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ABSTRACT 

The phenomenon of droplets impacting droplets is common in many fields 

including the chemical, nuclear, and aerospace industries. In this paper, high-

speed photography technology is used to obtain the variation law and evolution 

properties exhibited by droplets colliding with sessile droplets of varying sizes. 

We further explored how the Weber number (We) and volume ratio (Vp/Vi) 

influence the behavior of droplets colliding with sessile droplets. The 

phenomenon of droplets impacting sessile droplets of different volumes is 

different from that of droplets impacting liquid films. In terms of droplet 

spreading, compression and the non-splashing liquid crown, the phenomena and 

laws reported in the present study are applicable for 1 ≤ We ≤ 165 and droplet 

volume ratios of 1 ≤ Vp/Vi ≤ 6. With a low Weber number, the droplet compresses 

and deforms downward without coalescence at the initial stage of collision. A 

high Weber number results in a no-splashing liquid crown. These findings 

provide important insights into the dynamics of droplet-droplet interactions. 

  

 Article History 

Received July 8, 2023 

Revised August 28, 2023 
Accepted October 5, 2023  

Available online December 4, 2023 

 

 Keywords: 

Droplet impact  

Sessile droplet  
Volume ratio 

No-splashing liquid crown 

Droplet compress 

1. INTRODUCTION 

Droplet collisions widely exist in many fields 
including chemical and energy production and the 
aerospace industry. For example, during plasma spraying, 
droplets are atomized by a high-speed plasma flow into 
very fine droplets where the composition of the structure 
is uniform. Within a kind of internal combustion engine, 
liquid fuel droplets impact the surface of the piston and 
the cylinder. In the context of inkjet printing, achieving 
uniform deposition of ink droplets on the paper is 
essential. (Bai & Gosman 1995; Lim et al., 2009; Dalili et 
al., 2014; Zhong et al., 2020). 

In numerous instances within these applications, the 
droplets encounter either a solid substrate or with 
stationary droplets previously placed on the substrate. 
(Stone et al., 2004). The dynamic characteristics and 
morphological features of droplet collision are 
predominantly shaped by the properties of both the droplet 
itself and the surface it comes into contact with. 
(Moghtadernejad et al., 2020). Numerous investigations 
have centered on the collision of a single droplet on a wall 
and the controllable variables. With respect to the droplet, 
the controllable variables include diameter, viscosity, and 
collision speed as studied by (Deka et al., 2019; Emdadi 
& Pournaderi, 2019; Qin et al., 2019). Controllable 
variables for the wall include roughness, wettability, 

surface type, and microscopic shape as studied by (Liang 
et al., 2014; Feng, 2017; Li et al., 2019; Bernard et al., 
2020; Karn et al., 2020; Luo et al., 2021; Wang et al., 
2021). Nevertheless, the interaction between droplets is 
not considered, so the knowledge gained from the single 
droplet experiment cannot be directly applied to a real jet 
collision field (Fujimoto et al., 2008). Thus, several 
researchers, including (Fujimoto et al., 2008; Farokhirad 
et al., 2015; Raman et al., 2016; Wakefield et al., 2016; Li 
et al., 2018; Kumar et al., 2020; Huang et al., 2022), have 
investigated the collision of two spherical drops.  

When impact droplets collide with sessile droplets on 
the substrate, phenomena such as coalescence, expansion, 
and recoil occur depending on the relevant physical 
parameters (e.g., impact velocity and droplet size) and the 
fluid properties of the liquid (Wakefield et al., 2016).  

With a substantial collision velocity of the droplet, 
the impact force is enhanced, which leads to a significant 
enhancement of the impact effect. This situation may lead 
to the breakup of droplets or the scattering of more tiny 
droplets. In addition, the droplet size significantly affects 
droplet impact behavior. When the droplet size is large, 
the droplet will appear more obvious deformation and 
deformation during the impact process, which has an 
impact on the impact dynamic characteristics. In  
contrast, smaller droplets are more prone to adhesion or  
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Nomenclature 

We Weber number  △t2 
time intervals (0.2 ms) between the 
corresponding two frames 

Vp sessile droplet volume  τ dimensionless time 

Vi impact droplet volume    downward compression displacement 

Oh Ohnesorge number  Hmax 
maximum height of the partial rebound of the 

liquid sheet 
ρ Density  Df maximum liquid crown diameter 

σ surface tension  Hf corresponding liquid crown height 

μ viscosity coefficient  De spreading diameter 

dh horizontal diameter of droplets  He liquid sheet height 

dv vertical diameter of droplets    dimensionless compression displacement 

d0 diameter of the spherical droplet  max  
maximum height of the partial rebound of the 
liquid sheet 

v0 impact velocity of the droplet  f  maximum liquid crown diameter 

v1 
velocity of the first two frames of the 

droplet impacting the substrate 
 f  liquid crown height 

v2 
velocity of the last two frames of the droplet 

impacting the substrate 
 e  spreading diameter 

△t1 
time intervals (0.2 ms) between the 
corresponding two frames  e  liquid sheet height 

 

coalescence. In addition, the fluid's viscosity and surface 
tension play a substantial role in shaping the droplet 
impact dynamics. High viscosity fluid will reduce the 
fluidity of droplets, thus affecting the behavior after 
impact, while surface tension will affect the deformation 
and impact behavior of droplets. During the collision in 
the interaction of the droplet in motion and the stationary 
droplet, the interaction between droplets frequently occurs 
(Chen et al., 2022). Therefore, researchers consider the 
interaction between droplets by studying the collision of 
droplets with hemispherical droplets. Aiswal & 
Khanderkar (2021) conducted experimental 
investigations employing two distinct deposition methods 
to examine the impact performance of droplets on 
superhydrophobic surfaces. The study revealed that the 
deposition mode of sessile droplets on the substrate 
significantly influences the post-impact dynamics of 
droplets. Furthermore, the wetting behavior of droplets on 
the substrate also exerts a crucial influence on governing 
the processes of droplet rebound and coalescence during 
impact. Fujimoto et al. (2008) performed research 
investigations involving both experimental and numerical 
analyses of droplet collisions with hemispherical droplets 
on a horizontally smooth solid surface. A circular coronal 
thin liquid sheet formed around the base of the colliding 
droplets. The size of the circular film grew larger as the 
impact velocity increased. In addition, they investigated 
the deformation behavior of two droplets hitting a solid in 
succession. They took pictures with a CCD camera to 
understand the physics of the interaction between the two 
droplets. Raman et al. (2016) uses numerical simulations 
to model the collision behavior and interaction dynamics 
of droplets with initial gaps. The effects of droplet drag 
velocity, surface wettability, droplet viscosity, and surface 
tension on the time-varying dynamics during impact were 
investigated. Chen and Yang (2020) conducted a 
comprehensive direct numerical simulation of binary 
droplet collisions in dense spray dynamics. They 
developed and implemented an integrated numerical 
approach that merges the Adaptive Mesh Refinement 

(AMR) algorithm with the Volume of Fluid (VOF) 
interface tracking technique to deal with multi-scale flow 
physics of droplet collisions. Through a comprehensive 
parameter study of Weber number and collision 
parameter, they determined the bounce, merge, reflection 
separation and stretch separation states of droplet 
collisions. In addition, they developed a visualized 
method utilizing the ray tracing to obtain detailed insight 
into the physical process of droplet collisions. Chen et al. 
(2020) explored the dynamics of droplet interactions on a 
surface coated with a horizontal liquid sheet. The 
experimental study encompassed observations of droplet 
spreading, ejection, partial rebound, and full rebound in 
the aftermath of the impact event. Hamdan et al. (2015) 
Utilizing a high-speed camera, the spreading and 
fragmentation of impacting droplets were observed. When 
the Weber number of the droplets exceeded a certain 
threshold, evident from the observations with an 
escalation in the Weber number, a reduction in the 
dimensions of secondary droplets was noted. 

Chen et al. (2017) examined the impact of droplet-
wall film miscibility in the context of extremely thin films 
(0.02 times the droplet diameter). Their investigation 
revealed alterations in the formation of crowns and the 
threshold for splashing. For simulating the collision 
dynamics of droplets, an integrated approach is employed 
that combines the use of an innovative polynomial 
equation of state with the application of the Entropic 
Lattice Boltzmann Method (ELBM). This hybrid 
methodology is specifically designed to accurately 
simulate the complex interactions between two droplets 
under conditions characterized by high Weber and 
Reynolds numbers. (Moqaddam et al., 2016). 
Nikolopoulos et al. (2012) numerically investigated the 
nuclear binary impact of two droplets of unequal scale 
using the volume of fluid (V.O.F.) method. Quantitative 
analysis was performed to evaluate the impacts of Weber 
number (We), Ohnesorge number (Oh), droplet diameter 
ratios (D) on the generation of ligaments, maximum 
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deformation of both droplets, intrusion of one droplet into 
the other, and the formation of satellite droplets. They also 
presented a conducted empirical investigation aiming to 
explore the influence of a single water droplet on a 
stationary liquid block constructed from the previous 
impact of one or two droplets (Nikolopoulos et al., 2010). 
The corresponding qualitative and quantitative features 
regarding the evolution of this phenomenon over time 
were obtained through image analysis. Ma et al. (2019) 
investigated an empirical examination of the impacts of 
water droplets possessing varying Weber numbers (We) 
onto a water surface through experimental and numerical 
methods. Linear regression was utilized to assess the 
associations between We and the geometrical features of 
the central jet, secondary droplets, and secondary central jet. 

Much of the research on a droplet colliding with 
another droplet on a substrate has focused on various 
phenomena arising from the interaction between two 
droplets. To comprehensively examine this phenomenon, 
some researchers have quantified its key characteristics 
for a more intuitive understanding. Kumar et al. (2020) 
investigated the merging kinetics of the partial 
coalescence phenomenon caused by a droplet colliding 
with a stationary droplet. They discussed the sessile and 
the relationship between the scale of the droplet that is 
impinging and the impact height or velocity (indicated by 
the Weber number) on the kinetics of partial coalescence. 
Using a high-speed camera, they experimentally 
investigated the kinetics of free-falling ethanol droplets 
onto sessile ethanol droplets under the influence of 
gravity, taking into account low impact heights (Weber 
numbers). He focused on the fusion of droplets and the 
generation of sub-droplets, and did not analyze the 
relevant characteristic parameters of droplet compression 
and liquid crown. In a study by Bernard et al. (2020), a 
comprehensive experimental analysis was conducted to 
understand the dynamics of crown-edge expansion in a 
system involving two droplets colliding with a wall 
membrane. The investigation focused on key metrics such 
as characteristic lengths, time scales, velocities, and 
accelerations. The researchers explored how these metrics 
were influenced by factors such as the thickness of the 
wall film, the initial impact velocity of the droplets, and 
the intrinsic properties of both the droplets and the wall 
film, including viscosity. They found that the maximum 
displacement of the crown is proportional relative to the 
velocity at which the droplets impacted. They analyzed 
the liquid crown, but did not consider the impact between 
the liquid drop and the liquid drop. Nikolopoulos et al. 
(2010) conducted experiments using two different film 
thicknesses, three different We, and two surface contact 
angles. Corresponding qualitative and quantitative 
features regarding the evolution of the phenomenon over 
time were obtained by image analysis. Analysis of the 
experimental data showed that the phenomenon has a 
strong similarity to the effect of a single droplet on 
shallow thin films. 

As indicated by findings in the literature, the 
dynamics of droplet impact on sessile droplets leading to 
a non-splashing liquid crown and the phenomenon of non-
coalescing downward compression deformation at the 
initial stage of droplet collision have not been studied. 
This lack of study serves as the motivation for the current 
work. We use high-speed photography to study the 
collision of deionized water droplets against stationary 

droplets of different volumes under different Weber 
numbers. Unlike Nikolopoulos et al. (2010), we consider 
the phenomenon of non-splattering liquid crowns. These 
are different from droplets hitting a horizontal liquid 
sheet, due to the effect of surface tension under high 
Weber number (We) conditions. Furthermore, we validate 
that in situations of low Weber number (We), the 
phenomenon of downward compression deformation is 
not merged in the initial stage of droplet collision. In 
addition, we also quantify the primary attributes of the 
aforementioned phenomena and study the influence 
stemming from the magnitude in relation to variations in 
the Weber number (We) and volume ratio (Vp/Vi). 

2.  EXPERIMENTAL SETUP 

Figure 1 shows a schematic for the experimental 
setup. During the experiment, the whole impact process 
was recorded under the ambient conditions of 25°C 
temperature and 31% relative humidity. The main 
components comprising components such as a syringe 
pump, syringe barrel, pinhead, slide with adaptable 
pinhead positioning, and stainless steel substrate. In this 
experiment, the droplet generation device, lifting and 
sliding platform, supporting platform, and computer were 
positioned on an optical platform to minimize the 
influence of external vibrations. Before starting the 
experiment, several droplets were released consecutively 
to ensure stable droplet generation without air bubbles. 
Multiple droplets are generated by a 10-ml syringe driven 
by a syringe pump. The needle gauge is a standard 30 g 
flat needle, and the diameter of the generated droplets is 
2.20 mm, and the corresponding error is ± 0.0152 mm. 
The lifting slide is employed to regulate the droplet's 
release height, generating moving droplets with distinct 
impact velocities. The lifting stage comprises both X and 
Y axes, with the X-axis aligned to the Z-axis of the 
vertical column. For precise adjustment of the droplet’s 
lateral release position, a slider capable of lateral 
movement is incorporated into the X-axis. A needle 
holder is affixed to the slider to secure and maintain the 
needle in a vertical orientation. The sessile droplets are 
fixed on the stainless steel substrate. The substrate is 
mounted on a platform with an adjustable angle. The angle 
of the experimental platform is kept at 0 degrees. An 
electronic level is installed on the support platform to 
monitor the level of the wall. After the pendant droplet is 
generated by the pinhead tip, subject to gravitational 
influence, the droplet with a diameter of d0 and a volume 
of Vi freely falls on a stationary droplet with a volume of 
Vp on a 110-mm × 90-mm × 6-mm stainless steel 
substrate. Each experiment was repeated more than five 
times to avoid randomness in the occurrence of correlated 
phenomena in the experiment. All data in the paper are the 
average of the measured data of each group of repeated 
experiments, and the error of the value of each group of 
repeated experiments and the average is 5% to 10%. We 
use the same needle to release sessile and impacting 
droplets (Kumar et al., 2020), ensuring the impacting 
droplet falls on the apex of the sessile droplet. The 
different heights of the needle are adjusted through the 
sliding table to control the different speeds of the 
impinging droplets. A high-speed video (Dimax HD, 
PCO, Germany, pixel size of 28μm) was employed to 
capture the complete collision sequence of numerous 
droplets at a speed of 5,000 frames per second (resolution  
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Fig. 1 Schematic diagram showing a freely falling droplet on a sessile droplet  

 

960 × 424). A strong light was used to illuminate the 
background of the droplets. 

The Weber number is commonly employed for 
characterize the rate of inertia force to capillary force 
during droplet impact, as follows: 

2

0 0lv d
We




=

                                                                   (1) 

In this experiment, deionized water was used as the 
experimental fluid. The dimensions and magnitudes of the 
colliding and stationary droplets are denoted by (d0, Vi) 
and (De, Vp) correspondingly. The water has a density, ρ, 
of 997 kg/m3, a surface tension, σ, equal to 0.073 N/m, and 
a viscosity coefficient, μ, measured at 1.005 mPa·s. 
MATLAB software and Python programming were used 
for pixel analysis to measure parameters such as droplet 
diameter, spread diameter, droplet height, liquid crown 
diameter, and liquid crown height. Calibration of 
measured images used 2 mm particles as a reference. 
Since the boundary of the figure is manually found to 
measure the relevant parameters through image 
recognition in this experiment, the operator's manual error 
is also taken into account. By comparing the results of the 
two users, it was found that the error in the obtained 
measurement results was less than 7%. Droplet diameter 
depends on inner diameter of the characteristics of the 
nozzle and the fluid's specific properties. Many studies on 
droplet oscillation pointed out that since the droplet 
oscillates when it falls, the droplet cannot maintain 
symmetry, and the droplet assumes an ellipsoidal shape as 
it descends., so its diameter is measured in the horizontal 
and vertical directions (Yoon et al., 2007; Chan et al., 
2011; Li et al., 2018). The recorded horizontal diameter is 
denoted as dh, while the vertical diameter is labeled as dv. 
The size of the spherical liquid particle is defined by 
equation (2) (Li et al., 2018): 

( )
1

2 3

0 h vd d d=
                                                                (2) 

Here, dh and dv represent the width and height of 
droplets, separately (Fig. 2a). Equation (3) defines the 
speed at which the droplet collides. (Li et al., 2018; Yang 
& Lee 2022): 

 
(a)                                                  (b) 

Fig. 2 (a) Definition of horizontal diameter and vertical 

diameter of droplet (b) Displacement variation before 

droplet impact on substrate 

 

1 2 1 2
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1 2
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t t
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                                         (3) 

In equation (3), v0 is the rate at which the droplet 
impacts, v1 is the velocity of the first two frames of the 
droplet impacting the substrate, v2 is the velocity of the 
last two frames of the droplet impacting the substrate, △
t1 and △t2 are the time intervals (0.2 ms) between the 
corresponding two frames (Fig. 2b). 

In addition, dimensionless time is defined by the 
relationship in equation (4) (Qin et al., 2019): 

0

0

tv

d
 =

                                                                        (4) 

Within this research, an array of tests were conducted 
to evaluate the performance of the droplet generator. The 
actual diameter of droplets produced under different 
Weber (We) conditions was measured and calculated 
using a 30-g flat needle. To ensure the accuracy of the 
experiments, each validation experiment was performed 
more than 30 times. The maximum measurement error is 
expressed by an error bar in Fig. 3. Figure 3 shows that 
droplet diameter remains nearly constant under different 
Weber (We) conditions. 
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Fig. 3 The relationship between the actual diameter of 

impact droplet and drop We 

 

For analyzing the deformation dynamics upon impact 
and providing a quantitative exploration of the factors that 
affect it, We define the downward compression 
displacement, Δh, and the maximum height of the partial 
rebound of the liquid sheet, Hmax, in Fig. 4. In addition, the 

maximum liquid crown diameter, Df, and the 
corresponding liquid crown height, Hf, spreading diameter, 
De, and liquid sheet height, He, at equilibrium after 
impacting the sessile droplet are also defined. The 
dimensionless compression displacement, 

0= /h d   , 
maximum height of the partial rebound of the liquid sheet, 

max max 0=H / d  , maximum liquid crown diameter, 

0=D /f f d  , liquid crown height, 
0=H /f f d  , spreading 

diameter, 
e e 0=D / d , and liquid sheet height, 

e e 0=H / d , 
are obtained. 

3.  RESULTS AND DISCUSSION 

The relevant physical properties considered in this 
investigation include droplet Vp/Vi (Vp is the sessile 
droplet volume, Vi is the impact droplet volume) and the 
impact droplet We. We systematically modify individual 
parameters while maintaining the other conditions 
constant to examine their influence on the non-splashing 
liquid crown and compression dynamics of the droplets. 
Over a large range of We variation, we investigate the 
phenomenon of a non-splashing liquid crown and the 
compression generated by a droplet’s impact on a sessile 
droplet under high We conditions and different volume 
ratios (Vp/Vi). The relationships among the independent 
properties, Vp/Vi and We, and the dependent parameters, 
non-splashing liquid crown and compression generated by 
droplet collision, was studied. The maximum diameter, 
corresponding height, and compression displacement at 
the top of the liquid crown vary with We and Vp/Vi in the 
case of non-splashing and compression. 

3.1 Evolution of Droplet Impact Process with Different 
Weber Numbers When Vp/Vi = 1 

The first relationship involves studying the influence 
of We on the generation of a non-splashing liquid crown 
and compression. This is done through the utilization of a 
high-speed imaging device to record the process of the 
impacting droplet impacting the stationary droplet at six 
Weber numbers ranging from 1.5 to 165 when Vp/Vi =1. 
The Weber number is set to 1.5, 40, 50, 85, 125, and 165 
by controlling the falling height of the collision droplet. 
Figure 5 shows the variation of the collision droplet 
generation a non-splashing liquid crown and the 
compression dynamics over time at different Weber 
numbers. The purpose of the diagram is to show the non-
splashing liquid crown and compression behavior of the  

 

Fig. 4 Definition of the compression displacement 
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Fig. 5 The time evolution of impact droplets on sessile droplets for different We values at Vp/Vi =1  

 

collision between a droplet in motion and a stationary 
droplet at various Weber numbers. For the results 
presented in this study, the moment of initial touch 
between the impacting droplet and the stationary droplet 
is defined as the starting time, labeled as t = 0 ms. The 
time (ms) is marked in the upper left corner of each frame 
in Fig. 5. The first row in Fig. 5 represents the case where 
the impact droplet contacts the sessile droplet (t = 0 ms). 
The following data displays the evolving coalescence and 
spreading behaviors of the droplets under various We 
values at different time intervals. 

When We is set to 1.5 (the first column), the volume 
ratio of stationary droplets to impact droplets is 1. The 
droplets were compressed at the initial stage. Due to the 
existence of air between the two droplets, the impacting 
droplet did not coalescence with droplet at the initial stage 
of falling after contacting the sessile droplet. Instead, the 
mutual extrusion deformation occurred, and the two 
droplets form the shape of a round cake. Under these 
circumstances, the viscous force exerts greater influence 
than the capillary force, resulting in the damping of the 
capillary wave and the suppression of the coalescence 
after the collision of two droplets (Kumar et al., 2020). As 
the air discharged, the impacting droplet completely 
coalesces with the sessile droplet. As time progresses, the 
two droplets completely coalesce, and the droplet 

spreading diameter and height began to oscillate until 
finally reaching an equilibrium. 

Figure 5 Columns 2 to 6 show the specific situation 
in which a droplet collides with a stationary droplet 
resulting in the formation of a liquid coronal structure 
during the collision stage. The time indicated in each 
image is denoted as t in milliseconds (ms), commencing 
from the instant of initial interaction between the 
impacting droplet and the stationary droplet. The scale bar 
illustrated in the upper-left corner of the initial panel 
corresponds to a distance of 1 millimeter (mm). The 
Weber number (We) corresponding to each column of 
images is marked separately at the top of the figure. Take 
the second column as an example, the droplet generates a 
liquid crown at the initial stage of the collision and 
gradually expands until the liquid crown reaches a 
maximum value (see t = 2.4 ms for We = 40). Then the 
liquid crown began to fall slowly, gradually spread, liquid 
sheet spreading diameter reached the maximum (see t = 
4.2 ms for We=40). The fluidic layer initiates a rebounding 
motion as a result of the interaction between the liquid 
sheet and the underlying surface. (Ukiwe et al., 2005) (see 
t = 10.2 ms for We = 40). After reaching the maximum 
rebound height (see t = 13.8 ms for We = 40), the liquid 
sheet began to extend due to the effect of gravity. During 
a period time, the rebound and extending stages of liquid  
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Fig. 6 The time evolution of impact droplets on sessile droplets for different volume ratios (Vp/Vi) values at 
We = 40  

 

sheet alternated (see t = 24.2 ms for We = 40), until a 
spherical cap equilibrium state is reached on the substrate. 
It can also be seen from Fig.5 that when Weber number 
(We) reached a certain value, the edge of the liquid sheet 
formed a wavy shape (see t = 2.2 ms for We = 165), and 
the liquid sheet slowly backward began to spread, the 
spread of the liquid sheet edge also presents a wavy shape 
(see t = 4.4 ms for We = 165). 

 3.2 Evolution of droplet impact process with different 
volume ratio when We = 40 

Over the range of We, we observed that, at We = 40, 
the droplet’s impingement on the other droplet began to 
produce a non-splash liquid crown. Therefore, this 
behavior was tracked by changing the volume (Vp) of the 
stationary droplet to alter the volume ratios (i.e., Vp/Vi = 1, 
2, 3, 4, 5, 6) at We = 40. The purpose is to study the effect 
of different volume ratios on the non-splashing liquid 
crown. The temporal evolutions of the impact droplets on 
stationary droplets for varying volume proportions (Vp/Vi) 
at We = 40 are presented in Fig. 6. The numerical value 
shown in each image corresponds to the time, denoted as 
t (ms), starting from the moment when the impacting 
droplet encounter the stationary droplet. The reference 
scale displayed in the upper left section of the illustration 
corresponds to a length of 1 mm. The volume ratio (Vp/Vi) 
corresponding to each column of images is marked 
separately at the top of the figure. 

The process of how the droplet changes during 
collision with different volume ratios and a Weber number 
of 40 is similar. The droplet generates a liquid crown at 
the initial stage of the collision and gradually expands 
until the liquid crown reaches a maximum value. Owing 
to the interplay between surface tension and gravitational 
forces, the liquid crown began to fall slowly, gradually 
spread, and the liquid sheet spread diameter reached a 
maximum. Due to the role of repulsion between the liquid 
sheet and the substrate (Ukiwe et al., 2005), the liquid 
sheet began to bounce. Upon attaining the peak rebound 
altitude, the liquid sheet began to spread due to gravity. 
Throughout this time interval, the rebound and spreading 
stages of liquid sheet alternated until a spherical cap 
equilibrium state was reached on the substrate. 

Figure 6 also demonstrates how, with the same We, an 
increase in volume ratio causes the highest recorded 
diameter of the non-splashing liquid crown generated by 
droplet impact to gradually increase. In addition, both the 
peak width of the liquid sheet spreading backward and the 
liquid sheet rebound height also increases. At the highest 
volume ratio of Vp/Vi = 6, the largest width of the liquid 
crown, the peak size of the spreading liquid sheet, and the 
maximum elevation of the liquid sheet rebound are the 
largest. This correlation arises due to the heightened 
influence of the interaction between the colliding droplet 
and the stationary droplet as the volume ratio of the 
droplets (Vp/Vi) increases. 
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Fig. 7 Variations of the compression displacement (χ) 

with the We of the impacting droplet 
 

3.3 Effect of Weber Number 

Figure 7 shows the connection among the impact 
droplet displacement, χ, and the impact droplet We under 
different Vp/Vi. The displacement, χ, increases as the We 
increases. The maximum displacement is 0.5 at Vp/Vi = 1 
for We = 3.14. The minimum displacement is 0.1 at Vp/Vi 
= 2 for We = 0.69. In addition, as the droplet Vp/Vi 
increases at a set We, the impact droplet displacement, χ, 
first decreases and then increases. During the process of 
impact droplet movement, an increase in the droplet 
volume resting on the substrate causes an increase in the 
surface tension of liquid sheet. In addition, the liquid sheet 
becomes increasingly difficult to compress, resulting in a 
decrease in impact droplet displacement, χ. According to 
previous research, when the displacement, χ, decreases to 
a certain extent, the volume of the droplet on the substrate 
continues to increase, and the area of the thin air layer 
involving the collision droplet and the stationary droplet 
also increases. With the same volume of impact droplets, 
it is more difficult for air to escape, so the displacement of 
the impact droplets increases (Chubynsky et al., 2020). 

Figure 8(a) and (b) show the relationship between We 
and both the maximum liquid crown diameter (βf) and the 

height (δf) of the liquid crown at different volume ratios 
(Vp/Vi = 1-6), respectively. With any Vp/Vi, a greater Weber 
number results in a greater liquid crown height (δf) and 
maximum diameter (βf). In Fig. 8(a), When the values of 
Vp/Vi and We are lower, the liquid crown's maximum 
diameter, βf, exhibits its minimum extent. That is, when 
Vp/Vi = 1 and We = 40, The smallest measurement for the 
liquid crown's maximum width (βf) is noted at 2.23. The 
maximum width (βf) of the predominant liquid crest 
dimension occurs when both the droplet's Vp/Vi ratio and 
the Weber number (We) are higher. That is, when Vp/Vi = 
6 and We = 165, the maximum width (βf) of the liquid 
crown is the largest at a value of 4.38. In Fig. 8(b), the 
minimum liquid crown height (δf) is 0.44 at Vp/Vi = 1 for 
We = 40, and the maximum liquid crown height (δf) is 1.19 
at Vp/Vi = 6 for We = 165. 

Furthermore, as depicted in Fig. 8(a), it is evident that 
the liquid crown diameter (βf) increases with an increase 
in the Vp/Vi under the same We conditions. This 
phenomenon can be attributed to the fact that larger the 
capacity of the stationary droplet, the larger the total 
surface energy of the droplet system. In other words, the 
larger the total energy, the larger the maximum diameter 
(βf) of the liquid crown during the spread process. After 
the maximum liquid crown is generated, the droplets 
began to fall back towards the substrate, and then spread 
until the maximum spreading diameter is reached. Most 
of the kinetic energy is converted into surface energy in 
this process, but it is reduced due to the loss of viscous 
force dissipation. This excess surface energy will 
eventually force the droplet to restore its equilibrium 
shape to a minimum energy configuration (Pittoni et al., 
2014). 

3.4 Effect of Volume Ratio 

 Figure 9(a) illustrates the relationship between the 
maximum droplet height (δmax) and the ratio of droplet 
volumes (Vp/Vi = 1-6) with different Weber numbers. The 
maximum droplet height (δmax) correspondingly expands 
as droplet volume proportion (Vp/Vi) rises. When We = 165 
and Vp/Vi = 1, the maximum height, δmax, of the droplet is 
the smallest (0.5). When We = 40 and Vp/Vi = 5,  
the maximum height (δmax) of the droplet is the largest at

 

(a)                                                                                     (b) 

Fig. 8 Effect of We on droplet characteristic parameters under certain volume ratio (Vp/Vi) 
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(a)                                                                                  (b) 

 

(c) 

Fig. 9 Effect of volume ratio (Vp/Vi) on droplet characteristic parameters under different Weber numbers 
(We)  

 

a value of 1.77. The vertical axis of the image illustrates 
how an elevation in the Weber number results in the 
maximum height (δmax) of the droplet to first increase and 
then decrease. In addition, an increase in the droplet Vp/Vi 
leads to the gap between the maximum height (δmax) of the 
droplet under different We becoming smaller. The larger 
the droplet Vp/Vi, the closer the maximum height (δmax) of 
the droplet under varied Weber number conditions. 

Figures 9(b) and (c) denote the relationship between 
the balanced diameter (βe) and the balanced height (δe) of 
the droplet and the volume ratio (Vp/Vi = 1-6) under 
different We, respectively. With an increase in the Vp/Vi of 
the droplet, the balanced diameter (βe) and balanced 
height (δe) of the droplet both increase. In Fig. 9(b), the 
equilibrium diameter (βe) of the droplet increases with 
increasing We at the same Vp/Vi. When We = 50 and Vp/Vi 
= 1, the droplet equilibrium diameter is the smallest at 1.7 
mm, and it reaches a maximum of 2.91 when We = 165 
and Vp/Vi = 6. In Fig. 9(c), the equilibrium height of the 
droplet decreases with increasing Weber number at the 
same volume ratio. At Vp/Vi = 1 and We = 165, the 
minimum equilibrium height of the droplet becomes 0.49. 
At Vp/Vi = 6 and We = 40, the maximum equilibrium the 
droplet's vertical position alters 0.95. 

Figure 10 shows the relationship between the utmost 
width (βf) of the liquid crown as well as the corresponding 

height (δf) of the utmost width of the liquid crown and the 
volume ratio of the droplet (Vp/Vi = 1-6) under different 
Weber numbers. At different Weber numbers, a large Vp/Vi 
of the droplet results in a large largest dimension (βf) and 
vertical extent (δf) of the liquid crown. A nonlinear 
relationship exists between the largest dimension of the 
liquid crown and the volume ratio, but the height of the 
largest dimension of the liquid crest and the volume ratio 
share a linear relationship. 

In Fig. 10(a), when We = 40 and Vp/Vi = 1, the utmost 
width (βf) of the liquid crown reaches a minimum of 2.25 
but it reaches a maximum of 4.38 when We = 165 and 
Vp/Vi = 6. As the volume ratio increases, the highest 
diameter of the liquid crest first experiences a gradual 
increase. The rate of increase for the highest diameter of 
the liquid crest gradually decreases to form a plateau. 

Figure 10(b) also shows how an increase in volume 
ratio leads to a larger gap between the highest point 
associated with the liquid crest to different Weber 
numbers at similar volume ratios. When the Weber 
number is large, the growth rate of the vertical extent of 
the liquid crest at its maximum point liquid crown 
decreases with the volume ratio (e.g., We = 165). However, 
when the impact droplet with a small Weber number 
collides with a sessile droplet, the vertical extent of the 
liquid crown at its maximum point liquid crown increases  
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(a)                                                                                     (b) 

Fig. 10 Effect of volume ratio (Vp/Vi) on droplet characteristic parameters during droplet spreading with 
different Weber numbers  

 

slowly with an increase in the volume ratio. The main 
reason for these differences stems from how, with an 
increasing droplet volume ratio, the mass and inertia of 
the liquid escalates when the impact droplet interacts with 
the stationary droplet. Subjected to inertial force and 
capillary force, the peak diameter and the corresponding 
height of the liquid crown increase with increasing 
volume ratio. 

4.  CONCLUSIONS 

In this experimental study, the phenomenon of 
impacting droplets colliding with sessile droplets of 
different volumes is studied by means of high-speed video. 
Based on the characteristics of droplet spreading, 
compression and non-splashing liquid crown, the 
observed phenomena and established principles in this 
study can be extended to 1 ≤ We ≤ 165 and droplet volume 
ratios of 1 ≤ Vp/Vi ≤ 6. The impacts of We on the droplet 
undergoing interaction and the Vp/Vi between the sessile 
droplet and the impact droplets regarding the dynamic 
behaviors exhibited by the droplets were studied. The 
dynamic behaviors of a droplet under different We and 
volume ratio were also studied. When We < 4, the droplet 
is compressed at the initial stage of collision. The droplet 
generated a non-splashing liquid crown during the 
collision when We ≥ 40. Furthermore, this paper, focusing 
on the influence of the We and Vp/Vi on the typical 
characteristic parameters of droplets, explains the 
variation law of relevant characteristic parameters. 
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