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ESSAY
Report  P.58., fig 24., table 1., appendices 5., sources 10
DISPERSE SYSTEMS, LIQUID DROP, ELECTROMAGNETIC FIELD, MATHEMATICAL, COMPUTER, SIMULATION, CALCULATION DOMAIN, DYNAMICS OF THE EMULSION SYSTEM
 The object of the research is to study the features of the behavior of individual drops of one viscous liquid in another under the influence of various physical fields (electromagnetic forces). 
The purpose of the research work is theoretical and numerical study of the dynamics of dispersed systems and the development of new methods for their study. The goal of research and development in accordance with the 2020 calendar plan is:  Study of the dynamics of drops in an electromagnetic field; Numerical study of the dynamics of one and several drops under the influence of an electromagnetic field;  Numerical modeling and study of the influence of non-stationary and inertial effects on the dynamics of drops, as well as the properties of the drop shell;  Publications of at least 2 (two) articles in peer-reviewed foreign publications in the Web of Science or Scopus databases, as well as at least 2 (two) publications in foreign and domestic scientific journals with a non-zero impact factor; 
Research methods are theoretical studies using empirical data, numerical experiments, calculations and comparative analysis.
   Results: A mathematical model of the dynamics of one drop in an electric field has been built; A software product for the dynamics of one drop under the influence of an electromagnetic field was developed; A computer model of the dynamics of one drop under the action of an electromagnetic field was created on the basis of the COMSOL Multiphysics software module; A mathematical model of the dynamics of two and several drops under the influence of an electromagnetic field has been built; The results of numerical studies of the dynamics of one and several drops under the influence of an electromagnetic field have been obtained. The influence of unsteady and inertial effects on the droplet dynamics, as well as the properties of the droplet shell, is studied.
Field of application - technologies for separation of water-oil emulsion in apparatuses of petrochemical industries; in microfluidic devices in pharmacology, biochemistry and medicine; when preparing oil for transportation.
Economic efficiency - not provided.
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INTRODUCTION
The theoretical and experimental study of the behavior of individual drops of one viscous liquid in another under the influence of various physical fields (thermal, acoustic, electromagnetic) is of great importance in solving technological problems in different industries. A huge number of scientists from all over the world have been and are engaged in research on various aspects of this problem and have contributed to the solution of the problem [1-4].               In theoretical works, a variety of mathematical models are proposed for modeling the process of the effect of an electric field on emulsion droplets: from the simplest ones based on nonlinear algebraic equations to the most complex ones, which are systems of partial differential equations with a set of empirical closing relations. The range of applicability of each of the models is limited by certain conditions, and therefore the problem of choosing a model that will adequately describe the physical process under consideration arises. The second problem is that it is impossible to get the result manually without using a computer. Thus, the development of computer programs that, using modern numerical methods, will solve the equations of a mathematical model (algebraic or differential), visualize the solutions obtained, and, as a result, will contribute to the automation of the process of numerical modeling, is of particular importance.
In 2018, a broad review of scientific literature and analysis of the project topic was carried out. The physical mechanisms of the effect of an electromagnetic field on emulsions and individual droplets, namely the effect of a constant and alternating electric field on the dynamics of a droplet and emulsion, have been studied. An electrohydrodynamic mathematical model of a "complex" deformable drop in an external alternating electric field is constructed. It is shown that the program code created on the basis of the Volume of Fluid method adequately simulates the position of the interface. The analysis of the linear stability of a family of solutions arising from the perturbation of a sphere of radius R (which is an equilibrium solution) is carried out. As a result of the work, it can be noted that the stability of a drop depends on the values ​​of charge, volume, surface tension and viscosity, as well as on the shape of the drop.
In 2019, within the framework of the project, a numerical algorithm was developed and a software product was created to solve the problem of modeling the dynamics of "classical" and "complex" deformable drops under the influence of an electromagnetic field. The results are obtained and the analysis of the oscillation of a drop of water in air under the influence of an electric field is carried out; the most intense fluctuations occur at large times; the drop enters into resonance gradually; in the process of oscillations, the drop practically takes on its original shape, and the period of oscillations is approximately equal to τ≈0.0165 s; the period of droplet oscillations decreases with time; there is a tendency for the drop to flatten over long times, however, due to surface tension, the drop continues to fluctuate; it is determined at what parameters of the system the droplets will be destroyed. By means of numerical simulation, it was found that the drop begins to disintegrate over time only when the amplitude increases by two orders of magnitude.
In 2020, work continued on studying the dynamics of one and several drops under the influence of an electromagnetic field. The influence of unsteady and inertial effects on the droplet dynamics, as well as the properties of the droplet shell, is studied.
The main result of the work is the development of the following complete software products with a developed user interface and visualization tools and allowing to simulate the behavior of dispersed phase drops under the action of an electric field; determine the distribution of the electrostatic potential, both in the drop and in the environment, and also determine the electric field strength at each point of the considered area.  An algorithm for the numerical solution of the problem of the motion of two or more drops in an electric field has been developed and a computer program has been created that implements this algorithm. Numerical simulation was used to study the behavior of several drops (a cluster of drops) in an electric field for different physical parameters of the material of the drops and the environment, as well as for different initial distributions of drops and the electric field strength.  It is shown that emulsion droplets distributed in space, which are initially at rest, begin to move under the action of an electric field, and after a certain time (relaxation time) a new stationary droplet structure is formed. The resulting structures, depending on the parameters of the medium and the field, are either threadlike formations of drops oriented in the direction of the electric field, or separate chains of drops that form larger clusters. In addition, the type of structures formed also depends on the type of the selected dependence, which expresses the repulsive force between the drops. The obtained numerical results are in qualitative agreement with the known experimental data.









MAIN PART
[bookmark: _Toc21897193]1   Mathematical modeling of the electric field strength near the drop
An emulsion is considered, consisting of spherical drops of one viscous incompressible liquid, distributed in the volume of another viscous incompressible liquid, immiscible with the first. Both liquids are considered dielectric. The emulsion is placed between two electrodes creating an electric field (Figure 1.1). The aim of the study is to study the behavior of dispersed phase droplets under the action of an electric field.
[image: ]
Figure 1.1 - Emulsion in an electric field

1.1  Electric field strength
The motion of an electric field, which can be described by the Laplace equation, is often encountered in problems related to determining the potential of various stationary fields. In particular, the problems of determining the temperature field, electric potential, elastic stresses and deformations are related to solving the Laplace equation. For the two-dimensional case, the Laplace operator ,  and the distribution of the electric potential in the emulsion is first written in the polar coordinate system.  Produced, replacement of Cartesian coordinates x and y to the coordinates r and φ from the formulas  We obtain the Laplace operator in polar coordinates:
                                                                              (1.1)
The last expression is very often convenient to write in the following form: 
                                                                                                         (1.2)
In the three-dimensional case, the polar coordinates r, φ, z are related to the Cartesian relations:     The function u (x, y, z) is transformed . Where the third variable in z does not change, and for the two-dimensional Laplace operator in polar coordinates, only the second derivative in the z coordinate is added: 
                                                                                               (1.3)
The distribution of the electric potential in the emulsion is described by the Laplace equation [5]
	

	(1.4)

	with boundary conditions on the droplet surface
	

	
	

	

	     (1.5)

	and on the surface of the electrodes
	
          .
	                       



	      (1.6)


In equations (1.4) - (1.6):
  φ - electrostatic potential,

  - relative permittivity (subscripts "d" and "c" refer to a drop (droplet) and a dispersion environment (continuous), respectively);


   - the distance between the electrodes, - the strength of the external electric field,

    - Is the outer normal to the droplet surface,
   φd - (droplet) electric potential in a drop,
   φc - (continuous) electric potential in the environment.
[image: ]
Figure 1.2 - Visualization of the electric potential in the drop φd and the medium 
Knowing the distribution of the electrostatic potential, it is possible to find the electric field strength at each point of the considered area
	
,
	(1.7)


calculate the components of the Maxwell stress tensor
	

	(1.8)


and calculate the force acting on the emulsion droplet from the electric field:
	
,
	(1.9)





where  – droplet surface,  – unit tensor,  –  electrical constant.

1.2  Single drop electric field
Since the drop has a spherical shape, we write the distribution of the electric potential in the emulsion in the spherical coordinate system.  For spherical coordinates     we have [6]:      где     – point distance  from the origin,   – the angle between the radius vector of the point and the axis Oz,   and   – the angle between the projection of the vector radius onto the plane O  and axis O  Here is a direct transformation of the derivatives of functions very cumbersome, we will write it down definitively:
                                    (1.10)
 Formula (1.10) is often written in the form
                                     (1.11)



For the simplest case of a single spherical droplet of radius located far from the electrodes (Figure 1.2), an exact solution of problem (1.4) - (1.5) can be obtained.  For this we use a spherical coordinate system ,  place the origin in the center of the drop. Since the problem to be solved obviously has axial symmetry, the potential will depend only on the variables  и ,  and equation (1.4) takes the form:
	
                       .                                                      
	(1.12)

	
	


We will seek a solution in the form of a product of two functions, one of which depends only on  , second only from 

.                                         (1.13)
Substituting expression (1.13) into equation (1.12) and performing some transformations, we obtain the equality

                                             (1.14)




Which will be true only if both the left and right sides of the equality are equal to some constant . That is, the right and left sides are equal, and this equality can be divided into two by equating to some constant .  Thus, we have two ordinary differential equations for finding the functions  and :
	
,
	(1.15)

	
	

	
,
	(1.16)

	
	


It is easy to check that the solution to equation (1.16) is the function
	
,
	(1.17)



and the constant on the right side takes the value .

The solution to equation (1.16) will be sought in the form of a power function :
	

	(1.18)

	
	







Substituting function (1.18) into equation (1.16) and taking into account that , to find  we get a quadratic equation , whose roots are  and . Thus, the desired solution to Eq. (1.12) has the form: 
	
      .                                      
	  (1.19)

	
	








In order for the electrostatic potential inside the droplet   at () remained limited, it is necessary to put , (since the second term will tend to infinity, this cannot be in reality, in order to correspond to reality we put  , which of course at the point =0, - stands in the denominator) i.e. the electric potential inside the drop is determined:
	
.
	(1.20)

	
	








The electric field strength far from the drop at  constant and equal .   Because the   and  , then for the potential of the electric field outside the drop  get , those
	
.
	(1.21)

	
	




To determine arbitrary constants  and  в (1.20) and (1.21) we use the boundary conditions (1.5) on the surface of the drops, which are written in the form:
	
.
	(1.22)

	
	




Equations (1.22) give a system of two linear algebraic equations to determine the constants  and , solving which we finally get:
	
,
	(1.23)

	
	

	
,
	(1.24)

	
	


where the following notation is introduced 
	
.
	(1.25)

	
	


Comparing expression (1.24) with the formula for the potential of the electric field of a point dipole with the moment, which has the form
	
,
	(1.26)


it can be seen that the field created by the drop coincides with the field of a point dipole, if the moment of the latter is taken as
	
,
	(1.27)

	
	

	
	

	1.3  Numerical simulation of the electric field strength near the drop

For numerical modeling in order to determine the distribution of the electrostatic potential near the droplet at various dielectric parameters of the medium and the droplet, as well as the strength of the external constant electric field, a software product has been developed, implemented in the algorithmic programming language Phython and using the Tkinter cross-platform graphics library. The program code is given in Appendix C.


According to the analytical solution, the electrostatic potential inside the drop  is determined by formula (1.23), and the potential of the electric field outside the drop  according to the formula (1.24).  
The results of numerical simulation using the software product described above for the distribution of the electric potential near the drop are shown in the figures 1.3 – 1.5.
  In Figure 1.3, the main window of the software product is shown. On the Entry panel (Initial Data), a line for data entry, all parameters necessary for performing numerical simulation are entered (the default value is indicated in brackets):



- initial drop radius (R = 10-3 м);  - relative dielectric constant of the environment outside the droplet ();   - relative dielectric constant of the drop ();  - accuracy of solving equations (1.23)  and (1.24)  (). 
[image: ]
	

	
	

	Figure 1.3 - The main window of the software product

After entering the initial data and clicking the "Build" button, the program produces the following results:
- graphs of the electric potential distribution near the droplet at different values of the dielectric constant of the droplet and the environment;
- the numerical values of the electric potential on each isoline take on their own color, corresponding to a certain value, and correspond to a scale of -45 to 45 of the electric potential.  
Figure 1.4 shows the characteristic dependences of the electric potential distribution in the case when the dielectric potentials for the environment and the droplet are equal  = 81,  = 3,1, respectively. In this case, when environment = 81- the dielectric potential is greater than that of the drop - = 3,1, then, due to the polarization process, the isolines are bent towards the drop.
	


[image: ]
Figure 1.4 - Isolines of the electric potential at    = 81,  = 3,1.
Figure 1.5 shows the characteristic dependences of the electric potential distribution in the case when the dielectric potentials for the environment and the droplet are equal  = 3,1 and  = 81, accordingly.
In this case, it is seen that the isolines of the electric potential flow around the drop. This is due to the fact that the dielectric conductivity of the drop = 81 greater than the dielectric constant of the environment  = 3,1.  As a result, more electric potential is formed near the drop, the polarization process increases, and the isolines of the electric potential flow around the drop.
[image: ]
Рисунок 1.5- Isolines of the electric potential at    = 3,1 ,  = 81

Figure 1.6 shows the characteristic dependences of the electric potential distribution in the case when the dielectric potentials for the environment and the droplet are equal,                    =  = 81. There is a uniform distribution of electrical potential.
[image: ] 
Рисунок 1.6 - Isolines of the electric potential at   = 3,1 ,  = 81

1.4  Computer simulation of strength in Comsol Multiphysics environment
For computer simulation of a drop in an electric field, we will use the COMSOL Multiphysics® software package [7]. Using this software module, engineers and scientists simulate physical processes, devices and various structures in all areas of engineering, manufacturing and scientific research. COMSOL Multiphysics is a dedicated, integrated modeling platform that includes steps from creating geometry, defining material properties and describing physical phenomena, to customizing the solution and post-processing, for accurate and reliable results. The process of modeling the electric field strength near a droplet using the Comsol Multiphysics software package is presented in Appendix D. The computer simulation results in the COMSOL Multiphysics software module are shown in Figures 1.7-1.8. Figure 1.6 shows the differences in the direction of the electric field strength vector .  Graph (a) is a model where the droplet has dielectric conductivity   = 81  more than the environment= 3.1. And on the graph (b) - a model where the environment has a dielectric conductivity     = 81 more than a drop  = 41.
[image: ][image: ]
                               (a)                                                             (b)                      
Figure 1.7 - Direction of electric field strength .

[image: ][image: ]
			(а)                                                           (b)
Figure 1.8 - Isolines of electric potential

Figures 1.7-1.9 show changes in electric fields, deformation of electric potential isolines. 
[image: ][image: ]
			(а)                                                             (b)
Figure 1.9 - Isolines of electric potential
As a result of the numerical experiments carried out, it can be seen that the drop affects the electric field strength if there is a large difference between the relative dielectric conductivity of the drop and the environment. If the droplet has a higher dielectric conductivity than the environment, then the electric field strength vector  will bend towards the drop and the isolines of the electric potential are deformed. With an increase in the electric field strength, the polarization of the drop increases, and the forces of dipole attraction increase in proportion to the square of the electric field strength. In the case when the environment has a higher dielectric conductivity than the drop. The direction of the electric field strength vector E will flow around the drop. The presented computer model quite accurately describes the investigated physical process. This confirms the good agreement between the results of the mathematical and computer models. 

1.5   Comparison of the results of mathematical and computer models
Figure 1.10 shows the results of the mathematical model (1.12), (1.23), (1.24). On the graph (a) - the dielectric potential of the drop  = 81 more than the environment= 3.1c.  And on the graph (b) - the dielectric potential of the environment = 81 more than a drop  =3.1.
[image: ][image: ]
			(а)  						 (б)
Figure 1.10 - Isolines of electric potential by mathematical model.

Figure 1.11 shows the results of computer simulation, where the graph (a) is the drop dielectric potential  = 81  more than the = 3.1.  And on the graph (b) - the dielectric potential of the environment  = 81 more than a drop  = 41.
[image: ][image: ]
			(а)						(а)
Figure 1.11 - Electrical potential isolines by computer model

Computer simulation in the COMSOL Multiphysics environment made it possible to create an electric field near the drop and determine the laws of the physical process. A two-phase environment - a drop (water) and an external environment (oil) - was considered, this allowed, by changing the materials of the environment and droplets, to consider in detail how an electric field reacts to a drop. 
As a result of studying the behavior of the electric field strength near the drop, mathematical and computer models of the drop in a uniform electric field were obtained. The distributions of the electric field strength near the drop are obtained. To obtain a mathematical model of the dynamics of the electric field strength near the drop, the Laplace equation was considered in spherical coordinates. The COMSOL Multiphysics software package was used for computer modeling of the task. The COMSOL Multiphysics software package made it possible to visualize the dynamics of electrical strength, both in the medium and in the drop itself, and to simulate the behavior of the drop in constant electric fields under various dielectric media. 
Preliminary numerical calculations were carried out using the developed software products for various values of the physical parameters of the drop and the environment, as well as the parameters of the electric field.  
All software products have demonstrated their performance and sufficient efficiency, the results obtained are in good agreement with physical concepts. 
Thus: a mathematical and numerical model of the electric field strength near the drop has been built; to find the electric potential, the Laplace equation was solved in a spherical coordinate system; a one-dimensional simulator (software application) has been built that allows you to arbitrarily change the physical characteristics of the process under study and obtain both graphical and quantitative distribution of the studied characteristics of the process; a computer model of the electric field strength near the drop was built using the COMSOL Multiphysics software package; results have been obtained that make it possible to understand how an electric field reacts to a drop, to find patterns that affect the electric field strength. 
Comparison of the mathematical and computer models showed satisfactory agreement of the results, therefore, the computer model in Comsol Multiphysics can be considered adequate and applicable for further use and study of the data of physical processes.
















2  Dynamics of two drops under the action of an electric field
An emulsion is considered, consisting of spherical drops of one viscous incompressible fluid, distributed in the volume of another viscous incompressible fluid, immiscible with the first. Both liquids are considered to be dielectric. The emulsion is placed between two electrodes creating an electric field (Figure 2.1).                                                                       
When considering the dynamics of two drops under the action of an electric field, it is assumed that the drop is in the form of a sphere with a radius r will be placed in an electric field with intensity , investigates how droplets will react to each other under the influence of an electric field. The initial state of a drop in an electric field is shown schematically in the figure (2.1). 
[image: ]
Figure 2.1- Initial state of a drop in an electric field

2.1  Electrostatic force between two drops


Consider two spherical emulsion droplets i and j the same diameter , the distance between which  (Figure 2.2). It is assumed that the drops do not have a significant effect on the distribution of polarization charges in them and, using the point-dipole approximation, the electrostatic force acting on i-th drop from the j-th drop can be determined by the formula:
	,
	(2.1)

	
	


where  – equivalent dipole moment of the i-th drop (determined by the formula 
, – the electric field strength of the j-th drop (calculated through the electrostatic potential of the medium from formula (1.24)), i.e.: 
 .
[image: ]
Figure 2.2 - Interaction of two emulsion drops

Substituting into formula (2.1) the expressions ,  and 
,    .
finally get:
	,
	(2.2)


	

	


When deriving formula (2.2), it was assumed that the origin of the spherical coordinate system is at the center of the i-th drop. Strictly speaking, formula (2.2) is exact only under the following conditions:
1) the dielectric constants of the environment and droplets differ insignificantly, i.e.,
2) the diameter of the droplets is much less than the distance between them, i.e.  
.
A similar formula can be obtained for the case of two spheres of different diameters  and  [8]:

	,
	(2.3)



	
	

	where    , 
	 

	
	


A qualitative analysis of formula (2.2) makes it possible to predict the nature of the motion of two drops under the action of an external electric field. 
а) If the drops are located along the electric field strength vector coinciding with the direction of the axis z  , then the vector  will be directed along the vector  and the drops will attract.
b) If the line connecting the centers of the drops is perpendicular to the intensity vector , then the direction of the vector   will be opposite to the direction of the vector    and drops will repel. 
c) n the case of an arbitrary arrangement of drops, the force    will rotate them, trying to arrange them in the direction of the intensity vector.

2.2  Mathematical model of the dynamics of an emulsion system in an electric field
Consider now an emulsion system consisting of n identical spherical droplet diameter d, placed in an external electric field. The motion of the i-th particle is described by the following equation:

	

	(2.4)

	
	




where  – radius vector of the center of the i-th drop,      – drop weight,

  – force of electrical interaction between i-th and j-th drops, 

 – repulsive force between drops, 


 – the force of the electrical interaction between the i-th drop and the electrodes,   – force of hydrodynamic resistance, 

 – repulsive force between the i-th drop and the electrode.
The force of resistance to the motion of a spherical drop in a viscous liquid is calculated by the Hadamard-Rybchinsky formula [9]:

	
.
	(2.5)

	
	


It should be noted that, when deriving formula (2.5), it is assumed that the surface tension forces are sufficiently large and the drop retains a spherical shape when moving.

If the distance  between the emulsion drops, it becomes enough, a short-acting repulsive force appears small (Figure 2.3)

	
, 
	(2.6)

	
	



where  – characteristic distance at which repulsive forces act.

[image: ]          [image: ]
a)                                                                    b)

a) between drops,  b) between a drop and an electrode
Figure 2.3 - To the definition of repulsive forces

The repulsive force between the drop and the electrode is described similarly (Figure 2.3):
	
,
	(2.7)

	
	




where  – normal vector to the electrode surface directed inward of the emulsion,  – axis coordinate of the drop center Z.

The second sum on the right-hand side of equation (2.4) describes the electrical interaction of the i-th drop with the electrode. Post strokes  mean that the force of interaction is calculated between the i-th drop and the image of the j-th drop relative to the electrode (Figure 2.4).

[image: ]

Figure 2.4- To the determination of the strength of electrical interaction
between drop and electrode.

The solution of the ordinary differential equation (2.4) with closing relations (2.2), (2.5) - (2.7) and a given initial distribution of drops will allow us to determine the dynamics of each drop in the emulsion and, thus, to simulate the dynamics of the emulsion as a whole under the action of an electric field.








3.  Computer model of the dynamics of an emulsion system in an electric field
To build a computer model and carry out numerical modeling of the dynamics of emulsion drops in an electric field, we first write expressions for the forces entering the equations of the mathematical model in the two-dimensional case, using the global Cartesian coordinate system.




The strength of the electrical interaction between the i-th and j-th drops  depends on distance  between drops and angle  between the vector of the electric field strength and the vector connecting the centers of the drops. Suppose that all emulsion droplets are in the plane (y, z), the coordinates of the center of the i-th drop in the global Cartesian coordinate system we denote . Then we can write that:

,


, .



Vector  in the local polar coordinate system associated with the i-th drop, it is decomposed in the vectors of the local basis  and :

,
where 


, .
Because the relationship between the reference vectors of the local and global coordinate systems are given by

,

,

then the projections of the vector  on the axis of the global cartesian coordinate system (y, z) will be written in the following form:

,

.
The components of the vector of the repulsive force and the force of hydrodynamic resistance are written in a similar way in the global Cartesian coordinate system:


,   ,


,   .

Thus, we finally write the second-order differential equation (2.4) describing the dynamics of drops in an electric field in the form of a system of first-order differential equations:
	

	 (3.1)


The initial conditions are the coordinates of the initial position of the drops in space and their initial velocities (in all the results below, it is assumed that the drops at the initial moment of time are at rest).
Figure 3.1 shows the interface of a computer program written in C ++ in the Qt Creator development environment, which numerically solves the system of differential equations (3.1) using the Runge-Kutta method of the 4th order of accuracy and visualizes the numerical solution. Program listing is given in Appendix E.
In the upper part of the program window, the necessary physical parameters of the medium and droplet material, as well as the initial positions and diameters of the droplets, are entered. The program implements the ability to calculate the dynamics of drops of different diameters in accordance with formula (2.3). In the lower part of the window, the obtained numerical solutions are visualized. The left graph shows the change in the coordinates of the center of the droplets versus time. Curves of different colors correspond to different drops (the first drop is red, the second drop is blue, the third drop is green, etc.), the solid curve is for the y coordinate, and the dashed one for the z coordinate. The right graph displays the trajectories of the droplets: each point marks the position of the droplet at a particular moment in time.

[image: ]
Figure 3.1- Computer program interface for modeling the dynamics of several drops in an electric field

 3.1 Numerical simulation results
For numerical simulation, consider water droplets in oil. Basic parameters for numerical simulation are given in the table 1.

Table 1 - Basic parameters for numerical simulation
	Parameter
	Symbol
	Unit of measurement
	Value

	Drop diameter
	d
	m
	10-3

	Electric field strength
	

	V/m
	106

	Parameter characterizing the repelling force of drops
	

	–
	102

	Environment

	Relative dielectric constant
	

	–
	7.3

	Dynamic viscosity
	

	Pа∙с
	10-1

	Drops

	Relative dielectric constant
	

	–
	23.6

	Dynamic viscosity
	

	Pа∙с
	10-3


We begin numerical modeling by considering a system consisting of two drops, in view of the possibility of carrying out a relatively simple qualitative analysis.
Figure 3.2 shows the time dependences of the coordinates of the centers of drops of the same diameter for the cases when the centers of the drops at the initial moment of time are located on one of the coordinate axes symmetrically about the origin. The droplet diameters are the same, and the initial distance between them is 1 cm, i.e. ten times the diameter of the droplets. Curves of different colors correspond to different drops.
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	а)
	b)


a) the initial position of the drops on the y-axis; b) the initial position of the drops on the z axis
Figure 3.2- Dependence of the coordinates of the centers of drops of the same diameter on time

If at the initial moment of time the centers of the drops are located on the y-axis (i.e., the vector connecting the centers of the drops is perpendicular to the z-axis and accordingly to the vector of the electric field strength), then the drops begin to move along the y-axis in opposite directions (Figure 3.2 a). A similar result was described in [9], in which the existence of a critical value of the electric field strength was experimentally established, above which oppositely charged droplets began to repel. It can be seen from the figure that in two hours the distance between the drops increased by 1.5 times. At large times, the distance between drops will continue to increase slightly, and then the drops will stop at a certain distance determined by the force of hydrodynamic resistance.
A qualitatively different behavior of drops is observed in the case when the centers of the drops are located along the vector of the electric field strength (Figure 3.2, b). In this case, the motion of the drops has an oscillatory character: first, the drops come closer to each other until the repulsive force becomes greater than the force of electrical interaction, after which the drops change the direction of movement to the opposite.  Then the strength of the electrical interaction increases, the drops approach again, etc. After some time, the position of the drops stabilizes, and they are located in the direction of the electric field strength vector in close proximity to each other (the final positions of the drops are schematically shown in Figure 3.2 and on all the following red and blue circles).
Figure 3.3 shows the time dependences of the coordinates of the centers of drops of different diameters for the cases when the centers of drops at the initial moment of time are located on one of the coordinate axes symmetrically about the origin. The diameter of the red drop is five times the diameter of the blue drop. The initial distance between the centers of the droplets is still 1 cm.
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	а)
	b)


a) the initial position of the drops on the y-axis; b) the initial position of drops on the z axis
Figure 3.3- Dependence of the coordinates of the centers of drops of different diameters on time

In principle, the nature of the droplet motion remains the same as for droplets of the same radius: droplets located perpendicular to the electric field strength vector are repelled, and droplets located along the strength vector are attracted, making oscillations. A drop with a smaller diameter (blue in Figure 3.3) is more affected. Figure 3.3, b shows that the small drop moves 6 mm, while the large drop moves a little more than 1 mm..



An important parameter that determines the nature of the interaction between drops is the dimensionless parameter , characterizing the repulsive force between the drops (see formula (2.6)). This parameter depends on the physical properties of the drop material and the environment, as well as on the properties of the envelope surrounding the drop. Specific parameter value  should be determined from appropriate experiments. Figure 3.4 shows the dependences of the coordinates of the centers of drops of the same diameter for different values of the parameter .
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	а)
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	b)
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	c)





а) ; b) , c) 
Figure 3.4- Dependence of the coordinates of the centers of drops of the same diameter on time





For small values of the parameter  the value of the repulsive force is too small and non-physical interpenetration of drops into each other is observed (Figure 3.4 a). The interpenetration of drops stops when the parameter is  close to 100 (Figure 3.4 b). A further increase in the parameter leads to a slight increase in the amplitude of oscillations, which does not affect the steady state of the drops (Figure 3.4 c). Therefore, in further calculations, the value of the parameter will be used .



Consider now the situation where the vector connecting the centers of drops, at an angle  to the vector of the electric field strength. Figures 3.5 and 3.6 show the dependences of the coordinates of the centers of droplets of the same diameter on time and the trajectory of the droplets at angles  and  accordingly.
As expected, the movement patterns in Figures 3.5 and 3.6 turned out to be symmetrical, therefore, we will analyze the results in detail only in Figure 3.5. In contrast to the previous results, Figure 3.5a shows four curves. Curves of different colors correspond to different droplets, the solid curve shows the change in the y coordinate, and the dashed curve shows the change in the z coordinate.    It can be seen that under the action of an external electric field, the droplets are subjected to a rotational moment and the droplets move to a stationary position along a curved trajectory (Figure 3.5, b) simultaneously experiencing damped oscillations. In a stationary position, the drops are located on the z axis (i.e., in the direction of the electric field strength vector) symmetrically relative to the origin.
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	а)
	b)


а) time dependence of the coordinates of the centers of drops; b) droplet trajectories

Figure 3.5- Dynamics of drops of the same diameter at an angle 
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	а)
	b)


а) time dependence of the coordinates of the centers of drops; b) droplet trajectories

Figure 3.6 - Dynamics of drops of the same diameter at an angle 





As shown earlier (see Figure 3.2, a), if the angle  between the vector of the electric field strength and the vector connecting the centers of the drops is equal, then at the selected value of the strength, the drops move in opposite directions. For angle values  close, but smaller, drops also begin to move in opposite directions, however, the radial component of the electric interaction force increases, the trajectory is curved, the direction of movement of the drops changes to and the drops begin to approach (Figure 3.7, a, b). If the angle  less , then the opposite motion of drops is not observed (Figure 3.7, in).
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	а)
	b) 
	c) 






а) ;b) , c) 

Figure 3.7- Trajectories of droplets at different angles  


The magnitude of the electric field strength has a significant effect on the time to reach a steady state (Figure 3.8). If with strength  V/m drops come to a stationary position in about two hours (Figure 3.8, c), then with a four times lower intensity B / m, this takes more than ten hours (Figure 3.8, a).
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	а)
	b) 
	c) 





а)  В/m;  b)  В/м;   c)  В/m
Figure 3.8- Dependence of the coordinates of the centers of drops of the same diameter on time at different strengths of the electric field 

When simulating a system of three or more drops, all of the above regularities are observed, however, the dynamics of interaction is much more complex and, depending on the initial configuration, the drops do not always occupy a stationary position along the vector of the electric field strength (Figure 3.9).
	[image: ]
	[image: ]

	а)
	b)



a)  dependence of the coordinates of the centers of the drops on time; b) droplet trajectories.
Figure 3.9- Dynamics of three drops of the same diameter at

CONCLUSION
In accordance with the research schedule for 2020, the dynamics of drops in an electromagnetic field has been studied. The results of numerical studies of the dynamics of one and several drops under the influence of an electromagnetic field are obtained. The influence of unsteady and inertial effects on the droplet dynamics, as well as the properties of the droplet shell, is studied. Numerical results of droplet motion under the influence of unsteady and inertial effects are obtained.
A mathematical model of the dynamics of several drops in an electromagnetic field is built. The model assumes the presence of two immiscible liquid phases: a drop, and a carrier phase. All phases are considered viscous incompressible dielectric fluids, and not ideal dielectrics, but dielectrics with losses. For each of the phases, the density, viscosity, and dielectric constant are specified. A numerical algorithm was developed and a software product was written to solve the problem of modeling the dynamics of several drops under the influence of an electromagnetic field.
Research has been carried out to study the dynamics of drops in an electromagnetic field;
and the problem of the dynamics and shape of a drop in a constant electric field and the problem of the dynamics and shape of a drop in an alternating electric field are solved. Numerical simulation of the course of periodic chemical reactions under the influence of an electric field is carried out. A software product based on the control volume method algorithm has been developed and implemented in the C ++ programming language. A numerical algorithm and software product for modeling the dynamics of "classical" and "complex" deformable drops under the action of an electromagnetic field has been developed.  
Thus, an algorithm for the numerical solution of the problem of the motion of two or more drops in an electric field has been developed and a computer program has been created that implements this algorithm. Using numerical simulation, the behavior of several drops (a cluster of drops) in an electric field was studied for various physical parameters of the material of the drops and the environment, as well as for different initial distributions of drops and the strength of the electric field.

It is shown that emulsion droplets distributed in space, which are initially at rest, begin to move under the action of an electric field, and after a certain time (relaxation time) a new stationary droplet structure is formed. It was found that the relaxation time depends on the electric field strength, the size of the droplets and, in the general case, on their initial distribution. The resulting structures, depending on the parameters of the medium and the field, are either threadlike formations of drops oriented in the direction of the electric field, or separate chains of drops that form larger clusters. In addition, the type of structures formed also depends on the type of the selected dependence, which expresses the repulsive force between the drops . The obtained numerical results are in qualitative agreement with the known experimental data.
The results of the project in the period 2018-2020 published in 18 scientific papers (Appendix A), including 2 monographs, 3 publications in the Web of  Science database, 1 copyright certificate, 3 articles in a foreign journal, 5 abstracts at international conferences, 4 abstracts at republican conferences.
Significance of the work - Cooperation of domestic and foreign scientists in the implementation of this project contributed to the further development of domestic fundamental and applied research in the field of new technologies. Close scientific cooperation with scientists from the Center for Micro- and Nanoscale Dynamics of the Bashkir University (Ufa, Russia), as well as the use of the computing power of the Center (a heterogeneous computing cluster based on GPUs) for performing numerical simulations, played a key role in the successful achievement of the project's goals. This project also contributed to the introduction of innovations in the educational and research process, improving the qualifications of national scientific personnel. This project also has an important educational component, since it trained young Kazakhstani doctoral students, undergraduates, students who are able to work with modern computer equipment and master modern computing and experimental methods.
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TECHNICAL SPECIFICATIONS AND
CALENDAR WORK PLAN

By contract № 132 from 12 of  March_2018 year

1.    Republican State Enterprise on the right of business "Eurasian National University named after LN Gumilyov"
Ministry of Education and Science of the Republic of Kazakhstan» 

1.1 By priority: 3. Information, telecommunication and space technologies, scientific research in the field of natural sciences

1.2 By sub-priority: 3.6 Scientific Research in Natural Sciences: Basic and Applied Research in Physics and Astronomy
1.3 On the theme of the project: № AP05134098 «Micro- and nanohydrodynamics of dispersed systems in external physical fields» 
1.4 Total project amount   21 000 000 (Twenty one million) tenge, including with a breakdown by years, for the performance of work in accordance with clause 3:
- for 2018 - in the amount of 7,000,000 (seven million) tenge;
- for 2019 - in the amount of 7,000,000 (seven million) tenge;
- for 2020 - in the amount of 7,000,000 (seven million) tenge.

2. Characteristics of scientific and technical products by qualification characteristics and economic indicators

2.1 Directions of work: Fundamental and applied research in the field of hydrodynamics of dispersed systems.
2.2 Application area: These studies are caused by the need to solve applied problems in the oil and gas industry, in the production of microdevices, the development of environmental, medical, bio-, nano-, and other technologies.
2.3 Final result: 
- for 2018: 
A mathematical model of the dynamics of "classical" and "complex" deformable drops under the action of an electromagnetic field will be built. 
- for 2019: 
A numerical algorithm and software product will be developed to simulate the dynamics of "classical" and "complex" deformable drops under the influence of an electromagnetic field. 2 (two) publications in peer-reviewed foreign and domestic scientific journals with a non-zero impact factor will be prepared and sent to print. 
- for 2020: 
The results of numerical studies of the dynamics of one and several drops under the action of an electromagnetic field will be obtained. 2 (two) publications in peer-reviewed foreign journals, indexed in Web of Science or Scopus databases with a non-zero impact factor, will be prepared and sent to print. 
	2.4 Patentability: Activities for the implementation of this project are not licensed, and obtaining results does not require certification methods. The proposed project relates to theoretical and applied research, therefore, regulatory and methodological and patent-licensed security is not required. The scientific results obtained during the implementation of the project do not require copyright protection. Intellectual property rights are secured by the fact of publication of the results obtained in open scientific periodicals.
2.5 Scientific and technical level (novelty): The novelty lies in the solution of classical and new problems in the mechanics of liquids, gases and multiphase flows, using modern research methods, some of which are used for the first time. They include theoretical (derivation of new equations, extension of multiscale approximations, extended models, etc.), computational (boundary value problems in three-dimensional regions of complex geometry, molecular dynamics modeling of large systems, scalable algorithms such as fast multipole method, structures data and high performance parallel computing using heterogeneous computing architectures).
2.6 The use of scientific and technical products is carried out: The need for intensive development of micro- and nanohydrodynamics is associated with the growing interest in molecular analysis, molecular biology, microelectronics, as well as in a number of promising applications in nanotechnology. Oil and gas, environmental and other industries important for the Kazakhstani economy require the introduction of new technologies that can be developed on the basis of fundamental research in micro- and nanohydrodynamics. This is due to the fact that the behavior of macrosystems and the manifestation of macroeffects are often determined by the behavior of single nano- and microparticles, as well as their aggregates. Carrying out the stated research will contribute to the implementation of the Program for the accelerated industrial and innovative development of our country in the coming decades, as well as the achievement of the goal of creating a science-intensive economy - increasing the potential of Kazakhstani science.
2.7 Type of use of the result of scientific and (or) scientific and technical activities: The software products created during the project can be important both for information technologies and as prototypes of commercial software components for modeling the dynamics of oil and gas fields, biofluids, micromanipulations, etc. This project also has an important educational component, as it will train young Kazakhstani scientists who are proficient in modern computational and experimental methods, who will be able to carry out scientific research at the international level.

3. Name of work, terms of their implementation and results
	Task code, stage
	Name of work under the Contract, and the main stages of its implementation
	Period of execution
	Expected Result

	
	
	beginning
	finishing
	

	1
	Study of the dynamics of drops in an electromagnetic field.
(Part I)
	January 2018
	   Until 1st November 2018



	A mathematical model of the dynamics of "classical" and "complex" deformable drops under the influence of an electromagnetic field will be built. 

	1.1
	Review of the literature on experimental and theoretical studies of the physical mechanisms of the effect of an electromagnetic field on emulsions and individual drops.
	January 2018
	June
2018 


	Review literature on the topic and compilation of the simplest model equations.


	1.2
	Development of a mathematical model of the dynamics of "classical" and "complex" deformable drops under the influence of an electromagnetic field. 
	July
2018
	 Until 1st November 2018







	A mathematical model will be built
dynamics of "classical" and "complex" deformable drops under the influence of an electromagnetic field.
Interim report

	2
	Study of the dynamics of drops in an electromagnetic field.
(Part II)
	January 2019






	   Until 1st November 2019




	A numerical algorithm and software product will be developed to simulate the dynamics of "classical" and "complex" deformable drops under the influence of an electromagnetic field. 

	2.1

	Development of a numerical algorithm for solving the problem of modeling the dynamics of "classical" and "complex" deformable drops under the influence of an electromagnetic field .
	January 2019
	June
2019






	A description of the numerical algorithm will be produced
dynamics of "classical" and "complex" deformable drops under the influence of an electromagnetic field.

	2.2
	Development of a software product for modeling the dynamics of "classical" and "complex" deformable drops under the influence of an electromagnetic field.
	July
2019
	Until 1st November 2019











	A software product will be developed to simulate the dynamics of "classical" and "complex" deformable drops under the influence of an electromagnetic field. 2 (two) publications in peer-reviewed foreign and domestic scientific journals with a non-zero impact factor will be prepared and sent to print.
Interim report.

	3
	Studying the dynamics of drops in an electromagnetic field .

	January 2020
	   Until 1st November 2020



	Results of numerical studies of the dynamics of one and several drops under the action of an electromagnetic field will be obtained.  

	3.1
	Numerical modeling and study of the influence on the dynamics of drops of non-stationary and inertial effects, as well as the properties of the drop shell.
	January 2020
	June
2020



	The results of calculating the motion of drops under the influence of non-stationary and inertial effects will be obtained.

	3.2
	Numerical simulation of the dynamics of several drops in an electromagnetic field
	July
2020
	Until 1st November 2020











	The results of calculations of the dynamics of several drops in an electromagnetic field will be obtained.
Two (2) publications in peer-reviewed foreign journals, indexed in Web of Science or Scopus databases with a non-zero impact factor, will be prepared and sent to print.
Final report

	


	
	Familiarized with:
Scientific director of the project
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APPENDIX  C 
Electric field strength program code
Aplication for graph plotting(1.23), (1.24).
from tkinter import *
import numpy as np
import matplotlib.pyplot as plt
from matplotlib.backends.backend_tkagg import (
    FigureCanvasTkAgg, NavigationToolbar2Tk)
root = Tk()
root.title("potential changes")
#original size of window
root.geometry('500x400')
#titles 
lbl1 = Label(root, text=" Tension of external electric field H/кл  E0=")
lbl2 = Label(root, text="referential dielectric permeability inside the droplet Ed=")
lbl3 = Label(root, text=" referential dielectric permeability outside the droplet Ec=")
# position of labels
lbl1.grid(column=0, row=0)
lbl2.grid(column=0, row=1)
lbl3.grid(column=0, row=2)
# Input
txt1 = Entry(root,width=10)
txt2 = Entry(root,width=10)
txt3 = Entry(root,width=10)
# position of label
txt1.grid(column=1, row=0)
txt2.grid(column=1, row=1)
txt3.grid(column=1, row=2)
# Graph plotting
###################################################
def clicked():
    #tension of external electric field W/m
    E0= float(txt1.get()) 
        # variables of spherical coordinate system
    r = np.linspace(0,1,100)#
    r2 = np.linspace(1,5,100)#
    tt = np.linspace(0,2*np.pi,100)#
    r,tt = np.meshgrid(r,tt)
        #Inputting variables ec/ed- relation of  referential dielectric permeability 
    #Water
    ed = float(txt2.get()) #80.4 
    #olive oil
    ec = float(txt3.get()) #3.1   
    #######################################################################
    alfa=ed/ec
    bt = (alfa-1)/(alfa+2)
    # droplet radius
    a = 1 
    # Boundary conditions on the droplet surface
    #electric potential inside the droplet
    fd = (-E0*r*3*np.cos(tt))/(a+2)
        # electric potential outside the droplet    
    fc = -E0*r2*np.cos(tt)*(1-bt*(a/r2)*(a/r2)*(a/r2))
    figure1 = plt.Figure(figsize=(10,6), dpi=100)
    ax1 = figure1.add_subplot(111)
    bar1 = FigureCanvasTkAgg(figure1, root)
    bar1.get_tk_widget().place(x=0,y=100)
        # Converting to a decardian coordinate system
    #contour of the droplet
    ax1.contour(a*np.sin(tt),a*np.cos(tt),fd*fc,cmap='winter') 
    #inside
    ax1.contour(r*np.sin(tt),r*np.cos(tt),fd,cmap='binary')    
    #outside
    ax1.contour(r2*np.sin(tt),r2*np.cos(tt),fc,levels = 20,cmap='jet')    
    #figure1.colorbar(ax1)
    #ax1.axis('equal')
# area size / droplet size
# Isolines и Surface plot
btn = Button(root, text="build", command=clicked)
btn.grid(column=1, row=4)
root.mainloop()
# Plotting  in notebook
import numpy as np
import matplotlib.pyplot as plt
from matplotlib.backends.backend_tkagg import (
    FigureCanvasTkAgg, NavigationToolbar2Tk)
#tension of external electric field W/m
E0 = 8.86*10**-12 
# variables of spherical coordinate system 
r = np.linspace(0,1,100)#
r2 = np.linspace(1,5,100)#
tt = np.linspace(0,2*np.pi,100)#
r,tt = np.meshgrid(r,tt)
# Inputting variables ec/ed- referential dielectric permeability
#Water
ed = 80.4  
#olive oil
ec = 3.1   
#############################
alfa = ed/ec
bt = (alfa-1)/(alfa+2)
#droplet radius
a = 1 
# Boundary conditions on the droplet surface
#electric potential inside the drop
fd = (-E0*r*3*np.cos(tt))/(a+2)
# electric potential outside the droplet 
fc = -E0*r2*np.cos(tt)*(1-bt*(a/r2)*(a/r2)*(a/r2))
plt.figure(figsize = (15,10))
plt.title("Droplet")
plt.grid(True)
plt.xlabel('x', fontsize=12)
plt.ylabel('F(t)', fontsize=12)
plt.grid(True)
#contour of the droplet
plt.contour(a*np.sin(tt),a*np.cos(tt),fd*fc,cmap='winter')  
#Inside
plt.contour(r*np.sin(tt),r*np.cos(tt),fd,cmap='Blues')   

#outside binary
plt.contour(r2*np.sin(tt),r2*np.cos(tt),fc,levels = 20,cmap='jet')    
plt.colorbar()
#plt.plot(r*np.sin(fd),r*np.cos(fd),"*",label=potential changes)
#plt.axis('equal')
plt.legend();
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APPENDIX D
Comsol Multiphysics stress simulator

1 Preparing the model
First step.  Сhoose a two-dimensional space, since the electric potential depends on two variables  . In Figure 2, select 2D space. 
[image: ]Figure 2 - Selecting model space
The second stage is the choice of physics. Select Electrostatics interface from the list of physical interface. Physical interface selection.
Then click Study. Then we make a choice of research. Select Stationary (Figure 4). Examples: In electrostatics, it is used to calculate static electric or magnetic fields as well as direct current. Etc.

The third stage is the construction of a geometric model. Go to the Geometry tab, in the model under consideration we need a circle and a rectangle. We use the circle to construct the drop itself, and the rectangle for the electric field. Figure 5.
[image: ]
Figure 5 - Geometry tab

We first draw a rectangle and a circle in the center.
[image: ]
Figure 6 - Geometry of the drop (ball) model in an electric field (rectangle)

This is how the geometry of our model looks like - Figure 6. Next, describe the global parameters. Figure 7.
            [image: ]
Figure 7 - Tab global parameters.

The fourth stage is physics setup. To simulate the electric field, let's create a capacitor model. Let's use the borders of the rectangle and mark such parameters as ground and terminal on them. These parameters will denote capacitor plates, where ground is negatively charged, terminal is positive.
We set a negative charge on the left, as in Figure 8.
    [image: ]
Figure 8 - Left ground.

And on the right we set the voltage equal to 50 V, as in Figure 9.

In Figure 10 - a mathematical model is defined, an equation that is implemented in the COMSOL Multiphysics software package; - electrical permeability;  - data of our materials;  is the density of distribution of free electric charges.
                            [image: ]
Figure 10- Mathematical model,which is implemented in the Сomsol Multiphysics software package

The fifth step is materials, use Add material directly.  The second way is to use Model Builder. is an illustration of the second method of material selection. The difference is that in the first case the materials for the geometry are initially set by default, in the second case we independently select the materials for the shapes we have chosen.
Figure 13: We independently indicate the parameters of the model. For example, the dielectric constant for oil is 2.
                           [image: ]
Figure 13- Environment: Engine Oil.
               [image: ]
Figure 14- A drop is water.
For water, the dielectric constant is 81.
The sixth step is calculations. Go to Model Builder, select Study and press Compute. Figure 15. The program automatically calculates everything and displays the computer model.

2 Simulation results
        [image: ]
Figure 16- Electrical potential.

Figure 16 shows the electric potential of the model with an initial range of 0 to 50V. Next, we build graphs for the model in Results, right-click and select a graph for further analysis. we have a two-dimensional model, choose 2 D plot. Next, the type of chart is selected. There are Line, Contour, Stream Line, Arrow Line types. Figure 16 Arrow Line shows the direction of the electric field strength vector .
 			[image: ]
Figure 16 - Direction of the electric field strength vector .

Figure 17.  Plot a Stream Line graph showing all the curvatures of the electric field.
                              [image: ]
Figure 17 - Curvature of the electric field.

Figure 18 Contour shows how strongly the electrical potential contours are deformed.
                     [image: ]
Figure 18 – Iso-lines of electric potential

The effect of a drop on the electric field strength is considered, where the drop is water and oil is chosen as the medium. Now, to take a closer look at our model, we will change the blob and environment. The results are reflected in the work in section 1.5

	


APPENDIX E
Listing of a program for simulating the dynamics of several drops
in an electric field
#include "mainwindow.h"
#include "ui_mainwindow.h"
MainWindow::MainWindow(QWidget *parent) :
    QMainWindow(parent),
    ui(new Ui::MainWindow)
{
    ui->setupUi(this);
}
MainWindow::~MainWindow()
{
    delete ui;
}
QVector<double> MainWindow::RHS(double t, QVector<double> y, int i)
{
    // Calculation of the resultant electrical and repulsive forces
    // FE = (FEy, FEz) - electrical force
    double FEy = 0, FEz = 0;
    // FR = (FRy, FRz) - repulsive force
    double FRy = 0, FRz = 0;
    // FH = (FHy, FHz) - hydrodynamic resistance force
    double FHy = 0, FHz = 0;
    for (int j=0; j<Nd; j++)
        if (j != i) {
            double R = sqrt(qPow(y[1]-yd[j], 2.) + qPow(y[2]-zd[j], 2.));
            double sin_theta = -(y[1] - yd[j])/R;
            double cos_theta = -(y[2] - zd[j])/R;
            double dm = (d[i] + d[j])/2.;
            double lambda = d[i]/d[j];
            double FEcoef = F0*d[j]*d[j]*16.*
                            qPow(lambda, 3.)*qPow(dm/(R*(1+lambda)), 4.);
            FEy = FEy + FEcoef*sin_theta*(5.*qPow(cos_theta, 2.) - 1.);
            FEz = FEz + FEcoef*cos_theta*(5.*qPow(cos_theta, 2.) - 3.);
            FRy = FRy - FEcoef*exp(-k*(R/dm-1))*sin_theta;
            FRz = FRz - FEcoef*exp(-k*(R/dm-1))*cos_theta;
        }
    FHy = FHy - FHcoef*d[i]*y[3];
    FHz = FHz - FHcoef*d[i]*y[4];
    // Calculations of the right parts of the system of Ordinary differential equations
    QVector<double> RHS(5);
    RHS[1] = y[3];
    RHS[2] = y[4];
    RHS[3] = FEy + FRy + FHy;
    RHS[4] = FEz + FRz + FHz;
    return RHS;
}
void MainWindow::on_pushButton_clicked()
{
    // Data Reading
    // Number of droplets
    Nd = ui->lineEdit_3->text().toInt();
    // Relative dielectric constant environment permeability
    double eps_c = ui->lineEdit_2->text().toDouble();
    // Relative dielectric droplet permeability
    double eps_p = ui->lineEdit_5->text().toDouble();
    // Electric field strength, V/m
    double E0    = ui->lineEdit_6->text().toDouble();
    // Step on time, c
    double dt    = ui->lineEdit_7->text().toDouble();
    // Characteristic parameter of repulsion forces, с
    k = ui->lineEdit_4->text().toDouble();
    // Number of steps by time
    int Nt    = ui->lineEdit_10->text().toDouble();
    // Dynamic viscosity of the environment, Па*с
    double muc   = ui->lineEdit_8->text().toDouble();
    // Dynamic droplet viscosity, Па*с
    double mud   = ui->lineEdit_9->text().toDouble();
    // Electric constant, F/m
    double eps0  = 8.85418781762039e-12;
    yd.resize(Nd);
    zd.resize(Nd);
    d.resize(Nd);
    QVector<double> ud(Nd), vd(Nd);
    for (int i=0; i<Nd; i++) {
        yd[i] = ui->tableWidget->item(i,0)->text().toDouble();
        zd[i] = ui->tableWidget->item(i,1)->text().toDouble();
         d[i] = ui->tableWidget->item(i,2)->text().toDouble();
        ud[i] = .0;                                           
        vd[i] = .0;
    }
    double ymax = *std::max_element(yd.begin(),yd.end());
    double ymin = *std::min_element(yd.begin(),yd.end());
    double zmax = *std::max_element(zd.begin(),zd.end());
    double zmin = *std::min_element(zd.begin(),zd.end());
    // Calculation of parameters
    double alpha = eps_p/eps_c;
    double betha = (alpha - 1.)/(alpha + 2.);
    F0 = 3./16.*M_PI*eps0*eps_c*qPow(betha*E0, 2.);
    FHcoef = M_PI*muc*(2*muc+3*mud)/(muc+mud);
    // Graphs preparation
    ui->widget->clearGraphs();
    ui->widget->addGraph();
    ui->widget->graph(0)->setPen(QPen(Qt::red,1.5));
    ui->widget->addGraph();
    ui->widget->graph(1)->setPen(QPen(Qt::red,1.5,Qt::DotLine));
    ui->widget->addGraph();
    ui->widget->graph(2)->setPen(QPen(Qt::blue,1.5));
    ui->widget->addGraph();
    ui->widget->graph(3)->setPen(QPen(Qt::blue,1.5,Qt::DotLine));
    ui->widget->addGraph();
    ui->widget->graph(4)->setPen(QPen(Qt::green,1.5));
    ui->widget->addGraph();
    ui->widget->graph(5)->setPen(QPen(Qt::green,1.5,Qt::DotLine));
    ui->widget->xAxis->setRange(0, Nt*dt);
    ui->widget->yAxis->setRange(ymin, ymax);
    ui->widget->xAxis->setLabel("Time, с");
    ui->widget->yAxis->setLabel("Coordinates of the drop center, м");
    ui->widget_2->clearGraphs();
    ui->widget_2->addGraph();
    ui->widget_2->graph(0)->setPen(QPen(Qt::red,1.5));
    ui->widget_2->graph(0)->setLineStyle(QCPGraph::lsNone);
    ui->widget_2->graph(0)->
setScatterStyle(QCPScatterStyle(QCPScatterStyle::ssCircle,2));
    ui->widget_2->addGraph();
    ui->widget_2->graph(1)->setPen(QPen(Qt::blue,1.5));
    ui->widget_2->graph(1)->setLineStyle(QCPGraph::lsNone);
    ui->widget_2->graph(1)->
setScatterStyle(QCPScatterStyle(QCPScatterStyle::ssCircle,2));
    ui->widget_2->addGraph();
    ui->widget_2->graph(2)->setPen(QPen(Qt::green,1.5));
    ui->widget_2->graph(2)->setLineStyle(QCPGraph::lsNone);
    ui->widget_2->graph(2)->
setScatterStyle(QCPScatterStyle(QCPScatterStyle::ssCircle,2));
    ui->widget_2->xAxis->setLabel("y, м");
    ui->widget_2->yAxis->setLabel("z, м");
    ui->widget->setInteractions(QCP::iRangeDrag | QCP::iRangeZoom);
    double t = 0;
    for (int n=1; n<=Nt+1; n++)
        for (int i=0; i<Nd; i++) {
            // Preparing an array y
            QVector<double> y(5);
            y[1] = yd[i];
            y[2] = zd[i];
            y[3] = ud[i];
            y[4] = vd[i];
            // Add points to the chart
            switch (i) {
                case 0 : ui->widget->graph(0)->addData(t, y[1]);
                         ui->widget->graph(1)->addData(t, y[2]);
                         ui->widget_2->graph(0)->addData(y[1],y[2]);
                         break;
                case 1 : ui->widget->graph(2)->addData(t, y[1]);
                         ui->widget->graph(3)->addData(t, y[2]);
                         ui->widget_2->graph(1)->addData(y[1], y[2]);
                         break;
                case 2 : ui->widget->graph(4)->addData(t, y[1]);
                         ui->widget->graph(5)->addData(t, y[2]);
                         ui->widget_2->graph(2)->addData(y[1], y[2]);
                         break;
            }
            // Increase the time
            t = n*dt;
            // Runge-Kutt method
            QVector<double> k1(5), k2(5), k3(5), k4(5), dydt(5);
            dydt = y;
            k1 = RHS(t,dydt,i);
            for (int i=1; i<=4; i++)
                dydt[i] = y[i] + dt*k1[i]/2;
            k2 = RHS(t+dt/2,dydt,i);
            for (int i=1; i<=4; i++)
                dydt[i] = y[i] + dt*k2[i]/2;
            k3 = RHS(t+dt/2,dydt,i);
            for (int i=1; i<=4; i++)
                dydt[i] = y[i] + dt*k3[i];
            k4 = RHS(t+dt,dydt,i);
            for (int i=1; i<=4; i++)
                y[i] = y[i] + dt*(k1[i] + 2*k2[i] + 2*k3[i] + k4[i])/6;
            // Save new coordinates and speed of i-drop
            yd[i] = y[1];
            zd[i] = y[2];
            ud[i] = y[3];
            vd[i] = y[4];
            // Determine the size of the rectangle containing all drops
            ymax = qMax(ymax, y[1]);
            ymin = qMin(ymin, y[1]);
            zmax = qMax(zmax, y[2]);
            zmin = qMin(zmin, y[2]);					}
    ui->widget->yAxis->setRange(qMin(ymin, zmin), qMax(ymax, zmax));
    ui->widget->replot();
    ui->widget_2->xAxis->setRange(ymin, ymax);
    ui->widget_2->yAxis->setRange(zmin, zmax);
    ui->widget_2->replot();
    ui->label->setText(QString("Information:"));
    for (int i=0; i<Nd; i++)
        for (int j=i+1; j<Nd; j++) {
            double R = sqrt(qPow(yd[i]-yd[j], 2.) + qPow(zd[i]-zd[j], 2.));
            if (R < (d[i]+d[j])/2.)
                ui->label->setText(QString("Info: Drops %1 and %2 
   very close!!!").arg(i).arg(j));}
}
void MainWindow::on_pushButton_2_clicked()
{
    QString fileName = QFileDialog::getSaveFileName(this, 
tr("Saving graphics"), "", tr("Graphic Files (*.png)"));
    if (fileName != "") {
        QFile file(fileName);
        if (!file.open(QIODevice::WriteOnly)) {
            QMessageBox::critical(this, tr("Error"), 
     tr("Could not open file"));
            return;}
        ui->widget->savePng(fileName,0,0,10);
    }
}
void MainWindow::on_pushButton_3_clicked()
{
    QString fileName = QFileDialog::getSaveFileName(this, 
tr("Saving graphics"), "", tr("Graphic Files (*.png)"));
    if (fileName != "") {
        QFile file(fileName);
        if (!file.open(QIODevice::WriteOnly)) {
            QMessageBox::critical(this, tr("Error"), 
     tr("Could not open file"));
            return;}
        ui->widget_2->savePng(fileName,0,0,10);
    }
}
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