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Abstract 

The present paper presents a numerical simulation of a water droplet falling under a constant velocity onto a liquid pool. The 

governing equations are solved using the control volume approach on a non-staggered grid system. The topological changes of 

the liquid droplet and the liquid surface are predicted by means of the level set method. The obtained results showed that the 

numerical method developed is capable to predict the resulting dynamics of such complex phenomenon in a simplified and 

accurate way. The remarkable capability of the developed numerical method in predicting two-phase flow dynamics enables us 

to predict further a wide range of two-phase flow industrial and engineering applications. 
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1. Introduction 

Two phase flow are encountered in a wide range of industrial 

as well as engineering applications, e.g. bubble and droplet 

dynamics [1], atomization and spray of liquid jet [2], and 

other multiphase flow systems [3]. Due to the importance of 

droplet dynamics in most of two-phase flow systems, there is 

an increased attention being given for the prediction of 

deformation and disintegration of droplets either numerically, 

analytically or experimentally. It is well known that the 

combustion efficiency in diesel engines, gas turbine engines, 

oil burners and liquid rockets is strongly dependent on liquid 

fuels atomization process [4]. 

Consequently, two-phase flow remains a challenging topic of 

research [5] due to the existence of interfacial surface force 

such as surface tension and shear stress. Such stresses usually 

interact with other mechanisms, such as surface instabilities, 

ligament formation, stretching and fragmentation to 

transform large scale coherent liquid structures into small 

scale droplets [6]. 

The numerical simulations of the two-phase dynamics are 

scarcely due its computational challenges [7, 8]. Although 

drops seldom occur in isolation, it is essential to understand 

the behavior of single and binary droplets before a full 

knowledge on interacting can be achieved. Disturbances, 

which cause disintegration of drops, include: rapid 

acceleration and high shear stresses. 

Although several papers have recently reported experimental 

efforts to understand the physics of the droplet deformation, 

disintegration and its related dynamics in two-phase flow, 

however, experimental measurements and the observation of 

dense and small region with high spatial-temporal resolution 

in such applications have been difficult [9]. 

In the numerical simulation of droplet dynamics, it has been 

difficult to predict the physical processes occurred due to the 

requirement of high resolution, especially for high Weber and 

Reynolds number. The severe resolution required in such 

simulation is essentially in order to resolve the important role 
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played by surface tension in ligament and drop formation. 

Consequently, in order to obtain an insight in such dynamics, 

the numerical treatments of such processes are carried out in 

a number of sequential steps starting from the investigation 

of the surface instability that leads to droplet deformation 

followed by ligament formation and drop separation from a 

single ligament till the secondary break-up of liquid droplets. 

More recently, carefully executed simulations in such context 

can virtually replace experiments. In general, the numerical 

predictions of droplet dynamics have been limited in 

accuracy partly by the performance of three key elements, 

viz.: development of the computational algorithm, interface 

tracking methods, and turbulence prediction models. 

During the last decade, a variety of computational fluid 

dynamics techniques have been developed to study two-

phase flow dynamics. A comprehensive review of the 

numerical models applied for two-phase flow up to 1996 can 

be found in [10]. More extended review up to 2010 for the 

atomization process and its related dynamics can be found in 

[11]. 

Usually, in the numerical simulation of two-phase flows, the 

Navier-Stokes equations are coupled to one of the available 

tracking methods in order to predict the complex topological 

changes of the phase interface, see for more details [12, 13]. 

Given examples for such tracking methods, Volume-Of-Fluid 

(VOF) method [14] and Level Set Method (LSM) [15] are 

the most popular interface capturing methods. Although the 

VOF method has been widely applied for predicting different 

complex two-phase flows, it suffers from several numerical 

problems such as interface reconstruction algorithms and the 

difficult calculation of the interface curvature [16]. These 

numerical problems can, in particular, limit the accuracy and 

the stability of the numerical method adopted for calculation 

of two-phase flows, especially when the surface tension is 

included. A comprehensive review for the different VOF 

methods and their numerical constraints can be found in [17]. 

In contrast to the VOF methods, the level set methods offer 

highly robust and accurate numerical technique for capturing 

the complex topological changes of moving interfaces under 

complex motions. The basic idea of LSM is the use of a 

continuous, scalar and implicit function defined over the 

whole computational domain with its zero value is located on 

the interface. The LSM divides the domain into grid points 

that contain the value of the scalar function; therefore, there 

is an entire family of contours. The interface is then 

described as a signed distance function at any time and, 

consequently, the geometric properties of the highly 

complicated interfaces are calculated directly from level set 

function. Moreover, the complex topological changes of 

interfaces such as merging and breaking-up are handled 

automatically in a quite natural way without any additional 

procedure. In addition, the extension of the LSM to three-

dimensional problems is easy and straightforward. 

Referring to the previous discussion, the LSMs have seen 

tremendously in different CFD-applications of diverse areas, 

e.g. two-phase flows, turbulent atomization, grid generation 

and turbulent combustion [18]. However, the LSMs suffer 

from numerical diffusion which may cause a smoothing out 

of sharp edges of interface. The level set function is usually 

evolved by a simple Eulerian scheme and, consequently, the 

final implementation of LSM does not provide full volume 

conservation, so highly accurate transport schemes are 

required. In our previous work [19-27], a new technique for 

solving the level set equation has been developed and 

validated by performing a number of challenge test cases. 

The problem under consideration is extensively reviewed in 

[28], where the different regimes encountered in the 

impinging process of a droplet on a liquid surface is 

numerically investigated. A regime map is established for 

Weber numbers ranging from 50 to 300 and Froude numbers 

from 25 to 600. However, in the present numerical simulation 

we consider the Weber number, We=300 and the Froud 

number equals zero. 

2. Governing Equations 

The problem under consideration can be shown in Fig.1, 

where a free droplet falls with an initial velocity onto a liquid 

pool, initially with a specified length L and a water height H. 

The diameter of the droplet is denoted by D, where the 

distance between the droplet and the water surface is given 

by Hd. 

 

Figure 1. The configuration domain of falling droplet onto liquid pool. 

The governing equations for incompressible two-phase flow 

are mathematically expressed by the conservation equations 
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of the mass and momentum at each point of the flow field. 

These equations can be written in the primitive variables 

formulation in form of continuity equation and Navier-Stokes 

equations, respectively, as follows: 

u 0
i

∇ ⋅ =                                             (1) 

                 (2) 

where ρ, u, p, µ are the density, velocity vector, pressure and 

viscosity of the fluid. The subscript i denotes the liquid phase 

(i=1) and the gas phase (i=2), respectively. It is known that, 

for two–phase flows, the pressure and velocity field inside 

the droplet are caused by the external gas stresses in the 

tangential and normal directions. Therefore, the dynamic 

balance between both phases can be obtained by solving the 

complete set of the governing equations in the gas phase for 

the velocity and pressure around the droplet surface and 

using these values as boundary conditions for solving the 

interior droplet phase to specify the exact level of pressure 

and velocity components inside the droplets. The obtained 

normal velocity component at the droplet interface is then 

used to obtain the topological changes and deformation of the 

droplet surface via the level set method. 

The fact that there is no pressure transport equation 

necessitates the consideration of the continuity equation as a 

means to obtain the correct pressure field. This is done by a 

proper coupling between the pressure and velocity field 

through the Poisson equation for pressure: 

                     (3) 

The Poisson equation is solved by means of the Successive 

Over-Relaxation method in each phase to obtain the pressure 

level inside the considered phase. 

In our algorithm, the implicit fractional step-non iterative 

method is applied to obtain the velocity and pressure filed by 

presuming that the velocity field reaches its final value in two 

stages; that means in each phase the following algorithm is 

applied: 

                                      (4) 

where by,  is an imperfect velocity field based on a 

guessed pressure field, and  is the corresponding velocity 

correction. Firstly, the 'starred' velocity will result from the 

solution of the momentum equations. The second stage is the 

solution of Poisson equation for the pressure: 

                                     (5) 

where  will be called the pressure correction. Once this 

equation is solved, one gets the appropriate pressure 

correction, and consequently, the velocity correction is 

obtained according to: 

                                     (6) 

This fractional step method described above ensures the 

proper velocity-pressure coupling for incompressible flow 

fields, see for more details [27]. 

3. Level Set Method 

Generally, the numerical simulations of two-phase flow could 

become quite challenging problem and face significant 

difficulties. In particular, an accurate tracking of complex 

interfaces, where large deformations and inter-penetration of 

phases occur, is required. In addition, the basis of improving 

such numerical simulations lies in satisfying the interface- 

normal and tangential stress boundary conditions more 

accurately. 

In order to describe the complex topological changes of the 

interface separating the two phases with an elegant, robust 

and efficient method, the level set approach is applied. Since 

the original work of the level set method introduced in [8], a 

large amount of bibliography on this subject has been 

published and several types of problems have been tackled 

with this method; for instance one can see the cited review 

[11, 12] and the more recent developments of the level set 

method [27]. 

In the formulation of the level set, a smooth function φ is 

typically initialized as a signed distance function from the 

interface, i.e., its value at any point is the distance from the 

nearest point on the interface and its sign is positive on one 

side and negative on the other. Let us set φ as positive in 

liquid and negative in gas. The location of the interface is 

then given by the zero level set of the function φ. In absence 

of the interfacial mass transfer such as evaporation or 

condensation, the equation of the level set method can be 

written as: 

                           (7) 

From the level set function, the normal vector and the 

interface curvature can be calculated as: 

                                 (8) 

It should be pointed out that, the curvature of the interface is 
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calculated only on the main grid points. However, the exact 

curvature should be calculated at the interfacial markers 

located on the intersection points of the computational grid 

with the interface. Consequently, the interpolation scheme 

applied for obtaining the fluid variables at the interface is 

also applied for calculating the interfacial curvature, for more 

details one can see [27] 

By projecting the velocity vector onto the direction normal to 

the interface, and by using the definition of the normal vector 

described above, the level set equation becomes 

                               (9) 

A variety of methodologies have been proposed for solving 

the above advection equation of the level set function. One of 

the most recently developed numerical methods is proposed 

in [27]. In this method the normal velocity Vn in Eq. (15) is 

replaced by some velocity field Fext known as the extension 

velocity, which at the zero level set Γ, equals the given speed 

Vn. In other words, the level set equation can be written as:  

                                (10) 

where, 

                                     (11) 

The present time-stepping procedure applied for the level set 

equation is based on the second-order Runge-Kutta method. 

An important step in the solution algorithm of the level set 

function is to maintain the level set function as a distance 

function within the two fluids at all times, especially near the 

interface region, i.e. the Eikonal equation, , should 

be satisfied in the computational domain. That can be 

achieved each time step by applying the re-initialization 

algorithm described in [8] for a specified small number of 

iterations. 

4. Result and Discussions 

Figure 2 shows important dynamics of the considered 

problem of droplet falling onto a liquid pool. It can be seen 

that as the droplet approaches the liquid surface, both of the 

droplet and the liquid surface are deformed.  The deformation 

is continued after the impact process until the droplet is 

completely falls inside the liquid pool. The water surface 

forms a nearly sinusoidal waveform. After that, the water 

surface continues deformation until it reaches to the flat 

interface form due to the existence of the surface tension 

force. 

Figure 3, shows the velocity vectors plot at later stage of the 

deformation process of the water surface where it can be seen 

the existence of different recirculation zones outside and 

inside the liquid surface. The recirculation zones are 

responsible for the final deformation of the water surface. 

 

Figure 2. The predicted dynamics of falling droplet onto liquid pool. 

 

Figure 3. Velocity vectors in both phases after impact process. 

After completion of the impact process, the water surface 

increases with a small amount according to the additional 

mass of the impact droplet. This can be seen in Fig. 4., where 

the height of the initial water surface increases with a 

specified height according to the mass of the initial droplet. 

The most important parameter during the present numerical 

simulation is the mass lost from the droplet and the water 

surface due to the numerical diffusion error. This parameter 

controls the accuracy of the numerical simulation of two-

phase flow, especially, when a level set method is applied for 

tracking the moving interface. Figure 5 shows the transient 

mass of the droplet in addition to the water quantity made 
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dimensionless by the initial mass. The figure shows that the 

mass lost is about 0.01 of the initial mass during the complete 

numerical simulation and that can be considered in the 

accepted range of the numerical errors. 

 

Figure 4. Comparison of the initial and final water surface level. 

 

Figure 5. The loss of droplet mass during the numerical simulation. 

5. Conclusions 

In the present paper, one of the most important problems of 

two-phase flow is numerically simulated; namely, the falling 

of a single droplet onto liquid pool under zero gravity 

conditions. The governing equations are solved by the 

control volume approach while the moving interfaces are 

tracked with the level set method. The numerical results 

showed a remarkable accuracy of the developed numerical 

method. That can be extended further to include much more 

complex geometries of two-phase flow applications. 
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