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Abstract. The paper presents some specific features of an electric field in a 

conductive medium, a theoretical base for numerical field modelling using the 

finite element method and its application in simulation of the processes in real 

electromagnetic systems.  Application examples are presented, concerning 

simulations of the processes, taking part in contact resistance welding and 

insulation in the presence of conductive inclusions. 

1. Introduction 

A good and detailed knowledge of the processes, taking part in a given working system allows 

effective control and quality fulfilment of the requirements for the work process of this system. 

One of the most successful and modern methods of obtaining such knowledge is computer 

modelling of the processes in the studied system under different operating modes. In addition, 

the simulation of the device behaviour when changing the values of the design and operating 

parameters is an excellent opportunity for the possible optimization of existing devices and the 

synthesis of new, better ones.  
The subject of consideration in this paper is the modelling of processes in systems 

operating on the basis of applying an electric field to given objects for the purpose of specific 

processing and impact on the structure of the parts of the object possessing conductive 

properties. As a result of this impact, currents flow in the conductive sections, the temperature 

state changes, changes occur in the properties of the materials and interaction forces arise, 

leading to qualitative changes in the microstructure of the treated objects.  

The processing of various materials with the help of an electric field finds application in 

many fields [1-4]. Such type of treatment is applied to materials of both biological and non-

biological origin. In some cases, these changes are necessary, desired and are the main purpose 

of the electric field treatment of the material, and in others some of these changes are a harmful 

side effect and should not exceed certain limits. The physicochemical changes in the state of 

materials treated with an electric field are the basis of many modern technologies. For example, 

the phenomenon of electroporation, which develops in this way, is widely used in the medicine, 

biology and food industry [5,6]. The processes taking part in creation of composite materials are 

also evolving in a similar way [7]. The principles used in high-tech technology of contact 

resistance welding lines are analogous [8]. The influence of the electric field acting on living 

nature often has harmful consequences. Also, a serious cause of aging and deterioration of 

https://creativecommons.org/licenses/by/4.0/
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insulation quality is application of a high voltage electric field to insulation containing moisture 

inclusions [9].  

The paper presents two examples of numerical modelling of processes in systems and 

devices in which the treatment of materials with an electric field is carried out: contact 

resistance welding systems and modelling of the processes in electrical isolation, in the 

presence of conductive inclusions. The computer simulations of the processes in the considered 

systems are based on determination and analysis of the electric field distribution and the 

resulting changes in the thermal and mechanical state of the system, taking into account 

accompanying changes in the properties of the materials. Numerical modelling of the electric 

and thermal fields is performed using the finite element method (FEM).   

2. Electric field in a conductive medium– specific features, equations, modelling 

possibilities 

2.1 Electric field in a conductive medium– specific features  

The electric field application on objects containing regions with conductive properties leads to 

the changes that in a number of cases can be very significant. The presence of electric field in 

areas containing conductive materials cause appearance of  currents with density 


J whose 

magnitude and variation in time depend on the medium conductivity   and on the value and 

time variation of the electric field strength 


E of the applied electric field. The flow of electric 

currents is associated with Joule losses Q , which are a sources of heat. The heat sources 

appearance leads to changes in the thermal state of the treated object, i.e. the electric field 

causes appearance of coupled thermal field. The change in temperature T  is a factor influencing 

properties of the treated material and at temperatures exceeding certain limit values, additional 

changes in the structure of substances occur. These changes are even more pronounced when 

the object under the influence of an electric field is not homogeneous, but consists of areas of 

different material properties. Then at the boundary of the regions with different conductivity, a 

very sharp deformation in the electric field distribution is observed and significant mechanical 

stresses are present, which also affect the changing of the object's structure.  

2.2 Electric field in a conductive medium - governing equations and mathematical formulation of 
the problem 

As it was described above, the problem of electric field in a conductive medium is associated 

with a complex of coupled electric and possible thermal processes, combined with changes of 

the structure and physicochemical properties of the considered region. In the most general case, 

the mathematical formulation of the studied problems is based on the consideration of a time-

dependent electric field, impact of which on the conductive materials leads to the appearance of 

a transient thermal field. 

The dependencies (1) and equations (2) describe the processes of propagation of a time-

dependent electric field in a region with dielectric permittivity   and conductivity  . 









EJ

ED




                                                                          (1) 
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Then taking into account that: 

gradVEErot 


0                                    (3) 

In the equation (3), V  denotes the scalar electric potential. Then after simple mathematical 

transformations, the equation that describes the distribution of the time-dependent electric 

field is obtained as: 

0))(( 



 gradV

t
gradVdiv                                          (4) 

In  a case of time-harmonic  electric field sinusoidally varying in time with frequency  and 

when using complex quantities, imaginary unit j and   operator, the equation takes the form:  

   0)(. 











V
j




                                                                   (5) 

The following quantities are used in the description of the processes in the transient 

thermal field: T  is temperature, k  is thermal  conductivity,    is density, C  is heat capacity 

and Q   is the heat source determined by the currents obtained in the electric field analysis. 

Thus, the equation that describes the temperature field distribution in the studied area has 

the following form: 

QTk
t

T
C 



).(                                                         (6) 

2.3 Electric field in a conductive medium– modelling possibilities  

The complex interactions and dependences between the interconnected coupled electric and 

thermal fields, propagating in a conductive medium, can be adequately modelled and analysed 

only if the changes in the structure and properties of the object during the process of treatment 

have been taken into account. A real possibility to fulfil these requirements is to model the fields 

distribution using FEM. It is important to consider separate consecutive time stages 

corresponding in time to the changes in the geometry, material properties of the object and the 

corresponding to the stage temperature. 

The use of the finite element method for numerical modelling of the coupled electric and 

thermal fields is a suitable solution, since this method allows analysis of coupled field problems, 

as well as taking into account the nonlinear changes of the material properties.  The presence of 

areas with complex geometry of the boundaries or change of the region’s boundaries in the 

different stages of the analysis is not a problem, especially in 3D FEM modelling.  In the 

examples presented below, the numerical modelling of the studied coupled electrical and 
thermal processes was carried out using COMSOL Multiphysics software package [10].  
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3. Examples  

3.1 Modelling of the processes in a spot resistance welding system  

The considered example presents the analysis of the coupled time-dependent electric and 

transient thermal field based on 3D field FEM modelling of the processes in a spot resistance 

welding system of reinforced steel bars [11].  

 

 
The system consists of two electrodes and reinforced steel bars (Fig.1) that are to be 

welded.  The two bars are held together under pressure exerted by the electrodes.  The welding 

current is concentrated into a small contact "spot".   Forcing a large current through the spot will 

melt the metal and form the weld. That permits the welding to occur without excessive heating 

of the remainder of the pieces. The system has been studied when 7kA  AC current has been 

applied for 80 ms and contact area is heated by generated by resistance to flow of electric 

current.  The work process causes significant changes.  Because of the material softening, 

followed by melting and enlarging of the contact zone, the contact resistance changes 

significantly, as well as the applied power.  

In order to account the changes of the contact zone size and contact resistance, three 

different stages of the welding process are considered in the study. They correspond to the 

dimensions of the steel bars contact area, contact resistance and time variation of the AC 

current: I stage: 0 – 0.003s, full power applied; II stage: 0.003 – 0.03s, half power applied; III 

stage 0.03 – 0.08s, quarter power applied. It should be noted that in the modeling, data obtained 

during experimental studies of the system were taken for verification.  

Some results illustrating the numerical 3D FEM modelling of the time-dependent electric 

and transient thermal field are presented in Fig.2, Fig.3 and Fig.4.  In Figure 2, the electric field is 

presented when current 7 kA is applied, the overlapping in the welded region reached 0.15mm 

and contact resistance is taken into account.  

Figure 3 and Figure 4 correspond to the thermal state of the studied system during the 

treatment.  As it can be seen the temperature in the contact region changes and at the moment 

t= 80ms the desired for the welding temperature of C2400 has been reached. 

 

Figure 1: a) Spot resistance welding system; b) FE mesh discretisation; c) contact spot  
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Figure 2. Electric potential distribution, 7 kA, 0.15mm overlapping 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 2. Electric potential distribution, 7 kA, 0.15mm overlapping  

 

Figure 3. Temperature field distribution, 7 kA, 0.15mm overlapping  
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3.2 Modelling of the processes in electrical isolation 

Elements of electrical insulation are subjected to various aggressive influences: strong electrical, 

thermal and mechanical loads. This causes aging and deterioration of insulation quality due to 

changes in structure, presence of various inclusions (conductive and non-conductive), partial 

discharges and change in breakdown dielectric strength, which determines the breakdown 

voltage.  
In the present example, the distribution of the electric field in a simple electrode system, 

(Fig.5) is modelled and analysed.  

 

 

 

Figure 4. Temperature distribution in the contact spot area: a) I stage; b) II stage; c) III stage. 
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The system is suitable for experimental investigations of insulation breakdown voltage [12]. 

It consists of two electrodes (needle and plate) placed in a transformer oil. It is assumed that the 

insulation is not uniform but contains single water inclusions in the form of spherical drops. 

This is one of the worst defects, which significantly affects the quality of the insulation and can 

cause a breakdown. The problem is that the presence of conductive inclusions significantly 

affects the electric field. Its distribution becomes highly non-uniform, the water drops line up 

along the electric field lines and form a conductive chain between the electrodes, in which a 

breakdown can occur.   

The analysis of the electric field distribution is based on 3D field FEM modelling of the 

processes in studied system in case of insulation with no inclusion, insulation with only one 

water drop as an inclusion (Fig.6) and insulation with moisture inclusion consisting of several 

water drops (Fig.7). 

 
 

 

Figure 5. Studied system of electrodes in transformer oil. 

 

Figure 6. Presence of a single spherical water inclusion: part of the 3D mesh and electric field 

strength distribution. 
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As it can be seen from the figures illustrating the distribution of the electric field, the 

maximum value of the electric field intensity increases significantly with increasing water 

inclusions, exceeds the limit value corresponding to the breakdown intensity, and in this 

situation a breakdown of the insulation could occur. 

4. Conclusions  

The paper deals with some specific features and opportunities for numerical modelling of 

processes related to the application of a time-dependent electric field for the processing of 

material objects containing conductive zones. Examples are presented illustrating the proposed 

FEM modelling approach of the electric field distribution and, if necessary, the associated 

thermal field that appears due to the presence of the currents in the conductive parts.  
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