collisions, we considered the oblique 

collision of two successively projected droplets with a dry, hot substrate, as illustrated in 

Figure 1(b). The leading droplet impacted the tilted substrate and slid downwards over 

the solid surface. This was followed by the off-centered collision of the trailing droplet 

with the deformed leading droplet. The subsequent motion of this “combined liquid” 

was essentially three-dimensional. This scenario has been rarely experimentally 

investigated.  

The main objective of the present study was to understand the flow interaction of 

two droplets that successively obliquely impinge a hot substrate. Our experimental 

study utilized water droplets with a pre-impact diameter of approximately 0.6 mm and 

impact velocities of 1.6–2.1 m/s. The temperature T of the substrate was varied between 

170 and 500 °C. The deformation of the droplets was observed using a two-directional 

flash-photography setup incorporating two digital still cameras and three flash units [26]. 

Firstly, the effect of the temperature of the substrate on the liquid motion was 

investigated. The boiling phenomena were observed to significantly affect the liquid 
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motion, with very weak boiling observed at T = 170 °C. The liquid motion was also 

found to be roughly linearly symmetric. At T = 200 and 300 °C, the liquid shape was 

significantly distorted by the bursting of boiling vapor bubbles at the free liquid surface. 

Secondly, the effects of the spacing S between the two droplets and their impact angle 

on the substrate were investigated for T = 500 °C. Under this condition, a stable vapor 

layer was observed to be formed between the liquid and solid. The droplets impacted the 

substrate, were deformed, and then rebounded, maintaining a roughly symmetric shape 

about a line. In addition, the residence time of the droplets, namely, the time between 

the impact of the leading droplet and the rebound of the combined liquids of the two 

droplets, was measured under different conditions, and the results were used to derive 

an expression for predicting the parameter. 

 

2. Experiments 

2.1. Droplet generation and substrate setup 

Figure 2 shows the schematic of the experimental apparatus used to observe the 

impact of water droplets on a heated solid surface. The experimental setup and the 

measurement techniques were similar to those used in our previous studies [26,27]. 

Distilled water initially at room temperature was used as the test liquid. Droplets of 

uniform diameters were expelled at uniform intervals from a nozzle unit by oscillating 

the unit at a fixed frequency. The droplets fell vertically downwards into air at 

atmospheric pressure, and then encountered a 400-mm-diameter rotating disk with a 

small slit. The rotation speed of the disk was adjusted such that two droplets passed 

through the slit during each rotation of the disk. The droplets that passed the disk fell 

vertically until they impacted the test substrate. The pre-impact diameter of the water 
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droplets was approximately 0.6 mm, and the impact velocity was varied between 1.6 

and 2.1 m/s by adjusting the pressure in the water tank. 

The test substrate was made from sapphire to facilitate optical observation, and it 

had a very smooth surface. The surface flatness, which is defined as the distance 

between the peak and valley values of the flat surface, was within 160 nm. The substrate 

was 2 mm thick and 30 mm in diameter, and it was firmly mounted on a copper base 

with an embedded cartridge electric heater. The tilt angle α of the substrate relative to 

the horizontal was varied between 0° and 45° by means of a tilt-angle stage.  

The temperature of the test substrate was monitored by a K-type thermocouple and 

infrared thermography. The thermocouple was attached to the substrate surface and was 

used to control the electric power supplied to the heating unit, while an infrared camera 

was used to measure the surface temperature through a thin coat of black-body paint 

with an emissivity of 0.94 applied to a part of the surface. The drops impinged on the 

uncoated part of the surface, whose temperature was varied between 170 and 500 °C. 

The measurement accuracy of the temperature with the use of the thermocouple was 

within 2.5 °C. In case of high temperatures of the solid substrate (=500 °C), unexpected 

deviation of the substrate temperature occasionally occurred during the experiments. 

The deviation was at worst 20 °C, including the measurement uncertainty. 

 

2.2. Photography system and measurement procedure 

The successive collisions of two droplets with the solid surface were observed by 

means of a two-directional technique [26,27] utilizing two digital still cameras with an 

effective spatial resolution of 4752 ×  3168 pixels and three flash lights that produced 

flashes over a duration of approximately 2 µs. The arrangement of the optical 
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components is shown in Figure 2. Camera A, the test substrate, and a pair of flashlights 

A1 and A2 were aligned horizontally to obtain side-view double-exposure backlit images 

of the droplets. Camera B and flash light B were arranged to obtain overhead images of 

the droplets. Both cameras were configured to only obtain exposures of the droplets 

during flashes. All the optical equipment and the test substrate were set on an optical 

table, and a tilt-angle stage and/or transverse stage were used to adjust their positions 

with high accuracy. An optical sensor was used to detect the passage of the slit in the 

rotating disk and trigger the flash photography sequence. A flash controller with a delay 

timer was used to activate flash light A1 just before the impact of a droplet. Flash lights 

A2 and B were then triggered simultaneously. A pair of instantaneous images of the 

droplets was obtained by cameras A and B during each impact test. To obtain the time 

evolution of the liquid motion/deformation, we conducted a number of impact tests 

using different flash timings for a given experimental condition, and the instantaneous 

images of the droplets were arranged in chronological order. 

Figure 3 shows examples of the double-exposure images obtained by camera A 

during the two-droplet oblique collisions. The intervals between the two flashes used to 

obtain the images in Figures 3(a) and (b) were 0.20 and 1.50 ms, respectively. One flash 

bulb was colored red to enable distinction between the images of the droplets obtained 

under the first and second flashes, respectively. The time interval between the two 

flashes used to obtain the images in Figure 3(a) was small. Neither of the two droplets 

had impinged the solid surface at the triggering of the second flash. The pre-impact 

diameters of the two droplets, dP1 and dP2, were determined directly from the images 

using an image analysis software. The corresponding travel distances of the droplets, 

ΔL1 and ΔL2, during an interval Δt were also measured. The corresponding impact 
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velocities of the droplets, v1 and v2, were calculated as follows: 

/ ( 1,2)i iv L t i= ∆ ∆ = ,       (1) 

where i = 1 corresponds to the leading droplet, and i = 2 to the trailing droplet. The 

uncertainty in the measurement of the spatial lengths, which depended on the 

magnification of the lens system, was maximally ±3 µm. The timings of the flash 

activations were controlled with a resolution of 1 µs. 

The first of the flashes used to obtain the image in Figure 3(b) was triggered before 

the impact of the droplets, while the second flash was activated after the impact. The 

elapsed time te between the collision of the leading droplet with the substrate surface 

and the second flash could be determined from the spacing ΔLw between the bottom of 

the leading droplet and the substrate at the first flash, pre-impact diameter of the leading 

droplet, impact velocity of the leading droplet, and tilt angle of the substrate surface, as 

follows: 

1

1 1

1 cos .
2 cos

w P
e

L dt t
v v

α
α

∆ −
= ∆ − +       (2) 

It is noted that the employed photography technique required good repeatability of 

the impact phenomena. There were slight scatters in the pre-impact diameter and impact 

velocity during the experiment, and this necessitated the measurement of the droplet 

diameter and spacing for each obtained image. Irregularly sized droplets with diameters 

unacceptably larger or smaller than the target diameter were eliminated to minimize the 

experimental uncertainties. Data that contained irregular droplet impact velocities were 

also filtered out based on the spacing wL∆  at the first flash. The allowable deviations of 

the pre-impact diameter and impact velocity were ± 10 µm and ± 0.05 m/s, 

respectively. For example, for a diameter of 0.60 mm, the permissible scatter range was 
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0.59–0.61 mm. 

In the experiment, the impact velocity of the leading droplet was slightly smaller 

than that of the trailing droplet because the trailing droplet fell through the wake formed 

by the leading droplet. The resultant slight velocity difference between the two droplets 

caused undesirable scatter in the data of the droplet spacing S just before collision with 

the substrate. Figure 4 shows the frequency distribution of S for (dP1, dP2) = (0.63 mm, 

0.63 mm) and (v1, v2) = (1.74 m/s, 1.82 m/s). The distance between the rotating disk and 

the test substrate was approximately 7 cm. Altogether, about 1600 data points were 

plotted. It was observed that the spacing S was subject to scatter for given impact 

conditions, with the scatter band being approximately 1 mm. This caused difficulty in 

controlling S with the desired precision. The spacing was therefore measured for each 

acquired image, and the irregular data comprising deviations beyond the allowable limit 

of ±50 µm were filtered out for repeatability of the droplet motion. 

 
 
 

3. Results and Discussion 

3.1. Effect of substrate temperature on oblique two-droplet collisions 

In this phase of the study, the temperature of the substrate was varied from 170 to 

400 °C to investigate the effect of temperature, which is associated with boiling 

phenomena, on oblique two-droplet collisions. The impact conditions of the droplets 

were as follows: (dP1, dP2) = (0.64 mm, 0.64 mm), (v1, v2) = (2.07 m/s, 2.10 m/s), α = 

30°, and S = 1.0 mm. 

Figure 5 depicts the deformations of two water droplets that successively collided 

obliquely with the sapphire substrate at 170 °C. The images in Figure 5 were obtained 
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with camera B. The elapsed time te between the collision of the leading droplet with the 

substrate surface and the flash is indicated in each image. The upper portion of the 

images corresponds to the “uphill” side of the substrate surface. Because of the nature 

of the oblique collision, the leading droplet slides downwards over the substrate surface. 

This results in an off-center collision of the trailing droplet with the disk-shaped leading 

droplet after approximately 0.51 ms. The subsequent liquid motion is thus essentially 

three-dimensional. The impact conditions of the trailing droplet induce the formation of 

a circular liquid swell around the bottom of the trailing droplet, with the swell spreading 

radially outwards over the disk-shaped leading droplet between 0.51 and 0.81 ms after 

the initial collision. The formation of the swell is a characteristic feature of oblique 

two-droplet collision with a solid surface. After the swell reaches the edge of the leading 

droplet, the apparent liquid/solid contact area increases. After 1.63 ms, weak boiling 

generates small bubbles in the liquid. The motion of the combined liquid is almost 

perfectly symmetric about a line. In addition, it is to be noted that ghost images of the 

liquid appear in the lower part of each picture except in the case of the early image at 0.06 

ms. These ghost images are formed due to light reflection from the rear surface of the 

sapphire substrate. 

Figure 6 shows the two-droplet impingement results for T = 200 °C. The images in 

Figure 6(a) were obtained by trimming the original images taken by camera A, while the 

images in Figure 6(b) were obtained with camera B. We observe that at time instances 

of 0.36, 0.57, 0.93, 1.29, and 1.87 ms in Figure 6(a) that “red” droplets are present 

above the impact point of the droplets on the solid. These are not the succeeding 

third/fourth droplets, but the first/second ones exposed at the first flash before the 

droplet impact, as described previously (see also Figure 3(b)). The boiling under this 
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condition is stronger when compared with that in the previous case. At 0.15 ms in 

Figure 6(b), boiling bubbles appear in the leading droplet. After 0.36 ms, the trailing 

droplet collides with the leading one. Between 0.57 and 0.62 ms, the free surface in the 

region of the leading droplet is “lumpy,” while that in the region of the trailing droplet is 

smooth. At 0.62 ms in Figure 6(b), liquid “swelling” is observed between the two 

regions. Blowout of boiling vapor bubbles occurs very frequently in the region of the 

lumpy free surface, thereby resulting in the generation of numerous secondary droplets. 

At later times, numerous secondary droplets jet upward, as shown in Figure 6(a), and 

only the lumpy free surface region is present. Moreover, some liquid is always in direct 

contact with the solid surface.  

Figure 7 shows the two-droplet impingement results for T = 300 °C. The secondary 

droplets can be observed in the images in Figures 7(a) and (b) at 0.52 and 0.66 ms, 

although they are fewer in number than in the case of T = 200 °C. This is because more 

vapor is generated due to the higher temperature of the solid, and the chance of direct 

liquid/solid contact is also reduced. From Figure 7(a), we note that the advancing 

(lower) edge of the liquid moves downward along the surface with time, whereas the 

upper edge remains near the impact point of the droplet in the time range between 

0.39-0.93 ms. At 0.93 and 1.10 ms, the liquid film appears thicker near the lower edge 

of the liquid, thus suggesting that a greater part of liquid moves downwards. Thereafter, 

the upper edge of liquid shifts downward quickly, and the apparent liquid/solid contact 

length observed in Figure 7(a) is decreased. At 1.43 ms in Figure 7(b), a dry area 

appears at the center, resulting in ring-shaped liquid formation. The liquid eventually 

rebounds off the solid as a single liquid mass. The combined liquid is significantly 

distorted during the entire deformation stage. 
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Figure 8 shows the two-droplet impingement results for T = 400 °C. At this 

temperature, the trailing droplet collides with the “non-lumpy,” disk-shaped leading 

droplet. Further, a slight liquid swelling is observed at 0.55 ms. The combined liquid 

deforms into a circular disk, with secondary droplets being ejected from the central part. 

The liquid subsequently assumes a ring-like shape, eventually rebounding off the 

surface. The liquid motion is roughly linearly symmetric except at 2.01 ms, thereby 

suggesting that there is reduced direct liquid/solid contact than in the case of T = 

300 °C. 

 

 

3.2. Oblique collisions of droplets with substrate at 500 °C 

In this section, we discuss the collision of the droplets with the substrate heated to T 

= 500 °C. In this phase of the study, firstly, the deformation behavior of single-droplet 

collision with the substrate was compared with that of two-droplet collision to clarify 

the characteristic features of two-droplet collision in the “film-boiling” regime. 

Secondly, the effect of the spacing between the two droplets on their collision behavior 

was investigated. 

Figure 9 shows the sequence of images that depict the collision dynamics of a single 

water droplet obliquely colliding with a dry hot surface. Here, dP1 = 0.64 mm, v1 = 1.89 

m/s, and α = 30°. Figure 9(a) shows the backlit images of the droplets obtained with 

camera A, while Figure 9(b) shows the images obtained with camera B. From the image 

sequence, we observe that the droplet collides with the substrate, deforms into a circular 

disk (0.38 ms), recoils (0.62–0.98 ms), and then rebounds off the substrate in the shape 

of a bowling pin (2.19 ms). The droplet also slides downwards over the surface of the 
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substrate, with its motion being almost axisymmetric till the end of the recording. 

Because of the very high temperature of the substrate, a stable vapor film is formed at 

the liquid/solid interface during the collision. The film significantly reduces the viscous 

wall friction, and combined with the absence of significant external force acting on the 

droplet [27], yields roughly axisymmetric motion of the droplet. 

Figure 10 shows the results for two-droplet collision with (dP1, dP2) = (0.64 mm, 

0.64 mm), (v1, v2) = (1.89 m/s, 1.94 m/s), α = 30°, and S = 1.0 mm. Considering that the 

impact conditions of the leading droplet are the same as those of the single-droplet 

collision in Figure 9, the dynamics are similar until the trailing droplet touches the 

upper edge of the leading droplet (0.51 ms in Fig. 10(a)). The subsequent height of the 

trailing droplet decreases with time (0.51–0.65 ms). Part of the liquid flows downwards 

over the substrate surface, with a prominent shape being formed at the advancing 

(lower) edge in the interval of 1.03–1.31 ms (see Figure 10(a)). The liquid subsequently 

retracts (1.72 ms) and eventually rebounds off the substrate (2.43 ms) without any 

apparent loss in volume. The rebounding liquid is not axisymmetric but moderately 

linearly symmetric during the entire deformation period. The residence time between 

the impact of the leading droplet and the rebound of the combined liquid of the two 

droplets is apparently longer than that for the single droplet. These results indicate that 

the moderately linearly symmetric motion of the liquid and the formation of a 

prominent shape at the advancing edge of the rebounding liquid are characteristic 

features of oblique two-droplet collision with a solid surface. 

We next investigate the effects of the spacing between the two droplets on the 

collision phenomena. Figures 11, 12, and 13 show sequences of images that capture the 

collision dynamics of the successive impingements of water droplets on the hot surface 
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for (dP1, dP2) = (0.62 mm, 0.62 mm), (v1, v2) = (1.76 m/s, 1.79 m/s), α = 45°, and 

different droplet spacing distances. For S = 0.8 mm (Figure 11), the trailing droplet 

impacts the leading droplet and the combined liquid slides downwards over the 

substrate surface. A liquid protrusion appears at the lower edge of the combined liquid 

at 1.07 ms. The droplet subsequently retracts and rebounds off the substrate with a 

distorted cylindrical shape. For S = 1.2 mm (Figure 12), the leading droplet slides a 

greater distance over the substrate than in the previous case before the trailing droplet 

impacts its upper edge at 0.61 ms. Consequently, the two droplets are “connected” over 

a smaller area between 0.92 and 1.23 ms (Figure 12(b)). The liquid shape is distorted 

during the rebound at 2.00 ms (Figure 12(a)). For S = 1.5 mm (Figure 13), the two 

droplets independently deform and rebound off the substrate without any observed 

interaction. Both these droplets are almost axisymmetrically deformed during their 

rebound. 

To quantitatively investigate the effect of the spacing on the interaction between the 

droplets, the time evolutions of the contact length d were observed for S = 0.8 and 1.2 

mm, respectively. These results are presented in Figure 14, together with a graphical 

definition of the contact length. The experimental conditions were the same as those of 

the experiments corresponding to Figures 11 and 12. The length d was directly 

measured from the double-exposure backlit images captured by camera A. The 

dimensionless time τn is defined as the elapsed time normalized by the normal velocity 

component and the pre-impact diameter of the leading droplet, and it is expressed as 

1

1

( cos ) .e
n

P

t v
d

ατ =        (3) 
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The two dashed vertical lines in Figure 14 indicate the approximate combination 

interval of the trailing droplet with the leading one, as estimated from the images 

obtained with camera A. 

For S = 0.8 mm, the contact length of the leading droplet is zero at the moment of 

impact with the substrate, and thereafter, it increases with time. The collision of the 

trailing droplet with the leading one occurs at τn ≈ 0.77, at which time the contact length 

of the leading droplet increases to almost its first peak value. After reaching its second 

peak value, the contact length begins to decrease monotonically, eventually returning to 

zero at τn ≈ 4.5, thus indicating full rebound of the droplet. 

For S = 1.2 mm, the trailing droplet strikes the recoiling leading droplet at τn ≈ 1.21, 

with a correspondingly significant increase in the contact length. The second peak of d 

for this case is higher than that for S = 0.8 mm, and it also occurs later. Thereafter, the 

contact length decreases monotonically. The residence time of the droplet is similar to 

that for S = 0.8 mm. 

Similar quantitative examinations were conducted for α = 30°. Figure 15 shows the 

determined time evolutions of the liquid contact length for (dP1, dP2) = (0.64 mm, 0.64 

mm) and (v1, v2) = (1.89 m/s, 1.94 m/s), with S = 0.8 and 1.2 mm. The trailing droplet 

impacts the leading one at τn ≈ 0.88 for S = 0.8 mm and at τn ≈ 1.36 for S = 1.2 mm. We 

find that S only affects the time evolution of d until τn ≈ 5, with no appreciable change 

in the contact length observed thereafter for both values of S. 

Based on the experimental results obtained for the different impact conditions 

considered in the present study, we concluded that the spacing between the two droplets 

significantly affects the liquid motion but hardly affects the residence time of the 

droplets. The reason for the independence of the residence time with respect to the 
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spacing S is the considerably smaller time scale of the variation in S when compared 

with the residence time. 

 

 

3.3 Residence time of droplets in film-boiling regime 

Several studies have been conducted on the residence time of single-droplet 

collision [27,28,29,30]. Some studies [28,29,30] have reported that the residence time 

for perpendicular impact is roughly equal to the first-order vibration period of a freely 

oscillating drop. This result was actually first determined by Rayleigh [31], and it can be 

expressed as 

 
3

1

4
l P

r
dt π ρ
σ

= ,       (4) 

where tr represents the residence time, ρl the liquid density, and σ the coefficient of 

surface tension. The associated dimensionless form of the residence time is based on the 

Weber number and the normal velocity component and pre-impact diameter of the 

droplets as 

 
2

1 1 1
1 1

1

( cos ) ( cos ), .
4

r l P
r n n

P

t v v dWe We
d

α π ρ ατ
σ

= = =   (5) 

Fujimoto et al. [27] experimentally showed that Equation (5) was applicable to not 

only perpendicular collisions, but also oblique collisions. 

In the present study, we attempted to derive an expression for predicting the 

residence time for two-droplet oblique collision. For this purpose, we introduced the 

idea of a virtual equivalent droplet with mass and momentum equal to the sums of the 

corresponding parameters of the two droplets. The equivalent diameter dPeq and 
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equivalent velocity eqv  are determined based on the conservation of mass and 

momentum as 

33 3
1 24 4 4 ,

3 2 3 2 3 2
PeqP P

l l l

dd dπρ πρ πρ     + =          
    (6) 

and 

33 3
1 2

1 2
4 4 4 .
3 2 3 2 3 2

PeqP P
l l l eq

dd dv v vπρ πρ πρ     + =          
   (7) 

Thus, 

( )
1

3 3 3
1 2 ,Peq P Pd d d= +  and 

3 3
1 1 2 2

3 .P P
eq

Peq

d v d vv
d
+

=     (8) 

The equivalent Weber number is based on the normal velocity component of the 

equivalent droplet as follows: 

( )2
cos

.l eq Peq
eqn

v d
We

ρ α
σ

=       (9) 

The equivalent dimensionless time, which is also based on the normal velocity 

component of the equivalent droplet, is given by 

( cos )
.e eq

eqn
Peq

t v
d

α
τ =        (10) 

Figure 16 shows the relationship between τreqn and Weeqn determined for different tilt 

angles, namely, 0°, 15°, 30°, and 45°. The solid line represents the relationship 

 .
4reqn eqnWeπ

=τ        (11) 

We found that the dimensionless equivalent residence time τreqn increased with 

increasing dimensionless parameter Weeqn, suggesting that the two parameters were 

appropriately chosen for correlation. However, the measured τreqn is observed to be 
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larger than that determined by Equation (11). The reason for this difference is discussed 

in terms of the degree of liquid distortion. When the liquid is deformed into the shape of 

a disk through the thin vapor layer on the solid, the surface tension gives rise to pressure 

variation along the surrounding air/liquid interface. The resultant liquid flow induces the 

retraction of the liquid and its subsequent rebounding. As the shape of the combined 

liquid is considerably more distorted than in single-droplet collision, more time is 

required for the retraction of liquid, thereby resulting in a longer residence time. The 

dotted line in Figure 16 indicates the following modified correlation, which was 

obtained by means of a simple least-squares fit to the present experimental results:  

 0.93 .reqn eqnWe=τ       (12) 

 

5. Conclusions 

We experimentally investigated the successive oblique collisions of two droplets 

with a hot sapphire surface in this study. Following is a summary of the results: 

 

(1) For a sapphire-substrate temperature of 170 °C, the liquid always contacted the 

surface with the occurrence of weak boiling. For surface temperatures of 200 and 300 °C, 

strong nucleate boiling was observed. The liquid droplet was significantly distorted 

throughout the deformation stages. In the film-boiling regime at 500 °C, the liquid motion 

was roughly linearly symmetric, and rebounding was observed. 

 

(2) The characteristic behavior of the collisions of the two droplets with the sapphire 

surface in the film-boiling regime included the development of a prominent shape at 
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the advancing edge of the coalesced droplet. The spacing between the leading and 

trailing droplets significantly affected the overall liquid motion, but not the residence 

time of the droplets. 

 

(3) The residence time of the droplets was roughly correlated with their equivalent 

Weber number. 
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Nomenclature 

d : contact length, m 

1Pd , 2Pd : pre-impact diameters of leading and trailing droplets, m 

Peqd : equivalent diameter of droplets (see Equation (8)), m 
S: spacing between two droplets, m 

et : time, s 

rt : residence time, s 
T : temperature of substrate, °C 

1 2,v v : impact velocities of leading and trailing droplets, m/s 

eqv : equivalent velocity (see Equation (8)), m/s 

eqnWe : equivalent Weber number (see Equation (9)), - 

 

Greek symbols 

α: tilt angle of substrate, ° 

t∆ : time interval, s 

1L∆ , 2L∆ : travel distances of leading and trailing droplets during a time interval t∆ , m 

wL∆ : spacing between the bottom of a falling droplet and substrate, m 

lρ : liquid density, kg/m3 

σ : coefficient of surface tension, N/m 

nτ : dimensionless time, - 

eqnτ : equivalent dimensionless time (see Equation (10)), - 

rτ : dimensionless residence time, - 

reqnτ : dimensionless equivalent residence time, - 
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Figure 1. Schematics of (a) perpendicular two-droplet collision and (b) oblique 

two-droplet collision with a hot solid surface. 

 

 

Figure 2. Schematic of the experimental setup. 
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   (a)   (b) 

Figure 3. Sample backlit double-exposure images of droplets and measured parameters. 

 

 
Figure 4. Frequency distribution of inter-droplet spacing S for (dP1, dP2) = (0.63 mm, 

0.63 mm) and (v1, v2) = (1.74 m/s, 1.82 m/s). 
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Figure 5. Experimental two-droplet impingement results for T = 170 °C as recorded by 

camera B. 

 

  

(a)                          (b) 

Figure 6. Experimental two-droplet impingement results for T = 200 °C as recorded by 

cameras (a) A and (b) B. 
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(a)                          (b) 

Figure 7. Experimental two-droplet impingement results for T = 300 °C. 

 

Figure 8. Experimental two-droplet impingement results for T = 400 °C. 
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(a)                                  (b) 

Figure 9. Experimental impingement results for oblique (α = 30°) single-droplet 

collision as recorded by (a) camera A and (b) camera B. 

 

(a)                             (b) 

Figure 10. Experimental results for two-droplet oblique collision for T = 500 °C and α = 

30°. 
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(a)                         (b) 

Figure 11. Experimental two-droplet impingement results for α = 45° and S = 0.8 mm. 

 

 

  

                 (a)                          (b) 

Figure 12. Experimental two-droplet impingement results for α = 45° and S = 1.2 mm. 
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Figure 13. Experimental two-droplet impingement results for α = 45° and S = 1.5 mm. 

 

 

 

 

 

Figure 14. Time evolutions of d for α = 45° and S = 0.8 and 1.2 mm. 
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Figure 15. Time evolutions of d for α = 30° and S = 0.8 and 1.2 mm. 

 

 

Figure 16. Relationship between the equivalent Weber number and dimensionless 

residence time of droplets. 

 


