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1 Introduction 
The phenomena of droplet impact onto a liquid surface have some interesting behaviors such 

as crown formation, the cavity growth, Worthington jet (or central jet) [1], and droplet re-generation 
so-called secondary droplet. From a practical point of view, the clarifying the phenomena of 
droplet-falling impact is also important in the wide fields of science and engineering, such as inkjet 
printing [2], microfabrication of 3D structures [3], droplet impingement erosion in nuclear power 
plants [4], bloodstain pattern properties [5], and so forth. There have been many experimental and 
computational studies on the dynamic behaviors after a droplet impinging [6–10]. 

The purpose of this paper is to present experimentally and computationally the dynamic 
behaviors after a droplet impact onto a liquid surface, such as crown formation, central jet, and 
secondary droplets. After the description of the experimental setup equipping a high-speed camera, 
the qualitative behaviors from crown formation up to secondary droplets splashing are presented 
for target liquid depth with high Weber number. In the computational approach, we utilize the well-
known OpenFOAM [11] as the open-source CFD software, and also adopt the multiphase-flow 
solver with free surfaces by using VOF method [12] in the OpenFOAM®v7. The applicability and 
validity of the present approaches are qualitatively demonstrated on through comparison between 
the experimental and the computational results.  
 
 

ABSTRACT 
In this paper, we present the dynamic behaviors of crown formation, central jet, and secondary 
droplets generated with droplet impact onto a liquid surface by using experimental and 
computational approaches. In our experiment, the dynamic behaviors after a droplet impact are 
recorded using a high-speed camera with appropriate resolution and exposure time. On the other 
hand, we simulate numerically the similar behaviors using the VOF (volume of fluid) solver in the 
OpenFOAM. As a fluid field, we consider the multiphase flows with free surfaces based on 
incompressible Navier-Stokes equations in the software codes. Some qualitative comparisons 
between the experimental and the computational results demonstrate the workability and validity 
of the present approaches. 
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2 Experimental Approach 
2.1 Experimental Setup and Its Configuration 

The configuration of the experimental setup is schematically shown in Fig.1. The studio box 
for photography equipped with 1,600lm LED is utilized in our experiments. The size of the box 
with an opening at the top is about W445mm×D580mm×H435mm. As the container to receive a 
droplet, a circular transparent petri dish with a diameter of 152mm and thickness of 28mm is used 
herein. A droplet is manually generated using the dropper. The high-speed camera (As One, 9501; 
Sensor Type: Python1300) employed herein has a maximum framing rate of 2,420 frames/s with a 
resolution of 256 × 256 pixels and a minimum exposure time of 100𝜇𝜇𝜇𝜇. The experiments are 
actually recorded at 346 frames/s with a resolution of 1024 × 768 pixels and 1ms exposure time. 
All the experiments are carried out at room temperature of 28.0 ℃ ± 0.5℃ and humidity of about 
45%. The liquids used in this study are milk, and the specification of experimental parameters is 
also summarized in Tab.1.  

Especially, Weber number and Ohnesorge number are well-known as parameters that 
characterize the dynamics of droplet impact. The Weber number, 𝑊𝑊𝑊𝑊 = 𝜌𝜌𝑙𝑙 𝑣𝑣02𝑑𝑑0 𝜎𝜎⁄ , is a 
dimensionless number related to the inertia to the surface tension, and the Ohnesorge number, 
𝑂𝑂ℎ = 𝜇𝜇𝑙𝑙 �𝜎𝜎𝜌𝜌𝑙𝑙𝑑𝑑0⁄ = √𝑊𝑊𝑊𝑊 𝑅𝑅𝑊𝑊⁄ , is a dimensionless number with respect to the ration of the viscosity 
to the surface tension, where 𝜌𝜌𝑙𝑙 , 𝜇𝜇𝑙𝑙 , and 𝜎𝜎 are the density, the viscosity, and the surface tension of 
the liquids, respectively, and also 𝑑𝑑0, 𝑣𝑣0 and Re are the droplet diameter, the impact velocity, and 
the Reynolds number, respectively. 

 

 
Figure 1: Configuration of experimental setup 

Table 1: Summary of experimental parameters 

Density,  𝜌𝜌𝑙𝑙(𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ) 
Dynamic viscosity, 𝜈𝜈𝑙𝑙  (𝑃𝑃𝑃𝑃 ∙ 𝜇𝜇) 
Surface tension, 𝜎𝜎 (𝑁𝑁 𝑚𝑚⁄ ) 
Impact velocity, 𝑣𝑣0 (𝑚𝑚 𝜇𝜇⁄ ) 
Droplet diameter, 𝑑𝑑0 (𝑚𝑚𝑚𝑚) 
Liquid depth, ℎ (𝑚𝑚𝑚𝑚) 
Weber number, We 
Ohnesorge number, Oh 
Reynolds number, Re 

1030 
1.70 × 10−6 
0.054 
3.13 
3.5 
6.0 
654.03 
0.0039686 
6444.1 
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3 Computational Approach 
3.1 Statement of Problem 

Let Ω be a bounded domain in Euclidean space R with a piecewise smooth boundary Γ. The 
unit outward normal vector to Γ is denoted by n. Also,  ℑ denotes a closed time interval. The motion 
of a viscous fluid flow is governed by the following incompressible Navier-Stokes equations for 
Eulerian form: 
𝜕𝜕𝒖𝒖
𝜕𝜕𝜕𝜕

+ 𝒖𝒖 ∙ ∇𝒖𝒖 = −
1
𝜌𝜌
∇𝑝𝑝 + 𝜈𝜈∇2𝒖𝒖 + 𝒈𝒈 + 𝒇𝒇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠                             𝑖𝑖𝑖𝑖 ℑ × Ω                                             (1) 

∇ ∙ 𝒖𝒖 = 0                  𝑖𝑖𝑖𝑖 ℑ × Ω                                                                                                                        (2) 
where 𝒖𝒖 is the velocity vector, p is the pressure, 𝜌𝜌 is the density, 𝜈𝜈 = 𝜇𝜇 𝜌𝜌⁄  is the kinematic 

viscosity coefficient, 𝜇𝜇 is the viscosity coefficient, 𝒈𝒈 is the external force vector, e.g., gravity, and  
𝒇𝒇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the surface tension vector. In addition to Eqs. (1) and (2), we prescribe the Dirichlet and 
Neumann boundary conditions, and the initial condition, 𝒖𝒖(𝑥𝑥, 0) = 𝒖𝒖0, where 𝒖𝒖0 denotes the given 
initial velocity vector. 

3.2 Numerical Simulation Using OpenFOAM 
We utilize the well-known OpenFOAM [9] as the open-source CFD software to generate fluid 

flow datasets. There are various fields of topics in OpenFOAM software, such as incompressible, 
compressible, turbulent and multiphase flows, and so on. This software has also the grid-based and 
particle-based methods. Because of its suitability for grid-based discretization approach with respect 
to the droplet impact, we adopt the multiphase flows with free surfaces by VOF method [11] in the 
OpenFOAM®v7. In addition to Eqs. (1) and (2) as the VOF approach, we consider the following 
transport equation for multi-phase systems  
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∇ ∙ (𝜕𝜕𝒖𝒖) + ∇ ∙ [(1 − 𝜕𝜕)𝜕𝜕𝒖𝒖𝑠𝑠] = 0                                       𝑖𝑖𝑖𝑖 ℑ × Ω                                             (3) 

where α is the phase fraction, and 𝒖𝒖𝑠𝑠 is the relative velocity vector for the multi-phase fluid flows. 
The CSF (Continuous Surface Force) model involving the curvature calculation is used for the surface 
tension,   𝒇𝒇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = σκ∇α , in which σ is the surface tension coefficient, and κ denotes the curvature 
of the interface. 

The computational domain constrained by the boundary conditions is 30mm×30mm×60mm 
with 6,750,000 grid-cells as shown in Fig. 2. In the numerical simulation, the droplet and the target 
liquid surrounding by air are configured by means of the same liquid (milk) as the experimental study 
(see Tables 1 and 2).  

                          
(a) Computational domain and boundary conditions          (b) Grid-cells representation 

Figure 2: Configuration of computational approach 
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Table 2: Summary of gas(air)-phase parameters 

Density,  𝜌𝜌𝑔𝑔(𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ) 
Dynamic viscosity, 𝜈𝜈𝑔𝑔 (𝑃𝑃𝑃𝑃 ∙ 𝜇𝜇) 

1.0 
1.51 × 10−5 

3.3 Computational Results and Comparisons with Experimental data 
Fig.3 shows the qualitative comparison of the computational and experimental images of time 

sequences after a droplet impinging onto a liquid surface. As you can see from these images, the 
dynamic behaviors such as crown-like formation, central jet, so-called Worthington jet, and multiple 
(i.e., four) secondary droplets are obtained experimentally and also computationally for high Weber 
number. The qualitative consistency of both approaches appears satisfactorily.  

    

 
(a) Computational results 

    

 
(b) Experimental results 

Figure 3: Qualitative comparison of the computational and experimental images of time sequences 
after a droplet impact (𝑊𝑊𝑊𝑊 = 654.03,𝑣𝑣0 = 3.13𝑚𝑚 𝜇𝜇⁄ ,ℎ = 6.0𝑚𝑚𝑚𝑚 ) 

4 Conclusions 
We have presented experimentally and computationally the dynamic behaviors after a droplet 

impact onto a liquid surface. The dynamic behaviors after a droplet impact were experimentally 
recorded using a high-speed camera with appropriate resolution and exposure time. As the 
computational approach, we have adopted the VOF solver in the OpenFOAM of the open-source 
CFD software. The agreement between the computational and the experimental approaches appears 
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qualitatively satisfactory. 
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