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Abstract. The electrocoalescence of a water drop at the water-oil interface was numerically 
analyzed using the finite element method by solving a set of equations including hydrodynamics 
and electrostatics. The simulation was performed using COMSOL Multiphysics software, the 
interface movement was implemented using an arbitrary Lagrangian-Eulerian method (also 
called the moving-mesh method).  The influence of the initial distance from the drop to the layer, 
as well as the size of the entire domain on the outcome of the process was studied. The electrical 
coalescence and non-coalescence of a single uncharged droplet with a layer under the action of 
the DC field were calculated in a wide range of electric field strength. The created computer 
model makes it possible to calculate the voltage dependence of the detached droplet volume and 
charge. Also, it can help to determine features of non-coalescence, including the stretching of 
the droplet along the interelectrode gap and spraying.  

1.  Introduction 
Mathematical modeling of electrohydrodynamical phenomena in two-phase immiscible liquids is a 
complicated multiphysics problem. Over the past few years, there has been a rapid development of the 
corresponding numerical models [1-3] but the solution of many problems is still unavailable for most 
researchers. In particular, the computation of the electrocoalescence processes between a drop 
suspended in oil and a layer of water is an underinvestigated problem, whereas this type of interaction 
is realized in many electrocoalescers [4]. This study concerns the features of modeling the corresponding 
process based on the Lagrangian-Eulerian method [5-7] (also referred to as the moving-mesh one). The 
possibility of using this approach to calculate electrical coalescence process for a two-drop system has 
only recently been proved [8]. A feature of the calculation of the problem by this method is the manual 
construction or tearing of bridge connecting volumes of liquids when there are prerequisites for a change 
in topology. 

The dehydration procedure in the case of a "drop-layer" interaction is a process, in which many water 
droplets of various sizes located in an oil medium settle to the bottom of the coalescer under the action 
of gravity, as well as under the action of forces from an external electric field. A layer of water forms at 
the bottom of the device, which participates in the process of droplet coalescence. The presence of an 
electric field in the system is due to the presence of a high-voltage electrode, which is necessary to 
combine droplets into larger ones. In addition, in such systems, electric fields can be specially used to 
accelerate the film thinning process [9]. In this paper, we consider only a single drop settling on a layer 
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of water. As proof of the reliability of the developed model, the interaction of a drop with a layer of 
water at various external electric field strengths was compared with experimental works. 

2.  Model description 

All simulations in this article were performed using COMSOL Multiphysics software version 5.4.  The 
droplet-layer system consists of 3 parts: a spherical drop, the liquid surrounding it—oil, and a layer of 
water at the bottom of the system (figure 1). The problem has axial symmetry. For definiteness, we 
assume that the simulated volume of the fluid has the shape of a cylinder. The use of symmetry allows 
to reduce the calculation time as well as the cost of RAM. 

 
Figure 1. Geometry and boundary conditions of the problem. 

 
Hydrodynamics is calculated in all domains of the model. The following hydrodynamic equations 

were used: the Navier-Stokes equation for the incompressible isothermal fluid (1), which includes 
gravity force, as well as the continuity equation for an incompressible fluid (2). In the case when the 
permittivity and conductivity of one medium (in this case water) significantly exceeds the permittivity 
of another medium (oil), it can be assumed that the first medium is the conductor [10]. If a charge 
emerges in such a system, for example, when an electric field is turned on, then it will be distributed 
strictly along the boundary of the conducting medium. Thus, the field inside will be practically absent. 
Consequently, the equation of electrostatics (3) can be solved only in the domain with oil. 

 

ߩ
߲࢜
ݐ߲

 + ࢜(ߘ࢜)ߩ  = ܲߘ−  + ࢜∆ߤ + ࢍߩ (1)

࢜ ݒ݅݀ =  0 (2)
(ࡱ଴ߝߝ)ݒ݅݀ =  0 (3)

= ࡱ ܸߘ−  (4)

 

Here ߩ is the liquid density, ߭⃗ is the velocity vector, ݐ is the time, P is the pressure, ݃ is the free-fall 
acceleration, ߬ is the Maxwell relaxation time, ߪ is the medium electrical conductivity, ࡱ is the electric 
field strength, V is the electric field potential, and μ is the dynamic viscosity. 
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Table 1. Boundary conditions. 
Boundary condition Numeration Mathematical form Symbols meaning 

Electrostatics    
Axial symmetry, zero 

charge 1 ࡱ ∙ ࢔ =  is the normal to the surface ࢔ 0

HV electrode 
potential 2 V =   ݐݏ݊݋ܿ

Floating potential 3 V = ,ݐݏ݊݋ܿ න ࡱ) ∙ ܵ݀(࢔
డஐ

= ܳ = 0 Ω is the integration surface 

LV electrode 
potential 4 V = 0  

Hydrodynamics    
Axial symmetry for 

velocity 5 ࢜ ∙ ࢔ = 0  

No slip 6 ࢜ = 0  

Navier slip 7 
࢔ࡷ − ࢔ࡷ) ∙ ࢔(࢔ = −

ߤ
ߚ

࢜) − ࢜) ∙  (࢔(࢔

࢔ࡷ = ݒ∇)ߤ +  ࢔(்(ݒ∇)
 

Fluid-fluid interface 8 
࢔ ∙ ૚࢖) − (૛࢖ = ࢔௘݌− + ௧∇)ߛ ∙ ࢔(࢔ − ∇௧ߛ 

௘݌ =
1
2 ௡ܧ଴ߝߝ

ଶ 
,૚࢖  ૛ are pressure inside and outside the࢖

droplet, ݌௘ is the electrostatic pressure 

Moving mesh    
Fixed boundary 9 ࢜௠௘௦௛ =  ௠௘௦௛ is the velocity of mesh nodes࢜ 0

Symmetry/Roller 10 ࢜௠௘௦௛ ∙ ࢔ = 0  
 
The boundary conditions used in the model are shown in figure 1, and are also listed in table 1.  In 

the case when the dielectric permittivity of the droplet significantly exceeds the dielectric permittivity 
of the medium located, it is possible to represent the boundary of the droplet as an equipotential surface 
[10]. Therefore, an equipotential condition 3 was set at the interface between the drop and the oil, which 
allows to fix the total charge on the drop. Also, this condition allows to change the potential value 
depending on the position of the drop relative to the electrodes. The interface condition 8 was set at the 
interface of oil and water phases, which takes into account the surface tension force ܨ௦௧  =  where) ܪߛ2 
γ is the interfacial tension, ܪ is the mean curvature of the surface), as well as the electrostatic pressure 
௙௥ࡲ ௘. Navier slip condition 7 was set on the right wall, which allows include the friction force݌ =
− ఓ

ఉ
 is the tangential component of the velocity of the liquid on the wall, β is the ࢍ࢔ࢇ࢚࢜ where) ࢍ࢔ࢇ࢚࢜

coefficient having the meaning of the distance measured from the wall at which the velocity of the 
medium is zero). The need to use the “Navier slip” condition instead of the standard “No slip” arises 
from the fact that in COMSOL this is the only way the position of the right point of the layer boundary 
can move along the z axis (in case of moving mesh method). When the droplet and layer merge, the 
water level should rise, which leads to a shift of layer surface, including the rightmost point. It was 
found that fixing this point leads to a sharp increase of pressure in this area, which affects the stability 
of the solution. 

The surface of the layer was fixed in such way that at any time it was perpendicular to the vessel 
wall. The perpendicularity of the layer boundary to the left wall is natural due to axial symmetry, but in 
order to fulfill the condition of perpendicularity on the right wall, it is necessary to choose a sufficiently 
large radial size of the model. Otherwise, an incorrect value of the angle between the wall and the layer 
leads to significant distortions of the line geometry of the layer. 

The arbitrary Lagrangian-Eulerian (ALE) method was used to describe the motion of the phase 
boundaries. This method tracks the position of the boundary by moving the geometry line separating the 
two phases, and, as a consequence, the finite element mesh. In this method, the mesh elements locate 
along the boundary separating the phases (figure 2) and shifts with the geometry line. The equality of 
the velocities of both phases is set as boundary conditions on the interface surfaces, which ensures their 
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synchronous movement. The most optimal mesh build is achieved by splitting the drop boundary (radius 
1 mm.) into 200 elements, the number of elements on the layer boundary is 500 (element ratio is 20), 
while the error in mesh convergence does not exceed 0.5%. The maximum size of the element inside 
the domains is 1 mm, with a maximum relative growth coefficient of 1.2. Also, quadratic geometry 
shape order is used in the model. 

 

Figure 2. An example of a constructed mesh in the ALE method (on the left—a 
grid in the entire drop, on the right—an enlarged image near the interface area). 

 
The ALE method allows to track the movement and deformation of the geometry line, but it is not 

suitable for describing problems with a changing topology. To calculate such problems, it is necessary 
to modify the method. The problem divides into 3 stages. At the first stage, the calculation of drowning 
a drop is performed until the distance between the surface of the drop and the layer becomes less than 
critical [11]. At the second stage, a manual construction of a bridge between two volumes of water is 
performed (figure 3). At stage 3, the problem is calculated with the geometry taken from stage 2 and 
modified boundary conditions (after the drop touches the layer, the surface of the drop and the layer 
have the same potential equal to 0). The initial distributions of the calculated values are taken from step 
1. After that, the calculation continues until the drop is detached from the layer or until it is completely 
merged with the layer. It should be noted that at the stage 2 increased values of velocity and pressure 
gradients occur in the area near the bridge, so the mesh settings from the first stage are not suitable for 
the third stage. The boundary of the layer before the bridge was chosen to divide into 1000 elements 
with the element ratio of 80. The minimum size of the drop element was chosen to be 0.5 µm, the 
maximum 10 µm. The maximum size of the water domain element has been reduced by 4 times 
compared to the oil domain. This had to be done since the most intense fluid movement occurs in this 
area. Additionally, a point on the axis was created, it located at the same level with the surface of the 
layer. The element size was set on the line connecting this point and the tip of the drop: the maximum 
is 50 µm, the minimum is 1 µm. Conditions are also imposed on the bridge: the maximum element is 
10 µm, the minimum is 0.5 µm, the maximum growth rate is 1.001. An example of the constructed mesh 
is shown in figure 3. 

 

Figure 3. An example of a constructed bridge. A grid for calculating the 3d stage of the problem is 
demonstrated on the right-hand side. 
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The initial distance from the drop to the layer was chosen to be greater than 1 drop radius. According 
to figure 4, the average velocity of the drop at the moment of touch does not depend on the selected 
distance between drop and the layer (the height). Moreover, the distributions of the calculated values of 
velocity and potential are also identical, as shown in figure 5. At the beginning of its path, the drop 
accelerates mainly under the influence of gravity, as a result of which we observe an increase in speed. 
Then the drop begins to slow down due to the viscous friction forces, as well as due to the fact that it 
has to push the layers of oil at going to the bottom. When approaching the layer, the Coulomb forces 
begin to prevail, the drop starts to accelerate, while the area near the bridge acquires the maximum speed 
(figure 5). 

  

Figure 4. Dependences of the average drop velocity on time. Different colors indicate different initial 
height of the drop above the layer. R = 1 mm, E = 1 kV/cm (on the left) and E = 2 kV/cm (on the right). 

 

 

Figure 5. Contour plot of the velocity at the moment before 
drop touched the layer. Presented on the left part of the 
figure is a drop drowning from a height of 2 mm above the 
layer, whereas on the right—a drop drowning from a height 
of 8 mm. 

3.  Results 
The simulation was performed for olive oil with the characteristics: density ρ = 910 kg/m3, dynamic 
viscosity 0.065 = ߟ Pa ∙ s, relative permittivity 2.85 = ߝ. Water was taken as the drop and the layer 
material ρ = 1000 kg/m3, 0.001 = ߟ Pa ∙ s. The interfacial tension between water and oil is equal to ߛ = 
0.016 N/m. 

As a result of the simulation, three possible outcomes were obtained: complete coalescence, partial 
coalescence and stretching along the interelectrode gap. The outcome of coalescence depends only on 
the value of the applied electric field strength. At low electric field strengths (less than 1.2 kV/cm), a 
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complete union of a drop with a layer (coalescence) was observed. In this mode, the Coulomb forces are 
small enough compared to the surface tension force to tear the drop off the water surface, so their fusion 
occurs as shown in figure 6 (a). As the tension increases, the Coulomb forces also increase. Therefore, 
when the threshold (1.2 ± 0.1) kV/cm is crossed, a daughter drop begins to separate from the layer 
(figure 6 (b), (c)), the volume of which is proportional to the applied field (the characteristic dependence 
of the radius of the daughter drop on the applied electric field is shown in figure 7). At electric field 
strengths above E = (3.3 ± 0.1) kV/cm, the process of stretching along the interelectrode gap was 
observed. This process is characterized by the fact that the tip of the droplet acquires a high velocity 
directed to the upper electrode (the arrows in figure 8 show the direction of fluid velocity), while the 
bridge narrows much slower than in the case of partial coalescence.  This process may be accompanied 
by a sharpening of the tip of the drop due to its upward movement. This sharpening leads to the fact that 
the electric field intensity increases (figure 8) and, as a result, the formation of a small drop begins to 
occur, which can separate from the main one. Thus, in addition to the potential closure of the 
interelectrode gap, this case is dangerous because the average volume of droplets in the emulsion 
decreases. This mode is shown in figure 6 (c). It is worth noting that the threshold of transition to 
spraying appears at the moment when the volume of the daughter drop is almost equal to the initial 
volume of the drop, as can be seen from figure 7. 

 

 
Figure 6. (a) Example of coalescence (E = 1 kV/cm, R = 1 mm, not the final moment of calculation). 
(b) Example of partial coalescence (E = 1.6 kV/cm, R = 1 mm). (c) Example of partial coalescence (E = 
3 kV/cm, R = 1 mm). (d) Example of stretching along the interelectrode gap (E = 3.6 kV/cm, R = 1 mm). 
The green circle marks the position of the bridge surface at the end of the calculation. 

 
It was found that the thinning of the bridge can occur both in the area of the bridge itself and above 

it, and the lower the applied voltage, the higher the narrowing area shifts (figures 6 (b)–(d)). 
The three modes obtained were observed in a several experimental studies [3,9,12]. The dependence 

in figure 7 agrees well with the experimental data [9].  
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Figure 7 The dependence of the radius 
(volume was converted into radius) of the 
daughter drop on the average electric field 
strength, R = 1 mm. 

 
Figure 8. Contour graph of the electric field strength. The electric field 
strength is increased in the area above the drop. Arrows indicate velocity 
vectors, white lines - streamlines. Droplet moves to the HV electrode. E = 
3.5 kV/cm, R = 1 mm. 

4.  Conclusion 
The numerical model allows one to obtain all the outcomes previously described in experimental 
studies—complete and partial coalescence and non-coalescence. In the case of partial coalescence, the 
location of droplet separation from the layer does not always correspond to that of the initial water bridge 
and depends on the electric field strength. The created computer model makes it possible to calculate 
the voltage dependence of the detached droplet volume and charge. Also, it can help to determine 
features of non-coalescence, including the stretching of the droplet along the interelectrode gap and 
spraying.  
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